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Abstract

To deal with the future high demands of wireless traffic and energy consumption, one type of heterogeneous
deployments is to distribute the base station antennas throughout the entire cell, which is called remote radio
head (RRH). In view of radio resource management, the joint resource allocation in broadband orthogonal
frequency division multiple access RRH (OFDMA-RRH) has not been thoroughly studied, which includes the
antenna port selection, subcarrier assignment and power allocation under the power constraints per antenna port.
This article focuses on the downlink resource allocation in OFDMA-RRH, where the coherent transmitter with phase
steering is used. The problem to maximize the system spectrum efficiency (SE) is formulated, and solved by a dual

decomposition method, where the decomposed sub-problems in the dual domain are solved by analytic
geometry. In the optimal solution, the system power is always exhaustively used. As another contribution, this
article further proposes that in the optimal solution, there is a considerable part of system power which makes
little contribution to the SE and thus should be saved. Specifically, the energy efficiency is analyzed for an
individual subcarrier transmission. A proportional power allocation (PPA) method is proposed to achieve a local
optimality for each subcarrier. By applying the PPA to every subcarrier in order to maximize the system SE, a new
resource allocation problem is formulated and solved. Discussions are also presented for the proposed algorithms
on the computational complexity and feasibility in multi-cell cases. Simulation results show that the optimal
algorithm consumes all the system power and has good convergence. The algorithm applying PPA can effectively
improves the system power efficiency while achieving the SE optimality.

1 Introduction

The last decade has witnessed the transition of multiple-
input multiple-output (MIMO) and orthogonal frequency
division multiple access (OFDMA) from theoretical con-
cepts to practical technologies for enhancing perfor-
mance of wireless networks. The dynamic subcarrier
assignment (SA), adaptive power allocation (PA) and
multiple spatial channels significantly improve the system
capacity [1,2]. As their standardization work in the 3rd
generation partnership project (3GPP) and other organi-
zations approaching to an end, challenges are raised by
the new round of high demands of wireless traffic, which
is spurring new radio technologies, deployment infra-
structures and radio resource allocation methods to be
studied. Meanwhile, the Information & Communication
Technology (ICT) industries are facing an increase in

* Correspondence: wangtan0281@gmail.com

'Key Laboratory of Universal Wireless Communication, Ministry of Education,
Beijing, China

Full list of author information is available at the end of the article

@ Springer

associated energy consumption of 16-20% per year [3],
which highlights the urgent desire for researches focusing
on energy efficiency (EE).

Due to the limited power, the wireless transmission dis-
tance cannot be too large if the data rate is very high.
Improved and new system architectures are being investi-
gated. One such architecture is to distribute the base sta-
tion (BS) antennas throughout the entire cell via optical
fiber. It is called remote radio head (RRH), specified as
one type of heterogeneous deployments in 3GPP [4], or
distributed antenna systems (DAS) [5]. By shortening the
transmission distance, the RRH system has an inherent
advantage in power saving. It could also benefit from
macro diversity and signal combining from distributed
RRH ports. Typically, a RRH port is equipped with only a
transceiver, which is low-cost and easy to be deployed.
From the view of radio resource management, combining
OFDMA with RRH can provide more system perfor-
mance gain by exploiting diversity in both the frequency
and space domains. In OFDMA-RRH, to maximize the
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system spectrum efficiency (SE), the BS should jointly
manage the SA, PA and together the RRH antenna port
selection. Moreover, the power constraints per port
(PCPP) should be taken into account.

1.1 Related study

Research interests in RRH have grown considerably over
the last few years. The topics include from capacity [6,7],
joint processing [8-10], location optimization [11] to those
considering the practical imperfect conditions such as
backhaul constraints [12] and asynchronous interference
[13].

However, the literatures of joint resource allocation
optimization in downlink OFDMA-RRH are rather lim-
ited. Many insightful researches focus on the optimal
PA for single-band multi-user downlink transmission
with PCPP [9,10,14,15], where OFDMA is not consid-
ered. In [16], the joint problem is decomposed into two
sub-problems: antenna-level and user-level scheduling.
The RRH port selection is included in the antenna-level
scheduling. Similar schemes can be found in [17], where
a hierarchical algorithm is proposed for wireless mesh
networks. In these study, however, each user connects
with only one RRH port, which simplifies the PCPP. In
[8], an improved null steering downlink OFDMA-RRH
system is proposed which reduces both the inter-user
correlation and the near-far problem resulting in a sig-
nificant enhancement, but the PA therein is not jointly
optimal. Our previous study in [18] addresses the joint
problem to maximize system SE, but the assumption is
made that subcarriers are assigned by the round robin
method. The author of [19] additionally considers the
minimum data rate as fairness constraint by setting a
predefined minimum number of assigned subcarriers to
each user. Nevertheless, the equal power allocation is
used in his network flow approach. In a word, the joint
resource allocation optimization in OFDMA-RRH has
not been thoroughly studied.

A tradeoff between SE and EE is proposed in [20], where
the user’s utility as a function of transmit power is pro-
posed. Among the previous study for energy-saving in
resource allocation, some researchers focus on how to
minimize transmit power under constraints such as user
signal-to-interference-plus-noise ratio (SINR) threshold
[15]. Some studies are trying to optimize the energy effi-
ciency [21]. However, most prior work in this area has con-
centrated on traditional MIMO-OFDM systems. Recently
some literatures for energy-efficient techniques are related
to denser deployment of BSs [22,23]. But the BSs in these
studies will interfere with each other and do not cooperate
as in RRH. Therefore, the research on energy-saving
resource allocation in OFDMA-RRH is still worth
exploring.
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1.2 Contribution

This article is dedicated to the joint downlink resource
allocation in OFDMA-RRH, which includes the optimiza-
tion of SA, PA, and RRH port selection. The coherent
transmitter with phase steering is used in the system
model, as the necessary method to maximize receiving sig-
nal-to-noise-ratio (SNR) under PCPP. The resource alloca-
tion problem to maximize the system SE is formulated.
The dual decomposition method is used for obtaining its
solution, where the decomposed sub-problems in the dual
domain are solved from the perspective of analytic
geometry.

In the optimal solution, the system power is always
exhaustively used. As an innovation, this article proposes
that, in the optimal solution, not all the power is used in
an efficient way. For power-saving while achieving the
optimal SE, the EE is analyzed for an individual subcarrier
transmission. A proportional PA (PPA) method is pro-
posed to achieve a local optimality for each subcarrier.
Then by applying the PPA to every subcarrier for maxi-
mizing the system SE, a new resource allocation problem
is formulated and solved, which is trying to spend the sys-
tem power more efficiently. Next the computational com-
plexity are compared and the feasibility in multi-cell cases
are analyzed. Simulation results show that the optimal
algorithm consumes all the system power and has good
convergence. The algorithm applying PPA can save a con-
siderable part of system power, thanks to the distributed
feature in RRH deployments.

The reminder of this article is organized as follows: Sec-
tion 2 describes the common downlink system model in
OFDMA-RRH. In Section 3, the optimal resource alloca-
tion problem is formulated and solved. The EE analysis,
PPA method and new problem are presented in Section 4.
Discussion is made in Section 5 on the computational
complexity and multi-cell feasibility. Section 6 gives the
simulation results. We conclude the article in Section 7.

2 System model
Considering the downlink transmission, the BS has M
single-antenna RRH ports distributed in the whole cell
area. Perfect wireline connection between BS and each
RRH port is assumed, i.e., no backhaul constraints and
transmission delays. The BS is regarded as a control
center for the system. There are K users uniformly dis-
tributed in the area. The frequency bandwidth is divided
into N subcarriers, which are the minimum resource
units for SA. Denote li[m, n] and h[m, n] as the large-
scale fading and channel impulse response from RRH
port m to user k on subcarrier 7, respectively.

During each scheduling period, it is assumed that the
channels have flat fading and each subcarrier can be
assigned to only one user. Denote pi[n] as the SA
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indicator. pi[n] = 1 only if subcarrier n is assigned to
user k. Otherwise pg[n] = 0. It satisfies that

K
Zk=l pe[n] = 1,Vn.

The system arranges a set of RRH ports, My[n], for
the transmission of subcarrier n assigned to user k. The
RRH ports in each Mj[n] form a macro MIMO trans-
mitter. The BS is assumed to have the perfect channel
state information (CSI). This allows some transmission
strategies to be used, such as transmit maximum ratio
combining. But the PCPP must be satisfied in designing
the transmit weight vector.

The sum power of the system is denoted as Pz. For
presentation simplicity, it is assumed that each RRH

Pr

port has the same power limit, denoted as P,P =" . In

fact, this will not reduce the difficulty of the problem in
the following sections. Let pi[m, n] be the transmit
power of RRH port m for subcarrier n, then the PCPP
could be expressed as:

K N

> pelnlpelm, n] < P, pe[m,n] = 0,¥m. (1)

k=1 n=1

Note that at first it is supposed all the RRH ports are
used in the transmission for each subcarrier, i.e.,
Miln] =1{1,2,...M}, Vo If pi[n] = 1 and pi[m, n] = 0,
RRH port m will not allocate any power for subcarrier n
assigned to user k, i.e., m ¢ M;j[n], which means the RRH
port selection is implicitly indicated by SA and PA results.

2.1 Independent weight vector

If it is assumed that subcarrier 7 is assigned to user k,
the related receiving signal, which is transmitted from
each RRH port after being weighted, will be:

Yelnl = hi[n]Pi[n]@r[n]xe[n] + zi[n], (2)

where

MM=Q%HMMLMW¢MMMMWWD,®

Piln] = diag (VoL nl, V/pul2,n), . VpulM, ), (@)

xr[n] is the unitary transmitted symbol for user &, z
[n] is the additive Gaussian noise with variance 0 and
wy[n] is the transmit weight vector.

To guarantee the PCPP, the coherent transmitter is
applied. As proved in [7], the optimal weight vector,
which is necessary to maximize the receiving SNR, is
obtained by phase steering:

C(mlual™ i\
wi[n] = <|hk[1,n] = n]|) . (5)
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Note that the normalized operation is done indepen-
dently by each RRH port, to accommodate the channel
impulse response. Then the receiving SNR will be:

M 2
veln] = 012 (Z VGilm, nlpe[m, n]) : (6)

m=1

where Gilm, n] = L[m, n]|him, 1/1]|2 is the combined
channel gain, followed by the SE as Ci[n] = log, (1 + %
[n]). The downlink transmission process of the system
and the list of symbols used in this article are shown in
Figure 1 and Table 1, respectively.

3 Optimal resource allocation
Traditionally, the optimization problem to maximize the
system SE can be formulated as:

n=1 m=1

K N a 2
PL: max 33 pln]-log 1+”2<2Jck[m,nlpklm,nl> :
' k=1

K N
st. CI: Z th[n]pk[m, n] <P, Vm, (7)

k=1 n=1

K
C2: pln] €{0,1},Vin, > piln] =1,Vn,
k=1

C3: pr|m,n] > 0,Vk m,n.

P1 is not easy to be solved directly. According to [24],
the duality gap is nearly zero when the number of sub-
carriers is sufficiently large in multiband systems. It is
an effective way to obtain the solution of the original
problem by solving the dual problem, where the dual
decomposition method is suggested as in [24]. There-
fore, this article uses this method to solve P1. The
Lagrangian function of P1 is:

K N 1M 2
LppN) =33 mulnl log |1+ (Z VGilm, n]Pk[mr"]) +
m=1

k=1 n=1

M K N
S0 (S5 mttn - ),
j=1

k=1 n=1

(8)

where A = [Ay,..., Ly is the Lagrange multiplier corre-
sponding to C1 in P1. Note that C2 and C3 are not
taken into account in the Lagrangian function. However,
it will be satisfied in the dual domain when solving the
problem as shown in the following.

The Lagrangian dual function corresponding to P1 is
formulated as follows:

g(\) = rggxﬁ(p, o) 9)

The dual optimization problem corresponding to P1 is
given by:

min &)

(10)
s.t. )\]' <0, Vj.
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Figure 1 Downlink system transmission procedure. This figure goes with the system model, to make readers better understand the downlink

The Lagrangian function L(p, p, \) is linear in A for
fixed p and p, and g(\A) is the maximum one of these linear
functions. Therefore, the dual optimization problem (10) is
convex. The Lagrangian dual function can be decomposed
into N independent optimization problems, shown as:

N M
HOEDBVACOED IR (11)

n=1 j=1

where

j=1 k=1

K M 2 M K
() = max |:Zﬂk["] “log (1 . :2 (ZJch[m,nlmmm) ) 33 npudnlpelm, n]} - (12)
k=1 m=1

Since each subcarrier can only be assigned to one
user, Equation (12) actually indicates a rule for SA
which is to search the user that maximizes Equation
(12) for a specific subcarrier. For a given user k and pi
[n] = 1, the optimal Pj[m, n], Vm, can be obtained from
solving P2 as follows:

M 2 M
P2: mpaxlog (1 + Glz (Z VGi[m, n]pk[m,n]) ) + Z)\jpk[m, n). (13)
m=1

j=1

As for the solution of P1, each subcarrier is assigned
to the corresponding user according to Equation (12)
and then update the Lagrangian multipliers. The itera-
tive process is continuing until convergence. The solu-
tion of P2 is given in Lemma 1.

Lemma 1. For fixed A, the solution of P2 is:

B—In2 Gy|m,n]]*

Pilm, n] = [ B2In2 alzxfn]] ’ (14)

m Gr[m,n]
m=1 _0'2)\111 ‘

Proof. From the perspective of analytic geometry, the
proof is presented in Appendix 1. Now the optimal PA
can be obtained given A, which is denoted as p*(A). Sub-
stituting it into Equation (12), we can yield J,(\). In
order to minimize the dual function, the sub-gradient
method is adopted in this article [25], to update the
Lagrangian multipliers and guarantee the convergence
to the global optimum. The sub-gradient of g(A) is cal-
culated according to Lemma 2.

where [x]" = max{x, 0} and B =)
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Table 1 List of the notations used throughout this article

Notations Explanation

M The total RRH port number

K The total user number

N The total subcarrier number

w The system bandwidth

m, n, k The index of RRH port, subcarrier and user, respectively
Ilm, n] The large-scale channel fading

hm, n] The channel impulse response

piln] The subcarrier assignment indicator
/\/lk[n] A set of RRH ports for the transmission of a subcarrier
Py The total system power

P The power limit of each RRH port

yiln] The receiving signal

x[n] The unitary transmitted symbol

zin] The additive Gaussian noise

No The noise power

wyln] The transmit weight vector

Y [n] The receiving SNR

Gy [m, n] The combined channel gain

Culn] The spectrum efficiency

ﬁ() The Lagrangian function

g(-) The Lagrangian dual function

o B A The Lagrangian multipliers

Aa, AB, A The sub-gradients of Lagrangian multipliers
J() The dual decomposition function

n The energy efficiency

U] The power-scaling coefficient

Lemma 2. The sub-gradient of g(A) is:

K N

Axj =Y prlnl(Mpilm nl(V) = Pj = 1,2, .., M. (15)

k=1 n=1

Proof. To be presented in Appendix 2.
According to Lemma 2, the update of Lagrangian
multipliers are designed to be:

N +
i [x;- 4 (zzpz[nm)p;;[m, ) — p)] Vi (16)

k=1 n=1

where [ is the iteration index, Slx, is the appropriate
positive step-size sequence. After yielding the optimal
Lagrangian multipliers, denoted as A%, the optimal p* is
obtained by substituting A* into Equation (14). Then by
combining with Equation (12), the optimal SA is indi-
cated. The pseudocode of the proposed algorithm for P1
is described in Algorithm 1, where ¢ represents the
empty set.

4 Power-saving resource allocation
In the optimal solution, the system power is always
exhaustively used. However, from the analysis in this

Page 5 of 13

section, it is shown that there will be a part of power
which is used in a low efficiency. Then a new problem
is formulated, to find out in which manner the power is
allocated efficiently.

Algorithm 1 Optimal resource allocation.

1: Subcarrier set: N ={1,2,..,N},
K={1,2,..,K}.

2: Calculate optimal Lagrangian multipliers

3: Initialization: A’

4: while stoping criterion is not satisfied do

5: (1) Compute pf[m, n](1°) according to Equation
(14);

6: (2) Compute J,(\°),¥n € N according to
Equation (12);

7: (3) Compute g(lo) according to Equation (11);

8: (4) Update A° according to Equation (16);

9: end while

10: Joint resource allocation

11: while A/ # ¢do

12: (1) Compute optimal pf[m, n](A*),Vn e N, ke K,
according to Equation (14);

13: (2) Find a pair of (n*, k*) which maximizes
Equation (12);

14:  (3) Assign subcarrier n* to user k*, and update py-
("] = 1;

15: (4) Set pr|m, n] = pi[m, n](\*), k = k* and pi[m,
n] = 0, Yk = k%

16:  (5) N =N —{n*};

17: end while

User set:

4.1 EE function
Defined in [26], the EE function is shown to be:

(P)—Wl ] cP
M= p 982\ 2T N, )

where W represents the bandwidth, P is the transmit
power, c is the channel gain and N, denotes the noise
power. This article mainly explores the relationship
between P and 1 (P). In fact, in our study, W represents
an individual subcarrier, the bandwidth of which is
fixed. The channel gain ¢ can also be regarded as a con-
stant in each channel realization.

(17)

Define f(x) = ! log(1 +wx), w > 0, we have the fol-
x
lowing lemma.
Lemma 3. Function f(x)= ! log(1 +wx), w > 0 is
x

monotonically decreasing when x > 0.
Proof. To be presented in Appendix 3.

From Lemma 3 and lim, ... f(x) = 0 and

w
n2’ it is shown that 1 approaches zero
n

w
when P tends to infinity, and converges to n2
n

limxﬁ+oof(x) =

when P
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approaches zero. However, in practical systems, the
calculation of EE is complicated. It is not only closely
related to the transmission distance, channel model
and noise figure, but also determined by the circuit
power. It is not reasonable to make the transmit power
to be a small value to gain a high EE, due to the cir-
cuit power [26]. In this context, this article focuses on
how to save power while approaching the SE
optimality.

4.2 Individual subcarrier transmission in RRH

Firstly the case of individual subcarrier transmission is
studied to find out that, given a total transmit power
limit, how to maximize its receiving SNR. In this sec-
tion, a power-scaling coefficient is defined for each sub-
carrier, denoted as pi[n]. The amount of power

K
allocated to subcarrier # is Zk ) pr[n]we[n]Pr. It satis-
fies that

K N
Zzpk[nlukln] <1, ux[n] = 0, vn.

k=1 n=1

(18)

The following lemma is adopted to acquire the PA
result and receiving SNR.

Lemma 4. There are M RRH ports, subcarrier # is
assigned to user k, and the sum power allocated to this
subcarrier is pg[n]Pr, ie., and=1pk[m, n| = ug[n]Pr. To
maximize the receiving SNR, the transmit power of
RRH port m is (when the PCPP is not considered):

Gy [m, n]

S Gelmnp U

pz[m’n] = m = 1127~-~1Mr (19)

. 1
and the maximum SNR is 2 we[n]Pr - M| Gi[m, n.

Proof. To be presented in Appendix 4.

Lemma 4 shows that, to maximize the SNR for subcar-
rier n, the optimal amount of power used by each RRH,
pilm, n], is linearly dependent with the channel gain. We
name this PA method for one subcarrier as proportional
PA (PPA). Without loss of generality, it is further
assumed:

pell,n] = piel2,n] = --- = pi[M, n]. (20)

When considering PCPP, p;[1,n] can not be arbitrary
large. If it is assumed that the maximum transmission
power of RRH port 1 for subcarrier # is Py, we can yield
the following lemma.

Lemma 5. Let pi[n]=(p;[1,n] ...p;[M,n]) and
assume pi[1,n] = pi[2,n] = --- = pi[M, n], the following
PA adjustments will lead to changes in EEas:
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1. When pj[1,n] < Py, linearly increasing p;[n] to
p.Inl, where pf[1,n] < p,[1,n] < Pg, will bring down
the EE.

2. When p;[1,n] =Py, increasing
pili,n], i =2,.., M will bring down the EE.
3. When p;[1,n] > Py, linearly reducing pj[n] to
py[n], where pj/[1,n] < Po, will improve the EE.

any of

Proof. To be presented in Appendix 5.

Lemma 5 shows that besides the power allocated by
PPA, additional allocation will result in lower efficiency. It
also indicates that decreasing allocated power may
improve EE. However, achieving the optimal EE is not the
concentration in the scope of this article. For intuitive
understanding, Figures 2 and 3 show an example to
demonstrate Lemma 5.2. There is only one user (k = 1)
and one subcarrier (n = 1) but with different RRH port
numbers. The positions of RRH ports are regularly, as
shown in Figure 4. For details of simulation configurations,
please refer to Table 2.

Two mthods are compared. One is the proposed PPA,
and make sure that port i = arg max,,p; [m, 1] achieves its
maximum power. This indicates that other RRH ports
only utilize part of their power capability. The other one is
the full PA, in which every RRH port uses its maximum
power in the transmission.

It is shown in Figure 2 that full PA indeed improves the
SNR by the exhaustive use of power of every RRH port.
The improvement in SE goes from 7.6% to 19.1% as the
RRH port number increases. However, its EE is dramati-
cally lower than that of PPA (For simplicity, the EE is
obtained directly from SE divided by the transmit power).

7.5 —
1]
7k
)
E 851 7.6% loss
= D
>~ 6
3
]
3 550
®
g &F
2 ¢ 19.1% loss
@ 45F —
3
@
4k
= Full power allocation
35 : —©— Proportional power allocation | |

2 s . 5 s 7
RRH port number

Figure 2 Comparisons of spectrum efficiency (SE) between

proportional power allocation (PPA) and full power allocation.

Figure 2 shows the spectrum efficiency (bps/Hz) of proportional

power allocation (PPA) and full power allocation versus different

RRH port numbers. Legend of curves from top to bottom: Full

power allocation; Proportional power allocation.
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3 0351 53.3% gain / 1
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S 025} . . : |
>
=4
o 0. !
fir g = 5 1
015} \/ j
L
01} —
0.05
2 3 6 7

4 5
RRH port number

Figure 3 Comparisons of energy efficiency (EE) between
proportional power allocation (PPA) and full power allocation.
Figure 3 shows the energy efficiency (bit/Hz/Joule) of proportional
power allocation (PPA) and full power allocation versus different
RRH port numbers. Legend of curves from top to bottom:
Proportional power allocation; Full power allocation.

The later method can use the system power more effi-
ciently, with the gain of EE from 53.3% to 209%.

4.3 Power-saving problem

The optimal solution of P1 will consume all the system
power. On the other hand, the proportion in PA for
each subcarrier can make efficient use of power. Based
on these conclusions, this article proposes that, in the
optimal solution, not all the power is used in an efficient
way. An intuitive idea is formed, to apply PPA for every
subcarrier. The scaling coefficients y[n] are used here,
to adjust the power allocated to different subcarriers.
For each subcarrier, the SNR can be directly obtained
from Lemma 4 accordingly. The new problem can be
formulated as:

Figure 4 Simulation area with different numbers of RRH ports,
r= (500/\/3) m, d = (500/3) m. Figure 4 shows the simulation
area with 2-7 RRH ports in one macrocell, where

r = (500/+/3) m and d = (500/3) m.
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Table 2 Simulation parameters

Parameters Assumption

3GPP Case 1; resource block number, 50

Cell radius (500/+/3) m; with 2-7 RRH ports
(500/3) m to the center (besides the central one)

Scenario
Cellular layout
RRH port position

UE distribution 30 users in total, uniform distribution

Minimum From users to RRH ports, 10 m
distance
Tx power 46 dBm in total
Path loss L = 140.7 4+ 36.7 log;o(R), for 2GHz, R-distance in km
Shadowing Standard deviation: 10 dB for RRH ports to users
Others Penetration loss, 20 dB; RRH/user antenna gain,
5/0 dBi
K N
P3:  max >3 auln] - Gulnl,

k=1 n=1
1 M
st. Cl: Cy[n] =log <1 + Uz“k[”]PT . ZCk[m, n]),
m=1

Glmenl v,
>it1 Geli n]

M=

c2 pe[n]ie[n]Pr -

(21)

W
A

C3:

M=

pr[npeln] < 1,

K
k=1 n:
K
k=1

i
-

n
K

C4: pe[n] € {0, 1}, Vh,n, Y pu[n] = 1,n,
k=1

C5 : g[n] > 0,Vk,n,

where C1 and C2, respectively, represent the modified
SE and PCPP. P3 can be solved using the dual decom-
position method in the same way as P1, but the decom-
posed sub-problems in the dual domain are much
easier. Due to the similarity. the procedure is briefly
described. Denote Z;‘f:l Gr|m, n] = Gy, for presentation
simplicity and recall that P = MP. The Lagrangian
function of P3 is:

K N 1
L(p po, B) = Z Z pr[n] - log <1 + ”zuk[n]l’v,-ch,,,)+
k=1 n=1
M K N G [m n] 1 K N (22)
T (Z > et - 0" = M) B (Z > plnliaednl - 1>,
n=1 o n=1

j=1 k=1 1 k=1 1

where @ = [0,...,051], B are the Lagrange multipliers
corresponding to C2 and C3 in P3. The Lagrangian dual
function is formulated as:

8(e, p) = max L{u, p, e, f) (23)
The dual optimization problem is then given by:

min g(e, B)

b (24)

st. <0V, B<O0,

which is convex. Decompose the Lagrangian dual
function into N independent optimization problems as:

(25)

n=1

N 1 M
gl B) = Ha(@ )=, > &~ B
j=1
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where

Hi(a ) = max Lf plalCiln] + i}:iwk[n]uklnl Lol ﬂiﬁk["]ﬂh[”]} - (26)

Define pj[n] as the optimal PA for given subcarrier #
if assigned to user k. For fixed (e, ), the uj[n] that
maximizes the objective function in P3 can be directly
obtained using Karush-Kuhn-Tucke (KKT) condition
[25], which is:

<0, /’Lk[n] =0,
Vk,n. (27)
=0, ux[n] > 0.

L(m, p,a, B)

dpln] it

Therefore, we have:

o? 1 "
K] = | _ , 28
Hiln] [ PrGin Tln2i| 28)
Gplm,n
where T = Z]Afl Qj - k([; ] + B. From Equation (28),
kn

we can get H,(a, B).
Similar as Lemma 2, the sub-gradient of g(e, B) is cal-
culated as:

N

K Gplm,n] 1
Baj= 33 pilnl(e Bl ) C T -
k=1 n=1 n (29)
K N
AB =" prlnl(e, B)uin](a, ) — 1.

=
I

1 1

3

Accordingly, the update of Lagrangian multipliers are
designed to be:

L . Glmnl 1\] .
= el = | 2 X il puilale ) 0T = )|

k=1 n=1

1+
%

i + (30)
B! = [ﬂ’ fsig( > Pl B)uilnl(e B) — 1)} :
k=1 n=1
where / is the iteration index, 5111, and 553 are the appropri-
ate positive step-size sequences. The pseudocode of the

proposed algorithm for P3 is described in Algorithm 2.

5 Discussion

In this section, the complexity analysis and the feasibility
in multi-cell cases are discussed for the proposed
algorithms.

5.1 Complexity analysis
Before the simulation results, to make fair comparisons,
the computational complexity is analyzed for the pro-
posed two algorithms. In the optimal resource alloca-
tion, the number

Algorithm 2 Resource allocation applying PPA.
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1: Subcarrier set: User set:
K=1{1,2,..,K)

2: Calculate optimal Lagrangian multipliers

3: Initialization: (a°, 8°)

4: while stoping criterion is not satisfied do

5: (1) Compute puj[n](a’, B°) according to Equation
(28);

6: (2) Compute H,(a® B°),Vn € N according to
Equation (26);

7: (3) Compute g(a®, B°) according to Equation
(25);

8: (4) Update (a°, °) according to Equation (30);

9: end while

10: Joint resource allocation

11: while A/ # ¢do

12: (1) Compute optimal
wiln](e*, B*),Vn € N,k € K, according to Equation
(28);

13: (2) Find &* which maximizes Equation (26);

14: (3) Assign subcarrier n* to user k*, and update
P (1] = 1;

15: (4) Set pi[m, n] according to Equation (19) for
k = k* and pi[m, n] = 0, Vk = k*;

16:  (5) N =N —{n*};

17: end while

of iterations required to get the ¢-optimal Lagrangian
multipliers A%, i.e., g(A) - g(A¥) < ¢, is on the order of O(1/
%) [25]. In each iteration, the calculation of Equation
(12) includes K comparisons for each of N subcarriers.
Therefore, the total computational complexity of Algo-
rithm 1 is O(NK/&?). As for the power-saving resource
allocation, the required number of iterations to get the ¢-
optimal (a*, B*) is also on the order of O(1/&?), followed
by the same complexity in each iteration to calculate
Equation (26) as O(NK). Therefore, the computational
complexity is on the same order, O(NK/gz), for the two
algorithms.

N ={1,2,..,N}

5.2 Multi-cell cases

As shown by the simulation results, the proposed algo-
rithms are effective in single-cell case. For the multi-cell
case, the distributed RRH ports from adjacent cells may
change the interference statistics. However, from the the-
oretical point of view, a typical modeling of interference
is to regard the noise plus interference as a complex
Gaussian random variable [7]. In this context, the pro-
posed algorithms can be taken as a basis, which is also
applicable in multi-cell situations, as long as calculating
different noise plus interference power o for each user.
The variance is calculated jointly according to the large-
scale fading from interfering antenna ports and the noise
power. By focusing on the single-cell case, we can
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actually obtain more insights into the PPA and better
understand the power-saving feature of RRH, as shown
in the following.

6 Simulation results

Consider a macrocell area and the deployment of RRH
ports is illustrated in Figure 4. Each RRH port is with
an omni-directional antenna. Other basic simulation
parameters refer to 3GPP Long Term Evolution (LTE)
heterogeneous deployments [4] as Table 2 shows. The
minimum scheduling unit is a resource block, the total
number of which is 50. All the RRH ports have the
Pr
%
Users with full buffer traffics are uniformly distributed
in the cell. In the simulations, each illustrated point in
the figure is obtained averaging the results of 100 user
drops, each with 500 channel realizations.

Figure 5 shows the SE performances of Algorithms 1
and 2 versus different RRH port numbers. The system
SE is obtained from averaging the SE of all users. The
blanket transmission in [7] with equal PA (EPA) is illu-
strated for comparisons. In this method, each RRH port
equally allocates its power to each subcarrier. The sub-
carrier is assigned to users randomly. As the number of
RRH port increases, the SE improves for all the meth-
ods. On one hand, the gain comes from the diversity
order brought by more transmit antennas. On the other
hand, this is because the RRH ports are distributed in
the area, which can shorten the transmission distance.
The gap between the two proposed algorithms are
rather small. This indicates that applying the PPA cap-
tures the essence of achieving the SE optimality in joint
resource allocations in OFDMA-RRH.

same PCPP with a fixed total system power, ie., P =

:
== Algorithm 1
75L | —©— Algorithm 2

—3— Blanket with equal power allocation (EPA)

T
1.88% |OSS\

Spectrum efficiency (bps/Hz)

4 5
RRH port number

Figure 5 Spectrum efficiency (SE) performances. Figure 5 shows
the spectrum efficiency (bps/Hz) of proposed algorithms and
blanket transmission with equal power allocation (EPA) versus
different RRH port numbers. Legend of curves from top to bottom:
Algorithm 1; Algorithm 2; Blanket with equal power allocation (EPA).
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In Figure 6 the power consumption is shown. It is seen
that Algorithm 1 and blanket transmission always spend
all the system power. In Algorithm 2, as the number of
RRH ports increases, the total power consumption is
decreasing. When M = 7, approximately 8% of the system
power is saved, at the cost of 1.88% loss of the system SE.
In fact, the PPA requires that the allocated power on each
RRH port for arbitrary subcarrier maintains the linear rela-
tionship with the channel gain. In RRH deployments
where the antennas are distributed, the channel gain is
determined mainly by the large-scale fading. If the distance
between a RRH port and a user is long, the power allo-
cated from this port to the user will be small, according to
PPA. For example, if it is assumed that mq is quite the
farthest RRH port away from user &, there will be a high
possibility that the combined channel gain between them
will be the smallest, compared with those of other RRH
ports, i.e., Gi[mg, n] < Gi[m, n],m = mg, Vn. Then from
PPA, we can yield pj[mo,n] < pj[m, n],m #mo, Vn,
which means RRH port 715 do not need to be sufficiently
used. Therefore, if it happens that most of the users are
relatively far from certain RRH port, this port may be only
partially used. In this situation, its power can be saved by
Algorithm 2.

To prove this description, in Figure 6 we also show the
power consumption results for central antenna deploy-
ments, where Algorithm 2 is applied but all the RRH
ports are located in cell center and the subcarriers are
assigned to users randomly. Other simulation configura-
tions remain the same. In this case, one user has the
same large-scale fading to each RRH port. The discre-
pancy between the combined channel gains only relies on
fluctuations of the small-scale fading. In Figure 6, it is
shown that almost no power could be saved. In fact, the

= L 5 5 X
L —— = 7
0.0 ' v v ]

Power consumption (%)
o
©
)
I

L | =B Algorithm 1

=—— Blanket with equal power allocation (EPA)
Central deployments + Algorithm 2
Algorithm 2

o
©
=

o

©

@
L

0.92 ! ; ! |

2 3 4 5 6 7

RRH port number

Figure 6 Power consumption comparisons. Figure 6 shows the
power consumption of proposed algorithms in RRH and center
deployments, and blanket transmission with equal power allocation
(EPA) versus different RRH port numbers. Legend of curves from top
to bottom: Algorithm 1; Blanket with equal power allocation (EPA);

Central deployments + Algorithm 2; Algorithm 2.
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differences of power consumption among RRH ports are
averaged over the large amount of subcarriers.

For Algorithm 1, it can be supposed that the
exhausted power is divided into two parts. The first part
makes the major contribution to the system SE, yet the
other part only makes little improvement, just to achieve
the optimal SE value from the mathematical point of
view. By applying the PPA, the power is utilized in a
more efficient way. This is to explore the first part of
power and save the other part. Figure 7 illustrates the
EE comparison results. Among them, thanks to the
power-saving, Algorithm 2 is shown to have the best EE
performance.

Taken A as an example, Figure 8 shows the snapshots
of the iteration to update A in Algorithm 1 for four ran-
dom channel realizations when M = 7. Other variables
and Lagrange multipliers in Algorithm 2 follow a similar
trend of convergence. Frobenius norm of A is plotted. It
is seen that an acceptable iteration number, which is
less than 10, is required for convergence. This proves
the stability of the proposed algorithm.

7 Conclusion

This article deals with the optimal and energy-saving
joint resource allocations in OFDMA-RRH. From a
novel view, it proposes that in optimal resource alloca-
tions, not all the power is used efficiently. By telling the
efficient part from the inefficient part, considerable sys-
tem power can be saved. We believe this idea can be
applied to other related resource allocation problems in
OFDMA-RRH, which is our on going study.

Appendix 1: Proof of Lemma 1
Since A, < 0, from the perspective of analytic geometry,
denote

T
0.2} —©— Algorithm 2
—E&— Algorithm 1
—3— Blanket with equal power allocation (EPA)

T
6.41% gain\

019

Energy efficiency (bit/Hz/Joule)

4 5
RRH port number

Figure 7 Energy efficiency (EE) performances. Figure 7 shows
the energy efficiency (bit/Hz/Joule) of proposed algorithms and
blanket transmission with equal power allocation (EPA) versus
different RRH port numbers. Legend of curves from top to bottom:
Algorithm 2; Algorithm 1; Blanket with equal power allocation (EPA).

Page 10 of 13

3.5

—©— sample 1
—3— Sample 2
15F : . —E— Sample 3 B
—t— Sample 4

2 s 4 5 6 7 8 9 10 1 1w
Iteration index /
Figure 8 Convergence performance of Algorithm 1 when M = 7.
Figure 8 shows the convergence performance of Lagrange multiplier
A in Algorithm 1 versus iteration index. Legend of curves: Sample 1;
Sample 2; Sample 3; Sample 4.

G =~/ = dmprlm, n], am = {;Cj[_mx:]m =1,2,..,M.(31)
P2 can be transformed into:
M 2 M
P4 : mqaxlog 1+ (; amqm) - ”;q,zn (32)

In a M-dimensional space, assume a = (ay,..., aM)T,
q = (q1,... gm)" and Q represents the point (g1,...,4x1)-
For Vb > 0, all the points Q that satisfies
a'q = Z’;’Ll amgm = b form a hyperplane {qla’q = b},
with a as its normal vector. It is not hard to find that
for VQ in the hyperplane, the value of the first part of

2
P4, log [1 + (2214:1 amqm> :| is fixed. As for the second

M
part, Zm:l qfn, it represents the square of the distance

between point Q and the origin of coordinates, which
should be minimized. As shown in Figure 9. it is
obvious that among all the points in the hyperplane {g|
a’q = b}, the nearest point from the origin is the inter-
section point of ray {fa|,0 > 0} and the hyperplane itself.
This indicates that, in the optimal solution of P4, vector
g should be along with the direction of 4, i.e., g and a
are linearly dependent.
Let g = ua, then P4 can be transformed into:

2

M M

max log 1+<Zuaﬁ1) -y vay, (33)
" m=1 m=1

Define flu) = log(1 + A*u®) Au®, where

M
— 2 .
A= E - a,. We have:
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Figure 9 Direction of vector g for the optimality. Figure 9 shows
the relationship between g and a to achieve the optimality for P4
in a M-dimensional space.

af (u) 2A%y

= —2Au=0.
ou  In2(1+A2u2)

(34)

The optimal solution is ., _ \/|A/ In2— 1}. From q =

A
u*a and Equation (31), pi[m, n] is given by:

u*

B—1In2 Gi|m, n]i|+ 35)

Pilm, n] = [ B2ln2 o2

where B = ZM Gi[m, n]

m=1 —g2h,,

We should note that pj[m, n] always has a positive

value. In fact, according to LTE configurations [4], it

Gy [m, n]
o2

simply satisfies that > 1 in the simulation. The

initial value of A, (A,, < 0) is generated according to
X0l = 1 and will be a small number in the iteration,
as shown in Figure 8. Therefore, we have
M Gp[m, n] .
Zm=1 o, > In 2 and pj[m, n] > 0.
Appendix 2: Proof of Lemma 2
According to Equation (23), for VA, we have

(V) =max L (p(\), o(W), V), (36)

where

N M 2
LpO), o)) =373 ardnl() - log (1 + 011 (Z Jck[m,nlpklmml(x’)) )
k=1 n=1 m=1
M K N (37)
£y (Z > peln] OV Ypelm, n) (W) — P) .
j=1 k=1 n=1

Let p*(A), p*(A) be the optimal solution for minimizing
g(A), according to Equation (37), we have:
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n=1 m=1

M K N
MRy (ZZpiﬁlnl(x)p;;[m, nj(x) P) 4
j=1

k=1 n=1

K N M 2
SO = Y3 pilnl(0) - log (1 < (Z JGtm.nlpiim, nlm) )
- (38)

The right-hand side of the above inequality can be
rewritten as

M N
gV Z (M) + ) (0 — ) <Z > e (Mpilm,nl(n) — P) .+ (39)
j=1 k=1 n=1

which verifies the definition of sub-gradient and com-
pletes the proof.

Appendix 3: Proof of Lemma 3
The derivative of f (x) is

1 wx
= —log(1 , 40
() x2 |:(1 +wx)In2 o8( +wx)] (40)
1. L
where , is positive if x > 0 and denote
x
wx
= —log(1 .
809 (1, myin ~ 0B01+) (a1)
The derivative of g (x) is
, —w?x
g(x) = 0, x>0, (42)

<
(1 +wx)?In2

which indicates that g (x) is monotonically decreasing
when x > 0. Since g(0) = 0, it follows g(x) < 0, when x >
0. This proves that f (x)’ < O from Equation (40). There-
fore, fix) is monotonically decreasing when x > 0.

Appendix 4: Proof of Lemma 4
The problem could be formulated as:

M 2
i 1 (Z\/Gk[m,n]\/pk[m,n]> ,
m=1

pelmn] o2

(43)

M
s.t.Zpk[m,n] = ur[n)Pr, pr[m,n] =0, Vm,n.

m=1
From the Cauchy-Schwarz inequality, it satisfies:

Iyal 2 1M oM N
sl o vautmnvdmnl) < 3" (Vedm )3 (Vo nl)
(m:\ > m=1 m=1 (44)

M

M M
1 1
=2 > Gulm,n] " pelm,n] = 2 HulnlPr - > Gilm, n].
m=1 m=1 m=1

The first inequality in (44) holds if and only if
\/Gk[m, n] and \/pk[m, n] are linearly dependent, which
is:

Gy[m, n]

Z%I:l Gi[m, n] adnibr

pplm,n] = (45)
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Appendix 5: Proof of Lemma 5
Proof of 5.1:

When pj[n] is linearly increased to py,[n], according to
Lemma 4 we can yield:

1 M M 1 M M
vilnl = 5 3o Gilmonl 3o pilmonl < 5 3 Gelmonl 3 pidmin] = wilnl. - (46)
m=1 m=1 m=1 m=1

Rewrite 1 from Equation (17) as:

1 1 1 -
n(P) = Plogz(l +y)= Plog2 (1 + (,zpzck[’"' n]) . (47)

m=1

Substituting y;[1] and y;[n] into Equation (47), from
Lemma 3, it is easy to find out that:

M M M
1 1
(> P”[m,n])= ‘o log <1+ > Gilm,n] Y P*[m,rK])
( ' R U A W A '

2 cu ;; s (1 . gck[m,nl évum,nl) - (’;Zj;vumm), 49
which shows the reduction of EE.

Proof of 5.2:

Besides pj[1, 1] = Py, let the PA for other RRH ports,
pili,n], increase to pyli,n],i=2,...,M (PCPP should be
guaranteed for these RRH ports), and the related SNR is
represented as y;'[n]. The sum amount of the increased
PA will be:

M M
Peln] = pplm,nl = > pilm, n]. (49)
m=1

m=1
To make comparisons, first it is assumed that Py[n] is
proportionally allocated to all the RRH ports according
to Lemma 4 with the optimal SNR y[n]. From Lemma
5.1 and Equation (47), we will have:

M M M
) (zp:[m, n]) . (zp;:[m, ) +f’k[nl> . (zp;;[m, nl) - (50)
m=1 m=1 m=1

Second, since Lemma 4 gives the best SNR for a given
total power "M | p"[m, n}, i.e., 7e[n] = y;/[n], there is:

M
1
" (ZPZ['": n]) = _w log, (1 + Pln])
. 2 P lmin]
1 h . (51)
log,(1+y/[n]) =0 (Zp;’[m, n]) .
m=1

1
>
Z My
> Pilm.n]

both  (50) (51), we

M M
n (Zm=1 pr[m, ”]) >7 (Zm=1 p”k[m, 1’1]), which com-

pletes the proof.

Proof of 5.3:

Lemma 5.3 can be proved similarly as 5.1. We omit
the process to avoid duplication.

From and have
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