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Experimental Demonstration of Real-Time
High-Level QAM-Encoded Direct-Detection

Optical OFDM Systems
Ming Chen, Jing He, Qirui Fan, Ze Dong, and Lin Chen

Abstract—In this paper, high-level quadrature amplitude mod-
ulation (QAM)-encoded real-time orthogonal frequency division
multiplexing (OFDM) transceivers are implemented with two field
programmable gate arrays and high-resolution digital-to-analog
converter (DAC) and analog-to-digital converter (ADC). Some key
digital signal processing (DSP) algorithms for real-time direct-
detection optical OFDM (DDO-OFDM) system are presented and
described in detail. To improve the effective number of bits of ADC
and reduce quantization noise, the DAC operates at 5 GS/s with an
oversampling factor of 2. Meanwhile, the optimal digital clipping
ratio at the transmitter is also investigated by numerical simula-
tion to optimize the performance of the real-time transmitter. The
results show that the real-time measured BERs after 10-km SSMF
are below the hard-decision forward error correction threshold
of 3.8 × 10−3 . For comparison, the off-line BER performance is
also analyzed using off-line DSP approaches. It shows that there is
a negligible power penalty between the offline and real-time pro-
cessing results. To the best of our knowledge, we have achieved
the highest modulation format (1024-QAM) for real-time optical
OFDM systems.

Index Terms—Digital signal processing (DSP), high-level QAM
modulation, orthogonal frequency division multiplexing (OFDM),
real-time, spectral efficiency (SE).

I. INTRODUCTION

R ECENTLY, orthogonal frequency division multiplexing
(OFDM) modulation technique has been proposed in high-

speed fiber-optic transmission systems [1]–[3]. It is capable of
compensating for chromatic dispersion and polarization-mode
dispersion induced impairments by employing advanced and
powerful digital signal processing (DSP)-enabled techniques,
high spectral efficiency (SE) and single-tap frequency-domain
equalization method. Among these OFDM-based systems,
the intensity-modulated and direct-detection optical OFDM
(IMDD-OOFDM) has been one of the candidate technologies
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for the second stage next generation PON (NG-PON2) [4], [5],
due to its low complexity and cost-efficiency when compared
with coherent optical OFDM (CO-OFDM) systems. Although
time- and wavelength-division multiplexed PON (TWDM-
PON) has been identified by full service access network (FSAN)
as the primary solution for NG-PON2, it is based on the tradi-
tional on-off keying modulation with a very low SE. To further
improve the SE, one of the most cost-effective approaches is
to use OFDM-based systems with high-level M-ary quadrature
amplitude modulation (M-QAM). By doing so, the electronic
components’ bandwidth requirement at both the transmitters and
receiver can be reduced greatly. In [6], high-level QAM mod-
ulation formats such as 256-, 1024- and 2048-QAM have been
applied into short-reach IMDD-OOFDM systems, in which the
generation and reception of the electrical OFDM signals uti-
lize off-line (OL) DSP approaches. However, computational
precision and speed requirements have not been taken into ac-
count for practical DSP hardware implementations. Recently,
some real-time (RT) OFDM transmitters or/and receivers have
been experimentally demonstrated in IMDD optical transmis-
sion systems [7]–[14]. In our previous works [15], [16], a RT
7.19 Gb/s 256-, 64-, and 16-QAM adaptively modulated OFDM
transceiver with an electrical SE of 5.76 bit/s/Hz, and a RT 5.55
Gb/s 1024-QAM OFDM transmitter with an electrical SE up to
8.88 bit/s/Hz are successfully demonstrated in the short-reach
IMDD systems.

In this paper, we expand our previous work [16] in the demon-
stration of RT receiving 64-, 256-, 1024-QAM OFDM signal
with an ADC over-sampling factor of 2. The 14-bit DAC at 2.5-
GS/s and 10-bit ADC at 5-GS/s are used to generate and cap-
ture high-quality high-level QAM modulated OFDM signals,
respectively. Meanwhile, a finite impulse response (FIR) digital
filter is designed and implemented in the receiver to improve
the signal-to-noise ratio (SNR) of the received OFDM sam-
ples. In addition, the optimal digital clipping ratio for different
DAC resolutions is investigated by numerical simulation. The
principles of some key DSP algorithms for RT direct-detection
optical OFDM (DDO-OFDM) system, including single training
sequence (TS)-based symbol timing synchronization and chan-
nel equalization, and QAM de-mapping are described in detail.
Subsequently, the bit error rate (BER) performances of the RT
1024-, 256-, and 64-QAM optical OFDM signals at 5.55-, 4.44-
and 3.33-Gb/s are investigated in short-reach IMDD-OOFDM
systems, respectively. After 10 km SSMF transmission, the
BER less than a hard-decision forward error correction (HD-
FEC) threshold of 3.8 × 10−3 is successfully achieved with a
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negligible power penalty for all of high-level QAM modulated
optical OFDM systems.

This paper is organized as follows. In Section II, the principle
of the RT DDO-OFDM systems and the TS generation method
are presented. In Section III, the optimal digital clipping ratio is
studied by simulation. In Section IV, we introduce some key DSP
algorithms that are used in the experiment. The experimental
setup of RT high-level QAM-encoded optical OFDM short-
reach transmission systems is described in Section V. In Section
VI, we discuss the experimental results. Finally, the conclusions
are drawn in Section VII.

II. THEORETICAL ANALYSIS

In this section, the principle of the Mach–Zehnder modulator
(MZM)-based optical direct-detect OFDM systems is firstly in-
troduced. It is very important to understand why we design the
TS in that way.

After the MZM, the output intensity-modulated and double
side-band optical OFDM signal can be expressed as [17]

Eo(t) =
√

P0 cos
(

π(Vdc + vm (t))
2Vπ

)
ej (2πf0 t+ϕ0 ) (1)

where P0 ,f0 and ϕ0 are the output optical power, center fre-
quency and initial phase of continuous-wave laser, respectively.
The MZM is characterized by its half-wave voltage Vπ , and is
biased by Vdc . vm (t) is the modulated signal.

For simplicity, the effects of fiber optic link are ignored.
After optical-to-electrical conversion (O/E), the output current
iout (t) of the photodiode with a responsivity of γ is calculated
by squaring E0 (t), then
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When the MZM is biased at a quadrature point, i.e.,
Vdc = ±Vπ /2, the Eq. (2) can be simplified as iout (t) =
∓P0/2γ sin (πvm (t)/Vπ ) + P0/2γ. Based on the Taylor series
expansion with respect to vm (t), the expression is given by

iout (t) =
P0

2
γ

×
{

1∓ πvm (t)
Vπ

±
(

πvm (t)
Vπ

)3

/3!∓
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/5! ± ...

}

(3)

From Eq. (3), the base-band OFDM signal can be recovered
with a negligible high odd-order distortion if a small signal is
used to drive the MZM.

For another special case, as Vdc = ±Vπ (the MZM is biased at
null point (NP),iout (t) = −P0/2γ cos (πvm (t)/Vπ ) + P0/2γ

Fig. 1. The principle diagram of the TS generation.

after Taylor series expansion, iout (t) is expressed as

iout (t) =
P0

2
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)4
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(4)
Based on Eq. (4), as the MZM biased at NP, the useful signal

vm (t) cannot be recovered after directly detected by a photo-
diode. Besides, if vm (t) is a small signal, the second item in
Eq. (4) regarded as signal-to-signal beating interference (SSBI)
is dominant.

For the cases of Vdc �= ±Vπ /2 or ±Vπ , according to the Eq.
(2), iout (t) includes useful signal vm (t)as well as high-order
distortions. And the degraded system performance is mainly
attributed to SSBI among these high-order distortions.

In the practical applications, the SSBI may be introduced into
received OFDM signal after O/E conversion. This fact is due to
the problems of non-ideal power transfer function and DC bias
offsets of MZM. To achieve an accurate channel estimation,
a novel TS structure design method has been proposed in our
previous works [18], [19], it is similar to that of Schmidl’s [20]
where the two halves of TS are made identical in time order
by only transmitting a PN sequence on the even SCs. The TS
is generated by modulating the odd SCs with BPSK symbols,
while the even SCs are filled with zeros. In this paper, in or-
der to maintain approximately constant signal energy for each
symbol, the normalized BPSK symbols that modulated on the
odd SCs are multiplied by

√
2 at the transmitter. All of data on

the SCs are constrained to have Hermitian symmetry, and then
result of IFFT will produce the real-valued time-domain TS, as
shown in Fig. 1. In this way, after O/E conversion, the accurate
channel estimation without SSBI can be obtained by utilizing
one-tap frequency-domain estimation and interpolation meth-
ods. It should be noted that the modulated symbol on the odd
SC of data-carrying OFDM signal still suffers from SSBI, but the
accurate channel estimation can improve the system BER per-
formance, especially for the high-level QAM modulated OFDM
systems.
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Fig. 2. Simulated EVM performance versus digital clipping ratio.

III. DIGITAL CLIPPING

Due to the finite dynamic amplitude range or resolution of
DAC, the output signal after IFFT should be digitally clipped
at an optimal clipping ratio so as to obtain the best balance
between the digital signal clipping and quantization noise. For
a given digital clipping ratio ζ = 20 ∗ log10 (A/rms [x (n)]) in
decibel, the clipped signal has the form as

y (n) =

⎧
⎪⎨

⎪⎩

−A, ax (n) < −A

ax (n) , a |x (n)| ≤ A

A, ax (n) > A

(5)

where x (n) is the sample after IFFT process, Ais the clipping
threshold value, for a q-bit DAC, A = 2q−1 − 1. rms [x (n)]
is the root mean square value of x (n), a is a positive-valued
scaling factor.

For different limited DAC bit resolutions, the relationship be-
tween error vector magnitude (EVM) performance of the clipped
signal and digital clipping ratio is investigated by numerical sim-
ulation, and the related results are presented in Fig. 2.

As we can see clearly from Fig. 2, the optimal clipping ratio
varies with the limited DAC resolution. For a specific DAC res-
olution, when clipping ratios are smaller than the optimal value,
the peak-to-average power ratio of the un-clipped signal is rel-
atively large, so the signal is clipped considerably, resulting in
large clipping noise and deteriorated EVM performance. In ad-
dition, as the clipping ratios are larger than the optimal value, the
value of rms [x (n)]is relatively small. It equates to the clipped
signal is quantized by a lower resolution DAC. Thus, the EVM
performance is degraded mainly due to the quantization noise.

IV. RT DSP ALGORITHMS

In the RT DDO-OFDM systems, some key DSP algorithms
in the base-band transceiver are very important for a success-
ful hardware implementation. These algorithms are described
in detail as follows: At the receiver, to recover information-
bearing bits from received OFDM samples, the TS-based sym-
bol (or FFT windows) timing synchronization and channel

equalization, and QAM de-mapping are performed on the re-
ceiver FPGA. It should be mentioned that, for simplicity, a com-
mon clock is used to drive both DAC and ADC, so that the effects
of the sampling clock frequency offset (SCFO) can be avoided.
Besides, a pilot-based SCFO estimation and compensation al-
gorithm has been experimentally investigated in asynchronous
systems [21], [22].

A. Symbol Timing Synchronization

In [23], cross-correlation algorithm can provide better perfor-
mance at low SNR due to the averaging process of the correla-
tor. For the real-valued IFFT/FFT based DDO-OFDM systems,
there is no carrier frequency offset. Thus, the symbol timing
synchronization can be implemented by calculating the cross-
correlation between a local TS and received signal. The timing
metric (TM) can be expressed as

M (d) =
N t o t a l∑

n=0

t (n) · r (n + d) (6)

where t (n) is the transmitted TS with the length of Ntotal =
N + Ncp , N and Ncp are IFFT/FFT size and the length of cyclic
prefix, respectively. r (n) is the received signal. The beginning
of the TS can be estimated by searching the sample index d to
maximize the M (d) in Eq. (6).

According to the Eq. (6), the hardware implementation
of the symbol timing synchronization based on the cross-
correlation, which requires Ntotal real-valued multiplications
and Ntotal − 1 real-valued additions. For the high-speed opti-
cal communication systems, parallel data processing technique
is necessary to reduce the FPGA operating frequency. By us-
ing the auto-correlation based synchronization methods, it can
be implemented more efficiently by utilizing the iterative for-
mula of the correlation function. However, the cross-correlation
based synchronization can be implemented with a significant
hardware cost. For a given number of parallel channels Np , the
required processing resource in this parallel implementation is
estimated as NpNtotal real multipliers and Np (Ntotal − 1) real
adders.

Thus, in this paper, simplified synchronization for hardware-
efficient implementation is proposed to reduce the demand of
hardware resources. Only the sign bit of received samples is
used to calculate the TM. And it can be defined as

Mpro1 (d) =

The number of sign [t(n )] = sign [r (n + d )]
︷ ︸︸ ︷
N t o t a l−1∑

n =0

sign[t(n)] � sign[r(n + d)]

−

The number of sign [t(n )] �= sign [r (n + d )]
︷ ︸︸ ︷(

Ntota l −
N t o t a l−1∑

n =0

sign[t(n)] � sign[r(n + d)]

)

= 2
N t o t a l−1∑

n =0

sign[t(n)] � sign[r(n + d)] − Ntota l (7)

ds1 = arg {Mpro1 (d) > Th} (8)
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Fig. 3. Timing metric MPro1 (d) with or without SCPO (N = 128,
Ncp = 16).

where sign[·] stands for sign bit extractor, and it outputs a logic
“0” for a positive number and “1” for a negative number. �
which is the XNOR operator. The starting point of the TS can
be estimated by searching the sample to make the timing metric
MPro1(d) larger than a threshold value TH. In this way, only
sign-quantized signals are used to calculate the timing metrics,
which greatly reduce computational complexity since it does
not require multiplication or division operations, but logical
operations and bits summation.

Because the effect of SCFO is small in short time, and sym-
bol timing synchronization estimation occurs only in the first
one TS, the effect of SCFO on the synchronization is negligi-
ble. However, the timing metric MPro1(d) is sensitive to the
sampling clock phase offset (SCPO). The results obtained by
simulation are shown in Fig. 3. The sharp peak of MPro1(d) is
observed and the corresponding sample index d is the beginning
of the TS in the absence of SCPO, as shown in Fig. 3(a) and
(b); when SCPO equals Pi, the peak amplitude of MPro1(d)
is attenuated greatly and plotted in Fig. 3(c), which leads to a
reduced noise tolerance.

As presented in Fig. 3(d), the two adjacent amplitudes of
MPro1(d) around the correct timing position are still larger
than other positions, so the timing metric for symbol timing
synchronization should be modified as

MPro(d) =

{
Mpro1(d) + Mpro1(d − 1), Mpro1(d) > V

Mpro1(d), Mpro1(d) ≤ V
(9)

Fig. 4. Timing metric MPro (d) with or without SCPO (N = 128, Ncp = 16,
V = 70).

where V is threshold value. It is used to determine the value
of MPro(d). The proposed symbol timing synchronization is
capable of strong resistance to noise and SCPO. The simulated
results are presented in Fig. 4.

The simplified symbol timing synchronization method can
reduce hardware resources consumption, but synchronization
performance is degraded due to the cross-correlation of only
sign bits of received samples and a given TS. In addition, the
variance of symbol timing offsets (STO) is larger than that of
the traditional method in Eq. (6), which is mainly caused by the
sum of two adjacent timing metrics and the threshold-decision
search method for estimating the starting point of the TS. In
fact, the SCPOs can also lead to the small STO within a sample
period, even though Eq. (6) is used for symbol timing syn-
chronization. In the OFDM system without cyclic suffix, the
inter-channel interference maybe arises due to the STO. Hence,
to solve this issue effectively, without increasing system over-
head, the estimated optimal starting point ds of the TS can be
defined as

ds = arg {Mpro (d) > Th} − p = ds2 − p (10)

where p is a positive integer within the range of [0, Ncp ], and ds2
is estimated starting point, but it is not an optimal one. The op-
timal estimated starting point ds can be obtained by moving ds2
toward the direction of CP with p samples. However, a suitable
length of p should be chosen to maintain sufficient dispersion
tolerance.
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Fig. 5. Experimental setup of the RT DSP-based optical OFDM direct-detection system.

B. Channel Estimation

Once the symbol timing synchronization is completed, the
samples in 16 parallel channels are reorganized and fed into
FFT module. After the FFT, the output modulated symbols suffer
from different attenuation and propagation delay. In addition, the
STO can also be regarded as a part of channel response, and it can
be compensated by channel equalization. In this paper, the TS
can be used not only to realize symbol timing synchronization,
but also to estimate channel response on data-carrying sub-
carriers. Here, the TS-based channel estimation is divided into
two steps. The first step is to estimate the channel responses on
the odd SCs by using the simple single-tap frequency-domain
estimation method, and it is written as

H (kodd) =
TSrv (kodd)

TSlocal (kodd)

=
1√
2
sgn [TSlocal (kodd)] · TSrv (kodd) (11)

where TSrv (kodd) and TSlocal (kodd) are the kodd th frequency
component of the received and local known TS, respectively.
kodd is positive odd number. sgn[·] is the signum function of a
real number.

After the estimated channel responses on the odd SCs are
given, the channel responses on the even SCsH (keven) can be
estimated by a simple linear interpolation method. In this way,
the channel responses on the all of SCsH (k) are estimated by
the two-step estimation method.

C. Phase Compensation

For the traditional channel compensation method, the com-
pensated symbol Rc (k) is obtained by dividing received symbol
R (k) with the corresponding channel response H (k). In this
way, both the amplitude and phase response on the SCs can be
compensated. The expression is given by

Rc(k) =
R(k)
H(k)

=
R(k)H∗(k)
|H(k)|2

=
√

2 sgn [TSlocal (k)] · R(k) · TS∗
rv (k)

|TSrv (k)|2
. (12)

In this paper, to avoid the complex division operations for
channel compensation, only the phase response on the modu-
lated SCs is compensated, i.e., only the part of numerator of
Eq. (12) sgn [TSlocal (k)] · R(k) · TS∗

rv (k) is implemented in

the channel equalization stage; while the effects of amplitude
response will be taken into account in the QAM de-mapper.

D. QAM De-Mapping

The hard-decision demodulation is used in QAM de-mapper.
The decision threshold is defined as Thv. From Eq. (12), the
hard-decision demodulation formula for m-QAM can be ex-
pressed as [24]

Rc(k) =
√

2 sgn [TSlocal (k)] · R(k) · TS∗
rv (k)

|TSrv (k)|2
> Thv (13)

To achieve m-QAM demodulation in our receiver, the formula
for m-QAM demodulation is modified and given by

sgn [TSlocal (k)] · R(k) · TS∗
rv (k) >

1√
2
|TSrv (k)|2 · Thv.

(14)
Based on an equivalent m-QAM demodulation method in

Eq. (14), the channel equalization can be implemented in a
hardware-efficient way.

V. EXPERIMENT SETUP

The experimental setup of the FPGAs-based base-band 1024
(256/64)-QAM-encoded IMDD-OOFDM transmission system
are shown in Fig. 5. A pseudo-random binary sequence (PRBS)
with a length of 327 680 bits is firstly stored in read only mem-
ory (ROM) of the FPGA. It is used to assess the transmission
performance of the RT systems. Meanwhile, a PN sequence
including BPSK symbols is utilized to generate a TS for symbol
timing synchronization and channel estimation. The DSP flow
of the transmitter is as follows: Firstly, a parallel 320 (256/192)-
bit sequence is fed into 32 1024 (256/64)-QAM mappers. In this
paper, the 5th-36th sub-carriers (SCs) are modulated by 1024
(256/64)-QAM complex-valued symbols, while direct-current
(DC) with the SC index of 0, Nyquist SCs (SC index is 64), and
the other 31 positive-frequency SCs (SC indices from 1 to 5 and
37 to 63) are set zeros. Here, the 4 low-frequency zero-SCs are
used to avoid serious sub-carrier to sub-carrier beating interfer-
ence (SSBI) due to the square-law detector [15], and 27 high-
frequency zero-SCs are used for over-sampling. In addition, 63
negative-frequency SCs (SC indices from −1 to −63) are the
complex conjugates of the 63 corresponding positive-frequency
SCs (SC indices from 1 to 63). After 14-bit fixed-point and 128-
point IFFT process, the outputs are clipped at an optimal digital
clipping ratio of 12.5 dB, and scaled so that it can be suitable for
the 14-bit DAC (ADI AD9739A). Subsequently, a 16-sample
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cyclic prefix (CP) is appended to the beginning of every OFDM
symbol. The DAC is clocked by an external 2.5 GHz clock
source and feedbacks a 625 MHz clock to DAC interface
module of the transmitter FPGA. Due to 16-parallel channel
signal processing scheme is performed, the FPGA only operates
at 156.25 MHz so as to achieve a sample rate of 2.5 GS/s.
Here, an OFDM frame consists of only one 144-sample TS and
1024 OFDM symbols. The TS-based symbol synchronization
and channel estimation overhead (144/(1025 ∗ 144) ∗ 100% ≈
0.1%) is negligible. The OFDM frame duration is 59.04 μs
(1025 ∗ 144 ∗ 0.4ns = 59.04 μs), and the bandwidth of the RT
OFDM signal is 625 MHz (32/64 ∗ 1250MHz = 625MHz).
For 1024-QAM modulation scheme, the net data rate is 5.55
Gb/s (320 ∗ 1024/(1025 ∗ 144 ∗ 0.4) Gb/s � 5.55 Gb/s).
Hence, the electrical SE is up to 8.88 b/s/Hz (5.55/0.625 b/s/Hz
= 8.88 b/s/Hz).

The 2.5-GS/s balanced OFDM analog signal is firstly con-
verted into unbalanced one by a balun. Then the single-ended
OFDM signal with a peak-to-peak voltage of ∼700 mV and
2.3 V DC bias are combined in a bias tee. To generate the
intensity-modulated optical OFDM signal, the combined signal
drives a LiNbO3 MZM with a half-wave voltage of 3.5 V, and
a tunable external cavity laser is used as optical source at the
transmitter. It should be mentioned that the MZM is sensitive
to polarization, so a polarization controller is used in front to
allow the correct polarization. After the MZM, the double-side-
band optical OFDM signal with an optical power of 5.7 dBm is
coupled into short-reach SSMF links. The dispersion coefficient
and attenuation of the SSMF are 17 ps/nm/km and 0.19 dB/km,
respectively. At the receiver, a variable optical attenuator with
an insertion loss less than 1 dB is applied to change received
optical power (ROP). The received optical signal is directly de-
tected by a DC coupled PIN photo-diode with a bandwidth of
10 GHz, and converted to the real-valued base-band OFDM
signal. The DC component of PIN output signal is removed by
the second balun. It is also used to convert the single-ended
OFDM signal to differential one. The differential analog signal
is sampled by the 10-bit ADC at a sample rate of 5 GS/s. To
avoid SCFO between the transmitter and receiver, it should be
noted that a common 2.5 GHz clock is used for the DACs and
ADCs. After analog-to-digital conversion, the 5 GS/s samples
and a 625 MHz clock are fed to the FPGA. In the receiver,
the key DSP functions including the FIR based low-pass filter
(LPF) and down-sampling at a ratio of 2:1, TS-based symbol
synchronization, 16-bit fixed-point and 128-point FFT, channel
equalization, and 1024(256/64)-QAM de-mapping. For com-
parison purpose, the ADC captured samples are also analyzed
by using OL DSP approaches.

VI. RESULTS AND DISCUSSION

A. FIR Filter

To reduce the ADC quantization noise and improve the effec-
tive number of bits (ENOB) of the ADC, the ADC operates at
5 GS/s with an over-sampling factor of 2. The measured ENOBs
of the ADC card over frequencies are listed as follows: 7.88 bit
at 160 MHz, 6.98 bit at 1.2 GHz, and 6.46 bit at 2.2 GHz.

Fig. 6. (a) The normalized magnitude response of the designed FIR filter and
(b) estimated normalized PSDs before/after the digital LPF.

In addition, in the receiver, a 16-tap FIR LPF is designed and
implemented to suppress residual image interference. The cor-
responding filter coefficients are [−10 −12 18 20 −33 −40 80
224 224 80 −40 −33 20 18 −12 −10]. The normalized mag-
nitude response of the digital filter is analyzed and shown in
Fig. 6(a). The normalized power spectral densities (PSDs) of
both unfiltered (black line) and filtered (red line) OFDM sam-
ples are given in Fig. 6(b). As we can see clearly from it, the
band-width of the base-band OFDM signal is 625 MHz, and the
image can be suppressed clearly (>40 dB) after passing through
the FIR LPF. There is also a sampling clock-induced noise at
1.25 GHz, and the reason has been experimentally investigated
in our previous works [15], [16]. The outputs of digital LPF
are truncated to 10-bit fixed-point numbers for symbol timing
synchronization module.

B. Electrical Back-to-Back Performance

In the electrical back-to-back (EBTB) configuration, the es-
timated channel response including amplitude and phase re-
sponses versus SC index are shown in Fig. 7(a). The maximum
power fading on the SCs is about 7 dB. It is mainly attributed
to the low-pass filtering effects of the electrical devices such
as DAC roll-off, analog front-ends of DAC and ADC cards,
etc. Moreover, the different phase response over SC is due to
the SCFO between the DAC and ADC, as well as the STO
caused by the proposed symbol timing synchronization. After
the TS-based channel equalization, the error bits distribution
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Fig. 7. (a) Estimated channel response and (b) OL error bits distribution and
1024-QAM constellation at EBTB case.

Fig. 8. RT recorded error bits in every OFDM symbols and 256 OFDM frames
by Xilinx Analyzer.

and 1024-QAM constellation diagram by OL DSP are shown as
inset in Fig. 7(b). The error bits are mainly located on the high-
frequency SCs with high power fading. And the corresponding
BER and error vector magnitude (EVM) are 1.71 × 10−4 and
−37.5 dB, respectively. The RT EBTB BER performance by
Xilinx ChipScope Pro tools is also illustrated in Fig. 8. The
ranges of received OFDM symbol index and OFDM frame in-
dex are from 0 to 1,023 and 0 to 255, respectively. Meanwhile,
the number of error bits in a certain OFDM symbol and num-
ber of error bits in received OFDM frames are also given in
Fig. 8 for BER analysis. In this paper, BER is obtained by di-
rect error bit counting over 256 OFDM frames, which contains
1,024 OFDM symbols per frame with a total of 83 886 080 bits.
Here, the number of total error bits in the continuous recorded
1024 OFDM frames is 29302. Thus, the RT measured BER is
29, 302/(320 ∗ 256 ∗ 1, 024) = 3.49 × 10−4 .

Fig. 9. RT and OL measured BER performances versus ROP.

Fig. 10. The 1024-QAM constellation diagrams obtained by OL DSP ap-
proaches: (a) OBTB and ROP = 4 dBm, and (b) 20-km SSMF transmission
and ROP = 1 dBm.

C. End-to-End 10/20 km SSMF Transmission Performance

The end-to-end transmission performances over SSMF links
are shown in Fig. 9. After 10 and 20 km SSMFs transmis-
sion, the power penalties for both RT and OL DSP approaches
are negligible. Compared with OL BER results, the RT BER
performance is slightly degraded, which is mainly due to
the limitation of computational precision. It should be men-
tioned that only one OFDM frame is used to analyze the BER
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performance when using OL approaches, hence, it also may be
a reason for the BER difference between RT and OL results.
The RT measured BER after 10-km SSMF is below than the
HD-FEC threshold of 3.8 × 10−3 [6]. For comparison, 256- and
64-QAM-encoded RT OFDM signals are generated and demod-
ulated by re-configuring the FPGAs at the transceiver. At a BER
of 3.8 × 10−3 , the required ROPs of 64-, 256- and 1024-QAM-
encoded optical IMDD-OOFDM systems are less than −4, −3
and 2 dBm, respectively. The degraded BER performances over
decreased ROPs are mainly attributed to the ADC quantization
noise and photo-diode noise. Therefore, the receiver sensitivity
can be further improved by using a suitable linear RF ampli-
fier or high-sensitivity APD photo-detector [25], or optimizing
optical carrier-to-signal power ratio (CSPR) [26], [27]. The OL
1024-QAM constellations for optical back-to-back (OBTB) and
post-20 km SSMF are shown in Fig. 10(a) and (b), respectively.

VII. CONCLUSION

In the paper, the high-level QAM-encoded RT OFDM
transceivers were successfully implemented with two off-the-
shelf FPGAs, 14-bit 2.5 GS/s DAC and 10-bit 5 GS/s ADC.
Meanwhile, the transceivers were experimentally investigated
in short-reach direct-detection transmission systems. Some key
DSP algorithms for RT DDO-OFDM transmission systems have
been presented. In addition, in order to obtain the best balance
between the digital signal clipping and quantization noise, the
optimal digital clipping ratio for the transmitter was studied by
numerical simulation. The BER below the HD-FEC threshold
of 3.8 × 10−3 after 10 km SSMF was achieved without power
penalty for all of RT high-level QAM-encoded systems. More-
over, there is a negligible power penalty between the OL and
RT BER results.
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J. C. Hoe, M. Püschel, M. Glick, and R. I. Killey, “Real-time digital signal
processing for the generation of optical orthogonal frequency-division-
multiplexed signals,” IEEE J. Sel. Topics Quantum Electron., vol. 16,
no. 5, pp. 1235–1244, Sep./Oct. 2010.

[9] S.-H. Cho, K. W. Doo, J. H. Lee, J. Lee, S. I. Myong, and S. S. Lee,
“Demonstration of a real-time 16 QAM encoded 11.52 Gb/s OFDM
transceiver for IM/DD OFDMA-PON systems,” presented at the 18th
Opt. Electron. Commun. Conf., Kyoto, Japan, 2013, Paper WP2-3.

[10] F. Li, X. Xiao, X. Li, and Z. Dong, “Real-time demonstration of DMT-
based DDO-OFDM transmission and reception at 50Gb/s,” presented at
the 39th Eur. Conf. Exhib. Opt. Commun., London, U.K., 2013, Paper
P.6.13.

[11] N. Kaneda, Q. Yang, X. Liu, S. Chandrasekhar, W. Shieh, and Y.-K. Chen,
“Real-time 2.5 GS/s coherent optical receiver for 53.3-Gb/s sub-banded
OFDM,” J. Lightw. Technol., vol. 28, no. 4, pp. 494–501, Feb. 2010.

[12] Y. Qiao, J. Zhou, L. Wang, and Y. Ji, “1-Gb/s multimedia service upsignal
transmission in real-time DSP-based OFDM-PON,” in Proc. IEEE/CIC
Int. Conf. Commun. China, 2013, pp. 190–194.

[13] N. Kaneda, T. Pfau, H. Zhang, J. Lee, Y.-K. Chen, C.-J. Youn, Y.-H. Kwon,
E. S. Num, and S. Chandrasekhar, “Field demonstration of 100-Gb/s real-
time coherent optical OFDM detection,” presented at the European Conf,
Optical Communication, Cannes, France, 2014, Paper Th.2.5.3.

[14] X. Q. Jin, R. P. Giddings, E. Hugues-Salas, and J. M. Tang, “Real-time
demonstration of 128-QAM-encoded optical OFDM transmission with a
5.25bit/s/Hz spectral efficiency in simple IMDD systems utilizing directly
modulated DFB lasers,” Opt. Exp., vol. 17, no. 22, pp. 20484–20493,
2009.

[15] M. Chen, J. He, J. Tang, X. Wu, and L. Chen, “Experimental demonstra-
tion of real-time adaptively modulated DDO-OFDM systems with a high
spectral efficiency up to 5.76bit/s/Hz transmission over SMF links,” Opt.
Exp., vol. 22, no. 15, pp. 17691–17699, 2014.

[16] M. Chen, J. He, and L. Chen, “Real-time demonstration of an FPGA-based
1024-QAM OFDM transmitter in short-reach IMDD systems,” IEEE Pho-
ton. Technol. Lett., vol. 27, no. 8, pp. 824–827, Apr. 2015.

[17] K.-P. Ho, Phase-Modulated Optical Communication Systems. New York,
NY, USA: Springer, 2005, pp. 36–48.

[18] X. Wang, J. Yu, Z. Cao, J. Xiao, and L. Chen, “SSBI mitigation at 60 GHz
OFDM-ROF system based on optimization of training sequence,” Opt.
Exp., vol. 19, no. 9, pp. 8839–8846, 2011.

[19] W. Zou, J. Yu, and J. Xiao, “Direct-detection optical orthogonal frequency
division multiplexing system with new training sequence,” Frequenz, vol.
66, no. 1, pp. 27–32, 2012.

[20] T. M. Schmidl and D. C. Cox, “Robust frequency and timing synchroniza-
tion for OFDM,” IEEE Trans. Commun., vol. 45, no. 12, pp. 1613–1621,
1997.

[21] M. Chen, J. He, J. Tang, and L. Chen, “Pilot-aided sampling frequency
offset estimation and compensation using DSP technique in DD-OOFDM
systems,” Opt. Fiber Technol., vol. 20, pp. 268–273, 2014.

[22] M. Chen, J. He, Z. Cao, J. Tang, L. Chen, and X. Wu, “Symbol synchro-
nization and sampling frequency synchronization techniques in real-time
DDO-OFDM systems,” Opt. Commun., vol. 326, pp. 80–87, 2014.

[23] A. Fort, J.-W. Weijers, V. Derudder, W. Eberle and A. Bourdoux. “A
performance and complexity comparison of auto-correlation and cross-
correlation for OFDM burst synchronization,” in Proc. Int. Conf. Acoust.
Speech, Signal Process., vol. 2, pp. II-341–II-344, 2003.

[24] M. Chen, J. He, and L. Chen, “Real-time optical OFDM long-reach
PON system over 100-km SSMF using a directly modulated DFB laser,”
IEEE/OSA J. Opt. Commun. Netw., vol. 6, no. 1, pp. 18–25, Jan. 2014.

[25] Q. W. Zhang, E. Hugues-Salas, Y. Ling, H. B. Zhang, R. P. Giddings,
J. J. Zhang, M. Wang, and J. M. Tang, “Record-high and robust 17.125
Gb/s gross-rateover 25 km SSMF transmissions of real-time dual-band
optical OFDM signals directly modulated by 1 GHz RSOAs,” Opt. Exp.,
vol. 22, no. 6, pp. 6339–6348, 2014.

[26] A. Ali, J. Leibrich, and W. Rosenkranz, “Spectral efficiency and receiver
sensitivity in direct detection optical-OFDM,” presented at the Opt. Fiber
Communication, San Diego, CA, USA, 2009, Paper OMT7.

[27] J. Ma, “Simple signal-to-signal beat interference cancellation receiver
based on balanced detection for a single-sideband optical OFDM signal
with a reduced guard band,” Opt. Lett., vol. 38, no. 21, pp. 4335–4338,
2013.

Authors’ biographies not available at the time of publication.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


