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Abstract—In this paper, three forms of orthogonal frequency di-
vision multiplexing (OFDM) designed for intensity modulated/di-
rect detection (IM/DD) optical systems are compared. These are
asymmetrically clipped optical OFDM (ACO-OFDM), DC biased
optical OFDM (DCO-OFDM) and asymmetrically clipped DC bi-
ased optical OFDM (ADO-OFDM). ADO-OFDM is a new tech-
nique that combines aspects of ACO-OFDM and DCO-OFDM by
simultaneously transmitting ACO-OFDM on the odd subcarriers
and DCO-OFDM on the even subcarriers. The odd subcarriers
are demodulated as in a conventional ACO-OFDM receiver and
the even subcarriers are demodulated using a form of interference
cancellation. ADO-OFDM is shown to be more optically power ef-
ficient than conventional ACO-OFDM and DCO-OFDM, for some
bit rate/normalized bandwidths. It is also shown that by varying
the proportion of optical power on the ACO-OFDM component,
the DC bias level of DCO-OFDM and the constellations sent on
the odd and even subcarriers, the optical power efficiency of ADO-
OFDM can be changed.

Index Terms—ACO-OFDM, ADO-OFDM, DCO-OFDM,
IM/DD, optical systems.

I. INTRODUCTION

O RTHOGONAL FREQUENCY DIVISION MULTI-
PLEXING (OFDM) is extensively used in wired and

wireless broadband communication systems due to its resis-
tance to inter symbol interference (ISI) caused by a dispersive
channel. OFDM has the added advantage of requiring a simple
one tap equalizer at the receiver. OFDM is now increasingly
being considered as a modulation technique for optical systems
[1]–[3], it has better optical power efficiency than conven-
tional modulation schemes such as on-off-keying (OOK) and
pulse position modulation (PPM). In conventional OFDM,
the transmitted signals are bipolar and complex, but bipolar
signals cannot be transmitted in an intensity modulated/direct
detection (IM/DD) optical wireless system, because the inten-
sity of light cannot be negative. OFDM signals designed for
IM/DD systems must therefore be real and non-negative. There
are several different forms of OFDM for IM/DD systems:
asymmetrically clipped optical OFDM (ACO-OFDM) [4],
DC biased optical OFDM (DCO-OFDM) [5], and other forms
based on ACO-OFDM and DCO-OFDM [6], [7].
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In ACO-OFDM, the transmitted signal is made positive, by
clipping the original bipolar OFDM signal at zero and transmit-
ting only the positive parts. In DCO-OFDM, a DC bias is added
to the signal to make it positive. In ACO-OFDM only the odd
subcarriers transmit data symbols, whereas in DCO-OFDM all
the subcarriers carry data symbols. DCO-OFDM is less efficient
than ACO-OFDM in terms of average optical power for con-
stellations such as 4-QAM, 16-QAM, 64-QAM and 256-QAM
[2]. But for larger constellations, such as 1024 QAM and 4096
QAM, DCO-OFDM is more efficient [2]. This is because the
DC bias used in DCO-OFDM is inefficient in terms of optical
power, while the use of only half of the subcarriers to carry
data in ACO-OFDM is inefficient in terms of bandwidth. For
small constellations, the first effect is more important and ACO-
OFDM gives better overall performance, but for larger con-
stellations, the second effect dominates and DCO-OFDM gives
better performance. These effects are explained in more detail
in Section II-C.
A number of ways of improving the optical efficiency of

OFDM for IM/DD systems have recently been proposed. In [8],
a spectrally factorized optical OFDM method which shows a
gain of 0.5 dB in optical power over ACO-OFDM at a bit error
rate (BER) of is described. In [6], a noise cancellation method
is discussed, where the anti-symmetry of the time samples of
ACO-OFDM is used to identify which samples of the received
signal are most likely to be due to the addition of noise. These
samples are then set to zero. A maximum gain of 3 dB in op-
tical power can be achieved with this method. In [9], a diversity
combining system for ACO-OFDM is presented, where, after
non-linear processing, the signal from the received even sub-
carriers is combined with the signal from the received odd sub-
carriers. In conventional ACO-OFDM, the even subcarriers are
discarded and only the odd subcarriers are demodulated. The
system in [9] can achieve a gain of up to 3 dB in electrical power.
However, it is vulnerable to the DC offset whichmay result from
low frequency interference and environmental noise [10]. Two
new techniques are described in [10] to reduce the sensitivity
to DC offset of diversity combined ACO-OFDM. In [11], the
systems in [6] and [9] are combined, and it is shown that no ad-
ditional performance gain results from the combining of the two
systems.
In [12], a new system, developed by the authors, called asym-

metrically clipped DC biased optical OFDM (ADO-OFDM)
was described and simulation results presented. This paper ex-
tends this work and compares the performance of ADO-OFDM
with ACO-OFDM and DCO-OFDM. The statistical properties
of the signals are analyzed in detail. Extensive simulation
results show the effect of varying the constellation sizes, the
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clipping level on the DCO-OFDM component, and the propor-
tion of the power allocated to the ACO-OFDM component.
In ADO-OFDM, ACO-OFDM is used on the odd subcarriers

and DCO-OFDM is used on the even subcarriers. We will show
that this combines the advantages of ACO-OFDM and DCO-
OFDM; because all of the subcarriers are used to carry data, the
bandwidth efficiency is better than ACO-OFDM, and because
the more power efficient ACO-OFDM is used on half of the
subcarriers, the overall optical power efficiency is better than
DCO-OFDM. The ACO-OFDM component is demodulated as
in a conventional ACO-OFDM receiver while the DCO-OFDM
component is demodulated using an interference cancellation
method.
The rest of the paper is organized as follows. In Section II, the

three systems, ACO-OFDM, DCO-OFDM and ADO-OFDM
systems are analyzed in terms of their probability density
function (PDF), optical power and electrical power. A de-
tailed comparison of the performance of ACO-OFDM and
DCO-OFDM is provided in Section II-C. This forms the basis
for the explanation of the properties of ADO-OFDM in the
following sections. In Section III, simulation results and a
discussion of the optical power efficiency of ADO-OFDM are
shown. Also, the performance of ADO-OFDM is compared
with ACO-OFDM and DCO-OFDM schemes. The paper con-
cludes in Section IV.

II. ANALYSIS OF DIRECT DETECTION OFDM SCHEMES

This section describes the DCO-OFDM, ACO-OFDM and
ADO-OFDM systems in detail.

A. DCO-OFDM

A DCO-OFDM transmitter is shown in Fig. 1. The complex
data signal, , is input into the
inverse fast Fourier transform (IFFT). is constrained to have
Hermitian symmetry, as defined below,

(1)

and the two components and are set to zero, i.e.
. Because of the Hermitian symmetry of the input, the

output signal of the IFFT, , is real not complex. Throughout
this paper, we use upper case to represent a signal in the discrete
frequency domain and lower case to represent the corresponding
discrete time domain signal. The time domain sample of ,
, is given by

(2)

where is the number of points on the IFFT and is the
subcarrier of signal . Due to the Hermitian symmetry

and , the number of unique data carrying sub-
carriers present in DCO-OFDM is . Signal is then
converted from parallel to serial (P/S), a cyclic prefix (CP) is ap-
pended, the resulting signal is digital to analog (D/A) converted

Fig. 1. DCO-OFDM system.

and low pass filtered resulting in . In this paper, an ideal low
pass filter (LPF) is assumed.
For large values, the signal can be modeled as a

Gaussian random variable with a zero mean and a variance of
. Next a suitable DC bias is added to and

any remaining negative peaks are clipped resulting in signal
. Because OFDM signals have a very high peak-to-av-

erage power ratio, a very high bias is required to eliminate all
negative peaks [2]. If a large DC bias is used, the optical energy-
per-bit to single sided noise power spectral density, ,
becomes very large, thereby making the scheme inefficient in
terms of optical power. Instead, a moderate bias is normally
used, and the remaining negative peaks are clipped, resulting
in clipping noise. In typical DCO-OFDM systems both odd and
even subcarriers carry data symbols and the clipping noise af-
fects all the subcarriers. The DC bias level is denoted by .

is set relative to the standard deviation of [5],

(3)

where is a proportionality constant. is defined as a bias of
. Any negative peak which remains after the

addition of is clipped at zero. Signal is then input
to an optical modulator. In this paper, we assume an ideal op-
tical modulator, so that the intensity of the output optical signal
is directly proportional to the input electrical current. The re-
sulting signal is transmitted across a flat channel. Shot noise
which affects the signal is modeled as additive white Gaussian
noise (AWGN), , added in the electrical domain [5].
At the receiver, the received signal is first converted from an

optical signal to an electrical signal using a photodiode. The
processing after this point is the same as a conventional OFDM
receiver [13].
The PDF of is a clipped Gaussian distribution given

by [14], [15]

(4)

aatieh
Highlight

aatieh
Highlight

aatieh
Highlight



DISSANAYAKE AND ARMSTRONG: COMPARISON OF ACO-OFDM, DCO-OFDM AND ADO-OFDM 1065

Fig. 2. ACO-OFDM system.

where is a unit step function and is the Dirac delta
function. The optical power of DCO-OFDM, , is given
by,

(5)

where

(6)

The electrical power of DCO-OFDM, , is given by
[14], [15]

(7)

B. ACO-OFDM

In ACO-OFDM, only the odd subcarriers carry data symbols,
while the even subcarriers form a bias signal which ensures that
the transmitted OFDM signal meets the non-negativity require-
ment [2].
Fig. 2 shows an ACO-OFDM system. The input signal to

the IFFT, , comprises only odd components such that
. Also, the elements of the vector

are constrained to have Hermitian symmetry as defined in (1).

The resulting time domain signal, , is real and has the anti
symmetry property as defined below [6],

(8)

The front-end of the ACO-OFDM transmitter is similar to a
DCO-OFDM transmitter where is first serialized and a CP is
appended to it. Then is D/A converted and sent across an ideal
LPF resulting in the signal, . As negative samples cannot be
transmitted in an IM/DD system, is clipped at zero which
results in the ACO-OFDM signal, . As a result of the
anti-symmetry of [6], clipping does not result in any loss of
information. Due to the ACO-OFDM clipping the signal on the
odd elements of becomes , where is
the subcarrier of the discrete frequency transform vector
of . While a new noise like interference signal appears
on the even subcarriers [4]. is then input to an ideal
optical modulator and the resulting signal transmitted across a
flat AWGN channel. The processing in the receiver is similar to
a DCO-OFDM receiver, except that in ACO-OFDM only the
odd subcarriers are demodulated, as only they carry the data
symbols.
The PDF of is first derived to obtain the optical and

electrical power of the ACO-OFDM signal. Using the central
limit theorem, it can be shown that the PDF of is given
by [14], [16]

(9)

where is the standard deviation of the unclipped signal [16],
therefore .The optical power of ACO-OFDM,

, is given by

(10)
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The electrical power of the ACO-OFDM, , is given by

(11)
The relationship between (10) and (11) is

(12)

The ratio of and depends on the
level of optical power on . For the case where

[2],

(13)

of ACO-OFDM is given by
and electrical energy-per-bit to single sided noise power
spectral density, , of ACO-OFDM is given by

. is the bit rate of ACO-OFDM.

C. Performance Comparison of ACO-OFDM and
DCO-OFDM

In this section the performances of ACO-OFDM and DCO-
OFDM are compared.
In radio frequency (RF) systems, graphs of ,

against bit error rate (BER) graphs are normally used to com-
pare different modulation schemes. Unfortunately there is no
simple way to measure the performance of different modulation
schemes in IM/DD systems. This is because in IM/DD systems,
the BER depends on the signal to noise ratio (SNR) of the
electrical signal while the limiting factor is the amount of
average optical power that can be transmitted.
In earlier papers, the performance comparison was done in

terms of normalized and normalized bandwidth/bit
rate [2], [17]. Normalized is the value when the
average optical power is set to unity. In this paper a different
approach is employed, where the variation of normalized

with bit rate/normalized bandwidth is used. This
demonstrates the properties of ACO-OFDM, DCO-OFDM and
ADO-OFDM more clearly.
Throughout this paper the average optical power of the total

received power for all the modulation schemes is set to unity.
The required normalized for a BER of , de-
fined as , is used in the simulations.
Following [5] and [2], the modulation bandwidth is defined

as the position of the first spectral null. When modulation band-
width is normalized relative to on-off keying (OOK) of the same
data rate, normalized bandwidth is obtained. For ACO-OFDM
and DCO-OFDM the first null occurs at the a normalized fre-
quency of . Therefore, the bit rate/normalized band-
width of ACO-OFDM is , where
is the QAM constellation size of ACO-OFDM. The factor of
half results from the fact that only half of the subcarriers carry
data symbols in ACO-OFDM. The bit rate/normalized band-
width for DCO-OFDM is , where
is the QAM constellation size of DCO-OFDM.

Fig. 3. against different constellations for ACO-OFDM
and DCO-OFDM with 7 dB, 10 dB and 13 dB bias levels.

Fig. 4. against bit rate/normalized bandwidth for
ACO-OFDM 4-QAM, 16-QAM, 64-QAM, 256-QAM, 1024-QAM and
4096-QAM constellations and DCO-OFDM 4-QAM, 16-QAM, 64-QAM and
256-QAM constellations with 7 dB, 10 dB and 13 dB bias levels. Minimum
possible for each constellation of DCO-OFDM along with
the Bias level.

For DCO-OFDM is given by
, where the bit rate of DCO-OFDM is

given by .
Fig. 3 and Fig. 4 plot against different

constellations and bit rate/normalized bandwidth respectively,
for ACO-OFDM and DCO-OFDM with a 7 dB, 10 dB and
13 dB bias. In Fig. 4, the values of the minimum possible

for each constellation of DCO-OFDM
are also shown, along with the bias required to achieve this
minimum. Fig. 3 makes clear the effect of increased constel-
lation sizes on , while Fig. 4 shows how

varies with bit rate. From Fig. 3, it is ob-
served that ACO-OFDM requires the lowest
for 4-QAM, 16-QAM, 64-QAM and 256-QAM constellations,
while DCO-OFDM requires higher due
to the addition of DC bias. When the DC bias added to the
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Fig. 5. ADO-OFDM transmitter.

DCO-OFDM is low, for example when it is 7 dB, only 4-QAM
and 16-QAM can be demodulated with BER of or less.
While with a 13 dB DC bias, 4-QAM, 16-QAM, 64-QAM
and 256-QAM constellations can be successfully demodu-
lated. Constellations such as 64-QAM and 256-QAM result
in very high bit error rates for a 7 dB bias due to the high
clipping noise [2]. Another important observation is that all
the curves in Fig. 3 are parallel to each other, which means
that the rate of increase of is the same for
both ACO-OFDM and DCO-OFDM. Due to ACO-OFDM
transmitting data symbols on only half of its subcarriers, the
bit rate of ACO-OFDM is half that of DCO-OFDM for a given
constellation. Therefore, in Fig. 4, a 16-QAM ACO-OFDM
constellation is comparable with that of 4-QAM DCO-OFDM
constellation. Hence, as shown in Fig. 4, the rate of increase
of the required is faster for ACO-OFDM
than DCO-OFDM. This is why ACO-OFDM becomes less
efficient in terms of optical power than DCO-OFDM for large
constellations such as 1024-QAM and 4096-QAM.
Fig. 4 also shows that for DCO-OFDM the minimum bias

level for a given BER does not necessarily result in the min-
imum . This is because, if the bias is too low,
the level of clipping noise increases and the level of AWGN
must be very low to achieve the target BER.

D. ADO-OFDM

In ADO-OFDM, ACO-OFDM and DCO-OFDM are trans-
mitted simultaneously. ACO-OFDM is transmitted on the odd
subcarriers and DCO-OFDM is transmitted on the even subcar-
riers. The odd subcarriers are demodulated as in a conventional
ACO-OFDM receiver [17] and the even subcarriers are demod-
ulated after an interference cancellation process [12].
ADO-OFDM Transmitter: Fig. 5 shows the block di-

agram of an ADO-OFDM transmitter. The upper path in
the transmitter generates the ACO-OFDM signals and the
lower path generates the DCO-OFDM signals. The signal
processing of the ACO-OFDM path is very similar to that
of a conventional ACO-OFDM transmitter [17]. The input
data vector, , which is constrained to have Hermitian sym-
metry, is divided into odd and even components, and

, where and

. As the elements of
have Hermitian symmetry, the elements of and
will also have Hermitian symmetry. and are then
input to two separate IFFT blocks to produce and
respectively, where and

. The resulting
signal is real and bipolar. Next by clipping the negative peaks
of , the ACO-OFDM signal, signal is generated.

is as follows;

(14)

where is the ACO-OFDM clipping noise. The Fourier
transform of comprises even subcarriers only while the
Fourier transform of comprises odd subcarriers only [4].
In the DCO-OFDM, the signal is generated by adding a

DC-bias to the discrete time domain signal, , and clipping
any remaining negative peaks. As is generated from only
the even index subcarriers, it has even symmetry. Therefore,

(15)

When a DC bias, , is added we have

(16)

Therefore, for every negative peak that is clipped for
, an identical peak is clipped at . To simplify the

analysis we assume that the shrinkage is corrected after clipping
and denote the new DC component by . The DCO-OFDM
clipping noise is given by [12]. Therefore, the resulting
DCO-OFDM signal is given by

(17)

where

(18)

Combining (15), (16), (17) and (18) it can be seen that

(19)
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Fig. 6. ADO-OFDM receiver.

Therefore, when the original DCO-OFDM signal consists of
only even subcarriers, will affect only the even index sub-
carriers. This is important as it means that the performance of
the ACO-OFDM is not degraded by the DCO-OFDM clipping
noise.
Next, the signals, and are serialized, converted

from D/A and sent via an ideal LPF resulting in the continuous
time domain signal and . Signal is gen-
erated by adding and together,

(20)

A CP is appended to . is then sent across an ideal
optical modulator.
ADO-OFDM Receiver: An ADO-OFDM receiver is shown

in Fig. 6, where there is a separate path to demodulate the
ACO-OFDM symbols and another path to demodulate the
DCO-OFDM symbols.
A flat channel is assumed with AWGN and perfect equal-

ization at the receiver. To simplify the analysis we consider
the AWGN as consisting of separate components due to the
odd and even received subcarrier frequencies, and

. Because we are considering a flat channel and
AWGN, the elements of these two vectors are independent,
identically distributed (i.i.d.) Gaussian variables. The resulting
signal is

(21)

of which only and contribute to the odd
frequency subcarriers. Therefore,

(22)

where the data transmitted on the odd frequency subcarriers
using ACO-OFDM can be recovered from the corresponding
subcarriers at the receiver. Taking the FFT of (21) gives

(23)

Before demodulating the DCO-OFDM signals, we need to sub-
tract the interfering ACO-OFDM signal. This is achieved by
generating a local estimate of the ACO-OFDM signal and sub-
tracting it from the received signal. To achieve this is input
to an IFFT to generate , then multiplied by two to generate
an estimate of which is clipped at zero to give where

(24)

This estimation process results in a noise power component in
the even subcarriers, , and a noise power com-
ponent in the odd subcarriers, . Because ACO
clipping results in equal total power in odd and even subcarriers
[4], and also have equal av-
erage noise power. The estimated ACO-OFDM signal, , is
then subtracted from the combined signal, , and the resultant
signal, , input to an FFT. The resulting even subcarriers

are used to estimate the DCO-OFDM signal. Combining
(22), (23) and (24) gives

(25)

It can be seen that, provides a noisy estimate of the trans-
mitted DCO-OFDM signal. There are three sources of noise, the
original DCO clipping noise, the AWGN added in the channel
to the even subcarriers and an extra noise component caused
by the use of a noisy estimate of the ACO-OFDM signal in
the interference cancellation process. As and

are i.i.d. Gaussian variables, the effective AWGN
power is doubled for the DCO-OFDM component. However,
because there is no clipping noise on the odd subcarriers, the
clipping noise is not doubled by the interference cancellation
process.

E. The PDF of ADO-OFDM

In this section the PDF, the optical power and the electrical
power of the transmitted ADO-OFDM signal are analytically
derived.
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Fig. 7. Simulated and theoretical PDF of ADO-OFDM.

The PDF of is given by (4) where
and the PDF of is given by (9) where

. Due to the relationship in (20), the PDF of
is derived by convolving the PDF of ACO-OFDM and

the PDF of DCO-OFDM. Therefore, the PDF of is

(26)

Substituting (9) and (4) in (26) gives

(27)

Equation (27) can be simplified to

(28)

The simplification of (28) is shown in Appendix. The sim-
ulated and the theoretical PDFs of ADO-OFDM are shown in
Fig. 7 and they both closely follow each other. Hence, the op-
tical power of the ADO-OFDM signal, , is given by

TABLE I
ADO-OFDM SCHEMES SIMULATED

(29)

By substituting (28) in (29) and simplifying we obtain

(30)

where

No closed form solution exists for A in (30). Therefore,
the value of was found using numerical integration.
Table I shows the values for which simulations were per-
formed. The proportion of optical power on the ACO-OFDM
and DCO-OFDM components is set to be 0.5 each. Therefore,
the total optical power of the ADO-OFDM signal remains at
unity. The simulations confirmed that the theoretical derivation
of the optical power of ADO-OFDM shown in (30) is in close
agreement with the simulated optical power. Similarly, the
electrical power of ADO-OFDM is given by

(31)

which also has no closed form solution.

III. RESULTS

In this section, simulation results for the optical power ef-
ficiency of ADO-OFDM are presented and compared with the
optical power of conventional ACO-OFDM and DCO-OFDM.
The optical power of ADO-OFDM depends on several factors.
These are the proportion of the total optical power allocated to
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Fig. 8. The variation of with the proportion of optical
power on the ACO-OFDM subcarriers, for ADO-OFDM with different con-
stellations on ACO-OFDM and 4-QAM on DCO-OFDM.

ACO-OFDM, the DC-bias level of DCO-OFDM and the con-
stellations that are sent on odd and even subcarriers.
For ADO-OFDM, is given by

, where the bit rate of ADO-OFDM
is given by . In order to get normalized for
ADO-OFDM, the average optical power component, ,
is set to unity. Similarly to ACO-OFDM and DCO-OFDM,
the normalized bandwidth of ADO-OFDM is given by

. Since, half of the subcarriers in ADO-OFDM carry
ACO-OFDM symbols with a QAM constellation of size

and the other half carry DCO-OFDM symbols with
a QAM constellation of size , the average bit rate of
ADO-OFDM is given by .
Therefore, for ADO-OFDM the bit rate/normalized bandwidth
is given by .
For example, for an ADO-OFDM scheme that transmits
256-QAM ACO-OFDM and 4-QAM DCO-OFDM. The bit
rate/normalized bandwidth rate will be 5.
To determine the best choice of parameters for a given bit

rate/normalized bandwidth, a number of simulations were
performed. ACO-OFDM, DCO-OFDM and ADO-OFDM with
1024 subcarriers were considered in the simulations and a CP
was not used.
Fig. 8, is for the case where 4-QAM with a DC bias of 7 dB

is used for the DCO-OFDM component, and the proportion
of optical power allocated to the ACO-OFDM component is
varied from 0.1 to 0.9. The four plots show the results for
4-QAM, 16-QAM, 64-QAM and 256-QAM constellations
on the ACO-OFDM subcarriers. The total optical power of
the ADO-OFDM schemes is normalized to unity. The plots
show the versus the proportion of optical
power on ACO-OFDM. When the ACO-OFDM constellation
is 4-QAM the proportion of optical power on the ACO-OFDM
subcarriers required to achieve the minimum
is 0.2. For larger constellations such as 256-QAM the minimum

is achieved when a larger proportion of
the optical power is assigned to ACO-OFDM. This is because
larger constellation requires a higher SNR for a given BER.

Fig. 9. Variation of with the clipping level for 4-QAM
DCO-OFDM and 256-QAM ACO-OFDM.

Fig. 10. versus the bit rate/normalized bandwidth per
bit rate is shown for ACO-OFDM and ADO-OFDM. Minimum possible

for each constellation of DCO-OFDM along with the DC
bias are also shown..

Fig. 9 shows the effect of varying the DC bias level on the
DCO-OFDM component and the proportion of optical power
allocated to ACO-OFDM. The constellation sizes were kept
constant with 4-QAM for DCO-OFDM, and 256-QAM for
ACO-OFDM. For all cases the minima of
is seen when the optical power on ACO-OFDM is 0.7. This
power level is the same as the proportion of optical power on
ACO-OFDM required by the same ADO-OFDM scheme in
Fig. 8 to achieve minimum . Therefore, for
a particular ADO-OFDM scheme, the proportion of optical
power that is required to be on the ACO-OFDM to obtain the
minimum , is independent of the DC bias
level. However, with increasing DC bias the value of minimum

increases. The minimum
is achieved at a DC bias of 3.9 dB for this particular case, as
seen in Fig. 9.
In Fig. 10, versus the bit rate/normalized

bandwidth is shown. Graphs are plotted for ACO-OFDM, for
DCO-OFDM bias with the lowest , and for
a range of ADO-OFDM schemes. For fair comparison of the
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TABLE II
ADO-OFDM CONSTELLATIONS USED IN FIG. 10

three modulation schemes the average optical power of each
is set to unity. As the ADO-OFDM signal is made up of the
two parts, ACO-OFDM and DCO-OFDM, the proportion of
power on the two parts can be varied while keeping the power
of the transmitted ADO-OFDM signal unity. Table II shows
the parameters used for the ADO-OFDM schemes plotted in
Fig. 10. The proportion of optical power on ACO-OFDM and
DC bias level on DCO-OFDM were varied to achieve the min-
imum . The values for ACO-OFDM power,
which is the proportion of optical power on ACO-OFDM, and
DC bias were determined by running extensive simulations of
the type shown in Fig. 8 and Fig. 9. For example, point E repre-
sents a case when 256 QAM is sent on the ACO-OFDM subcar-
riers and 4-QAM is sent on the DCO-OFDM subcarriers. The
power on the ACO-OFDM component is set to 0.7 of the total
optical power, and the DC bias level for the DCO-OFDM com-
ponent is set to 3.9 dB.
For a bit rate/normalized bandwidth of 4, 5 and 6,

ADO-OFDM gives lower than the con-
ventional schemes ACO-OFDM and DCO-OFDM. The

for point E is 3.68 dB lower than what
is required for 1024-QAM ACO-OFDM. For point G,

is 21.85 dB, this is almost 1.9 dB less
than 64-QAM DCO-OFDM sent with a 8.99 dB DC bias level.
ADO-OFDM gives better overall performance than either

ACO-OFDM and DCO-OFDM for some bit rates/normalized
bandwidths. This is because in these cases the combination of
the improved spectral efficiency relative to ACO-OFDM and
the improved optical power efficiency relative to DCO-OFDM
more than compensates for the 3 dB increase in AWGN on
the DCO-OFDM component of ADO-OFDM caused by the
interference cancellation process described in Section II-D.

IV. CONCLUSION

In this paper, ADO-OFDM, a recently developed modulation
scheme for IM/DD systems, is analyzed and the performance of
ADO-OFDM compared with ACO-OFDM and DCO-OFDM.
In ADO-OFDM the odd subcarriers are modulated using ACO-
OFDM and the even subcarriers are modulated using DCO-
OFDM. The performance of ADO-OFDMdepends on a number
of parameters, including the proportion of optical power allo-
cated to the ACO-OFDM and DCO-OFDM components, the

constellations used on each component, and the DC bias used
for the DCO-OFDM component. The optimal values are found
for a number of configurations and it is shown that in a number
of cases ADO-OFDM requires less optical power than existing
schemes.

APPENDIX

Equation (27) can be written as

To simplify the following two formulae are used [18]

and

Therefore,

which simplifies to
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