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Abstract—A modulation recognition method for generalized
optical multiple-input multiple-output (GO-MIMO) schemes in
optical wireless communication (OWC) systems is proposed,
which employs the frequency domain difference amplitude his-
togram as a feature to complete the identification of the two
schemes. The proposed method has a low-complexity advantage
and achieves highly accurate recognition at low signal-to-noise
ratios (SNRs).

Index Terms—Optical wireless communication, automatic
modulation recognition, generalized optical MIMO

I. INTRODUCTION

Optical wireless communication (OWC) has emerged as
a key enabling technology for 6G networks, offering sub-
stantial advantages including abundant spectrum resources,
ultra-low latency, enhanced security, high capacity, and cost-
effectiveness [1]. In OWC systems, light-emitting diodes
(LEDs) and photodetectors (PDs) are used as transmitter and
receiver units, respectively. However, these components tend
to have low-pass characteristics, resulting in a limited system
bandwidth [2]. To break through this limitation, multiple-input
multiple-output (MIMO) technique is introduced into OWC
systems. Spatial modulation (SM), as the simplest MIMO
digital scheme, selects only one transmitter to transmit the
signal at each time instant [3]. To further enhance conven-
tional SM, generalized spatial modulation (GSM) has been
introduced in OWC systems, activating multiple antennas to
transmit the same information, thereby improving transmission
performance [4]. The combination of MIMO with orthogonal
frequency division multiplexing (OFDM) modulation tech-
nique can significantly enhance the capacity of band-limited
OWC systems. Lately, the combination of GSM and OFDM
in MIMO transmission has been widely used in band-limited
OWC systems. To distinguish between two different types of

GSM schemes, the scheme that transmits the same signal with
activated transmitters as GSM, and the scheme that transmits
different signals with activated transmitters as GSMP [5].
Specifically, the transmission scenarios that combine OFDM
and are mapped in the frequency domain are defined as FD-
GSM and FD-GSMP, respectively.

To perform demodulation in generalized optical MIMO
(GO-MIMO) systems, the transmission schemes and the exact
number of activated LEDs need to be known at the receiver
side. Considering the practical OWC channel can be complex
and dynamic, in OFDM-based GO-MIMO systems, adaptive
modulation schemes can be implemented depending on the
channel conditions. Hence, it is of practical significance to
enable modulation recognition at the receiver side before
carrying out signal demodulation. Currently, research on mod-
ulation recognition in OWC has been reported [6], [7], [8]. In
[7], the index recognition for OFDM-IM was accomplished
using frequency domain histograms, while [8] accomplished
the recognition of specific index schemes and modulation
formats. However, research on GSM-related modulation recog-
nition remains limited. Study by [9] demonstrated the superior
classification accuracy of QAM over FSK in SM, QSM, and
GSM scenarios, while revealing notably high misclassification
rates for QSM and conventional SM. Moreover, [10] achieved
95% recognition accuracy at 130 dB in 2×2 MIMO systems
using an SNN-based approach with just four sampling points,
but with substantial computational complexity.

In this paper, we propose an intelligent modulation recogni-
tion scheme for OFDM-based FD-GSM and FD-GSMP in GO-
MIMO systems by exploiting frequency domain difference
amplitude histograms as the recognition features. Moreover,
machine learning and deep learning algorithms including de-
cision trees (DT), support vector machine (SVM), k-nearest
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neighbors (k-NN) and convolutional neural network (CNN) are
applied to perform intelligent modulation recognition based
on the histograms. Simulations are conducted to verify the
feasibility of the proposed intelligent modulation recognition
scheme for OFDM-based FD-GSM and FD-GSMP in GO-
MIMO systems.

II. SYSTEM MODEL

In this section, we first introduce the channel model of
a typical OWC-MIMO system and then introduce the basic
assumptions of the modulation recognition task along with
the recognition objectives.

A. Channel Model of a Typical OWC-MIMO System

In a typical model of a GO-MIMO system based on IM/DD
technology, the signals are sent by Nt transmitters (LEDs) and
simultaneously received by Nr receivers (PDs). Consider the
transmitted signal vector is defined as x = [x1, x2, . . . , xNt

]
T

and H denote the Nr × Nt channel matrix, then the re-
ceived signal vector y = [y1, y2, . . . , yNr

]
T after transmission

through the OWC channel can be expressed as

y = Hx+ n, (1)

where n = [n1, n2, . . . , nNr
]T presents the additive noise

vector, and the channel matrix H can be further expressed
as:

H =


h11 h12 · · · h1Nt

h21 h22 · · · h2Nt

...
...

. . .
...

hNr1 hNr2 · · · hNrNt

 . (2)

In (2), each element hrt represents the direct current (DC)
channel gain between the t-th LED and the r-th PD. The
channel DC gain of an indoor OWC system consists of
the Line of Sight (LOS) component and the Non-Line of
Sight (NLOS) component, which are divided according to the
different transmission paths of the optical signals. As shown

Fig. 1. Diagram of LOS link and NLOS link for indoor-OWC system.

in Fig.1, for the link between the t-th LED and r-th PD, the

LOS component of the channel DC gain can be expressed as
[11]:

hrt,LOS =


(m+1)ρA

2πd20
cosm(ϕ0)Ts(θ0)g(θ0) cos(θ0),

for 0 ≤ θ0 ≤ φ
0, for θ0 > φ

, (3)

where ρ and A represent responsivity and effective area of
the PD, respectively; d0 denotes the distance between the t-th
LED and r-th PD; ϕ0 and θ0 are the irradiation angle of the
LED and the incident angle of the PD, respectively; Ts(θ0)
is the optical filter gain (set to 1 when no filter exists); and
g(θ0) = n2/ sin2 φ represents the gain of optical lens, where
n and φ denote the refractive index and the half-angle field-
of-view (FOV) of the optical lens, respectively.

For the NLOS link, the light emitted from the LED diverges
at angle ϕ, reflects off a surface, and then reaches the PD.
Here, α represents the incident angle to the reflective point
with distance d1 from the t-th LED, while the reflected light
travels distance d2 to the r-th PD with angle β which is the
angle of irradiance from the reflective point. Thus, the NLOS
component of the channel DC gain can be expressed as [12]:

hrt,NLOS =


∫ (m+1)ρεA

2(πd1d2)2
cosm(ϕ) cos(α) cos(β)×

Ts(θ)g(θ) cos(θ)dAω, for 0 ≤ θ ≤ φ
0, for θ > φ

, (4)

where dAω is a small reflective area on the wall and ε is the
reflectance coefficient of the wall.

B. Modulation Recognition for GO-MIMO

In FD-GSM and FD-GSMP, ML detection is used at the
receiver side to estimate the constellation symbol vectors and
spatial index vectors to recover the constellation bits and
spatial bits. However, the prerequisite for ML detection is that
the number of active OFDM modulators at the transmitter side
is known, and thus the number of active modulators, i.e., the
number of LEDs, needs to be identified in the two schemes
mentioned.

Taking a 2×2 MIMO system as an example, i.e., the number
of LEDs Nt and the number of PDs Nr are both 2, Table I
shows the mapping table of FD-GSM and FD-GSMP. Note
that when N = 1, both OFDM-based FD-GSM and FD-
GSMP activate one LED to send constellation symbols, which
is equivalent to the traditional SM, and thus can be regarded
as the same scheme. The objective is to accomplish the
recognition task of transmission schemes and the number of
active LEDs under the following assumptions:

Assumption A1: The number of transmitters (LEDs) Nt
and receivers (PDs) Nr in the GO-MIMO system are known,
constituting a 2×2 MIMO system.

Assumption A2: Over T OFDM symbols, the constellation
order M and the number of active OFDM modulators remain
unchanged.

Assumption A3: When N = 1, FD-GSMP and FD-
GSM are equivalent to traditional SM, representing the same
scheme. Therefore, a total of 3 schemes need to be identified,
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TABLE I
OFDM-BASED FD-GSM AND FD-GSMP MAPPING TABLE FOR Nt = 2

AND N = 1, 2

Scheme Active Count Spatial Bit LED #1 LED #2
FD-GSM N = 1 0 c 0

1 0 c
N = 2 / c c

FD-GSMP N = 1 0 c 0
1 0 c

N = 2 / c1 c2

including the transmission scheme and the number of active
modulators: FD-GSM with N = 1, FD-GSM with N = 2,
and FD-GSMP with N = 2.

Based on these assumptions, we aim to address the recogni-
tion of specific transmission schemes and the number of active
LEDs in OFDM-based FD-GSM and FD-GSMP systems,
providing support for correct demodulation at the receiver.

III. PROPOSED MODULATION CLASSIFICATION METHOD

In this section, we introduce the extraction of frequency-
domain difference amplitude histogram features and present
the classification algorithms for identifying both the transmis-
sion scheme and the number of activated LEDs.

A. Feature Extraction

The frequency-domain transmitted signal vector for both
FD-GSM and FD-GSMP schemes at a given subcarrier slot
can be represented as xF = [x1,F , x2,F , . . . , xNt,F ]

T . For
each element xk,F (k = 1, 2, . . . , Nt), inactive LEDs (when
k is outside the activation range) have xk,F = 0, while active
LEDs exhibit different behavior: in FD-GSM, xk,F equals
the constellation symbol c, whereas in FD-GSMP, xk,F takes
distinct symbols ci across different OFDM modulators.

For a 2×2 GO-MIMO system, the FD-GSM transmitted
signal at a given subcarrier can be defined as xFD-GSM =
[x1, x2]

T , when N = 1, xFD-GSM = [c, 0]T or [0, c]T ; and
when N = 2, xFD-GSM = [c, c]T . Similarly, for FD-GSMP
when N = 2, the transmitted signal can be expressed as
xFD-GSMP = [c1, c2]

T , where c1 and c2 represent distinct
constellation symbols from different OFDM modulators.

For the frequency-domain signal characteristics under both
transmission schemes, in FD-GSM, when subtracting the two
frequency-domain signals and taking the absolute value at a
given subcarrier with N = 1:

|xFD-GSM|′ = |x1 − x2| = |c|; (5)

and with N = 2:

|xFD-GSM|′ = |x1 − x2| = |c− c| = 0. (6)

Similarly, for FD-GSMP with N = 2:

|xFD-GSMP|′ = |c1 − c2| . (7)

Equations (5)-(7) show distinct frequency-domain difference
amplitudes: |c| (FD-GSM, N = 1), 0 (FD-GSM, N = 2), and
|c1−c2| (FD-GSMP, N = 2). These distinct frequency-domain

Fig. 2. Transmitted signal histograms without normalization for (a) FD-GSM,
N = 1, (b) FD-GSM, N = 2, and (c) FD-GSMP, N = 2.

difference signal magnitudes can serve as distinguishing fea-
tures among the three schemes.

To eliminate the influence of signal amplitude and better
compare the frequency-domain signal differences between
different schemes, after subtracting the two signals, normal-
ization is performed. Specifically, using the complex-valued
signal vector received in the frequency domain for the t-th
OFDM symbol, after subtracting the two signals and taking
the absolute value, the signal can be expressed as |xt|, which
is then normalized to the [0,1] interval to obtain x̂ti:

x̂ti =
|xti| − |xtmin|
|xtmax| − |xtmin|

, (8)

where xtmax and xtmin denote the maximum and minimum
values of the difference signal, respectively.

The obtained frequency-domain difference amplitudes are
divided into H intervals, where the frequency counts reflect
the distribution characteristics of differential amplitudes across
intervals. Based on this, a histogram feature distribution vector
is extracted. Multiple symbols are jointly employed to generate
the signal feature histogram to further suppress additive noise
interference and enhance the stability and reliability of feature
extraction, where the number of symbols is defined as T .

Fig. 2 illustrates the un-normalized histograms of the trans-
mitted signals under the three to-be-recognized schemes in
the ideal case (no noise). When N = 1, the histogram
of OFDM-based FD-GSM concentrates in the last interval
with the amplitudes near 1. For N = 2 in FD-GSM, all
difference amplitudes fall in the first interval (zero values),
consistent with (6) where identical symbols from two LEDs
produce zero difference. In contrast, FD-GSMP with N = 2
shows widely distributed amplitudes. These fundamentally
different histogram distributions provide a theoretical basis for
distinguishing the three transmission schemes.

B. Classification Algorithms

Fig.3 shows the block diagram of GO-MIMO modulation
recognition based on feature extraction. The GO-MIMO sym-
bols to be recognized first undergo signal preprocessing, and
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Fig. 3. Block diagram of GO-MIMO modulation recognition based on feature
extraction.

then the frequency domain signals are obtained by the FFT
transform, and the amplitude histograms of the frequency
domain difference signals are obtained by taking the absolute
value of the difference between the two frequency domain
signals and normalizing them. The extracted histogram feature
vectors form a dataset, which is combined with four classifi-
cation algorithms, including DT, SVM, k-NN, and CNN, for
the recognition of the corresponding transmission schemes and
the number of actived LEDs.

IV. RESULTS AND DISCUSSIONS

In this section, we demonstrate the proposed modulation
recognition method by simulation, firstly introduce the con-
structed indoor GO-MIMO system, and then analyse the
simulation results.

A. Simulation Setup

As shown in Fig.4, the GO-MIMO system is set up in a 4
m × 4 m × 3 m indoor room in the simulation. Specifically,
for the 2×2 MIMO system, the LED array is located in the
centre of the ceiling at a height of 3 m, and the receiving plane
where the PD is located is at a height of 0.85 m from the floor.
The distance between the two LEDs is 2 m, and the distance
between the two APDs is 0.1 m. To achieve full coverage, the
semi-angle of half power of LEDs and the half-angle FOV of
optical lens are both set to 65°, and other detailed parameters
are shown in Table II. The large transmitted-to-received signal-
to-noise ratio (SNR) difference arises from channel path loss
in free-space optical analysis. For indoor GO-MIMO systems,
typical channel gains (10−5 to 10−6) correspond to 100-120
dB path loss, resulting in received SNR being 100-120 dB
lower than transmitted SNR.

The histogram samples used for training and testing are
generated according to the method described in the previous
section, and the modulation format is 4-QAM. As shown
in the Table III, 400 sample signals are collected for each
transmission scheme for each SNR condition, and a total of

Fig. 4. Geometric setup of a general GO-MIMO system.

TABLE II
PARAMETER SETTINGS FOR GO-MIMO SYSTEM SIMULATION

Parameter Value
Room dimension 4 m × 4 m × 3 m
Height of Receiving plane 0.85 m
Semi-angle of half power of LED 65°
Number of LEDs Nt 2
Activated LEDs N 1, 2
LED spacing 2 m
Number of APDs Nr 2
APD spacing 0.1 m
Active area of APD 19.6 mm2

Responsivity of APD 15 A/W
Gain of optical filter 0.9
Refractive index of optical lens 1.5
Half-angle FOV of optical lens 65°
Reflectance coefficient of wall 0.8
Modulation bandwidth 20 MHz
Noise power spectral density 10−22 A2/Hz

1,200 data samples are generated for the three transmission
schemes. Each data sample consists of the feature distribution
vector of the histogram with the number of bins (H). The
generated dataset is divided into the training set and the test
set in the ratio of 4:1, containing 960 and 240 samples,
respectively.

TABLE III
PARAMETERS FOR SIGNAL GENERATION IN SIMULATION

Parameter Value
IFFT/FFT size NF 256
Data subcarriers Ndata 127
Transmission schemes FD-GSM and FD-GSMP
Number of symbols 1000
Modulation order M 4-QAM
Transmitted SNR 100 dB-123 dB
Received SNR 0 dB-22 dB
Number of sample signals 400 per scheme (1200 total)

B. Simulation Results and Discussions

Fig. 5 shows the normalized feature histograms for the
three transmission schemes using 4-QAM at T = 1, H = 10.
For FD-GSM with N = 1, the histogram distribution with
normalized amplitudes spanning all intervals, showing a char-
acteristic middle-peaked shape. For FD-GSM with N = 2, the
histogram distribution is theoretically around zero, practical
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Fig. 5. Received signal histograms with normalization for (a) FD-GSM, N =
1, (b) FD-GSM, N = 2, and (c) FD-GSMP, N = 2.

NLOS effect and channel noise introduce small variations,
thus concentrating amplitudes in lower-value intervals. For
FD-GSMP with N = 2, the histogram distribution shows the
difference between the two different signals, different from
the FD-GSM cases. Specifically, for FD-GSM, the non-zero
differences primarily result from channel gain variations and
noise, manifesting as small-amplitude fluctuations centered
around zero, which directly reflect the channel conditions
and noise level. In contrast, FD-GSMP reflects different in-
formation through the two channels, making the information
disparity the dominant factor for non-zero differences, thus
leading to significant amplitude dispersion with peak values
distinctly offset from zero.

Fig. 6. ACC vs. SNR with four classification algorithms.

Fig. 6 shows the recognition accuracy (ACC) versus re-

ceived SNR for different algorithms in an OFDM-based GO-
MIMO system using 4-QAM, with T = 1 and H = 10. The
results demonstrate that all classification algorithms exhibit
improved ACC with increasing SNR. Moreover, the DT algo-
rithm shows the poorest performance, while the other three al-
gorithms achieve comparable results. Specifically, when using
just one OFDM symbol, classification algorithms (excluding
DT) require 8.6 dB to exceed 90% ACC, and require 20 dB to
reach 98% ACC. These requirements highlight the challenging
nature of the classification task in the GO-MIMO system.

Fig. 7. ACC vs. number of symbols (T ).

Fig. 7 shows the recognition accuracy versus number of
symbols with different recognition algorithms using 4-QAM,
for H = 10 and SNR = 0.1 dB, where the accuracy can be
substantially improved by increasing the number of symbols
(T ) used to generate the feature histograms. Specifically, at
0.1 dB, when T is increased from 1 to 20, the accuracy of
k-NN increases from 46.2% to 95.3%, and when 120 symbols
are used, the accuracy reaches 100%.

Fig. 8. ACC vs. number of bins (H) for (a) SNR = 1.7 dB and (b) SNR =
8.6 dB.

Fig. 8(a) and 8(b) show the recognition accuracy versus
number of bins (H) with different algorithms using 4-QAM,
where T = 1 and SNR = 1.7 dB and 8.6 dB, respectively.
As can be seen from the figures, the accuracy of the four
classification algorithms increases with the increase of H under
two SNR conditions, but it starts to decrease slightly after H
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reaches 6. This is because as H increases, the feature represen-
tation becomes finer, which helps the classification algorithms
to capture more details of the signal, thus improving the
accuracy. However, high H may lead to overfitting and noise
introduction, resulting in lower accuracy. Specifically, at 8.6
dB, when H is increased from 2 to 4, the accuracy of k-NN
improves by 26%. When H = 6, the classification algorithm
has reached a stable performance, at which point continuing
to increase the number of bins has limited improvement in
accuracy.

Fig. 9. Simulation accuracy and BER vs. SNR over an AWGN channel.

Fig. 9 shows the simulation accuracy and BER vs. SNR
over an additive white Gaussian noise (AWGN) channel using
4-QAM with H = 10 and k-NN. With the increase of SNR,
the BER gradually reduces while the accuracy gradually in-
creases. Specifically, FD-GSM with N = 1 requires 5.2 dB to
reach the 7% forward error correction (FEC) coding threshold
(BER = 3.8×10−3), whereas FD-GSMP with N = 2 requires
6.8 dB to achieve the same threshold. For FD-GSM with
N = 2, the BER remains consistently zero due to identical
signal transmission and difference processing at the receiver.
Moreover, when T = 6 at approximately 5.2 dB, the accuracy
exceeds 99%. These results demonstrate that increasing the
number of OFDM symbols can effectively enhance recognition
performance, particularly in low SNR conditions.

V. CONCLUSION

In this paper, we firstly propose an intelligent modulation
recognition scheme for two frequency-domain based transmis-
sion schemes and the number of activated LEDs in indoor GO-
MIMO systems, which has the advantages of low complexity
and easy implementation. The frequency-domain difference
amplitude histogram is used as the recognition feature, and
various machine learning or deep learning algorithms are
used to achieve efficient intelligent modulation recognition for
small sample data. Simulation results show that compared with
other recognition algorithms, k-NN achieves better recognition
performance at low SNRs. Meanwhile, by increasing the
number of symbols to generate the feature histograms, high–
accuracy recognition at low SNRs can be achieved.
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