978-1-4799-3512-3/14/$31.00 ©2014 IEEE

Globecom 2014 - Symposium on Selected Areas in Communications: GC14 SAC Green Communication Systems and Networks

Low Complexity Energy-Efficient Design for
OFDMA Systems with an Elaborate Power Model

Qingqing Wu*, Wen Chen*, Jun Li' and Jinsong Wu?

*Department of Electronic Engineering, Shanghai Jiao Tong University, Shanghai, China.
School of Electrical and Information Engineering, The University of Sydney, NSW, Australia.
iBell Laboratories, Alcatel-Lucent, Shanghai, China.

Emails: {wu.qq,wenchen}@sjtu.edu.cn, jun.li@sydney.edu.au, wujs@ieee.org.

Abstract—In this paper, we investigate the resource allocation
for joint transmitter and receiver energy efficiency maximiza-
tion in orthogonal frequency division multiple access (OFDMA)
systems. An elaborate power dissipation model is proposed for
OFDMA systems considering the transmission power from the
base station side, the signal processing power and radio frequency
(RF) circuit power from both sides. Then we formulate the
energy efficiency maximization problem and propose a two-
step method based on the relationship analysis of the single
subcarrier-user (SU) pair energy efficiency and system energy
efficiency. Specifically, we first pair each subcarrier with the user
resulting in highest SU pair energy efficiency, which is motivated
by a special case study. Then, we propose a linear complexity
scheme by exploring the inherent fractional structure of the
system energy efficiency, which is proved to be optimal for the
power allocation with given SU pairing in the first step. Finally,
we provide a sufficient condition under which our proposed two-
step method is globally optimal. Numerical results demonstrate
the effectiveness of the proposed method and we also find that
exploiting more user diversity is not always beneficial from the
perspective of energy efficiency.

I. INTRODUCTION

Green technologies have inevitably become the design com-
ponents of future communication systems. Energy efficiency
defined as bits per joule has been accepted gradually as an
important metric to assess the performance of communication
systems besides system throughput [1] due to its nature
of pursuing the most effective utilization of every joule.
Meanwhile, orthogonal frequency division multiple access
(OFDMA) has emerged as a promising candidate for the
next generation wireless networks due to its high spectral
efficiency and resistance to multipath fading [2]. Therefore,
it is particularly crucial to investigate the energy efficiency of
OFDMA systems towards transforming green concepts into
future communication systems.

Recently, some attempts have been reported on the energy-
efficient designs in OFDMA systems [3]-[9]. However, these
previous works at least have three major limitations in terms of
system assumptions. First, these works [3]-[8] only consider
the power consumption either from the base station (BS)
side or from the user side. Practically, the concept of energy
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efficiency should involve the overall system throughput and the
overall system power consumption [1]. Second, most of these
works [3]-[7] assume that the baseband signal processing
power is a constant regardless of the bandwidth. However,
according to recent investigations from industrial perspectives
[8]-[10], the signal processing cost linearly scales with the
bandwidth or the number of used subcarriers. Third, these
works [3]-[9] assume the constant radio frequency (RF) circuit
power model without considering the number of users, which
does not realistically reflect the power consumption varying
with the number of users in OFDMA systems. In addition,
it has been reported that with inaccurate power consumption
models, the associated energy-efficient designs may suffer
from some performance loss and even lead to reverse con-
clusions sometimes [1], [11]. To the best of our knowledge,
the energy efficiency of OFDMA systems under the general
power consumption model considered in this paper has not
been studied so far and we aim to cover all the above three
issues.

Meanwhile, low complexity designs may be highly expect-
ed especially in green-oriented communication systems [1],
[4], since the solutions with high computational complexities
may result in additional energy costs in practice due to the
huge computational loads and memory requirement, which
contradicts with the green objectives. Authors in [4] study the
low complexity scheduling but the proposed method is not
applicable to the considered power consumption model here.

In this paper, we investigate the low complexity energy-
efficient resource allocation in OFDMA systems under an
elaborate power consumption model where the transmission
power from BS side, the baseband processing power and the
RF circuit power from both sides are taken into consideration.
Based on a special case study, we design an efficient scheme
to implement SU pairing. Then we further propose an optimal
power allocation scheme under the given SU pairing in the
first step. Finally, a sufficient condition which guarantees the
global optimality of the proposed two-step method is provided.

II. SYSTEM DESCRIPTION AND PROBLEM FORMULATION

A. System Model

Consider a downlink OFDMA network in a single cell
with one BS and K users which are all equipped with one
antenna. The total bandwidth W is equally divided into N
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subcarriers, each with a bandwidth of B = W/N. Besides,
the channel is modeled to include both large scale fading and
small scale fading. The large scale fading includes path loss
and shadowing loss. The small scale fading is assumed to
be frequency selective with block among subcarriers, i.e. the
fading coefficient of each subcarrier among different users is
an independent constant within each time slot [4]. We assume
that perfect channel state information (CSI) is available for
BS to optimize system energy efficiency. The SU pairing and
power allocation settings are allowed to vary from one time
slot to another according to the CSI [6]. We also assume that
each subcarrier is exclusively assigned to at most one user in
each scheduling slot, in order to avoid the interference among
different users. Each user, on the other hand, can occupy more
than one subcarrier to achieve the maximal energy efficiency.
Denote p; ; and h; ; as the allocated power and channel gain
for user j on subcarrier 4, respectively. Then, the maximum
corresponding achievable data rate 7; ; of user j on subcarrier
1 is given by

pijhi j
r;; = Blog, <1 + ]\;OBJ) ; (1)

where N is the spectral density of the additive white Gaussian
noise. Thus, the overall system data rate is

N K
Riot = ZZM,]‘H,J‘, )

i=1 j=1
where the pairing indicator p; ; € {0,1} indicates that the
subcarrier 4 is paired to the user j if p; ; = 1, otherwise
pij = 0.

B. An Elaborate Power Consumption Model

For the BS, its power consumption includes the transmission
power, the constant RF circuit power, and the signal processing
power which linearly scales with the number of used sub-
carriers [1], [8], [12]. Denote P,y as the signal processing
power per subcarrier in the BS side. The power consumption
on subcarrier 7 is

K
Py = Zpi,j (pw +I(pi,j)Pso> ) 3)
j=1

3

where £ € (0,1) is a constant accounting for for power
efficiency of the amplifier [S]-[9] and the indicator function
Z(z) is defined as

1, ifz>0,
I(x) = { 0, otherwise.

From (3), we can see that even if the subcarrier ¢ is paired to
the user j, Pyo should not be added to the power consumption
of the BS side if the power allocation p; ; is zero. Then, the
power consumption in the BS side is

“4)

N
Pi=) Pi+Ph, 5)
=1

where P, represents the constant RF circuit power of the BS.

For each user in the receiver side, similarly, its power
consumption includes the constant RF circuit power, and the
signal processing power which also linearly scales with the
number of used subcarriers [1], [8], [13]. Denote Ps; as
the per-subcarrier signal processing power and P,; as the
constant RF circuit power of the user j. Without loss of
generality, P,; and P,; of different users can be different,
which represents different types of terminals employed. Then,
the power consumption of the user j is

N
Prj=Puj+ Y piZ(pi;)Psj- (6)
i=1
Therefore, the overall system power consumption is
K
Piot =Pty Prj. )
j=1

After some manipulations, it can be expressed as

N K
Pij
Pt =303 o5 (P2 4 201 (P + P25

i=1 j=1

P; ;

K
+> P+ P (8
j=1

(R —
Py

Note that P; ; denotes the power consumption of user j on
subcarrier ¢ and P, denotes the constant circuit power of the
whole system which scales with the number of users.

C. Problem formulation

The energy efficiency considered is defined as the overall
system rate R;,; over the overall system power P;,;. Thus,
the average system energy efficiency can be expressed as

EE = —*=. 9

Mathematically, we can formulate the energy efficiency opti-
mization problem as

N K Che
>im1 Z_j:l pi,j Blog, (1 + %735.7)
max

7 S e (B T(is) (P + Py) ) + Po

K
st > pig=1, Vi, pi;€{0,1}, Vij,
j=1

Dij > 0; Viajv (10)

where p 2 {pi;li = 1,2,..N;j = 1,2,..K} and p &
{pijli=1,2,.N;j=1,2,..K}.

In the conventional spectral efficiency optimization, BS
always transmits at the maximal power in order to achieve the
date rate as high as possible. However, in the energy efficiency
optimization, BS usually transmits within the allowed maximal

power due to its conservative nature of saving power. Thus, the
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total power constraint in the downlink scenario is not necessary
[14].

To obtain the optimal solution to problem (10) is es-
pecially challenging, due to the existence of the piecewise
functions Z(p; ;) and the combinatorial nature of the binary
variables p; ;. An alternative approach is the exhaustive search
method whose complexity is prohibitively high. Moreover,
the additional computations will introduce additional power
consumption, which contradicts the expectation of high ener-
gy efficiency. Therefore, designing effective methods of low
complexity for the energy efficiency optimization is necessary.

III. Low COMPLEXITY DESIGNS FOR THE ENERGY
EFFICIENCY OPTIMIZATION

In this section, we propose a low complexity two-step
method based on the relationship analysis of each SU pair
energy efficiency ee; ; and the system energy efficiency EFE.
In the next, we firstly introduce the energy efficiency of a
single SU pair.

A. Energy Efficiency of A Single SU Pair

Assume that the ¢th subcarrier is paired with the jth user.
Define the energy efficiency of a single SU pair as
Ti,j

Blog, (1+ 22 )
661’ j = = i,7 *
J Pi,j pf -‘r—I(pi,j)(Pso + st)

Since the optimal transmission power p; ; can not be zero in
maximizing the energy efficiency ee; ;, we have the indicator
function Z(p; ;) = 1. It is easy to verify that ee; ; is a strictly
quasiconcave function of p;; [14] and this fractional type
function has been proved to have the stationary point which
is also the optimal point [14]. Due to this property, setting
the derivative of ee; ; with respect to p; ; to zero, we get the
optimal power allocation p; ; and the optimal energy efficiency
as follows

Y

« §Bh;
eel = .
“J (BNO + p;‘k,jhi,j) In2

12)

Based on (11) and (12), the numerical values of ee; ; and p; j
can be easily obtained. Moreover, from (11), we can clearly
observe that the energy efficiency ee; ; of a single SU pair
increases with the channel gain h; ; and decreases with the

signal processing power Pyy and F;.

B. Subcarrier-User Pairing

In the following, we firstly investigate a special case of the
optimal SU pairing, which will provide valuable insights into
the design of the efficient pairing scheme. By separating the
subcarrier m with the other subcarriers, the system energy
efficiency can be written as

K K
Ditm Dot PigTig + 2 j1 PmTm,

(Zi#m i pigPij+ PO) + Y0001 P P
(13)
From (13) we can see that if the allocated power p;, ; on the
mith subcarrier is zero for all j, then the subcarrier m makes no

EE =

contribution to the system energy efficiency, since the pairing
rate r,, ; are zeros for all j. On the other hand, if p,, ; is
nonzero for some j, then the indicator function Z(p; ;) = 1.
We should determine which user should be selected to pair
with subcarrier m. Assume that user k is paired with subcarrier
m, i.e., pmr = 1, and p,, ; = 0 for j # k. Substituting the
pairing rate and pairing power of the subcarrier m into (13),
we have

K m, ”h'VYL~
Ditm 2aj=1 PirjTij + Blog (1 + B ﬁogfk)

(Zi#m Yois pii P + PO) + (%5 + Pso + Par)
(14)
Based on the observation of (14), we have the following
theorem.
Theorem 1: For subcarrier m, if there is a certain user k
with the following property:

EE =

Pk = maxK him,; and Py, = (15)

Jj=1,..., Jj=1,...
then user k£ is the globally optimal user paired with the
subcarrier m in maximizing EE in (10).

Proof: Please see Appendix A. ]
The users with this kind of property can always contribute
the highest data rate with the lowest power consumption
among all the users on the subcarrier m. In this case, Theorem
1 implies that we can select the globally optimal user for each
subcarrier independently. However in practice, the users on
some subcarriers may not necessarily possess this property.
This means that for some subcarrier m, there is no user
simultaneously with the highest h; ; and the lowest Ps; among
all users j. In those cases, Theorem 1 is not applicable.
Besides, it is difficult to find an alternative way to directly
get the optimal p; ;, since it couples optimal power allocation
p;,; which is unknown yet. On the other hand, the complexity
of exhaustive search for the optimal p; ; is KV. To facilitate
practical applications of the energy-efficient design, we need
to design the SU pairing scheme with low complexity.
Motivated by Theorem 1, we adopt the maximal single pair
energy efficiency (SEE) ee] . as the metric to select the user

]
for each subcarrier. Then the SU pairing policy is

Pij = { v Bk S (16)
0, otherwise, V.

Note that on the same subcarrier, the different terms for the
users are the channel gain h; ; and signal processing power
Pyj. Clearly, the energy efficiency ee; ; of a single SU pair
involves both of them. From Section III-A, we know that
higher SEE implies that the user has higher h; ; or lower Ps; in
some sense. Meanwhile, from Theorem 1, the user j with the
higher h; ; and the lower P;; is more preferable to occupy the
ith subcarrier in order to achieve the highest energy efficiency.
Thus, this SEE based scheme for the SU pairing is rational
and the simulation results will demonstrate that the case of an
optimal user with a lower SEE is very limited. When there is
more than one user having the same ee} j for some subcarrier,

we can either choose the user with higher h; ; to increase the
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system throughput or the user with low Ps; to save the system
power consumption.

C. Power Allocation

In this subsection, we propose an optimal power allocation
scheme under the given p* in Section III-B. Note that each
subcarrier ¢ has been paired with a unique user j by p; ;,
which means that the system is simplified to a parallel-channel
system. For notation simplicity, the user index j is dropped
in the subsequent discussion and denote P, £ pP,+ Ps;.
Then the optimization problem (10) is transformed into the
following problem:

N i1l
> i1 Blogy(1+ %f )

max EE = —F : ,  (17a)
P Yim1 (B +Z(pi)Pei) + Po
st. p> 0, Vi (17b)

From the problem analysis in Section II, the indicator function
makes E'E a piecewise function of p;. Thus, to directly derive
the closed-form power allocation solution seems impossible.
Authors in [14] propose an optimal power allocation scheme
for problem (17) with a quadric complexity. However, in our
work, the optimal power allocation can be obtained with a
linear complexity. In the next, we convert problem (17) into
an equivalent one with the quasiconcave form as (11), which
makes it easy to obtain the optimal power allocation.

Denote R as the set of SU pairs in which pairs are allocated
with positive powers, i.e. R = {i|p; > 0}. Then the problem
(17) can be written as

o Dien Blog (1+ 8%)
max = -
P ZiER(% + Pci) + Po

Comparing (17) and (18), if we can obtain the set R which is
composed of nonzero powers of optimal solutions to (17), then
problem (18) can result in the same optimal power allocation
as (17).

Given R, problem (18) is a standard quasiconcave optimiza-
tion problem [15] and the optimal solution can be easily solved
by setting the partial derivative of E'F with respect to p; to
zero. After some manipulations, the optimal energy efficiency
of (18) is given by

(18)

Bh; .
EBh €R.

EE* =
(BNo +pihi)n2’ "

19)

Denote R°P! as the optimal set of problem (18). Our task
is simplified to find the R°P* in which the allocated power
for each SU pair is positive in (17). In the following, we
propose an ordering based successive adding (OSA) scheme
to find the set R°P!. The key idea of the OSA scheme is
based on exploiting the inherent fractional property of the ee;
and EFE*. We firstly sort all SU pairs by their SEE ee] in
descending order according to (12), i.e., ee] > ee5 > ... =
eey. Then we add each SU pair to the set 2 successively
according to the order. In the Lth round, we should determine
whether the Lth SU pair should be added to the set R. Let

Algorithm 1 SEE Ordering based Successive Adding Method
(SEEOSA)

I: Fori=1:N

2: For j=1: K

3: Compute p; ; and ee; ; by (11) and (12);

4: End

5: Determine p; ; by (16);

6: End

7: Ordering all the N SU pairs in descending order and set
EE; =0;

8: For L=1:N

9: Compare EE7_, with ee};

10: If EE; | <eej do

11: Add the Lth pair to R;

12: Compute p; and EE}_; (I € R) by (18) and (19),

13: respectively;

14: else EE7 | >ece; do

15: R°Pt = R;

16: ]z\/zp?(leR)aﬁl:()(léR);

17: EE = EE]_;

18: Return.

19: End

20: End

EEL = (X1, m)/(X1, P + Py). The maximal EE; can
be obtained by (19). Then we have the following theorem.

Theorem 2: 1) If EE}_; < ee}, then there must be
EE7_| < EE} < ee} and the Lth SU pair should be added
to the set R; 2) If EE}_; > eej, then there must be
EE; | > EE}] > ee} and the Lth SU pair should not be
added to the set R.

Proof: Please see Appendix B. [ ]

Theorem 2 implies that in the Lth round, the comparison
result of FE7 | and ee7 is sufficient to determine whether the
Lth SU pair should be added to the set 2. Note that the system
energy efficiency and the power allocation will be updated by
(18) and (19) whenever adding a SU pair to the set R. Based
on Theorem 2 and the ordering property, we further have the
following corollary.

Corollary 1: When EE} _; > eej, the first L —1 SU pairs
are allocated with positive powers and compose the optimal
set R°P* and FE; _, is the maximal system energy efficiency
for given p* in Section III-B.

Corollary 1 implies that SU pairs behind the Lth pair can
not be added to the set R either, which means that the set
including the first L — 1 SU pairs is the optimal set R°’* and
EE7_, is the maximal system energy efficiency for given p*.
Due to limited space, this proof and the following theorem’s
proof have been put in the journal version of this paper [16].

We call this two-step method for the energy-efficient OFD-
MA design as the SEE ordering based successive adding
(SEEOSA), which is summarized in Algorithm 1. FE and p;
therein denote the solution of the proposed SEEOSA method
to problem (10). In the next, we provide a sufficient condition
which can guarantee the optimality of the proposed SEEOSA.
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Fig. 1. The optimality validation for the OSA. Fig. 2. Energy efficiency versus subcarriers (K = 5). Fig. 3. Energy efficiency versus users (N = 32).

TABLE I
SYSTEM PARAMETERS

Parameter Description
Subcarrier bandwidth, B 15kHz
Signal processing power of user j, Ps; 10 — 30 mW
Signal processing power of BS, Pso 50 mW
Thermal noise density, No —174 dBm/Hz
Base station power, P, 1000mW
User RF circuit power, Py 20mW
Power amplifier efficiency, £ 0.38
Path loss model Okumura-Hata
Shadowing 20 dB
Fading model Rayleigh fading

Theorem 3: If all users have the same signal processing
power Pg;, then the SEEOSA method is globally optimal for
problem (10).

For the scenario that terminals employ the same type of the
signal processing component, our proposed SEEOSA method
is optimal for the energy-efficient resource allocation and note
that P,; is not required the same for all terminals.

IV. NUMERICAL RESULTS

In this section, we conduct comprehensive simulation results
to demonstrate the performance of the proposed method for
the energy-efficient OFDMA designs. The cell of the network
is hexagonal with a radius of 1000 meters, within which the
users are uniformly distributed outside of the concentric circle
with the radius of 100 meters. The main system parameters are
listed in Table I [8] without specific explanation. The signal
processing powers among users vary from 10 mW to 50 mW.
We simulate 10000 channel realizations for all simulations.

In Fig. 1, we verify the optimality of the power allocation
scheme in the second step, i.e., OSA, in two P, cases. Another
optimal scheme for problem (17) [14] which has a quadric
complexity and a suboptimal scheme (EMMPA) in [14] are
adopted as comparison. The channel gain of SU pairs are
randomly generated without optimal SU pairing. It can be
seen that the OSA scheme is optimal for the power allocation
with given p* in the first step, which validates the theoretical
analysis in Section III-C.

In Fig. 2 and Fig. 3, the impacts of subcarriers and
multiusers on the system energy efficiency and the perfor-
mance of the proposed SEEOSA are presented. We adopt
the following methods as comparison for SEEOSA: (1) Joint
globally Optimal (JO) [16]; (2) SEEEMMPA: SEE pairing
combining EMMPA; (3) RAOSA: random SU pairing com-
bining OSA; (4) RAEMMPA: random SU pairing combining
EMMPA. As we can see that in Fig. 2, the system energy
efficiency considering this elaborate power consumption model
increases with the number of subcarriers and SEEOSA of
low complexity achieves near-optimal performance. However,
it is interesting to note that in Fig. 3, the system energy
efficiency first increases and then decreases with the number
of the users in the system, which seems contradictory to
conclusions in [3]-[9]. In fact, it is the performance trade-
off between the multiuser diversity and the system power
consumption. Specifically, increasing the number of users in
the OFDMA system obviously benefits the system throughput
due to the more multiuser diversity gain, but also results in
the additional system power consumption (RF circuit power),
which are two key components of the system energy efficiency.
The user number of the corner point in Fig. 3 can provide
valuable insights into the designs of energy-efficient systems.
In addition, we can observe that SEEOSA only suffers from a
slight performance loss due to more complicated SU pairing
possibilities and outperforms the random pairing based meth-
ods without exploiting the multiuser diversity, which further
demonstrates the effectiveness of the proposed method.

V. CONCLUSION

In this paper, we establish an elaborate power dissipation
model in OFDMA systems by relaxing three system assump-
tions of the previous works [3]-[9], and formulate the energy
efficiency maximization problem. In order to fulfill the expec-
tation of green-oriented designs, we propose a low complexity
two-step method i.e., SEEOSA, based on the relationship
analysis of the single SU pair energy efficiency and the system
energy efficiency, and also provide a sufficient condition under
which the SEEOSA method is globally optimal. Simulation
results demonstrate that this efficient method exhibits a near-
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optimal performance compared with the optimal method of hand,
high complexity and show that our proposed power consump- D Lo ()
tion model realistically reveals the impacts of subcarriers and EE}; = max =1 D!

multiusers on the system energy efficiency.

APPENDIX A
PROOF OF THEOREM 1

Assume that the user k satisfies the properties in Theorem
1. Denote EE*(m,j) as the optimal energy efficiency of
selecting any user j (j # k) for subcarrier m. Let p; ; and p;
be the corresponding power allocation and pairing indicator
of selecting user j for subcarrier m, respectively. Denote
EE*(m, k) as the optimal energy efficiency of selecting user
k for the subcarrier m. Let p; ; and p; ; be the corresponding
power allocation and pairing indicator of selecting user j for
m, respectively. Then

Based on (21) and (22), we have EE] _,

p Zz P(p) + P
21:1 Tl(ﬁzL) +r(p%)
PR + Po + Pu(h)

L-1 R
< 571 Tz(Pz ) TL(pf)
< max 7= , =

=1 Pl(pl)+P0 PL(pL)

L—-1 ~L—1 *
< max 1_1 71(Py ) rr(pr)

LrPGE Y+ Ry PL(pE)
max{EEL_l,eeL}
eer, (22)

< EE} < eej.

2) If EE}_, > ee}, we can prove FE] | > EE] > eej}

EE*(m,j)
K - PP,
Dim 2uje PigTig (i) + Blogy (1 + PR )

K 4 A -y
(Zi#m > j=1 PiiPii(Pij) + Po) + (7L + Pyo + Pyj)

[1]
e h'nl
Ditm Z] 1 Pijrii(Di) + Blogy (1 +2 B k) 2
= K A A~ m,R
(Zi;ﬁm 21 PigPii(Bij) + PO) + (u + Pyo + Pag)
ok Pm, [3]
Zi;ﬁm ZJ 1 PigTij(Pij) + Blog, (1 + pkin)

< (4]
(Zi#m S i P (Big) + Po) + (P22 + Py + Pa)

= EE*(m, k) (20)
Hence, for Vj (j # k), we have EE*(m,j) < EE*(m,k).

Therefore, user k is the optimal user pairing with subcarrier
m in achieving maximal system energy efficiency.

[5]
[6]

[7]
APPENDIX B

PROOF OF THEOREM 2 8]

Denote ﬁlL as the optimal power allocations corresponding
to EE7. p} is the optimal power corresponding to the Lth
pair’s energy efficiency eej .

D If EE] | < ee],

ZlL:1 Tl(ﬁlL)

ZZL:1 Pi(pl) + Py
_ a2z )
p Zz Pi(p) + Po

B+ (py)
2 PipE) + Po+ PL(p})
S (k) rr(pl)
L P(pE) + Py PL(pr)
min { EE]_y, e} }
EE}

[9]

[10]
EE;

(11]

(12]

[13]

WV

[14]

WV

min
[15]

[16]
2n

In this case, we know that adding the Lth SU pair can
obviously increase the system energy efficiency. On the other
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by a similar argument in the case 1). In this case, adding the
Lth SU pair can not increase the system energy efficiency.
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