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Single ODSB Radio-Over-Fiber Signal Supports STBC at Each RAP1

Varghese Antony Thomas, Mohammed El-Hajjar, and Lajos Hanzo2

Abstract—We propose and mathematically characterize a novel3
radio-over-fiber (ROF) downlink, where a radio access point (RAP)4
benefits from the transmit diversity gain of space–time block cod-5
ing (STBC). Significantly, this transmit diversity is achieved using6
a single optical modulator in the base station (BS). In the pro-7
posed architecture, each RAP is fed with a single optical double-8
sideband signal, where each sideband transmits one of the two9
STBC-encoded signals. This optical signal is generated in the BS10
by performing the simultaneous optical upconversion of the base-11
band STBC signals using a single Mach–Zehnder modulator. The12
proposed optical backhaul is designed and simulated to impose13
negligible degradation to that imposed by the dominant wireless14
link, thereby enabling a designer to exploit the advantages offered15
by a wireless link having a diversity gain.16

Index Terms—Author, please supply index terms/keywords for17
your paper. To download the IEEE Taxonomy go to http://www.18
ieee.org/documents/taxonomy_v101.pdf.19

I. INTRODUCTION20

THE optical-wireless backhaul technique of ROF makes a

AQ1

21

network employing small cells and high-RF carriers cost-22

effective. Each cell of a ROF-aided network is served by a RAP,23

while multiple RAPs are connected to a central BS via optical24

fiber [1]–[3]. Centralized signal processing at the BS simplifies25

the RAP and hence facilitates cost reduction [4]–[6].26

A. Motivations for the Proposed Architecture27

Some important challenges of large-scale employment of28

ROF-aided high-RF systems are as follows.29

1. Electronic components, especially the mixers, exhibit a30

degraded performance at high frequencies [4]. Optical31

generation of the RF signal is a potential solution to this32

challenge [7]. For example, [8] is a recent paper that33

proposes a new method for optical generation of UWB34

RF signals.35

2. Multiple input multiple output (MIMO) techniques like36

the classic STBC devised by Almouti in [9] can be em-37

ployed in the wireless link of ROF systems to improve38

the downlink bit error rate (BER) performance [10], [11].39

However, multiple optical modulators may be required at40

the central BS for supporting MIMO transmission from41

each RAP as in [10].42

3. The most commonly employed ODSB modulation, un-43

like the optical single side band (OSSB) modulation,44

is severely affected by the chromatic dispersion-induced45

power attenuation at high RF carriers [12].46
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B. Advantages of the Proposed Architecture 47

The proposed architecture implements optical upconversion 48

to avoid the use of electronic mixers [7]. Optical upconversion 49

is implemented using a MZM driven by a sawtooth signal. Both 50

sidebands of the classical ODSB carry the same signal [13]. In 51

contrast to the classical ODSB, the optical signal generated in 52

the proposed architecture is an ODSB signal in which the two 53

sidebands transmit two different signals, namely the two STBC- 54

encoded signals. Thus, a single dual-drive MZM supports 2×1 55

STBC Transmission from each RAP, thereby addressing the 56

second challenge discussed in Section I-A In the RAP, the two 57

sidebands are separately photo-detected, which gives it the per- 58

formance advantages of an OSSB signal, thereby addressing the 59

final challenge discussed in Section I-A. Each RAP has a pair 60

of antennas. The two photo-detected signals are transmitted to 61

the mobile station (MS) using different antennas, where the MS 62

has a STBC receiver. 63

II. PROPOSED DOWNLINK ARCHITECTURE AND ANALYSIS 64

A. Transmitter in the BS 65

The laser diode (LD) in the BS of Fig. 1(a) has an optical 66

frequency of fc Hz and a power of PLD, while its optical output 67

field is [5], [13] 68

ELD(t) = √
2PLDej2π fct. (1)

As shown in Fig. 1(a), the output of the laser is split by a 3 dB 69

optical power splitter having an insertion loss of tsp to yield 70

Ec,1(t) = Ec,2(t) =
√

tsp

2
ELD(t). (2)

The optical signal Ec,1(t) is fed to a dual-drive MZM with its 71

arms driven by signals v(t) + xSTBC
1 (t) and −v(t) − xSTBC

2 (t). If 72

x(t) is the baseband signal with bit-rate Rbit to be transmitted 73

over the wireless link to the MS using RF phase modulation, 74

then xSTBC
1 (t) and xSTBC

2 (t) are generated from x(t) such that 75

ej(π
xSTBC
1 (t)

Vπ
) and ej(π

xSTBC
2 (t)

Vπ
) are the STBC symbols transmitted 76

to the MS [9]. If x(t) consists of 2N symbols {xk|1 < k < 2N}, 77

then, for 1 < i < N, the (2i − 1)th and (2i)th symbols of the 78

STBC signals are given by the first and second rows of the 79

following matrix, respectively 80⎡
⎣e

j
(

π
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1
Vπ

)
e

j
(

π
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2
Vπ

)⎤
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j
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⎤
⎥⎦ .

On the other hand, v(t) is a sawtooth-shaped function given by 81

v(t) = modulo[2frf tVπ , 2Vπ ] − Vπ (3)

where frf is the RF carrier transmitted from the RAP to the 82

MS, while Vπ is the switching voltage of the dual-drive MZM. 83
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Fig. 1. (a) Proposed system architecture. (b) Spectrum of the transmitted optical signal.

Fig. 1(a) shows the temporal plot of v(t). If the MZM in the84

BS of Fig. 1(a) has an insertion loss of tattn and it is driven by85

voltages V1(t and V2(t), then its output optical field is86

EMZM(t) =
√

tattn

2

[
ej

πV1(t)
Vπ + ej

πV2(t)
Vπ

]
Ec,1(t)

=
√

tattn

2

[
ejπ

xSTBC
1 (t)+v(t)

Vπ + ejπ
xSTBC
2 (t)+v(t)

Vπ

]
Ec,1(t)

= −
√

tattn

2

[
e

j

(
2π frf t+π

xSTBC
1 (t)

Vπ

)

+
e

j

(
−2π frf t+π

xSTBC
2 (t)

Vπ

)]
Ec,1(t). (4)

As shown in Fig. 1(a), the output of the MZM is combined with87

the second output Ec,2(t) of the splitter to generate Etran(t). If88

the optical coupler’s insertion loss is tsp, then Etran(t) can be89

expressed from (2) and (4) as follows90

Etran(t) =
[
−

√
tattn

2
e

j

(
2π frf t+π

xSTBC
1 (t)

Vπ

)

−
√

tattn

2
e

j

(
−2π frf t+π

xSTBC
2 (t)

Vπ

)
+ 1

]
ELD(t)

tsp

2
. (5)

The spectrum of Etran(t) is shown in Fig. 1(b), where it can be91

seen that Etran(t) is an ODSB signal, in which the upper and92

lower sidebands carry xSTBC
1 (t) and xSTBC

2 (t), respectively.93

B. Receiver in the RAP94

As shown in Fig. 1(a), the optical signal Etran(t) propagates95

through the optical fiber of length L and it is received as Erec(t)96

in the RAP. The fiber attenuates the signal and its dispersion97

imposes a phase shift φdisp on the two sidebands with respect to98

the carrier [13]. Thus, from (5), the received signal becomes99

Erec(t) = e
α
2 L

[
−

√
tattn

2
e

j

(
2π frf t+π

xSTBC
1 (t)

Vπ
+φdisp

)

−
√

tattn

2
e

j

(
−2π frf t+π

xSTBC
2 (t)

Vπ
−φdisp

)
+ 1

]
ELD(t)

tsp

2
(6)

where α is the fiber’s attenuation parameter. In the RAP of100

Fig. 1(a), the optical signal enters Port 1 of the optical circulator101

(OC) and exits from Port 2, where it encounters a fiber Bragg102

grating (FBG) that reflects 50% of the carrier power in addition103

to the complete lower sideband. These filters are similar to those104

employed in [14]. The reflected signal then enters Port 2 of the105

OC and exits from Port 3. The signal passing through the FBG 106

and the reflected signal exiting Port 3 have optical fields of E1(t) 107

and E2(t), which can be expressed as 108

E1(t) = e
α
2 L

[
1√
2

−
√

tattn

2
e

j

(
2π frf t +π

xSTBC
1 (t)

Vπ
+φdisp

)]
ELD(t)

tsp

2
,

(7)

E2(t) = e
α
2 L

[
1√
2

−
√

tattn

2
e

j

(
−2π frf t +π

xSTBC
2 (t)

Vπ
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)]
ELD(t)

tsp

2
.

(8)

Subsequently, as seen in Fig. 1(a), E1(t) and E2(t) are photo- 109

detected using a photo-diode (PD) of responsivity R to generate 110

currents, which can be expressed using (1), (2), (7), and (8) as 111

I1(t) = R|E1(t)|2 = ReαLPLD(tsp)
2

2

×
[
0.5+ tattn

4
−

√
tattn

2
cos

(
2π frf t+π

xSTBC
1 (t)

Vπ

+ φdisp

)]

(9)

I2(t) = R|E2(t)|2 = ReαLPLD(tsp)
2

2

×
[
0.5+ tattn

4
−

√
tattn

2
cos

(
2π frf t+π

xSTBC
2 (t)

Vπ

− φdisp

)]
.

(10)

The pair of photo-detected signals I1(t) and I2(t) are then 112

filtered using bandpass filters centered at frf Hz, as shown in 113

Fig. 1(a), in order to generate the RF signals 114

IRF
1 (t) = K cos

(
2π frf t + π

xSTBC
1 (t)

Vπ

+ φdisp

)
(11)

and 115

IRF
2 (t) = K cos

(
2π frf t + π

xSTBC
2 (t)

Vπ

− φdisp

)
(12)

where K is the amplitude of the filtered signal. The above RF 116

signals are amplified and transmitted over the wireless link to 117

the MS of Fig. 1(a), where they are synchronously downcon- 118

verted [11]. These RF signals are phase-modulated, upcon- 119

verted versions of the STBC encoded complex baseband signals 120

ej(π
xSTBC
1 (t)

Vπ
+φdisp) and ej(π

xSTBC
2 (t)

Vπ
−φdisp). Fiber-dispersion rotates 121

all the symbols by a length-dependent constant phase of φdisp 122
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TABLE I
PARAMETER VALUES OF THE ROF LINK

radians, which may be considered as part of the complex-valued123

wireless channel and hence they are jointly estimated by the124

wireless channel estimation technique used at the MS. In other125

words, if the wireless channel transmitting IRF
1 (t) and IRF

2 (t)126

has complex coefficients of h1 and h2, respectively, then the127

channel coefficients estimated at the MS and hence employed128

by the STBC receiver are h1ejφ and h2e−jφ , respectively.129

A practical implementation of the proposed architecture may130

employ a non-ideal MZM and a non-ideal sawtooth signal. A131

non-ideal MZM’s output is given by the nth order Bessel func-132

tion [3]. These imperfections generate non-linear products like133

intermodulation and harmonics [3]. However, we hasten to add134

that these non-linear signals may be significantly suppressed by135

the FBG filter in the receiver and by the electronic filter after136

photo-detection. If needed, an additional FBG filter may also137

be employed after port 3 of the OC in Fig. 1(a) for suppressing138

these signals before photo-detection by the lower photo-diode.139

III. SIMULATION RESULTS140

Table I shows the system parameters employed in our sim-141

ulations. The photo-detected current is given by (9) and (10)142

and the additional dark current Idark. The relative intensity143

noise (RIN) power, shot noise power and thermal noise power144

imposed by the optical link are σ 2
RIN = KRINI2

dc�f , σ 2
shot =145

2eIdc�f and σ 2
thermal = 4kbT

RL
�f , respectively [15]. Here, Idc is146

the average photo-detected current, �f is the optical receiver’s147

bandwidth, kb is the Boltzmann constant, T is the absolute148

temperature of 290 K, RL is the load resistance, Fn is the optical149

receiver amplifier’s noise figure, while e is the charge of an150

electron. Optical propagation is given by151

∂A

∂z
= −α

2
− j

β2

2

∂2A

∂T2
+ jγ

{|A|2A
}

(13)

where A(z, T) is the envelope (or amplitude) of the modu-152

lated optical carrier after it has propagated through z km of153

SSMF, while D = − 2πc
λ2

c
β2, γ and α are the fiber’s dispersion154

parameter, non-linearity parameter and attenuation parameter,155

respectively. Equation (13) was simulated using the split step156

Fourier method [15].157

Equation (4) assumes an ideal MZM having an extinc-158

tion ratio ε1 of infinity in the transmitter. However, we have159

1Extinction-ratio is defined as the ratio of the optical power transmitted for
bit 1 to the power transmitted for bit 0 [15].

Fig. 2. System performance when employing a non-ideal MZM in transmitter.

Fig. 3. System performance for non-ideal optical filtering in receiver.

EMZM(t) =
√

tattn
2 [ej

πV1(t)
Vπ + γexte

j
πV2(t)

Vπ ]Ec,1(t) for a practical 160

MZM, where γext = (
√

ε − 1)/(
√

ε + 1). Based on the discus- 161

sions in Section II, we arrive at 162

IRF
1 (t) = K cos

(
2π frf t + π

xSTBC
1 (t)

Vπ

+ φdisp

)
(14)

and 163

IRF
2 (t) = Kγext cos

(
2π frf t + π

xSTBC
2 (t)

Vπ

− φdisp

)
. (15)

In other words, the two STBC signals that are transmitted from 164

the RAP are not exactly of the same power, thereby resulting 165

in a BER degradation. Fig. 2 shows the BER degradation 166

for various extinction ratios. The simulation results shown in 167

Fig. 2 relied on a transmit power that results in a BER of 10−8 168

for a near-ideal extinction ratio of 30 dB. It can be seen from 169

Fig. 2 that the degradation is lower than an order of magnitude 170

for commercially available MZMs having extinction ratios of 171

about 20 dB. 172

The derivation of (11) and (12) assumed having an FBG filter 173

in the receiver that perfectly reflected one of the sidebands, 174

while transmitting the other. Let us now study the effect of 175

employing a realistic, practical FBG filter that assumes an im- 176

perfect reflection of the sideband. Fig. 3 shows the BER degra- 177

dation for various attenuation levels Attnreflect of the reflected 178

sideband w.r.t. the transmitted sideband, where the ideal com- 179

plete reflection of the reflected sideband corresponds to an 180

attenuation of ∞ dB. The simulation results shown in Fig. 3 as- 181

sume an ideal MZM in the transmitter in order to study the BER 182

degradation imposed by the receiver alone. It can be seen from 183

Fig. 3 that the BER degradation is lower than an order of mag- 184

nitude for the typical attenuations of commercially available 185

FBG filters. 186

The classical ODSB signal generated by employing a MZM 187

biased at Vπ/2 volts carries a single signal using both sidebands 188

[13]. Naturally, fiber dispersion attenuates the photo-detected 189
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Fig. 4. System performance for various RF carriers.

Fig. 5. BER performance of the optical link.

power of the classical chirp-free ODSB signal as per the fol-190

lowing expression [16]191

Prf ∝ cos2
[
π · L · D · λ2

c · f 2
rf

c

]
(16)

where c is the speed of light in vacuum. This power attenuation192

results in a BER degradation. Fig. 4 shows the power penalty193

imposed on the photo-detected RF signal by fiber dispersion,194

where the reference is the photo-detected power for the case195

of no fiber dispersion. It can be seen from Fig. 4 that in the196

proposed scheme, the RF signals generated by the separate197

photo-detection of the upper and lower sidebands do not suffer198

from any dispersion-induced power attenuation. This is because199

their separate photo-detection gives the proposed scheme the200

advantage offered by OSSB modulation [12]. Fig. 5 shows the201

BER performance of the optical link proposed in this paper for202

the simulation parameters of Table I.203

Having designed the optical link, we now study the perfor-204

mance of the overall ROF link including the wireless link.205

Fig. 6 shows the ideal error vector magnitude (EVM) perfor-206

mance of a wireless link employing STBC and no backhaul207

along with the EVM performance of the proposed ROF link208

for a laser transmit power of 0 dBm. It can be seen in Fig. 6 that209

the ROF backhaul imposes only negligible degradation, while210

enabling the designer to fully exploit the diversity gain of STBC211

[9]. Note that the term SNR of wireless channel in Fig. 6 refers212

to the SNR computed at the wireless receiver and it includes the213

noise added by the wireless link only.214

IV. CONCLUSION215

A ROF backhaul was conceived for supporting 2×1-element216

downlink STBC. Each RAP was served by an ODSB signal,217

each of whose sidebands carried the RF signal for one of the218

two STBC antennas. The downlink signal was generated by219

a single MZM, where this MZM implemented optical upcon-220

Fig. 6. Performance of wireless link relying on a ROF backhaul.

version. This backhaul imposed negligible degradation, while 221

enabling the exploitation of the diversity gain of STBC. 222
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