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Abstract The aim of the paper is to study the problems of resource management in the
presence of inter-carrier interference (ICI) and multipath fading channel for orthogonal fre-
quency division multiplexing (OFDM) systems. OFDM is a promising technique for the
broadband wireless communication systems. However, the OFDM communication system is
sensitive to ICI which arises because of Doppler spread and carrier frequency offset (CFO).
To solve these problems, an optimization method has been exploited, and a computationally
efficient method using numerical optimization techniques is proposed. The simulation results
show that these derived optimal solutions and proposed suboptimal algorithms as compared
with the uniform power allocation algorithm or conventional water-filling algorithm can
significantly improve the performance of the OFDM systems.
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1 Introduction

Orthogonal frequency division multiplexing (OFDM) systems is an attractive transmis-
sion technique for high-bit-rate communication system [1,2]. OFDM has been recognized
as a promising technology for wireless metropolitan area networks (WMANs), discrete
multi-tone systems (DMT) for x digital subscriber line (xDSL)/asymmetric digital sub-
scriber line (ADSL) applications, IEEE 802.11a/g wireless local area network (WLAN),
digital audio broadcasting (DAB) system, digital video broadcasting terrestrial TV (DVB-T)
system and recent IEEE 802.16 worldwide interoperability for microwave access (WiMax)
systems [1–4].

The advantage of OFDM technique is that it can support high transmission data rate, high
spectral efficiency and it has a strong capability to combat multipath fading [5–7]. In a clas-
sical OFDM system, the entire bandwidth is divided into many orthogonal subcarriers and
information symbols are transmitted in parallel over these subcarriers by using computation-
ally efficient fast Fourier transform, then a cycle prefix is inserted to combat inter-symbol
interference (ISI). Hence the OFDM technology has a strong ability to cope with frequency
selective channels. Unfortunately, one of the main drawbacks of OFDM is its sensitivity to
the frequency offset, which comes from local oscillators between the transmitter and the
receiver, and the Doppler frequency shifts in wireless channels. A key issue for OFDM sys-
tems is the resource management. The frequency offset induces a loss of the orthogonality
among subcarriers so that inter-carrier interference (ICI) is caused, which would significantly
degrade the system performance [8,9]. Sever approaches to reducing ICI have been devel-
oped, such as time domain windowing [10], frequency-domain equalization [11,12] and the
ICI self-cancellation scheme [13]. Among these approaches, the ICI self-cancellation scheme
can achieve outstanding performance with an easy implementation. The resource allocation
schemes can exploit frequency diversity to improve system performance. There are various
resource allocation issues subject to different objective in OFDM systems, such as power
allocation, bit loading and adaptive coding, etc. Resource allocation schemes can be classified
into two categories: fixed resource allocation [14] and dynamic resource allocation [15–18].
A fixed resource allocation scheme is not optimal since the scheme is fixed regardless of
the current channel state information (CSI). On the other hand, dynamic resource allocation
allocates a dimension adaptively to the users based on their CSI. Several dynamic resource
allocation schemes subject to different optimization criteria for single-user OFDM systems
can be classified as follows: Rate adaptive (RA): Maximize sum capacity while maintaining
total transmission power constraint [16,17,19]. In [17], the optimization problem of the RA
in OFDM systems is formulated to balance the tradeoff between sum capacity and fairness.
The algorithm proposed in this paper can achieve almost the maximum sum capacity while
keeping the proportional fairness. Minimum average bit-error-rate (BER): Minimize average
BER of all subcarriers under total transmission power constraint [20,21]. Margin adaptive
(MA): Achieve minimum overall transmission power with constraint on the user’s required
data rate [22]. In [22], the total transmit power is minimized by assigning each user a set
of subcarriers and by determining the number of bits and the transmit power level for each
subcarrier based on the instantaneous channel gain.

For maximization optimization problem, it is well known that water-filling is the optimal
power distribution algorithm for the single-user communication and provides the basis for
the power and bit allocation schemes in the OFDM system. Assuming that the CSI is per-
fectly known at transmitter, the optimal power allocation maximizing the sum capacity is
obtained by allocating more power to subcarriers with higher channel gain. The single user of
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water-filling procedure is given in [23]. The optimization criteria of this paper focuses on RA
and minimum average BER to adaptive allocate resource for signal-user OFDM Systems.

As mentioned above, resource allocation schemes can efficiently improve the system per-
formance in terms of throughput or BER, respectively, while the CSI is perfectly known both
at the transmitter and the receiver. However, the performance of OFDM system not only
depends on the effect of fading channel, but also on ICI, which arises because of Doppler
frequency spread and carrier frequency offset (CFO) [24]. Involving the Doppler frequency
spread and CFO, the orthogonality among subcarriers may be destroyed and then degrades the
system performance. Therefore, the resource allocation schemes need to take the ICI effect
into account to improve the system performance; even most methods to combat ICI tend
to use frequency synchronization or interference cancelation [25,26]. These methods have a
complex receiver structure and sometimes cause a loss in bandwidth efficiency. In all existing
OFDM communication systems, the subcarrier bandwidth is kept constant. The bandwidth is
chosen large enough to tolerate a certain amount of Doppler spread or CFO. By considering
both multipath fading channel and ICI situations, if complete CSI which includes both the
Doppler frequency spread and channel response is perfectly known at transmitter, resource
allocation scheme can effectively exploit it to reduce the ICI effect and the implementation
complexity at the receiver. Some researches have focused on dealing with this resource allo-
cation issue [27,28]. One novel idea, named adaptive subcarrier bandwidth scheme [27], uses
variable subcarrier bandwidth for OFDM systems to overcome the impact of ICI since ICI
is inversely proportional to the subcarrier bandwidth [29]. An adaptive bit loading algorithm
in conjunction with adaptive subcarrier bandwidth scheme is proposed in [27], nevertheless,
the adaptive power distribution among subcarriers is not considered.

Observations above motivate us to design an optimal joint bit loading and power allocation
scheme that attempts to maximize the system throughput while each subcarrier maintaining
equal target BER while maintaining total power constraint in both multipath fading channel
and ICI situations. As the optimal solution for OFDM systems in the presence ICI is pro-
hibitively complex to obtain, we propose suboptimal joint bit loading and power allocation
schemes for above optimization criterion, respectively.

The remaining sections of this article are organized as follows. In Sect. 2, we present the
uplink OFDM system model. Section 3, we derive optimal initial power allocation in the
average sense and develop a suboptimal subcarrier assignment algorithm. Some simulation
results and discussions are given in Sect. 4. Comparisons with other algorithms are also given
in this Section. Finally, the conclusions are drawing in Sect. 5.

2 System Model

Considering an OFDM system with N subcarriers, the baseband time domain transmitted
signal of sth OFDM symbol can be expressed as

xs(t) = 1
√

T� fsc

N� fsc∑

n=1

Xs,nexp

(
j2π

n

T� fsc

(t − sTs − Tgi )

)
u(t − sTs), (1)

where n is the subcarrier index, and Xs,n denotes the frequency domain modulated data
symbol on the nth subcarrier. From the available options of subcarrier frequency spacing
� fsc, N� fsc and T� fsc represent the total number of subcarriers and the OFDM symbol
duration respectively, Ts is the symbol duration which includes T� fsc and the GI duration
Tgi . Each data symbol is shaped by

123



J.-H. Wen et al.

u (t) =
{

1, 0 ≤ t < Ts

0, O.W .
(2)

We consider a multipath Rayleigh fading channel which is assumed to be slowly fading, so
the channel coefficients are considered as constant during one OFDM symbol. After passing
through the channel, the transmitted signal can be represented as

y(t) =
τmax∫

0

h (τ ) exp
(

j2π fdτ (t − τ)
)

xs (t − τ) dτ + n (t) , (3)

where τmax is the maximum delay spread, h (τ ) is the channel impulse response, n (t) is the
additive white Gaussian noise (AWGN) with zero mean and variance σ 2

n , and fdτ is the Dopp-
ler shift frequency for delay τ . Assuming perfect timing synchronization between transmitter
and receiver but CFO δ fc occurs, the sth received OFDM symbol can be represented as [27]

ys (t) = y (t) e j2πδ fct

=
τmax∫

0

xs (t − τ) h(τ ) exp
(

j2π fdτ (t − τ)
)

exp ( j2πδ fct) dτ + n (t) (4)

Since h(τ ) exp
(− j2π fdτ τ

)
can’t be distinguished from h(τ ), we can represent h(τ ) exp( j2π

fdτ τ ) as h(τ ). Therefore,

ys (t) =
τmax∫

0

xs (t − τ) h(τ ) exp
(

j2π fdτ τ
)

exp
(

j2π t
(
δ fc + fdτ

))
dτ + n (t) (5)

Further, there exists a Doppler frequency offset ε between transmitter and receiver. The Dopp-
ler frequency offset ε = δ f

� fsc
is normalized to the subcarrier frequency spacing � fsc = 1

T� fsc
,

where δ f = δ fc + fdτ .
After demodulating by FFT, the sth received OFDM symbol at the nth subcarrier can be

represented as

Ys,n = Xs,n Hs,n Sn,n (ε)
︸ ︷︷ ︸

desired signal term

+
N� fsc∑

m=1, m �=n

Xs,m Hs,m Sn,m (ε)

︸ ︷︷ ︸
ICI term

+Wn, (6)

where Hs,n is the channel gain for the nth subcarrier of the sth OFDM symbol, Wn is the
frequency domain noise component for the nth subcarrier, and Sn, m is the ICI effect of
subcarrier n from the subcarrier m in the same OFDM symbol which is given by

Sn, m (ε)=
⎛

⎝ sin (π (m−n+ε))

N� fsc sin
(

π
N� fsc

(m−n+ε)
) exp

(
jπ

(
1− 1

N� fsc

)
(m−n+ε)

)
⎞

⎠ . (7)

Assuming that Xs,n is zero mean, which implies that the interference term is also zero mean,
the power of the ICI term is the same as its variance, which can be expressed as follows

σ 2
ICIXn

=
N� fsc∑

m=1,m �=n

E
(|Xm |2) |Hm |2 ∣∣Sn, m (ε)

∣
∣2, (8)
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Fig. 1 BER approximations for M-QAM

where E (·) is the expectation operator. Denoting E
(|Xm |2) by Pm which is the transmitted

power assigned to subcarrier m. Hence, the average signal-to-interference plus noise ratio
(SINR) in the presence of ICI on the subcarrier n can be expressed as follows

SINRn (� fsc) = Pn |Hn |2 ∣∣Sn, n (ε)
∣
∣2

∑N� fsc
m=1,m �=n Pm |Hm |2 ∣∣Sn, m (ε)

∣
∣2 + σ 2

n

, for ∀n. (9)

The expression for the BER of square M-QAM with Gray bit mapping as a function of
received SINR and bits load on the nth subcarrier bn is approximately [30],

BERn (SINRn (� fsc) , bn) ≈ 2

bn

(
1 − 1√

2bn

)
× er f c

(√

1.5
SINRn (� fsc)

2bn −1

)

. (10)

Above expression is not easily differentiable or invertible in its SINR or bits. Another approx-
imation for BER on the nth subcarrier tight to within 1 dB for B E R ≤ 10−3 and b ≥ 2is
expressed as [31]

BERn (SINRn (� fsc) , bn) ≈ 0.2 × exp

(−1.6SINRn (� fsc)

2bn − 1

)
. (11)

The tightness of this BER approximation from Eq. (11) to the standard formula from Eq.
(10) is shown in Fig. 1.

Rearranging the Eq. (11), a maximum number of bits on the nth subcarrier in a symbol is
a function of BER and the transmitted power distribution vector P = [

P1 P2 . . . PN� fsc

]T ,
and can be expressed as

bn
(
P1, . . . PN� fsc

,� fsc
) = log2

(

1 + SINRn
(
P1, . . . PN� fsc

,� fsc
)

�

)

(12)

where � = − ln (5BERn)/1.6, which is a function of the required BER on the nth subcarrier.
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2.1 Optimization Criteria and Applications

Adaptive resource allocation schemes for signal-user OFDM systems have in common that
they always follow an optimization criterion that can be any of the following three:

1. Rate adaptive (RA):

Max
P1, P2, ..., PN

N∑

n=1
bn (P1, . . . , PN )

subject to:
N∑

n=1
Pn ≤ Ptotal

Pn ≥ 0, for ∀n

(13)

2. Minimize average BER:

Min
P1, P2, ..., PN

∑N
n=1 BERn(P1,..., PN )

N

subject to:
N∑

n=1
Pn ≤ Ptotal

N∑

n=1
bn = Rtotal

Pn ≥ 0 for ∀n,

bn ≥ 0 for ∀n

(14)

3. Margin adaptive (MA):

Min
b1, b2, ..., bN

N∑

n=1
Pn

subject to:
N∑

n=1
bn ≥ Rtotal

Pn ≥ 0, for ∀n
bn ≥ 0 for ∀n

(15)

where Pn is the transmitted power assigned to the nth subcarrier, Ptotal is the total trans-
mission power constraint, Rtotal is the required data rate-sum. The optimization criteria
of this paper focus on RA and minimum average BER to adaptive allocate bit and power
for signal-user OFDM Systems.

2.2 Adaptive Resource Allocation for the ICI Scenario: Maximize Overall Throughput:
Under Equal Target Bit-Error-Rate Constraint Among All Subcarriers

Resource allocation schemes can exploit frequency diversity to improve system performance.
There are various resource allocation schemes subject to different objective in OFDM sys-
tems. Some of these schemes focus on maximizing the system overall throughput among all
subcarriers [10,11,13]. These resource allocation schemes can efficiently provide through-
put improvement, while the channel response is perfectly known both at the transmitter and
the receiver. However, these schemes are not take the effect of ICI into account. The above
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observation motivates us to design an optimal joint bit loading and power allocation scheme
that attempts to maximize the system throughput while each subcarrier maintaining required
equal tBER in both multipath fading channel and ICI situations.

In this section, we derive the above optimization problem by using the Lagrangian method
to obtain an optimal solution. However, the optimal solution is extremely computationally
complex to obtain. Therefore, a low-complexity and simple suboptimal algorithm is proposed.

Mathematically, the optimization problem considered in this section is formulated as fol-
lowing criterion A: Maximize the overall throughput under constant total power and each
subcarrier satisfying equal tBER constraints. The optimization problem is formulated as

Max
P1, P2, ..., PN

N∑

n=1
bn (P1, . . . , PN )

subject to:
N∑

n=1
Pn ≤ Ptotal

Pn ≥ 0, for ∀n
BERn ≤ tBER, for ∀n
bn ∈ {0, 2, 4, 6..,bmax} , for ∀n.

(16)

where Ptotal is the total transmission power constraint, and bmax is the highest number of
modulation bits for each subcarrier.

3 Lagrangian Method

The optimization problem (16) is a nonconvex mixed integer programming (IP) problem and
can be solved by IP method. However, the IP method is not practical, since the complex-
ity of nonconvex mixed IP problem increases exponentially with the number of constraints
and integer variables. Therefore, we relax the requirement bn ∈ {0, 2, 4, 6.., bmax} to be a
real number within the interval [0, bmax] and reformulate the above optimization problem as
follows

Max
P1, P2, ..., PN

N∑

n=1
bn (P1, . . . , PN )

subject to:
N∑

n=1
Pn ≤ Ptotal

Pn ≥ 0, for ∀n
BERn ≤ tBER, for ∀n.

(17)

By using the KKT conditions to determine the optimal solution of the above throughput
maximization problem in (17) with the Lagrangian function L(P1, . . . PN , λ) as:

L(P1, . . . PN , λ, β1, …βN ) =
N∑

n=1

log2

⎛

⎜
⎜
⎜
⎝

1 + 1

�

Pn |Hn |2 ∣∣Sn, n (ε)
∣
∣2

N∑

m=1, m �=n
Pm |Hm |2 ∣∣Sn, m (ε)

∣
∣2 + σ 2

n

⎞

⎟
⎟
⎟
⎠

+λ

(
N∑

n=1

Pn − Ptotal

)

+
N∑

n=1

βn Pn (18)

123



J.-H. Wen et al.

where � = − ln (5tBER)/1.6, λ and β in Eq. (18) are called the Lagrangian multiplier
and KKT multiplier respectively. Using the KKT condition, the optimal solution P =
[P1 P2 . . . PN ]T satisfies the following conditions:

∇P L(P, λ, β1, …βN ) = 0∑N
n=1 Pn − Ptotal ≤ 0

Pn ≥ 0 for ∀n
βn ≥ 0 for ∀n

βn Pn = 0 for ∀n

(19)

We differentiate the Lagrangian function L(P, λ, β1, …βN ) with respect to Pn and set each
derivative to 0. ∂L

∂ Pn
= 0

⇒ 1

ln 2
· 1

Pn + �

(
∑

m �=n
Pm

|Hm |2|Sn, m (ε)|2

|Hn |2|Sn, n(ε)|2
+ σ 2

n

|Hn |2|Sn, n(ε)|2

) = −λ − β + tn

⇒ 1

ln 2
· 1

Pn + �

(
∑

m �=n
Pm

|Hm |2|Sn, m (ε)|2

|Hn |2|Sn, n(ε)|2
+ σ 2

n

|Hn |2|Sn, n(ε)|2

) = λ0 + β0 + tn (20)

where λ0 = −λ, β0 = −β.
where

tn = 1

ln 2
·
∑

m �=n

×

⎛

⎜
⎜
⎜
⎜
⎝

Pm |Hm |2 ∣∣Sm, m (ε)
∣
∣2

� ·
(

Pn |Hn |2 ∣∣Sn, m (ε)
∣
∣2 + ∑

r �=m �=n
Pr |Hr |2 ∣∣Sm, r (ε)

∣
∣2 + σ 2

n

)

+ Pm |Hm |2 ∣∣Sm, m (ε)
∣
∣2

⎞

⎟
⎟
⎟
⎟
⎠

×

⎛

⎜
⎜
⎝

|Hn |2 ∣∣Sm, n (ε)
∣
∣2

Pn |Hn |2 ∣∣Sm, n (ε)
∣
∣2 + ∑

r �=m �=n
Pr |Hr |2 ∣∣Sm, r (ε)

∣
∣2+σ 2

n

⎞

⎟
⎟
⎠

= 1

ln 2
·
∑

m �=n

(SINRm )2

�2 (1 + SINRm )
· |Hn |2 ∣∣Sm, n (ε)

∣
∣2

Pm |Hm |2 ∣∣Sm, m (ε)
∣
∣2

, (21)

where

SINRm = Pm |Hm |2 ∣∣Sm, m (ε)
∣
∣2

Pn |Hn |2 ∣∣Sm, n (ε)
∣
∣2 +∑

r �=m �=n Pr |Hr |2
∣
∣Sm, r (ε)

∣
∣2 + σ 2

n

(22)

To solve this optimization problem in (17), we fix both the tn and the interference term from
other subcarriers, denoted by In , where

In =
N∑

m=1, m �=n

Pm |Hm |2 ∣∣Sn, m (ε)
∣
∣2 (23)
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Using Eq. (19), if Pn > 0, then βn = 0. Solving Eq. (20), if Pn > 0 then Eq. (20) satisfies
the following condition:

ln 2 ·
(

Pn + �

(
In + σ 2

n

|Hn |2 ∣∣Sn, n (ε)
∣
∣2

))

= 1

λ0 + tn
(24)

Solve above equation to get the optimal power distribution across subcarrier which can be
obtained as follows:

Pn =
(

1

ln 2
· 1

λ0 + tn
− �

(
In + σ 2

n

|Hn |2 ∣∣Sn, n (ε)
∣
∣2

))+
(25)

where (·)+ = max (0, ·) and λ0 is essentially the inverse of water-level but modified by tn .

Equation (25) has the form of “water-filling” solution with the water-level as
(

1
ln 2 · 1

λ0+tn

)
,

and the terrain that holds the poured power as �

(
In+σ 2

n

|Hn |2|Sn, n(ε)|2

)
. The λ0 can be solved

from the total power constraint that sum above equation over n and get

Ptotal =
N∑

n=1

(
1

ln 2
· 1

λ0 + tn
− �

(
In + σ 2

n

|Hn |2 ∣∣Sn, n (ε)
∣
∣2

))+
(26)

With tn and In fixed, this is now an equation of a single variable λ0. Thus, Eq. (26) can be
solved efficiently via a one dimensional search (e.g. using bisection). After λ0 is found, Pn

can then be obtained from Eq. (25). The complete operation of proposed optimal algorithm
is given below:

(1) Let N = {1, 2, . . . , N }
(2) Initialize Pn for ∀n ∈ N
(3) Loop

(a) Calculate tn from (21) and In from (23).
(b) Obtain λ0 from the total power constraint (26).
(c) Substitute λ0 and tn into (25) to obtain Pn .
(d) If Pn converges, terminate algorithm. Otherwise, go to step a).

3.1 Bit Adding Iteration Method

Even though the above optimization problem is released as a nonconvex nonlinear program-
ming problem, the optimal solution is still difficult to obtain. To further reduce the com-
putation complexity, we present a low-complexity suboptimal joint bit and power loading
algorithm that based on the iterative mechanism. We propose an approximation algorithm by
applying the Perron-Frobenius theorem. For a given tBERand bits bn on the nth subcarrier,
the necessary minimum SINR threshold can be calculated by

mSINR (bn, tBER) = − ln (5 · tBER) · (2bn − 1
)

1.6
, for ∀n. (27)

For reliable transmission, the received SINR should satisfy the following constraint:

SINRn ≥ mSINR (bn, tBER) , for ∀n. (28)
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Substituting (9) into (28), we can obtain

mSINR (bn, tBER ) σ 2
n

|Hn |2 ≤ Pn
∣
∣Sn, n (ε)

∣
∣2 − mSINR (bn, tBER )

|Hn |2

×
N� fsc∑

m=1,m �=n

Pm |Hm |2 ∣∣Sn, m (ε)
∣
∣2 (29)

The above equation can be rearranged in a matrix form as
⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

mSINR(b1,tBER)σ 2
1

|H1|2|S1, 1(ε)|2

mSINR(b2,tBER)σ 2
2

|H2|2|S2, 2(ε)|2

...
mSINR(bN ,tBER)σ 2

N

|HN |2|SN , N (ε)|2

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

︸ ︷︷ ︸
y

≤ I

⎡

⎢
⎢
⎢
⎣

P1

P2
...

PN

⎤

⎥
⎥
⎥
⎦

︸ ︷︷ ︸
P

-A

⎡

⎢
⎢
⎢
⎣

P1

P2
...

PN

⎤

⎥
⎥
⎥
⎦

︸ ︷︷ ︸
P

, (30)

where I is an N × N identity matrix and matrix A is defined as

{A}i, j =
⎧
⎨

⎩

mSINR(bi , tBER)

|Hi |2
|Si, j (ε)|2|Hj |2

|Si, i (ε)|2 , for i �= j

0, for i = j.
(31)

From the above equation, we can observe that A is a nonnegative matrix, which means that
the element of matrix is nonnegative. By applying Perron–Frobenius theorem, the power
distribution P∗ = [

P∗
1 P∗

2 . . . P∗
N

]T for a given bit loading vector b = [b1 b2 . . . bN ]T and
tBER can be represented as

P∗ = (I − A)−1 y. (32)

where P∗ is the Pareto optimal solution. Thus, the minimum transmission power P (b) cor-
responding to bit loading vector b among all subcarriers is obtained as

P (b) = [1 1 …1] P∗. (33)

The cost function Jn of adding two additional bits on nth subcarrier is defined as

Jn = P (b + 2en) − P (b) , (34)

where en is an unit vector whose nth component is 1, and the others are 0. This calculation
needs to be done on all subcarriers. For each bit allocation iteration, the subcarrier that needs
the minimum cost is allocated additional bit while the total transmission power constraint is
satisfied, and the total transmission power among all subcarriers is updated. The complete
operation of proposed algorithm is given below:

(1) Initialization:

(a) N = {1, 2, . . . , N } , b = [0 0 . . . 0]T and P = [0 0 . . . 0]T

(b) Pn = [0 0 . . . 0]T for all n

(2) Bit adding iteration:

(c) Calculate the cost to transmit two additional bit:
For all n ∈ N:
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Calculate and store the power distribution vector Pn corresponding to b + 2en

vector.
Use Pn and P to Calculate the P (b + 2en) and P (b) by using (33).
Calculate and store the Jn by (34).

End for
(d) Select the subcarrier n∗ that has the minimum cost to transmit two additional

bits:

n∗ = arg min
n∈N

Jn

(e) Check the total transmission power constraint:
If the resulting P (b + 2en∗) is above Ptotal , set the final allocation to the b and
P, and terminate the algorithm.

(f) Update the bit loading vectorb and power distribution vector P:

b = b + 2en∗

P = Pn∗

(g) If bn∗ is equal to bmax then N = N − {n∗}.
(h) Go to step 2).

3.2 Adaptive Resource Allocation for the ICI Scenario: Maximize Overall Throughput:
Under Average Target Bit-Error-Rate Constraint Among All Subcarriers

The resource allocation scheme is usually formulated as a constrained optimization problem
[32–34], to maximize the throughput with total power and equal tBER constraints. At the
alternative constrained optimization problem, we discuss a throughput maximization prob-
lem under average tBER among all subcarriers and total power constraints. However, the
optimization problem is generally very hard to solve.

The above observation motivates us to design a two-step suboptimal algorithm that
attempts to maximize the system throughput while all subcarrier maintaining average tBER
constraint in both multipath fading channel and ICI situations.

We consider a different but similar optimization problem as mentioned in above section.
We relax the equal tBER on each subcarrier constraint to allow different tBER among sub-
carriers but under an average tBER constraint. The optimization problem considered in this
section can be formulated as criterion B:

Max
P1, P2, ..., PN

BER1, BER2, ..., BERN

N∑

n=1
bn (P1, . . . , PN )

subject to:
N∑

n=1
Pn ≤ Ptotal

Pn ≥ 0, for ∀n

B E R =
N∑

n=1
bnBERn

N∑

n=1
bn

≤ tBER

bn ∈ {0, 2, 4, 6.., bmax} , for ∀n.

(35)
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Ptotal is the total transmission power constraint, B E R is the average BER, and bmax is the
highest number of modulation bits for each subcarrier.

4 Numerical Results and Performance Analysis

An OFDM system employing a relatively high carrier frequency of 3.6 GHz with bandwidth
5 MHz over the multipath Rayleigh fading channels is considered. Exponential power delay
profile with maximum excess delay of 2 μs is used. The numbers of bits that can be allo-
cated to the subcarrier are 0, 2, 4, 6and 8. The predefined tBER is 10−3 at SNR = 15 dB. The
simulations are conducted on the systems with different numbers of subcarriers: 64, 128,
256, 512, and 1024 corresponding to 78.512 KHz, 39.062 KHz, 19.531 KHz 9.765 KHz, and
4.882 KHz of subcarrier bandwidth, respectively. Several Doppler velocities, 10, 80, 160, and
240 Kmph corresponding to various Doppler shift frequency fd are considered. And the nor-
malized frequency offset are presented in Table 1. In the paper simulations, the Doppler shift
frequency fd are considered simply so the normalized frequency offset ε = δ f

� fsc
= fd

� fsc
,

which are presented in Table 1 .
This scheme also has the problem that the bit loading for subcarriers should be discrete

numbers instead of arbitrary real numbers. Therefore, the discrete bit load on the nth subcar-
rier, for a given BER requirement can be expressed as Eq. (12). The following Fig. 2 and 3
show the throughput performance of proposed optimal scheme by Lagrangian method with
real number of bit loading and discrete number of bit loading respectively, as a function of
Doppler velocities for different number of subcarriers. In Fig. 2, in low mobility region (about

Table 1 Several Doppler velocities v corresponding to different normalized frequency offset ε

N� fsc = 1024 N� fsc = 512 N� fsc = 256 N� fsc = 128 N� fsc = 64

v = 10 Kmph ε = 6.85e − 3 ε = 3.42e − 3 ε = 1.71e − 3 ε = 8.56e − 4 ε = 4.25e − 4

v = 80 Kmph ε = 5.46e − 2 ε = 2.73e − 2 ε = 1.36e − 2 ε = 6.83e − 3 ε = 3.39e − 3

v = 160 Kmph ε = 1.09e − 1 ε = 5.46e − 2 ε = 2.73e − 2 ε = 1.36e − 2 ε = 6.79e − 3

v = 240 Kmph ε = 1.64e − 1 ε = 8.19e − 2 ε = 4.09e − 2 ε = 2.04e − 2 ε = 1.01e − 2
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Fig. 2 Throughput performance with optimal power allocation by Lagrangian method-nonfloor for different
number of subcarriers
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Fig. 3 Throughput performance with optimal power allocation by Lagrangian method-floor for different
number of subcarriers
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Fig. 4 Throughput of proposed suboptimal algorithm by bit adding iteration method for different number of
subcarriers

10 Kmph to 25 Kmph), the performance of adaptive subcarrier bandwidth system with 1024
subcarriers is better than the system with 512 subcarriers; in high mobility region (about
100 Kmph to 240 Kmph), the performance of adaptive subcarrier bandwidth system with 256
subcarriers is better than the system with 1024, 512, 128, and 64 subcarriers. From both fol-
lowing two figures, the performance of adaptive subcarrier bandwidth scheme is compared
with fixed subcarrier bandwidth systems. They are clearly observed that a given subcarri-
er bandwidth has the highest throughput over a range of Doppler velocity, while adaptive
subcarrier bandwidth has the highest throughput over the entire range.

Figure 4 shows the overall throughput of proposed suboptimal joint bit loading and power
allocation scheme by bit adding iteration method as a function of Doppler velocities for
different numbers of subcarriers. Compared with fixed subcarrier bandwidth systems, it is
clearly observed that a given subcarrier bandwidth has the highest throughput over a range
of Doppler velocity, while adaptive subcarrier bandwidth has the highest throughput over the
entire range. In low mobility region (about 10 Kmph to 25 Kmph), the performance of adap-
tive subcarrier bandwidth system with 1024 subcarriers is better than the system with 512
subcarriers; and in high mobility region (about 100 Kmph to 240 Kmph), the performance
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Fig. 5 Throughput comparisons of variety power allocation schemes under equal tBER constraint for 512
subcarriers

of adaptive subcarrier bandwidth system with 256 subcarriers is better than the system with
1024, 512, 128, and 64 subcarriers.

The two proposed schemes are compared with uniform power allocation and power allo-
cation method with conventional water-filling algorithm for 512 and 256 subcarriers in Fig. 5
and Fig. 6 respectively. As shown in Fig. 7, we can observe that with decreasing numbers
of subcarriers, i.e. increasing subcarrier bandwidth, resilience to ICI is increased. We can
observe that the system with the smallest number of subcarriers always has better SINR. It
can be seen that the performance of optimal joint bit loading and power allocation scheme by
Lagrangian method is better than suboptimal joint bit loading and power allocation scheme
by bit adding iteration method. However, the bit loading for subcarriers should be discrete
numbers instead of arbitrary real numbers.

While the performance of proposed optimal joint bit loading and power allocation scheme
by Lagrangian method with discrete number of bit loading constraint is lower than suboptimal
joint bit loading and power allocation scheme by bit adding iteration method. In these fig-
ures, it also can be seen that the proposed optimal and suboptimal algorithm outperforms the
uniform and conventional water-filling algorithm. Therefore, the two proposed algorithms
are more suitable to reduce the ICI effects. The simulation results show that the proposed
algorithm provides a better performance than other algorithms within any Doppler velocity.

As shown in Fig. 8, we can observe that the SINR improves with increasing subcarrier
bandwidth for a given Doppler spread. But this does not ensure a monotonically increas-
ing throughput with increasing subcarrier bandwidth. According to the plot of throughput
vs. subcarrier bandwidth for different velocity conditions in Fig. 9 and Fig. 10, we can
observe that the throughput, for a given Doppler velocity, is maximum for a certain subcarri-
er bandwidth only. It is obviously to seen that by choosing the appropriate subcarrier band-
width there is potential for significant improvement in throughput. The optimal options of
subcarrier bandwidth for different mobility conditions suffer from different amount of ICI
are clearly presented in Table 2.

Figure 11 shows the overall throughput of proposed two-step suboptimal joint bit load-
ing and power allocation algorithm initialized power by Lagrangian method of criterion A.
Comparing against fixed subcarrier bandwidth systems, it is clearly seen that a given subcar-
rier bandwidth has the highest throughput over a range of Doppler velocity, while adaptive
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Fig. 6 Throughput comparisons of variety power allocation schemes under equal tBER constraint for 256
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Fig. 8 SINR of a standard OFDM system with uniform power allocation versus subcarrier bandwidth
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Fig. 9 Throughput performance with uniform power allocation versus subcarrier bandwidth
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Fig. 10 Throughput performance with conventional water-filling algorithm versus subcarrier bandwidth

subcarrier bandwidth has the highest throughput over the entire range. In the low mobility
region (about 10 Kmph to 20 Kmph), the performance of adaptive subcarrier bandwidth sys-
tem with 1024 subcarriers is better than the system with 512 subcarriers; in the high mobility
region (about 90 Kmph to 230 Kmph), the performance of adaptive subcarrier bandwidth
system with 256 subcarriers is better than the system with 1024 subcarriers. Even the perfor-
mance of adaptive subcarrier bandwidth system with 128 subcarriers at 240 Kmph is better
than the system with the other number of subcarriers.

Considering the BER subtracting iteration method with different initialized power alloca-
tion algorithm as mentioned from section 3, the throughput for 512 subcarriers are analyzed
in Fig. 12. The bit loading for subcarriers should be discrete numbers instead of arbitrary real
numbers, the performance of this section proposed two-step suboptimal algorithm initialized
power by Lagrangian method of criterion A while all subcarriers satisfying average tBER
constraint outperforms above section proposed optimal power allocation algorithm with dis-
crete number of bit loading, uniform and conventional water-filling algorithm while each
subcarrier satisfying equal tBER constraint. The simulation results show that the proposed
algorithm with average tBER constraint provides a better throughput improvement than other
algorithms satisfying equal tBER constraint with any Doppler velocity.
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Fig. 11 Throughput of proposed algorithm initialized power by Lagrangian method of criterion A under
average tBER constrain for different number of subcarriers
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5 Conclusion

In this paper, we have devised a new robust algorithm for the problem of resource manage-
ment and ICI suppression to achieve desired performance in OFDM system. For the different
optimization problems, we derive the optimal solutions and proposed suboptimal algorithm,
respectively. For the first optimization problem, it has been shown that the performance of
the Lagrangian method with continues bit loading is better than suboptimal algorithm by
bit adding iteration method. However, in practical transmission, the bit loading for subcar-
riers should be discrete numbers instead of arbitrary real numbers. While the performance
of proposed optimal solution with discrete number of bit loading is lower than suboptimal
algorithm. As the optimal solution with discrete number of bit loading under equal tBER con-
straint compared with the two-step suboptimal algorithms with different power allocation
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schemes under average tBER constraint, it has been shown that the latter outperform the
former within any Doppler velocities. For the last optimization problem, the optimal solu-
tion of the joint bit and power allocation algorithm compared with uniform power allocation
algorithm can significantly improve the BER performance. Simulation results have clearly
verified that the proposed scheme is efficient and outperforms other compared algorithms.
Therefore, the proposed algorithm is a good candidate for application to wideband wireless
networks in future.
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