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Table 80- PHY VII, PHY VIII operating modes

	#
	Modulation
	RLL Code
	Optical Clock Rate
	FEC
	
Data rate

	PHY VII operating modes

	1
	RS-OFDM
	None
	40 kHz
	Hamming code (7,4),
RS(15,11)
	7.68 kpbs

	2
	MIMO C-OOK
	Manchester/
4B6B
	10kHz
	Hamming code (15,11), 
RS(15,11)
	7.20 kbps

	3
	O-NOMA
	None
	4kHz
	RS(15,11)
	3 kbps

	4
	MIMO-OOK
	Manchester/
4B6B/8B10B
	30Hz
	Hamming code (7,4),
RS(15,11)
	80 bps

	PHY VIII operating modes

	1
	HOOK-OFDM
	Half-rate code
for OOK scheme
	32 kHz
	Hamming code (7,4),
RS(15,11), Convolution code(3/4)
	48.00 kbps

	2
	HS2PSK-OFDM
	Half-rate code
for S2-PSK
	32 kHz
	Hamming code (15,11), 
RS(15,11)
	38.40 kbps

	3
	BPPM
	None
	2 kHz
	Convolution code (3/4)
	1 kbps



Table 115—PHY PIB attributes (continued)
	Attribute
	Identifier
	Type
	Range
	Description

	Part N: PHY PIB attributes for RS-OFDM mode

	phyOfdmOpticalClockRate
	0x96
	Integer

	0-7
	The optical clock rate (or symbol rate) applied for OFDM.
0: 8 kHz
1: 10 kHz
Others: Reserved

	phyOfdmMode
	0x97
	Integer

	0-3
	This specifies the mode of OFDM modulation.
0: DCO-OFDM
1: ACO-OFDM
Other values: Reserved

	phyOfdmFec
	0x98
	Integer

	0-7
	This attribute specifies FEC for OFDM modulation.
0: None
1: FEC: Hamming (8/4)
2: FEC: Hamming (15/11)
3: FEC: RS(15,11)
Other values: Reserved

	phyOfdmFrame
	0x99
	Integer

	0-3
	This attribute specifies the symbol length of OFDM frame.
0: 32
1: 64
Other values: Reserved

	phyOfdmSn
	0x9a
	Integer

	0-3
	This attribute specifies the length of Sequence Number per packet of OFDM
0: 2 bits
1: 3 bits 
Other values: reserved

	Part P: PHY PIB attributes for MIMO C-OOK mode

	phyMimoCookOpticalClockRate
	0x9b
	Integer

	0-7
	The optical clock rate (or symbol rate) applied for MIMO C-OOK.
0: 8 kHz
1: 10 kHz
Others: Reserved

	phyMimoCookRLLCode
	0x9c
	Integer

	0-7
	This specifies the RLL coding for MIMO C-OOK modulation.
0: Manchester
1: 4B6B coding
Other values: Reserved

	phyMimoCookFec
	0x9d
	Integer

	0-7
	This attribute specifies FEC for MIMO C-OOK
modulation.
0: None
1: Hamming (8/4)
2: Hamming (15/11)
3: Hamming (8/4),
Other values: Reserved

	phyMimoCookPreambleSymbol
	0x9e
	Integer

	0-3
	This attribute specifies the preamble symbol of PSDU of MIMO C-OOK.
0: 6B symbol (preamble = 011100)
1: 10B symbol (preamble = 0011111000)
2–3: Reserved

	phyMimoCookSn
	0x9f
	Integer

	0-3
	This attribute specifies the length of Sequence Number per packet of MIMO C-OOK
0: 2 bits
1: 3 bits 
2-3: reserved

	Part Q: PHY PIB attributes for O-NOMA mode

	phyNomaOpticalClockRate
	
	Integer
	0-7
	The optical clock rate (or symbol rate) applied for O-NOMA.
0: 2 kHz
1: 3 kHz
Others: Reserved

	phyNomaMode
	
	Integer
	0-7
	This specifies the number of power levels for O-NOMA modulation.
0: 2
1: 3
Other values: Reserved

	phyNomaFec
	
	Integer
	0-7
	This attribute specifies FEC for O-NOMA modulation.
0: None
1: Hamming (8/4)
2: Hamming (15/11)
3: Hamming (8/4),
4: Hamming (15/11)
Other values: Reserved

	Part R: PHY PIB attributes for MIMO-OOK mode

	phyMimoOokOpticalClockRate
	
	Integer
	0-7
	The optical clock rate (or symbol rate) applied for MIMO-OOK.
0: 20 Hz
1: 30 Hz
Others: Reserved

	phyMimoOokRLLCode
	
	Integer
	0-7
	This specifies the RLL coding for MIMO OOK
modulation.
0: Manchester
1: 4B6B coding
2: 8B10B coding
Other values: Reserved

	phyMimoOokFec
	
	Integer
	0-7
	This attribute specifies FEC for MIMO-OOK modulation.
0: None
1: Hamming (8/4)
2: Hamming (15/11)
3: Hamming (8/4),
4: Hamming (15/11)
Other values: Reserved

	phyMimoOokPreambleSymbol
	
	Integer
	0-7
	This attribute specifies the preamble symbol of PSDU of MIMO-OOK.
0: 6B symbol (preamble = 011100)
1: 10B symbol (preamble = 0011111000)
2: 14B symbol (preamble=00011111110000)
Other values: Reserved

	phyMimoOokLedId
	
	Integer
	0-3
	This attribute specifies the length of LED-ID data for MIMO-OOK
0: 2 bits
1: 3 bits
Other values: Reserved

	Part S: PHY PIB attributes for HOOK-OFDM mode

	phyHookOfdmMode
	
	Integer
	0-7
	The mode applied for HOOK-OFDM.
0: Mode 1
1: Mode 2
2: Mode 3
3: Mode 4
Others: Reserved

	phyHookOfdmSn
	
	Integer
	0-3
	This attribute specifies the length of Sequence Number per packet of HOOK-OFDM
0: 2 bits
1: 3 bits 
2-3: reserved

	phyHookOfdmFec
	
	Integer
	0-7
	This attribute specifies FEC for HOOK-OFDM modulation.
0: None
1: Hamming (8/4)
2: Hamming (15/11)
3: RS(15,11)
Other values: Reserved

	Part T: PHY PIB attributes for HS2PSK-OFDM mode

	phyHs2pskOfdmMode
	
	Integer
	0-7
	The mode applied for HS2PSK-OFDM.
0: Mode 1
1: Mode 2
2: Mode 3
3: Mode 4
Others: Reserved

	phyHs2pskOfdmSn
	
	Integer
	0-3
	This attribute specifies the length of Sequence Number per packet of HS2PSK -OFDM
0: 2 bits
1: 3 bits 
2-3: reserved

	phyHs2pskOfdmFec
	
	Integer
	0-7
	This attribute specifies FEC for HS2PSK-OFDM modulation.
0: None
1: Hamming (8/4)
2: Hamming (15/11)
3: RS(15,11)
Other values: Reserved

	Part U: PHY PIB attributes for BPPM mode

	phyBppmOpticalClockRate
	
	Integer
	0-7
	The optical clock rate (or symbol rate) is applied for BPPM.
0: 8 kHz
1: 10 kHz
Others: Reserved

	phyBppmFec
	
	Integer
	0-7
	This attribute specifies FEC for BPPM scheme.
0: None
1: Hamming (8/4)
2: Hamming (15/11)
3: RS(15,11)
Other values: Reserved


16. PHY VII specifications
16.1. RS-OFDM
[bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK1][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK2][bookmark: OLE_LINK3]The Rolling Shutter Orthogonal Frequency Division Multiplexing (RS-OFDM) Modulation for high-speed OCC system uses the PHY VII – Singular Point Source. The PHY VII Operating Modes system specifications are given in Table 80. 
16.1.1. Reference architecture
A reference architecture to implement RS-OFDM is shown in Figure 217.
[image: ]
Figure 217. Rolling Shutter OFDM block diagram
16.1.2. Encoder configuration
[bookmark: OLE_LINK60][bookmark: OLE_LINK61]A packet of data is modulated using OFDM modulation. The optical clock rate is at 20 kHz or 40 kHz. The optical clock rate at which RS-OFDM symbols are clocked out is configurable over PHY PIB attribute phyOfdmOpticalClockRate.
[image: ]
Figure 218. RS-OFDM data packet structure
The data packet structure is as shown in Figure 218. A packet consists of multiple similar data sub-packets to avoid missing data between adjacent images' gap time.
16.1.3. Hermitian Mapping
[bookmark: OLE_LINK66][bookmark: OLE_LINK67][bookmark: OLE_LINK74][bookmark: OLE_LINK75][bookmark: OLE_LINK68][bookmark: OLE_LINK69]Unlike the conventional OFDM in Radio Frequency, instead of feeding the data symbol directly into the IDFT block, each symbol must pass through the Hermitian block. The signal is then fed into the IFFT. The special purpose of the Hermitian block is that it ensures the output of the IDFT is entirely real. The modes of RS-OFDM shall be configured via the PHY PIB attribute phyOfdmMode. And the length of RS-OFDM symbol shall be configured via the PHY PIB attribute phyOfdmFrame.
16.1.4. Sequence Number inserting
[bookmark: OLE_LINK338][bookmark: OLE_LINK339][bookmark: OLE_LINK10]The data sub-packet payload shall consist of two subparts: SN data, payload. The SN Data consists of asynchronous information, which helps the receiver side decode data. SN shall be implemented over the PHY PIB attribute phyOfdmSn
16.1.5. Forward error correction (FEC)
The data sub-packet payload may be coded by FEC to protect the payload from error. Hamming (8,4) or Reed Solomon (15,11) code may be used as an FEC. FEC shall be configured via the PHY PIB attribute phyOfdmFEC
16.2. MIMO C-OOK
The Multiple Input Multiple Output Camera On-Off Keying (MIMO C-OOK) Modulation for high-speed OCC system uses the PHY VII – Multiple Point Source. The PHY VII Operating Modes system specifications are given in Table 80. 
16.2.1. Reference architecture
The PHY VII with supported data rates and operating conditions is shown in Table 80 – PHY VII Operating Modes for Multiple Input Multiple Output Camera On-Off Keying (MIMO C-OOK) Modulation with high-speed OCC system uses the PHY VII - Multiple Point Source.  
The proposed Multiple Input Multiple Output Camera On-Off Keying (MIMO C-OOK) was designed with the following characteristics: 
· Modulation methods include line coding (Manchester code and 4B6B)
· The Optical clock rate is at 8 kHz or 10 kHz
· Sequence Number part was put in the head and tail of packets
· Multiple light sources were applied to increase the data rate
A reference architecture to implement MIMO C-OOK is shown in Figure 219	
[image: ]
Figure 219. MIMO C-OOK block diagram
16.2.2 Encoder configuration
[bookmark: OLE_LINK78][bookmark: OLE_LINK82][bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: OLE_LINK76][bookmark: OLE_LINK77]A packet of data is modulated using OOK modulation. The optical clock rate is at 8 kHz or 10 kHz. The optical clock rate at which MIMO C-OOK symbols are clocked out is configurable over PHY PIB attribute phyMimoCookOpticalClockRate.
[image: ]
Figure 220. MIMO C-OOK data packet structure
The data packet structure is as shown in Figure 220. A packet consists of multiple similar data sub-packets to avoid missing data between adjacent images' gap time. The number of repetitions depends on the communication mode specified later. The configuration of preamble shall be implemented over the PHY PIB attribute phyMimoCookPreambleSymbol.
Table 152—Data sub-packet format
	[bookmark: _Hlk82438416]Preamble
	Data sub-packet payload

	
	Start SN data
(Sequence Number)
	Payload
	End SN data
(Sequence Number)

	011100 
	Manchester coding

	0011111000 
	4B6B coding


16.2.3 RLL coding
[bookmark: OLE_LINK62][bookmark: OLE_LINK63]The data sub-packet payload shall consist of three subparts: the Start SN data, payload, and the End SN Data. The Start SN Data and the End SN Data shall carry the same information, which consists of the asynchronous information. SN shall be implemented over the PHY PIB attribute phyMimoCookSn
16.2.4 Forward error correction (FEC)
[bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK64][bookmark: OLE_LINK65][bookmark: OLE_LINK79]The data sub-packet payload may be coded by FEC to protect the payload from error. Hamming (8,4) or Reed Solomon (15,11) code may be used as an FEC. FEC shall be configured via the PHY PIB attribute phyMimoCookFEC
16.3. O-NOMA
The Optical Non-orthogonal multiple access (O-NOMA) Modulation for high-speed OCC system uses the PHY VII – Singular Point Source.  
The PHY VII Operating Modes system specifications are given in Table 80. The additional PHY Operating Modes by O-NOMA for Indoor applications is presented the Table 80.
16.3.1. Reference architecture
A reference architecture to implement O-NOMA is shown in Figure 221
[image: ]
Figure 221. O-NOMA block diagram
16.3.2. Encoder configuration
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]A packet of data is modulated using O-NOMA modulation. The optical clock rate is at 2 kHz or 3 kHz. The optical clock rate at which O-NOMA symbols are clocked out is configurable over PHY PIB attribute phyNomaOpticalClockRate.
The number of power levels of O-NOMA scheme will be configurable over PHY PIB attribute phyNomaMode.

[image: ]
Figure 222. Data encoding scheme of 2-stage power allocation based NOMA-OCC system
16.3.3. Forward error correction (FEC)
The data sub-packet payload may be coded by FEC to protect the payload from error. Hamming (8,4) or Reed Solomon (15,11) code may be used as an FEC. FEC shall be configured via the PHY PIB attribute phyNomaFEC
16.4. MIMO-OOK
The Multiple Input Multiple Output On-Off Keying (MIMO-OOK) Modulation based on RoI signaling for Optical IoT system uses the PHY VII – Multiple Point Source.  
The PHY VII Operating Modes system specifications are given in Table 153. The additional PHY Operating Modes by MIMO-OOK for Smart Device is presented the Table 80
16.4.1. Reference architecture
A reference architecture to implement MIMO-OOK is shown in Figure 223
[image: ]
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]Figure 223. MIMO-OOK block diagram
16.4.2. Encoder configuration
[bookmark: OLE_LINK23][bookmark: OLE_LINK24]A packet of data is modulated using OOK modulation. The optical clock rate is at 20 Hz or 30 Hz. The optical clock rate at which MIMO-OOK symbols are clocked out is configurable over PHY PIB attribute phyMimoOokOpticalClockRate.
[image: ]
Figure 224. MIMO-OOK data packet structure
The data packet structure is as shown in Figure 224. The clock rate of the MIMO-OOK scheme was set up lower than (at least two times) the camera frame rate to eliminate the variation effect of frame rate.
To access multiple light sources, we have added the node ID part to each frame. Defining users by ID nodes helps the system accept dozens of users, up to hundreds of users.
Table 152—Data sub-packet format
	Preamble
	Data sub-packet payload

	
	LED-ID
	Payload

	011100 
	Manchester coding

	0011111000 
	4B6B coding

	[bookmark: OLE_LINK90][bookmark: OLE_LINK91]00011111110000
	[bookmark: OLE_LINK92][bookmark: OLE_LINK93]8B10B coding



16.4.3. RLL coding
RLL coding shall be applied in the payload subfield to maintain an average brightness at 50%. Manchester code and 4B6B code are suggested for OOK mode. The configuration of RLL code shall be implemented over the PHY PIB attribute phyMimoOokRLLCode. Manchester code and 4B6B code are suggested for MIMO-OOK mode.
16.4.4. Forward error correction (FEC)
[bookmark: OLE_LINK27][bookmark: OLE_LINK28]The data sub-packet payload may be coded by the inner FEC to protect the payload from error. Hamming (8,4) or (15,11) code may be used as an inner FEC.
Additionally, outer FEC may also be used to protect the PHR and PSDU. When outer FEC is enabled, RS(15,11) shall be implemented.
FEC shall be configured via the PHY PIB attribute phyMimoOokFEC
Both inner FEC and outer FEC shall be configured via the PHY PIB attribute phyMimoOokFEC.
17. PHY VIII specifications
17.1. HOOK-OFDM
The Hybrid Orthogonal Frequency Division Multiplexing- On-Off Keying (HOOK-OFDM) Modulation for high-speed OCC system uses the PHY VIII – Singular Point Source.  
17.1.1. Reference architecture
A reference architecture to implement HOOK-OFDM is shown in Figure 225.
[image: ]
Figure 225. HOOK-OFDM block diagram
17.1.2. Encoder configuration
A packet of data is modulated using OFDM modulation. The optical clock rate is at 16 kHz or 32 kHz. The configuration of the mode of HOOK-OFDM scheme shall be implemented via the PHY PIB attribute phyHookOfdmMode
[image: ]
Figure 226. Data frame structure of hybrid OFDM-OOK scheme. (a) OOK packet. (b) OOK data (c) hybrid signal (d) OFDM signal.
In each ‘high’ and ‘low’ period of C-OOK waveform, we can embed the high-frequency OFDM waveform to increase data rate of the system. 
In the low data rate stream, we apply the C-OOK frame as Figure 226. With high data rate stream, each period of C-OOK waveform will be put one OFDM frame to generate hybrid waveform.
17.1.3. Hermitian mapping
Unlike the conventional OFDM in Radio Frequency, instead of feeding the data symbol directly into the IDFT block, each symbol must pass through the Hermitian block. The signal is then fed into the IFFT. The special purpose of the Hermitian block is that it ensures the output of the IDFT is entirely real.
17.1.4. Sequence Number inserting
The data sub-packet payload shall consist of two subparts: SN data, payload. The SN Data consists of asynchronous information, which helps the receiver side decode data.
SN shall be implemented over the PHY PIB attribute phyHookOfdmSn
17.1.5. Forward error correction (FEC)
The data sub-packet payload may be coded by FEC to protect the payload from error. Convolution code (CC) may be used as an FEC.
The configuration of error correction for HOOK-OFDM, including FEC for OOK scheme and FEC for OFDM scheme, shall be implemented via the PHY PIB attribute phyHookOfdmFec
17.2. HS2PSK-OFDM
[bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK44]The Hybrid Orthogonal Frequency Division Multiplexing- Spatial-2 Phase Shift Keying (HS2-PSK-OFDM) Modulation for high-speed OCC system uses the PHY VIII – Multiple Point Source. The output waveforms are a hybrid modulation of S2-PSK and OFDM.
17.2.1. Reference architecture
A reference architecture to implement HS2PSK-OFDM is shown in Figure 227
[image: ]
Figure 227. HS2PSK-OFDM block diagram
A packet of data is modulated using OFDM modulation. The optical clock rate is at 16 kHz or 32 kHz. The configuration of the mode of HS2PSK-OFDM scheme shall be implemented via the PHY PIB attribute phyHs2pskOfdmMode
[image: ]
Figure 228. Hybrid S2PSK OFDM waveform
17.2.2. Sequence Number inserting
The data sub-packet payload shall consist of two subparts: SN data, payload. The SN Data consists of asynchronous information, which helps the receiver side decode data.
SN shall be implemented over the PHY PIB attribute phyHs2pskOfdmSn
17.2.3. Forward error correction (FEC)
The data sub-packet payload may be coded by FEC to protect the payload from error. Convolution code (CC) may be used as an FEC.
The configuration of error correction for HS2PSK-OFDM, including FEC for S2-PSK scheme and FEC for OFDM scheme, shall be implemented via the PHY PIB attribute phyHs2pskOfdmFec

[image: ]
Figure 229. S2-PSK waveform
In each ‘high’ and ‘low’ period of S2-PSK waveform, we can embed the high-frequency OFDM waveform to increase data rate of the system. 
In the low data rate stream, we apply the S2-PSK frame as Figure 229. With high data rate stream, each period of S2-PSK waveform will be put one OFDM frame to generate hybrid waveform.
[image: ]
Figure 230. Data frame structure for Rolling-OFDM system in high speed stream
17.3. BPPM
The bi-level pulse position modulation (BPPM) Modulation for vehicular OCC system uses the PHY VIII – Multiple Point Source. High-speed data streams are modulated with a PPM scheme and low-speed data streams are transmitted by modulating the pulse amplitudes of the high-speed streams at two different intensity levels.

17.3.1. Reference architecture
[bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: OLE_LINK49]The reference architecture of bi-level pulse position modulation (BPPM) is shown in Figure 231. Each of the rear LEDs transmits the same information concurrently. High-speed data streams are modulated with a PPM scheme and low-speed data streams are transmitted by modulating the pulse amplitudes of the high-speed streams at two different intensity levels.
[image: ]
Figure 231. Block diagram of BPPM transmitter.

17.3.2. Encoder configuration

[image: ]
Figure 232. Proposed BPPM packet
The PSDU field carries the data of the PHY frame and it can contain an arbitrary number of payload bits. The end of the PSDU field is indicated by the presence of another SFD, i.e., the preamble frame. The overall structure of the proposed BPPM data packet format is shown in Figure 232. 
[bookmark: OLE_LINK86][bookmark: OLE_LINK87]The optical clock rate is at 8 kHz or 10 kHz. The optical clock rate at which BPPM symbols are clocked out is configurable over PHY PIB attribute phyBppmOpticalClockRate.
17.3.3. Forward error correction (FEC)
The data sub-packet payload may be coded by FEC to protect the payload from error. Convolution code (CC) may be used as an FEC.
The configuration of error correction for BPPM, shall be implemented via the PHY PIB attribute phyBppmFec








Annex P
(informative)
PHY VII, VIII waveforms decoding guide 
P.1. RS-OFDM decoding method
[image: ]
Figure P1: Architecture of RS-OFDM decoder
· Oversampling:
The Oversampling caused by the frame rate variation of the rolling shutter camera when the frame rate of a rolling-shutter camera becomes many times greater (at least double) than the packet rate of the transmitter; every data packet is sampled at least twice (i.e., two images). At the receiver, we receive the same packet causing confusion of packet merger. To assist the receiver in reducing the effect of the frame rate variation of the camera, the SN is added to DS. Each packet contains DSs with the same SN, which helps the receiver remove redundant data. When the receiver receives a DS, it will choose which has a compatible SN. The receiver will eliminate consecutive packets with the same SN and choose packets with consecutive SN (n-1, n, n+1) to the merger.

[image: ]
Figure P2. Merging packet method in Oversampling case
· Undersampling:
Undersampling occurs if the frame rate drops to below the packet rate of the transmitter. In this case, the payload will be lost. The detection of a missed payload using the SN is shown in Figure P2. If the SN length is long enough, the missed payload can be detected by SN. The data frame achieved from the payload n–1 represents the SN as n–1. The next data frame indicates that the SN is n, but the actual data frame carries SN n+1. This demonstrates that the payload n is missed and the loss is detected by comparing the SN of the two adjacent data sub-packets. However, depending on the length of the SN, a number of different states are generated. For example, if the SN length is 3 bits, seven missing payloads of transmitted packets can be detected by the Sequence Number. The error correction becomes easy if the errors are detected. If two consecutive packets have two non-consecutive SN (n-1 and n+1), respectively.
[image: ]
Figure P3. Detecting missed packets in Undersampling case
P.2. MIMO C-OOK decoding method
[image: ]
Figure P4. MIMO C-OOK decoder architecture
· Oversampling:
When the frame rate of a rolling shutter camera is at least two times larger than the packet rate of the transmitter, the data packet is sampled multiple times causing the oversampling effect. When the packet is sampled more than once, errors of packet merger are created at the receiver’s end. The SN is added to the DS to deal with this problem because it improves the receiver’s ability to decrease the effect of the frame rate variation of the camera. The redundant data will be removed in the receiver when the same SN value is recognized in the DS of different packets. The receiver will eliminate consecutive packets with the same SN and choose packets with consecutive SN values (n − 1, n, n + 1) for the merger.
[image: ]
Figure P5. Merge Forward and Backward parts in each image (One SF in each image)
[image: ]
Figure P6. Full payload in each image (Multiple SF in each image)
[image: ]
Figure P7. Merging packet of MIMO C-OOK scheme in multiple images
· Undersampling: 
When the frame rate decreases below the packet rate of the transmitter, undersampling occurs. The payload will be lost in undersampling, unlike in the case of oversampling. Figure P8 shows the scenario in which the missing payload is created and detected using the SN. In this case, the SN is long enough for the receiver to detect the missing payload. The SN of the data frame is increased depending on the sequences of the payload. If one payload is missing, the error can be detected by comparing the SN of the two adjacent DSs. The number of SNs in different states depends on the length of each sub-packet.
[image: ]
Figure P8. Error detection in grouping image during the undersampling case
· Matched filter
The matched filter is a filter technology achieved by comparing a template signal with the real signal to determine the template signal in the real signal. The matched filter, which is one of the linear filter technologies, optimizes the SNR in the appearance of additive random noise. Matched filters are widely used in almost all wireless communication systems, such as mobile communications and radar systems to maximize the SNR of the system; these filters increase the system performance. To detect preamble positions, the received signal is multiplied with the known preamble signal via the convolution algorithm as Equation (1):
 				
[image: ]
Figure P9. (a) An experimental result of COOK within a rolling image. (b) The results of preamble position detection based on matched filter
After the detect preamble, to decode data, we also used the matched filter to decode data to improve the system performance. By create known patterns as Figure P9, the received signal is multiplied with the known preamble signal via the convolution algorithm. From convolution results, we can know that: which patterns are the most like the received signal? From that, it is easy to verify the value of signals (0 or 1). Same with the Manchester code, we can create 16 patterns of 4B6B code to decode data.
[image: ]
Figure P10. Manchester code signal patterns and COOK received signal. (a) 0 impulse, (b) 1 impulse, (c) COOK received signal.
P.3. O-NOMA decoding method
[image: ]
Figure P11. Illustration of NOMA-OCC principle


The image sensor in the smartphone camera or other high-speed cameras comprises a number of unit pixels that capture the light intensity coming into it. In the proposed OCC system, as the transmitter is designed to transmit signals through light modulation at the speed of carrier frequency, the camera has the capability of capturing every lighting state by controlling its shutter speed. The camera’s rolling shutter mechanism helps to capture LED state as horizontal stripes. In this system, LED flickers according to the transmitted bits using two power levels in one-bit duration. The upper half of a bit contains power , and the lower half of a bit contains power level .
[image: ]
Figure P12: Two signal separation and data decoding from a captured LED image using intensity threshold in the image sensor.
P.4. MIMO-OOK decoding method
[image: ]
Figure P13. MIMO-OOK Decoder architecture
[image: ]
Figure P14. Intensity of expected signal via RoI signaling
[image: ]
Figure P15. Intensity of noise signal via RoI signaling
As previously discussed, we added a preamble into each packet to detect the start frame. This is a special bit sequence, whose definition is based on the RLL code that has been used, and which both the transmitter and receiver know in advance. A preamble has two tasks. Firstly, the receiver can classify the signal light source and unexpected light sources (such as background light and noise light). By using the expected signal, payload data is inputted between two preambles. However, there is no significant change in the intensity of unexpected signals or noise signals.
P.5. HOOK-OFDM decoding method
[image: ]
Figure P16. HOOK-OFDM decoder architecture
For a dual-stream receiver system, the hybrid signal can be received by single rolling shutter camera and it demodulated as below:
- The C-OOK decoder will be applied for low data rate stream.
- The RS-OFDM decoder will be applied for high data rate stream.
P.6. S2PSK-OFDM decoding method
For a dual-camera receiver system, the hybrid signal can be demodulated as below:
- A low frame rate camera (the frame rate should be greater than the S2-PSK optical clock rate) is to detect the S2-PSK signal. Either a global shutter or a rolling shutter camera can be used.
- A rolling shutter and high-speed camera is to decode the RS-OFDM signal.
[image: ]
Figure P17. System architecture of S2PSK-OFDM receiver
P.7. BPPM decoding method
[image: ]
Figure P18. BPPM decoder architecture.
The OCC data were decoded from the light intensity received in the IS. In the case of a single LED transmitter, bright and dark stripes were generated according to the ON and OFF states of the LED owing to the camera’s rolling shutter effect. In our work, two types of bright stripes were generated, one for the high-power-level signal and the other for the low-power-level signal. The stripe patterns received in the IS are shown in Figure P18. The thickness of the stripes was dependent on the frequency of the modulated signal. The high power signals created a brighter stripe than did the low power signals in the IS. Every two consecutive high-frequency data bits’ amplitude was modulated according to the low-rate stream. Two different threshold levels (i.e., ThL and ThH) were used to retrieve the transmitted data from the stripe pattern. Moreover, ThL was compared with every bit to detect the high-rate data stream, and the ThH was compared with the intensity level of every two consecutive data bits to detect the low-rate stream in this case.
[image: ]
Figure P19. Received stripe patterns in the camera receiver.

Annex Q
(informative)
Deep learning for OCC receiver
Q.1. Convolution Neural Network for LED detection with mobility effect.
A neural network (NN) is deployed at the receiver for accurately detecting the LED in both static and mobile conditions. An LED array is detected as a single LED in the existing literature. However, each LED in an LED array can be detected using the proposed NN technique. The NN can classify large image datasets with remarkable characteristics in several spatial layers and automatically learn from data through backpropagation.
[image: ]
Figure Q1. Training architecture of neural network-based stripe pattern reformation.
Background lights and neighboring LEDs can create noise and interference in the image sensor, respectively. On the other hand, interference occurs if a LED light source unexpectedly appears inside the image sensor FOV. In particular, after detection, several frames are captured and analyzed. If the stripe pattern of a specific area is changed in the subsequent frames, it is recognized as the source LED. Otherwise, it is categorized as the interfering LED and subsequently filters out from the image frame.
[image: ]
Figure Q2. Flow diagram of proposed neural network technique.

The neural network mainly operated based on the feature extraction technique of the stripe pattern. However, the given flow diagram shows the training and testing procedure and checks the similarity of each iteration. In every iteration, the relative position of the stripe is changed by checking the similarity with the reference pattern. Figure Q2 illustrates the entire flow diagram of the proposed neural network.
Q.2. Support Vector Machine (SVM) classifier
[image: ]
Figure Q3. The architecture of the accurate data transmitting LED detection scheme
In Figure Q3, the block diagram delineates the overall architecture of the accurate data transmitting LED detection scheme. On the transmitter side, numerous LED regions were present. The LED optical signal was modulated by modulation at a frequency level between 2–4 kHz before sending to the receiver to attenuate the flickering issue in a significant margin. Concerning the transmitting LEDs and other sources of interference, they are not modulated in that particular frequency. The image sensor captured the projection of all these light-emitting sources. Interference sources were dispelled when a trained CNN model was used. All the possible LED sources were detected and segmented using image processing techniques. Due to the rolling shutter effect of the CMOS-based image sensor, each image frame gets striated of white and black shade. Afterward, necessary geometrical features have been extracted to classify and recognize accurate data transmitting regions from the range of all possible regions.
[image: ]
Figure Q4. Classifier structure
In Figure Q4, the detected LED regions with bounding boxes are the output of the CNN. The bounding box LED objects are then processed employing several image processing techniques. At first, each LED image is converted into a grayscale format to specify the distinct pixel intensity values of the stripes generated in the image sensor. Next, a kernel full of ones is used to reduce the shape of the projected stripes by removing small anomalies near the stripe boundaries. To make the receiver an intelligent and robust retrieval system, the system needs to recognize accurate LEDs separately as quickly as possible. Therefore, the selection of features is very important. The extraction of appropriate features is very challenging since the objects are almost the same. LED objects of the same type can have a different shape, stripe pattern based on the communication distance, camera frame rate, and mark and space frequency. To analyze the different geometrical shapes, computation of the features from the contour line has been considered significant distinguishable features. Contours are the outline that is designed using the edges of the object to represent the shape. They contain some geometrical attributes that are effective in recognizing and segmenting objects. However, before performing feature extraction, a closing operation is applied to the selected regions to combine all the neighboring stripes. The contour is drawn on the shape by combined stripes. 
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