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Abstract: This paper presents a low-PAPR polarity-split four-LED MIMO-VLC transmission scheme for flat indoor optical 

channels. The proposed transmitter maps each complex QAM symbol into four nonnegative LED branches by separating the 

positive and negative polarities of the real and imaginary components. At the receiver, a direct-channel four-dimensional maximum-

likelihood detector is used to estimate the transmitted QAM symbol directly from the photodetector-domain received vector. The 

proposed scheme is compared with GLIM-MAP, OSM-DCO-ML, and OSM-ACO-ML under fair spectral-efficiency settings with 

cyclic-prefix accounting. Simulation results over 4 x 4 flat MIMO-VLC channel matrices show that the proposed scheme provides 

a much lower PAPR than GLIM and OSM-ACO, and achieves clear BER gains over OSM-DCO under practical channels. At 

spectral efficiency = 4, the proposed scheme reduces the ML-search space by about 7.94 times relative to OSM-DCO, while 

avoiding the OFDM transmitter-side IFFT burden. The results indicate that the proposed scheme is a spectrally efficient and low-

complexity flat-channel alternative for low-PAPR MIMO-VLC transmission. 

Keywords: —Visible light communication, MIMO-VLC, polarity splitting, optical spatial modulation, GLIM, low PAPR, direct-

channel 4D-ML detection, flat optical channel. 

 

1. Introduction 

Visible light communication (VLC) has attracted sustained interest as a complementary indoor wireless 

technology because light-emitting diode (LED) lighting infrastructure can support simultaneous illumination and data 

transmission [1]. Recent surveys highlight that MIMO-VLC can provide additional spatial degrees of freedom and 

improve data-rate scalability, but also introduces channel-correlation, receiver-design, and signal-format constraints 

that must be treated carefully [2, 3]. 

In practical intensity-modulation/direct-detection (IM/DD) links, the transmitted optical waveform must be 

real-valued and nonnegative [4, 5]. This requirement strongly influences the choice of modulation, waveform 

generation, biasing strategy, and receiver structure [6]. Recent work on optical wireless modulation and practical VLC 

front ends has emphasized that device bandwidth, optical power efficiency, receiver complexity, and modulation 

format should be considered jointly rather than optimizing one metric alone [7, 8]. 

Optical OFDM solutions, including DCO-OFDM and ACO-OFDM, are widely used because they provide 

flexible frequency-domain signal generation and can support high spectral efficiency [9]. However, they also require 

Hermitian-symmetric frame construction and IFFT/FFT processing, and they usually suffer from a high peak-to-

average power ratio (PAPR)[10]. High PAPR is particularly undesirable in VLC systems because it increases the 

likelihood of LED nonlinear distortion, clipping, and dynamic-range inefficiency. These issues continue to motivate 

new signal processing and transceiver architectures for VLC systems [11]. 

MIMO-oriented OFDM schemes such as generalized LED index modulation (GLIM) and optical spatial 

modulation-assisted OFDM exploit the LED domain to satisfy optical unipolarity and improve spectral efficiency [12, 

13]. GLIM is a strong BER-oriented benchmark because it combines OFDM signaling with MAP-based time-domain 
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estimation[14]. Nevertheless, its OFDM waveform can exhibit a high PAPR. OSM-DCO and OSM-ACO provide 

alternative spatial-index baselines, but their required modulation order and ML search space grow rapidly when the 

target spectral efficiency increases[15]. For example, in a 4-LED system, OSM-ACO would require 16384-QAM to 

reach the high-spectral-efficiency case considered in this work [16]. 

Motivated by these observations, this paper investigates a low-PAPR polarity-split 4-LED MIMO-VLC 

transmission scheme over flat indoor optical MIMO channels. The proposed transmitter maps the real and imaginary 

parts of a QAM symbol into four nonnegative LED branches by separating positive and negative polarities. At the 

receiver, a direct-channel 4D-ML detector operates directly on the photodetector-domain received vector. The 

objective is not to claim universal BER superiority over GLIM; rather, the goal is to provide a spectrally efficient, 

low-PAPR, and lower-search-complexity flat-channel alternative that yields clear BER gains over OSM-DCO under 

practical, well-conditioned channel matrices. 

The main contributions of this paper are summarized as follows: 

1) A polarity-split 4-LED MIMO-VLC transmission structure is formulated for flat IM/DD optical MIMO 

channels, where four nonnegative LED branch signals represent each QAM symbol. 

2) A direct-channel 4D-ML detector is developed to estimate the transmitted QAM symbol directly from the 

received photodetector-domain vector. 

3) A fair spectral-efficiency comparison is established against GLIM-MAP, OSM-DCO-ML, and OSM-ACO-

ML, including finite-block cyclic-prefix accounting. 

4) The proposed scheme is evaluated in terms of BER, PAPR, robustness over multiple 4 x 4 VLC-MIMO 

channel matrices, and transceiver computational complexity, including real multiplication and addition/subtraction 

counts. 

The remainder of this paper is organized as follows. Section 2 presents the proposed polarity-split 4-LED 

MIMO-VLC transmission system and the direct-channel 4D-ML detector. Section 3 describes the fair comparison 

setup with existing MIMO-OFDM benchmarks and provides the transceiver complexity analysis. Section 4 presents 

the simulation results and discussion. Section 5 concludes the paper. 

2. Polarity-Split 4-LED MIMO-VLC Transmission with Direct-Channel 4D-ML Detection 

System 

The overall architecture of the proposed flat-channel polarity-split 4-LED MIMO-VLC transceiver is shown in 

Fig. 1. The diagram summarizes the signal flow from input bits and QAM mapping to polarity splitting, optical scaling, 

propagation through the flat 4 x 4 MIMO-VLC channel, and direct-channel 4D-ML detection at the receiver. 
 

Fig. 1. Block diagram of the proposed flat-channel polarity-split 4-LED MIMO-VLC transceiver. 

Let the information bit stream be mapped into a block of complex QAM symbols. The transmitted symbol is 

selected from the normalized M-QAM constellation X as 

𝑥[𝑛] ∈ 𝑋, 𝑛 = 0,1, … , 𝑁 − 1. (1) 
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𝑤 

𝑤 

2 

𝑤 4 

Where 𝑁 is the block length. The real and imaginary components are denoted by 𝑎[𝑛] and 𝑏[𝑛], respectively: 

𝑥[𝑛] = 𝑎[𝑛] + 𝑗𝑏[𝑛]. (2) 

For any real scalar u, its positive and negative components can be written in explicit max-form. In this paper, 

the LED mapping is written directly using this max-form. The four nonnegative LED branch signals are obtained from 

𝑎[𝑛] and 𝑏[𝑛] as 
 

𝑠1[𝑛] = max(𝑎[𝑛], 0), 𝑠2[𝑛] = max(−𝑎[𝑛], 0), (3) 

𝑠3[𝑛] = max(𝑏[𝑛], 0), 𝑠4[𝑛] = max(−𝑏[𝑛], 0). (4) 

The four-dimensional nonnegative transmit vector is therefore 

𝑇 

𝐬[𝑛] = [𝑠1[𝑛], 𝑠2[𝑛], 𝑠3[𝑛], 𝑠4[𝑛]] . (5) 

An optical scaling coefficient 𝛼 is applied to satisfy the target total optical mean power: 

𝐱𝑜𝑝𝑡[𝑛] = 𝛼𝐬[𝑛]. (6) 

The coefficient alpha is chosen such that 

𝐸{𝟏𝑇𝐱𝑜𝑝𝑡[𝑛]} = 𝑃𝑜𝑝𝑡, (7) 

where 𝑃𝑜𝑝𝑡 is the target total optical mean, and 1 is an all-one vector of length four. The received electrical 

signal vector at the four photodetectors is modeled as 

𝐲[𝑛] = 𝐇𝐱𝑜𝑝𝑡[𝑛] + 𝐰[𝑛], (8) 

where H is the flat 4 x 4 optical MIMO channel matrix and 𝐰[𝑛] is the additive electrical noise vector. The 

noise is modeled as zero-mean real Gaussian noise with covariance matrix: 

𝐑𝑤 = 𝐸{𝐰[𝑛]𝐰𝑇[𝑛]} = 𝜎2 𝐈 . (9) 

In (9), 𝐸{·} denotes the statistical expectation operator, (·)𝑇 denotes the transpose operation, 𝜎2 is the 

electrical noise variance per photodetector, and 𝐼4 is the 4 × 4 identity matrix. 

For each candidate QAM symbol 𝑥𝑚, the corresponding real and imaginary parts are denoted by 𝑎𝑚 and 𝑏𝑚. 
The candidate nonnegative vector is constructed as: 

𝐬𝑚 = [max(𝑎𝑚, 0), max(−𝑎𝑚, 0), max(𝑏𝑚, 0), max(−𝑏𝑚, 0)]𝑇. (10) 

After optical scaling, the noiseless received candidate is 𝐇𝛼𝐬𝑚. The branch metric for candidate 𝑥𝑚 is 

𝑑𝑚[𝑛] = (𝐲[𝑛] − 𝐇𝛼𝐬𝑚)𝑇𝐑−1(𝐲[𝑛] − 𝐇𝛼𝐬𝑚). (11) 

The proposed direct-channel 4D-ML decision rule is then 

𝑥 [𝑛] = arg min 𝑑𝑚[𝑛]. (12) 
𝑥𝑚∈𝑋 

For spatially white noise, this is equivalent to the Euclidean-distance metric 

𝑥 [𝑛] = arg min 
𝑥𝑚∈𝑋 

∥ 𝐲[𝑛] − 𝐇𝛼𝐬𝑚 ∥2. (13) 
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Where 𝑅𝑤 is the noise covariance matrix. The detected QAM symbol is then de-mapped using the same gray 
mapping as the transmitter. 

 

3. Comparisons of 4D-ML and Existing MIMO-OFDM 

3.1 Fair Spectral-Efficiency and Modulation-Order Setup 

The target spectral efficiency is denoted by 𝜂 in bits/s/Hz. For the proposed scheme and GLIM, the table-

based spectral efficiency is 

𝜂𝑝𝑟𝑜𝑝 = 𝜂𝐺𝐿𝐼𝑀 = log2(𝑀). (14) 

For OSM-DCO with 𝑛𝑇 = 4 LEDs, the spectral efficiency is: 

 

𝜂𝑂𝑆𝑀−𝐷𝐶𝑂 

 

= 
log2(𝑀𝑛𝑇) 

2 
(15) 

For OSM-ACO, the corresponding spectral efficiency is 
 

𝜂𝑂𝑆𝑀−𝐴𝐶𝑂 = 
log2(𝑀𝑛𝑇)

. (16) 
4 

With finite block length N and cyclic-prefix accounting 𝑁𝑐𝑝, the proposed scheme and GLIM are reported 

using 

 

𝜂𝑓𝑖𝑛𝑖𝑡𝑒 

 

= 
𝑁 

𝑁+𝑁𝑐𝑝 
log2(𝑀). (17) 

 

For OSM-DCO, where 𝐾𝐷𝐶𝑂 
= 

𝑁 
− 1 positive-frequency subcarriers carry data, the finite-block spectral 

2 

efficiency is  

 

𝜂 = 
𝐾𝐷𝐶𝑂log2(𝑀𝑛𝑇) 

 
 (18) 

𝑂𝑆𝑀−𝐷𝐶𝑂,𝑓𝑖𝑛𝑖𝑡𝑒 . 
𝑁+𝑁𝑐𝑝 

 

For OSM-ACO, where 𝐾𝐴𝐶𝑂 
= 

𝑁 
odd positive-frequency subcarriers are used, the corresponding finite-block 

4 

spectral efficiency is  

 

𝜂 = 
𝐾𝐴𝐶𝑂log2(𝑀𝑛𝑇) 

 
 (19) 

𝑂𝑆𝑀−𝐴𝐶𝑂,𝑓𝑖𝑛𝑖𝑡𝑒 . 
𝑁+𝑁𝑐𝑝 

The modulation orders selected from these spectral-efficiency expressions are listed in Table I. 

Table I. Modulation orders used for the fair spectral-efficiency comparison. 
 

System At η = 2 At η = 4 

Proposed direct-channel 4D-ML 4-QAM 16-QAM 

GLIM-MAP 4-QAM 16-QAM 

OSM-DCO-ML 4-QAM 64-QAM 

OSM-ACO-ML 64-QAM excluded 

 

At 𝜂 = 4, OSM-ACO would require 16384-QAM for nT = 4. Therefore, it is excluded from the high-spectral-

efficiency BER comparison because of its impractically high modulation order and excessive search complexity. 

. 
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3.2 Transceiver Search-Space Complexity 

The computational complexity of the considered systems is compared at the transceiver level, including both 

transmitter-side and receiver-side operations. The comparison is focused on the flat-channel case considered in this 

work. Therefore, no frequency-domain equalization or multipath processing is included for the proposed scheme. 

The proposed transmitter is structurally simple. It performs QAM mapping, polarity splitting of the real and 

imaginary components, optical scaling, and direct transmission over four nonnegative LED branches. It does not 

require OFDM modulation, Hermitian-symmetric subcarrier construction, IFFT processing, subcarrier-index 

mapping, DC biasing, or clipping. In contrast, GLIM requires QAM mapping followed by an IFFT and time-domain 

separation into optical branches[17, 18]. OSM-DCO and OSM-ACO require spatial-index mapping, Hermitian-

symmetric OFDM frame construction, IFFT processing, and additional optical-domain operations such as DC biasing 

for OSM-DCO or asymmetric clipping for OSM-ACO [19]. 

At the receiver, the proposed direct-channel 4D-ML detector searches over the original QAM constellation. 

Therefore, for each block, the number of candidate tests is 

𝐶prop = 𝑁𝑀. (20) 

For 𝑁 = 256 and 𝜂 = 4, the proposed scheme uses 𝑀 = 16, giving 

𝐶prop = 256 × 16 = 4096 (21) 

candidate tests per block. 

For OSM-DCO, ML detection is performed over the product of the QAM constellation and the active LED 

index. The number of data-bearing positive-frequency subcarriers is 
 

𝐾DCO 
= 

𝑁 
− 1 = 127. (22) 

2 

At 𝜂 = 4, OSM-DCO requires 𝑀 = 64 with 𝑛𝑇 = 4, and hence the number of ML candidate tests is 

𝐶OSM−DCO = 𝐾DCO𝑀𝑛𝑇 = 127 × 64 × 4 = 32512. (23) 

Thus, compared with OSM-DCO, the proposed detector reduces the ML search space by 

𝐶OSM−DCO = 
32512 

≈ 7.94 (24) 
𝐶prop 4096 

times at 𝜂 = 4, while also avoiding the transmitter-side OFDM IFFT burden. 

For OSM-ACO at 𝜂 = 4, the required modulation order becomes 𝑀 = 16384 for 𝑛𝑇 = 4. Since the number 

of active odd positive-frequency subcarriers is 𝐾ACO = 𝑁/4 = 64, the corresponding number of candidate tests would 
be 

 

 

This is approximately 

𝐶OSM−ACO = 64 × 16384 × 4 = 4194304. (25) 

 
𝐶OSM−ACO = 

4194304 
= 1024 (26) 

𝐶prop 4096 

times larger than the proposed detector search space. This excessive search complexity, together with the 

impractically high modulation order, justifies excluding OSM-ACO from the 𝜂 = 4 BER comparison. 

The resulting transceiver-level search-space comparison at η = 4 is summarized in Table II. 

Table II. Transceiver complexity comparison at η = 4. 
 

System Transmitter processing Receiver processing 
Main search size at η 

= 4 

Proposed Direct- 
Channel 4D-ML 

QAM mapping, polarity splitting, 
optical scaling; no OFDM IFFT 

Direct-channel 4D-ML 𝐶prop = 4096 
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TX 

TX 

𝑚 𝑚 𝑚 𝑚 

System Transmitter processing Receiver processing 
Main search size at η 

= 4 

GLIM-MAP QAM mapping, IFFT, separator 
MAP estimation followed 

by FFT 

MAP-based time-

domain estimation 

 

OSM-DCO-ML 
Index mapping, Hermitian OFDM 

construction, IFFT, DC bias 

FFT followed by ML 

over QAM and LED 

index 

 

𝐶OSM−DCO = 32512 

 

OSM-ACO-ML 

Index mapping, Hermitian OFDM 

construction, IFFT, asymmetric 

clipping 

FFT followed by ML 

over QAM and LED 

index 

 

𝐶OSM−ACO = 

4194304 

 

Therefore, the proposed scheme offers a lower-complexity flat-channel transceiver than the OSM-based 

OFDM alternatives at high spectral efficiency. Although GLIM provides strong BER performance, it requires OFDM-

domain processing and exhibits significantly higher PAPR. The proposed scheme therefore provides a favorable 

tradeoff among BER, PAPR, spectral efficiency, and computational complexity. 

3.3 Detailed Real Multiplication and Addition/Subtraction Counts 

To make the complexity comparison explicit, the number of real multiplications and real 

additions/subtractions is counted in addition to the ML-search size [20]. Additions and subtractions are counted 

together as real additions. Comparisons, memory transfers, index selection, and sign tests are not included. The 

channel-domain templates used by the ML and MAP metrics are assumed to be precomputed, since the channel is flat 

and remains fixed over the simulated block. 

For a radix-2 length-𝑁 complex FFT or IFFT, the approximate real-operation counts are 

ℳFFT(𝑁) = 2𝑁log2𝑁, (27) 

𝒜FFT(𝑁) = 3𝑁log2𝑁, (28) 

where ℳ(⋅) and 𝒜(⋅) denote the numbers of real multiplications and real additions/subtractions, 

respectively. 

The proposed transmitter performs polarity splitting and optical scaling without OFDM modulation. If one 

real scaling multiplication is applied to each LED sample, the transmitter-side multiplication count is 

ℳprop = 4𝑁, (29) 

and the corresponding transmitter-side addition count is approximately 

𝒜prop ≈ 0. (30) 

At the receiver, the proposed direct-channel 4D-ML metric for one candidate is 

𝑑 = ∥𝐲[𝑛] − 𝛍 ∥
2
, 𝛍 = 𝐇𝐬 . (31) 

For each candidate, the metric requires 𝑛𝑅 real multiplications for squaring the residual elements and 2𝑛𝑅 − 
1 real additions/subtractions for residual formation and accumulation. Hence, for one block, 

ℳprop = 𝑁𝑀 𝑛 , (32) 
RX 

𝒜prop = 𝑁𝑀 

prop 

(2𝑛 

𝑅 

− 1). (33) 
RX prop 𝑅 

Therefore, the total proposed transceiver count is 

ℳprop = 4𝑁 + 𝑁𝑀 𝑛 , (34) 
tot prop  𝑅 

𝒜prop = 𝑁𝑀 (2𝑛 − 1). (35) 
tot prop 𝑅 
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TX 

TX 

RX 

RX 

tot 

tot 

TX 

TX 

RX 

RX 

tot 

tot 

TX 

TX 

RX 

RX 

tot 

tot 

ML  = 

GLIM requires one IFFT at the transmitter and one FFT at the receiver. Let 𝐶MAP denote the effective number 
of conditional MAP hypotheses evaluated per time sample. The transmitter-side counts are approximated as 

ℳGLIM = 2𝑁log2𝑁 + 4𝑁, (36) 

𝒜GLIM = 3𝑁log2𝑁. (37) 

The receiver-side counts are 

ℳGLIM = 2𝑁log2𝑁 + 𝑁𝐶MAP𝑛𝑅, (38) 

𝒜GLIM = 3𝑁log2𝑁 + 𝑁𝐶MAP(2𝑛𝑅 − 1). (39) 

Thus, the total GLIM transceiver counts are 

ℳGLIM = 4𝑁log2𝑁 + 4𝑁 + 𝑁𝐶MAP𝑛𝑅, (40) 

𝒜GLIM = 6𝑁log2𝑁 + 𝑁𝐶MAP(2𝑛𝑅 − 1). (41) 

For OSM-DCO, the number of active positive-frequency data subcarriers is 

𝐾DCO 
= 

𝑁 
− 1. (42) 

2 

The transmitter requires 𝑛𝑇 IFFT operations, optical scaling, and DC-bias addition. Therefore, 

ℳDCO = 2𝑛𝑇𝑁log2𝑁 + 𝑛𝑇𝑁, (43) 

𝒜DCO = 3𝑛𝑇𝑁log2𝑁 + 𝑛𝑇𝑁. (44) 

At the receiver, 𝑛𝑅 FFT operations are required. The complex ML metric over 𝑛𝑅 received branches requires 

2𝑛𝑅 real multiplications and 4𝑛𝑅 − 1 real additions/subtractions per candidate. Therefore, 

ℳDCO = 2𝑛𝑅𝑁log2𝑁 + 𝐾DCO𝑀DCO𝑛𝑇(2𝑛𝑅), (45) 

𝒜DCO = 3𝑛𝑅𝑁log2𝑁 + 𝐾DCO𝑀DCO𝑛𝑇(4𝑛𝑅 − 1). (46) 

The total OSM-DCO counts are then 

ℳDCO = 2(𝑛𝑇 + 𝑛𝑅)𝑁log2𝑁 + 𝑛𝑇𝑁 + 𝐾DCO𝑀DCO𝑛𝑇(2𝑛𝑅), (47) 

𝒜DCO = 3(𝑛𝑇 + 𝑛𝑅)𝑁log2𝑁 + 𝑛𝑇𝑁 + 𝐾DCO𝑀DCO𝑛𝑇(4𝑛𝑅 − 1). (48) 

For OSM-ACO, the number of active odd positive-frequency data subcarriers is 

𝐾ACO = 𝑁. (49) 
4 

The transmitter requires 𝑛𝑇 IFFT operations and optical scaling, while asymmetric clipping is treated as a 
comparison operation and is not counted as a real multiplication or addition. Hence, 

ℳACO = 2𝑛𝑇𝑁log2𝑁 + 𝑛𝑇𝑁, (50) 

𝒜ACO = 3𝑛𝑇𝑁log2𝑁. (51) 

The receiver-side counts are 

ℳACO = 2𝑛𝑅𝑁log2𝑁 + 𝐾ACO𝑀ACO𝑛𝑇(2𝑛𝑅), (52) 

 

Accordingly, 

𝒜ACO = 3𝑛𝑅𝑁log2𝑁 + 𝐾ACO𝑀ACO𝑛𝑇(4𝑛𝑅 − 1). (53) 

 

ℳACO = 2(𝑛𝑇 + 𝑛𝑅)𝑁log2𝑁 + 𝑛𝑇𝑁 + 𝐾ACO𝑀ACO𝑛𝑇(2𝑛𝑅), (54) 

𝒜ACO = 3(𝑛𝑇 + 𝑛𝑅)𝑁log2𝑁 + 𝐾ACO𝑀ACO𝑛𝑇(4𝑛𝑅 − 1). (55) 

The relative ML-operation burden with respect to the proposed receiver is 

 ℳ
DCO 

prop 
RX 

 
𝐾DCO𝑀DCO𝑛𝑇(2𝑛𝑅) 

= 
𝑁𝑀prop𝑛𝑅 

 

2𝐾DCO𝑀DCO𝑛𝑇 
 

𝑁𝑀prop 
, (56) 

ℳ 
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ML  = 

ℳprop 

ML  = 

B 

 

 

Similarly, for OSM-ACO, 

 𝒜
DCO 

prop 
RX 

 
 

 

ℳACO 

𝐾DCO𝑀DCO𝑛𝑇(4𝑛𝑅−1) 
 

𝑁𝑀prop(2𝑛𝑅−1) 

 
 

 2𝐾ACO𝑀ACO𝑛𝑇 
  ML  = 

RX 

 

𝑁𝑀prop 
, (58) 

 𝒜
ACO 

prop 
RX 

𝐾ACO𝑀ACO𝑛𝑇(4𝑛𝑅−1) 
 

𝑁𝑀prop(2𝑛𝑅−1) 

These equations show that the proposed flat-channel detector avoids the OFDM FFT/IFFT burden and keeps 

both the real-multiplication and real-addition counts proportional to 𝑁𝑀prop , whereas the OSM-based OFDM 

baselines scale with 𝐾𝑀𝑛𝑇 in addition to the FFT/IFFT cost. 

4. Simulation Results 

This section evaluates the performance of the proposed polarity-split 4-LED MIMO-VLC scheme over flat 

4 × 4 indoor optical MIMO channels. The proposed system is compared with GLIM-MAP, OSM-DCO-ML, and, at 

𝜂 = 2 only OSM-ACO-ML. The comparison is performed under equal target spectral-efficiency settings. A cyclic-
prefix accounting factor is also reported for fairness, where 𝑁 = 256 and 𝑁cp = 64. Therefore, the finite-block 

spectral efficiency of the proposed scheme and GLIM becomes 0.8𝜂table. For OSM-DCO, the finite-block spectral 

efficiency is slightly lower because only 𝑁/2 − 1 = 127 positive-frequency subcarriers are data-bearing. 

For the main comparison, the 𝐇𝑎 channel is used because it represents a moderately conditioned flat MIMO-

VLC channel. The 𝐇𝑎 and 𝐇𝑝 channels are additionally used to verify robustness under severely ill-conditioned and 
𝐴 C 

better-conditioned channel conditions, respectively. The condition numbers of the three channel matrices are 

approximately 774.65, 13.24, and 3.45, respectively. 

The flat 4 x 4 VLC-MIMO channel matrices used in the simulations are adopted from the physical-channel 

case study of Yesilkaya et al. [12], “Optical MIMO-OFDM With Generalized LED Index Modulation.” These matrices 

are generated from the physical simulation-environment parameters reported in Table I of [12]. Therefore, Table I is 

cited as the source of the channel construction and is not reproduced here. The resulting channel matrices are written 

as follows: 

0.3489 0.3288 0.3104 0.3288 

𝐇𝑎 ≈ 10−5 × (0.3288 0.3489 0.3288 0.3104) (60) 
A 0.3104 0.3288 0.3489 0.3288 

0.3288 0.3104 0.3288 0.3489 

0.4984 0.3005 0.2008 0.3005 

𝐇𝑎 ≈ 10−5 × (0.3005 0.4984 0.3005 0.2008) (61) 
B 0.2008 0.3005 0.4984 0.3005 

0.3005 0.2008 0.3005 0.4984 

0.5555 0.1866 0.1222 0.1866 
𝐇𝑝 ≈ 10−5 × (0.1866 0.5555 0.1866 0.1222 (62) 

C 0.1222 0.1866 0.5555 
) 

0.1866 
0.1866 0.1222 0.1866 0.5555 

In this work, 𝐇𝑎 is used as the main comparison channel, while 𝐇𝑎 and 𝐇𝑝 are used as the severely ill-conditioned 
B A C 

stress-test and better-conditioned robustness cases, respectively. 

Table III summarizes the modulation orders and finite-block spectral efficiencies used in the comparison. The 

column ηtable follows the analytical expressions used to match the target spectral efficiency, while 𝜼𝒇𝒊𝒏𝒊𝒕𝒆,CP accounts 

for the finite block length and the CP overhead. 

𝒜 
. (57) 

𝒜 
. (59) 
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Table III. Spectral-efficiency setup with CP accounting. 
 

Target η System M  ,CP 

2 Proposed Direct-Channel 4D-ML 4 2.000 1.600 

2 GLIM-MAP 4 2.000 1.600 

2 OSM-DCO-ML 4 2.000 1.5875 

2 OSM-ACO-ML 64 2.000 1.600 

4 Proposed Direct-Channel 4D-ML 16 4.000 3.200 

4 GLIM-MAP 16 4.000 3.200 

4 OSM-DCO-ML 64 4.000 3.175 

At η = 2, the proposed scheme uses 4-QAM, GLIM also uses 4-QAM, OSM-DCO uses 4-QAM, and OSM-

ACO requires 64-QAM. The BER behavior is shown in Fig. 2. GLIM provides the strongest BER performance at low 

target BER values, while OSM-ACO also performs competitively in BER at this spectral efficiency. However, the 

proposed scheme significantly outperforms OSM-DCO. At BER = 10−3, the proposed scheme requires about 25.70 

dB, whereas OSM-DCO requires about 31.64 dB, corresponding to an SNR gain of approximately 5.94 dB. The 

corresponding BER threshold values for the main 𝐇𝑎 channel are summarized in Table IV. 

 

 

 

 

Fig. 2. BER comparison at target spectral efficiency η = 2 over the main channel. HBa 

At η = 4, the proposed scheme and GLIM use 16-QAM, whereas OSM-DCO requires 64-QAM. OSM-ACO is 

not included at this spectral efficiency because it would require 16384-QAM for a 4-LED system, which is impractical 

and highly sensitive to noise. The corresponding BER curve is shown in Fig. 3. Under the 𝐇𝑎 channel, the proposed 

scheme reaches BER = 10−3 at approximately 29.82 dB, while OSM-DCO requires approximately 39.97 dB. Thus, 
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the proposed scheme provides an SNR gain of about 10.15 dB over OSM-DCO. At BER = 10−4, the corresponding 

SNR values are approximately 32.23 dB and 43.61 dB, giving a gain of about 11.38 dB. 

GLIM remains the strongest BER-oriented benchmark, requiring approximately 25.35 dB and 26.71 dB at BER 

= 10−3 and 10−4, respectively, under the 𝐇𝑎 channel. However, this BER advantage is obtained at the cost of OFDM-

domain processing and significantly higher PAPR. The BER threshold values for both spectral-efficiency cases are 

reported in Table IV. 
 

 
         

         

         

 
        

         

   

       

         

         

         

         

         

    
 

     

         

         

         

         

         

         

         

         

        

 
         

         

      
 

   
        

 
 

 

Fig. 3. BER comparison at target spectral efficiency η = 4 over the main channel. HBa 

Table IV. BER threshold summary for the main channel. HBa 
 

Target 

η 

System M SNR at BER 10^-3 

(dB) 

SNR at BER 

(dB) 

2 Proposed Direct-Channel 4D-

ML 

4 25.70 27.27 

2 GLIM-MAP 4 20.19 21.62 

2 OSM-DCO-ML 4 31.64 >32 

2 OSM-ACO-ML 64 24.01 27.87 

4 Proposed Direct-Channel 4D-

ML 

16 29.82 32.23 

4 GLIM-MAP 16 25.35 26.71 

4 OSM-DCO-ML 64 39.97 43.61 

The PAPR results clarify the tradeoff between BER performance and optical waveform characteristics. At η = 

2, the proposed waveform has nearly 0 dB PAPR, while GLIM and OSM-ACO exhibit PAPR values above 11 dB and 

13 dB, respectively, at CCDF = . The η = 2 PAPR CCDF is shown in Fig. 4, and the corresponding numerical PAPR 

values are summarized in Table V. This confirms that the proposed scheme is particularly attractive when a low-PAPR 

optical waveform is required. 10-3 
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Fig. 4. PAPR CCDF comparison at target spectral efficiency η = 2. 

At η = 4, the proposed scheme has a PAPR of about 3.67 dB at CCDF = 10−3, whereas GLIM reaches 

approximately 11.91 dB. The corresponding PAPR CCDF is shown in Fig. 5, and the numerical metrics are included 

in Table V. Therefore, the proposed scheme reduces the PAPR by about 8.24 dB relative to GLIM. Compared with 

OSM-DCO, the proposed PAPR is very close, since the DC bias in OSM-DCO makes the total emitted optical 

waveform more stable when PAPR is computed after optical biasing. 

 

 
      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

 

 

 

Fig. 5. PAPR CCDF comparison at target spectral efficiency η = 4. 
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Table V. PAPR summary. 
 

Target η System Median PAPR (dB) PAPR at CCDF (dB) 

2 Proposed Direct-Channel 4D-ML 0.00 0.00 

2 GLIM-MAP 8.01 11.20 

2 OSM-DCO-ML 2.35 3.50 

2 OSM-ACO-ML 9.27 13.08 

4 Proposed Direct-Channel 4D-ML 3.01 3.67 

4 GLIM-MAP 7.97 11.91 

4 OSM-DCO-ML 2.37 3.58 

The robustness results at η = 4 are summarized in Table VI and plotted in Fig. 6. They confirm that channel 

conditioning has a strong impact on all schemes. For the severely ill-conditioned 𝐇𝑎 channel, GLIM and OSM-DCO 

achieve lower BER than the proposed scheme at low BER targets. This behavior is attributed to the very large 

condition number of 𝐇𝑎, which strongly compresses the channel-domain distances of the proposed polarity-split 

constellation. Therefore, 𝐇𝑎 is treated as a stress-test case rather than the main comparison channel. 

For the better-conditioned 𝐇𝑝 channel, Table VI shows that the proposed scheme reaches BER = 10−3 at about 

21.56 dB, whereas OSM-DCO requires about 34.56 dB. This corresponds to an SNR gain of approximately 13.00 dB. 

At BER = 10−4, the proposed scheme requires about 23.42 dB, while OSM-DCO requires about 37.45 dB, giving a 

gain of approximately 14.03 dB. 

Table VI. Robustness summary at η = 4 over three flat 4 x 4 MIMO-VLC channels. 
 

Channel cond(H) System SNR at BER 𝟏𝟎−𝟑 (dB) SNR at BER 𝟏𝟎−𝟒 (dB) 

𝐇𝑎 
𝐴 774.65 Proposed Direct-Channel 4D-ML 64.80 67.45 

𝐇𝑎 
𝐴 774.65 GLIM-MAP 52.65 54.49 

𝐇𝑎 
𝐴 774.65 OSM-DCO-ML 58.39 62.02 

𝐇𝑎 
𝐵 13.24 Proposed Direct-Channel 4D-ML 29.82 32.23 

𝐇𝑎 
𝐵 13.24 GLIM-MAP 25.35 26.71 

𝐇𝑎 
𝐵 13.24 OSM-DCO-ML 39.97 43.61 

𝐇𝑝 
𝐶 3.45 Proposed Direct-Channel 4D-ML 21.56 23.42 

𝐇𝑝 
𝐶 3.45 GLIM-MAP 18.76 20.32 

𝐇𝑝 
𝐶 3.45 OSM-DCO-ML 34.56 37.45 
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Fig. 6. Robustness of the proposed Direct-Channel 4D-ML detector over , , and at η = 4. HAaHBaHCp 

Overall, the proposed scheme should not be interpreted as a BER-dominant alternative to GLIM. Instead, it 

provides a balanced flat-channel MIMO-VLC solution that combines low PAPR, high spectral efficiency, reduced 

ML search size, and strong BER gains over OSM-DCO in practical channel conditions. 

For completeness, the severely ill-conditioned 𝐇𝑎 channel is also plotted separately in Fig. 7. This curve is 

treated as a stress-test result because 𝐇𝑎 has a very large condition number, and it is not used as the main performance- 

advantage case. 

 

 

 

Fig. 7. BER robustness at η = 4 over the severely ill-conditioned channel. HAa 

5. Conclusion 

This paper investigated a low-PAPR polarity-split 4-LED MIMO-VLC transmission scheme for flat indoor 

optical MIMO channels. The proposed transmitter represents each QAM symbol by four nonnegative optical branches, 

while the receiver applies direct-channel 4D-ML detection in the photodetector domain. The study was intentionally 

restricted to flat 4 x 4 MIMO-VLC channels to isolate the effect of the proposed polarity-split signaling and detector 
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structure without introducing multipath equalization or SC-FDE processing. Under fair spectral-efficiency settings, 

the proposed scheme demonstrated a strong PAPR advantage over GLIM and OSM-ACO. At η = 4, it also provided 

substantial BER gains over OSM-DCO for the practical and HC channel matrices. The severely ill-conditioned 

channel was included as a stress-test case and showed that channel conditioning strongly affects all schemes; in that 

case, GLIM and OSM-DCO achieved lower BER than the proposed method at low target BER levels. Therefore, the 

proposed scheme is not claimed to be universally superior to GLIM in BER. Rather, it offers a balanced flat-channel 

MIMO-VLC solution that combines low PAPR, high spectral efficiency, reduced ML search complexity relative to 

OSM-DCO at high η, and favorable BER performance under practical, well-conditioned channel matrices. Future 

work may extend the proposed architecture to frequency-selective multipath MIMO-VLC channels and SC-FDE-

based receiver structures. HBaHAa 
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