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Abstract In this paper, the energy efficiency (EE) of a
decode and forward (DF) relay system is studied, where
two sources communicate through a half-duplex relay node
in one-way and two-way relaying strategies. Both the cir-
cuitry power and the transmission power of all nodes are
taken into consideration. In addition, three different coding
schemes for two-way DF relaying strategy with two phases
and two-way DF relaying with three phases are considered.
The aim is to maximize the EE of the system for a constant
spectral efficiency (SE). For this purpose, the transmission
time and the transmission power of each node are opti-
mized. Simulations are used to compare the EE-SE curve
of different DF strategies with one-way and two-way am-
plify and forward (AF) strategies and direct transmission
(DT), to find the best energy efficient strategy in different
SE conditions. Analytical and simulation results demon-
strate that in low SE conditions, DF relaying strategies are
more energy efficient compared to that of AF strategies and
DT. However, in high SE conditions, the EE of two-way
AF relaying and DT strategy outperform some of the DF
relaying strategies. In simulations, the impact of different
circuitry power and different channel conditions on the
EE-SE curves are also investigated.
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1 Introduction

In recent years, attempts are made to find energy efficient
methods for different layers of a communication network.
As a result, a great thorough framework, green communi-
cation, has emerged to save energy in modern systems and
standards. Four major trade-offs have been proposed for
green radio in [1]: Energy efficiency-Deployment effi-
ciency, Energy efficiency-Spectral efficiency, Bandwidth-
Power and Delay-Power.

In traditional literature, the EE was defined as “infor-
mation bits per unit of transmit energy”’, however, practical
concerns result in taking circuit energy consumption into
account for the energy consumption model (ECM). The EE
metric has been redefined as “information bits per unit of
consumed energy (not just transmit energy)”, where an
additional circuit power factor needs to be considered [2].
Also, spectral efficiency (SE) defined as system throughput
per unit of bandwidth, is a widely accepted performance
indicator of wireless networks. There is a trade-off between
maximizing SE and EE in communication systems, there-
fore, it is important to balance the two metrics in future
communication networks [1]. In [2], it is shown that con-
sideration of the circuit power can affect the traditional
EE-SE trade off in point to point transmission systems. It
turns the EE-SE curve from a cup shape to a bell shape. In
other words, with the consideration of circuit power, a
point can be found in the EE-SE curve for which SE is
none zero and EE is maximized [1, 2].

In [3], authors analysed the best modulation strategy to
minimize the total energy needed to transmit a given
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number of bits. Their power consumption model (PCM)
involves transmit power besides constant circuit power of
nodes. They provide a clear and through explanation to
justify the modelling of the transmitter and receiver circuit
power as a constant factor in PCM. It is reasonable to
consider only the transmission energy in the long-range
applications because in these cases, the transmission energy
dominates the circuit energy in the ECM. However, in
short-range applications such as sensor networks, the circuit
energy of the devices is comparable or even dominates the
transmission energy [4]. In [4] authors analysed the best
modulation and transmission strategy to find the most en-
ergy efficient scheme to send a given number of bits.
Moreover, in [3-9], the PCMs include circuit power of
nodes. It is shown that as a practical point of view the circuit
power should be considered since it can change various
aspects of performance measurements in a communication
network (such as EE and best modulation scheme).

The limited power and bandwidth resources in commu-
nication networks, and the multipath fading nature of
wireless systems motivate designers to use the idea of co-
operative relaying [10, 11]. Relaying and cooperative
communication are also mentioned as a promising archi-
tecture to improve EE. In [12], authors address the energy
efficiency of cellular network communication systems,
green metrics, and emerging technologies such as cognitive
radio and cooperative relaying for obtaining green networks.
Itis shown that by the increase of radio access points (RAPs)
in a network (relays are good examples of RAPs in wireless
networks) the energy consumption of the network (without
consideration of the circuitry power) will be improved [10].
In [13], the benefits of relay based systems for improving EE
is studied. It is shown that when only casual channel state
information (CSI) is available or if the channel is not rich in
diversity, such as Rayleigh and Rician channels, only relay
cooperative schemes with adaptive power allocation will
meet the expected energy bounded. In this case, authors do
not consider the circuitry power of devices in the PCM. In
[14], authors study the EE of direct transmission in com-
parison with one-way relaying. They maximize both packet
size and modulation level jointly. Also the EE of coop-
erative beam forming based transmission is studied in [15].
A set of nodes using DF scheme is assumed as relays to
cooperate with source node. In the PCM, the overhead en-
ergy consumption for obtaining the CSI is also modelled. In
[1, 2, 12, 16] the relay is conceived as a candidate for im-
proving the EE in communication networks when the circuit
power is also considered in the PCM. However, they did not
provide a tangible proof or graph to conclude that how relay
cooperative communication can be helpful to make the EE
get better.

Two-way relaying is proposed as a cooperative scheme
to improve the SE of one-way relaying. One-way relaying
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leads to the loss of SE due to the pre-log factor one-half in
the corresponding capacity expression, however, two-way
relaying avoids the pre-log factor one-half still uses half
duplex equipment [17]. For two-way relaying strategy,
several schemes have been proposed including AF, DF and
a new approach based on lattice codes called functional
decode and forward (FDF) [18, 19]. In [19], different two-
way relaying strategies are introduced and studied to find
the achievable bit rates. Also, the capacity gap of two-way
AF, DF and FDF relaying are compared with the upper
bound capacity of two-way relaying channels. In [20, 21],
MIMO cooperative two-way relaying is analyzed and they
both consider the DF case. In [20], the transmit covariance
matrix optimization of MIMO Gaussian bidirectional
broadcast channel is studied and in [21], the impact of
transmit CSI in two different re-encoding schemes in-
cluding superposition coding and XOR precoding is in-
vestigated. In [22, 23], authors maximize the sum-rate of a
network with minimum power consumption in a DF two-
way relaying network. In [24], authors propose a practical
power allocation technique in a two-way AF (TWAF) re-
laying network for a wide range of signal-to-noise ratio
(SNR) conditions. However, the circuitry power is not
considered in the PCM of the mentioned two-way relaying
systems.

In [25], authors consider a system with two sources and
one half-duplex relay node working with AF scheme. They
consider both transmission and circuitry energy in the ECM
and optimize the transmission time and the transmission
powers at each node to achieve the best EE for a given number
of bits. Then, the optimum EE of three strategies including
one-way AF relaying (OWAF), TWAF and direct transmis-
sion (DT) are compared. In [26], the model is extended to
OFDM AF relay systems and the active number of subcarriers
and the number of bits assigned to each subcarrier at two
source nodes are optimized. In [27], we solved the same op-
timization problem for one-way DF relaying (OWDF).

In this paper, we consider five different relaying cases
including OWDF, two-way upper bound relaying (TWUB),
two-way FDF relaying (TWFDF), two-way DF relaying
(TWDF), and two-way three phases DF relaying (TW3DF).
As it was mentioned before, both the transmission and
circuitry energy of the nodes are considered in the ECM.
This paper has three contributions:

1. We optimize the transmission time and the transmis-
sion power of five DF relaying strategies (OWDF,
TWUB, TWFEDF, TWDF, and TW3DF) to achieve the
optimal circuit power-considered energy efficiency
(CPEE).

2. We compare the CPEE of eight different possible

strategies including OWDF, OWAF, TWUB, TWFDF,
TWDF,TW3DF, TWAF and DT in different SE
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conditions. It is shown that under different SE
conditions which strategy provides the best CPEE.

3. Also, the impact of channel condition and different
circuit power on the CPEE of DF strategies are
illustrated in different SE conditions.

2 System model

We consider a relay network consisting of two sources and
one fixed relay working in DF mode. The system is delay
constrained which has a hard deadline duration time of
T. In each block, nodes s; and s, transmit B; and B, bits,
respectively to each other through a relay node, R. The first
direction is s; — s, and the second direction is s, — s;.

The wireless channel considered in each direction is a
W-Hertz frequency-flat channel. The noise model is an ad-
ditive white Gaussian noise (AWGN) with the power
spectral density of Ny. The perfect CSI of the all links are
available at each node. The channel coefficients for s; — R,
s, = Rand s; — s, are shown by hy, hy, hys,, respectively.
We assume that these channels are slow varying, therefore,
they are constant in a block duration of 7.

A prominent practical aspect of this paper is the con-
sideration of the circuit power of each node. Based on this
assumption, each node has three modes: transmission, re-
ception and idle mode. Each node may work as a trans-
mitter or receiver and it is not necessary to operate in all
duration time of 7. The maximum available transmission
power in each node is P! ..

According to [3], we just consider the power of radio
frequency (RF) chain as a circuit power which is inde-
pendent of the bit rate. The circuitry power of transmission,
reception and idle mode are shown by P, P and Pel
respectively. According to [25], P = P°" and it is as-
sumed that the circuit power in transmission or reception
mode is much larger than the idle mode P’ = P > P“.
Also, all the circuit powers in different modes are assumed
to be constant and bit rate independent [25].

3 One-way DF relaying

In this section, energy efficiency of one-way DF relaying
(OWDF) scheme in a block duration of T is developed. As
it is shown, the energy of the system is a function of the
transmission time and power, which are related to each
other by the capacity expression of the system.

In the following, it is shown that because of the constant
transmission bits, maximizing the energy efficiency, is
equivalent to minimizing the system energy consumption.
To this aim, first the summation of transmission power is
minimized and derived as a function of transmission time

and then the energy of the system will be optimized with
respect to the transmission time only.

3.1 CPEE of OWDF in a block duration of T

In OWDF scenario as depicted in Fig. 1(b), the transmis-
sion process contains four phases. In the first phase s; sends
B, bits to the relay node. Then, node R decodes the re-
ceived bits, encodes the new message and sends it to s, in
the second phase. Then, s, sends B, bits to the relay node
and relay sends these bits to sy, respectively in the third and
fourth phases. It is assumed that % seconds is spend in
each of the first two phases and also % seconds in each of
the last two phases. As it is clear Tp; + T, < T, so the
system is in idle mode for T — Tp; — T, s. Therefore, the
CPEE for one way relaying is derived as:

B1 + BZ
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EEO EO ( )
Toi (P, . i Pl . pe
0="3" <—:+P§§ +Pi’+P§5+7f1+P?+P§£+P§-’1>
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, P& P+ PS4+ P also P!} and
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(a) Direct transmission
0 umg = g
(b) One-way relaying
[Phasel: B1BES, >
e h, 6 h, e
2: 82481 [Phasez: BisB2bEs >

¢) Two-way relaying with two phases
(©) y relaying P

[Phasel: BB, )

(d) Two-way relaying with three phases

Fig. 1 Transmission procedure in a block duration of 7. a Direct
transmission, b one-way relaying, ¢ two-way relaying with two
phases, d two-way relaying with three phases
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PT, are the relay transmission power in the first and second
direction, respectively and ¢ € (0, 1] indicates the power
amplifier efficiency. It is obvious that in (1) maximizing
energy efficiency is equivalent to minimizing the energy of
the system when By + B, is constant. The circuit power is
constant for each node, hereby, the optimization problem
can be defined as:

With this assumption the capacity expression will be
obtained as:

Bl W |y |*PT
C =—=—log, | 1 8
10WDF Toi 2 < + No > (8)

So the transmission power of relay and node s; are derived
as:

min P L+ P cl ci Psz + P, 2 ci ci
TOI ) T02a P517Ps27 PT TO] ( 2¢e * P P + T02 2¢ * P PO + TPO (3)
s.t Tor +Tox <T, PL<pP ., PL<P . PI<p_..
3.2 Minimizing the summation of transmission 28
power T (2me - 1>N0
= 2 I (93)
||
In this subsection, we minimize the transmit power subject
to constant transmission time and derive the solution as a . (] h2|2 (2’01‘” - )No
function of transmission time using the capacity expression L h |z = I |2 (9b)
of the system. ! !
The capacity of each direction employing DF scheme  Therefore, problem (6) is solved as:
for relaying is obtained as [28]:
28 1 1
B W [ *Py Phop + Prige = (27 = 1)NO<Ih i 2)
Crowpr = 7 = —min{ log, | 1+ L], 2 : 2
Tor 2 No Tor¥ _
<4) 2701 1 N()
haP, T (10)
log, | 1 +T’1 , |heﬁ‘0WDF|
0
1 Ay
where 7|htﬂowm| (‘h]\z + o )
B, W |h2| s2 ; T
C20WDF=T—02=7mm logy | 1 +—+—= No ) 2. lf|h1| Ps1§‘h2| Prl :
(5) With this assumption, the capacity expression is ob-
p pacity exp

(457

Our objective function which minimizes the total
transmission power in each direction can be formulated as
follows:

min r r
prpr Pt hr (6)
s.t. PL<p . PL<P . (4).

min T T
P.Z-zaPZ; FPo+Pn (7)
5.t PVTZ <P£ndx’ PrTZ <Pindx’ (5)

For brevity, we just solve problem (6). Problem (7) can
also be solved with the same solution.
We consider two situations.

1 if | [PPT, > || P -
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tained as:

B W |y [*PT,
=L = Dog, [ 1+ 51 Tst ), 11
Tor ~ 2 g( N (11)

The powers of the nodes are derived as:

Ciowpr

L
(ZTOIW — I)No
[y |?

e
pr s pr (Il _(E-m
Vl— sl ‘h2|2 |h2|2 :

It is obvious that both situations lead to the same solu-
tion (Eq. (10)) for the given optimization problem in (6).

Similar to (6), the optimum transmission power of the
nodes in the second direction, the answer of problem (7),
can be obtained as:

Pl = , (12a)

(12b)
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+ P, (2282W Do (-1 + L
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o
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=/ (13)
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To satisfy all the constraints of problems (6) and (7), it
should be guaranteed that Ciowpr and Coowpr are less than
the maximum data rates supported by the maximum
transmit power. So the constraints of (6) and (7) lead to set
a minimum transmission time for the system which can be
derived as follows:

T, Bi
Olmin — )
%min{logz( + ‘h“ P ) log, ( + ] P“‘“)}
(14)
B,
T02min = .
%min{logz( + ‘hz‘ P, ) logz( + ] P"““)}
(15)

Minimum transmission times are used as constraints in the
optimization problem.

3.3 Optimization of CPEE in OWDF relaying

Here the minimum power transmissions (10) and (13) are
substituted in the energy optimization problem given in (3)
and the optimization problem is derived based on trans-
mission times only.

Since the objective function is convex, the optimum
transmission time can be derived when first order deriva-
tive is set to zero.

T
d (ZTOIW B 1)N0 PC] PCi 0
dTOl ol 2 + o ‘"o o

2¢|hegrownr |

2By 2B
(2T01W B 1>N0 Lopel _pei| 207Ny 2B, In2
2 0] [0} 2 T W
2¢|hegowpr | 01

2¢|hegrowpr |

|T()|:T()Inpr :
(18)

where To1,p; is the optimum transmission time in the first
direction. It is difficult to find a closed-form solution for
the optimum transmission time. However, Eq. (18) is
solvable and we can conclude that:

28,
2To10ptV

1>N0
cl i
B

2¢| hegownr |

2B,

2To10ptW N, 2B
= 2. (19)
Zg‘heffOWDF‘ ToiopW

After finding the optimum transmission time in both
directions (To1opr = To20pt = Tope)» the minimum energy
is obtained and so the maximum energy efficiency is
derived:

2B 2B
- (2T11W _ 1) No | (2# _ 1)N0 ‘
5+ Py — Py | +Toa | ——L5+P5 — Py | +TP§
2 0 o 2 0 0 0
Toi, Tox 2¢|hegownr | 2¢|hegownr | (16)
s.t Tor +Tox <T, To1 > Toimin, To2 2 To2min-
According to [29], the optimization problem in (16) is a owpr B+ B>
convex optimization problem (the second order derivative NEEIow = Eoopt
with respect to Tp; and Ty, is positive). So this convex 2B (20)
optimization problem can be solved with methods of con- = a2 35 R
o . . _2BNo(n2) Ao, | Tpei
vex optimization in [29]. However, if we consider AT— 0

B, = B, = B, transmission times in both directions will be
obtained identically (Tp; = Tp,). Because of the sym-
metric conditions and balanced information transmission, it
is sufficient to find the optimized transmission time in one
direction. In the first direction the problem is defined as:

(2% 1)N

. o1 —

mimn, 720 +pP—pY (17)
2¢|hegrownr |

where E,,, is the minimum energy consumed in a block
duration of T. It should be considered that (20) is valid
for low traffic conditions. In high traffic conditions the
optimum transmission time derived in (18) is larger than
the time slot 7. So all of the time duration is used for
transmission and the optimum energy efficiency is
derived as:
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OWDF __ 2B (21)

NEERigh = . .
(i) gy 4 p

2¢ | heffowpr

4 Two-way DF relaying with two phases

In this section, the CPEE optimization is developed in two-
way relaying scenario where the transmission of informa-
tion in both directions occurs in two phases. According to
Fig. 1(c), in the first phase, source nodes, s; and s,, send
their information bits, B; and B,, to the relay node R and in
the second phase, node R broadcasts its message to both
sources. Three cases for two-way relaying are considered.
In the first case, we assume that the upper bound capacity is
achievable in two-way relaying channel, called as two-way
upper bound relaying (TWUB) [19]. The second case is
called two-way functional decode and forward relaying
(TWFDF) [19], while the third one is two-way decode and
forward relaying (TWDF).

The CPEE of the two-way relaying system in a block
duration of T is identical for all two-way strategies with
two phases. In the first phase of the transmission, source
nodes send their data bits to the relay, so s, and s, are in the
transmission mode and node R is in the reception mode.
Then in the second phase, the relay sends information to
the sources. It is assumed that the system spends % seconds
in each phase. Clearly, 77 < T, so the system is in idle
mode for T — T seconds and the CPEE of the system in
the two-way scenario is derived as:

B, + B>
Neer = Er (22)
Tr (Pl + P},
Er= <7’1 Jgr 2 | P PY P§f>
+& §+Pct+Pcr+Pcr
2 € r sl 52 (23)

+ (T = Tr)(P§ + PG+ P,
Pl +PL+ P!

Er = TT( 2¢

+PCT—PCT") + TPS,

(P APEHPIAPGHPEHPT) i A pei i i
e | P{ &P+ PG+ P
Obviously maximizing the CPEE is equivalent to
minimizing E7 when the transmitted data bits are constant.

So the optimization problem is obtained as follow:

where P52

min T (PST1+PXT2—|—PrT
Tr,PT,PL,.PT T 2¢

5.t Tr<T, PI, <P

max’

+ P — P;l‘) +TP§
PL<P!

max’

PT<p!

max "’

(24)
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Because of different capacity expressions the CPEE opti-
mization is different for TWUB, TWFDF and TWDF.

4.1 CPEE optimization of TWUB

In the second step, it is desired to derive the minimum
summation of the transmission power of the nodes as a
function of the transmission time, while the transmission
time is constant. For a given B; and B, bits and constant
transmission time of Ty the capacity expression of each
direction for TWUB is derived as [19]:

B W . |y |*PT,
C = = —min{ lo 1+ —=,
ITWUB Trovs ) { 2> ( No 5
|ha*PT
logz 1 + T() 5
B _W . |2 Pl
C = = —min{ lo 1+——2=,
2TWUB Trovs 2 { 125) ( No -

| [*PT
I 14+ —= .
0g2< + No

In contrast to the one-way relaying system, in DF two-way
relaying scenario, according to (23), the summation power
of three nodes should be minimized for both directions. So
the problem is derived as:

min
Pl +PL+PT
PZ"17PZ27P;]: T'l ? T T
s.t Psl SPina)U Px2 SPinax7 Pr SPinax7 (25)7(26)
(27)

To solve (27) we consider four possible states:

1 if |m*PT, > |ho*PT and |ho|*PT, > |y |*PT

sl =

With this assumption the power of the relay node de-
termines the capacity expression of both directions. To
obtain desired bit rates of B/Trwys and By/Trwyp we

By w

have:
|ha|*PT
< —lo 14+—=
Trwyp — 2 £ No

— P> ( , (28a)

< —lo 1+
Trwyp — 2 & 0

2B,
2Wrwus — ] )No
[

B, W Iy |2P,T>

— P> ( , (28b)
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28, 28,
(2WT7WUB — I)NO (2WTTWUE — I)NO

2B,
T > PT|h1|2 T (ZWTTWUB B I)NO

Pl . = max , 0> — — Poin = (32¢)
'min |h2|2 |h1|2 V’l2|2 min |h2|2
(28c)  Using the assumption of this state we have:
The transmission powers of other nodes are derived as: ) ) (2% _ 1) No (2% _ 1) No
T 2 |h1|P31§|h2|Pr_} 2 S 2
2 Il Poalal (290 s i
|1 | |* (33)
2
T Pl _, pT rmm|h1‘ (29b) Clearly in this state, the optimum solution for (27) is
52 = 2 s2min — : .
|hs| |ho|? (31) again.
So the optimum solution for (27) is: 3. if |h1|2PST] > \h2|2PrT and |h2|2P_YTZ < |h1|2PrT:
Pl 4Pl Pl > |ha? o+ | [? 41 With. this assumption, P7 and PT, 'deter.mine the capacity
> |k expression of the first and second directions, respectively.
(2 28, 1)N (2 25, 1>N (30)  So the optimum solution is derived as:
Wr'rwup — 0 Wrrwup — 0
max , B w |ha|*PT
ha? i’ < Dlogy 14+ 12
|1z || Trvon = 2 gz( N,
In “Appendix” it is shown that (30) can be written as: (zwr:}'m — 1) No
PT Trwus) = PT . +PL, +PT = Proin 2 R (34a)
minTWUB( TWUB) = stmin T Ls2min T £ rmin» ‘h2|
28 _2B
o (Trwon) = (2 WUB — I)No N (2 TWUE — l)NO B, < Ylog 142l Do |h 2|
minTWUB |h1|2 |h2|2 TTWUB — 2 2 NO
B B 2B
(2WT2TM1/UB — I)NO <2WT2TV§UB — ])NO , (ZWTTMZ/UB — ])NO ( )
+ max , Popin > —————5——, 34b
[ i " [l
2B
T 2 QWrwyg — | No
(31) T Py |hs| _ ( ) 34
sImin — - 7 2 C
s1 = ‘hl|2 sl |h1|2 ( )

2. if |m*PT, < |ho|*PT and |hy|*PT, > |y |*PT

With this assumption, the capacity expressions of the
first and second direction are determined by P! and P,
respectively. Therefore, the optimum power of each node is
derived as:

B W |y [2PT,
< log,| 1
< 5 log s N

Trwus o

28,
(27wrrwus - 1)N0

- PZ]mm Z - 7 2 (3221)
||
B, W |y |*PT
—= < —1lo 1+ —7=
Trwup — 2 & No
2B,
(ZWTTWUB — l)No
T
o>~ 7 32b
rmin = ‘/’l1|2 ( )

According to the assumption of this state:
2B, 2B}
(2WTTWUR - 1>N0 (ZWTTWUB - 1>N()
<
| [* |ha

| [*Ply < |l *P] —

(35)
So, again the optimum solution is (31).
4. if [P, < |ha*PT and |hy|*PY, < |y | PT:

With this assumption, the optimum power of each node
can be obtained as follows:

B w |h1| 1
— < —1lo 1+ —=
Trwup ~ 2 g2< Ny

28,
(ZWTTWUB — I)N()
— pPT -

, 36a
slmin = |h1|2 ( )
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B w | PT.
2 W, 1+| 2 x2>

Trwys — 2 No
G
= Pomin 2 3 ; (36b)
|ha|
PhIm [ (27 — 1)
P;> Y142 ;> - .2 (36¢)
|| ||
P (27— 1)
J > (36d)

= s
r |h]|2 r |]’l1|2

Clearly, the optimum solution of the problem (27) is (31)
for all possible states. So the CPEE optimization for
TWUB is derived as:

min P (Trwus) . .
T minTWUB Pe — pé TP
Trwus [ TWUB <—23 + P —Pr | +1P7
s.t: TintwuB < Trwup <T.

(37)

where TpinTwup 1S the minimum transmission time. The
minimum transmission time for each direction can be
derived similar to the OWDF strategy. However, Tiintrwus
is the maximum of the minimum transmission times of the
both directions.

Problem (37) is a convex optimization problem and can
be solved with the methods of [29]. However, if we con-

sider B; = B, = B, analogous to OWDF, the optimum
CPEE in low SEs will be derives as:

2B
MEElow = : (38)

Mzwﬂmrmw + TPU

h<f]TWUB| w
where T, rwyp is the optimum transmission time in TWUB
2.
and |hgﬁTWUB} is defined as:
1
1 11
+ + max{ —}
(> " \2 I f* ol

Also, the optimum CPEE in high SEs, where the optimum
transmission time is larger than the block duration of 7, is
obtained as:

’heﬂTWUB |2— (39)

2B
NEEhigh = : (40)
'8 (2#—1) N,
T(~—5 + P
2¢ hef/'['WUb‘|

4.2 CPEE optimization of TWFDF
Functional decode and forward scheme is based on lattice

codes and it was first proposed in [18]. In TWFDF, s, and
s, encode their data using nested lattice code and transmit
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them to the relay. After receiving the superimposed signal
of s, and s,, node R decodes the modulo-sum of the in-
formation bits, instead of decoding the entire data, then
encodes the sum value and broadcasts it in the second
phase [19]. The capacity expression in each direction is
defined as [19]:

c B w 1 |h1| P
= = —min[ lo
| TWFDF Troror 2 2> 2 No )
|| PT
1 122t
0g2 ( + NO )
(41)
C B Wm ny< lo |h2| P
= = — 1
A ) & 2 No ’
|ha|*PT
1 1 .
og2< +— No
(42)

The second step of the CPEE optimization in TWFDF is:

IIllIl
Pl +PL +PT
P pPL PT
s.t pL<p  PL<pP.  PT<pPl . (41),(42).
(43)

Following the analogous procedure, four possible states
are considered to solve (43). We just explain the first state.
Other possible states can be solved, similarly.

1. if 0.5+ [hi[*PT, /No > 1 4 |a|*PT /Ny and 0.5 + |hs|*
PZZ/NQ >1+ |h1| PrT/NQ.

To achieve desired bit rates of CITWFDF and CZTWFDF
the minimum transmission power of each node is obtained
as:

B _W |y | PT>

lo 1+
Trwrpr ~— 2 & No

(2WT;§/]FDF — I)NO
S S (44a)
|ha|

B W hy|*PT
2 < ?log2 <1 —|—|lr>

TrwrpF No
(2W — 1),

— P>
T [

, (44b)

, (ZWT;:‘}/;DF — 1)N0 <2WT;§/2FDF — 1>N0
P, i, = max ,
‘min |h2|2 |h1 ‘2

)

(44c¢)
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T T 2
31 Z NO 2 + P ‘h2| - sTlmin - NO 2 Pr |h22‘ ?
2hy| | | 2|h| A |
(44d)
T 2 T 2
sTZ > N 2 + Pr ‘h]2| - sTZmin = NO 2 Pr |h12‘
2|hy| |72 21hy| |ha|
(44e)

With the help of “Appendix”, the optimum solution for
(43) is obtained as:

T T
PminTWFDF(TTWFDF) = Pslmm + Ps2m1n + Prmm’
Prisrwroe (Trwrpr)
B No <2WT72'§/FDF — 1)NO (ZWT;:ZFDF — 1)N0
- ) 2 + h 2 + h 2
|he_1‘f0WDF| | 1| | 2|

28, 28,
(ZWTTWFDF — 1)N0 (2WTTWFDF — 1)N0
|ha? ’ s

+ max

(45)

For other possible states also the optimum solution is
(45). So the CPEE optimization for TWFDF is derived as:

i P T . " :
min TTWFDF( mintwpE (L TWFDF ) 4P — PLTZ) + TP

2¢
s.t: Tintwepr < Trwrpr <T.

(40)

where Tpinrwrpr 1S the minimum transmission time and it
is obtained by substituting the maximum transmission
power in (41) and (42) similar to OWDF and TWUB.

Problem (46) is a convex optimization problem. If we
consider By = B, = B, similar to the pervious strategies,
the optimum CPEE in low SEs is derived as:

23
M = , 47
BNo(In 22) DV opTWFDF aprWFDF + T C i

e[ hegrws | W

where T,,swrpr 18 the optimum transmission time in
TWEFDF. Also the optimum CPEE in high SEs can be
obtained as:

2B
TWFDF
NEEhigh = (2%71)1\, : (48)
T\t 2+ P§
4 heijWDF‘ 2¢ heﬁTWUB|

4.3 CPEE optimization of TWDF

In TWDF, the relay node completely decodes the messages
sent from s, and s,, then uses XOR scheme or superposition
coding (SPC) to form the new message and broadcasts this
coded information bits in the second phase. The capacity
expression in each direction for TWDF is derived as [19]:

1 ZP' h
Cirwpr = TTWDF = —mln{—10g2< 11V|0 1| >7

(21

2P’2|h2 |
= —mm —log2 ,
TTWDF No

log, (1 + i ;\Z t) }
(50)

Analogues to TWUB and TWFDF, four possible states
are considered. The minimum summation of transmission
powers for TWDF is obtained as:

Corwpr =

= Pslmm +P32mm + Pt

!
P minTWDF(TTWDF ) rmin?

Plyiwrwor(Trwpr)
(2% - 1)N0 (2WTATW - 1)N0
B 2| |? 2|hy |
T N
(2WTTWDI«' — I)NO <2WT1'WDI-' — 1>N0
s ’ ||

-+ max

(51)

If we consider B; = B, = B, similar to the pervious
strategies, the optimum CPEE in low SEs is derived as:

nTWDF 2B
EE - 2B )
o _BNIn)_ gty | BN(n2) owmies | ppe
8|hqffowm-“ w |heﬂTWI)I-| w

(52)

where T, 7wpr is the optimum transmission time in TWDF
and Vrozrwprl” is defined as:

e —ro
max{L '}.
Iml*? |l

Also the optimum CPEE in high SEs can be obtained as:

|hegrwor (53)

TWDF 2B ( 5 4)

NEEhigh = a5 :
ig . (2WT71)N(; N <2wr 1)1\/0 n P”
heffOWDF| 2¢ heffTWDF|

4e

5 Two-way DF relaying with three phases
In this section, the CPEE optimization of two-way DF re-

laying with three phases (TW3DF) is developed. This
strategy consists of three phases [30]. According to

@ Springer



Wireless Netw

Fig. 1(d), in the first phase, node s; sends B; information
bits to the relay node R. In the second phase, node s, sends
B, information bits to the relay node. Then, in the third
phase node R broadcasts its message to both sources. It is
assumed that the system spends % seconds in each
phase. Obviously, Trwspr <T, so the system is in idle
mode for T — Tryspr seconds. The CPEE and energy
consumption of the system in two-way scenario with three
phases are derived as:

B+ B>
NEETW3DF = Erwane (55)
T P,
Erwipr = m;DF ( . + P+ P”)
T PT
+ TV?DF( 52 +P +Pcr)
T P . .
+L3DF( + PP +P§;>
3 e ‘ :
+ (T - ngDp)(Pgi + P +P”)

Pl +PL+P]

o + Py — P‘;) + TP,

Erwspr = TTW3DF(
(56)

where P;;ﬁ Pci + Pgl2 + Pcz
So the optimization problem is obtamed as follow:

(Pcl +P('l +P”+P”+P”+2P ) P(l A

min P‘T1 + P‘T2 + PT

T 4 Pe. — Pu + TPri

Trwapr, Ply, Ph, PT TW3DF( 3¢ h

s.t TTW3DF§Tle§P:ndx>PZ2<P£ndx PT<P£ndx
(57)

In this strategy, the source nodes do not send their in-
formation simultaneously to the relay node, as a result, the
system does not have multiplexing loss [31]. The capacity
expressions in each direction are derived as:

B, W |y |*PT,
= —mingk lo 1+—=,
Trwispr 3 { g2< No
|| PT
I 1
Og2< + NO )

B, W |ha|*PT,
—— = —ming lo 1+——==|,
Trwspr 3 { £ < No

|| PT
I 14+ —=L .
0g2< + Ny

The minimum of power summation of the nodes can be
obtained similar to TWUB strategy as follows:

Cirwspr =

Corwspr =

(59)
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T T
PminTW3DF(TTW3DF) = Pslmm + PsZmln + Prmm?
Phisrwipe (Trwsnr)

38, 38,
(2WTTW3DF — 1>N0 <2WTTW3DF — ])NO
= +
[ ? o ?

(2wt — 1)y (27 — 1)

o ’ | |?

+ max

(60)

Analogous to other two-way strategies, if we consider

B| = B, = B, the optimum CPEE in low SEs is derived as:
2B
TW3DF __
nEEhm - BNo(In2 ) (61)
anzwn;prﬂVSDF + TPCI
£ | hefrwus | w

where Toprw3pr is the optimum transmission time in
TW3DF strategy. Also, the optimum CPEE in high SEs,
where the optimum transmission time is larger than the
block duration of 7, is obtained as:

2B
Nhpmon = : (62)
'8 (2Tw 1)N0
(22U pel
3s|h{ﬁ7-wug|

6 Simulation and results

In this section, simulations are presented to verify our find-
ings, explore the trade offs, and compare the DF and AF
scheme in one- and two-way relaying. It is assumed that three
nodes are located on a straight line. Channels are assumed to
be Rayleigh block fading channels. The distance between two
sources is assumed to be 200(m) and the relay position is in
the middle of the two sources. The path loss is modelled as
30 + 101log;(dis tan ce”)dBm, where o is the attenuation
factor. Other parameters are assumed as: bandwidth for each
user W = 10 MHz, block duration time 7 = 5 mS, max-
imum available transmission power in each node
P! .. =40 dBm, noise power density No = —104 dBm and
power amplifier efficiency ¢ = 0.35. From [25], the circuit
power in practical systems ranges from dozens to hundreds of
mW, and the circuit power is set in this range for simulations.

In each simulation, the optimal EE for a given SE is
obtained according to the previous sections (optimal EE for
the AF scheme and the direct transmission are given in
[25]) and then the optimal EE versus SE graph is depicted.
According to these simulations, it can be found out that
how optimal EE varies as a function of SE in different
strategies. All the results are averaged over 1000 channel
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realizations. For all of the strategies, it is assumed that
B, = B, = B.
Similar to [25], we consider an AWGN channel, where

E (|hs132|2) is normalized to one and the distance from R to
nodes s; and s, are respectively, d and 1 — d. With the

following assumptions: E(|)?) = 1/(d)" and
E(|h)*) = 1/(1 —d)*. The equivalent channel gain for
each strategy can be approximated as:

2
2 1 1
EheA ~E ~ 7 % )
(’ ﬂF’) (\h_lﬁ‘ﬁ)z (dz+(1—d)7>
1 2

2
E(|heﬂTWUB| )~ E 1 1 11
W*W*Tﬂx{w’w}

S (1 —d) +max(ds, (1 — a7}
(63c)

1
E(|heﬁ‘TWDF|2) ~E 7
{5 )

i l* 7 |ha*

(63d)

~ max{d*, (1 —d)*}"

These approximations for equivalent channels are
helpful to analyse and compare EEs for different strategies
in high SEs. In low SEs, because of two reasons we cannot
use analytical results and therefore simulation results are
needed to compare the CPEE for different strategies. First,
the closed form solution of optimum transmission times are
not obtained and second, in low SEs the circuitry power of
nodes are comparable to the transmission powers and it
makes the analytical comparisons very difficult. In all
figures of the simulation results, the X-axis is the number
of overall transmitted bits in both directions normalized by
block duration of 7 and bandwidth W.

In Fig. 2, the optimum CPEE versus SE for TWFDFD,
OWDF and DT are depicted for different o. Clearly, de-
crease in value of o leads to the improvement of the
channel condition and the CPEE for each strategy. How-
ever, as it is shown in Fig. 2, the variation of o is more
effective on the DT strategy in comparison to the other
strategies. For o« = 3 in low SEs, OWDF is more energy
efficient than DT, however, for « = 2.5 the CPEE of both
strategies increase and become almost equal.

" . -'-""""-'.__ ' " [ —e— TWFDF alpha=2.5
s o - OWDF alpha=2.5
12§ EN —©-- DT alpha=2.5
""% *e \‘ —<&— OWDF alpha=3
wol¥ oy \. —— TWFDF alpha=3
. —+— DT alpha=3

Optimal Energy Efficiency (bits/uj)
[e<]

Spectral Efficiency (B1+B2/TW) (bits/s/Hz)

Fig. 2 The comparison of EE-SE with circuit power consideration in
TWFDF, OWDF and DT with different path loss attenuations. The
circuit power for transmission, reception and idle mode are respec-
tively set as, P = P = 100 mW and P = 10 mW

In high SEs, for a constant o, we can compare the CPEE
of different strategies using equivalent channels obtained in
(63). In high SEs, we have:

(2%—1)N0T ,
DT 4B
ﬂ%ﬁ?{ - 28|he/]OWDF|2 B ‘heﬁTWUB‘ (2WT - 1)
Uggfz)gi NoT (2%71)1\/0]" |heﬁ‘OWDF|2(2% — 1)
4e heffOWDF|2 2¢|hefTwun |2
22 4 1)
SEial ) (64a)
@F_1)NoT
—1)Np 2
ng‘gfﬁ?{ - elhyi0 ] _ 2|heﬂTUB| — 2+
ngghigh NoT 5 (2%*1)1\]027" |hx1x2‘2 3 7
4S|hc//0DF| 2S‘hef/TUB|
(64b)
Metnigh b (207 —1) (28 +1) 64
OWDF "~ 2,2 I PR (64c)
nEEhigh |heﬂOWDF| (2WT — 1)

According to (64a) and (64b), it is clear that in high SEs,
TWEFDF is more energy efficient than DT and OWDF.
Also, (64c) shows that in high SEs for o = 3, the CPEE of
DT is higher than that of OWDF (in high SEs ZWB > 3 and
obviously the expression of (64c) is larger than 1) which is
supported by our simulation results.

For « = 3, with the help of mathematical analysis and
simulation results obtained in Fig. 2, we can conclude that
in low SEs, OWDF has the highest and DT has the lowest
CPEE performance. However, in high SEs, TWDF, DT and
OWDF, respectively have the highest CPEE.
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6 T T
--—--—TWUB pct=pcr=pci=0mW
---0--- TWUB pct=pcr=50mW, pci=10mW
5 K3 -==%--=TWUB pct=pcr=100mW, pci=10mW
\ *********** OWDF pct=pcr=pci=0mW
o .
‘Q. —<— OWDF pct=pcr=50mW, pci=10mwW
AN nb —*— OWDF pct=pcr=100mW, pci=10mwW

Optimal Energy Efficiency (bits/uj)

6 7

0 1 2 3 4 V 5
Spectral Efficiency (B1+B2/TW) (bits/s/Hz)

Fig. 3 The comparison of EE-SE with different circuit power
considerations in TWUB and OWDF

In Fig. 3, the optimum CPEE of TWUB and OWDF
with different circuit power consumptions are depicted. In
high SEs, for each strategy, the circuit power consumption
is negligible in comparison to the transmission power and
does not affect the CPEE curves. Another point is that the
OWDF strategy consumes more transmission power com-
paratively. Therefore, the circuit power consumption has
less effect on the CPEE of OWDF in comparison to the
CPEE of TWUB and the optimal CPEE curves of OWDF
converge towards each other in lower SEs.

In Fig. 4, we compare the CPEEs of different strategies
with equal circuit power at each node, where oo = 3 and the

- TWUB
—%— TW3DF
—<— TWDF
—#— OWDF
—+— TWFDF
—HB— TWAF
—v— OWAF
—— DT

25

Optimal Energy Efficiency (bits/uj)

0.5

0 1 2 3 4 5 6 7
Spectral Efficiency (B1+B2/TW) (bits/s/Hz)

Fig. 4 The comparison of EE-SE with circuit power consideration in
TWUB, TW3DF, TWDF, OWDF, TWFDF, TWAF, OWAF and DT.
It is assumed that o = 3 and P = P = 100 mW and P = 10 mW
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relay node is located in the midpoint. The results for AF
strategies agree with the results of [25]. According to [25],
TWAF outperforms OWDF and DT for all SEs. In low
SEs, OWAF has better performance compared to DT,
however, for high SEs the converse is true.

Here, we compare the CPEE of DT, AF and DF
strategies. If the equivalent channels, obtained in (63),
substitute in the CPEE of different strategies in high SEs,
we can compare them to find out when and which relay
strategies can be helpful for improving the CPEE. The
CPEE of different two-way relaying strategies are com-
pared with each other and DT as follows:

—_— NoT (2 _1)NoT
nEEhigh ~ de heff()Wl)F|2 2¢|herrwun |2
TWFDF ™~ 22 (65a)
"EEhigh V=N T
28|]1p//TWUB|
2
Negngn _ 2|hegrwus|” 8 65
TWAF 7 (65b)
nEEhlgh ’heﬁ”AF ‘
3B
(W —1)NoT ¥
Netreh el 2029 — 1)
TW3DF > 2B T >1 (65c¢)
NeEhigh ~— @VT-DNeT — 3(207 — 1)
2¢ heffTWUB|2
4B 28
(ZWT—I)NOT; (2WT—1)Ny T " 5
HEVEV;?,?;, N 412|hgﬁ‘()WDF|~ 21"|h(‘ffTWDF|2 . 3(2W_T — 1)‘heﬂTWUB’
NEEhgh ELENY, 4(2% — 1) |hogowpr |
3e heffTWUB‘
3@# — |hgrvsl 0% - 1)
2029 — 1) |hgrwor|” 227 — 1)
207 — 1
i R (65d)
20207 — 1)
X W 1)N,T N ,
NEEgh e 3(207 — 1) |hegownr |

TWAF ~ 3B 3B 2
MEERigh — QYT—DNoT (2vr — 1) | Begar |

33|he/f0WDF|
4(2wr — 1
= # <1, (65¢)
(20 — 1)
2B
A _ 329 — 1) | hogrwus|”
NEEnign VT -NoT 2% — 1)
3e h(,ﬁTWUB|
2%(2wr — 1
e (65f)
(20 — 1)

According to (65a) and (65b), the CPEE of TWUB and
TWEFDF are almost equal for high SEs and they both
outperform the CPEE of TWAF. It should be mentioned
that in high SEs [more than 6(bits/s/Hz)], we have % > 3.
Therefore, with respect to (65), it is concluded that in high
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SEs, TWUB, TWFDF, TWAF, and DT have better CPEE
than TW3DF and TWDF. Also, according to (65d), the
CPEE of TW3DF outperforms that of TWDF. Here the
CPEE of TWDF and OWDF are compared:

4B 2B
(2WT —1)NoT (2WT —1)NoT

OWDF 2 2 h 2
nEEh[gh N 45|h¢‘ff0WDF‘ 2¢ he/ﬂ'WDF‘ 1 effOWDF

TWDF "~ 4B - 28 2

< 20T —1)NoT 2 "
NEEhigh ( INoT (297 + 1) | hegrrwor |
2¢ heffOWDF|

2B

1
2 202+ 1)

(66)
According to (66) and (65d), it is clear that TWDF and
TW3DF have better performance than OWDF in high SEs.

Also, the CPEE of OWDF and AF relaying strategies in
high SEs can be compared as follows:

OWDF . 2
NEEhigh | e/fOWDF| B

~ 2, (67a)
NZemsh  |hepar|”
OWDF 2428
; 2| hopr 2w — 1 4
NEEhigh | /fOWDF’ ( ) _ (67b)

M Ehigh - ’heﬂAF‘z(z% - 1) (2% +1)

According to (67a) and (67b), in high SEs, the CPEE
performance of OWDF is better than OW AF, however, the
CPEE of TWAF outperforms the CPEE of OWDF.

With the help of mathematical analysis for high SEs
(65—67) and simulation results obtained in Fig. 4, it can be
concluded that TWUB has the best performance for all
SEs. In low SEs, the CPEE curve of TW3DF is close to the
CPEE curve of TWUB and both of them outperform other
strategies. However, in high SEs, TWFDF has similar

0.9

0.8
0.7

06|

0.5

041

Outage Probability

03[

02

0.1

0 1 2 3
Spectral Efficiency (B1+B2/TW) (bits/s/Hz)

Fig. 5 Outage probability versus SE with circuit power consideration
in TWUB, TW3DF, TWDF, OWDF, TWFDF, TWAF, OWAF and
DT. It is assumed that « =3 and P“ =P" =100 mW and
P =10 mW

performance to TWUB. The CPEE of OWDF in low SEs is
almost high and outperforms all strategies except TWUB,
TW3DF and TWDF, however, in high SEs, the CPEE of all
two-way strategies (including AF and DF) and DT are
better than that of OWDF. It should be mentioned that
TW3DF outperforms TWDF for all SEs. The CPEE of
TWAPF, in low SEs, is lower than that of all DF relaying
strategies (including one-way and two-way), however, in
high SEs, it has better performance than OWDF, TWDF,
and TW3DF.

Figure 5 shows the outage probability versus SE for
different strategies. In each strategy, when the information
bits cannot be sent, even if all the nodes use their maximum
power in block duration of 7, outage occurs. As it is shown
in Fig. 4, when o = 3, the outage probability of TWAF,
TWEDF, TWUB and DT is close to zero for all SEs.
However, for high SEs, more than 5 or 5.5 (bits/s/Hz), the
outage probability of OWAF, OWDF and TWDF exceeds
the acceptable threshold, say 10 % according to [25]. Also,
the outage probability of TW3DF is less than 0.1 for all
SEs.

7 Conclusion

In this paper, the energy efficiency optimization problem in
a cooperative relay network with sleep mode is considered.
The optimum energy efficiency of OWDF, TWUB,
TWEFDF, TWDF, and TW3DF strategies are derived by
optimizing the transmission power and time.

Analytical and simulation results showed that in sym-
metric systems predictably TWUB has the best energy
efficiency for all SEs. In low SEs, TW3DF, TWDF,
OWDF, TWFDF, TWAF, OWAF and DT have the highest
energy efficiencies, respectively. However, in high SEs,
TWEFDF has similar performance to the TWUB and TWAF
is the third energy efficient strategy and DT outperforms
TW3DF, TWDF, OWDF and OWAF strategies. It can be
concluded that in low SEs, the CPEE of DF relying
strategies (including of one-way and two-way) outperform
AF strategies and DT. On the other hand, in high SEs,
TWAF and DT are more energy efficient than TWDF,
TW3DF, and OWDF. Consequently, the comparison re-
sults reveal that the use of DF or AF relaying strategies is
not always more energy efficient than DT. The system
should consider the SE condition and channel statics to
choose the most energy efficient strategy.

Also, the impact of different channel conditions and
circuitry power on the energy efficiency of DF relaying
strategies is shown in our simulation results. Furthermore,
the outage probability of different strategies is compared
with each other in different SEs.
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Appendix

In this Appendix, it is explained how (30) can be written as
(31) in details. We consider two possible states to clear the
proof:

2B 2B
1. If (2% — 1) /|| > (2% — 1) /|hy|*:

With this assumption (30) is written as:
PsTlmin + mein + PsTZmin 2 (ZWITWUB _2 I)NO (2W[TWUE _2 I)NO
| ||
2 2B,
[ 227 — 1)No
o

(68)

2B
If we substitute the assumption |k |*/|h,|* > (2wv‘n§ug -
2B
1)/ (2WTTviUB — 1) in (68), the minimum summation of the
transmission powers is derived as (31).

2B,

. 2B 2 2
2. if (27wos — 1) /|hy|” < (2%wos — 1) /|y |

With this assumption (30) is written as:
2B
|| (277 — 1)Nq
[y [*
2By

(2WTTWUB — ])NO
||

Pt +Plrmin +P§‘2min Z

slmin

(27 — 1)N
|ha|?
(69)

2B
If we substitute the assumption |h|*/ |h1|22(2WT'n;wf —

2B
1)/ (ZWTT;UB — 1) in (69), the minimum summation of the
transmission powers is obtained as (31).
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