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Comparison of Orthogonal Frequency-Division
Multiplexing and ON-OFF Keying in
Direct-Detection Multimode Fiber Links
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Abstract—We compare the performance of several direct-detec-
tion orthogonal frequency-division multiplexing (OFDM) schemes
to that of ON-OFF keying (OOK) in combating modal dispersion
in multimode fiber links. We review known OFDM techniques,
including dc-clipped OFDM (DC-OFDM), asymmetrically clipped
optical OFDM (ACO-OFDM) and pulse-amplitude modulated dis-
crete multitone (PAM-DMT). We describe an iterative procedure
to achieve optimal power allocation for DC-OFDM and compare
analytically the performance of ACO-OFDM and PAM-DMT.
We also consider unipolar M -ary pulse-amplitude modulation
(M-PAM) with minimum mean-square error decision-feedback
equalization (MMSE-DFE). For each technique, we quantify the
optical power required to transmit at a given bit rate in a variety
of multimode fibers. For a given symbol rate, we find that unipolar
M -PAM with MMSE-DFE has a better power performance than
all OFDM formats. Furthermore, we observe that the difference in
performance between M -PAM and OFDM increases as the spec-
tral efficiency increases. We also find that at a spectral efficiency
of 1 bit/s/Hz, OOK performs better than ACO-OFDM using a
symbol rate twice that of OOK. At higher spectral efficiencies,
M -PAM performs only slightly better than ACO-OFDM using
twice the symbol rate, but requires less electrical bandwidth and
can employ analog-to-digital converters at a speed only 81% of
that required for ACO-OFDM.

Index Terms—Asymmetrically clipped optical OFDM
(ACO-OFDM), communications system performance, inten-
sity modulation with direct detection, minimum mean-square
error (MMSE) equalizers, modal dispersion, multicarrier optical
systems, multimode fibers, ON-OFF keying (OOK), orthogonal
frequency-division multiplexing (OFDM), power allocation,
pulse-amplitude modulated discrete multitone (PAM-DMT).

I. INTRODUCTION

ECEIVER-BASED celectronic signal processing in op-
tical communication systems has been the subject of
many recent studies. Multicarrier modulation has been pro-
posed to combat intersymbol interference (ISI) in multimode
fibers since the symbol period of each subcarrier can be made
long compared to the delay spread caused by modal dispersion
[11-[3].
The main drawback of multicarrier modulation in systems
using intensity modulation (IM) is the high dc bias required to
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make the orthogonal frequency-division multiplexing (OFDM)
waveform nonnegative. There have been several approaches for
reducing the dc power. The first technique uses hard clipping
on the negative signal peaks in order to reduce the dc offset re-
quired. This method is called dc-clipped OFDM (DC-OFDM).
The second technique sets the clipping level at zero, clipping
the entire negative excursion of the waveform. Impairment from
clipping noise is avoided by appropriate choice of the data sub-
carrier frequencies [4]. This technique is called asymmetrically
clipped optical OFDM (ACO-OFDM). The third technique also
clips the entire negative excursion of the waveform, but clipping
noise is avoided by modulating only the imaginary components
of the subcarriers [5]. This technique is called pulse-amplitude
modulated discrete multitone (PAM-DMT).

There have been several studies of the different OFDM
techniques (e.g., [6], [7]), but to our knowledge, there has
been no comparison of power efficiencies among the various
OFDM methods, and to conventional baseband methods, such
as ON-OFF keying (OOK). Furthermore, in previous work,
the powers of the subcarriers were not optimized for finite
bit allocation based on the channel frequency response. We
present an iterative procedure for DC-OFDM based on known
bit-loading algorithms with a new modification, the bias ratio
Bp, in order to obtain the optimum power allocation.

The optimum detection technique for unipolar pulse-ampli-
tude modulation (PAM) in the presence of ISI is maximum-like-
lihood sequence detection (MLSD), but its computational
complexity increases exponentially with the channel memory.
ISI in multimode fiber is well approximated as linear in the
intensity (instantaneous power) [8], and for typical fibers, PAM
with minimum mean-square error decision-feedback equaliza-
tion (MMSE-DFE) achieves nearly the same performance as
MLSD and requires far less computational complexity. Hence,
we compare the performance of the three aforementioned
OFDM techniques using optimized power allocations to the
performance of PAM with MMSE-DFE at different spectral
efficiencies.

This paper is organized as follows. In Section II, we review
methods for power and bit allocation for multicarrier systems
and describe the optimal water-filling solution. We also present
the optimal solution for discrete bit allocation, known as the
Levin—Campello algorithm [9]. We present our system and fiber
models in Section III. In that section, we also discuss the per-
formance measures used to compare different modulations for-
mats. In Section IV, we review the different OFDM formats and
study analytically the performance differences between ACO-
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OFDM and PAM-DMT. In Section V, we compare the receiver
electrical SNR required to transmit at a given bit rate for the dif-
ferent OFDM formats and for unipolar PAM with MMSE-DFE
equalization at different spectral efficiencies. We present con-
clusions in Section VI.

II. POWER AND BIT ALLOCATION

A. Gap Approximation

On an additive white Gaussian noise (AWGN) channel, the
maximum achievable bit rate is given by the Shannon capacity

C ~ log,(1 + SNR)

. M

where C is the capacity, B is the channel bandwidth, and SNR
is the signal-to-noise ratio. Any real system must transmit at a
bit rate less than capacity. For quadratic-amplitude modulation
(QAM), the achievable bit rate can be expressed approximately

as

R SNR.

—=log, |14+ — 2

B 082 ( + T ) (2)
where R is the bit rate and I is called the gap constant. The
gap constant, introduced by Forney and Ungerboeck [10] and
Cioffi et al. [11], represents a loss with respect to the Shannon
capacity. The gap analysis is widely used in the bit loading of
OFDM systems, since it separates coding gain from power-al-
location gain [12]. For uncoded QAM, the gap constant is given

by

'=—

; G)

where & = Q~Y(P,), P, is the symbol-error probability, and
Q! is the inverse () function. As an example, the gap is 8.8 dB
at P, = 107 % and is 9.5 dB at P. = 10~ for uncoded QAM.
The use of forward error-correction (FEC) codes reduces the
gap. A well-coded system may have a gap as low as 0.5 dB at
P. < 107, A gap of 0 dB means the maximum bit rate has been
achieved and therefore R = C. Fig. 1 shows the attainable bit
rates for various gap values. In the case of real-valued PAM, the
gap approximation is valid, but the bit rate is reduced by a factor
of two as compared to (2).

For the remainder of this paper, we define the normalized bit
rate b = R/, which has units of bit/s/Hz.

B. Optimum Power Allocation

An OFDM signal splits the transmission channel into /V par-
allel channels. When the total average transmitted power is con-
strained, the maximum obtainable bit rate can be written as

N-1

P,|H,|*
1111%)( E—O ogz( + To?
N-1

> P,

n=>0

subject to P, = 4)
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Fig. 1. Achievable bit rate as a function of SNR for various values of the gap I".
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Fig. 2. Optimal power allocation for OFDM.

where |H,,|2, o2, and P, are the channel gain, noise variance,
and transmitted power at subcarrier n, respectively, and P; is
the total average transmitted power. The solution of (4) is the
known water-filling solution

T2

Pt
MV AE

)

= a

where a is a constant chosen such that P, = ) P,. The op-
timum power allocation is then

Io? o2
a— e, a4 >
H,|?* = |H,|?
P, = ! o (6)
0, a <

The optimum power allocation is illustrated in Fig. 2.

After the optimum power allocation is determined, the
number of bits to be transmitted on each subcarrier is computed
using (2).
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We note that when the total average transmitted power is con-
strained, the optimal power allocation yields a variable data rate.
For some applications, a fixed data rate is required. In this case,
the optimal design minimizes the average power required to
transmit at a given fixed bit rate. The power minimization can
be written as

N-—-1
= Z P,

170

1 1 Pn|Hn|
Z 0gy + T'o 2 .

n=0

min P

Py,

subject to b = 7

The solution of (7) is also the water-filling solution given by
(5). However, in this case, the constant a is chosen such that bit
rate is equal to the desired value. We can interpret this solution
as the water (power) being poured until the required bit rate is
achieved.

C. Optimum Discrete Bit Allocation

While the optimal value of b = R/B is an arbitrary nonneg-
ative real number, in practice, the constellation size and FEC
code rate need to be adjusted to obtain a rational number of
bits. The optimal discrete bit allocation method is known as the
Levin—Campello algorithm [9]. We first choose the desired bit
granularity § for each subcarrier, i.e., the bit allocation on each
subcarrier will be an integer multiple of 3. Next, we choose
an initial bit allocation for all the subcarriers (not necessarily
optimal). We make the initial bit allocation optimum by using
the “efficientizing” (EF) algorithm [9]. Then, depending on the
system design, we can either use the “E-tightening” algorithm to
obtain the maximum achievable bit rate for a given total power
P; or the “B-tightening” algorithm to obtain the minimum total
power required to transmit at a constant bit rate /2. We can sum-
marize the Levin—Campello algorithm [9] as follows.

1) Choose an initial bit distribution according to 3.

2) Make the initial bit distribution optimal using the EF algo-
rithm.

3) Either use “E-tightening” to obtain the maximum achiev-
able bit rate for a given total power or “B-tightening” to
obtain the minimum total power required to transmit at a
constant bit rate.

III. OFDM SYSTEM MODEL

A. Overall System Model

The OFDM system model is shown in Fig. 3.

An optical OFDM transmitter encodes transmitted symbols
onto an electrical OFDM waveform and modulates this onto the
intensity (instantaneous power) of an optical carrier. The mod-
ulator can generate one of DC-OFDM, ACO-OFDM, or PAM-
DMT. Details of modulators for particular OFDM schemes are
described in Section IV.

We assume that there is no optical amplification in the
system. After propagating through the multimode fiber, the
optical signal intensity is detected, and the electrical current is
low-pass filtered. Since we are trying to minimize the optical
power required to transmit at given bit rate [, we assume
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Fig. 3. System model for direct-detection OFDM.

the receiver operates in a regime where signal shot noise is
negligible, and the dominant noise is thermal noise arising
from the preamplifier following the photodetector. We model
the thermal noise as real baseband AWGN with zero mean and
double-sided power spectral density Np/2.

After low-pass filtering, the electrical OFDM signal is de-
modulated and equalized with a single-tap equalizer on each
subcarrier to compensate for channel distortion [6], [7].

B. Multimode Fiber Model

There have been several studies on accurately modeling
modal dispersion in multimode fibers [13]-[16]. We can ex-
press a fiber’s intensity impulse response as [13], [15]

h_\'IMF (t, Z) = (Z a(n)é(t —

n

T(n)2)> ® hpuse(t)  (8)

where the set «(n) is known as the mode power distribution,

7(n) is the group delay per unit length of the nth principal mode,
and hpuse(t) is the pulse shape of a principal-mode group. The
parameters «(n) and 7(n) depend not only on the fiber index
profile but also on the fiber input coupling, the input excitation,
connectors offsets, and fibers bends. Hence, these parameters
are usually modeled as random variables.

The group delay parameter 7(n) is characterized by the dif-
ferential-mode delay (DMD), which is the difference between
the fasted and slowest principal-mode groups. In our model,
we choose 7(n) as an exponential random variable, «(n) as a
Gaussian power profile, and Apyse(t) as a second-order super-
Gaussian pulse. We choose the full-width at half-maximum of
the pulse shape of a principal-mode group [A,u1se ()] to vary in-
versely with the mean group delay ( F[7(n)]) such that the fiber
3-dB bandwidth would scale inversely proportional to the fiber
length, as presented in [15]. We adjust the parameters such that
our set of fibers is very similar to the fibers in [13] and [14]
at a wavelength of 850 nm. Specifically, we have created 1728
fibers with DMDs between 0.2 and 0.7 ns/km and with 19 prin-
cipal-mode groups propagating.

Fig. 4 shows the mode power distribution, mode delays, and
frequency response for an exemplary fiber from our set. In our
study, we choose a fiber length of 1 km.

Fig. 5 shows the 3-dB bandwidth distribution of all the fibers
used in our analysis.

As we can observe, the 3-dB bandwidths obtained are consis-
tent with the range of values encountered in [13], [16].
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Fig. 4. (a) Mode power distribution, (b) mode delays, and (c) frequency re-
sponse for fiber 1183. We consider a 1-km length in computing the delays and
frequency response.

C. Performance Measures

Our baseband channel model is given by
y(t) = R-x(t) @ hapmr (t) + n(t) O]

where y(#) is the electrical detected signal, () is the input
intensity waveform, hyvp(#) is the fiber intensity impulse
response, n(t) is the thermal noise from the photodetector
preamplifier, and I? is the photodetector responsivity (A/W).
This model differs from conventional electrical systems because
the channel input represents instantaneous optical power (i.e.,
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Fig. 5. 3-dB bandwidth distribution of the multimode fibers simulated. All
fibers have 1-km length.

intensity). Hence, the channel input is nonnegative (x(t) > 0)
and the average transmitted optical power F; is given by

T

1
lim — z(t)dt

P, = T
¢ T—oo 2T —T

(10)
rather than the usual time average of |z(#)|?, which is appro-
priate when (%) represents amplitude. The average received
optical power can be written as

P = Hypar(0) P (11)

where Hyivip(0) is the de gain of the channel, i.e., Hyme (0) =
75 e (2)dt.

In order to facilitate comparison of the average optical power
requirements of different modulations techniques at a fixed bit
rate, we define electrical SNR as [17]

R?P? _ R?Hip\p(0)P?
Nolty, Noliy,

SNR = (12)
where Ry is the bit rate and N, is the (single-sided) noise power
spectral density. We see that the SNR given by (12) is propor-
tional to the square of the received optical signal power P, in
contrast to conventional electrical systems, where it is propor-
tional to the received electrical signal power.

A useful measure of the ISI introduced by a multimode fiber
is the temporal dispersion of the impulse response expressed by
the channel root-mean-square (rms) delay spread D [18]. The
rms delay spread D can be calculated as [18]

) o, - 1/2
D= J@ — 10)* hing (t)dt (13)
J hinar(t)dt
where the mean delay y is given by
p=Jt hine(t)dt (14)

J hie ()dt

Fig. 6 shows the channel rms delay spread D distribution of all
the fibers used in our analysis.
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Fig. 7. Block diagram of a DC-OFDM transmitter.

We will also use the normalized delay spread Dp, which is
a dimensionless parameter defined as the rms delay spread D
divided by the bit period 7,(T, = 1/Ry):
D

Dy ==

T (15)

IV. ANALYSIS OF DIRECT-DETECTION OFDM SCHEMES

A. DC-OFDM

The main disadvantage of using OFDM with IM is the dc bias
required to make the OFDM signal nonnegative. Since OFDM
signals have a high peak-to-average ratio, the required dc bias
can be high. A simple approach to reduce the dc offset is to per-
form hard clipping on the negative signal peaks [4]. This tech-
nique is usually called DC-OFDM. A DC-OFDM transmitter is
shown in Fig. 7.

In Fig. 7, the transmitted symbols are modulated such that the
time-domain waveform is real. This is achieved by enforcing
Hermitian symmetry in the symbols input to the inverse dis-
crete Fourier transform. We note that the zero (dc) subcarrier
is not modulated and is equal to the dc offset. After digital-to-
analog (D/A) conversion, the electrical OFDM signal is hard
clipped such that the waveform becomes nonnegative, and then
the signal is intensity modulated onto the optical carrier.
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Fig. 8. Block diagram of an ACO-OFDM transmitter.

For a high number of subcarriers, we can model the electrical
OFDM signal x(t) as a Gaussian random variable with mean
equal to the dc bias and variance equal to the electrical power

= E[|x(t)|%]. After hard clipping at zero, we obtain only the
positive side of the Gaussian distribution. We can show that the
average of the clipped DC-OFDM signal is given by

Ppc_orpm = Bz (t)]

_ \/‘;_We +7(1—Q(g)) (16)

where () is the () function and +y is the dc bias. If we choose
the dc bias to be proportional to the square root of the electrical
power, i.e.,¥ = Br-o where Bp, is the proportionality constant,
then minimizing the electrical power also minimizes the optical
power required. We note that if the dc bias is chosen such that
there is no clipping, then the optical power is equal to the dc
bias -y, as expected.

B. ACO-OFDM

Armstrong et al. showed that in an OFDM system, clipping
noise is avoided by encoding information symbols on only the
odd subcarriers [4]. This technique is called ACO-OFDM. Fig. 8
shows a block diagram of an ACO-OFDM transmitter.

As in DC-OFDM, the OFDM subcarriers are assumed to have
Hermitian symmetry, so that the time-domain waveform is real.
Because only the odd subcarriers are used to transmit data, for
a given choice of signal constellation, ACO-OFDM has only
half the spectral efficiency of DC-OFDM. After D/A conver-
sion, the electrical OFDM signal is hard clipped at zero and in-
tensity modulated onto an optical carrier.

For a high number of subcarriers, we can model again the
electrical OFDM signal x(¢) as a Gaussian random variable but
for ACO-OFDM the electrical signal has a zero mean. After
hard clipping at zero, we obtain again only the positive side
of the Gaussian distribution. We can show that the average of
the clipped Gaussian is o/+/27 and that the variance is ¢2/2.
Hence, the average optical transmitted power in ACO-OFDM is

o
Vor
As we can observe in (17), the average optical power is propor-
tional to the square root of the electrical power.

an

Prco-orpm =
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C. PAM-DMT

A similar approach for reducing the required dc bias is to use
PAM-DMT. Lee et al. [5] showed that the clipping noise be-
comes orthogonal to the desired signal if only the imaginary
parts of the subcarriers are modulated. If PAM modulation is
used on the imaginary components of the subcarriers, the clip-
ping noise does not affect the system performance since that
noise is real valued, i.e., orthogonal to the modulation. Fig. 9
shows a block diagram of a PAM-DMT transmitter.

As in DC-OFDM and ACO-OFDM, the OFDM subcar-
riers for PAM-DMT are assumed to have Hermitian sym-
metry, so that the time-domain waveform is real. Contrary to
ACO-OFDM, in PAM-DMT all of the subcarriers are used,
but the modulation is restricted to just one dimension. Hence,
PAM-DMT has the same spectral efficiency as ACO-OFDM.
After D/A conversion, the electrical OFDM signal is hard
clipped at zero and intensity modulated onto an optical carrier.

Using the same analysis as for ACO-OFDM, one can show
that the average transmitted optical power for PAM-DMT is also
given by

P o
PAM-DMT = —F—
V32T

(18)
where o is the square root of the electrical power of the un-
clipped OFDM waveform.

It is useful to compare the performance of PAM-DMT and
ACO-OFDM. We first compare the performance in the limit of
a small number of subcarriers. The minimum number of subcar-
riers is five, such that two are used for data, the other two are
Hermitian conjugates of the data subcarriers, and the fifth is the
dc subcarrier, which is set to zero. For ACO-OFDM, only one of
the two possible subcarriers is used for data transmission. Thus,
for a given total power F;, the normalized bit rate is given by

mH#) (19)

baco = log, (1 T T2
where f1; is the channel gain at the first subcarrier.

In PAM-DMT, all the subcarriers are used for data trans-
mission but the modulation is restricted to one dimension, i.e.,
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PAM. The optimum power allocation for PAM-DMT is given
by (5) and can be written as
T (02 /2)
P,+—"" =aq,
P
We note that the noise variance in (20) is half than in ACO-
OFDM because in PAM-DMT, only one dimension is being
modulated. The constant @ can be found by using (6) and P, =
P; + P5. The optimum power allocation for the two subcarriers
is then

(20)

2]

where 4 is given by
1 1 1
5= _UQF(___).
4 |Ha|?  |Hi[?
The maximum normalized bit rate for PAM-DMT is
PP Hy |2>

(22)

T'o?/2

Py H,
To2/2

o, ( Jl L (P/2+ B)H 2

1
bpam = 3 log, <1 +

1
+ ElogQ <1 +

To2/2

(/2 = )| H>|?
=)

We now assume that the channel has a low-pass frequency
response, such that |Ff3| < |H;|. This assumption is valid for
the majority of multimode fibers. We obtain an upper bound on
(23) as

(£2/2+ 6)|Hy |?
am < logs | -
bpam < log; <\/1 + To2/2

(Pr/2 = 6)|Hy[?
. \/1 + W)

(P/2)|H2\? [ 6]H. ]2
< log | IR A e
= 082 \/( + F02/2 F02/2
Pt|H1|2
To2

(23)

< log, <1 +

< baco. (24)

From (24), we observe that ACO-OFDM is more power efficient
than PAM-DMT for a small number of subcarriers on low-pass
channels. Furthermore, from (24), we see that if the channel is
flat, i.e., |H1| = |H2|, then § = 0 and both techniques have
exactly the same power efficiency.

For a high number of subcarriers, we can apply a similar anal-
ysis for each pair of used subcarriers. Since |H,,1| = |H,,| fora
high number of subcarriers, the power efficiency of PAM-DMT
converges asymptotically to that of ACO-OFDM for low-pass
channels in the limit of a high number of subcarriers.
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V. COMPARISON OF DIRECT-DETECTION MODULATION
FORMATS

The system model is shown in Fig. 3. As mentioned previ-
ously, we neglect all transmission impairments except for modal
dispersion of the multimode fiber. We employ the fiber model
discussed in Section III-B, assuming a fiber length of 1 km and
transmission at 850 nm.

We assume the dominant noise is thermal noise, modeled as
real baseband AWGN with zero mean and double-sided power
spectral density Ny /2. We choose Ny = 10722 A?/Hz, which
is a typical value for commercial optical receivers. We assume
a photodetector quantum efficiency of 90%, corresponding to
responsivity B = 0.6 A/W at 850 nm. At the receiver, the an-
tialiasing filter is a fifth-order Butterworth low-pass filter. For
OFDM, we set the 3-dB cutoff frequency of the antialiasing
filter equal to the first null of the OFDM spectrum [19]. For
M-ary PAM (M-PAM), we set the 3-dB cutoff frequency to
0.8Rs, where R is the symbol rate.

Typical high-performance FEC codes for optical systems
have a threshold bit error ratio (BER) of the order of P, = 1073,
In order to provide a small margin, we compute the minimum
required SNR to achieve P, = 10~* for the different mod-
ulation formats. A BER P, = 10~* corresponds to a gap of
I' = 6.6 dB. We choose a granularity 3 = 0.25 for the discrete
bit-loading algorithms, since it is straightforward to design
practical codes whose rates are multiples of 0.25.

We let R, denote the symbol rate for unipolar A/-PAM (in
the special case of 2-PAM or OOK, I?; = I?;). We let RSFDM
denote the equivalent symbol rate for OFDM [19]. In an attempt
to provide a fair comparison between unipolar M -PAM and
OFDM, unless stated otherwise, we will let the two symbol
rates be equal, ROFPM = R_. For all OFDM formats, we
use an oversampling ratio of My = 64/52 = 1.23 to avoid
noise aliasing. In this case, OFDM requires an analog-to-digital
(A/D) converter sampling frequency of M,RO¥PM  While
an equalizer for M-PAM can employ an arbitrary rational
sampling frequency such as 3/2 to achieve good performance,
an oversampling ratio of 2 is often chosen because it yields
slightly better performance than 3/2, while greatly simplifying
the equalizer structure [19]. Assuming a bit rate I?;, = 10 Gb/s
and ROYPM = R the required A/D sampling frequency is
12.3 GHz for OFDM and 20 GHz for OOK.

Fig. 10 shows the receiver electrical SNR required to achieve
a bit rate of 10 Gb/s for several fibers of 1-km length using
ACO-OFDM and OOK. In order to make our results indepen-
dent of the bit rate, we present our results in Fig. 10 as a func-
tion of the normalized delay spread DDr. The symbol rate is the
same for both modulation schemes, i.e., ROTPM = R, = 10
GHz. For ACO-OFDM, the fast Fourier transform (FFT) size is
N = 1024 and the number of used subcarriers is NV,, = 208.
We set the cyclic prefix equal to the duration (in samples) of the
worst fiber impulse response, corresponding to N, = 14 sam-
ples measured at the OFDM symbol rate. For OOK, we use a
fractionally spaced MMSE-DFE at an oversampling ratio of 2.
We use the same number of taps for all fibers, which is chosen
based on the worst fiber: 41 taps for the feedforward filter and
15 taps for the feedback filter.
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Fig. 10. Receiver electrical SNR required to obtain 10 Gb/s at P, = 104

for ACO-OFDM and OOK for fibers with 1-km length. The bit allocation

granularity is 3 = 0.25 and ACO-OFDM has the same symbol rate as OOK
(ROYPM = R = 10 GHz).
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Fig. 11. Optical spectra of M -PAM and OFDM. The symbol rate for OFDM
is twice that for A -PAM, ROYPM — 2R .

In Fig. 10, we observe that ACO-OFDM requires a higher
SNR than OOK for all fibers in our set when both modulations
use the same symbol rate. In this case, which corresponds to
a spectral efficiency of 1 bit/s/Hz, the performance difference
is about 1 dB. ACO-OFDM requires a higher SNR than OOK
because it requires an average of 4 bits (16-QAM) on the used
subcarriers to compensate the information rate loss when half
of the subcarriers are set to zero. However, we can improve
the performance of OFDM by using more optical bandwidth
(which also requires more electrical bandwidth). At a symbol
rate (or baud rate) R, M -PAM requires an optical bandwidth of
approximately 217,, which corresponds to the interval between
spectral nulls on either side of the carrier. On the other hand,
OFDM requires a bandwidth of approximately ROTPM [19].
Hence, for the same symbol rate as M -PAM (ROFPM = R),
OFDM requires halfthe bandwidth of M -PAM. If we double the
symbol rate for OFDM, both modulations schemes use approx-
imately the same optical bandwidth 2R, as shown in Fig. 11.1

IThe optical bandwidths stated here assume that the source linewidth is
small compared to the modulation bandwidth. If the source linewidth is large,
changing the symbol rate may have little effect on the optical bandwidth,
although it does affect the electrical bandwidth.
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Fig. 12. Receiver electrical SNR required to achieve P, = 10~ at 10 Gb/s
for different modulations formats in fibers with 1-km length. The bit allocation
granularity is 3 = 0.25. The symbol rate for all OFDM formats is twice that
for OOK, ROFPM — 22 = 20 GHz.

Fig. 12 shows the receiver electrical SNR required to achieve
a bit rate of 10 Gb/s for several fibers of length 1 km when
all the OFDM formats use twice the symbol rate of OOK, i.e.,
ROFPM — 2R = 20 GHz. The sampling frequency required
for OFDM in this case is 1.23 x 20 = 24.6 GHz. We set again
the cyclic prefix equal to the duration of the worst fiber im-
pulse response, obtaining N,,.. = 24 samples measured at the
OFDM symbol rate. The prefix penalty is computed as in [19].
We choose the number of used subcarriers V,, equal to 416 for
DC-OFDM, such that the prefix penalty is negligible. The FFT
size is N = 1024 for DC-OFDM. For ACO-OFDM, the FFT
size is N = 2048, such that the number of used subcarriers is
the same as DC-OFDM. For PAM-DMT, we set the FFT size
to N = 2048 (N, = 832), in order to make a fair comparison
with ACO-OFDM.

In computing the optimized subcarrier power allocation for
DC-OFDM, we cannot use (5) and (6) directly, since the clip-
ping noise on each subcarrier depends on the power of all the
subcarriers. Thus, we perform the power allocation iteratively.
For a given power allocation, the SNR measured at each sub-
carrier is used to compute an updated water-filling solution. We
repeat this process until the power allocation no longer changes.
In addition to optimizing the power and bit allocation at each
subcarrier, we need to optimize the dc bias for DC-OFDM. In
order to minimize the dc bias, we use a bias level proportional
to the square root of the electrical power. We define the propor-
tionality constant as the bias ratio I, which is given by

_ DCI)ias

a

Br (25)
where 0 = /Peeet is the standard deviation of the electrical
OFDM waveform. Using the Bg ensures that the water-filling
solution minimizes the dc bias, and thus the optical power re-
quired. For example, in DC-OFDM, if the electrical power is
excessively high, the dc bias will also be excessively high. A
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Fig. 13. Receiver electrical SNR required for DC-OFDM to achieve P, =
10~ at 10 Gb/s for different values of the bias ratio in fiber 295.

high dc bias reduces the clipping noise, and therefore, the re-
ceived SNR on each subcarrier is high. On the next iteration,
the water-filling algorithm removes some of the excess electric
power in order to lower the SNR to the desired value, and there-
fore the dc bias decreases. On the other hand, if the dc bias is too
low, the clipping noise is excessively high, and therefore, the re-
ceived SNR on each subcarrier is too low. On the next iteration,
the water-filling algorithm adds more electrical power in order
to increase the SNR to the desired value, and consequently the
dc bias increases. The minimum required optical SNR is ob-
tained by performing an exhaustive search on the Bg value, as
shown in Fig. 13.

In Fig. 12, we observe again that OOK with MMSE-DFE
requires the lowest SNR to achieve 10 Gb/s at P, = 10~ for
most fibers, even when all OFDM formats use twice the symbol
rate of OOK. We note that when OFDM uses twice the symbol
rate of OOK, OFDM is allowed to use twice the bandwidth it
would normally require to transmit the same bit rate as OOK.
Even with this advantage, all OFDM formats still perform worse
than OOK for the majority of the fibers, as shown in Fig. 12.
However, for fibers with a large bandwidth (>7 GHz), ACO-
OFDM outperforms OOK. We note that in computing Fig. 12
for OOK with MMSE-DFE, we have used correct decisions at
the input of the feedback filter. If we use detected symbols for
the feedback filter input, the required SNR increases by 0.4 dB
for fiber bandwidths less than 4 GHz, due to error propagation.
For fiber bandwidths beyond 4 GHz, the increase in required
SNR is less than 0.2 dB. The difference between ACO-OFDM
and OOK is within 0.8 and 1 dB, so OOK with error propagation
is still more power efficient than ACO-OFDM.

DC-OFDM requires the highest SNR because of the dc bias
required to make the OFDM waveform nonnegative. Fig. 13
shows the receiver electrical SNR required for DC-OFDM for
different By values. We can see that if the By is too high, then
the required SNR is also high, because of the power wasted in
the dc bias. On the other hand, if the By, is too low, more power
has to be allocated to each subcarrier to compensate for the high
clipping noise, and therefore the required SNR increases.
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Fig. 14. Receiver electrical SNR required for various OFDM formats with con-
tinuous and discrete bit allocations to achieve P, = 10~ at 10 Gb/s for fibers
of 1-km length. The symbol rate for all OFDM formats is RO = 20 GHz.
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Fig. 15. Subcarrier power distribution for ACO-OFDM with continuous bit
allocation and with discrete bit loading (with granularity 3 = 0.23) for 10 Gb/s
at >, = 10~* in fiber 10. The symbol rate is ZO*P’M = 20 GHz.

Fig. 14 compares ACO-OFDM and PAM-DMT using 3 =
0.25 with ACO-OFDM using continuous bit allocation. In
Fig. 14, we observe that there is no significant performance dif-
ference between PAM-DMT and ACO-OFDM. The difference in
SNR between ACO-OFDM and PAM-DMT is less than 0.1 dB.
This is to be expected, since for a high number of subcarriers,
PAM-DMT converges asymptotically to the same performance
as ACO-OFDM. Since PAM-DMT and ACO-OFDM have
the same performance, we choose ACO-OFDM as the OFDM
format for comparison for the remainder of the paper.

We also see that there is no significant difference between
ACO-OFDM withdiscrete loading (3 = 0.25) and ACO-OFDM
with continuous bitallocation. This means thatusing OFDM with
coding rates that are multiples of 0.25 is sufficient to achieve
optimal power performance. The subcarrier power distribution
for discrete and continuous ACO-OFDM is shown in Fig. 15.
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Fig. 17. Receiver electrical SNR required to obtain 20 Gb/s at P, = 10~ for
the different modulations formats for fibers of 1-km length. The bit allocation
granularity is 3 = 0.25 and the symbol rate for 4-PAM is R; = 10 GHz. The
symbol rate for ACO-OFDM is the same or twice that for 4-PAM, as indicated
in the figure.

Fig. 16 shows the cumulative distribution function (CDF)
of the required SNR. In Fig. 16, we observe that OOK with
MMSE-DFE requires less SNR for the majority of the fibers, as
expected. Furthermore, we also notice that doubling the symbol
rate for ACO-OFDM only improves the performance for fibers
with low rms delay spreads. For high RMS delay spreads, dou-
bling the symbol rate gives practically no performance increase.

It is also interesting to check if the same performance differ-
ence is obtained at higher spectral efficiencies, i.e., for unipolar
M-PAM. Figs. 17 and 18 show the receiver electrical SNR re-
quired to achieve a bit rate of 20 Gb/s for ACO-OFDM and
unipolar 4-PAM. The symbol rate for 4-PAM is kept constant
at 10 GHz.

In Fig. 17, we observe that 4-PAM requires the lowest SNR
to achieve 20 Gb/s at P, = 10~ for most fibers. This can also
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be easily seen in Fig. 18. We observe that the difference in SNR
between ACO-OFDM and unipolar 4-PAM is about 4 dB when
both modulations use the same symbol rate. We conclude that
increasing the spectral efficiency from 1 bit/s/Hz (see Fig. 10)
to 2 bit/s/Hz (Fig. 17) increases difference in SNR requirement
between ACO-OFDM and M -PAM from 1 to 4 dB. This is to be
expected, since increasing the spectral efficiency from 1 bit/s/Hz
to 2 bit/s/Hz for ACO-OFDM requires doubling the average
number of bits on each subcarrier from 4 bits (16-QAM) to 8
bits (256-QAM) when the symbol rate for ACO-OFDM is the
same as that for M/ -PAM.

We also observe that ACO-OFDM with twice the symbol
rate of 4-PAM has practically the same performance as 4-PAM.
Furthermore, ACO-OFDM now outperforms M -PAM for a
larger fraction of fibers. However, this performance increase
for ACO-OFDM requires doubling the electrical bandwidth
and increasing the sampling frequency from 12.3 to 24.6 GHz,
which is 23% higher than the sampling frequency required for
4-PAM using an oversampling ratio of two, i.e., 20 GHz.

VI. CONCLUSION

We have evaluated the performance of three different OFDM
formats in IM/direct-detection optical systems for multimode
fibers: DC-OFDM, ACO-OFDM, and PAM-DMT. We have de-
rived the optimal power allocation for PAM-DMT and have
shown that the performance of PAM-DMT converges asymp-
totically to that of ACO-OFDM as the number of subcarriers
increases. We have also shown how to minimize the average op-
tical power required for DC-OFDM to achieve a specified error
probability by iteratively adjusting the subcarrier power alloca-
tion and the bias ratio. For a given symbol rate, we have found
that unipolar M-PAM with MMSE-DFE has a better optical
power performance than all OFDM formats. Furthermore, we
have found that the performance difference between M -PAM
and OFDM increases as the spectral efficiency increases. We
have shown that at a spectral efficiency of 1 bit/s/Hz, OOK per-
forms better than ACO-OFDM with twice the symbol rate of
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OOK. For higher spectral efficiencies, ACO-OFDM at twice the
symbol rate of M -PAM performs close to M -PAM, but requires
more electrical bandwidth and 23% faster A/D converters than
those required for M-PAM at 2 samples per symbol.
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