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Power Efficient Dynamic Bandwidth
Allocation Algorithm in OFDMA-PONs

Weizhi You, Lilin Yi, Silu Huang, Jian Chen, and Weisheng Hu

Abstract—We propose two dynamic bandwidth alloca-
tion (DBA) algorithms by considering three dimensions,
i.e., time slot, subcarrier, and bit allocation, to minimize the
transmitting power of optical network units (ONUs) in
orthogonal frequency division multiplexing access passive
optical networks (OFDMA-PONSs). In the first proposed al-
gorithm, we make use of the three-dimensional DBA algo-
rithm from wireless OFDM, modify it according to the
characteristics of the fiber channel, and apply it to up-
stream access in OFDMA-PONSs to reduce the transmitting
power of ONUs. In order to further minimize the total trans-
mitting power, we propose the second algorithm by allocat-
ing the subcarrier and bit in the same procedure. The
complexity of the two proposed algorithms was evaluated
by polynomial time. From simulation results, the transmit-
ting power of ONUs under a certain bit error rate is re-
duced by ~30% and ~50% using the first and the second
proposed algorithms, respectively, compared with the
traditional two-dimensional DBA algorithm in OFDMA-
PONSs.

Index Terms—Dynamic bandwidth allocation; Orthogonal
frequency multiplexing access passive optical networks;
Power efficiency.

I. INTRODUCTION

ecently with the rapid development of network

technologies and the exponential growth of digital
services, the passive optical network (PON) has required
a higher access data rate [1,2]. The PON comprises a single
optical line terminal (OLT) residing in the central office
and connecting a set of optical network units (ONUs)
located at the customers’ premises. Due to the advantages
of large capacity, efficient and flexible multiple address ac-
cess, high spectral efficiency, dynamic bandwidth allocation
(DBA), etc., orthogonal frequency division multiplexed ac-
cess passive optical networks (OFDMA-PONs) have be-
come the focus of PON technologies. In this paper, we
mainly address two issues in OFDMA-PONs: DBA and
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power consumption of ONUs. Both of the issues are of great
importance in practice. DBA can improve the performance
of the system, including system throughput, channel uti-
lization, etc. Meanwhile, minimizing power consumption
is always necessary in practical application. A lot of solu-
tions for lowering the power consumption of OFDMA-
PONs [3-6] have been proposed. But most of those algo-
rithms are focused on the hardware level and the media
access control (MAC) layer [7,8]. Little research has been
performed to lower power consumption from the algorithm
level in OFDMA-PONSs.

Besides, early related works were mainly based on the
two-dimensional scheduling algorithm, i.e., time slot and
subcarrier allocation [8—11]. Modulation scheme allocation
among subcarriers, i.e., bit allocation and the transmitting
power optimization problem, is rarely considered. The
adaptively modulated optical OFDM (AMO-OFDM) [12]
scheme takes advantage of the modulation allocation
characteristic of OFDM signals. However, the purpose of
AMO-OFDM is to mitigate the effects of the peak-to-
average power ratio (PAPR) rather than lower the
transmitting power. In wireless OFDM systems, three-
dimensional DBA algorithms have been proposed to mini-
mize the transmitting power [13-15]. But due to the
different channel characteristics, the algorithms cannot
be directly used in optical fiber systems. Besides, those
algorithms are not optimized to further reduce power
consumption.

In this paper, first we transformed the problem of
minimizing the total transmission power of ONUs in
OFDMA-PONs with each ONU’s traffic requirement
satisfied to a mathematical model. Then, based on the fiber
channel characteristics, we proposed two optimized three-
dimensional DBA algorithms to solve this model for
minimizing the total transmission power of ONUs.
In the first proposed algorithm, considering the fiber
channel characteristics, we modified the wireless OFDM
three-dimensional DBA algorithm [15] and applied it to
upstream access in OFDMA-PONSs. This algorithm divides
the problem into two procedures: subcarrier allocation and
bit allocation. However, the two procedures are not inde-
pendent of each other. Subcarrier allocation will influence
the result of bit allocation. And similarly, bit allocation will
impact the allocation result of subcarriers. As a conse-
quence, the first proposed algorithm is a suboptimal but
not optimal algorithm to solve the proposed mathematical
model to minimize the transmitting power. In order to
further minimize the transmitting power of ONUs, we
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proposed the second algorithm by allocating the subcarrier
and bit in the same procedure to solve the proposed
mathematical model. From simulation results, compared
with the traditional two-dimensional DBA algorithm in
OFDMA-PONSs, the transmitting power of ONUs under
a certain bit error rate (BER) was reduced by ~30% and
~50% using the first and the second proposed algorithms,
respectively. The performance of the second algorithm
was better than that of the first algorithm. Furthermore,
by the complexity analysis, we found that the time com-
plexity of the two proposed algorithms is polynomial.

The paper is organized as follows. In Section II, we in-
troduce the system model. The proposed algorithms are
illustrated in Section III. In Section IV, we analyze the time
complexity of the algorithms and the simulation results.
Section V is the conclusion.

II. SystEM MODEL
A. System Structure

The structure of the OFDMA-PON system is shown in
Fig. 1. There are three major components in the OFDMA-
PON system, namely, the OLT, the optical splitter-based
optical distribution network (ODN), and the ONU. The
OLT broadcasts downstream traffic data flow from the
central office to each ONU and transfers upstream traffic
data flow from each ONU to the central office. ONUs selec-
tively receive downstream frames broadcasted by OLT
and transfer them to users. The ODN collects data from
each ONU in the upstream and splits data from the
OLT to ONUs in the downstream.

The upstream and downstream data traffic is transmit-
ted over one optical wavelength channel. The channel can
be further divided into OFDM subcarriers, which is shown
in Fig. 1. Each OFDM subcarrier can be allocated to differ-
ent ONUs in different time slots.

B. Model of Power Consumption

We assumed that the system has N subcarriers and K
ONUs and the kth ONU has a data rate request of R,
bit. We assumed that channel gains on all the subcarriers
are known for the OLT, and then different subcarriers with
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Fig. 1. Structure of OFDMA-PON system.

You et al.

different numbers of bits per OFDM symbol to be transmit-
ted on each subcarrier are assigned to ONUs, i.e., subcar-
rier allocation and bit allocation according to DBA
algorithms, as illustrated in Fig. 2. In Fig. 2(a), the tradi-
tional two-dimensional allocation without bit adaptive
modulation is given for comparison. Figure 2(b) shows
the principle of three-dimensional allocation with time slot,
subcarrier, and bit allocation. The number of bits assigned
to each OFDM subcarrier corresponds to the modulation
scheme. For instance, four bits assigned to a subcarrier
means that the modulation format is 16-QAM. Depending
on the modulation scheme, the transmitting power of
ONUs can be adjusted so that the receiver can demodulate
the original data with minimum transmitting power.

We defined ¢, as the number of bits assigned to the
nth subcarrier of the kth ONU. ¢, takes value in the
set D ={1,2,...,M}, where M is the maximum number
of bits that can be transmitted by each OFDM subcarrier.
This illustrates that the modulation format is from 2-QAM
to 24 — QAM. In this system model, there are two main
constraints as follows:

1) Each subcarrier can only be used by one ONU within
each time slot.

1,2,3 represent ONU 1,2,3

W all modulation frames are same
2 3 2 2 1
8
= 2 3 3 3 3
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Fig. 2. (a) Two-dimensional allocation. (b) Three-dimensional
allocation.
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2) Data rate requirements from all ONUs should be met.

The goal of our algorithm is to find the best assignment
of ¢, (k€{1,2,....K}, and n € {1,2,...,N}) within each
time slot so that the total transmitting power P; can be
minimized when the traffic requirement of each ONU is
met. Mathematically, we can formulate the problem as

N K
Pr=min Y > Py, D

s s |
where P}, , is
c n
Pk.n—f(kz’)» @)
ap

where a; denotes as the channel gain of the 2th ONU and
f (c) represents the required power for supporting ¢ bits/sym-
bol for a given BER P,, which can be expressed as [16]

floy =120 [Q‘l (%)]2(20 - 1). ®)

where Q(x) = (1/+/2x) [* e */2dt, and N, is the noise power
spectral density.

Equation (1) is subjected to the following two con-
straints:

Cl:Foralln € {1,2,...,N}, if there exists a k with ¢y, ,, # 0,
then ¢, = 0, for all 2’ = k.
C2: For allk€{1.2,....K}, R, = >N, ¢

Note that C1 ensures each OFDM subcarrier can only
be occupied by one ONU within each time slot and C2
guarantees that the OLT can satisfy the data rate require-
ment of each ONU.

From the above analysis, we know that the problem of
minimizing the total transmission power of ONUs with
each ONU traffic requirement met is transformed to the
mathematical model Eq. (1) with two constraints, C1
and C2. Therefore, what we should do is find the proper
algorithms to solve this model and minimize the total
transmitting power of ONUs.

Since large constellation maps, corresponding to a larger
¢ value, lead to increased BER, the signal transmitting
power should be higher for larger constellation maps to
achieve a fixed BER. The electrical power contributes a
large part of the ONU total transmitting power because the
optical power of the ONU is only 5-10 mW, but the electrical
power is around 6-50 W [17]. Furthermore, no matter
whether we use the two-dimensional algorithms or the
three-dimensional algorithms, the optical power of ONUs is
similar. Therefore the optical power consumption can be
ignored when we consider the relative value of transmitting
power from all ONUs for algorithm evaluation. Hence, the
total transmitting power we considered in this paper is the
electrical power consumption rather than the optical one.
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III. PROPOSED SCHEDULING ALGORITHMS

Based on the characteristics of the fiber channel of
the OFDMA-PON system, we propose two optimized
three-dimensional DBA algorithms for upstream access
in OFDMA-PONs to solve the proposed mathematical
model and find the best assignment of ¢, ,, within each time
slot. The total transmitting power Py can be minimized
when the traffic requirement of each ONU is met.
In this section, we first define some symbols used in the
algorithms. Then the two proposed algorithms are intro-
duced respectively. Finally, the minimized transmission
power Pr is expressed.

A. Explanations of Symbols

Let S;, represent the number of OFDM subcarriers occu-
pied by the kth ONU. Set L, record the OFDM subcarriers
occupied by the kth ONU. Obviously, L; N L; = @ (Vi # ).
D, and D, are the minimum and maximum number
of bits per OFDM symbol that can be transmitted by each
subcarrier. For instance, from D = {1,2,...,M}, we can
know that D ;, = 1and D, = M. AP}, is the transmission
power changing in the £th ONU.

B. First Proposed Algorithm

First, we applied the OFDM scheduling algorithm in
the wireless system [15] to the fiber system. The main dif-
ference between the wireless and fiber systems is that the
wireless channel is multipath. So the wireless channel gain
is frequency selective, which means that the channel gain
is related to both the user distance and the subcarrier
frequency. While the fiber channel is quite fixed, once
the ONU distance is set, the channel gain is almost set.
Thus we modified the wireless OFDM three-dimensional
DBA algorithm and applied it for upstream access in
OFDMA-PONs. The proposed Algorithm 1 consists of the
following two main procedures.

Algorithm 1 Subcarrier allocation

Step 1 (Initialization):
For k<1to K
Sk = Smin = Bi/Dmax;
APy, = [f(1) -f(0)]/a};
/*Every user is assigned with max modulation format,
allocated with min number of subcarriers, leading to
the surplus of system subcarriers.*/
/* Subcarrier assignment iteration. The average trans-
mission power variation AP, will be updated in each
iteration.*/
Step 2 (Subcarrier assignment iteration):
While >K | S, <N
k = argmax APy ;
Kell2,.. K}
S, =8, +1;
AP), =[Sy [ (Ry/Sk) = (Sp + 1) x [ (R, /Si + D)]/aj;
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Algorithm 1 Bit allocation

For k<1to K
Step 1 (Initialization):
For each n € L,
Crn = 1’
AP, =[f(1) -f(0))/a};
For each n € {1,2,...,.N}\L,
Chn = 0;
Step 2:
While 22,21 Crn < Rk
n = arg maxAP,;
n'eLy,
Chn =Chn+1;
APn = [f(ckn + 1) _f(ck,n)]/a]%'

The first procedure assigns N subcarriers to K ONUs
with the maximal modulation format. Since we did not
know the exact number of bits/symbol each subcarrier
should be assigned, we just assumed that each subcarrier
carries the maximal number of bits/symbol in each ONU
and calculated the transmitting power of each ONU, i.e.,
Sy, % f (R /Sk), roughly.

Although the data rate requirement of each ONU can be
met in the first procedure, the total transmission power of
ONUs Py is not optimal. Therefore, the second procedure
based on the greedy algorithm [18,19] was used in each
ONU to further reduce the transmitting power under the
condition that the datarate requirement ofeach ONUis met.

C. Second Proposed Algorithm

According to the analysis, we can know that Algorithm 1
separates the problem into two procedures: subcarrier
allocation and bit allocation. However, the two procedures
are not independent of each other. Subcarrier allocation
and bit allocation will influence each other. Therefore,
Algorithm 1 is a suboptimal algorithm but not optimal for
solving the mathematical model to minimize the total
transmission power. In order to find a better algorithm
to solve this model, i.e., finding the best assignment of ¢, ,,
within each time slot and keeping the total transmitting
power minimized, we further proposed Algorithm 2, where
we allocated the subcarrier and bit in the same
procedure and always kept the real transmitting power as
the optimization function. The main procedure is as follows.

Algorithm 2 Subcarrier and bit allocation

Step 1 (Initialization):
For k<1 to K
St = Smax = Ri/Dmin;
For each n € L,,
Ctn = Din;
Update(cy, ,, AP},).
For each n ¢ {LIULQUULK}\Lk,
Chn = 0.
/*Every user is assigned with min modulation format,
allocated with max number of subcarriers, leading to the
shortage of system subcarriers.*/
Step 2 (Subcarrier, bit assignment iteration):

You et al.

While YK, S, > N

k = argmin APy;
k’e{l.Z,....KA
Update(cy, ,, APy);

Sk = Sk - 1,
Delete one subcarrier in Ly.

Algorithm 2 Update(cy, ,. APy,)
Step 1:
For the £th ONU, find OFDM subcarrier N with mini-
mum number of bits/symbol assigned.
Step 2:
While CrN1 > 0
For the kth ONU, find OFDM subcarrier N, with
second minimum number of bits/symbol assigned;
Update AP, by Eq. (4);

AP, = {[f(cpn, + 1) = f(crn,)]
-lflern, + 1 = flern, — DI} /a? 4)

Assign one bit in subcarrier N, to subcarrier Ny; thus
crn1 = cpn1— 1 and ¢pne = ¢z + 1.

In the proposed Algorithm 2, first, we initialized the sub-
carrier with the maximal number so that the transmitting
power is the minimum. However, in general, the total num-
ber of subcarriers N is less than the maximal requirement
of >K | S, in initialization. Hence, we should reduce the
subcarrier number assigned to each ONU. Second, in order
to solve the problem of the shortage of subcarriers, we
found the kth ONU, in which the power variation AP, is
the smallest of all. Then we reduced one subcarrier in
the £&th ONU and enhanced its transmitting power by
AP;. This process was realized in the subalgorithm of
Update(cy, ,, AP,). In this subalgorithm, we first figured
out how the data rate is reassigned among the subcarriers
in the k&th ONU. Then we calculated AP, and reassigned
the bit allocation in the subcarrier. Finally, we recursively
found out the ONU with minimum power variation AP, de-
leted one subcarrier assigned to this ONU, and enhanced
its transmitting power by AP until the system subcarriers
were enough, namely, >'X | S, <N.

After running Algorithm 1 or Algorithm 2, we got the
best assignment of ¢;,, within each time slot. The traffic
requirement of each ONU is met, and the minimized total
transmitting power Py can be obtained from Eq. (1).

IV. CoMPLEXITY ANALYSIS AND SIMULATION RESULTS

In this section, we first analyze the time complexity of
the three-dimensional DBA algorithm and then simulate
the signal transmitting power of ONUs by the proposed al-
gorithms. For comparison, the traditional two-dimensional
DBA algorithm is considered under the same conditions.

A. Complexity Analysis

We considered the running time complexity of the pro-
posed algorithms and the two-dimensional DBA algorithm.
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Theorems 1, 2, and 3 are the time complexity of the algo-
rithms. The proofs of these theorems are in Appendix A.

Theorem 1: The time complexity of the traditional
two-dimensional algorithm is O(KN).

Theorem 2: The worst-case time complexity of the
proposed Algorithm 1 is O(KN?).

Theorem 3: The worst-case time complexity of the
proposed Algorithm 2 is O(KN?).

Due to the difference of the scheduling dimension, it is no
wonder that the complexity of the two-dimensional algo-
rithm is simpler than that of the two proposed algorithms.
Fortunately, due to the high speed and low power consump-
tion of the digital signal processing (DSP) hardware [20]
and the small number of N, K, and D,,,, the extra electri-
cal power consumption due to complex bit allocation in the
three-dimensional DBA algorithm is negligible when we
compare the power consumption of the two-dimensional
algorithm with the two proposed three-dimensional algo-
rithms. The running time of Algorithm 1 and Algorithm
2 is upper bounded by KN?, which is a polynomial expres-
sion. Therefore, the time complexity of the proposed two
algorithms is polynomial.

B. Simulation Results

In the simulation experiment, we assumed that the dis-
tances between ONUs and the OLT are randomly distrib-
uted in the interval from 0 to 20 km and the packet
interarrival time obeys the Pareto distribution in the net-
work. First, we established a small system including 5
ONUs, 128 OFDM subcarriers, and 1.28 GHz bandwidth.
Figure 3 indicates how many subcarriers of each ONU
are assigned and the number of bits per OFDM symbol
assigned to each subcarrier in Algorithm 1 and Algorithm
2 for the total bandwidth demand of 4.5 Gb/s. Then we
established another bigger system with 32 ONUs, 1024 sub-
carriers, and total system bandwidth of 10.24 GHz. Figure 4
shows the total transmitting power of ONUs versus the total
data demand of all ONUs, with the five-ONU system in
Fig. 4(a) and the 32-ONU system in Fig. 4(b). The contrast-
ive algorithm is the traditional two-dimensional algorithm
with fixed 16-QAM modulation format for each subcarrier,
which is the minimal modulation format to meet the
maximum bandwidth demand in Figs. 4(a) and 4(b).

During the simulation process, the bandwidth demand
for each ONU is randomly assigned and set
D ={1,2,...,10}, namely, D;, = 1 and D,,,, = 10, respec-
tively. As we mentioned above, the electrical power contrib-
utes a large part of the ONU total transmitting power
and the optical power of ONUs is similar to each other.
We ignored the optical power of ONUs and calculated
the relative value of the electrical transmitting power of
all ONUs in the simulation.

From Figs. 3(a) and 3(b), we can get that the allocation
results of the subcarrier and bit in the proposed Algorithm
2 are better than that in the proposed Algorithm 1. Com-
pared with Algorithm 1, Algorithm 2 has fewer subcarriers
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Fig. 3. For 4.5 Gb/s total bandwidth demand with five ONUs,
128 OFDM subcarriers, and 1.28 GHz bandwidth, subcarrier,
and bit allocation results for (a) Algorithm 1 and (b) Algorithm 2.

with high modulation format, which means the overall
transmitting power of ONUs by Algorithm 2 is smaller
than that by Algorithm 1. The reason is shown below. We
know that Algorithm 1 divides the problem into two proce-
dures: subcarrier allocation and bit allocation. Actually, as
we mentioned in the introduction, the two procedures are
related to each other. Thus, Algorithm 1 is not optimal but
a suboptimal algorithm. However, considering the relation-
ship between subcarrier allocation and bit allocation,
Algorithm 2 completes subcarrier allocation and bit alloca-
tion in the same procedure. Therefore, Algorithm 2 can find
the best assignment of ¢;,,, within each time slot and keep
the signal transmitting power of ONUs minimized.

From Figs. 4(a) and 4(b), we can know that compared
with the traditional two-dimensional DBA algorithm, the
transmitting power of ONUs is reduced by ~30% and
~50% using the proposed Algorithm 1 and Algorithm 2,
respectively. It implies that the three-dimensional schedul-
ing algorithm outperforms the two-dimensional scheduling
algorithm in minimizing the total transmitting power
when the traffic requirement of each ONU is met. Further-
more, the performance of the proposed Algorithm 2 is bet-
ter than that of Algorithm 1 in solving the mathematical
model to find the best assignment of ¢, within each time
slot and minimize the total transmitting power of ONUs.
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Fig. 4. Relative transmission power. (a) Overall transmitting
power of ONUs versus user’s data rate for different algorithms
with five ONUs, 128 OFDM subcarriers, and 1.28 GHz bandwidth.
(b) Overall transmitting power of ONUs versus user’s data rate for
different algorithms with 32 ONUs, 1024 OFDM subcarriers, and
10.24 GHz bandwidth.

As we mentioned before, although the time complexity
of the proposed algorithms is higher than that of the
two-dimensional algorithm, it is reasonable not consider-
ing the extra electrical power consumption in three-
dimensional algorithms due to the high speed of DSP
hardware. The comparison of the power consumption
between two-dimensional DBA and the two proposed algo-
rithms of three-dimensional DBA is relatively fair.

In the simulation experiment, for simplicity the algo-
rithms are based on a fixed time slot. However, the time slot
can be changed in each frame cycle and the proposed
algorithms can handle it well. When the time slot is varia-
ble, the flexibility in bandwidth allocation will not suffer.

V. CONCLUSION

Wehave proposed two three-dimensional DBA algorithms
in OFDMA-PONs—dynamically allocating the time slot,
subcarrier, and modulation format of the ONUs—to

You et al.

minimize the total transmitting power of ONUs. From sim-
ulation results, we know that both of the proposed algo-
rithms are better than the traditional two-dimensional
algorithm in terms of minimizing the total transmitting
power of ONUs. Hence, it implies that a subcarrier with
an adaptive modulation scheme rather than a fixed one
can achieve much lower transmitting power. Moreover, the
performance of the proposed Algorithm 2 is better than that
ofthe proposed Algorithm 1 by allocating the subcarrier and
bit of each time slot in a single procedure rather than in two
procedures. The complexity ofthe two proposed algorithmsis
proved to be polynomial time.

APPENDIX A

The time complexity of the two-dimensional DBA algo-
rithm and the proposed three-dimensional DBA algorithms
is analyzed in this appendix.

The typical two-dimensional DBA algorithm [9] can be
shown as follows:

For n<1to N
k = arg maxRy
Ke(l2...K}

R, = R;, — D, //Dgy is the fixed bits each OFDM
subcarrier can transmit.

Lk = LkU{n}
do if R, <=0
then R, =0

Proof of Theorem 1I:
T = ON)[O(K) + O(1)] = O(NK) + ON) = O(NK) O

Recall that f(n) = O(g(n)) means that there exist a con-
stant ¢ and integer ny such that 0<f(n) <cg(n) for
all n > ny.

Proof of Theorem 2:

T=0(K)+OMIN)[OK)+0()]
Subcarrier allocation

+OEK){O(S,) +OWN -8;) + OR)[O(S) + O(D)]}

Bit allocation
=0(K)+OINK) + O(K)[O(S}) + ON -8S;,) + O(R.Sy)]
Subcarrier allocation Bitallocation
=0(K) + O(NK)
S S——
Subcarrier allocation
+O(K)[O(S) +ON ~8S}p) + O(Dryax SN (for Ry, = S Dinay)
Bit allocation
=0(K) + O(NK)
S S
Subcarrier allocation
+OE)[ON) +ON) + O(D e N?)] (for S, <N)
Bitallocation
= O(NK) +O0(D 2 KN?)
N e’ ———
Subcarrier allocation Bit allocation
=0(DyaxKN?)
=O(KN?) (for D,,,is a constant) O
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Proof of Theorem 3:

We first prove that the time complexity of the subalgor-
ithm Update(cy, ,, AP},), which is noted as Ty, is O(Sy):

Tsup = O(Sp) + O(Dax)[0(Sy) + O(1)]
= O(Sk) + O(Dmaxsk) = O(Sk)

(for D, . is a constant).

Then the time complexity of Algorithm 2 is proved as
follows:

T = O(K)NO() + O(SHIOM) + Te] + O( Y 8¢ )O(1)}
Algorithm 2-Step 1
+ 0(2 S, —N)[O(K) + Ty + O(1)]
Algorithm 2—-Step 2
— O(K) [O(S,z) + O(Z sk)]
Algorithm 2-Step 1
+0(}_ 8k~ N)IO®K) +0(Sy)]
Algorithm 2—-Step 2
= OK)O(N?) + OMN)[OK)+ ON)]
Algorithm 2-Step 1
-  OKN?)
N——

Algorithm 2—-Step 1

(for S, = O(N))

Algorithm 2—-Step 2
+ O(NK) + O(N?) = O(KN?) 0
—_———

Algorithm 2—-Step 2
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