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Abstract—1In this paper, we design energy efficient relay
transmission strategy for an orthogonal frequency division mul-
tiplexing (OFDM) system, where two source nodes exchange
information with each other via an amplify-and-forward relay
node. To maximize the energy efficiency (EE), which is defined
as the number of transmitted bits per unit of energy, we jointly
optimize the bidirectional bit allocation, which leads to a hybrid
one- and two-way relay scheme. In particular, we propose a bit
allocation algorithm to balance the transmit and circuit power
consumptions of the hybrid relay in order to minimize the overall
power consumption. Simulation results show that the proposed
algorithm achieves much higher EE than the approach that only
minimizes the transmit power, and the hybrid relay is more
energy efficient than the pure one- and two-way relay.

I. INTRODUCTION

Due to the sharp increasing of the carbon emission and
operating cost of wireless communication systems, energy
efficiency (EE) has become a new design goal recently [1]-[4],
which is usually defined as the number of transmitted bits per
unit of energy. In practical systems, the energy consumption
not only comes from transmitting information bits, but also
from various circuits and signaling. This indicates that only
minimizing the transmit power does not necessarily lead to an
energy efficient design [1].

Relay transmission is a promising technique to extend the
coverage and enhance the reliability of wireless systems. With
network coding, two-way relay (TWR) is able to provide
higher spectral efficiency (SE) than one-way relay (OWR)
under half-duplex constraint [5]. Recently, the EEs of single-
carrier OWR and TWR systems have been studied in various
scenarios and different power models. In [2], the EE of decode-
and-forward (DF) OWR was analyzed, where both the transmit
power and receiver processing power are considered. In [3],
relay selection for an OWR system with multiple DF relays
was optimized to maximize the EE, where the energy cost
of acquiring channel information is considered. In [4], the
EEs of OWR and TWR were compared, considering both the
transmit and circuit powers. It shows that the spectral efficient
TWR is not always more energy efficient than OWR when the
bidirectional transmitted bit numbers are unequal.

For the orthogonal frequency division multiplexing (OFDM)
relay systems, most existing works focus on the SE, where
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only transmit power is considered [6]. In this paper, we
optimize the EE for an OFDM amplify-and-forward (AF) relay
system, taking into consideration not only the transmit power,
but also the power consumed by radio-frequency (RF) and
baseband processing circuits [7].

We consider a simple three-node system, where two source
nodes exchange information via a half-duplex relay node.
More complicated systems, e.g., cellular orthogonal frequency
division multi-access (OFDMA) systems where a base-station
and multiple users exchange uplink and downlink messages
via a relay node, can be decoupled into multiple three-node
systems when the multi-user resource allocation is fixed.
From this point of view, the results derived in three-node
system model can be directly used to improve the EE of
such complicated multi-user systems. Furthermore, the work
on three-node system can act as a good start, based on which
we can further optimize the EE of OFDMA relay systems in
future work.

Specifically, we jointly optimize the bidirectional bit al-
location at the two source nodes to minimize the overall
power consumption, under the constraints of data rate require-
ments. The analysis shows that when the data amounts in
two directions are unequal, the optimal transmission strategy
is hybrid relay, which employs OWR on some subcarriers
and uses TWR on other subcarriers. To improve the EE,
we propose an algorithm to balance the transmit and circuit
powers of the hybrid relay. Simulation results show that the
proposed transmission strategy provides higher EE than the
pure TWR and pure OWR as well as the hybrid relay which
only minimizes the transmit power.

II. SYSTEM AND POWER CONSUMPTION MODEL

Consider an OFDM system consisting of two source nodes
A and B, and a half-duplex AF relay R, each equipped with
a single antenna. Assume that the signal attenuates severely
between the source nodes, and thus the direct link is not con-
sidered for transmission. The whole bandwidth W is divided
into K subcarriers, where h’, and hj  respectively denote the
channels from nodes A and B to node R on the ith subcarrier,
as shown in Fig. 1. We assume perfect channel knowledge
at each node. Quasi-static channel is considered, where the
channel coefficients keep constant during one OFDM symbol,
and may vary from one symbol to another. The noise power Ny
is assumed to be identical on all the subcarriers at each node.
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The AF gain at the relay is chosen with the aid of instantaneous
channel gain.
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Fig. 1. Three-node OFDM AF relay system model

Consider that B,, and By, bits need to be transmitted
respectively on the A — B and B — A directions in each
OFDM symbol. The system needs two phases to exchange
the messages between the two source nodes. First, both nodes
A and B transmit their own OFDM symbols to the relay
node. Then the relay node forwards its received signals to
nodes A and B. In OWR, the two source nodes modulate their
messages on different subcarriers. In TWR, the two source
nodes modulate their messages on the same set of subcarriers.

The circuit power at each node is modeled as [7]

PC:P0+kPSC7 (1)

where P, denotes the power consumed by the RF circuit,
which can be modeled as a constant independent of the data
rate [8], Ps is the power consumed by the baseband pro-
cessing on each subcarrier, and k is the number of employed
subcarriers. We assume identical Py and identical P,. at each
node for simplicity, while the analysis can be easily extended
to the case with different Py and Ps. at each node.

Then the total power consumption of each node is given by

K
P=P.+) Pile )

i=1

where P! is the transmit power at the ith subcarrier, and e
denotes the power amplifier efficiency, which is assumed as
a constant [7], [8]. In the following, subscriber (-),, (-)1, and
(+)r will be used to distinguish the power consumptions at each
node. Note that when a node is receiving, its transmit power
is zero, but it still consumes the circuit power P..

III. ENERGY EFFICIENT RELAY OPTIMIZATION

The EE is defined as the number of transmitted bits over
the consumed energy in each OFDM symbol, i.e.,

_ Bab + Bba
- 2T(P,+ P, + P’

where 7' is the duration of an OFDM symbol, the factor of 2
is because the system needs two-phase transmission.

For the given values of B, and Bjy,,, i.e., the bidirectional
data rates are given, maximizing the EE is equivalent to
minimizing the total power consumption, i.e., P, + P, + P;.
Different from existing works which minimize the transmit

3)

NEE

power under data rate constraints such as [9] where point-to-
point OFDM system is considered, we consider both the trans-
mit and circuit powers in the EE. In the sequel, we optimize
the relay transmission strategy to minimize the total power
consumption under the constraint of data rate requirements in
the two directions.

A. Transmit Power

First, we derive the required transmit powers at each node
for exchanging the B,;, and By, bits in an OFDM symbol.
For a given data rate requirement, the transmit power ob-
tained from Shannon capacity formula is the required minimal
transmit power, based on which we can analyze the maximal
EE. In the following, we derive the transmit power at the ith
subcarrier respectively for the cases where the system uses
TWR or OWR on the ith subcarrier.

If the system transmits B!, bits from node A to node B
using OWR on the ith subcarrier, node A transmits to node
R in the first phase, and node R transmits to node B in the
second phase. Using the Shannon capacity formula and the
expression of signal-to-noise ratio (SNR) in OWR system [10],
the minimal total transmit power of nodes A and R on the ith
subcarrier can be obtained as [4],

(Pi 4 Py = (G0 C1lo 2\/m1\fo)
S N TN R U TN

“

Bi
where C; £ QW — 1, W/K is the bandwidth of a single
subcarrier, and the factor 1/2 is because node A only transmits
in the first phase and node R only transmits in the second
phase.

To simplify the analysis, we consider the same approxima-
tions as in [4], which is

Bap _Bab
Q2TW/K — | ~ 2TW/K7 (5)

which is accurate when the SE on the ith subcarrier, T%;/bK,
is high. When the SE is low, the circuit power will become
dominant, the approximation on the transmit power will not
affect our analysis on the total power consumption.

After substituting (5), the total transmit power of nodes A

and R can be approximated as

No

Moot 1) 6)
2|hig|? ’

(Ptla + Ptlr)mirl ~
where |hig| =1/ (ﬁ + ﬁ) can be viewed as an effective
channel gain between the two source nodes due to the usage
of the relay.

If the system transmits B{_ bits from node B to node A
with OWR on the ith subcarrier, node B transmits to node R
in the first phase, and node R transmits to node A in the
second phase. We can similarly approximate the minimum
total transmit power of nodes B and R as [4]

No ;

i i e
(P, + Py )min =~ W@TW”{ —1). @)

1814



If the system transmits Bf, and Bi, bits bidirectionally
with TWR on the ith subcarrier, both nodes A and B transmit
to node R in the first phase, and node R broadcasts its received
signal to both source nodes in the second phase. Using the
similar approach, we can approximate the minimum total
transmit power of the three nodes as [4]

B Bi .
No[(2T/E — 1) + (27W/% —1)]

PL 4+ PL+ P )i & :
(ta+ tb+ tr) 2|héff|2

®

From (6), (7) and (8), we can see that the total transmit
power on the ¢th subcarrier can be expressed in a unified form
as follows no matter whether OWR or TWR is used on the
ith subcarrier,

iy L % _ % _

P! ~ EME [(2Tw/ 1)+ (27W/ 1)]. )
When the system uses TWR on the ith subcarrier, (9) is the
same as (8). When the system uses OWR, B{;a = 0 if the
system transmits in A — B direction, or BY, = 0 if the system
transmits in B — A direction. Then, (9) will degenerate into
(6) or (7), respectively. When the system does not transmit on
the ith subcarrier, i.e., B, = Bi_ =0, (9) equals to zero.

B. Circuit Power

Since all the three nodes always transmit or receive on some
subcarriers during the bidirectional transmission, the RF circuit
at the three nodes always operates. The total RF circuit power
consumption is 3F.

If the system does not transmit any message on the ¢th sub-
carrier, there will be no baseband circuit power consumption
on this subcarrier. If the system employs OWR on the ith
subcarrier, in the first phase one of the source node transmits
to the relay node, and in the second phase the relay node
transmits to another node. Therefore, there are always a pair
of transmitting and receiving nodes on this subcarrier, and the
corresponding baseband circuit power is 2P;.. If the system
employs TWR on the ith subcarrier, all the three nodes are
transmitting or receiving, and the corresponding baseband
circuit power consumption is 3 Pi.

Therefore, the total circuit power of the system is given by

K
P =3P+ niPe, (10)
i=1
where
0, B;b =B}, = 0,
ni=1{ 2, B, =0, or B} =0, (11)
3, Bl #0, and B}, #0.

C. Total Power Consumption Minimization

Based on previous analysis, the optimization problem of
bidirectional bit allocation on each subcarrier that minimizes

the total power consumption under the constraints of the
bidirectional data rates can be formulated as follows

it VR i B
min 3F + - + n; Py
B;b’Béa i=1 2|heﬂ“2 ¢
(12a)
K K
st. Y Bl, = B, »_ Bi, = Bua, (12b)
=1 =1
B, >0,Bi, >0, and (11), (12¢)

where the constraint (12b) ensures the required data rates in
two directions. To observe the performance limit under both
low and high spectral efficiency, here we do not consider the
maximal transmit power constraint.

Note that if the system only uses OWR to complete the
bidirectional transmission, i.e., B;b and B{;a can not simul-
taneously be non-zero for any subcarrier, we need to add the
following constraint into problem (12),

B, =0, if Bi, #0,
Bi, =0, if B, #0. (13)
If the system only uses TWR to complete the bidirectional
transmission, i.e., both B?, and B should be non-zero on the

employed subcarrier ¢, we need to add the following constraint
into problem (12),

B;b 7& 07 if Bli)a 7& 07

Bi, #0, if Bl #0. (14)

Without the OWR-constraint (13) and TWR-constraint (14),
the optimized strategy by solving problem (12) naturally yields
a hybrid relay scheme, where the system uses OWR for
some subcarriers and employs TWR for other subcarriers.
Since the OWR-constraint or TWR-constraint are extra con-
straints on the optimization problem (12), the hybrid relay
can achieve lower power consumption than the pure OWR
and the pure TWR. On the other hand, when considering the
OWR-constraint (13) or the TWR-constraint (14), the opti-
mization problem becomes very difficult. For example, when
considering constraint (13), the optimization problem turns
into a similar form as that of multi-user multi-carrier resource
allocation, which is known as a combinatorial optimization
problem [9].

Since the hybrid relay transmission is more energy efficient,
in the following, we solve the problem (12).

Directly solving problem (12) is not easy because of the
discrete variable n;. Therefore, we first study the case where
P;. = 0, then the last term of n; Py in the objective function
of (12) can be omitted. Since the first term 3P, in the objective
function is a constant which can also be omitted, the problem
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can be simplified as
B Bl
i No(2TW/K — 1) No(2TW/% — 1)

min - _
2|heg? 2|heg?

i 2
Bab 7Bba i=1

K K
s.t. Zng = Ba, ZB;a = Bya,
=1

i=1

Bziib Z OaBii)a Z 0.

15)

Note that the objective function is a sum of two functions,
each of which is only associated with B;b or Béa. Moreover,
all the constraints on B!, and B{  are also decoupled. There-
fore, problem (15) can be decoupled into two subproblems as
follows,

K
, No(2TW/K — 1)
mind o
ab =1 “eff
K
st. Y Bl = Bap, Bl >0, (16)
i=1
and
“ON (2T€5;/K 1)
. 0 -
mind o
ba ;-1 eff
K
st. Y B, = By, B, > 0. (17)

i=1

These two subproblems respectively optimize the bit allo-
cation on A — B and B — A directions to minimize their cor-
responding transmit power consumptions. Both problems (16)
and (17) have the same form as the problem that minimizes the
total transmit power of a point-to-point OFDM system with
given data rate constraint [9], and thus can be solved using
the well-known water-filling algorithm [11]. Since the system
allocates the bit numbers with water-filling for both A — B
and B — A directions, we refer to it as bidirectional water-
filling bit allocation, with which we can obtain the optimal
values of B!, and B;, as well as the minimal transmit powers
on each subcarrier for the A — B and B — A transmissions.

Sorting all the subcarriers by the effective channel gain
|his| in a descending order, then the first subcarrier is the
best subcarrier with highest channel gain. With the bidirec-
tional water-filling bit allocation, the system will employ the
subcarriers with high effective channel gains for transmission.
The subcarriers that are not allocated any bits will not be
used for transmission. Assume that the system employs the
best K, subcarriers for A — B transmission, i.e., Sy, =
{1,2,--- , K.}, and the best Ky, subcarriers for B — A
transmission, i.e., Sp, = {1,2,- -+, K}, }, as shown in Fig. 2.

Without loss of generality, we assume that B, > DBy,.
As a result, the A — B link will employ more subcarriers
than the B — A link, i.e., K., > Kpa. On the subcarriers
{1,2,--+ ,Kpa}, both A — B and B — A links allocate non-
zero bits for transmission, i.e., B, # 0 and B}, # 0, where
the system uses TWR to exchange information bidirectionally.

On the subcarriers {Kp, + 1, -+, Kap}, only A — B link
allocates non-zero bits for transmission, i.e., BY, # 0 and
B} =0, where the system uses OWR to transmit from node
A to node B.

i 2
hsl‘f

[ N/
Bl -5 transmit power
[ ] B>A transmit power

Bidirectional water—filling
transmit power allocation

v

123456 789101112
subcarrier

Fig. 2. The transmit power allocation after the bidirectional water-filling bit
allocation, where the subcarriers have been sorted by the effective channel gain
\hiﬁ\ in a descending order. In this example, K = 12, A — B link employs
K, = 10 subcarriers, and B — A link employs K},, = 7 subcarriers.

Then we study the case with non-zero Py.. In this case, the
total power consumption in the objective function of problem
(12) includes not only the transmit power, but also the circuit
power. We have shown that by respectively employing subcar-
rier sets S,p and Sy, obtained from bidirectional water-filling
for the bidirectional transmission, the transmit power can be
minimized. Using either more or less subcarriers will lead to
higher transmit power consumption. On the other hand, it is
straightforward to see that using more subcarriers will result
in higher circuit power consumption. Therefore, using more
subcarriers than S,;, and Sy, will increase both the transmit
and circuit power. By using a part of subcarriers in Sy, and
Spa, the system can reduce the total power consumption by
balancing the transmit and circuit power consumptions. This
suggests that the optimal subcarrier sets employed in two
directions should satisfy that SoP' € S.p, and SPP' € Spas
respectively.

Now our task is to find the optimal subsets of subcarriers
in S, and Sy, that minimizes the total power consumption.

Define the cardinality of a set as the number of its elements,
and define the prime subset with cardinality of k,;, < K,y in
Sab as {1,2,- -+, kan }, which consists of k,, subcarriers in
the set S, with the best channel quality. Two systems using
the subcarrier subsets with the same cardinality will consume
identical circuit powers, because they employ identical number
of subcarriers. However, the system that uses the prime subset
needs the minimal transmit power due to the usage of the
subcarriers with better channel conditions. Therefore, the
optimal subcarrier subset in two directions must be the prime
subsets of S, and Sps,.

The optimal subcarriers subset can be found as follows.
For a given pair of subcarrier numbers used in the two
directions (kap,, kba), we choose the prime subset in S,p, with
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cardinality k,p and the prime subset in Sy, with cardinality
kpba. Then we compute the required minimal transmit power to
complete the bidirectional transmission via the water-filling bit
allocation from solving the problems (16) and (17), where the
subcarrier pool {1,2,---, K} is replaced as {1,2, -  kap}
and {1,2,-- -, kp,}, respectively. We also compute the circuit
power consumed by these subcarriers. Denote the obtained
total power consumption as P(ka,, kba). By analyzing the first
order derivative of P(kab, kba) With respect to kb and kpa,
we can prove that P(k,p, kpa) is a convex function when 1 <
kap < K, and 1 < Ky, < Ky, (Detailed derivation is omitted
here due to the lack of space, which is presented in our journal
paper in preparation). Therefore, we can use some efficient
searching algorithm such as bisection method to obtain the
optimal (k2P', k") and the corresponding minimum total
power consumption.

In summary, in practical systems where the baseband pre-
cessing power consumption is not zero, the system should
first use bidirectional water-filling bit allocation to find the
subcarrier set S, and Sy, which minimizes the total transmit
power. Then the system finds the optimal prime subsets of
subcarriers in S,p, and Sp,, as well as the bit allocations on
these chosen subcarriers. By using less subcarriers, the system
can balance the transmit and circuit power and improve the
EE. We refer this algorithm as bidirectional water-filling with
subcarrier reduction. Since the subcarrier reduction procedure
only needs a bisection searching, the computation complexity
of the proposed algorithm is comparable to that of classical
water-filling algorithm.

IV. SIMULATION RESULTS

In this section, we evaluate the EE of the proposed algo-
rithm, and show the impact of circuit power on the subcarrier
allocation and the EE.

We consider that three nodes are located on a straight line.
The distance between nodes A and B is denoted as D, and
the relay is on the midpoint of nodes A and B. The path loss
attenuation is PL = 30 + 10log;,(distance™), where « is the
attenuation factor. The noise spectral density is —174dBm/Hz.
The subcarrier spacing is 15kHz, and the total number of
subcarriers is 1024. We assume that all the small scale fading
channels on each subcarrier are i.i.d. Rayleigh fading channels,
which do not change during each OFDM symbol but are
independent from one OFDM symbol to another. All the
results are averaged over 500 Monte-carlo trails of fading
channels.

The RF circuit power of a relay node in practical system
usually ranges from dozens to hundreds of mWs [12]. Here we
set the RF circuit power as Py = 100 mW. From [7], the ratio
of the baseband circuit power on each subcarrier (i.e., Psc)
over P, ranges from 1072 to 1072, Here we use the same
ratio of Py./Py as in [7], and thus set P, = 0.4 and 1 mWs,
respectively. We assume that the source nodes have the same
values of Py and Py as those in the relay node for simplicity.

Fig. 3 compares the EEs of the bidirectional water-filling
bit allocation with and without the subcarrier reduction, which

are respectively denoted as “B-WF-SR” and “B-WF”, where
D = 100m, o« = 4, and the ratio between the bit numbers in
two directions is set as B,y,/Bp, = 4. When only applying
the bidirectional water filling bit allocation, the system only
minimizes the transmit power consumption. By combining the
bit allocation with the subcarrier reduction, the system can
balance the transmit and circuit powers to minimize the overall
power consumption, and thus achieves higher EE. The EE gain
of “B-WF-SR” over “B-WF” increases with the value of Pi..
When the SE is high, the transmit power will be dominant,
while the circuit power can be neglected. In that case, the EEs
with and without the subcarrier reduction overlap.

s | —o— Pg=0.4 MW, B-WF-SR

o] —s—Pg=0.4 mW, B-WF
1-e- Pgo=1 mW, B-WF-SR ||

- & Pg =1 mW, B-WF

Energy Efficiency (bit/uJ)

Bidirectional Spectral Efficiency (bps/Hz)

Fig. 3. EEs of the bidirectional water-filling bit allocation with and without
the subcarrier reduction

Fig. 4 provides the corresponding numbers of employed
subcarriers by A — B and B — A links when Py, = 0.4
mW. We can see that the algorithm with subcarrier reduction
employs fewer subcarriers in both directions than that without
the subcarrier reduction, and thus can reduce the circuit power
consumption. Since B,y/Bpa = 4, the A — B link employs
more subcarriers than the B — A link. On those subcarriers
employed by both links, the system uses TWR, while on those
only employed by the A — B link, the system uses OWR.

1100
10001
900~
800
700
600
5001
400
300

v

—a&— B-WF, A to B link
—¥—B-WF, Bto Alink i
- A- B-WF-SR, A to B link||
- v~ B-WF-SR, B to A link

Number of Employed Subcarriers

2 3 4 5 6
Bidirectional Spetral Efficiency (bps/Hz)

Fig. 4. Numbers of employed subcarriers in two directions with and without
the subcarrier reduction

Fig. 5 compares the EEs of the optimized hybrid relay trans-
mission strategy with the pure OWR and TWR transmission.
The minimal power consumption of the pure TWR should be
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obtained by solving problem (12) with the TWR-constraint
(14). The optimized TWR transmit strategy we developed is
almost the same as that of the hybrid relay scheme. The only
difference is that on the subcarriers where the hybrid relay
scheme uses OWR to transmit from node A to node B, the
optimized TWR not only transmits on A — B direction, but
also transmits on B — A direction with a near-zero data
rate in order to satisfy the TWR-constraint (14). The minimal
power consumption of the pure OWR should be obtained by
solving problem (12) with the OWR-constraint (13). This is a
very hard combinatorial optimization problem. Inspired by the
multi-user downlink OFDMA resource allocation, where the
bit allocation is difficult with individual data rate constraint
for each user but is easy with a sum rate constraint, here we
relax the OWR optimization by replacing the separate data
rate constraints of two directions (12b) as a bidirectional sum
rate constraint, i.e., Y. (Bl + Bi,) = Bap + Bpa. Then
the relaxed problem can be solved easily via water-filling bit
allocation combined with the subcarrier reduction. Due to such
a relaxing, the optimized power will be a lower bound of the
power consumption that can be achieved by the pure OWR,
and thus the obtained EE is an upper bound of that can be
achieved by the OWR. Due to the lack of space, here we do
not give the detailed optimization procedure of the pure OWR
and TWR.

From the figure we can see that the EE of the proposed
hybrid relay strategy is always higher than that of the pure
TWR and the EE upper bound of the pure OWR. When the
SE is high, the hybrid relay transmission has the same EE as
the pure TWR. When the required SE is low, the EE of the
hybrid relay transmission is identical to the EE upper bound
of the pure OWR.

10 ! ! ! . . .
—e—B-WF-SR
—&— OWR-Upper Bound

8l —v—TWR
Q
=5
=
L
% 6
c
2
k)
=
w4
>
<
[}
=
w

2

0 1 2 3 4 5 6 7
Bidirectional Spetral Efficiency (bps/Hz)

Fig. 5. EE comparison among the hybrid, one-way and two-way relay
transmission, where D = 100 m, Psc = 1 mW, and B,y /By, = 4.

Due to the lack of space, we do not provide the similar
results with different attenuation factor o and circuit powers.

V. CONCLUSION

In this paper, we studied energy efficient OFDM relay
systems. We jointly optimized the bit allocation from two
source nodes to maximize the energy efficiency under the

constraint of the bidirectional data rate requirements. The
analysis showed that the optimal relay strategy is hybrid
relay transmission when the bidirectional data amounts are
unequal. We proposed an efficient algorithm for the hybrid
relay strategy, which employs bidirectional water-filling to
allocation the number of bits for the two directions and
employs subcarrier reduction to balance the transmit and
circuit power consumptions. Simulation results demonstrated
that the proposed algorithm outperforms the pure one-way
and the pure two-way relay transmission in terms of energy
efficiency.
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