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ABSTRACT
ORTHOGONAL SPACE TIME CODING FOR IM/DD OPTICAL WIRELESS

COMMUNICATION WITH SINGLE CARRIER FREQUENCY DOMAIN
EQUALIZATION

by
Nan Wu

Recently the development of optical wireless communication has received growing
attention because of its unlimited bandwidth and simple implementation as compared to
radio frequency communication application for indoor wireless data transmission. The
objective of this thesis is to improve the performance of intensity-modulated direct-
detection (IM/DD) optical wireless communications with single carrier frequency domain
equalization (SCFDE) by using Orthogonal Space Time Code (OSTC). More attention
has been paid to three SCFDE schemes due to their outstanding performances in practical
cases. It is demonstrated that OSTC can be modified to be suitable to optical systems and
provide an excellent enhancement to system performances. By applying 4>4 OSTC that
was formally used extensively in radio frequency communications, the performance of
optical wireless systems with SCFDE is to be improved remarkably. It is pointed out that
there exist some differences of the application of OSTC in between radio frequency
communications and optical wireless communications. The performances, such as Peak-
to-average Power ratio, complexity and Bit-error rate, are compared and discussed.
Finally the optical system, which has the best performance, is proposed and extended

with multiple LEDs and Photodiodes.
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CHAPTER 1

INTRODUCTION

1.1 Objective
The objective of this thesis is to improve the performance of intensity-modulated
direct-detection (IM/DD) optical wireless communications with single carrier frequency
domain equalization (SCFDE) by using Orthogonal Space Time Code (OSTC).

Thus far several optical wireless communication systems with SCFDE have been
proposed. Among these, more attention has been paid to three SCFDE schemes due to the
outstanding performance in practical cases. They are the Asymmetrically Clipped Optical
Single Carrier Frequency domain Equalization (ACO-SCFDE), the Repetition and
Clipping Optical Single Carrier Frequency domain Equalization (RCO-SCFDE) and the
Decomposed Quadrature Optical Single Carrier Frequency Domain Equalization
(DQO-SCFDE). They used only one LED emitter deployed at transmitter and one

photodiode at receiver. By applying 4X4 OSTC to these three schemes, four LED

emitters are deployed to transmit four independent optical data streams at the same time.
The performances, such as Peak-to-average Power ratio, complexity and Bit-error rate,
will be compared and discussed in the following several chapters. The scheme, which has
the most advantages, will be proposed and finally be extended to four LED emitters and
two photodiodes by using Multi Input Multi Output technique. By applying these
wireless techniques that were formally used extensively in radio frequency
communications, the performance of optical wireless systems with SCFDE is to be

improved remarkably.



1.2 Introduction of Optical Wireless Communications
Communications are crucial for old and modern societies. In all the aspects of society, in
order to deal with different things appropriately, people usually make right decisions after
they get the right information by different communications schemes. Moreover, optical
communication was already used long time ago. In ancient China, soldiers lit fire on the
Great Wall to transmit military information as whether the enemy invaded the border or
not. In modern society, light communication is used extensively in various aspects.
Landing lights are used in aircraft to land safely, especially during the night. Traffic lights
indicate when to cross or when to stop.

Obviously, light communications are the simplest form of optical communications.
It is a form of telecommunication that uses light, which is invisible, to transmit
information in optical channels. There are two branches of optical communications; the
optical fiber communication (OFC) and the optical wireless communications (OWC). The
former is the most common approaches for modern digital optical communication.
However, recently OWC has been used in various applications. Compared with OFC,
OWC can be employed much easier because it does not require deploying fiber
underground.  Another wireless communication technique, radio frequency
communication, which has only limited spectrum, will be no longer sufficient to satisfy
the demand of high speed data transmission as the increasing number of portable
information terminals. Therefore the development of optical wireless communication
received growing attention because of its unlimited bandwidth and simple
implementation as compared to radio frequency communication application for indoor

wireless data transmission [1]. Optical wireless communication can be an effective



alternative to radio frequency communication particularly for indoor use. In OW system,
light emitting diodes (LED) and photodiodes are used as transmitter and receiver
respectively. The Block diagram of intensity-modulated direct-detection (IM/DD) optical

wireless systems is shown in Figure 1.1.

Electrical domain Optical domain Electrical domain
Elactrical to opfical to
Electrical | Optical .| Optical .| Elecirical S | Symbol |
Modulator T | Convarter Channel Conerter T " | Detector
[LED} {Photddlods)
Moise (AWGEH)

Figure 1.1 Block diagram of IM/DD optical wireless systems. [10]

1.3 Wireless Communications Techniques

1.3.1 OFDM and SCFDE

Orthogonal Frequency Division Multiplexing (OFDM) [2] is a multi-carrier digital
modulation technique in which a high bit rate serial data streams is divided into a large
number N of low data rate streams, one modulating each sub-carrier. Each sub-carrier is
modulated with conventional modulation scheme, such as QPSK, 16-QAM and 64-QAM,
depending on how severe the channel condition is. The better the channel condition is the
higher constellation used. In OFDM, the sub-carrier frequencies are chosen such that
their spectra are orthogonal to each other and the cross-talk between sub-channels, which
is called inter-carrier interference (ICI), is eliminated even if the spectra are overlapped in
frequency domain and inter-carrier guard bands are not required. However in order to

avoid inter-symbol interference (ISI) caused by multi-path propagation delay in a



frequency-selective fading environment, a guard intervals in a form cyclic prefix (CP) are
introduced between consecutive blocks of data symbols. Due to these facts, OFDM can
cope with sever channel conditions without complex equalizer. Because data modulate
different frequencies, the amplitude of transmitted signal will fluctuate intensively. This
is an inherent main drawback of OFDM, termed high Peak-to-Average Power Ratio

(PAPR). The transceiver block diagram of OFDM is shown in Figure 1.2.
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Serial
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Parallel-to- ; < <+
Serial | Signal g < Cyclic Prefix AD
| o erter Mapping FFT and serial- [¢&—— LPF «
+— < < to—parallel
< < < converter

Figure 1.2 Block diagram of OFDM.

Single Carrier Frequency Domain Equalization (SCFDE) [3] is a blocked
single carrier transmission scheme with frequency domain equalization at receiver. This
scheme has a reduced complexity at the transmitter because it does not require an N-Point
FFT block to modulate and divide one data stream to N sub-channels. Due to the fact that
the transmitted signal is modulated using single frequency, it can achieve much lower
PAPR than that of OFDM. Like OFDM, CP is introduced between consecutive blocks of
data symbols to transform the linear convolution of the channel into a circular one. After

removing CP at receiver, the received signal will be parsed into frequency domain



equalizers, located between an FFT and an IFFT blocks. It has been proved that
frequency domain equalization requires much less computational complexity than
conventional time domain equalization. The transceiver block diagram of SCFDE is

presented in Figure 1.3.

Transmitter: Y
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Code and To channel
» | cyclic -
prefix over
Data in M symbols
'/\LJ .
Receiver:
I‘l;flultiply
M
()| T | ol imizer [ e o Betecand
coeffcients Data out
From
channel

Figure 1.3 Block diagram of SCFDE. [3]

Therefore, Orthogonal Frequency Division Multiplexing (OFDM) and Single
Carrier Frequency Domain Equalization (SCFDE) are considered as two effective means
for combating inter-symbol-interference (ISI) resulting from multipath propagation. Since
OFDM has inherently high Peak-to-Average-Power, which means it requires a wide
dynamic power range, the DC-biased optical OFDM (DCO-OFDM) [4] and
asymmetrically clipped optical OFDM (ACO-OFDM) [5] are severely affected by the
nonlinear response of LED. Hence low PAPR, SCFDE has been considered as an

appropriate approach for use in OW system.



1.3.2 MIMO and OSTC

Multiple-Input-Multiple-Output (MIMO) [6] is a well-established smart antenna
technique which employs multiple antennas at both transmitter and receiver. It is
extensively used to increase the overall capacity of the system and improve data
transmission rate. MIMO can be divided into three main categories, beam forming,
spatial multiplexing and diversity coding. In beam forming, the same signal is transmitted
by each of the multiple antennas such that the transmitted signal is maximized at receiver
end. In spatial multiplexing, a high speed data stream is divided into multiple low speed
data sub-stream, where each one is transmitted by different antennas at the same
frequency. If the antennas are deployed with sufficient spatial distance, the receiver is
able to separate different data sub-stream without any aid of frequency or time resource.
The channel capacity can be increased remarkably in function of high Signal-to-Noise
Ratio. In diversity coding, the same signal is emitted several times using space time
coding to increase diversity gain as well as to combat inter-symbol interference. Space
time coding (STC) is a promising coding technique used in MIMO, which provides full
diversity and low complexity for wireless communications. It makes the transmitted
signals orthogonal to each other and explores the independent fading in multiple antennas
leading to signal gain enhancement. A number of papers have shown that it provided
important benefit in optical systems. However conventional STC cannot be used directly
in OW system because it usually requires complex signals and variable polarity for
transmission. In this thesis, Orthogonal STC (OSTC) [9] is applied in SCFDE optical
system with suitable modification. It is demonstrated not only that OSTC is feasible in

ACO-SCFDE, RCO-SCFDE and DQO-SCFDE, but it also achieves excellent



performance when applied to optical wireless communications.



CHAPTER 2
ASYMMETRICALLY CLIPPED OPTICAL SINGLE CARRIER FREQUENCY
DOMAIN EQUALIZATION (ACO-SCFDE) WITH ORTHOGONAL SPACE

TIME CODE

In this chapter, asymmetrically clipped method is applied to SCFDE to obtain
ACO-SCFDE with low PAPR. Due to the fact that only real and positive signal can be
transmitted in optical channel, original SCFDE cannot be directly applied to OWC. Some
researchers apply asymmetrically clipped method to OFDM to realize IM/DD OW
system. However, since the main disadvantage of OFDM is high PAPR, which largely
limits the performance of ACO-OFDM, ACO-SCFDE will be paid much more attention
rather than ACO-OFDM. Therefore the ACO-SCFDE scheme will be presented in detail.
Therefore, OSTC will be applied in ACO-SCFDE and a comparison between these two

ACO-SCFDEs will be given in Chapter 5.

2.1 Review of Asymmetrically Clipped Optical Single Carrier Frequency Domain
Equalization (ACO-SCFDE)
Block diagram of ACO-SCFDE is shown in Figure 2.1(a). First, one block of N complex
data symbols s = [sg, sq, ... ... sn—1] drawn from QPSK constellation is inputted to an
N-point FFT to produce the frequency domain vector; S =[Sy, Sy, .- - Sn—1]- Then, in
order to obtain the Hermitian constraint, N symbols of S are mapped to 2N Hermitian
symmetric symbols and zeros are added to form a 4NxL vector;

X =10,S0,0,S4, ... ... ,0,58-1,0,S8-1,0, SN2, oo e , 0,Sp]. Next a 4N-point IFFT is



taken to transform the symbols of vector X to time domain; x = [Xq, Xy, - .- , XaN—1]-
Then to this vector signal a CP will be added to avoid inter-carrier interference as well as

inter-block interference. To make the transmitted signal positive, all the negative values

are clipped to zero to form the signal vector of
X = [RaNL) oo oo , XaN—1, X0, X, coe oo ,X4n—1] whose components are:
Xp, If x,>0,
Xy = (2.1)
0, if x,<=0,

where L is the length of the CP. The ACO-SCFDE symbol structure is shown in Figure
1(b). The time domain signal X is transmitted through wireless channel h, where
h = [hy, hy, ... ... h;_,] is the L-path impulse response of the optical channel. The CP

turns the linear convolution with the channel into a circular one:

y=xOh+w, (2.2)

where, w is the noise vector without CP. At the receiver, y is transformed by a 4N-point
FFT block to become, Y = AX + W, where Y is frequency domain symbols of y, /A isa
AN>4AN matrix whose diagonal elements are the 4N-point FFT of h and W is the

4N-point FFT of w. The odd subcarriers are extracted from Y to yield Y, = AoS + W,

where S =

N |-

[So, Sty e ne » SN—1) SN—1 SN—2) er e ,Sol » where, Yo and W, are the

vectors composed of the odd elements of Y and W, respectively. To mitigate the effects
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of the channel, a minimum mean square error or zero-forcing can be operated on Y, to

obtain an estimate for S; S as follows:

=

S = (ABA, + (a/SNR)I,n) "1AlY, (2.3)
where a=1 for MMSE and a=0 for ZF receivers. Due to the Hermitian symmetry

condition, the symbols of S are repeated in S, hence we can add them after conjugation

of the second half as follow:

S=[IN= +[5'@N-1-R5 (2.4)

Finally, we use an N-point IFFT to transform S back into time domain to yield the time

domain 8. Hard limiter is then made on the symbol of S.

————————————————

N-Point| - !
s(n) | FFT || S(k) ! ‘
erl & T X (k)| 4N-point | X(n)| AddCP e 1 %(n) | b E/O
SP| ()7 P - 1| IFFT IN w1 & —| Negative v -1 | Filler | | (LED)
! ‘i*(ﬁr) ! : P/S Signals :
e |
el Optical
Channel
N N-Point| . _
S(n) | FFT | S(k) | Y(K)| an-Point | ¥(n)| CP Removal AD | F(n)| OE
& Demapping - & e Photodiode)
Nox1 /s Nax1 AN x 1 FFT AN x 1 S/P Filter (Photodiode
(a)
L X
| cr | To | T | T | ‘ TYN -1

Figure 2.1 (a) ACO-SCFDE Transmitter and Receiver configuration.
(b) ACO-SCFDE symbol after cyclic extension. [10]
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2.2 ACO-SCFDE with OSTC
In this section, we apply OSTC in IM/DD optical wireless to ACO-SCFDE. We assume
four LEDs employed in the transmitter and one photodiode in the receiver. A real
orthogonal space time code of size n>n orthogonal matrix with entries values,

+x,, X5, ..., %, are used. For n=4, the 4>4 OSTC is shown below:

X1 X2 X3 X4
X _ | X2 X1 —X4 X3
4T =Xz Xy X TXp
—X4 —X3 X2 Xq

(2.5)

Due the constraint of real and positive signal in optical channel, we have to make
some appropriate modifications in OSTC matrix. The modified OSTC for optical wireless

transmission can be presented in the following form:

X4*4- = Ix X (26)

Using this code, the blocks of symbols x;, x, x3 and x, modulate the LED at
consecutive sample times n, n+1, n+2 and n+3 as shown in Table 1 bellow , where

X;=A; —x; and A; is the peak amplitude of the vector x; (i=1, 2, 3, 4).
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Table 2.1 ACO-SCFDE Space-Time Coding

LED1 LED2 LED3 LED4
Timen Xq Xy X3 Xy
Time n+1 X, X4 X4 X3
Time n+2 X3 X4 X1 X,
Time n+3 Xy X3 X5 X1

For ACO-SCFDE, four blocks of N complex data symbols are transmitted
simultaneously. Each of LEDs is transmitting one of these blocked as in the single case
described earlier (Figure 2.1). This is repeated at times n, n+1, n+2 and n+3. After
passing through the channel hy, hy, hy and hy, respectively, the received signal at these

times are given by,

Vn =X; *h; + x5, *hy + X3 xhy +x, *hy, +w,
Yn+1 = Xz *hy + X3 *hy + X4 *hy + X3 xhy +wyyy
Yn+z2 = X3 *hy + X4 *hy + X1 *hg + X xhy + wpyp

Yn+3 = Xg *hy + X3 xhy + X5 *hg + x5 xhy +wpys (2.7)

where wy,, Wp41, Wny2, Wpyeg are the additive white Gaussian noises at times n, n+1,
n+2 and n+3, respectively.
After removing the CP, an FFT block is applied to transform the symbols of each

sub-block of y,, Vn+1, Vn+2 @and y,.3 to frequency domain to have;
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Yl’l = A1X1 + A2X2 + A3X3 + A4_X4 + er
Y1’1+1 = Alxz + A2X1 + A3X4 + A4_X3 + er+1
le+2 = A1X3 + A2X4 + A3X1 + A4X2 + er+2

Y1’1+3 = Alle, + A2X3 + A3X2 + A4X1 + Wn+3 (28)

where, Y, Yni1, Yotz Ynez are the FFT of y,, Vns1, Vna2, Vnssz, respectively. EQ.

(2.8) can be rewritten in matrix form as

[ Yo ] A Ay Az ALK W,
|Yn+1|_ Ay —Mg Ay —A3||X2 + Wh1 (2.9)
[?m T oAs AL A ALK T [Wase '
V.o Ar As =Ny —AdIXe] IWhs

where Yoi1 = Yner — A2A1 —AgAs . Yoez = Yoeo —AsAr —ApAy . Yogs = Yous —
AN —AszA,. Ay (1=1, 2, 3 and 4) is the frequency response of the channel between

the i th LED and the photodiode. In vector notation (2.9) is written as,

Zpco £ AacoS + Waco (2.10)

where Apco is a 4N>4N orthogonal matrix and Aco HAco is a matrix shown below:

H _ 200 _
Aaco "Aaco = Haco“Ho =

1 Ho:1 Hoz Hos
Hoo2 —Ho;y 1 —Hpz Hp
ACO *1 Ho, Hos 1 Ho1
—Hos Hpz, —Hpo:1 1

(2.11)
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Haco® is the overall channel diversity gain. Haco® = |Hq|? + [Hp|? + |H3|? +

|H,|?. Hg is the channel dependent interference whose parameters are given by:

_ 2jlm(H}H,+H}H3)

HOl HACOZ
HOZ - HACOZ
2jlm(H; Hy+H3H
H03 — jlm(H3Hye+H3H3) (212)

2
Haco

Note that due to modification to positive terms, the off diagonal parameters Hp; are not
zero but pure imaginary.

At the receiver, the odd subcarriers are extracted from Y; to yield on:Aio§+vvio-
Yj, and Wj, are the vectors composed of the odd elements of Y and W at j th time slot
respectively. To mitigate the effects of the channel, a minimum mean square error or
zero-forcing can be operated on Y,=[Yy 0, Yn+1,0, YN+2,00 Yn+3,0] tO Obtain an estimate for

S as follows:

S = (AxcoAaco + (a/SNR)ILN) 1A% o Yo (2.13)

where a=1 for MMSE and a=0 for ZF receivers. Due to the Hermitian symmetry

condition, the symbols of S are repeated in S, hence we can add them after conjugation

of the second half as follow

S =[SINzg + [S* (N — 1 - KN} (2.14)



15

Finally, we use an N-point IFFT to transform S back into time domain to yield §. Hard

limiter is then made on the symbol of §.



CHAPTER 3
REPETITION AND CLIPPING OPTICAL SINGLE CARRIER FREQUENCY
DOMAIN EQUALIZATION (RCO-SCFDE) WITH ORTHOGONAL SPACE

TIME CODE

In this chapter, a new modulation scheme is proposed for IM/DD OWC system that can
improve bandwidth efficiency. For ACO-SCFDE, only half subcarriers are used to carry
data and another half are set to zero. The new modulation scheme, called Repetition and
Clipping Optical SCFDE (RCO-SCFDE), has only two subcarriers set zero. Besides the
information data stream will be emitted twice, which can achieve coding diversity and
hence decreases Bit-Error Rate (BER). The transmitted signal block consists of the
original data and a DC shift of that one. Similarly, RCO-SCFDE will be used with OSTC
to enhance the performance and compared with ACO-SCFDE in terms of PAPR,

complexity and BER performance in Chapter 5.

3.1 Review of Repetition and Clipping Optical Single Carrier Frequency Domain
Equalization (RCO-SCFDE)
The block diagram of RCO-SCFDE is shown in Figure 3.1(a). The input complex data
Vector s = [Sg, Sy, - - sny—1] drawn from 4-QAM constellation is transformed into
frequency domain to yield, S =[S,,Sq, - - Sn—1]- In order to obtain Hermitian
constraint, vector S is mapped to (2N+2)<1L frequency domain vector
V=10,S,,S4, - ... , SN=1,0, SN—1) SN2« ot ,Sp]- Then the vector V is applied to a

(2N+2)-point IFFT to transform it back to the time domain vector

16
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V = [V, Vi, e e Von+1]- TO make the transmitted signal positive, the vector is repeated
and clipped to yield, the (4N+4)*1 vector [v,; v_] as follows:
Vin = Vp,if v;>0 ven, = 0,if vy>=0

or=0,if v,<=0 or= —vy, if v,<0 (3.2)
Next a CP of length L is added to v, and v_ to yield ¥, and V_, respectively. The
transmitted block is denoted by the (4N+4+2L)*1 vector, t = [V,; V_].

At the receiver, CP is removed and linear convolution turns into a circular one.

The received blocks are given by the (2N+2)*1 blocks y+ and y- shown below

y+ =v. Oh+w,

y-=v_Oh+w_ (3.2)

(2N+2)-point FFT transforms y, and y_ to frequency domain to yield

Y, =AV, + W,

Y =AV_ + W_ (3.3)

MMSE or ZF equalizer appliedto Y, and Y_ vyield

V, = (A"A + (1/SNR) Iy,2) ~1AMY,

V_ = (AMA + (1/SNR) Iyy42) “1AHY_ (3.4)
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The estimated vector is obtained as, V = V, — V_. The transmitted symbols S
are estimated as, S = [V(k)]N_, + [V*(2N + 2 — k)]N_, and we obtain the time domain

signal by taking an N-point IFFT of S followed by a hard limiter.

Hermiian Syrmetey & Zaros T coooo B BCRey 3
**************** 1 |
N-Point| 1 e 1 1 |
s(n) | FFT |! S(k) ! Dol Stonal !
& g T 1V (E) | (NPt | V()1 — =7 t(n)| DA | | EIO
* W ——| - Vel Vi —
: S (k) Q2w [ [Ciip Pos BN LS Filter | | (LED) —l
S*(k I 1 1 Reverse Add |
b i i Sign CP i
R e Optical
Channel
N N-Point| -
S(n) | 1FFT | S(k) | Y/ 2N42)-Pt | ¥4/—| CP Removal AD | ¥(n)| OE
- & - Demapping - - & e Photodiode)
Nox1 PIS Nox1 .2.\{: 2)| FFT -2.\K; 2)| S/P Filter (Photodiode
(a)
L vy L v_
| cP ‘ g0 ‘ Us 1 | Ty 2 ‘ | vy 2;\"+1| cP ‘ v_0 | v_1 | v_2 | U aN+1
(b)

Figure 3.1 (a) RCO-SCFDE Transmitter and Receiver configuration.
(b) RCO-SCFDE symbol after cyclic extension. [10]

3.2 RCO-SCFDE with OSTC
In this section, we apply OSTC to IM/DD optical wireless using RCO-SCFDE. There are
four LEDs employed in the transmitter and one photodiode in the receiver. Here we still
use the same form of modified OSTC matrix, which is used in ACO-SCFDE. The

modified OSTC for optical wireless transmission can be presented in this form:

V4_*4_ =5 = (35)

Using this code, the blocks of symbols v,, v, v3 and v, modulate the LED at

consecutive sample time n, n+1, n+2 and n+3 as shown in Table 2 bellow, where
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V;=A; —v; and A; is the peak amplitude of the vector v; (=1, 2, 3, 4).

Table 3.1 RCO-SCFDE Space-Time Coding

LED1 LED2 LED3 LED4
Timen \'Z] vy V3 Va
Time n+1 v, \'Z] Vs V3
Time n+2 Vs Vy vy 2
Time n+3 V4 V3 \'Z vy

For RCO-SCFDE, four blocks of N complex data symbols are transmitted
simultaneously. Each of LEDs is transmitting one of these blocked as in the single case
described earlier (Figure 3.1).This is repeated at times n, n+1, n+2 and n+3. After
passing through the channel hy, hy, hy and hy, respectively, the received signal at these

times are given by,

Yn =Vi*xhy +vy*xhy +vy*xhs +vy*xhy +wy
Yn+1 =V xhy +vy xhy + 9, xhy + vz xhy +wpyy
Yn+z = Vz *hy + vy xhy + vy xh3 +V; xhy +wyy

Yn+3 = Vg *hy + V3 xhy + vy *hy + vy xhy +wpys (3.6)

where wy,, Wpy1, Wpio, Wphes are the additive white Gaussian noise at time n, n+1,
n+2 and n+3, respectively. Removing the CP, an FFT block is applied to transform

symbols of each sub-block of y,, Yn+1, Yn+2 and y,.3 to frequency domain to have;
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Yin = A1Viy + AoVoy + A3Vzy + AgVyy + W,
Yine1 = AqVoq + AgVip + AgVay + AgVs, + Wiy
Yinez = AqVay + ApVay + A3Vip + AgVoy + Wy

Yines = AVay + AaVay + A3Vyy + AgVyy + Wpgs (3.7)

where Yy, Yint1, Yin+z Yines arethe FFT of yp, yui1, Yni2, Yntss respectively.

Eqg. (3.7) can be rewritten in matrix form as:

[_Y+'n ] A1 AZ A3 A4 V1+ Wn

|Y+,1’1+1| _ AZ —A1 A4 —A3 V2+ + Wn+1 (3 8)
Y |l Az Ay AL AV Wh+2 '

| +,n+2|

19, sl L As Az =My ALV (Wi

where Vi1 = Yot —ApAs — AuAs, Yniez = Yoz —AsAy — ApAy, Yois = Yous —
AN —AsA,. A (1=1, 2, 3 and 4) is the frequency response of the channel between
the i th LED and the photodiode. In vector notation (3.8) can be rewritten as:

Zgco = ArcoVrco + Wreo (3.9)

Four blocks of the transmitted symbols:Vy,, V,,, Vs, and V,, are detected,

using MMSE equalizer to yield:

V, = (Arco "Agco + (1/SNR)Iy) " Agco Y, (3.10)
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V_, are obtained similarly. The frequency domain symbols X are estimated as

V=V, -V (3.11)

An IFFT is used to transform V, which is formed by V;, V,, V3 and V, to time domain

to obtain ¥4, V,, V3 and ¥, in the detected blocks.



CHAPTER 4
DECOMPOSED QUADRATURE OPTICAL SINGLE CARRIER FREQUENCY
DOMAIN EQUALIZATION (DQO-SCFDE) WITH ORTHOGONAL SPACE

TIME CODE

In this chapter, a new technique is used to generate the real positive symbols for IM/DD
OWC system. This new modulation scheme is called Decomposed Quadrature Optical
Single Carrier Frequency Domain Equalization (DQO-SCFDE). In the previous schemes,
in order to obtain real positive symbols, the electrical symbols have to be generated to
fulfill Hermitian symmetry constraint. After that, an IFFT is applied to transform the
signal into the time domain before transmission. For DQO-SCFDE, no FFT or IFFT
block is used in the transmitter that can decrease the PAPR of the transmitted signal. In
the DQO-SCFDE, the real and imaginary parts of complex symbols are transmitted
separately. OSTC also is applied to DQO-SCFDE to enhance the performance and the
results will be compared with ACO-SCFDE and RCO-SCFDE in terms of PAPR,

complexity and BER performance in Chapter 5.

4.1 Review of Decomposed Quadrature Optical Single Carrier Frequency Domain
Equalization (DQO-SCFDE)
The block diagram of DQO-SCFDE is shown in Figure 4.1(a). In this scheme, the real
and imaginary parts of complex data symbols are transmitted separately. Let the input N
complex data symbols be denoted by the block,s = [sg, sy, - . Sn—1] ,with s; =

[Re(sg), Re(sy), - - ,Re(sy_1)]andsq = [Im(sp), Im(sy), ... ... ,Re(sy_1)] are the

22
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vectors of real and imaginary part of s respectively. Then,sy,, si_, Sq+, Sq- are formed as

follows:
si+(m) = sp(n), if s;(n)>0 s;i—(n) =0, if s;(n)>=0
or=0,if s;(n)<=0 or = —sy(n), if s;(n)<0
sq+(n) = sq(m), if sq(n)>0 sq-(n) =0, if sq(n)>=0
or =0, if sq(n)<=0 or =—sq(n), if sq(n)<0 (4.2)

A CP is added to each sub-block to yield the (N+L) X1 vector and 4(N+L) real

and positive symbols block X = [§1+, S1-,Sq+s §Q_]. After removing CP, the received sub

blocks of length N corresponding to the transmitted real s;, and s;_ are given by

Yir =Si+ O h+wyy

Yi- = S O h + Wi- (42)

While, the received sub-block of length N corresponding to the transmitted imaginary

Sq+ and sq_ are given by;

Yo+ = Sq+ O h+wq,

YQ_ = SQ_ @ h + WQ_ (43)

An N-point FFT is then performed for each received N symbols sub-block to
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yield,

Yi+ = ASp + Wiy
Y[_ = AS[_ + WI—
YQ+ = ASQ+ + WQ+

The MMSE or ZF equalizer yields

Si+ = (Apgo "Apqo + (a/SNR)Iy) " *Apqo Yy,
~ -1
SI— = (ADQO HADQO + (a/SNR)IN) ADQO HYI_

. -1
So+ = (Apgo "Apgo + (a/SNR)Iy) " Apgo "You+

Sq- = (Apgo "Apgo + (a/SNR)Iy) " Apgo HY,- (4.5)

We form the estimated vector S; = S, — Si_ Sq = Sq+ — So-

The frequency domain transmitted symbols S are then estimated as

The time domain signals are obtained by taking a N-point IFFT of S followed by a hard

limiter.



25

Repetition & Clipping

1 1
i [Clip Neg.] [ add |
1 Signals i
Sy ('ﬂ) : = 1
Noxion| IClp Pos.& 1
i L,| Reverse .
st s || :
N Q D/A || O
. 1 .
Encoder | [Clp Nee. Filter | |(LED)
! Signals
s, 3
-Q(n):
N1 (Clip Pos.& .
! Reverse Oplical
! Sign Channel
|
§(n) N-poin|_S () VO Brraction Yy, Nepoint | V1, | CP Removal ap | ¥(n)|  oE
ST wEr [, Demapping | Y, | FFT yo., S(?'CP Filter (Photodiode)
N 1 N 1
(a)
L N L N L N L N
‘ CP ‘ S+ ‘ CcP | si— | cp ‘ so- | cP ‘ So—
(b)

Figure 4.1 (a) DQO-SCFDE Transmitter and Receiver configuration.
(b) DQO-SCFDE symbol after cyclic extension. [10]

4.2. DQO-SCFDE with OSTC

4.2.1 OSTC DQO-SCFDE with Four LEDs and One Photodiode

Four blocks of information data symbols, drawn from constellation such as 4-QAM,
16-QAM or 64-QAM are first parsed into DQO, as follows: Let
$1 = [S1,0 81,1+ Sin-1] + S2 = [S20, 52,1, +»S2N-1] + 3 = [S30,S3,1, -, S3N-1]
S4 = [S4,0,S4,1, +,SaNn-1] De the vectors of these four information streams and let s;
and s;q be the vectors of the real and imaginary part of s; (i=1, 2, 3, 4) respectively.
Then the DQO symbols: sijy, S11-, S1Q+, S1Q-» S21+ S21-» S2Q+» S2Q-» S31+» S31-»

$3Q+, S3Q-» Sal+ Sai-, Saq+ Saq- are obtained as follows

Si14(n) = sy(n), if s;;(n)>0

or= 0, if SH(H)<:0



sii-(m) = 0,

if SH(D)>:O

or= —Sll(n), if SH(D)>O
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(4.7)

The other DQO symbols are defined similarly. A cycle prefix (CP) is added to

each sub-block to yield the symbols; Syy14, S11-, S1+, S19-» S214» S21-) S29+» S20-»

31+ S31-, $3q+» S30-, Sa1+, Sa1-, S4q+, aNd Syq-.

positive symbol blocks are given by,

X1= [ S11+ 811, S10+, S10-]

X2= [ Sz1+,S21-, S2q+, S20-]

x3= [ S314, 831, S3q+, S3¢-]

X4= [ Sa14,Sar-, §4Q+r§4Q—]

The transmitted 4(N+L) real and

(4.8)

Using this code, the blocks of symbols x;, x, x; and x, modulate the LED

consecutive sample time n, n+1, n+2 and n+3 as shown in Table 4, where X;=A; — x; and

A, is the peak amplitude of the vector x; (i=1, 2, 3, 4).

Table 4.1 DQO-SCFDE Space-Time Coding

LED1 LED2 LED3 LED4
Time n X| Xy X3 X4
Time n+1 X, X X4 X3
Time n+2 X3 X4 X1 X5
Time n+3 Xy X3 Xy X
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After passing through the channel hy, hy, h3 and hy the received signal at time n,

n+1, n+2 and n+3 are given by,

y, = X1 *hy + X5 *hy + X3 xhz + x4 xhy +w,
Yopp = X2 *hy + X9 xhy + X4 *hz + X3 xhy +wpyy
Yoo = X3 *hy + X4 % hy +Xq xh3 + X5 xhy +wp

yn+3=)_(4_*h1+)_(3*h2+X2*h3+X1*h4+Wn+3 (49)

where w,, Wyi1, Wnt2, Wnes are the additive white Gaussian noises at time n, n+1, n+2
and n+3, respectively. After removing the CP, an FFT block is applied to transform

symbols of each sub-block of y , y_ ., v.., and y_ .. to frequency domain,
Yiin = A X + AXo + AsXapy + AgXypy + Wiy,

Yirne1 = AXor + AoXapy + AsXary + AgXary + Wigny

Yirnz = AXare + AXary + AsXqry + AgXop + Wignio

Yiini3 = A Xarr + AoXap + AszXop + AgXqpy + W43 (4.10)

where, Yiin Yien+t, Yien+2 Yients are the FFT  of 'y, Vni1, Yne2o Ynts

respectively. Eq. (4.10) can be written in matrix form as

[Yl+.n] Ay Ay, As AT[Xuel [ Wien

¥I+,n+1 _ Ay —Ay Ay _AS Xo1+ + WI+,H+1 (4 11)
Yiinse2 As —Ay —Ay Ay [ X314 Witne2 '
Visnss Ay Az —Ay Al Xy ] IWiy o3
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where  Yiini1 = Yioner — A2A1 — A4z . Yieniz = Yionez — Ay — ApAy
Yiint3 = Yienssz — AgAq — AzA,. Ay (i=1, 2, 3 and 4) is the frequency response of

the channel between LED and photodiode. In vector notation Eq. (4.11) can be written as

Zy; = ApqoSi+ + Q4 (4.12)

Note that Apgo is a 4N>4N orthogonal matrix and Apgo "Apqo is a diagonal

matrix shown below:

2
Apqo "Apqo = Hpgo®-Ho =

1 Hor  Hop, Hps
oo 2 —Hoy 1 —Hos Hp
PO * Hp, Hes 1 Ho,
—Hos; Hop, —Hor 1

(4.13)

Hpgo~ is the overall channel diversity gain, Hpqo” = |H|> + [Hy|? + [H3|? + [H,|%.

H, isthe channel dependent interference whose parameters are given by:

_ 2jim(H}Hy+H;H;3)
Hor=—7—=
DQO
_ 2jlm(H{H3+H3Hy)
H02 - H 2
DQO
_ 2jim(H}H4+H3H,)
Hoy = =52 (4.14)
DQO

Four blocks of the transmitted symbols; X1+, X1+, X3pand Xy, are detected.



The MMSE equalizer yields

X1+ = (Apgo "Apgo + (1/SNR)Iy) *Apgo Y14

X|-, Xq+ Xgq- can be obtained similarly. Note that

XI = XI+ - XI—

XQ == XQ+ - XQ_

The frequency domain symbols X are estimated as
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(4.15)

(4.16)

(4.17)

An IFFT can be used to transform X, which is formed by X;, X,, X35 and X, to time

domain and then X4, X,, X3 and X, are detected.

4.2.2 OSTC DQO-SCFDE with Four LEDs and Two Photodiodes

We consider that multiple receiver antennas can be used to SCFDE with space-time

coding when higher diversity gain is required. Before transmitted, the operation of four

blocks of information data symbols is identical to the case of a single photodiode. The

channels between four LEDs and two photodiodes are shown in Table 4.2 and the

received signals at time n, n+1, n+2 and n+3 are shown in Table 4.3.
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Table 4.2 Channels between LED and Photodiode

Photodiode 1 Photodiode 2
LED 1 hy hy,
LED 2 hy, hy,
LED 3 hs, hy,
LED 4 hy; hy,

Table 4.3 Received signals at time n, n+1, n+2 and n+3

Photodiode 1 Photodiode 2
Time n Yin Yon
Time n+1 Yintl Yon+1
Time n+2 Yint2 Yont2
Time n+3 Yint3 Yon+3

The transmit signals at time n, n+1, n+2 and n+3 are identical to the former case

shown in Table 4.1. The received signals at photodiode 1 are given by:

Yy, =X1*hyg + X2 xhpg + X3 xh3g +Xg xhyy +wy,

Yins1 = X2 *hyg +Xq % g + Xy v hgg + X35 hyg + w4

Yingo = X3 * D11 + X4 xhyg +Xq v h3g + X5 ¥ gy + w0

Yings = Xa *hyg + X3 xhyg + X3 ¥ h3g + X0 5 hyg + W3 (4.18)
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The received signals at photodiode 2 are given by:

Yo, = X1 ¥Rz + X5 hyy + X3 ¥ hgy + X4 xhyy +wy,

Yong1 = X2 * P12 + X1 hyy + X4 v h3p + X3 ¥ hyp + Wy
Yoniz = X3 *h1z + X4 xhyp +Xg v hgp +Xp ¥ hyp + Wi 040
Yonss = Xa ¥ 1z + X3 % hyy + X5 xhgy +Xg xhyy +wopys (4.19)

y,; represents that the signal is received by the ith photodiode at time j. w;; is

the additive white Gaussian noise. At time n, n+1, n+2 and n+3, we combine the two

received signals as follow:

y, = Xq * (hyg + hyp) + X3 * (hyg + hy3) + X3 % (hgg + h3p) + X4 % (hyy + hygy) +
Wl,n + W2,n

Yoi1 = X2 * (hqg + hyp) + x4 * (hyy + hyp) + X4 * (hzg + hzy) + X3 x (hyy + hyp) +

Wintel T Wong

Yoso = X3 % (hyg + hyp) + x4 * (hyq + hy2) + X4 * (hgg + hgp) + X5 * (hyy + hyp) +

Wine2 T Wongo

Yoi3 = Xa * (hqg + hyp) + X3 * (hyy + hyp) + X3 * (hzg + hzy) + x4 * (hyy + hyp) +

Win+3 T Wonis (4.20)

An FFT block is applied to transform symbols of each sub block of y , y ..,

Y4, and y .. tofrequency domain. We can write



Yien = AXqrs + ApXops + A3Xapy + AgXary + Wiy
Yiens1 = A Xon + AoXqrs + AsXary + AgXape + Wiy niq
Yieniz = A X + AoXars + AsXqpy + AgXop + Wiy nso
Yien+s = AaXans + KXy + AsXors + AgXqpy + Wipnes

Wl+,n =W n + W21+,n

11+,
Witns1 = Witgns1 ¥ Worgntn
Witn+2 = Witgns2 ¥ Worgnso

Witns3 = Witgns3 ¥ Worgnss
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(4.21)

(4.22)

where, as before Yi, n, Yient+1 Yient2 Yients are the FFT of yu, Vi1, Yasz Yoes

respectively. Eq. (4.21) and (4.22), can be written in matrix form as

[_YI+,n -| r Kl Kz A3 K4-| X11+ |' WI+ n '|

‘_(l+.n+1 A, —Ay Ay —A3| X2 + [Wisn+1]

|Yl+,n+2 Kg —K4 —K1 Kz X3I+ WI+,n+2

vl+,n+3 Ay A; —A, —A, Xar+ Wit n+3
where Ay = Ayq + Mgy

(4.23)

(4.24)
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and  Yirnsr = Yienrt = AoA1 —AdAs , Yiaer = Yienso —A3A —AA,  and
Yients = Yienes — AsA; — AsA,. A; (i=1, 2, 3 and 4) is the frequency response of

the channel between LED and photodiode. In matrix notation we can write Eq. (4.23) as

Ziy £ ApqoSi+ + Q14 (4.25)

The T\DQO iIs a 4N>4N orthogonal matrix with diversity gain and interference
parameters, which can be obtained by following the steps used in section 3.2. Four blocks
of the transmitted symbols; Xq1+, X1+, X314 and Xy, are detected. The MMSE

equalizer yields

X1+ = (Apgo " Apgo + (1/SNR)IN) ™ Apgo Vi (4.26)

X;_, Xq+ Xgq- can be obtained similarly. Then we form,

XI = XI+ - XI—

The complex symbols X are formed by,

An IFFT can be used to transform X, which is formed by X;, X,, X3 and X, to time

domain and then &4, X,, X3 and X, are detected.



CHAPTER 5

RESULTS AND DISCUSSION

5.1. Complexity Analysis
This subsection shows the computational complexity among three OSTC-SCFDE
schemes; OSTC-ACO-SCFDE, OSTC-RCO-SCFDE and OSTC-DQO-SCFDE. First, we
assume that a block of N independent complex data symbols is taken as input at all the
transceivers of these three different SCFDE schemes. In OSTC-ACO-SCFDE, the main
complexity is due to the N-Point FFT, 4N-Point IFFT at transmitter and 4N-Point FFT,
N-Point IFFT at receiver. Thus the complexity of OSTC-ACO-SCFDE is of order
O[4(2(4N)Log,(4N) + 2NLog,(N)]. For OSTC-RCO-SCFDE, there is a (2N+2)-Point
IFFT at transmitter and a (2N+2)-Point FFT at receiver. Note that the (2N+2)-Point FFT
is taken twice because of two received blocks; y,, y_. It also has additional complexity
of N-Point FFT and N-point-IFFT at the transmitter and receiver respectively. So the
complexity of OSTC-RCO-SCFDE is of order O[4(3(2N + 2)Log,(2N + 2) +
2NLog2(N))]. In OSTC-DQO-SCFDE, there is no computational complexity at the
transmitter. An N-Point FFT is used four times to transform the received data symbol
blocks; yi1+, ¥1-, Yo+ and yq-. Another N-Point IFFT is taken to obtain time domain
data symbols. Hence the complexity of OSTC-DQO-SCFDE can be given as of order
O[4(4NLog,(N) + NLog»(N))]. For 4>x2 OSTC-DQO-SCFDE, the order of complexity
is the same with OSTC-DQO-SCFDE scheme. However the received signal is the
superposition of the same data stream passing through two different optical channels, the

detector of the scheme with two receivers must be a little more complicated

34
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than that with one receiver. The order of complexity of each scheme is summarized in

Table 5.1 and Figure 5.1 displays them as a function of the input block size N.

Table 5.1 Comparisons of Computational Complexity of the Three Schemes

Schemes Complexity

OSTC-ACO-SCFDE O 4(2(4N)Log,(4N) + 2NLog,(N))
OSTC-RCO-SCFDE O 4(3(2N + 2)Log,(2N + 2) + 2NLog,(N))
OSTC-DQO-SCFDE O 4(4NLog,(N) + NLog,(N))

4>2 OSTC-DQO-SCFDE | O 4(4NLog,(N) + NLog,(N))

1\,__)x 104
—+ OSTC-ACO-SCFDE s
OSTC-RCO-SCFDE e
—8—0STC-DQO-SCFDE ///
o ol
o
.E 10 //
g e
O e
S e
é 5 -t / W/E/Z/E/E/E
_* a
2 P // /E/E/E/E/E/E/E/E/E/E/E/E/E
o0 100 200 300 400 500 600

N(Input symbol block size)
Figure 5.1 Computational Complexity Comparisons of the Three OSTC-SCFDE
Schemes.
5.2. Performance Results Simulations

First, we compare the PAPR of the three OSTC-SCFDE schemes as shown in Figure
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5.2. We notice that OSTC-DQO-SCFDE has the lowest PAPR while the other two have
very similar PAPR in both cases of 4-QAM and 16-QAM. Hence DQO-SCFDE is more
attractive in term of PAPR. A large PAPR signal severely affects the performance because

it is not easy to obtain an LED with a linear wide dynamic power range.

AN >~ DQO-4QAM
= DQO-16QAM
0.8 ~=~ACO-4QAM
~ ~=~ACO-16QAM
nd
RCO-4QAM
< 06 Q
= | RCO-16QAM
< 04 W
a
&
0.2 §
O £ & \‘Ii = = £ = = &= &= £ &= &= = &= £
0 5 10 15 20
PAPR (dB)

Figure 5.2 CCDF of PAPR comparisons of the three OSTC-SCFDE schemes with
4-QAM and 16-QAM.

Next the BER performance of single emitter SCFDE and OSTC-SCFDE is
exhibited in Figure 5.3. The worst of the three BER curves of the OSTC-SCFDE OSTC
is that of the ACO-SCFDE. For single emitter, DQO-SCFDE gives the best BER
performance in all SNR cases. RCO-SCFDE performs similarly with DQO-SCFDE, but
it is a little worse than later one. We notice that the BER performance is improved
remarkably when OSTC is applied to any single emitter SCFDE scheme. All

OSTC-SCFDE have about 7dB better BER performance due to the fact that it is able to
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achieve channel diversity gain by using four emitters at transmitter. For OSTC-SCFDE,
DQO scheme still performs better than the other two although ACO scheme gives a little
bit better from 7dB to 10dB. Finally the curve with square presents BER of 42
OSTC-DQO-SCFDE. Because of passing through different channels, one transmitted
block can obtain much more channel diversity gain by deploying two photodiodes at
receiver. Obviously, 4>2 OSTC-DQO-SCFDE has a 3dB better BER performance than

OSTC-DQO-SCFDE.

ot
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Single Emitter
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BER
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——A00-SCFDE
—+-0STC-A00-SCFDE
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Figure 5.3 BER comparisons of Single Emitter SCFDE and OSTC-SCFDE.



CHAPTER 6

CONCLUSION AND FUTURE WORK

The objective of this thesis has been successfully achieved. Applying OSTC into optical
SCFDE systems; ACO-SCFDE, RCO-SCFDE and DQO-SCFDE. The BER
performances of these three are enhanced remarkably because of the channel diversity
gain brought about by orthogonal coding. OSTC SCFDE can keep the same low PAPR as
that of single emitter SCFDE because new schemes only require four emitters to
transform four blocks of optical data symbols without any change on SCFDE. However it
is obviously notable that there is a trade-off between complexity and performance. The
computational complexity of OSTC SCFDEs increases intensively and is much more
complicated than single emitter SCFDE. Fortunately DQO-SCFDE only requires some
simple operations, such as mapping, clipping and shift. Therefore the computational
complexity does not increase remarkably. Moreover the 4 x 2 OSTC DQO-SCFDE,
which has four LEDs and two photodiodes, shows the lowest BER performance with the
same order of complexity of 4 x 1 OSTC DQO-SCFDE. It can be confidently trusted
that 4 x 2 OSTC DQO-SCFDE should be the most attractive choice for the use of
indoor IM/DD OWC system.

During research several STCs, such as Alamouti coding and Quasi-OSTC were
also investigated and applied to SCFDE. These coding techniques also have to be
modified to make the transmitted signal fit the optical channel so that they can show the
performance improvement as similar as the case of applying to radio frequency

communications. However it should be noted that the Grammian matrix is not an
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orthogonal one but has imaginary or real interference. The BER performances of SCFDE
with Alamouti coding and OSTC give almost the same improvement because it is shown
that there are only imaginary interferences in the Grammian matrix. For Quasi-OSTC,
three code formats, which are ABBA code, EA code and PF code, are investigated. They
have the same enhancement function in RF communications but perform differently in
OW communications. When analyzing them, we found that the differences among them
are the interferences generated by optical signals and channels. The Grammian matrix of
ABBA code has real interferences hence it has the worst performance among the three.
For EA code, although the interferences are real, they almost can be offset completely.
Therefore it is able to perform almost the same as with PF code, which only has
imaginary interferences. Although these effects of interferences generated in OW
communication have not been investigated clearly, but one possible reason is that only
real interferences can affect the quality of OW communications due to the fact that the
transmitted optical signal is real and positive. Hence it is an interesting direction which is
worth studying further. Another interesting topic is the characteristic of optical channel.
There must exist a lot of differences as compared to radio channel. Optical Wireless
communication is a research field full of amazing things, which attracts us to discover

and explore deeper in the future.
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