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Abstract

In this paper, an enhanced asymmetrically clipped DC bi-

ased optical OFDM (ADO-OFDM) with adaptive subcar-

rier resource allocation is proposed to accommodate the

requirements of multi-users in downlink multiple access.

Additionally, the maximum achievable capacity of the en-

hanced ADO-OFDM system is investigated. Then, the

optimization of optical power allocation for the enhanced

ADO-OFDM with a limit on the total optical power is ana-

lyzed and formulated to maximize the total channel capac-

ity. Simulation results show that the total channel capacity

of the proposed scheme has a large increase compared with

that of the schemes without power allocation.

1 Introduction

Recently, visible light communication (VLC), whose spec-

trum resource is unlicensed, has been emerging as a candi-

date to complement the conventional radio frequency (RF)

counterpart. Additionally, VLC is regarded as a green com-

munication because of its low power consumption. VLC

has many distinctive advantages, such as huge bandwidth,

low cost, and localization capability, which ensures its

effectiveness for navigating, timing, and positioning sys-

tems [1]. Besides, in the physical layer, VLC and RF com-

munications are compatible and can be regarded as hetero-

geneous networks.

For the optical orthogonal frequency division multiplexing

(OFDM)-based wireless communication system with inten-

sity modulation and direct detection (IM/DD), the instan-

taneous time-domain signal is modulated on the intensity

of the LEDs, so the transmitted signal requires to be real,

which can be ensured by the Hermitian symmetry, and non-

negative [2]. The capacity for the OFDM-baised optical

wireless communication systems has been investigated by

many researchers. For example, in literature [3], a new

mathematical approximation method for the intrinsic vol-

umes of the simplex is proposed to derive a tight sphere-

packing upper bound on channel capacity. Further, the cal-
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culations for ACO-OFDM are extended to the case of a fre-

quency selective channel [4].

In this paper, an enhanced ADO-OFDM scheme with

subcarrier resource allocation is proposed first, in which

the numbers of subcarriers occupied by ACO-OFDM and

DCO-OFDM can be adaptively adjusted according to the

different access demands of services in downlink multi-

ple access. In addition, the optimization of optical power

allocation under the constraint of normalized total optical

power. Simulation results show that the channel capacity of

the proposed scheme increases significantly compared with

the schemes without power allocation.

The rest of this paper is organized as follows. In Section II,

the conventional ADO-OFDM scheme is reviewed. In Sec-

tion III, the enhanced ADO-OFDM scheme with subcarrier

resource allocation and the optimal optical power allocation

scheme are proposed. The simulation results are presented

in Section IV. Finally, conclusions are drawn in Section V.

2 System Model

In ADO-OFDM, the ACO-OFDM signal is modulated on

odd subcarriers while the DCO-OFDM signal is conveyed

on even subcarriers [2]. The ACO-OFDM signal in the fre-

quency domain can be formulated as

X=
[

0,S1,0,S3,· · ·,SN/2−1,0,S∗N/2−1,· · ·,S∗3,0,S∗1

]

, (1)

where (·)∗ denotes the operation of conjugation, N is the

number of subcarriers. Sn

(

0 < n < N
/

2
)

is the symbol

modulated on the n-th subcarrier and Hermitian symmetry

is imposed. Then, the time-domain signal xn can be ob-

tained after the process of N-point inverse fast transform

(IFFT). It has been proved that the negative part of xn can

be clipped without any information loss, while the clipping

noise of ACO-OFDM only falls on the even subcarriers [5],

which will not affect the demodulation process of data on

the odd subcarriers.

On the other hand, for DCO-OFDM in ADO-OFDM



scheme, after imposing Hermitian symmetry on the subcar-

riers, the frequency-domain signal can be denoted as

Y=
[

0,0,S2,0,· · ·,SN/2−2,0,0,0,S∗N/2−2,· · ·,0,S∗2,0
]

. (2)

Then, the time-domain signal yn of DCO-OFDM can be

obtained after the process of N-point IFFT. To make the

time-domain signal of DCO-OFDM non-negative, a DC

bias BDC = µδDCO is added to yn, where µ and δDCO denote

a proportional constant and the standard deviation of the

DCO-OFDM signal in the time domain, respectively [2].

Like in [6], the bias is defined as β = 10log10

(

µ2 +1
)

dB.

At the receiver, the ACO-OFDM signal is first demodu-

lated as that implemented in ACO-OFDM. Then, the time-

domain ACO-OFDM signal can be regenerated and sub-

tracted to detect the remaining DCO-OFDM signal.

3 Proposed Schemes

3.1 Enhanced ADO-OFDM with Subcarrier

Allocation

An enhanced ADO-OFDM scheme is proposed in this sec-

tion, in which the numbers of subcarriers allocated to ACO-

OFDM and DCO-OFDM are not fixed to N/2 and N/2−2

anymor. For the enhanced ADO-OFDM scheme, the num-

ber of odd subcarriers allocated to ACO-OFDM, repre-

sented as NA, can be any even number from 2 to N/2, while

the DCO-OFDM signal occupies the remaining ND subcar-

riers, i.e.,






NA +ND = N −2,
2 ≤ NA ≤ N

/

2,
N

/

2−2 ≤ ND ≤ N −4.
(3)

Note NA and ND include both the data symbols and the cor-

responding Hermitian symmetries, respectively. In this pa-

per, the NA and ND can be adjusted according to the users’

requirements or the access conditions of services in down-

link multiple access.

In enhanced ADO-OFDM, the ACO-OFDM signal is still

only modulated on the odd subcarriers, which means the

clipping noise of ACO-OFDM signal will only fall on the

even subcarriers and will not interfere the detection for

the data on the odd subcarriers. Hence, at the receiver,

the ACO-OFDM and DCO-OFDM signal in the enhanced

ADO-OFDM scheme can be detected as those in the con-

ventional ADO-OFDM scheme, respectively.

3.2 Optimization of Optical Power Alloca-

tion

In this paper, the total optical power of ADO-OFDM is nor-

malized to unity. Thus, the proportion of optical power al-

located to ACO-OFDM is formulated as

ρ =
Po,ACO

Po,ACO +Po,DCO

= Po,ACO, (4)

where 0 ≤ ρ ≤ 1.

For the proposed enhanced ADO-OFDM, the channel ca-

pacity (or the maximum achievable capacity due to the real

and positivity constraints of the VLC) can be formulated by

C=
NA

2N
W log2

(

1+
σ2

ACO

4σ2
n

)

+
N−2−NA

2N
W log2

(

1+
σ2

DCO

σ2
n

)

,

(5)

where σ2
n = N0W/N represents the variance of the

AWGN with mean of zero, in which N0 and W denote

the noise power spectral density (PSD) and the occu-

pied bandwidth, respectively. σ2
ACO and σ2

DCO are the

effective electrical power for ACO-OFDM and DCO-

OFDM in the proposed enhanced ADO-OFDM system,

respectively. It can be derived that σ2
ACO = βA · πρ2

and σ2
DCO = βD · (1−ρ)2/D2, where βA = 2N/NA, βD =

N/ND, D = µ (1−Q(µ)) + 1/
√

2π · exp
(

−µ2/2
)

, and

Q(x) = 1/
√

2π ·
∫ ∝

x exp
(

−u2/2
)

du [2] and [7].

The optimization objective is to find the optimal proportion

of optical power allocated to ACO-OFDM to maximize the

channel capacity, which is formulated as

ρ0 = argmax
ρ

C (ρ)

s.t. 0 ≤ ρ ≤ 1

. (6)

The derivative of (5) is derived as

∂C

∂ρ
=

W

N ln2

(

1

f1 (ρ)
− 1

f2 (ρ)

)

, (7)

where

f1 (ρ) = ρ +
A

ρ
, (8)

and

f2 (ρ) =
1

K

(

1−ρ +
B

1−ρ

)

, (9)

in which A = 4σ2
n

/

(πβA), B = D2σ2
n

/

βD, and K =
(N −2−NA)

/

NA.

Obviously, f1 (ρ) and f2 (ρ) are double hook functions, and

it can be derived that the asymptotes of f1 (ρ) are ρ = 0 and

g1 (ρ) = ρ, (10)

while the asymptotes of f2 (ρ) are ρ = 1 and

g2 (ρ) = −ρ

K
+

1

K
. (11)

The graphs of the above functions are shown in Figure 1.

Besides, the minimum value points of f1 (ρ) and f2 (ρ), de-

noted as point M and point N in Figure 1, can be formulated

as (
√

A,2
√

A) and (1−
√

B,2
√

B/K), respectively.

In order to obtain monotonicity of function C(ρ), the re-

lationship between ∂C/∂ρ and 0 should be considered,
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Figure 1. The graphs of f1 (ρ) and f2 (ρ), as well as their

asymptotes g1 (ρ) and g2 (ρ).

which is equivalent to finding the relationship between

f1(ρ) and f2(ρ). Thus, the number of intersections of

f1(ρ) and f2(ρ) and the values of the intersections should

be discussed, That is, the relationships between the follow-

ing four algebraic expressions and 0 need to be investigated:



















f1(0)− f2(0), (12a)

f1(
√

A)− f2(
√

A), (12b)

f1(1−
√

B)− f2(1−
√

B), (12c)

f1(1)− f2(1), . (12d)

It is easy to derive that algebraic expressions (12a) and

(12d) are > 0 and < 0, respectively, because that the val-

ues of f1(0) and f2(1) both tend to be positive infinity.

For (12b), due to the complex structure, f2(
√

A) is replaced

by g2(
√

A), i.e, point G is replaced by point E. By simplifi-

cation, it can be derived f1(
√

A)−g2(
√

A) < 0 when

8σ2
n (N −2)+πN−

√

π2N2 +16σ2
n πN (N −2)

4σ2
n

<NA <
8σ2

n (N−2)+πN+
√

π2N2+16σ2
n πN (N−2)

4σ2
n

.

(13)

It can be derived f1(
√

A) − g2(
√

A) < 0 is true for

all the possible NA in its range of values when σ2
n <

πN(4(N −3)2), resulting f1(
√

A)− f2(
√

A) < 0 because

g2(ρ) < f2(ρ) is established for any 0 ≤ ρ ≤ 1.

For (12c), due to the complex structure, f1(1−
√

B) is re-

placed by g1(1−
√

B), i.e, point H is replaced by point F.

By insertion, it can be derived g1(1−
√

B)− f2(1−
√

B) > 0

when

−
(

2D2σ2
n (N −2)+N

)

−
√

8D2σ2
n N (N −2)+N2

2D2σ2
n

<NA <
−

(

2D2σ2
n (N−2)+N

)

+
√

8D2σ2
n N(N−2)+N2

2D2σ2
n

.

(14)

It can be derived g1(1 −
√

B) − f2(1 −
√

B) > 0 is true

for all the possible NA in its range of values when σ2
n <

(2N2 −8N)/(D2(3N −4)2), resulting in f1(1
√

B)− f2(1−√
B) > 0 because f1(ρ) > g1(ρ) is true for any 0 ≤ ρ ≤ 1.

In summary, it can be derived that



















f1(0)− f2(0) > 0, (15a)

f1(
√

A)− f2(
√

A) < 0, (15b)

f1(1−
√

B)− f2(1−
√

B) > 0, (15c)

f1(1)− f2(1) < 0. (15d)

when

σ2
n < min

(

πN

4(N −3)2
,

2N2 −8N

D2(3N −4)2

)

, (16)

which is easy to be satisfied under the assumption of high

SNR. Thus there must be three intersections for the two

graphs based on (15b,15c) and the double hook character-

istic, as shown in Figure 1.

Assume that the three intersections of f1(ρ) and f2(ρ) are

at ρ = ρ1, ρ2, and ρ3 (in ascending order), respectively,

which means f1(ρ) = f2(ρ) at the three points. Therefore,

ρ1, ρ2, and ρ3 are also the 3 roots for

∂C

∂ρ
= 0, (17)

and can be calculated through the formula of extracting

roots because that ∂C
/

∂ρ = 0 is a simple cubic equation.

Since ∂C/∂ρ ∝ [1/ f1(ρ)−1/ f2(ρ)] according to (7) and

Figure 1, it is obvious that

∂C

∂ρ

{

< 0, ρ ∈ (0,ρ1)∪ (ρ2,ρ3)
> 0, ρ ∈ (ρ1,ρ2)∪ (ρ3,1)

. (18)

Hence, the capacity function C (ρ) decreases monotonously

when ρ ∈ (0, ρ1) ∪ (ρ2, ρ3), while it increases

monotonously when ρ ∈ (ρ1, ρ2) ∪ (ρ3, 1). Thus,

the maximum capacity Cm = max(C(0), C(ρ2), C(1)),
while the optimal optical power allocation factor ρ0 to

maximize the total channel capacity can be achieved only

at ρ0 = 0, ρ2, or 1.

4 Simulation Results

Simulation results were performed to evaluate the perfor-

mance of the proposed scheme. W, N, N0, and β are set as

100 MHz, 128, 10−10) A2/Hz, and 9 dB, respectively. Un-

der this circumstance, it can be calculated that σ2
n is around

2.8× 10−9, while the right part of (16) is approximatively

0.0064, which means inequality (16) is established in this

case.

The capacity performance versus ρ as well as the optimal

optical power allocation factors calculated through (17) are



ρ

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

C
 [

b
p

s
/H

z
]

×109

2.45

2.5

2.55

2.6

2.65

2.7

2.75

N
A

 = 16

N
A

 = 32

N
A

 = 48

N
A

 = 64

ρ
0
 @ N

A
 = 16

ρ
0
 @ N

A
 = 32

ρ
0
 @ N

A
 = 48

ρ
0
 @ N

A
 = 64

Figure 2. The relationship between ρ and the total capacity

C for different NA.

shown in Figure 2. The optimal ρ0 for NA = 16, 32, 48,

and 64 are 0.127, 0.254, 0.381, and 0.508, respectively.

As shown in the figure, ρ0 obtained by (17) is exactly

the optimal power allocation factor with maximum chan-

nel capacity. Because ρ1 and ρ3 are extremely close to

0 and 1, respectively, the monotonicity between (0, ρ1)

and (ρ3, 1) are not obvious. For the conventional ADO-

OFDM with NA = 64, the optimal ρ0 is 0.508, which is

very close to equal power allocation, thus there is little dif-

ference in capacity performance between schemes with or

without power allocation. However, for other NA 6= 64, the

total channel capacity with optimal optical power alloca-

tion can be significantly increased compared with that with

equal power allocation.
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Figure 3. The relationship between NA and the total capac-

ity C for different ρ .

The capacity performance versus NA at different ρ is shown

in Figure 3. As shown in the figure, for the systems with

the proposed power allocation factor, the total capacity de-

creases and increases when NA varies from 8 to 28 and 28 to

64, respectively. For any NA, compared with other power al-

location schemes, the proposed scheme with ρ = ρ0 has the

optimal performance to maximize the total capacity. Spe-

cially, the total channel capacity of the system with pro-

posed power allocation factor is significantly higher than

that of the system without power allocation, i.e., ρ = 0.5.

5 Conclusions

In this paper, a resource allocation scheme, called enhance

ADO-OFDM, for the heterogeneous network based on the

compatibility of VLC and RF communication systems in

the physical layer, is proposed. Additionally, the optimiza-

tion of optical power allocation for the enhanced ADO-

OFDM with a limit on the total optical power is analyzed.

Simulation results show that the total channel capacity of

the proposed scheme has a large increase compared with

that of the schemes without power allocation.
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