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Abstract: In this paper, we propose a Hartley-domain direct-detection faster-than-Nyquist
(HD-DD-FTN) algorithm for asymmetrically clipped optical single-carrier frequency-division
multiplexing (ACO-SCFDM) in optical-wireless communications (OWC). The HD-DD-FTN
algorithm includes modified Hartley-domain equalization (HDE) and maximum likelihood
sequence detection, which can simultaneously compensate serious high-frequency dis-
tortion and eliminate enhanced in-band noise for the bandwidth-limited OWC. Modified
HDE can be implemented by real-valued operations, which is appropriate for dealing with
real-valued signals. The simulation results show that ACO-SCFDM system using the HD-
DD-FTN algorithm is more robust to inter-symbol interference than that using conventional
HDE algorithm. Therefore, the bit error rate performance of the ACO-SCFDM system using
HD-DD-FTN algorithm is better than that using the conventional HDE algorithm. In conclu-
sion, the ACO-SCFDM system using the HD-DD-FTN algorithm shows great potential for
bandwidth-limited OWC.

Index Terms: ACO-SCFDM system, HD-DD-FTN algorithm, optical-wireless communica-
tions, free-space communications.

1. Introduction

During recent decades, orthogonal frequency-division multiplexing (OFDM), which has advantages
in terms of straightforward frequency-domain equalization (FDE) and resistance of inter-symbol
interference (ISI), has remained a hot topic in areas of wireless and optical communications [1]-
[5]. For intensity-modulated and direct-detection (IM/DD) optical-wireless communications (OWC),
real-valued and non-negative OFDM systems are required, which have two common schemes of

Vol. 11, No. 4, August 2019 7904509


https://orcid.org/0000-0003-2771-6028
https://orcid.org/0000-0003-4475-9847
https://orcid.org/0000-0003-2645-5807
https://orcid.org/0000-0002-3185-0441

IEEE Photonics Journal Hartley-Domain DD-FTN Algorithm

DC-biased optical OFDM (DCO-OFDM) and asymmetrically clipped optical OFDM (ACO-OFDM)
[6]-[8]. DCO-OFDM is generated by adding a moderate DC bias to bipolar real-valued OFDM signal.
The DC bias reduces the clipping noise but inefficiently holds a large amount of optical power, which
degrades the power efficiency. In the ACO-OFDM, only odd subcarriers are used to transmit data,
making the negative part of the generated bipolar signals redundant. As a result, the non-negative
ACO-OFDM signal is generated by clipping the negative part without losing any information. ACO-
OFDM requires no DC bias, which has higher power efficiency than DCO-OFDM [9]-[11]. However,
due to the nonuse of even subcarriers, the spectral efficiency of ACO-OFDM is worse. Layered
ACO-OFDM has been proposed to improve the spectral efficiency [12]. In theory, when the num-
ber of layers increase, the spectral efficiency of layered ACO-OFDM gradually approaches that
of DCO-OFDM [12]-[14]. Unfortunately, ACO-OFDM and layered ACO-OFDM inherits the high
peak-to-average power ratio (PAPR) of OFDM, which is sensitive to nonlinearity in OWC. In our
previous researches, we proposed the asymmetrically clipped optical single-carrier frequency-
domain multiplexing (ACO-SCFDM) and layered ACO-SCFDM for IM/DD optical systems,
which have lower PAPRs than conventional ACO-OFDM and layered ACO-OFDM, respectively
[15], [16].

In OWC, the received optical signal is a combination of multipath light due to light reflections. The
multipath effect gives rise to frequency-selective power fading, which seriously limits the effective
bandwidth [17]-[19]. The longer the delay spread of the multipath, the smaller the effective band-
width. Ref. [19] claims that, if an ACO-OFDM-based OWC system is deployed in a room where the
delay spread of the channel is less than 16 ns, then the minimum 3-dB channel bandwidth is approx-
imately 5 MHz. The limited bandwidth causes high-frequency distortion, which seriously degrades
system performance. Therefore, transmitting more data on the limited bandwidth is an important is-
sue in OWC. In ACO-SCFDM, channel equalization can effectively compensate the high-frequency
fading distortions. However, in-band noise on high-frequency subcarriers is enhanced after channel
equalization, leading to the increase of the bit error rate (BER). The direct-detection faster-than-
Nyquist (DD-FTN) algorithm was proposed to simultaneously compensate the high-frequency fading
distortions and eliminate enhanced in-band noise for bandwidth-limied optic-fiber communications
[20]-{22].

In this paper, we first propose a Hartley-domain DD-FTN (HD-DD-FTN) algorithm for the ACO-
SCFDM system in OWC. The HD-DD-FTN algorithm contains modified Hartley-domain equaliza-
tion (HDE) and maximum likelihood sequence detection (MLSD). HDE is based on the real-valued
Hartley transform, which is appropriate for dealing with real-valued signals [23]. Unlike the con-
ventional HDE in our previous paper [24], the modified HDE owns both channel equalization and
post filter functions. The channel equalization compensates the channel distortion, and the post
filter eliminates the enhanced in-band noise but introduces a known ISI. Fortunately, the ISI can
be eliminated by MLSD. After applying the modified HDE algorithm, MLSD can easily cancel the
known ISI. Therefore, the proposed HD-DD-FTN algorithm can effectively compensate serious
channel distortion and eliminate enhanced in-band noise at the same time. Finally, simulations are
implemented to investigate the performance of ACO-SCFDM using the HD-DD-FTN algorithm for
bandwidth-limited OWC.

The rest of this paper is organized as follows. In Section 2, the principles of the SCFDM
encoder are demonstrated. The principles of HD-DD-FTN algorithm are given in Section 3. In
Section 4, the simulation setups are described, and the simulation results of ACO-SCFDM us-
ing the HD-DD-FTN algorithm are presented and discussed. Finally, the paper is concluded in
Section 5.

2. Principles of the SCFDM Encoder

In this section, the principles of anti-symmetrical SCFDM signal will be introduced. Fig. 1(a) shows
the structure of the SCFDM encoder [15]. Before multiplexing, the generated M-PAM symbols are
first sent to N-point discrete Hartley transform (DHT) to implement DHT-spread operation, which is
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Fig. 1. (a) Structure of the SCFDM encoder; (b) Structure of the HD-DD-FTN algorithm; (c) Simulation
setup of the ACO-SCFDM system using the HD-DD-FTN algorithm for OWC.

different from conventional OFDM. The output of N-point DHT is expressed as

N-1
Y(l) = % > y(k)cas <2’A’I—”‘> , le[0,N —1] (1)
k=0

where cas(.) = cos(.) + sin(.). Then, the output of N-point DHT is assigned to odd subcarriers of
2N -point DHT for multiplexing,

X =10, Y(0), 0, Y(1), ..., Y(N —1)]. 2)
After 2N -point DHT, the output is the generated SCFDM symbol, which can be expressed as
I 2rhi 1 = 27(21+ 1)i
x() = — X(hecas| — | = — X@2l+1)cas | —————— 3
0= o 2 Xvess (57 ) = 7z 2 xeers veas (S50 ) @

where i is from 0 to 2N — 1.
The expression of the generated SCFDM symbol can be further simplified. As shown in Eq. (2),
X (2/+ 1) is equal to Y(/). Therefore, the generated SCFDM symbol is rewritten as

N-—1 N—-1N-1
1

. (214 1)i 1 2r1lk 27(21 + 1)i
x(i) = T ; Y(l)cas ( o ) = N > > ylk)cas (T) cas <T> . (@)

I=0 k=0

We can simplify the Eq. (4) to get the simplified expression of the generated SCFDM symbol,

() = {[y(i)cos(%) +y(N —i)sin(3)1/~/2, iel0,N 1] )
Iyl = N)cos(E) + y@N — sin(Z)]/v2, ie[N,2N —1].

Since the SCFDM symbol generated by the proposed encoder is anti-symmetrical (i.e., x(i) =
—x(i + N)), the ACO-SCFDM symbol can be obtained by clipping the negative part. As we know,
the conventional OFDM symbol has high PAPR due to its Gaussian distribution. As Eq. (5) shows,
the SCFDM symbols obey the distribution of the trigonometric function. Hence, the PAPR of the
SCFDM symbol is lower than that of the conventional OFDM symbol. Moreover, based on Eq. (5),
we designed a simplified SCFDM encoder to reduce the computational complexity from O(Nlog>N)
to O(N)[16].

3. Principles of the HD-DD-FTN Algorithm

In this section, we describe the principle of HD-DD-FTN algorithm in detail. The received signal is
expressed as

Z=h®x+w (6)

where h is the channel impulse response, x is the transmitted signal, w is the additive white Gaussian
noise (AWGN), and ® denotes the convolution operator. Fig. 1(b) shows the block diagram of the
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HD-DD-FTN algorithm, which mainly includes a modified HDE and MLSD. First, a 2N-point DHT is
used to convert the time-domain received signal into a Hartley-domain signal, which is formulated
as

2N -1

1 2mnk
Z(n) = T g (h ® x + w)cas <_N)
(7)
He (MX(N) + Ho (MX(@2N —n) + W(n),  ne[l,2N —1];
| H©)x(0) + W), n=0
where
1 27N
X(n) = Wi 2 x(k) cas <W> , (8)
12 27nk
H(n) = WeTi 2 h(k) cas (W) , (9)
T 27nk
W(n) = e kzj; w(k) cas (W) (10)
He(n) = [H(n) + H (2N — n)]/2, and (11)
Ho (n) = [H (n) — H(2N — n)]/2. (12)

Depending on Eq. (7), conventional HDE is designed to remove channel distortion using the
estimated channel matrixes H, and H,. After applying conventional HDE, the recovered signal can
be expressed as

_ He(n)Z'(n) — Ho (n)Z'(2N — n)

X0 = =+ Ho (02

Z'(n)/HSP(n) — Z'(2N — n)/HS" (), ne[1,2N —1];
Z/(0)/H (0), n=0

(13)

where Z' = Z — W, HZ"(n) = [He (n)? + Ho (n)?1/He (), and HZ"(n) = [He (n)? + Ho (1)?1/Ho (n).

In ACO-SCFDM, only odd subcarriers are used to carrier data. After equalization, we extract the
data X ' from odd subcarriers. In other words, X’(/) is equal to X (2/+ 1) where /isfrom0to N — 1.
After N-point DHT, the x’ after equalization can be obtained. As shown in Eq. (13), the noise W(n)
on the high-frequency subcarrier is enhanced after conventional HDE, which seriously degrades the
performance of bandwidth-limited systems. The post filter can be used to eliminate the enhanced
in-band noise. The output of the post filter is defined as

y(k) = h"F @ x" = X' (k) + ax'(k — 1) (14)

where hPF is the impulse response and « is the coefficient of the post filter. The post filter can be
also implemented in the Hartley domain, which is expressed as

X'(DHEF(I) 4+ X' (N — HEF(1), le[1,N —1];
l)= (15)
X’(0)HPF(0), I=0
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where
1 27k
PF _ PF <
H (I)_W;h (k) ca ( m ) (16)
HER (1) = [HPR (1) + HPF(N = 1))/2, (17)
HPF() = [HPF(1) — HPR(N = 1)]/2, and (18)
1 = 27k
Y(I) = — y(k) cas ( ) . (19)
N k=0 N

Therefore, Y(/) is simplified as

v X @21+ 1)HPF(I) + X (2N — 21+ 1)HPF ()

X (1)HPF(0)
721+ 1)
[ 40 ) Hat) Ha) ]| 20002 1) | Je[t.N 1] (20)
- Z/(21-1)

PF Z'(1)
| HPF()/HE(1) — HPF(O)/HS"(1) | . 1=0

Z'(2N — 1)

where
Hy (1) = HEF(I)/HSM 21 4 1), (21)
Ho(l) = —HEF(1)/HS 21+ 1), (22)
Hs(l) = HEF(1)/HSM (21 — 1), and (23)
Ha(l) = HEF (1) /HS" (21 = 1). (24)

Depending on Equations (20)—(24), we propose a modified HDE combining the conventional
HDE with the Hartley-domain post filter. After applying the modified HDE, the enhanced in-band
noise is effectively eliminated, but a known ISI as shown in Eq. (14) is introduced. Finally, MLSD is
employed to cancel the ISI by minimizing squared Euclidean distance, expressed as

D =) {y(k) — [t(k) + at(k — )]}, (25)
k

MLSD employs the Viterbi algorithm to obtain the recovered signal t(k) from y(k).

4. Simulation Setups and Results

In this section, numerical simulations are implemented by MATLAB to evaluate the performance
of ACO-SCFDM using the HD-DD-FTN algorithm. We will introduce the simulation setups and
investigate the simulation results.

4.1 Simulation Setups

Figure 1(c) depicts simulation setups of ACO-SCFDM using the HD-DD-FTN algorithm for OWC,
and Table 1 shows the main parameters of the simulation setups. At the transmitter, the incoming
binary bit sequence is mapped to the M-PAM signal. The mapped M-PAM signal is sent to the
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Main Parameters of Simulation Setups for the ACO-SCFDM System Using the HD-DD-FTN Algorithm

TABLE 1

Parameters Value
The modulation scheme M-PAM
Bandwidth 200 MHz
The number of total subcarriers 1024
The number of valid subcarriers 512
The length of CP & CS 64
The seed of bit sequence 21
The number of symbols 512
The number of training symbols 40
The number of samples per symbol 10
The pulse shaping Rectangular
The channel model Ceiling Bounce
The RMS delay spread 10 ns
THe number of channel taps 30

=
n

2.
1.

n

o 0. < 05
8 §
205 Z .05
<15 [ =
2.8 -2.5
2 0 1 2 3
(a) Time (s) x10° (b) Time (5) x10°® (c) Time (5) x10°

Fig. 2. (a) Eye diagram of the received signal before equalization; (b) Eye diagram of the recovered PAM-
2 signal after conventional HDE; (c) Eye diagram of the signal after modified HDE in the HD-DD-FTN
algorithm.

SCFDM encoder to generate the SCFDM signal. The simplified SCFDM encoder was proposed in
our previous work [15]. After the addition of cyclic prefix (CP) and cyclic suffix (CS), the clipping
operation is employed to remove the negative part of the bipolar SCFDM signals to generate
ACO-SCFDM signals. Then, electro-optical (E/O) conversion is used to generate optical signals for
transmission.

The generated optical signal is then propagated through the optical-wireless channel. The optical-
wireless channel employs a free-space ceiling-bounce model in the simulations, which can model
both multiple reflection light and single reflection light [17], [18]. In the simulations, the root-mean-
square (RMS) delay spread is set as 10 ns and the corresponding 3-dB channel bandwidth is less
than 8 MHz.

At the receiver, optical-electro (O/E) conversion converts the received optical signal to an electrical
signal. After O/E conversion, the digital signal processing is implemented. First of all, the CP and
CS are removed. Then, the proposed HD-DD-FTN algorithm is implemented to compensate the
serious channel distortions and eliminate the enhanced in-band noise. Fig. 2(a) shows the eye
diagram of the received signal before equalization. The channel distortions seriously degrade signal
quality. Fig. 2(b) depicts the eye diagram of the recovered PAM-2 signal after the conventional HDE
algorithm. The channel distortions are effectively compensated, but the in-band high-frequency
noise is enhanced, resulting in the fuzzy eye diagram. Fig. 2(c) reveals the eye diagram of the signal
after the modified HDE algorithm in the HD-DD-FTN algorithm. The signal after the modified HDE
has distinct three-level amplitudes because that the enhanced in-band noise has been effectively
eliminated and a known ISl is introduced after the modified HDE algorithm. The MLSD in the HD-
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Fig. 3. BER versus « of the HD-DD-FTN algorithm for the ACO-SCFDM system under (a) different
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Fig. 4. BER versus the RMS delay spread of the OWC channel for ACO-SCFDM system using the
HD-DD-FTN algorithm. When « is set to 0, the HD-DD-FTN algorithm is equivalent to the conventional
HDE algorithm.

DD-FTN algorithm can recover the M-PAM signal from the known ISI. Finally, the recovered M-PAM
signal is decoded as a bit sequence for BER calculation.

4.2 Simulation Results

Figure 3(a) shows BER versus « of the HD-DD-FTN algorithm for the ACO-SCFDM system under
different signal-to-noise ratios (SNRs). In ACO-SCFDM, 2-PAM is modulated, and data rate is set
to 100 Mbit/s. The RMS delay spread is set to 10 ns. The curves show that BER decreases with
the increase in « at the beginning because the post filter in the HD-DD-FTN algorithm effectively
eliminates the enhanced in-band noise. However, when « is larger than 0.6, the BER performance
begins to slightly deteriorate due to the increase in the residual I1SI. MLSD in the HD-DD-FTN
algorithm cannot completely handle the large known ISI. Fig. 3(b) depicts the BER versus « of the
HD-DD-FTN algorithm for the ACO-SCFDM system under different RMS delay spreads of the OWC
channel. SNR is set to 24 dB. When « is larger than 0.6, BER performance is not further improved
under different RMS delay spreads. Therefore, in our simulations, the optimal « is set to 0.6.

Figure 4 shows BER versus the RMS delay spread of the OWC channel for the ACO-SCFDM
system. The RMS delay spread is set to a value from 8 ns to 16 ns. The SNR is set to 24 dB. As
the principles of HD-DD-FTN algorithm in Section 3 reveal, the HD-DD-FTN algorithm is equivalent
to the conventional HDE algorithm when « is set to 0. Due to the narrower equivalent channel
bandwidth, ISl increases with the increase of RMS delay spread. The BER performance of ACO-
SCFDM degrades with increased ISI. Obviously, the ACO-SCFDM system with the HD-DD-FTN
algorithm is more robust to ISI than that with conventional HDE algorithm.
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Fig. 5. BER against SNR for the 2-PAM and 4-PAM-modulated ACO-SCFDM systems using the HD-
DD-FTN algorithm.

Figure 5 depicts BER against SNR for the 2-PAM and 4-PAM-modulated ACO-SCFDM systems
using HD-DD-FTN algorithm. The RMS delay spread is set to 10 ns. The data rates of 2-PAM and
4-PAM-modulated ACO-SCFDM systems are 100 Mbit/s and 200 Mbit/s, respectively. When « is set
to 0.6, at a BER of 1073, the required SNR for the 2-PAM-modulated ACO-SCFDM system using the
HD-DD-FTN algorithm is approximately 3 dB less than that using conventional HDE algorithm. The
required SNR for the 4-PAM-modulated ACO-SCFDM system using the HD-DD-FTN algorithm is
approximately 3-dB less than that with the conventional HDE algorithm. The HD-DD-FTN algorithm
has better performance than the conventional HDE algorithm.

5. Conclusions

In this paper, we propose the HD-DD-FTN algorithm to compensate the serious high-frequency
distortion of the ACO-SCFDM system. The HD-DD-FTN algorithm can effectively compensate
the serious channel distortion and eliminate the enhanced in-band noise at the same time. The
simulation results show that the ACO-SCFDM system using the HD-DD-FTN algorithm is more
robust to ISI than that using the conventional HDE algorithm. When RMS delay spread is set to
10 ns and « is set to 0.6, at a BER of 1073, the required SNR for the ACO-SCFDM system using the
HD-DD-FTN algorithm is approximately 3 dB less than that using conventional HDE algorithm. In
conclusion, the proposed ACO-SCFDM using the HD-DD-FTN algorithm presents great potential
for OWC.
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