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Abstract: O-OFDM-IM (Optical Orthogonal Frequency Division Multiplexing with Index
Modulation, O-OFDM-IM) adopts the traditional constellation diagram, which will lead to
the system error performance cannot achieve the best. Therefore, this paper proposes an O-
OFDM-IM scheme based on three-dimensional constellation diagram. Its essence is to
reduce the constellation sign error detection rate by increasing the minimum Euclidean
distance between the constellation symbols. At the same time, the subcarrier optimization
algorithm is introduced to reduce the error probability of the index bit. The results show that
the system error performance and transmission rate are significantly improved at large SNR
compared with conventional O-OFDM-IM.

1. Introduction

With index modulation (Index Modulation, IM) [ through some medium index additional
information, this part of the information transmission does not need to consume or only very little
energy this advantage, scholars combine IM and OFDM [, put forward OFDM-IM technology,
through the subcarrier index additional information significantly increase the system transmission
rate, and a large number of silent subcarrier can improve the reliability of the system. Because of the
above advantages of OFDM-IM, it has set off a research boom in the field of visible light
communication, and achieved remarkable results in [3-5].

In recent years, scholars have turned their research attention to the O-OFDM-IM in wireless optical
communication®. However, the optical signal is susceptible to the interference of atmospheric
turbulencel™, and the additional information of the activator carrier increases the complexity of the
receiver detection, and these factors seriously affect the reliability of the system. Therefore, in order
to improve reliability, on the one hand, scholars look for the decoding detection algorithm(® with
excellent error performance at the receiving end. Among them, Reference [8] uses the neural network
to complete the detection of index information, and reduces the bit error rate under the traditional
method of detection algorithm. On the other hand, the mapping scheme [5,9,10] is optimized at the
sender. Among them, references [9] and [10] improve code error performance by interleaving and
assigning subcarriers respectively. In addition, scholars also proposed generalized asymmetric limit-
amplitude light OFDM-IMIY, O-OFDM-DIM™ based on discrete wavelet transform to improve the
transmission rate and improve the performance of error codes. However, the above optimization
schemes all start from the perspective of reducing the error probability of subcarrier index, and with
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the increase of signal to noise ratio, the system error probability is mostly affected by the constellation
sign error detection rate, which leads to the limited improvement of error performance of the above
schemes. All the mentioned documents use two-dimensional constellation diagram, which cannot
maximize the minimum Euclidean distance, that is, it cannot minimize the probability of symbol
misjudgment, resulting in the system unable to reach the optimal reliability.

In view of this, in order to greatly improve the system error performance, this paper extends the
constellation symbol from the 2-D plane to the 3-D plane and increases the Euclidean distance
between symbols. Based on this, an O-OFDM-IM scheme based on 3-D constellation is proposed to
greatly improve the system error performance. Meanwhile, the carrier optimization algorithm is
introduced to further reduce the code error rate.

2. The O-OFDM-IM system based on three-dimensional constellation maps

As shown in Figure 1 is the block diagram of the system. Firstly, the optimal subcarrier index
mapping combination is obtained through the subcarrier optimization algorithm, and then the binary
bit stream by string and conversion is respectively index mapping and 3 D modulation mapping
according to the corresponding mapping rules. Where the role of the 3 D modulation map is to
increase the Euclidean distance between the symbols. Then, the symbol of the 3 D modulation map
is loaded on the active subcarrier, and then the signal is converted into a positive real number signal
after merging the data block, which is sent by the laser through the optical antenna. The optical signal
transmitted through the atmospheric channel is received by the detector, and the original data is
recovered by the Log Likelihood Ratio (LLR) detection algorithm after the transmitter. The subcarrier
optimization algorithm and the 3 D constellation diagram are described in detail below.
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Figure 1 Block diagram of the 3D-O-OFDM-IM system
2.1 Sub-carrier optimization algorithm and three-dimensional constellation diagram
2.1.1 Sub-carrier optimization algorithm

In a traditional O-OFDM-IM system, the g number of subcarriers in the n first subcarrier block
is assumed K , and the number of active subcarriers CXis. The number of activator carrier 2"

combinations 2% <C/is, and the actual number of activator carrier combinations is. Usually, there

is redundancy in carrier combinations. Because the index mapping adopts the random mapping
method, the bit error rate possibly generated by the index mapping is not necessarily minimal.
Therefore, this paper makes full use of the redundancy to first select the optimal subcarrier index
combination before performing the index mapping, aiming to achieve the minimum subcarrier
misdetection rate. Table 1 shows the step diagram of the carrier optimization algorithm.
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Table 1 Carrier optimization algorithm

The carrier optimization algorithm

1. Input: number of subcarriers, number of subblocks, number of activator carriers;

2. Output: optimal carrier combination;

3.% Steps

1) Calculate the number of activator carrier combinations;

2) Calculate the sum of the Hamming distance between the combinations;

3) Looking for the maximum combination Z set of Hamming distance;

4) In Z, the number of activator carriers within the most included subcarrier combination is
selected as the optimal combination set;

5) finish;

6) Output the optimal carrier combination.

Hereisan n=4, K =2, P, =2example to illustrate the carrier optimization algorithm. Let the
activator carrier be represented by "1" and the silent subcarrier be represented

{0011,0101,1001,0110,1010,1100} by "0", so 2% the possible subcarrier combination

A=[a,8,8,a,]isi=1,2..15. Then, the set of subcarrier combinations C; =151is, where. The

A;={1010,0101,1001,0110} selected a, subcarrier combination set has a common species. If the
subcarrier combination set is. Assuming that the selected psubcarrier a, combination, influenced
{P“, P2, PZ} by the channel {4, 2, 2} characteristics, the receiver may misdetect it into other subcarrier

combinations. Let the probability of the subcarrier being misdetected be, then the probability of being
detected be other and Hamming distance. It can be seen that the error detection probability is inversely
proportional to the Hamming distance between the subcarrier combinations, that is, the larger the
Hamming distance, the smaller the error detection probability. Therefore, the Hamming distance
between the pairwise combinations in the subcarrier combination set can be calculated separately and
summed. Later, the Hamming distance and the largest set from the 15 combined sets were selected as
the optimal subcarrier combination. The specific process of the algorithm is:

@ Calculate the sum of Hamming distances for pairwise Qsiid(aie,aﬁ)Qiezl""’4

e=1l f=1
combinations f =1,---,4 within d(aie,aij)15 i sets, i. e.,,. The f e Hamming distance between
the first and first subcarrier combinations on the first seed carrier combination set is indicated.
@ Take the Hamming distance and the largest B=A, combined set as the set of choices. If the

sum of the maximum Hamming distance is equal, in order to reduce the probability of error, the far
combination between the activator carriers is selected, because the farther the distance between the
activator carriers, the less the interference between the subcarriers.

{0101,1001,0110,1010}

The final optimal combination set is.

2.1.2 3-D constellation map design

In order to increase the minimum European distance between symbols, this paper extends the two-
dimensional constellation map in the plane to the three-dimensional surface. According to the
distribution characteristics of QAM constellation symbol energy, the appropriate coordinates are
selected to maximize the minimum Eodian distance.

Taking 8 QAM as an example, according to the energy distribution characteristics of the 8 QAM
constellation, it is divided into two groups according to the amplitude radius of the symbols of the

95



two rings, build two concentric balls on the three-dimensional surface and construct the cubes on the
sphere, then select the vertices of four non-adjacent cubes on each sphere to form the regular
tetrahedral constellation. That is, according to the characteristics of 8 QAM sign energy, for the
constellation diagram of 3D 8 x/2QAM, the four nonadjacent vertices of the cube on the inner
group are selected to form a regular tetrahedron, the cube on the outer group is selected with four
nonadjacent vertices to construct the regular tetrahedron in the same position, and then the regular
tetrahedron formed on the outer group is rotated around the z-axis; the 8 vertices are used as the
coordinates of 3 D 8 QAM to obtain the coordinates of 3 D-8 QAM.

Ry
S

(a) (b)
Figure 2 8 QAM constellation Fig

According to the principle that the larger the Euclidean distance between constellation signs, the
smaller the probability of constellation sign error, Figure 2 compares the minimum Euclidean distance
(Minimum Euclidean distance, MED) and the mean Euclidean distance of the 2-D and 3-D
constellation maps.

Table 2 2-D MED of constellations versus 3-D

constellation euclidean distance 8QAM
. . minimum 0.81
two dimension
average
. . minimum 1.18
three-dimensional
average 1.46

2.2 System model

A system with N subcarriers per frame shall transmit m-bit information once. Where p,, P, m

bits is divided into bits and bits, mapped to the activator carrier index number and the constellation
symbols sent on the activator carrier, respectively. These N subcarriers K are equally divided into r

blocks, with each subcarrier block containing R=log,| C/ [n=C.N / r subcarriers. Assuming K
that each subcarrier H block activates the subcarrier, the number of bits transmitted

P, =K-2log, (M )by the activator carrier z=1log, C; +2K log, (M )index on each subcarrier block

is, where the combined number of subcarriers selected from n subcarriers represents the downward
integration. Let the modulation order be M, then the bits sent by the constellation sign are bits and
the total number of binary bits sent by each subcarrier block be bits.

The first subcarrier 9 block is used as an example to detail g the modulation " process. In the
=[0,---,1
1

1

K first subblock, selecting the lg ""’%""O] vector form of the active subcarrier selected
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S Sq, 1S

P from the subcarrier 2K can be expressed as, where Sy = Sy Sy Sk the position of the

non-zero element is the activator carrier index number. @ € (1,2, 2K), Sg.q € R, N5 =

— —>—

Xk, Ve ZK]TBits are mapped as modulation symbols %Y'Z \whose mapping relationships can S be
represented as. Where is the constellation sign, which can be expressed as a three-dimensional vector,
the coordinate values represented by the three elements in the vector. Transfer symbols can be
represented as a matrix

X+ JX1 X, + jX3 o Xk t jXZK—l (1)
SB =Y+ jY1 Y, + jys v Yok t ijK—l
Z+ jzl Z, + jZ3 T e jZ2K—1

Among, j =~/—1The modulation symbol is loaded onto the active subcarrier, and each subcarrier

0 =[0, @ .. ¢u.] block is merged to ¢ € & " generate ¢ the OFDM-IM data ¢, . block,
where. After the hermitian symmetry transformation generation, i. e

09, 09 w0, 0g .. 0¢g 0g (2)
90 =10 @, 00, = 00 09¢ .. 0g 0g

0¢ 0¢ ..0¢ 0g¢g ..0g¢g 0g¢

Where, represents ()* the conjugate gol operation. The inverse two-dimensional Fourier
transform can be expressed as

. 1 &2 izt 2 ey [
¢nl'n2=3_N|;)|;)(pklkze{ o }=3_Nk [ } Z¢k1k2 (3)

Where0<n <2,0<n,<N-land K, represent K, the @ row and column index of the matrix

(o"nhnz , respectively. After generating ¢ the time domain symbol, the amplitude limit operation Y to

form a positive real number signal is sent by the laser through the optical transmitting antenna. Set
the receiving signal to

y=rh-g+w @

n € [0 ~ 1] is the photoelectric conversion efficiency.Under the influence of hermitian symmetry
and amplitude limit, the front block signal is directly extracted and doubled. Then the original
information can be recovered by detecting it.

At the receiving end, the maximum likelihood detection (Maximum Likelihood, ML) is commonly
used, which has excellent code error performance. But when the index bits grow exponentially, using

ML brings high complexity. In view of this, A this system selects the LLR algorithm with less
complexity. The detection criterion uses the ratio of the subcarrier prior probability to the posterior
probability to detect the activator carrier, which can be expressed as

Y, (@)

O,F

A e=In(K)-In(n-K)+ 2= 9 In(Zexp —||Y (&) —H%(a).*S" ( j)" 5)
Where the N, . noise power, n the total number of K carriers in the subblock, and Yg' (a)the ¢
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number « of activated carriersin H?(a)the g subblocka , representing the receiving S" signal of
the g first carrier in the ACa)subblock« , the channel information of the first carrier in the subblock,

and Athe modulation Asymbol. K For the first subblock, the greater the probability that the first
carrier is activated. Therefore, by comparing different carriers in the same subblock, the former
subcarrier with large absolute value is judged as the activated subcarrier, and then the corresponding
constellation sign is recovered according to the estimated activator carrier.

3. Simulation analysis

To verify the feasibility of the proposed scheme, this section performs its simulation verification
using the Monte Carlo method, and the results are shown in Figure3-6. The simulation parameters

are N=256, the photoelectric conversion coefficient n = 0.5, the modulation order is 8 and 16, and

the exponential Weibull channel™*®! parameters are shown in Table 3. In the curve description, W and
S indicate weak and strong turbulence, respectively, and (n, K) indicate the selection of K activator
carriers from the n subcarriers.

Table 3. Parameters of the exponential Weibull turbulence channel

turbulent Li Tuofu Shape Shape scale Receive aperture
intensity variance parameter 1 parameter 2 parameter D/mm
weak 0.317 3.67 1.97 0.73 25
stubborn 15.851 5.50 0.74 0.29 25
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Figure 3 Theoretical and simulation bit error rate of 3D-O-OFDM-IM system

Figure 3 shows the theoretical BER and actual simulation results for the 3D-O-OFDM-IM system.
From Figure 3, we show that at the low SNR, the theoretical BER is larger than the experimental
simulation results, and the theoretical BER tends to coincide with the experimental simulation results
at the high SNR. This is due to the joint bound technique, which derived its upper bit error rate bound.
The correctness of the theoretical derivation is illustrated.

Figure 4 shows the influence of modulation order, activator carriers and turbulence on the

performance of system error codes. It can be seen from Figure 4: (®When the active carrier number

is certain, the increase of the system transmission rate is increased 1x10°with the increase of the
modulation order. However, at this time, the bit error rate of the system will increase accordingly,
which is due to the use of high-order modulation and the probability of signal misjudgment. When

the bit error rate is, the system SNR loses about 4.5 dB.(2When the modulation order is certain, the

98



transmission rate also increases with the increase of the active carrier number. However, due to the
increase of the number of subcarriers of transmitting effective information, the error detection

probability of the receiving end increases, bringing a certain error code loss.®With the increase of
the turbulence intensity, the code error performance of the system is gradually deteriorated.

The carrier optimization algorithm is introduced into the 3D-O-OFDM-IM system to further
optimize the code error performance of the system. Figure 5 shows the bit error rate curve of the
system before and after using the carrier optimization algorithm. According to this figure, the bit error
performance of the system after using the subcarrier optimization algorithm is better than the system
without the subcarrier optimization algorithm.
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Figure 4 Effect of activator carriers, modulation order, and turbulence on the performance of system

error codes
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Figure 5 The bit error rate curve of the system before and after using the carrier optimization
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Figure 6 shows the BER curves for the different systems. According to Figure 6, the bit error rate
of the 3D-O-OFDM-IM system is significantly better than that of the 2D-O-OFDM-IM system,
because the 3D increases the Euclidean distance between symbols and reduces the probability of
symbols being misjudged.

4. Conclusion

In order to realize the communication system with higher reliability, this paper proposes the 3D-
O-OFDM-IM scheme by optimizing the traditional constellation symbols. Simulations analyze the
code error performance of the system under the exponential Weibull turbulence channel. The results
show that the 3D-O-OFDM-IM system has greatly improved the code error performance compared
with other systems, and the transmission rate is also improved.
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