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• OWC = Optical Wireless Communications
• optical carriers: visible, infrared (IR), and ultraviolet (UV) 

• white light emitting diodes (LEDs)
• illuminate and communicate at the same time 
• modulation BW ~ 20MHz [1]

• Advantages of  OWC over radio frequency (RF) [1] – [3]
• wide bandwidth, license-free frequency band
• higher security, low cost, health-friendly 

• OWC standards [1] – [3]
• 2003: JEITA standards  
• 2009: IEEE 802.15.7-Standard on VLC

Light Fidelity (LiFi) [4]

Intelligent Transport System [5]
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Overview of OFDM 

• OFDM = Orthogonal Frequency Division Multiplexing [6][7]
• multi-carrier modulation (MCM)
• robust to intersymbol interference (ISI) and intercarrier interference (ICI) 
• higher optical power efficiency than on-off-keying (OOK) and pulse position 

modulation (PPM) 
• standards based on OFDM:  Wi-Fi, WiMAX, 3G, LTE, etc. 
o high peak to average power ratio (PAPR)

guard band 

saving of bandwidth

a.

b.

f

f

Spectra of (a) FDM carriers and (b) OFDM subcarriers 4
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OFDM Techniques for OWC 

• Intensity modulation and direct detection (IM/DD) [6]-[12]
• the transmit signal has to be real-valued and non-negative. 

• Hermitian symmetry is used to create real signals.

• 3 techniques to make the non-negative signals:
DC biased optical OFDM

(DCO-OFDM) [6]-[9]
Asymmetrically Clipped Optical OFDM 

(ACO-OFDM) [6]-[12] Flip-OFDM [11][12]

𝑛𝑛
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𝑠𝑠𝑛𝑛
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OFDM Techniques for OWC 

DCO-OFDM vs. ACO-OFDM vs. Flip-OFDM [6]-[12]

• DCO requires DC-bias, 
• large DC-bias resulting in optical power inefficient.
• lower DC-bias resulting in clipping of negative parts of time-domain signal.

• ACO-OFDM and flip-OFDM provide more power efficient than DCO-OFDM.

• Flip-OFDM provides the same power efficiency and spectral efficiency in the electrical domain as 
ACO-OFDM, and requires less computation. 

• This research focuses on flip-OFDM.

6
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• MIMO = Multiple Input Multiple Output

𝑦𝑦1
⋮
𝑦𝑦𝑀𝑀𝑟𝑟

=
ℎ11 … ℎ1𝑀𝑀𝑡𝑡
⋮ ⋱ ⋮

ℎ𝑀𝑀𝑟𝑟1 … ℎ𝑀𝑀𝑟𝑟𝑀𝑀𝑡𝑡

𝑥𝑥1
⋮
𝑥𝑥𝑀𝑀𝑡𝑡

• 𝑥𝑥𝑗𝑗 represents the 𝑀𝑀𝑡𝑡-dimensional transmitted symbol.
• 𝑦𝑦𝑖𝑖 represents the 𝑀𝑀𝑟𝑟-dimensional received symbol.
• ℎ𝑖𝑖𝑗𝑗 is the gain from transmit antenna 𝑗𝑗 to receive antenna 𝑖𝑖.

MIMO Systems [13]

•  

• 
• 

•  

• 
• 

𝑥𝑥1

𝑥𝑥2

𝑥𝑥𝑀𝑀𝑡𝑡 𝑦𝑦𝑀𝑀𝑟𝑟

𝑦𝑦1

𝑦𝑦2

ℎ𝑀𝑀𝑟𝑟𝑀𝑀𝑡𝑡

ℎ11

• standards based on MIMO:  Wi-Fi, WiMAX, 3G, LTE, etc. [14]-[17]
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• Spatial diversity [13] – [16]
• same symbol is transmitted from 

each transmitter to a receiver. 
• Goal: improving the reliability

• Spatial multiplexing  (SMP) [15]-[17]
• different symbols are transmitted from each 

transmitter to a receiver. 
• Goal: increased data rates 

• 𝑠𝑠 represents transmit symbol
• 𝑎𝑎𝑖𝑖 represents weight factor

• 𝑠𝑠𝑖𝑖 represents transmit symbol
• 𝑎𝑎𝑖𝑖𝑗𝑗 represents coefficient of a linear combinations 

for transmit antennas

𝑠𝑠

𝑥𝑥1 = 𝑎𝑎1𝑠𝑠

𝑥𝑥2 = 𝑎𝑎2𝑠𝑠

𝑥𝑥3 = 𝑎𝑎3𝑠𝑠

𝑥𝑥4 = 𝑎𝑎4𝑠𝑠

𝑠𝑠1, 𝑠𝑠2, 𝑠𝑠3 , 𝑠𝑠4

𝑥𝑥1 = 𝑎𝑎11𝑠𝑠1+ 𝑎𝑎12𝑠𝑠2+ 𝑎𝑎13𝑠𝑠3 + 𝑎𝑎14𝑠𝑠4

𝑥𝑥2 = 𝑎𝑎21𝑠𝑠1+ 𝑎𝑎22𝑠𝑠2+ 𝑎𝑎23𝑠𝑠3 + 𝑎𝑎24𝑠𝑠4

𝑥𝑥3 = 𝑎𝑎31𝑠𝑠1+ 𝑎𝑎32𝑠𝑠2+ 𝑎𝑎33𝑠𝑠3 + 𝑎𝑎34𝑠𝑠4

𝑥𝑥4 = 𝑎𝑎41𝑠𝑠1+ 𝑎𝑎42𝑠𝑠2+ 𝑎𝑎43𝑠𝑠3 + 𝑎𝑎44𝑠𝑠4



21/05/2019

Introduction
SVD

9

𝐻𝐻 = 𝑈𝑈Σ𝑉𝑉𝐻𝐻

Input data stream 
�̃�𝑠

Precoded data 
𝑠𝑠

Decoded data 
𝑟𝑟

Output data stream 
�̃�𝑟

... ...
... ...𝑠𝑠 = 𝑉𝑉�̃�𝑠 𝑟𝑟 = 𝐻𝐻𝑠𝑠 + 𝑛𝑛 �̃�𝑟 = 𝑈𝑈𝐻𝐻𝑟𝑟

Transmit precoding and receiver decoding [13]

Note: 
• 𝑈𝑈𝑀𝑀𝑟𝑟×𝑀𝑀𝑟𝑟 and 𝑉𝑉𝑀𝑀𝑡𝑡×𝑀𝑀𝑡𝑡 are unitary matrices, where 𝑈𝑈𝐻𝐻𝑈𝑈 = 𝑈𝑈𝑈𝑈𝐻𝐻 = 𝐼𝐼𝑀𝑀𝑟𝑟 and 𝑉𝑉𝑉𝑉𝐻𝐻 = 𝑉𝑉𝐻𝐻𝑉𝑉 = 𝐼𝐼𝑀𝑀𝑡𝑡 ,
• Σ𝑀𝑀𝑟𝑟×𝑀𝑀𝑡𝑡 is diagonal matrix of singular value 𝜎𝜎𝑖𝑖.

�̃�𝑟1
�̃�𝑟2
⋮
�̃�𝑟𝑀𝑀𝑟𝑟

=

𝜎𝜎1
0
⋮
0

0
𝜎𝜎2
⋮
0

…
…
⋱
0

0
0
⋮
𝜎𝜎𝑀𝑀𝑡𝑡

�̃�𝑠1
�̃�𝑠2
⋮
�̃�𝑠𝑀𝑀𝑡𝑡

+

�𝑛𝑛1
�𝑛𝑛2
⋮
�𝑛𝑛𝑀𝑀𝑟𝑟

�̃�𝑟1 = 𝜎𝜎1�̃�𝑠1 + �𝑛𝑛1
⋮

�̃�𝑟𝑀𝑀𝑟𝑟 = 𝜎𝜎𝑀𝑀𝑡𝑡�̃�𝑠𝑀𝑀𝑡𝑡 + �𝑛𝑛𝑀𝑀𝑟𝑟

• SVD = Singular Value Decomposition [13]
• Decompose the MIMO channel into a number of unequally weighted independent subchannels.
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Key challenge on MIMO OWC

 Strong LOS component in OWC 
 Low multiplexing gain in MIMO OWC 

• Spatial multiplexing is not effective in increasing the throughput.
 Lack of diversity in MIMO OWC 

• This degrades the system performance.
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SL Author

MIMO 
technique OFDM technique Demultiplexing 

Technique
Receiver 
front-end Noted Ref.

SMP. SD. DCO. ACO. Flip.

1. T. Q. Wang, R. J. Green and J. Armstrong, 2015   ZF, MMSE Prism-based Rx. Studied on new Rx. structure [18]

2. C. He, T. Q. Wang and J. Armstrong, 2015   ZF, MMSE PD Studied on PD. with diff. FOV [19]

3. T. Q. Wang, C. He and J. Armstrong, 2015   ZF Aperture-based Rx. Studied on new Rx. structure [20]

4. C. He, T. Q. Wang and J. Armstrong, 2016   ZF Prism-based Rx. and 
Aperture-based Rx. Compared Per. of SMP vs. SM. [21]

5. T. Q. Wang, C. He and J. Armstrong, 2017   ZF, MMSE Aperture-based Rx. Studied on analysis of  Rx. structure [22]

6. Zhen Zhan et al., 2015   ZF PD Compared Per. of diff. LED 
arrangements [23]

7. Y. Hong, T. Wu and L. Chen, 2016   SVD PD Tilled angle of the PDs. [24]

Note:
• ZF and MMSE, a channel matrix with full rank is desirable, as matrix inversion is performed.
• Prism-based Rx. and aperture-based Rx. affect power loss and expensive device front-end.    
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SL Author

MIMO 
technique OFDM technique Demultiplexing 

Technique
Receiver 
front-end Noted Ref

.
SMP. SD. DCO. ACO. Flip. et al.

8. Qing-Feng Liu, et al., 2014  OOK SVD vs. ZF PD Compared SVD & ZF with 2x2- & 
4x4- MIMO [25]

9. Y. Hong, J. Chen, Z. Wang and C. Yu, 
2013  OOK SVD PD Studied on MU-MIMO with diff. 

FOV [26]

10. O. Narmanlioglu, et al., 2017  
Maximum 
Likelihood (ML) PD Studied on the effects of diff. MIMO 

configurations: Tx. & Rx. alignment. [27]

*
** J.Panta, et al., 2019   SVD PD 1.  Distribute the no. of  LEDs

2.  LOS  

*
** J.Panta, et al., 2019   SVD, ZF, MMSE PD 1. Tilled angle of the LEDs & PDs. 

2. Consider illumination constraint. 

Note:
• ZF and MMSE, a channel matrix with full rank is desirable, as matrix inversion is performed.
• Prism-based Rx. and aperture-based Rx. affect power loss and expensive device front-end.    



21/05/2019

Objectives

13

• To evaluate the performances of SVD based MIMO flip-OFDM with bit loading for 
different LED and PD orientations as well as different receiver locations.

• To investigate the performances of MIMO flip-OFDM using SVD through bit loading 
for different number of LED distributions. 

• To compare the performances of SVD, ZF and MMSE on MIMO flip-OFDM.
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• The modulation method is based on flip-OFDM.

• The system performance evaluation is based on 4x4-MIMO flip-OFDM for transceiver 
orientation scenario. 

• The system performance evaluation is based on 4x4- , 9x4- and 16x4-MIMO flip-
OFDM for LED distribution scenario. 

• The results are based on theoretical analysis and simulation.

• The optical channel is considered as LOS with Lambertian LED [17][30].
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into one subframe with (N+NCP) 

values

𝑆𝑆0 = 𝑆𝑆 ⁄𝑁𝑁 2 = 0

𝑆𝑆𝑁𝑁−𝑘𝑘 = 𝑆𝑆𝑘𝑘∗, 𝑘𝑘 ∈ 1, … , ⁄𝑁𝑁 2− 1
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𝐻𝐻 = 𝑈𝑈Σ𝑉𝑉𝐻𝐻Σ

Bit loading 𝑉𝑉

Ex. 2x2 MIMO-OFDM
�̃�𝑆1,𝑘𝑘

�̃�𝑆2,𝑘𝑘
= 𝑉𝑉

𝑆𝑆1,𝑘𝑘
𝑆𝑆2,𝑘𝑘

𝑈𝑈𝐻𝐻

Ex. 2x2 MIMO-OFDM
𝑅𝑅1,𝑘𝑘
𝑅𝑅2,𝑘𝑘

=𝑈𝑈𝐻𝐻
�𝑅𝑅1,𝑘𝑘
�𝑅𝑅2,𝑘𝑘

Note:

• 𝑈𝑈𝑀𝑀𝑟𝑟×𝑀𝑀𝑟𝑟 and 𝑉𝑉𝑀𝑀𝑡𝑡×𝑀𝑀𝑡𝑡 are unitary matrices
• Σ𝑀𝑀𝑟𝑟×𝑀𝑀𝑡𝑡 is diagonal matrix of 

singular value 𝜎𝜎𝑖𝑖
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• Bit loading is based on the water filling technique [28][29]

subcarriersubcarrier

�noise power
𝜎𝜎𝑖𝑖 2

water level

signal power

p1
p2
p3
p4
p5

p6

1 12 23 34 45 5

p5p4

p1
p2 p3

p6

1

2 2
1

3 3
4 4
5 5
6 6

Note:
• 𝜎𝜎𝑖𝑖 = the spatial channel gain or singular value on subcarrier 𝑖𝑖
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Note: 
• 𝜃𝜃𝑇𝑇, 𝜃𝜃𝑅𝑅 = the tilled angles of the LED and PD,
• ∅𝑇𝑇 = the emission angle at transmit antenna,
• 𝜑𝜑𝑅𝑅 = the incident angle at receive antenna.

Configuration of the indoor MIMO OWC system Proposed transceiver systems 

1 cm

5 m5 m

3 m

0.8 m

L2

L1

L4

L3

𝜃𝜃𝑇𝑇

𝜃𝜃𝑅𝑅

∅𝑇𝑇

𝜑𝜑𝑅𝑅
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4x4-MIMO flip-OFDM 9x4-MIMO flip-OFDM 16x4-MIMO flip-OFDM 

5 m

1 m

1 m

5 m
x

y

L1 L2

L3 L4

5 m

1 m

1 m

5 m
x

y

L1 L2 L3

L4
L5

L6

L7 L8 L9

5 m

5 m
x

1 m

1 m

y

L1 L2 L3 L4

L5 L6 L7 L8

L9 L10 L11 L12

L13 L14 L15 L16
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• LED1: (1,1)
• LED2: (1,4)
• LED3: (4,1)
• LED4: (4,4)

• R1: (2.5,2.5)
• R2: (1,1)
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Tx

Rx

ℎ𝑖𝑖𝑗𝑗 = �
(𝑚𝑚+1)𝐴𝐴
2𝜋𝜋𝑑𝑑𝑖𝑖𝑖𝑖

2 cos𝑚𝑚 �∅𝑇𝑇) cos�φ𝑅𝑅), 0 ≤ φ𝑅𝑅 ≤ Ψ𝑐𝑐
0, φ𝑅𝑅 ≥ Ψ𝑐𝑐

[30]

Note:

• ℎ𝑖𝑖𝑗𝑗 = the gain from transmit antenna 𝑗𝑗 (𝑗𝑗𝑡𝑡𝑡 LED) to receive antenna 𝑖𝑖 (𝑖𝑖𝑡𝑡𝑡 PD),
• 𝐴𝐴 =  the receiver collection area,
• 𝑚𝑚 = the Lambertian order,
• 𝑑𝑑𝑖𝑖𝑗𝑗 = the distance between transmit antenna 𝑗𝑗 to receive antenna 𝑖𝑖, 
• Ψ𝑐𝑐 = the FOV of the PD whereΨ𝑐𝑐 ≤ ⁄𝜋𝜋 2 ,
• ∅𝑇𝑇 = the emission angle at the transmit antenna,
• φ𝑅𝑅 = the incident angle at the receive antenna.

Note:

• 𝜃𝜃𝑇𝑇, 𝜃𝜃𝑅𝑅 = the tilled angles of the LED ad PD,
• 𝛽𝛽𝑇𝑇 ,𝛽𝛽𝑅𝑅 = the azimuthal angle values of the four LEDs and the four PDs.

y

x

z

β𝑇𝑇 , β𝑅𝑅
𝜃𝜃𝑇𝑇

𝜃𝜃𝑅𝑅

The coordinate of the proposed transceiver orientation model 

The configuration of the proposed transceiver orientation model 

𝜃𝜃𝑇𝑇 𝜙𝜙𝑇𝑇 Ψ𝑐𝑐
𝜃𝜃𝑅𝑅

φ𝑅𝑅

𝑑𝑑𝑖𝑖𝑗𝑗
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BER performance analysis for MIMO flip-OFDM using SVD with bit loading

BER ≈
4

𝑏𝑏total
�
𝑔𝑔=1

𝑅𝑅𝑘𝑘

�
𝑘𝑘=1

⁄𝑁𝑁 2−1
𝑀𝑀𝑔𝑔,𝑘𝑘 − 1
𝑀𝑀𝑔𝑔,𝑘𝑘

× 𝑄𝑄
3π𝑏𝑏total

2𝑁𝑁0 1 + ⁄𝑁𝑁CP 𝑁𝑁 𝑅𝑅
×

𝛼𝛼 ⁄A W𝜎𝜎𝑔𝑔,𝑘𝑘𝑃𝑃total

∑𝑖𝑖=1
𝑀𝑀𝑡𝑡 ∑𝑔𝑔=1

𝑅𝑅𝑘𝑘 ∑𝑘𝑘=1
⁄𝑁𝑁 2−1 𝑎𝑎𝑗𝑗𝑔𝑔,𝑘𝑘

2(𝑀𝑀𝑔𝑔,𝑘𝑘
2 − 1)

Note: 

• BER = bit error rate,
• 𝑏𝑏total =  No. of bits transmitted on all spatial channels and subcarriers,
• 𝑃𝑃total = total transmit optical power of all transmit antenna,
• 𝑅𝑅 = bit rate,
• 𝑀𝑀𝑡𝑡= No. of transmit antenna, 
• 𝑀𝑀𝑔𝑔,𝑘𝑘 = QAM constellation on subcarrier 𝑘𝑘 on spatial channel 𝑔𝑔,
• 𝑑𝑑 = the minimum distance of QAM symbols,

• 𝑇𝑇 = transmit pulse period,
• N = No. of OFDM subcarriers,
• 𝑁𝑁CP = the number of CP,
• N0 = PSD of AWGN,
• 𝛼𝛼 ⁄A W = receiver responsivity,
• 𝛼𝛼 ⁄W A = source conversion factor
• 𝜎𝜎𝑔𝑔,𝑘𝑘 = the diagonal elements of Σ𝑀𝑀𝑟𝑟×𝑀𝑀𝑡𝑡,
• 𝑎𝑎𝑗𝑗𝑔𝑔,𝑘𝑘= the elements of precoding matrix (unitary matrix), 𝑉𝑉𝑀𝑀𝑡𝑡×𝑀𝑀𝑡𝑡.

𝑃𝑃total =
𝛼𝛼W/A𝑑𝑑

6𝜋𝜋𝑁𝑁𝑇𝑇
�
𝑖𝑖=1

𝑀𝑀𝑡𝑡

�
𝑔𝑔=1

𝑅𝑅𝑘𝑘

�
𝑘𝑘=1

⁄𝑁𝑁 2−1

𝑎𝑎𝑗𝑗𝑔𝑔,𝑘𝑘
2(𝑀𝑀𝑔𝑔,𝑘𝑘

2 − 1)
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Parameter Notation Value
Bit Rate R 5 Mbps
Transmit optical power Popt 0-50 dBm 
Number of OFDM subcarriers N 64 [6][10]
Number of transmitted OFDM symbol - 102

DC gain of CIR H0 10-6 [16]
Maximum M × M QAM constellation size M 16
Number of bits/ OFDM symbol bOFDM 496
PSD of AWGN  𝑁𝑁0 3.05 x10-23 A2/Hz  [16]
Conversion factor αW/A 1 W/A [18]
Receiver responsivity αA/W 0.53 A/W [16]
Target BER in bit loading algorithm - 10-5
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Total transmit optical power = 40 dBm

3 dB
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R1: (2.5, 2.5)

R2: (1, 1)
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R1: (2.5, 2.5)
R2: (1, 1)
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Total transmit optical power = 40 dBm
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Conclusion

 Proposed adjusting orientation of transceivers on MIMO flip-OFDM using SVD
 Quantified the performances of the system through bit loading for different LED 

and PD orientations as well as different receiver locations 
 Proposed the LED distributions on flip-OFDM using SVD 

 Investigated the performances of the system through bit loading for different 
number of LED distributions

Future Work

• Compare the analytical results with the simulation results for the previous cases
• Analyze the BER performance of ZF and MMSE 
• Quantify the system performances using ZF and MMSE
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Time schedule  

Tasks Plan start Plan finish

Research Planning August 2016 August 2020

1. 1st paper publication June 2019 November 2019

2. 2nd paper publication (conference) June 2019 July 2019

2. 3rd paper publication August 2019 March 2020

3. Final defense (preparing, writing, editing) September 2019 August 2020
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