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We experimentally demonstrate a direct-detection orthogonal-frequency-division-multiplexing quadrature-
phase-shift-keying (OFDM-QPSK) system that is capable of delivering a 32 Gbaud OFDM-QPSK signal over
7 km single-mode fiber-28 (SMF-28). Intra-symbol frequency-domain averaging (ISFA) channel response estima-
tion is applied to suppress in-band noise, while discrete Fourier transform-spread (DFT-spread) is used to reduce
the peak-to-average power ratio (PAPR) of the transmitted OFDM signal. With the aid of ISFA-based channel
estimation and PAPR reduction enabled by DFT-spread, the bit-error ratio of the system after 7 km SMF-28
transmission can be improved from 2 x 1073 to error-free when the received optical power is —8.5 dBm.
OCIS codes: 060.0060, 060.2330, 060.4510, 060.5060, 060.4370.
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Recently, with the rapid development of Internet applica-
tions, conventional short-reach optical communication
systems that use direct-detection (DD) and wavelength
division multiplexing are now unable to fulfill the increas-
ing demands on capacity. As a result, the core need of cur-
rent optical communication systems is finding a way to
increase the system capacity and thus to realize high spec-
tral efficiency transmission. Orthogonal frequency division
multiplexing (OFDM) has been regarded as one of the core
technologies for a next generation communication system
because of high frequency spectrum utilization. A DD-
OFDM system with a simple architecture has recently
received much attention and has been actively investi-
gated in short-reach optical communicationst?.

In this Letter, we have experimentally demonstrated
a DD OFDM quadrature-phase-shift-keying (QPSK)
system that is capable of delivering a 32 Gbaud OFDM-
QPSK signal over 7 km single-mode fiber-28 (SMF-28).
The system performance improvement was enabled by dis-
crete Fourier transform-spread (DFT-spread) and the
receiver-based intra-symbol frequency domain averaging
(ISFA) algorithm. The experimental result showed that
after 7 km SMF-28 transmission, the bit-error ratio
(BER) of a 32 Gb/s OFDM-QPSK signal at —8.7 dBm
received optical power is improved from 2 x 1073 to
error-free with ISFA and DFT-spread.

A conventional DD-OFDM system structure? is
shown in Fig. 1.

At the transmitter, an optical carrier is directly
modulated by a real-value electrical OFDM signal via a
Mach-Zehnder modulator (MZM). At the receiver, the
amplitude of the optical signal is detected by a photodiode
(PD) to obtain the electric OFDM signal.
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OFDM is a special kind of multi-carrier modulation
technology. However, the major drawback is that its sig-
nal waveform has a high peak-to-average power ratio
(PAPR). The high PAPR will increase the processing
burden of the analog-to-digital converter (ADC), ampli-
fier, and modulator, and thus lead to system performance
degradation. There are many PAPR reduction techniques
for OFDM transmission®, In the OFDM system, the au-
tocorrelation function of the input data sequence is closely
related to the PAPRY. It can be defined as

9 N—-1
< —_ X
PAPR <1+ ; Ry, (1)

where Y ¥_1|R,| is the aperiodic autocorrelation function
of the input data sequence. We can see from Eq. (1) that
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Fig. 1. System structure of conventional DD-OFDM (Tx, trans-
mitter, Rx, receiver; PRBS, pseudo random bit sequence; DAC,
digital-to-analogue conversion; LPF, low-pass filter; EDFA,
erbium-doped fiber amplifier).
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when its sum is reduced, the PAPR will be reduced.
The DFT-spread technology can effectively improve the
PAPR performance by reducing the sum in Eq. (1)%.
The modulation and demodulation principle of a DFT-
spread OFDM signal is shown in Fig. 2. Compared to
the conventional OFDM modulation, the inverse DFT
(IDFT) is added before the inverse fast Fourier transfor-
mation (IFFT) function in DFT-spread OFDM modula-
tion. The input signal is formed to a new DFT matrix
by IDFT. The autocorrelation function of the input signal
sequence can be reduced this way. The value of PAPR can
be reduced accordingly. For the DFT-spread OFDM
demodulation, a series of inverse processing procedures
are carried outT2Y,

Accurate channel estimation is the key factor to
improve the quality of the received signal and is also pri-
marily a way to improve system performance. The purpose
of the channel estimation is to obtain the channel response
in the frequency domain and thus to ensure the correct
recovery of the received data. In the DD-OFDM system,
performance degradation of the system is mainly caused
by the noise of the PD. ISFA technology improves the
channel estimation by suppressing the noise22,

The ISFA algorithm estimates the frequency response of
a channel by utilizing training sequences (TSs). At the
transmitter, a training symbol is inserted into the OFDM
signal in a T'S cycle. At the receiver, the channel character-
istics are calculated according to the training symbols
and the known training symbols after transmission.
The channel matrix of received training symbols can be
expressed as'Z

[a(k) b(k)] _ [t’u(/ﬂ)/tz(k)

()1, ()
= a1 ] (2)

ty, (k)/t,(K)

where ¢, and t, are two training symbols, preferably with
low PAPR. The known training symbols after transmis-

sion are t),, t},, tp,, and #,, in Eq. (2).
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Fig. 2. Principle of DFT-spread OFDM modulation and
demodulation.

According to Eq. (2), the channel matrix of each modu-
lated subcarrier is the average of its own and its adjacent
subcarrier channel matrix in the ISFA process. Typically,
for subcarrier k, the averaging can be performed over sub-
“m” left neighbors and/or “m” right
neighbors, or totally up to (2m+ 1) adjacent subcar-
riers2. The improved channel matrix for subcarrier &’
after the ISFA process can be expressed as™

[a(k/) b(K') }
(k) d(K) Jispa
B 1
B min(kmaxa kl + m) - ma‘x(kminv k/ -

£l )

carrier k and its

m)+ 1

3)

k=k—m

According to Eq. (3), the channel characteristics of the
data symbols are estimated based on the channel charac-
teristics of the training symbols.

The experimental setup for the 32 Gbaud OFDM-
QPSK signal transmission utilizing single-arm MZM in
a DD system is given in Fig. 3. At the transmitter, the
optical carrier generated from a commercial external cav-
ity laser (ECL) is externally modulated by an electrical
32 Gbaud OFDM-QPSK signal. The electrical OFDM sig-
nal is generated off-line in MATLAB and then uploaded
into an arbitrary waveform generator (AWG) with a 64
GSa/s sample rate and 13 GHz bandwidth. In this experi-
ment, the number of OFDM subcarriers is 256. Among
these subcarriers, 198 of them are used to carry data.
In addition, the first subcarrier is set to zero for DC-bias,
and the rest (57) null subcarriers at the edge are reserved
for oversampling. Since Hermitian symmetry is employed,
only 99 of the 198 data subcarriers carry effective data.
QPSK is employed for the subcarrier modulation scheme.
A 32-point cyclic prefix (CP) is added into each OFDM
symbol after IFF'T. A TS, including one OFDM symbol,
is added before every 50 OFDM symbols to assist channel
estimation at the receiver. A TS and its subsequent 50
OFDM symbols compose one OFDM frame. In addition,
1000-point zeros are added before each OFDM frame
to assist time synchronization at the receiver. The

32Gbaud baseband
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Fig. 3. Experimental setup for a 32 Gbaud OFDM-QPSK signal
with 7 km SMF-28 transmission utilizing single-arm MZM in DD
system (EA, electrical amplifier; OSC, oscilloscope).
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continuous-wavelength light wave from ECL is modulated
by an MZM driven by an electrical baseband OFDM
signal. The 32 Gbaud total bit rate corresponds to an ef-
fective bit rate of 20.6 Gb/s (32 x (99/288) x [(50 x
288)/(1000 4 50 x 288)] x 2~20.6 Gb/s). After 7 km
SMF-28 transmission, the modulated signal is received
by a PD. Variable optical attenuator (VOA) is placed
before the PD to adjust the received optical power for sen-
sitivity measurement. At the receiver, a QPSK-OFDM
signal is obtained by a real-time oscilloscope with an 80
GSa/s sample rate and 30 GHz analog bandwidth. Sub-
sequently, it can be processed by off-line digital signal
processing (DSP). The off-line DSP includes CP removal,
fast Fourier transformation, channel estimation with
ISFA, one-tap equalization, de-mapping, DFT, and BER
calculation. The BER is calculated by error counting over
10 x 10% bits (10 data sets with each set containing
10 bits).

Figure 4 gives the constellation comparison of 32 Gbaud
QPSK after 7 km SMF-28 transmission when the input
power into PD is —6.5 dBm. It can be seen that with
the aid of ISFA, the constellation diagram of receive signal
is more convergent, and the system performance is better
at the same condition of receive power and BER.

When the received power of the PD is further reduced to
—8.7 dBm, the performance of the system is decreased.
Figure 5 gives the constellation comparison of 32 Gbaud
QPSK after 7 kmm SMF-28 transmission when the input
power into the PD is —8.7 dBm utilizing different technol-
ogies. It can be seen that with the aid of the ISFA algo-
rithm, BER performance of the system can be improved
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Fig. 4. Constellation comparison of a 32 Gbaud QPSK after
7 km SMF-28 transmission when the input power into the PD
is —6.5 dBm.

0 A 20
10
0

10| R

. il - . .20
-20 0 20 -20 0 20 -20 0 20

(@) BER=2E-3, without ISFA (D) BER=2.5E-4, with ISFA (C) BER=0, with ISFA and DFT

Fig. 5. Constellation comparison of a 32 Gbaud QPSK after
7 km SMF-28 transmission when the input power into the PD
is —8.7 dBm utilizing different technologies.
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Fig. 6. Curves of BER versus input power into a PD utilizing
different techniques.

from 2 x 107 to 2.5 x 107*. When using both ISFA
and DFT-spread technology, the constellation is obviously
more convergent, and the system performance is greatly
improved. In this case, the BER performance of the system
can be improved from 2 x 1073 to error-free.

Curves of BER versus input power into the PD utilizing
different technologies are shown in Fig. 6. The w/o in
Fig. 6 represents the implementation with/without the
ISFA algorithm. All the first four cases shown in Fig. 6
do not adopt DFT-spread. The measurements are given
with the received optical power from —8 to —13 dBm
in both back-to-back and after 7 km SMF-28. We can
see that 7 km SMF-28 transmission causes no power pen-
alty. Moreover, at the BER of 3.8 x 1073 [corresponding
to-log (BER) of 2.42] and a 32 Gbaud baud rate, the adop-
tion of the ISFA algorithm improves receiver sensitivity
by ~1 dB, and the adoption of DFT-spread technology
further improves the receiver sensitivity by ~2 dB. When
the baud rate is increased to 64 Gbaud, the BER perfor-
mance is worse even when both the ISFA algorithm and
DFT-spread technology are adopted, which is mainly
because of the limited bandwidth of the optical and
electrical components adopted in our experiment.

In conclusion, we experimentally demonstrate a DD
OFDM-QPSK system that is capable of delivering a
32 Gbaud QPSK-OFDM signal over 7 km SMF-28. After
7 km SMF-28 transmission, the BER of system is im-
proved from 2 x 1073 to error-free with ISFA and DFT
at —8.7 dBm received optical power. We find that the
BER performance of the system is improved by DFT-
spread and the receiver-based ISFA algorithm.
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