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Abstract. In this paper, we introduce an energy-efficient resource allo-
cation scheme in distributed antenna systems (DASs). Throughout the
paper, the resource allocation includes distributed antenna units (DAU)
selection, subcarriers assignment and power allocation. Our aim is to
optimize energy efficiency (EE) of the whole system, which is defined
as the ratio of total data rate to total consumed power, under the con-
straints of the overall transmit power of each DAU and minimum required
data rate of each user. Due to the mixed combinatorial features of the
formulation, we focus on low-complexity suboptimal algorithm design.
Firstly, a joint DAU selection and subcarriers assignment algorithm is
developed with equal power allocation. Secondly, EE maximization prob-
lem is a non-convex fractional programming problem, we transform the
problem into a subtractive form, then solve it by using the Lagrangian
dual decomposition. The simulation results show the convergence per-
formance, and demonstrate the advantage of the proposed resource allo-
cation scheme compared with the random resource allocation scheme.

Keywords: Distributed antenna systems · Energy efficiency · Resource
allocation

1 Introduction

With the rapid development of economy and society, the proliferation of mobile
devices and diverse mobile applications demand high data rate and ubiquitous
access. To meet such mobile data challenges, DAS has been considered as a
promising candidate for future wireless communication networks. Due to its
advantages of reducing access distance, transmit power, and co-channel inter-
ference, DAS can increase the network capacity and expand coverage, thus it is
considered as a key technology for next generation communications in the future
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[1,2]. In DAS, a certain number of distributed antenna units (DAU) are located
in different positions in cell and connected to a central processing unit via opti-
cal fibers or high speed cable. The central processing unit is used to process
information and resource allocation.

Recently, due to the rapid growth of global energy consumption and the
environmental problems, EE has attracted more attention in both academia and
industry [3,4]. EE is proposed as a metric which is defined as the sum-rate
divided by the total power consumption measured in bits/Hz/Joule. In [5], a
scheme of maximizing EE is proposed, the authors demonstrate that there is a
tradeoff between EE and spectrum efficient transmission. [6,7] study EE maxi-
mization in DAS through optimal power allocation. In [6] the authors consider
multi-cell DAS and use successive Taylor expansion to formulate subproblems
which are solved by iterative power allocation algorithm; [7] studys a practical
case where the channel state information (CSI) is slowly-varying, the authors
propose an iterative algorithm to achieve the global optimal solution. On the
other hand, orthogonal frequency division multiplexing (OFDM) is regarded
as a potential transmission technology for the future wireless network due to
its flexibility in resource allocation and effectiveness in anti-multipath fading.
There are many relevant research works on EE optimization and resource allo-
cation. In [8], the authors develop an energy-efficient resource allocation scheme
including subcarriers allocation and power allocation under different constraints
with fixed DAU assignment. [9] investigates EE optimization problem and the
authors consider power consumption of the transmitter and receiver to capture
the impact of subcarriers and users on EE, and propose a joint optimization
method for optimal solution.

Different from existing works, in this paper, we study the energy-efficient
resource allocation optimization, joint antenna units selection, subcarriers
assignment and power allocation for a downlink multiuser OFDM DAS. The
optimization objective is to maximize EE under the constraints of total transmit
power of each BS and minimum rate requirement of each user. Nevertheless, due
to the non-convex nature of the problem, it is especially challenging to manage
DAUs and subcarriers assignment, thus the optimal solution is extremely com-
putationally complicated. Therefore, we divide the optimization problem into
two suboptimal problems. Namely, DAU-subcarrier assignment optimization and
power allocation optimization. In the DAU-subcarrier optimization process, we
ensure that each user can be served by at least one DAU, and optimize the
DAU-subcarrier assignment with equal allocation power to maximize EE of net-
work. In the power allocation optimization process, we transform the fractional
programming problem into an equivalent optimization problem in subtractive
form, which can easily be solved by using the Lagrangian dual decomposition.

The rest of the paper is organized as follows. We describe the system model
and formulate the problem of EE optimization in Sect. 2. Section 3 gives the EE
resource allocation algorithm consisting of two sub-optimization algorithms that
are DAU-subcarrier assignment and power allocation optimization. Simulation
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results and performance evaluation are given in Sect. 4. Followed by the conclu-
sion drawn in Sect. 5.

2 System Model and Problem Formulation

A. System Model Description
We consider a downlink single-cell OFDM DAS, where both M DAUs and K
users (M ≥ K) with single antenna are uniform randomly distributed in the
cell area. N orthogonal subcarriers are used for serving users simultaneously.
The bandwidth of each subcarrier is B = W

N , W is the total bandwidth. All
DAUs are physically connected with a central processing unit via optical fibers.
The received signal for the user k on the nth subcarrier from the mth DAU is
written as

yk,n,m =
√

pk,n,mhk,n,mxk,n,m + zk,n,m (1)

where pk,n,m is the transmit power allocated to the mth DAU on the nth sub-
carrier. hk,n,m denotes composite flat-fading channel impulse response between
the mth DAU on nth subcarrier and user k. It consists of small-scale and large-
scale fading, which is modeled as hk,n,m = gk,m · lk,n,m, gk,m =

√
sk,m · d−α

k,m

represents the large-scale fading, sk,m is a lognormal shadow fading variable,
10 log10 sk,m is a zero-mean gaussian random variable with standard deviation
σsh, dk,m is the distance between DAU m and user k, α is the path-loss expo-
nent. lk,n,m denotes the small-scale fading of channel which is an independent
and identically distributed complex gaussian random variable with zero mean
and unit variance. zk,n,m is additive white gaussian noise with zero mean and
variance equal to 1.

B. EE Optimization Problem Formulation
According to Shannon’s Theorem, the overall data rate of user k can be expressed
as

rk = B

M∑
m=1

N∑
n=1

ak,mbn,m log2(1 +
pk,n,m|hk,n,m|2

Γσ2
z

) (2)

where ak,m and bn,m are binary variables. ak,m = 1 indicates that DAU m is
assigned to user k, otherwise, ak,m = 0. bn,m = 1 denotes that subcarrier n is
assigned to DAU m, otherwise, bn,m = 0. Γ = − 1.5

ln(5PBER) is a constant for a
specific probability of a BER (PBER) requirement. The overall data rate of the
system is

Rtot =
K∑

k=1

rk (3)

Furthermore, the total power consumption of the system is modeled as

Ptot = τpt + Mpc + po (4)

where pt =
∑K

k=1

∑M
m=1

∑N
n=1 ak,mbn,mpk,n,m, τ is the drain efficiency of the

radio-frequency power amplifier. pc is the circuit power consumption. po is the
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dissipated power by the fiber-optic transmission. We define EE of an OFDM
DAS as the ratio of the total data rate Rtot to the total power consumption
Ptot, i.e.

EE = Rtot/Ptot (5)

Our goal is to maximize EE while meet the minimum rate requirement of each
user, as well as the total transmit power constraint of each DAU. The EE opti-
mization problem for a downlink multiuser OFDM DAS is given as

P1: max
a,b,P

EE =
Rtot(a,b,P )
Ptot(a,b,P )

(6)

s.t. C1 : rk ≥ Rreq
k ,∀k

C2 :
N∑

n=1

ak,mbn,mpk,n,m ≤ pmax
m ,∀k,m

C3 : 1 ≤
M∑

m=1

ak,m ≤ M − K + 1,∀k

C4 :
K∑

k=1

ak,m ≤ 1,∀m;
M∑

m=1

bn,m ≤ 1,∀n

C5 :
N∑

n=1

bn,m ≤ Nm,∀m

C6 : ak,m ∈ {0, 1}, bn,m ∈ {0, 1},∀k, n,m

C7 : pk,n,m ≥ 0,∀k, n,m

The constraints C1 and C2 ensure that each user’s data rate requirement and
each DAU’s maximum transmit power budget are satisfied. The constraint C3
guarantees that each user can be served by at least one DAU. The constraints C4
and C6 indicate that each DAU and each subcarrier can only be allocated to one
user and one DAU respectively. C5 denotes the number of subcarriers assigned
to each DAU is Nm. Notice that if the parameter setting on Rreq

k and pmax
m is

not appropriate, the optimization problem P1 is infeasible, here we assume that
the optimization problem P1 is always feasible.

3 Energy Efficient Resource Allocation with Distributed
Antennas

Notice that problem P1 with nonlinear constraints is a mixed integer nonlinear
programming problem, due to problem’s high computation complexity, we focus
on low-complexity algorithm. Therefore, we divide the optimization problem into
two sub-optimization problems, which are joint DAU-subcarrier assignment and
power allocation optimization.
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3.1 Joint DAU and Subcarrier Assignment

A. Number of subcarriers per DAU
In general, the closer the distance between user and DAU is, the better the chan-
nel condition is. The contribution to throughput is greater and the probability of
serving this user is also larger [10]. For unity transmit power, SNR of user k from
DAU m on subcarrier n is given by snrk,n,m = |hk,n,m|2/σ2

z . Similarly, we can
get M ×K ×N SNRs of the whole network, then construct a M ×K ×N three
dimensional matrix denoted by SNRk,n,m(K,N,M), for a specific subcarrier n,
the matrix can be expressed as

SNRk,m(n) =

⎡
⎢⎢⎢⎢⎢⎢⎣

snr1,n,1 snr2,n,1 · · · snrK,n,1

snr1,n,2 snr2,n,2 · · · snrK,n,2

...
...

. . .
...

snr1,n,M snr2,n,M · · · snrK,n,M

⎤
⎥⎥⎥⎥⎥⎥⎦

(7)

Summing up all elements by row of matrix SNRk,m(n), we can get a new matrix

SNRm(n) =
[∑K

k=1 snrk,n,1,
∑K

k=1 snrk,n,2, · · ·, ∑K
k=1 snrk,n,M

]T

(8)

Let pn
m denotes the accessing probability of DAU m on subcarrier n, given by

pn
m =

K∑
k=1

snrk,n,m/
M∑

m=1

K∑
k=1

snrk,n,m (9)

The accessing probability of each DAU on subcarrier n is a vector, i.e. pn =[
pn
1 , pn

2 , · · ·, pn
M

]T . For N subcarriers, the total accessing probability of DAU m

is pm =
∑N

n=1 pn
m = p1m + p2m + · · · + pN

m, thus we can get ∅m =
∑N

n=1 pn
m∑M

m=1
∑N

n=1 pn
m

,
where ∅m denotes the ratio of the total accessing probability of DAU m to the
total accessing probability of all the DAUs. Hence, the number of subcarriers of
assigning to DAU m is expressed as Nm = �∅m · N�.
B. Optimal DAU selection and subcarriers allocation
We assign DAUs to users based on the CSI. Assignment procedure is consisted
of following steps:

• Step 1: Sorting DAUs based on the CSI and assign the best DAU with the
best subcarrier to the corresponding user, then the pairs of DAU-subcarrier
will be erased from the selection list. Repeating until all the users are served
by one DAU.

• Step 2: Assigning the rest of DAUs in the selection list based on the CSI until
all remaining DAUs are assigned to users.

• Step 3: Assigning the rest of subcarriers to DAUs until the number of sub-
carriers of DAU is Nm.

The proposed optimal algorithm is summarized in Algorithm1.
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Algorithm 1. Joint DAU selection and Subcarriers Assignment Algorithm
1: Initialization : Sk = ∅, Ωm = ∅, let M = {1, · · · , M}, K = {1, · · · , K},

N = {1, · · · , N};
2: Step 1: Construct a three-dimensional matrix H(K, N, M).

2.1 Find maximum hk∗,n∗,m∗ ∈ H; let m∗ ∈ Sk∗ , n∗ ∈ Ωm∗ ; Ωm∗ = Ωm∗+1,
Sk∗=Sk∗+1; i=k, then M= M − m∗, K = K − k∗, N = N − n∗;

2.2 Remove H(:, :, m∗), H(k∗, :, :) and H(:, n∗, :). Set i=i − 1, Repeat 2.1.
2.3 Until |M |r=M − K, |N |r=N − K, i=0.

3: Step 2: Based on step 1, construct matrix H′(K, N − K, M − K).
3.1 Find maximum hk∗,n∗,m∗ ∈ H′(K, N − K, M − K); let m∗ ∈ Sk∗ , n∗ ∈ Ωm∗ ;

Ωm∗= Ωm∗+1; M = M − K − m∗, N = N − K − n∗;
3.2 Remove H′(:, :, m∗) and H′(:, n∗, :). Set M=M − K − 1, Repeat 3.1.
3.3 Until |M |r=0; |N |r=N − M ; Ωm = 1,∀m.

4: Step 3: Get Sk �= ∅, and
∑K

k=1 |Sk| = M ,
∑M

m=1 Ωm = M ;
4.1 Construct matrix Hk(k, N − M, |Sk|);
4.2 Traverse Hk, find maximum channel gain hk∗,n∗,m∗ ,m∗ ∈ Sm∗ ; Let

n∗ ∈ Ωm∗ , remove Hk(k, n∗, :). N=N − M − n∗, when |Ωm|=Nm, stop.

3.2 Power Allocation Optimization

Based on the optimal DAU selection and subcarriers allocation algorithm, we
determine the set of DAU Sk to serve user k and the set of subcarriers to DAU
m is denoted as Ωm. Therefore, the Eqs. (2) and (4) can be changed into (10)
and (11), respectively.

rk = B
∑

m∈Sk

∑
n∈Ωm

log2(1 +
pk,n,m|hk,n,m|2

Γσ2
z

) (10)

Ptot =
K∑

k=1

∑
m∈Sk

∑
n∈Ωm

τpk,n,m + Mpc + po (11)

Thus, the optimization problem P1 is converted to optimization problem P2

max
P

EE = Rtot(P )/Ptot(P ) (12)

s.t. C1 : rk ≥ Rreq
k ,∀k

C2 :
∑

n∈Ωm

pk,n,m ≤ pmax
m ,∀k,m

C7 : pk,n,m ≥ 0,∀k, n,m

Due to the non-convexity of problem P2, it is difficult to solve. However, the
numerator and denominator of Eq. (12) are differentiable concave and affine func-
tions with respect to P respectively. So problem P2 can be transformed into a
equivalent subtractive form, and solved by using Lagrangian dual decomposition
method [11]. The subtractive form problem P3 is given as
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max
P

U(q) = Rtot(P ) − q · Ptot(P ) (13)

s.t. C1, C2, C7.

Theorem 1. There is q∗ = max Rtot(P
∗)

Ptot(P ∗) , if and only if, U(q∗) = Rtot(P ∗)− q∗ ·
Ptot(P ∗) = 0.

In Theorem 1, q∗ is the optimal EE to be determined, P ∗ is the optimal
power to be allocated. The Lagrangian function of optimization problem (13)
can be expressed as

L(P ,α,β) =B

K∑
k=1

∑
m∈Sk

∑
n∈Ωm

log2(1 +
pk,n,m|hk,n,m|2

Γσ2
z

) −
K∑

k=1

αk(Rreq
k − rk)

−q(
K∑

k=1

∑
m∈Sk

∑
n∈Ωm

τpk,n,m + Mpc + po) −
M∑

m=1

βm(
∑

n∈Ωm

pk,n,m − pmax
m );

(14)
where α = [α1, α2, · · · , αK ]T and β = [β1, β2, · · · , βM ]T are non-negative
Lagrange multipliers. The optimal power p∗

k,n,m can be obtained through dif-
ferentiating with respect to pk,n,m, which is given as

p∗
k,n,m =

[ (1 + αk)B
(qτ + βm) ln 2

− Γσ2
z

|hk,n,m|2
]+

. (15)

where [x]+ = max (0, x), the power allocation scheme can be regarded as the
classical water-filling policy. Notably that there is a zero duality gap between
the primal problem and its dual problem, if the problem is convex. For the
optimization problem P3, the Lagrange dual function is derived by

g(α,β) = max L(P ,α,β) (16)
s.t. C1, C2, C7.

and we have the dual problem which is

min
α,β

g(α,β) s.t.α ≥ 0,β ≥ 0 (17)

The sub-gradient method could be employed to solve the problem, The sub-
gradient of dual function can be expressed as

Δα
(i)
k = B

∑
m∈Sk

∑
n∈Ωm

log2(1 +
p

∗(i)
k,n,m|hk,n,m|2

Γσ2
z

) − Rreq
k , (18)

Δβ(i)
m = pmax

m −
∑

n∈Ωm

p
∗(i)
k,n,m. (19)

where p
∗(i)
k,n,m is optimal allocation power in the i iteration. The multipliers αk

and βm can be updated through following formulas

α
(i+1)
k =

[
α
(i)
k − δ(i)Δα

(i)
k

]+
, β(i+1)

m =
[
β(i)

m − ξ(i)Δβ(i)
m

]+
. (20)
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where i is iteration index, δ(i) and ξ(i) are sufficiently small positive step size.
In the paper, we assume δ(i) = ξ(i) = 0.1

i , According to all the above analysis
and procedure, the process of optimal power allocation algorithm is outlined in
Algorithm 2.

Algorithm 2. Energy Efficient Power Allocation Optimization Algorithm
1: Initialization : α, β, the maximal iterations Imax, Tmax, error tolerance threshold

ε,κ, set t = 0, q(0)=0, i = 0.
2: repeat
3: Given q(0), Solve (15) to obtain p∗

k,n,m

4: repeat
5: Update α, β from (20), respectively.
6: i = i + 1;
7: If |α(i+1)

k − α
(i)
k | ≤ κ, |β(i+1)

m − β
(i)
m | ≤ κ then

8: break.
9: end if

10: until i ≥ Imax

11: If |Rtot(P
∗) − q(t)Ptot(P

∗)| ≤ ε or t ≥ Tmax then

12: Popt=P∗. EEopt=q(t)=Rtot(P
∗)

Ptot(P∗)
.

13: break.
14: else
15: Set q(t+1) = Rtot(P

∗)
Ptot(P∗)

, t = t + 1.
16: end if.
17: until t ≥ Tmax

4 Simulation Results

In this section, we evaluate the performance of the proposed energy-efficient
resource allocation scheme through Monte Carlo simulations. We consider a cir-
cular coverage area with radius equals to

√
112/3 km, in which DAUs and users

are random uniformly distributed. We set DAU Pmax
m = 30 dBm, noise power

σ2
z = −50 dBm, pc = 0.03 w, po = 0.01 w. Shadow fading σsh = 8 dB, path

loss exponent α = 3.7, user data rate Rreq = 20 kbps, subcarrier bandwidth
B = 15 kHz.

Figures 1 and 2 depict the EE versus the number of iterations in proposed
scheme. It can be seen that the EE converge to the maximum value around seven
iterations. In Fig. 1, we compare EE for different number of users and DAUs with
N = 8. From the results, the EE with M = 4, K = 3 is higher compared with
other conditions. Comparing with the case M = 5, K = 3, the fewer number of
DAUs the less system power consumption which leads higher EE of the system.
Similarly, with increasing number of users, the proposed scheme is able to achieve
higher EE by the larger user diversity gain. Specifically, power consumption of
DAUs have larger effect on EE of the system than diversity gain of users. In
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Fig. 1. EE versus number of iterations
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Fig. 2. EE versus number of iterations

Fig. 2, we obtain EE for different users and subcarriers with given DAU number.
From the Fig, we can see that increase of the number of subcarriers can improve
EE greatly, e.g., with fixed number of users. when subcarrier increases from 8 to
16, the performance of the system improved around 50%.

Figure 3 compares the EE of two algorithms which are the proposed algo-
rithm and random selection algorithm, namely randomly allocating DAUs with
subcarriers and users. EE of two algorithms increases with increasing number of
subcarriers. Notably, the more number of subcarriers rises, the larger gap of EE
between two algorithms. Therefore, Fig. 3 demonstrates the effectiveness of the
proposed algorithm.
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Fig. 4. EE versus number of users

Figure 4 shows the EE versus the number of users of two algorithms. We can
see that the EE increases with the number of users with different parameters,
the proposed algorithm can always achieve higher performance than random
selection algorithm. Meanwhile, we evaluate the EE at different circuit power pc
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and power amplifier efficiency τ . It is seen that larger circuit power consumption
leads to lower EE, and larger power amplifier efficiency can improve EE. This is
because the larger power amplifier efficiency can increase data rate of the system.

5 Conclusion

In this paper, we formulated and studied a mixed combinatorial programming
problem for EE optimization in a downlink multiuser OFDM DAS. We divided
the optimization problem into two subproblems, which are DAU selection, and
subcarriers assignment and power allocation optimization. Firstly, an energy effi-
cient resource allocation scheme is presented. Then, we transform the optimiza-
tion problem into a subtractive form, and solve it by Lagrangian dual decom-
position. From simulation results, we can see that the proposed algorithm has
better performance. In the future, the inter-cell interference and cell-edge users’
performance will be taken into consideration to how to design EE optimization
scheme.
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