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ABSTRACT

Full-Duplex 60 GHz Band Dense Wavelength Division Multiplexing Star Tree
Architecture For Radio-Over-Fiber System

Baozhu Liu

In this work, full-duplex 60GHz DWDM star tree architecture for radio-over-fiber
systems is investigated. New approach by using DWDM with the channel spacing of 25
GHz for the first time is proposed to improve the spectral efficiency. The demonstration
system consists of 1 central station and 3 base stations as an example. In addition, the
remote light source technique is utilized to simplify the architecture of base station (BS)
and the external modulation technique is adopted to overcome the fiber chromatic
dispersion. Especially, the MZ modulator, configured to generate optical single sideband
(OSSB) signal, is adopted in the central station and modulates the optical carrier with the
lower sideband (LSB) and upper sideband (USB) subcarriers simultaneously with
different data and the EA modulator is adopted in the base station for implementing the

maintenance-free BS in the future.

The error-free transmission via the 25 km uplink and downlink fiber with the data
rate of 155.52 Mbps is performed. The impact of the laser linewidth and the bandwidth of
the electrical bandpass filter are investigated. It concludes that the system performance is
limited by the laser phase noise for considered DPSK signal and the bandwidth of
electrical bandpass filter is much larger than the 3-dB bandwidth. The trade-off has to be

made when optimizing the laser linewidth and the bandwidth of the bandpass filter.
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Chapter 1 Introduction

In order to provide the broadband service, the available bandwidth of radio
frequency always is an issue to be resolved at first. Many projects and programs across
the world are undergoing to explore where the radio frequency can be allocated with
large trunk of bandwidth to have the broadband services implemented [1]. In Europe, the
19, 40 and 60 GHz bands have been addressed under different projects. In Japan, the 40
and 60 GHz attract the interest in the research community to implement the dense local
wireless LANs. In US, FCC reserves the 59-64 GHz for future unlicensed application of
wireless access system. In general, there is about 8-GHz bandwidth available for dense
wireless access communications. Therefore, the 60 GHz band brings up of utmost interest

for all kinds of short-range wireless communications.

The 60 GHz bands operating in the 4™ generation wireless system feature high
density because of the pico-cell architecture. In order to deliver the radio signal, the cost-

effective technology and system have to be developed to address this issue. The hybrid



radio-over-fiber system has been studied many years as a promising approach to provide
the wireless broadband service [2]-[4]. The advantage of the radio-over-fiber system is
that the signal generation and signal processing are centralized in the central station (CS)
before transporting via the fiber to a number of the remote base stations (BSs). Such
architecture can make the CS more complicated and allow the BSs share resources,
thereby simplifying the architecture of the BS. The increasing number of the remote BSs
with small millimetre-wave band coverage such as pico-cell requires the implementation
of the simple and compact BS in term of the cost. Therefore, many techniques have been
studied in order to explore the cost-effective radio-over-fiber system. In [4]-[6], the light
source sharing technique is proposed, thereby requiring no lasers installed in the BS in

order to make the BS passive [7].

However, the performance of the radio-over-fiber system may be degraded by the
fiber chromatic dispersion. As a solution to overcome this effect, the single sideband
subcarrier modulation technique [8] as a solution is proposed, which modulate the optical
carrier with either the lower sideband (LSB) or upper sideband (USB) subcarrier.
Moreover, the optical external modulators, such as the intensity modulator of either the
MZ modulator or the EA modulator is the preferred choice to generate the sideband
subcarrier signal to overcome the effect of laser frequency chirps suffered by the direct
modulation technique. More importantly, the EA modulator can be a promising choice in

the future to design the maintenance-free BS in which no power supply is required [7].

2.



Due to the architecture characteristic of the millimetre-wave band system, a larger
number of the BSs are connected to the CS via ROF networks. As such, the dense
wavelength division multiplexing technique is a strong candidate to support the
simultaneous BS connection to the CS. Many reports [2]-[3], [9] have proposed the
solution to address the issue. In [2], the DWDM spectrum scheme by using frequency-
interleaving technique is introduced. In order to demultiplex the DWDM signal at CS, the
dual mode remote light is designed at CS. This technique is possible to use for uplink
data transmission but it is not a good choice for downlink data transmission because it
increase the complexity of architecture of BS, which conflicts the objective to design the
simple BS. In addition, the mode interval of the dual-mode local light has to be tuned
accurately in order to ensure the local light beat with the desired optical carrier and
corresponding subcarrier. So the drawback is that the tight restriction is imposed on either
the wavelength allocation of optical carrier and corresponding subcarrier or the mode
interval of the dual-mode light. As another solution to process the DWDM spectrum
generated by using the optical frequency interleaving technique, the photonic
downconversion (PDC) technique [9] is developed. The MZ modulator acting as a
generator of carrier-suppressed DSB is used at CS to complete the downshift and up-shift
function in order to process the DWDM spectrum. However, the same drawback as [2] is
that the PDC is suitable for uplink data transmission but it is not a good choice for
downlink data transmission. As a result, the new approach with the DWDM of 25 GHz
spacing proposed in this thesis is designed to overcome the drawbacks mentioned above.
Simply, the square-law detection of photodiode is utilized to generate the desired 60 GHz

RF signal without using either PDC technique or the dual-mode light at CS. In [3], the



wavelength interleaving technique for WDM ROF system is proposed in order to increase
the capacity and improve the spectral efficiency. However, the wavelength interleaving
multiplexer and demultiplexer have to be designed. In our approach, DWDM spectrum
with 25 GHz spacing is not the frequency interleaving technique. Therefore, the existing
DWDM multiplexer and demultiplexer are adopted in the demonstrated system.
Moreover, the 60 GHz signal can be generated from the lower RF frequency, i.e. 10 GHz.
Usually, the implementation of DWDM with the involvement of single sideband
transmission in the mm-wave band results in the poor optical spectral efficiency because
the typical WDM channel spacing is more than 50 GHz. In [10], the wavelength
interleaving approach is proposed to improve the spectral efficiency but the channel

spacing has to be 83.6 GHz, which does not achieve the better spectral efficiency.

In general, with consideration of the above drawbacks, the DWDM with 25 GHz
spacing in this thesis is implemented at CS to improve the spectral efficiency. In addition,
the light sharing technique is adopted at BS to share the laser at CS, thereby simplifying

the architecture of BS.

The demonstrated system is based on the star-tree architecture incorporating the
external modulation. The optical bandpass filter in the BS as a channel selection scheme
is designed to select the desired optical carriers and corresponding subcarriers in order to
generate the 60 GHz signal. By making use of the mature electrical signal processing
technology, the direct detection technique is adopted at BS to detect the DPSK modulated

signal. In order to prove the concept, the demonstrated system is set up with 1 CS and 3



BSs and the 155Mbps data transmits via the 25 km no-amplifying single mode fiber link

on the downlink and uplink direction simultaneously.

As a wireless access system, the transmission distance of ROF system is about 25 km
or 50 km, much shorter than the distance of long-haul optical transmission system. As a
result, the optical power launched into the fiber is very low, 0.5mw in the demonstrated
system. So the non-linearity effect, which has to be taken into account when designing
the long-haul optical transmission system, is not a contributing factor to degrade the

system performance.

The thesis is organized with the following structure to describe the demonstrated
system. Chapter 2 provides the description of system principle with mathematical
expression and illustrates the channel allocation of the DWDM spectrum. Chapter 3
describes the simulation setting-up with key parameters and the simulation results while
chapter 4 discusses the system performance degradation by the bandwidth of the
electrical filters or the limitation by the laser phase noise. Finally, the conclusions are

present in chapter 5.



2.1 Network architecture

Chapter 2 System Description

The DWDM ROF system network architecture has many various network

topologies such as star-tree, ring or bus topology. However, the star-tree architecture as

shown in Fig. 2.1 is considered here as an example.

~ CS: central station
: BS:base station

: RN: remote note
Y: antenna

5 I:Wimless terminal

AL,22,13, ad4,A5
G

ALA2,A3, 4,25

b

o
¥ 7
22,2324

WA3,
2

RN ————
4

N

<

=
5

Figure 2.1 DWDM star tree network architecture



A key to the DWDM access is to use the wavelength for the connection between
the CS and BSs. Assume the star is consist of two unilateral fiber links. Three
wavelengths (A; A1 A2 ), (=1,...... , N) are assigned to the downlink (CS to BSi)
connections and the wavelength (A;) is assigned to the uplink (BSi to CS) connection. The

downlink system configuration is illustrated in Fig. 2.2.

In Fig.2.2, the 5 optical channels are transmitted. Each channel consists of a CW

laser source, a MZ modulator, two DPSK modulators at the downlink RF output of f,

and two PRBS 2%-1 data source except that the first channel at wavelength A; has only a
laser without carrying any subcarriers. In each channel, an optical carrier or wavelength
carries two sideband RF subcarriers containing different data. DWDM multiplexes 5
channels and corresponding subcarriers together and sends to the BSs via the 25 km
downlink SMF link. At the base station, every 3 adjacent channels at the wavelengths (A;
Air1 Air2) are selected by an optical bandpass filter. In order to share a light source from
the CS, a 90/10-power splitter after the optical bandpass filter splits the optical power
into two parts, 90% of which is reserved for uplink transmission and 10% of which is
pass to a photodiode for photodetection. An electrical bandpass filter is designed to
eliminate the unwanted beating signals and extract 60 GHz signal for DPSK demodulator

to recover the downlink data.
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In the uplink direction, the base station is designed without local laser. An optical
narrowband bandpass filter selects the first channel at the wavelength A; of every three
adjacent channels coming from the central station tapped by a 90/10 power splitter. The
EA modulator utilizes the remote light at the wavelength A; to modulate the RF subcarrier

at the uplink frequency f, on the optical carrier. In order to overcome the fiber dispersion

effect, a notch filter [11] eliminates the USB subcarrier so as to generate the single
sideband (SSB) spectrum. The optical combiners combine all the uplink SSB signals
from each BS and send to the central station via the 25 km uplink fiber. Then, the
DWDM demultiplexer with channel spacing of 25 GHz at the CS demultiplexes each
individual optical channel and corresponding RF subcarrier, which is detected by a
photodiode. An electrical bandpass filter is adopted to select the 7 GHz signal for DPSK

demodulator to recover the uplink data.

2.2 The Principle of Downlink Spectrum

2.2.1 DSB Generation Containing Two Sets of Data

In order to have better spectral efficiency, the double sideband (DSB) subcarrier
with different data is used. In other words, the lower sideband and upper sideband signals
simultaneously locate on the both side of the optical carrier but the LSB and USB
subcarriers contain different data. Figure 2.4 illustrates the-optical spectrum in DSB
format which outputs from the external modulator such as MZ modulator, where

C, represents the nth channel of the optical carrier at frequency f.. = % , ¢ is the

o
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light speed in the vacuum and A, is the wavelength of the optical carrier C,; U, and
L, represent the upper sideband subcarrier at frequency f,, + f, and lower sideband

subcarrier at frequency f —f,, f, is the radio frequency of electrical modulator;

n=123,..... N represents the number of the optical channel.

Because the channel spacing in DWDM is 25 GHz, the maximum distance

between LSB and USB is 25 GHz. Therefore, f, is chosen to be within the maximum

distance.

forfy f,=CA, f +f,

Figure 2.4 Spectra from an optical modulator

However, the maximum could be different with the different channel spacing in
DWDM. More importantly, the LSB and USB subcarriers contain different data

information.

2.2.2 DWDM Downlink Spectrum

The DWDM multiplexer is to multiplex all the output from the optical external
modulator together. Figure 2.5 (a) illustrates the spectrum output from DWDM. The

channel spacing in DWDM is 25 GHz and each optical channel carries the DSB

-11-



subcarrier. As an example, the 5 channels are shown in the figure. This is the spectrum to

be transmitted via the downlink fibre to the base station.

After the DWDM signal arrives at the nth base station, the optical bandpass filter
is utilized to choose which optical carrier and subcarriers are used for photodetection.
Because the 60 GHz ROF system is designed, the optical carriers and subcarriers are
chosen to have 60 GHz signal generated. As a result, three adjacent optical channels as
shown in Figure 2.5 (a) are filtered out by an optical bandpass filter and then applied to a
photodiode. The bandwidth of filter has to cover the first optical carrier and the LSB
subcarrier of the third optical channel. As illustrated in the Figure 2.5 (b), if the reference

wavelength for a photodiode is the wavelength of the optical channel C,, the channels
C,,C,,C,,,and subcarriers L , U,,,,L,,, ,U,,,,L,,, are chosen as three adjacent
channels. As an example, the radio frequency f, of subcarriers is 10 GHz and the
channel spacing f,, is 25 GHz, so the 60 GHz signal is generated after beating between

the optical carrier C, and the subcarrier L, ,.

-12-
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The frequency difference between Cn and L+ 2 is 60 GHz
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()

e

-
e

Bandwidth: 63 GHz
Figure 2.5 (a) DWDM output signal; (b) Three adjacent channels and subcarriers for

generating the 60 GHz signal

2.2.3 Mathematical Explanation for The Downlink Spectrum

The complex electric field of an optical carrier C, [5] is usually expressed by

e.,(t)< 2P, expljp., (t)} (1)
9., ()=2nft+¢, () )

where P, f,,and¢,, (¢) are the constant power, carrier frequency and phase noise of

cn?

single mode light source C,, respectively.

The USB RF downlink signal is expressed by

-13-



m,,(6)="V,, -expljo,, ()} 3)

0 (t)=21,,1+6,,(1) )

The LSB RF downlink signal is expressed by
M €)=V, -expljg;, ()} (5)

where ¥, and f,, are the amplitude and carrier frequency of RF downlink signal; 8, (¢)

and @, (¢) are the payload data of RF USB and LSB downlink signal, respectively.

In order to generate optical single sideband (OSSB) signal, the dual arm MZ

modulator ([12], [13]) is used with the DC bias at the quadrature point. If the same RF
USB signal m,, (¢) with a phase difference of % drives on the two arms, the output

complex optical field is written as [8]

o = (08 274, (1 4 oot 0,0 0

+ cos[271f i+ (¢)+ Br cos(Ziy’ nt+0, (t)+%)j|}

= “25”" V24, (Br)sin2nf,t+ 9, (t)—%]

—2J,(Br)cos[27 (., + ., ) +9,,(6)+ 0,,(t)]
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If the same RF LSB signal m, (t) with a phase difference of (—12[—) drives on

two arms, the output complex optical field is written as

E, =Y 28, {cos[27y’mt +6,,()+ % + B cos[2nf,,t +6,, (t)]] ®

2
oo 20 04 o 2,040,0-

= % {\/EJO (ﬁ”)SIH[Zﬂ‘cnt + ¢cn (t)_%]

—2J,(Br)cos[27(f,, - £, )+ ¢.,(t)- 6,,(¢)]

where J,and J,; are the zeroth and first-order terms of Bessel function, respectively;
pr=nV, /V, is the normalized amplitude of the RF drive signal. ¥, is the switching

voltage of MZ modulator and V_ is the amplitude of RF Signal.

If the USB signal m,, (¢) and LSB signal m, (¢) are simultaneously applied on
both arms of MZ modulator, the complex field of modulator output is expressed by
E::t =Ecn1+Ecn2 (9)
Hence, the upper sideband subcarrier U, at f, + f, and the lower sideband

subcarrier L, at f,, — f,, are modulated beside the optical carrier C, as shown in Figure

-15-



2.4, In reality, modulation depth Sz <<1 is maintained so that the second or higher

harmonics are neglected.

The similar expression can be deduced for the optical carriers C,.,and C ... In

n+l n+2

order to describe how the 60 GHz signal is generated, only the expression of LSB

subcarrier L, ,, is given here.

The complex electric field of an optical carrier C,,, is usually expressed by [5]

€ (n+2) (t ) o< \/ 2P¢(n+2) eXp{i(Pc(n+2) (t )} (10)
¢c(n+2) (t) = 27g‘c(n+2)t + ¢c(n+2) (t) (1 1)
where P, .\, finysand 8., (t) are the constant power, carrier frequency and phase

noise of single mode light source C,_,, respectively.

n+2?

The USB RF downlink signal is expressed by
Myne2) (t ) = Va'(n+2) 'eXp{i(od(nn) (t )} (12)

Pi(nr2y (t) = Zly“d(n+2)t + 0d(n+2) (t) (13)

The RF LSB signal is expressed by
mt'i(n+2) (t ) =Vins2) 'eXP{j(";mz) (t )} (14)

¢z'1(n+2) (t) = 279(d(n+2)t + 04;'(n+2)‘(t) (15)

-16-



where V., and f, ., are the amplitude and carrier frequency of RF downlink signal

in the (n+2)th optical channel ; 6,,,,(¢) and 8., (¢) are the payload data of RF USB

and LSB downlink signal, respectively.

Then, the optical field of LSB subcarrier L,,, can be approximately expressed by

Ef(iiz) =- \/ c(n+2) (:B” cos[27[(fc(n+2) fd(n+2) ) + ¢c(n+2) d(n+2) (t)] (16)

Therefore, after a DWDM multiplexes three optical carriers C,,C,,,,C,,, and

n+l?

corresponding subcarrierU,,L,, U,,,,L,,,,U,,,,L,,,, the optical field of DWDM is

given by
Epwon =Eo' +Ely + Eln (17)

After transmitting over the downlink fiber with the length of X, and the
propagation constant of 3, , (f), the optical signal is split by a 90/10-power divider. The

10% of power is sent to a photodiode to recover the downlink data in the BS, and the
90% of power is used as a light source for uplink transmission. The propagation constant

B, (f) is approximated as [14]

Birl0)= Buos + By 20(f = £)4 5 By 287 - 1, )F (18)

Here, B, ,X, corresponds to the group-delay time, and f,,, is related with the

downlink fiber dispersion parameter D, , as

-17-



Aen
.de.n = : Dd,n
2nc

(19)

Hence, the former part Ejni* and latter part E2/" of optical field after propagating

DWDM
over the downlink fiber are written as [5]

E downlink __

‘out
pwpr = Qopa XE pppy

o B s X(ES" +Elpt,) + B0

o A X (2P 127, (Br)sinly,, (1, X))~ 7]
~J,(Br)cosly,, (1, X )17, (Br)cosly (1, X , )1}
2Py V2T, (BE)SinY 0 0, X,) =2
~J | (Br)cosW, ) (1, X )1=J  (B)cos[y .,y (1, X, )1}
2Py W2, (B)Si0LY o 012y, X ) =7
~J (B7)cos, 2y (6, X DI =T (B )cOSIY 1., (8. X, )T}
}

Efyme = 1= X E i,

, ‘out ‘out ‘out
o< 1 - aopd X (Ecn + Ec(n+1) + Ec(n+2) )

o< Jl - aopd X {‘\/21)cn {‘\/EJO (ﬁﬂ:)Sin[WO,n (t: Xd ) —%—]
-J, (ﬂ”)cos[l//1,n (¢, X,)1-J, (ﬂ”)COS[W—l,n (ta X, )]}

+ {\/ 2P, {‘/EJO (ﬂ”)Sin[V/o,(nﬂ) X,) _%‘]

18-
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-J, (.B” )COS[WI,(nH) ¢ X)]-J, (.B” )cos['//-x,(nﬂ) (t Xy )]}
(2P W27, (B7)sinlYy o) (1, X, )—%]

=J 1 (B7)cosY, (ruy (1, X )]~ , (B )OS _y 0oy (1 X, I}

} (21)
where ¥ (1, X,) is defined as
Y, t.X,)=0, 0+ pe, )~ B,.(f) X,

=27(f,, + B3 X0 = Burn X 4)

+9., (t —BaaXa )+ PO, @t—B,,X,)
_%ﬂdln '{2”(Pfd )}2 X, _(ﬁdO.n =B '27fcn)'Xd (22)

Here, a,, is the bifurcation ratio of the optical power divider.

By using the square law detection of a photodiode with reference
wavelength A, on the optical carrier C,in the BS, seven spectra are generated from the

downlink

optical signal E 77", but the interesting photocurrent, resulting from beating between

the optical carrier C,, and the LSB subcarrier L _,,, is given by

Lon L(n+2) (6, X )< 2Raopt v 2F, Pc(n+2) Jo(Br)J, (Pr) Sin[ch,L(mz) (t’ X, )] (23)

where R is the responsivity of a photodiode and then v, , .., (¢, X ;) is defined as

V e, L(n+2) (ta Xd ) =Von (t’ Xd )_V/—l,n+2 (t’ Xd )

=28(f 0 — fomery T Lausn) )(t B, X, )
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+ ¢cn (t - ﬂdl,nXd )_ ¢c(n+2) (t - :Bdl,n+2Xd )+ 9d(n+2) (t - :Bdl,n+2Xd )

i
+ 2—'3.12,“2 '(2”fd(n+2))z Xd

+ [ﬂdl,n '27[(fcn - fc(mz))' X, ]_ % (24)

Here, it is neglected that the propagation constant 3, , (¢) is varied with different
wavelength of optical carriers. In this case, the frequency difference f,, - f,,,.,, is 50
GHz. If radio frequency f,,,,, is chosen as 10 GHz, as a result, the frequency of beating
signal between the optical carrier C, and the LSB subcarrier L ., is 60 GHz. The desired
RF downlink signal i, ., (¢,X,) is selected by an electrical bandpass filter with
central frequency of f,, —f. .o + f;2 and propagated via a millimeter-wave antenna
to a terminal. If the payload data 6,,., (¢) is differentially encoded, i.e. DPSK
modulated in the demonstrated system, the RF down photocurrent i, ; ., (£, X,) can be

decoded by the differential detection scheme without any serous dispersion degradation.

However, as noted in eq.(24), the laser phase noise term ¢, (t)—¢c(n+2) () cannot
be cancelled because ¢, (¢) and 9. (n+2) (¢) originate from two different light sources. As a

result, this is a limiting factor on the system performance. In order to investigate the
extent of laser phase noise effect, the simulation is performed in two different cases: the

ideal case [¢,, (¢)- Deinr2) (t)=0] and the actual case [¢,, (t)- Peini2) (e)=o01.

20-



In addition, the USB subcarrier U, of optical carrier C, is not included in the
bandwidth of an optical bandpass filter. If U, is included in the optical signal for
photodetection, the photocurrent i, ., (¢, X,), generated by beating between the
optical carrier C,,,and subcarrier U, is expressed by
oo (t X ) 0 2RA 2P, P T (B, (BR) SIN[Y iy 000 (8 X )] (25)
where ¥, .\ 1, (£, X ;) is given by
V cna2)m (t s X, )= Vo2 (t X, )_'//1,,; (t Xy )

=20(f o~ frwer + St = Birn X))

+ ¢cn (t - :Bdl,nXd )" ¢c(n+2) (t - :de,n+2Xd )'*' gdn (t - :Bdl,nXd )
- %ﬁdLn : (27zfdn )2 Xd

- [ﬂdl,n ' 2”(fcn - fc(n+2) ) Xd ]+ %’ (26)

Assuming the variation of propagation constant f,,, and f,,,., with the
wavelength is neglected and f,,.,, = f,, , the frequency component f,, — Setnszy ¥ S 18
same as one in the photocurrent i, ; ., (¢, X;) . But the two payload data are different.
As a result, this causes the crosstalk at the frequency f,, — f, .2 + fimz - If the phase

difference is 7, the phase component is cancelled and the payload data cannot be

decoded correctly. Therefore, the subcarrier U, has to be ruled out.
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2.3 The principle of Uplink Spectrum

2.3.1 Remote Light Source

One of challenge to design radio-over-fibre access system is to simplify the
architecture of the base station. Many approaches have been investigated [5], [15]-[16].
An approach used in here is to share the light source coming from the central station,
which is similar configuration as shown in [5]. As illustrated in Figure 2.4, the three

adjacent channels are filtered out for the nth base station. The fraction of the downlink

optical signal E%* in eq.(21), which is filtered out by an optical bandpass filter at
central wavelength A, of optical carrier C,, is used as a local light to modulate the RF

uplink signal m_,(f) by an EA modulator for uplink transmission in the nth base station.

Used as a local light for Uplink
and selected by an optical bandpass filter

Cll.+2 Cll+l C

foafs T SnroCilpii®s Tary £, 06 £,

Figure 2.6 Spectrum after an optical bandpass filter on the downlink for three adjacent
channels C,, Cy+1 and Cyia; C, is filtered out by an optical bandpass filter and used as a
local light source for uplink transmission

After the downlink optical signal E}%~% passes the optical bandpass filter at

central wavelength 4, of optical carrier C,, the filtered-out optical carrier C, can be

approximately expressed by

22



Ei o2 [=a, )P, J, () ) @7)

The RF uplink signal m,, () is expressed by

m,, ()=V,, exp{jp,, ()} (28)
0. (t)=277,,1+6,,() (29)
where V_,, f,,and 0 (t) are the amplitude, the carrier frequency, and the payload data

of the RF uplink signal as to the optical carrier C, respectively.

Hence, the complex electric field of the modulated optical signal £, (¢, X,) is
then written by [5]

Eun (t’Xd) = MB[mun (t)] . E::Iink

e oo )

f(wO,,u,X,,)—%)

+b,e

Won (X 1) 400 (:)—%)

+ blej(

n=12,..nn+,n+2,.. .N (30)

where M y[m, (#)] is the transfer function of modulator and depends on the modulation

scheme as well. b, (¥ = ~oo,+00) is the Fourier coefficient as a function of ¥, . In order to

avoid the fiber chromatic dispersion [15] as usually caused by the DSB signal, the notch

filer is adopted to eliminate the USB signal f,, + f,, and to keep LSB signal f, — f, as

23-



shown in Figure 2.7 at the optical carrier C, with wavelength A, , where L_ represents

cn 2

the LSB signal and f,, is the RF uplink frequency defined as 57 GHz in the system.

Figure 2.7 Uplink spectra of the optical channel C,

Hence, the optical field of the uplink signal after the notch filter is expressed by

H¥on € X002
Eun,LSB(t’Xd)oc 2‘\/ (l_aopdﬁcnjo(ﬂ”)x{b-le [ 4)

f('l’oAu(hX./)‘%)

+b,e } €2))

2.3.2 Uplink Spectrum for DWDM Demultiplexing

The modulated optical signal of each BS is combined by an optical combiner at

one remote node of star-tree structure to generate the uplink spectra as shown in Figure

2.8(a).
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Figure 2.8 (a) Uplink spectrum; (b) New DWDM channels for DWDM demultiplexer at

the central station

Therefore, the combined optical signal can be expressed by

— . uplink uplink
Ecombined,LSB (t’ Xd ) - Eun,LSB (t’ Xd ) + Eu(n+l),LSB (t’ Xd ) + Eu(n+2),LSB (t’ Xd ) + Eufn+3) + Eu(nl+4)

Y AT T i)

JWon(t.X)-2)

+b,e 4}

f[%.ml X, )_¢c(n+l)(t)_%)
+2, = a,, E("H) Jo (Br)x{b_e

J W (6.X, )—%)

+b,e }

z
f('l’o,;uz X, )_¢c(n#2)(t)_z)
+2y (l ~Qopa )] ey o (BE) X {b_je
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JWona (X, )—%)

+b,e }

J W3t Xy )>-=
+2‘\/(1—aopd )Pc(n+3) Jo (,Blt)e ( 4)
j[ll’o,wt Xy )—%]
+24 (A=a,,)F, .4, (Br)e (32)

As noted from the uplink spectrum shown in Figure 2.8(a), because the uplink

frequency f,, is 57 GHz as an example in the demonstrated system, the optical carrier

C,., and the LSB subcarriers L,, C,,, & L,,,, and C,,, & L_,, are overlapped. As a

result, the new channels within 25 GHz spacing are formed for DWDM demultiplexing at

the CS, which is shown in Figure 2.8(b).

After propagating via the uplink fiber with distance of X, the optical uplink

. ink . .
signal E#i* (6, X,,X,) is then rewritten as

com.

E e 156X 1, X,) = By (1, X ) - exp{=jB, , (f)- X}
+ E oy 55 (6 X ) - exp{=jB, . () X}
+E yuany 55 X 1) - exp{=jB, 1 () X,}
+ES0 (6,X ) exp{=jB, 3 () X}

+ E:(prf:':) (t’ Xd ) : exp{-jﬁu,nht (f) : Xu}

= Zm Jo (Br)x{b_je’ ot Xe )

+b ejVO‘O,n(thd’Xu) }
0

26-



+2 ,‘1 _ aopd iﬁc(’”l) ‘]0 (ﬁﬂ.) X {b_leJ'Vo,—l,Ml(t,XJ,Xu)

+b eJ'Vo,o.m (6,X4,X,) }
0

+ 2\/ (1 - aopa' ﬁ c(n+2) JO (ﬁ”) X {b_lejvoy_]'"ﬂ(t’Xd,Xu)

+b ejVO.O,rHZ("Xd’Xu)}
0

+2,/(0- Aopd )Pc(n+3) Jy (.B” )ejvo'o'"”(t’){d’x")
, Vo,0,n+4(8:X4,X )
+ 2 (1 - aopd )[’c(n+4) JO (ﬁﬂ)ej (33)
where v, (¢, X,,X,) is defined as [5]
Vornt, X5 X,)= 0,0 +79,, - B,,(f)- X, - B,.(f) X,
= 2”(f;‘n + ’:f;m )(t - ﬂdl,nXd - ﬂu],nXu)

+¢cn (t—ﬁdl,nXd _ﬁul,nXu )+r0un(t_ﬂdl,nXd —ﬂul,nXu)

_%ﬂMZ,n '{27[(’fm )}2 ‘X, =[Bion— .Bdn,n 27(f trfa)) Xy

~Buon =P W} X, (34)
As previously, the propagation constant of f, , (f) is approximated as [14]
Bsl1)= Buoa # Busg 2 = £, 45 B, -l = 1) (35)
Here, §,, X, corresponds to the group-delay time and f,,, is related with the uplink
fiber dispersion parameter D, , as

12
ﬁuZ.n = -

.D 36
2 " (36)

The DWDM demultiplexer with channel spacing of 25 GHz in the CS separates

the three channels as described previously, C,,,&L,, C,.,& L, ,and C,, &L, ,.
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After beating at the photodiode of each channel, three photocurrents are generated and

expressed as

ittrinin (X 1, X,) = 4R (1= @, WP, Py T3 (Br)e Yo He ) (37)
12605y 1ot (6 X g3 X,) = AR (1= Ay WP ) Py T By Voo 4 (38)
uplmk , Weneayins2 (X4, X,)

c(n+4) Ln+2 (t Xd ’X ) 4R (1 aopd) c(n+2) c(n+4)J (ﬁﬂ'.)e (39)

where R, is the responsivity of the photodiode in the CS; v ., ., (t, X;, X,)
Vemnn X X)) and w0000 (8, X, X)) are respectively defined as
V e in (8 X, X,)= Vo,o,n+2 X, ’Xu) ~Vo-in X, X,)
=20 (femrry = Son + St = B2 Xy = By 12 X,,)
+9utuy (0= Bargr X s = Bugir X )= bt = Bir Xy = P, X.)
+ eun (t- ﬁdl,nXd - ﬂul,nXu)
+ B QAU X+ B 2 X, (40)
Vemnmn(GX g, X)) = Voona(& X X,)— Vo (&BX g5 X,)
= 27[(fc(n+3) - fc(n+1) + fu(n+l) )t~ ﬂdl,n+3Xd - :Bul,n+1Xu)
+ enes) (t —BiaXa .Bul . ¢ ) Doy (£~ ﬂd] w1 X = B anX,)

+ 9u(n+1) (t - ﬂdl,nHXd - ﬂul,nHXu )
1
+E w2n41 '{27[(fu(n+1) )}2 X, +:3d1,n+3 ‘27714(”1) X, (41)

Veimrapinr2(GX 5 X)) =V a6 X, X)) — Voim (6 X4, X,)

= 2”(fc(n+4) - fc(n+2) + fu(n+2) )(t - ﬁdl,n+4Xd - ﬂul,n+2Xu)
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+ ¢c(n+4) (t - ﬁdl,n+4Xd - ﬁul,n+4Xu )— ¢c(n+2) (t - ﬂdl,n+2Xd - ﬁul,n+2Xu )

+ 0u(n+2) (t - lel,n+2Xd - :Bul,n+2Xu)

1
+E w22 '{2” u(n42) )}2 X, +ﬂd1,n+4 '279(;4(:&2) ‘X, (42)

Assuming the variation of propagation constants 8, ., B, .15 Buzner » Buznes and

Bz s With the wavelength 4, , 4.1y » Auizy > Aegneyy a0d A4 is neglected and

fu(n+2) = fu(n+1) = fun =57GHz ;fc(n+2) ~Sons fc(n+2) -f., and fc(n+2) — /., are equal to (-
50GHz) because the channel spacing of DWDM is 25 GHz, the frequency components,
fc(n+2) ~ St Sm s fc(n+3) - fc(n+]) + fu(n+l) and fc(n+4) “'fc(n+2) + fu(n+2) , are equal to 7
GHz as shown in Figure 2.8(b), which are selected by a bandpass filter and input to the

following demodulator. If the payload data, 6,.,(?) , 6,

u(n+l) (t) and 0,”, (t) , are
differentially encoded, i.e. DPSK modulated in the demonstrated system, the RF uplink

signal can be decoded by differential detection scheme without any serous dispersion

degradation.

However, as noted in eqs.(40), (41) and (42), the laser phase noise terms,

¢c(n+2) (t)“¢cn (t) > Peinra) (t)"¢c(n+1)(t) and [ (t)_¢c(n+2) (t) , cannot be cancelled

because the laser noises originate from the different light sources. As a result, this is a
limiting factor on the system performance. In order to investigate the extent of laser

phase noise effect, the simulation is performed in two different cases: the ideal case

[9., ()= 8,2y (t)=0] and the actual case [ @,, ()~ @,,.,, (¢) # 01.
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In general, the DWDM configuration of downlink and uplink is introduced. In the
downlink direction, the system principle of downlink spectrum is described how the MZ
modulator generates the DSB spectrum before multiplexing by the DWDM multiplexer.
After applying the optical bandpass filter, three adjacent optical channels and
corresponding subcarriers are selected to have the 60 GHz signal generated. As a measure
to simplify the architecture of BS by removing the laser in the BS, the remote light source
is obtained from the downlink spectrum and used as local light for uplink transmission. In
addition, the mathematical expression is used to describe the spectrum generation,
propagation, and signal processing. On the other hand, in the uplink direction, the EA
modulator uses the remote light to modulate the RF subcarrier on the optical carrier to
generate the SSB spectrum. After combining all the uplink SSB spectrum, the new
channels are formed for the DWDM demultiplexing implemented at the CS. However,
the 60 GHz band signal is transmitted in the uplink, the 7 GHz signal is processed at the

CS because the new DWDM channel is formed.
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Chapter 3 Simulation Set Up

3.1 Downlink Set Up

3.1.1 Downlink Spectrum

In the demonstrated system, the simulation system is configured to function as the
full- duplex DWDM system with 1 central station and 3 base stations. In the downlink
system as shown in Fig.2.2, 5 optical carriers with channel spacing of 25 GHz for
DWDM multiplexing are transmitted at wavelengths of ?,=1553.5 nm, ?,-1553.7nm,
?3=1553.9nm, ?,=1554.1 nm, and ?s=1554.3 nm, respectively. The ideal linewidth (=0)

of CW laser is configured in the simulation.

Two pseudorandom bit sequences (PRBS) of 221 are set up as data source. Two

DPSK modulators modulate two data sources at frequency f, =10GHzto generate the
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LSB and USB subcarrier. In order to generate optical single sideband (OSSB), a 4-port

90° hybrid [13], detailed in Figure 3.1, is used before a MZ modulator.

Inl E Splitter » Combiner i Outl
E 12 shift %
In2 —é—-@ Corbiner E Oui2

Figure 3.1 4 port 90° hybrid

The LSB signal applied to In1 and the USB signal applied to In2, which are
shown in Figure 3.1, are split into two components by the 90° hybrid, respectively. One
part of LSB signal is shifted by 7/2 on one arm of 90° hybrid and then combined with
another part of USB signal without 7/2 shifts, vice versa. The MZ modulator biased at the
quadrature point [13] transfers the one output of 90° hybrid as the USB subcarrier and

another output as the LSB subcarrier. As a result, the DSB signal is generated and

located on the both side of the optical carrier as shown in Figure 3.2, where C,represents

the optical carrier at wavelength A, =1553.9nm and U, & L, represent the USB subcarrier

at wavelength 1553.82nm and LSB at wavelength 1553.98nm, respectively.
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Figure 3.2 Output spectrum after MZ modulator at A, =1553.9nm

The awareness of inter-modulation distortion has to be paid attention. This is
mainly due to the non-linearity characteristics of opto-electronics modulator. As for a
dual arm MZ modulator using for an OSSB generation, if the modulator is modulated by

a single-frequency signal cos2af,t, the output field is expressed as follows [8]

E, = %L{cos |i27rfct + %+ P cos( Zlo‘dt)] + cos |:27¢Et + Br cos(andt + %J]}

= %{ﬁJG (Br )sin(Zﬂfct - %)

-2J, (,B;r)cos[Zn'(fc +f, )’]
+2J,(Br)sin[2z(f, -2, ¥]
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+2J,(Br)sin[2z(f, -31, )]

where Ejft) is the input optical field, f, is the optical carrier frequency, f, is the RF
frequency of the subcarrier, and Bz =aV, /V, is the normalized amplitude of the RF
drive signal. V, is the switching voltage of MZ modulator and ¥, is the amplitude of

DPSK signal. Because the MZ modulator does not have a linear transfer function, the

high order harmonics can be generated if the modulation depth Bz is too high; this
introduces crosstalk between channels after the DWDM multiplexer. In practice, Bz <<1
is maintained so that the J,(f7) term is much high than second or high order harmonics.

For example, V, is 0.6 V and iz =0.27 is maintained in the demonstrated system.

However, in order to generate the DSB signal, two RF signals output from 90°
hybrid are simultaneously applied to the MZ modulator which is biased at the quadrature

point V% . Table 3.1 shows the bias voltage used in the demonstrated system.

Table 3.1 Bias voltage of MZ modulator

Wavelength of optical carrier (nm) Bias voltage of MZ modulator (V) with

v, =7
1553.7 3.5
1553.9 3.5
1554.1 3.5
1554.3 3.5
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Figure 3.3 Downlink spectrum output from the DWDM multiplexer

A DWDM multiplexer combines all the optical carriers and corresponding
subcarriers and transmits to the downlink fiber. The downlink spectrum after the DWDM

multiplexer is shown in Figure 3.3, which consists of 5 optical carriers G, ¢, G,C,,
and C;) and subcarriers (U,,L,, U,,L,, U,, L,, Usand L, ), where C,, C,,
C,,C,and C,represent optical carriers at wavelength of 4,, 4,, 4,, 4,, and A; U,,L,,
U,,L,,U,, L,, Usand L;represent the upper sideband ( f,, + f,,) subcarriers and lower
sideband ( f,, — f,) subcarriers of corresponding optical carrier respectively,n =2,3,4,5

and f, =10GHz is radio frequency of each subcarrier. Note that no subcarriers are

modulated on the optical carrier C, that is only used as a reference wavelength of

photodiode in the base station 1.
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3.1.2 Optical Bandpass Filter

The optical bandpass filter is designed as channel selection scheme for each base
station. Three adjacent channels and corresponding LSB and USB subcarriers determine
the bandwidth of optical band-pass filter. However, as described in Eq.(24), the USB
subcarrier of the first channel has to be excluded because it causes the crosstalk on the 60
GHz signal. In addition, the wavelength of the first channel is the reference wavelength

of a photodiode as well.

The lower frequency of the filter locates at the edge of the LSB subcarrier of third
channel and the upper frequency locates at the edge of optical carrier of first channel. As

shown in Figure 3.3, the optical filter for BS1 is located between the optical carrier C,
and the subcarrier L,; the optical filter for BS2 is located between the optical carrier C,
and the subcarrier L, and the optical filter for BS3 is located between the optical carrier
C, and the subcarrier L. After the downlink spectrum passes each optical bandpass

filter, the output spectrum of each base station are shown in Figure 3.4.
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Figure 3.4 Spectrum after optical filter (a) Base station 1; (b) Base station 2; (c) Base

station 3.
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The spectra shown in Figure 3.4 are for base station 1, 2 and 3 respectively. Table

3.2 lists the wavelength of optical carriers and subcarriers.

Table 3.2 The wavelength of optical carriers and subcarriers

Optical carrier wavelength

Upper sideband

Lower sideband

(nm) subcarrier ( f,, + f,) subcarrier ( f,, — f,)
wavelength (nm) wavelength (nm)
A, =1553.5nm
A, =1553.7nm 1553.62 1553.78
A, =1553.9nm 1553.82 1553.98
A, =1554.1nm 1554.02 1554.18
A, =1554.3nm 1554.22 1554.38
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The Raised-Cosine bandpass filter with bandwidth of 63 GHz is configured as the

optical bandpass filters in each BS because it features the lower insertion loss on the band

edge of bandwidth, where the optical carrier C; and the subcarrier L, C; & Ly, and C; &

Ls are located. Table 3.3 illustrates the parameters for each optical bandpass filter.

Table 3.3 The parameters of optical bandpass filter

Filter type Optical carriers and subcarriers Center Bandwidth
Raised-Cosing to be mt():lu((lled' ;\t/lllthln the Frequency (nm)
bandpass filter ancdwl (nm)

Raised- | Raised-
Cosine Cosine
Exponent | Roll off
1 0.1 C C, CU, L UL, 1553.74 0.51
1 0.1 c,C C, LU, L, U, L, |1553.94 [0.51
1 0.1 ¢, c, C LU, L, Us Ly |1554.14 0.51

3.1.3 Downlink Photodetection

After filtered out by each optical bandpass filter, the optical carriers and

corresponding subcarriers are split by the 90/10-power divider. The 10% of power is

applied to each photodiode in the base station for photodetection. The 90% of power is

reserved as the light source for uplink transmission. The photodiode of each base station

features PIN typed and wideband. Figure 3.5 illustrates the electrical spectra after

photodetection in each base station.
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Seven electrical spectra as shown in Figure 3.5 at different frequencies are
generated after photodetection in the each base station but only the 60 GHz signal is
interested. Figure 3.5 (a) shows the 60 GHz signal generated after beating between the
optical carriers C, and the LSB subcarrier L,; Figure 3.5 (b) shows the 60 GHz signal
generated after beating between the optical carrier C, and the subcarrier L,, and Figure

3.5 (c) shows the 60 GHz signal generated after beating between the optical carrier C,

and the subcarrier L,, respectively.
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Figure 3.5 Electrical spectra after photodetection (a) Spectrum in the base station 1; (b)

Spectrum in the base station 2; (c¢) Spectrum in the base station 3.



3.1.4 Electrical Bandpass Filter

In the demonstrated system, an electrical bandpass filter selects 60 GHz signal
before sending to DPSK demodulator for further processing. Importantly, the bandwidth
of electrical bandpass filter is not determined by the 3-dB bandwidth of 60GHz signal

spectrum. The bandwidth optimization is described in section 4.1.

The Butterworth bandpass filter is configured as the electrical bandpass filters
because it dose not cause the distortion on the eye diagram that is to evaluate the receiver

performance and the better Q value is achieved. In addition, the number of poles is

optimized for this reason as well.

Table 3.4 lists the property of Butterworth bandpass filters used in each base

station.

Table 3.4 The property of Butterworth bandpass filters used in each base station.

Base station Centre frequency Number of poles 3 dB bandwidth
(GHz) (GHz)
1 . 59.6 4 1.5
59.6 4 2
3 59.6 6 1.5
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3.1.5 DPSK Demodulator

Asynchronous demodulation scheme [17] is used for the demodulation. The delay
scheme of DPSK format is suitable for DPSK demodulator to use the asynchronous
demodulation scheme. The 60GHz signal is multiplied by the replica of it that has been
delayed by one bit period. However, the phase stability over a few bits is required and

can be satisfied by implementing the DFB laser.

In addition, lowpass filter is to remove the high frequency components of
recovered signal after the DPSK demodulator as shown in Figure 3.6 demodulates the

60GHz signal.

The reason why the Bessel low pass filter is chosen as the lowpass filter is that

the distortion of eye diagram caused by it is less and the better Q value is achieved. In

addition, the number of poles is optimized for this reason as well.

Table 3.5 lists the property of Bessel lowpass filter for each receiver.

*L —[ e —@

One-bit
Delay

Figure 3.6 DPSK demodulator
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Table 3.5 The property of Bessel lowpass filter for each receiver

Base station Number of poles 3 dB bandwidth (GHz)
1 5 0.1
2 5 0.1
3 5 0.1

3.1.6 Downlink Simulation Results

The eye diagram is to qualify the performance of receiver. Figure 3.7 (a) shows
the eye diagram with the Q value of 40 dB while the received power level prior to the
photodiode is —43.99dBm; Figure 3.7 (c) shows the recovered data after decoding the

subcarrier L, in the base station 1. Therefore, by comparing the logical input data in

Figure 3.7 (b), the recovered data is very similar to the input data but there is the ripple
on the “1” level, which is reflected by the curvature of “1” level on the eye diagram.
Moreover, the extent of curvature is proportionally related to the ripple of “1” level on
the recovered data. If the curvature is bigger, that means the ripple is bigger, too.

However, it can be reduced to the certain extent by adjusting the bandwidth of bandpass

filter located after the photodiode.
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Figure 3.7 (a) Eye diagram; (b) Logical input data; (c) The output recovered data in the

base station 1
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Figure 3.8 (a) Eye diagram; (b) Logical input data; (c) The recovered output data in the

base station 2.

Figure 3.8 (a) shows the eye diagram in BS2 with the Q value of 40 dB while the
received power level prior to the photodiode is —44.6dBm; Figure 3.8 (c) shows the
recovered data after decoding the subcarrier L, in the base station 2. Therefore, by
comparing the logical input data in Figure 3.8 (b), the recovered data is very similar to
the input data but there is the ripple on the ‘1° level, which is reflected by the curvature of
“1” level on the eye diagram. Moreover, the extent of curvature is proportionally related

to the ripple of “1” level on the recovered data. If the curvature is bigger, that means the
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ripple is bigger. However, it can be reduced to the certain extent by adjusting the

bandwidth of bandpass filter after the photodiode.
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Figure 3.9 (a) Eye diagram; (b) Logical input data; (c) The recovered output data in the

base station 3.
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Figure 3.9 (a) shows the eye diagram with the Q value of 40dB while the received
power level prior to the photodiode is —44.58dBm; Figure 3.9 (c) shows the recovered

data after decoding the subcarrier L, in the base station 3. Therefore, by comparing the

logical input data in Figure 3.9 (b), the recovered data is very similar to the input data but
there is the ripple on the “1” level, which is reflected by the curvature of “1” level of the
eye diagram. Moreover, the extent of curvature is proportionally related to the ripple of
“1” level on the recovered data. If the curvature is bigger, that means the ripple is bigger.
However, it can be reduced to the certain extent by adjusting the bandwidth of bandpass

filter located after the photodiode.

In summary, table 3.6 lists Q value and the received power before the photodiode.
As described on page 174 in [17], the BER of 10” can be achieved for data rate of 155.52
Mbps while the received power at photodiode is no less than —44 dBm. However, the
better BER results are achieved during the simulation with same value of optical power.

In general, the error free result can be achieved for the DWDM downlink system.

Table 3.6 Q value and corresponding received power before the photodiode.

Base Station Q value (dB) Receiving power at photodiode (dBm)
1 40 -43.99 dBm
2 40 -44.6 dBm
3 40 -44.58 dBm

-48-



3.2 Uplink Set Up

3.2.1 Optical Narrowband Bandpass Filter

In order to make the base stations simple, the remote light source from the
downlink is used as the light source at each station for uplink transmission. The optical
narrowband bandpass filter as shown in the uplink system configuration in figure 2.3 is
implemented to select the first optical carrier of every three adjacent downlink carriers
from the remained 90% of the downlink optical power, which determines the wavelength
of uplink transmission for each base station. The Raised-Cosine bandpass filter with the
parameters listed in Table 3.7 is chosen as the optical bandpass filter without any

particular reason.

Table 3.7 The property of optical narrowband bandpass filter

Base station Optical bandpass filter
Raised-Cosine bandpass filter
Raised-Cosine | Raised-Cosine Center frequency | Bandwidth
exponent roll-off (nm) (nm)
Base Station 1 | 1 0.8 1553.5 0.081
Base Station 2 0.8 1553.7 0.081
Base Station 3 0.8 1553.9 0.081

As shown in Fig. 3.10, the downlink -carriers, C;, ( A =1553.5nm ),

C, (A, =1553.7nm), and C,(A, =1553.9nm), are used as the uplink optical carriers for

the base station 1, 2 and 3, respectively.
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Figure 3.10 Downlink spectrum

3.2.2 Uplink Modulation

In the uplink direction, an external modulator, EA modulator, is used to modulate

the uplink RF subcarrier at frequency f, =57GHz . In order to generate SSB spectrum, a

notch filter with the parameters listed in Table 3.8 is implemented to eliminate the USB

subcarrier f, + f, .

Table 3.8 The property of optical notch filter

Base station Optical notch filter
Raised-Cosine notch filter

Raised- Raised-Cosine | Center frequency Bandwidth
Cosine roll-off (nm) (nm)
¢xponent

Base Station1 | 1 0.5 1553.04 0.16

Base Station2 | 1 0.5 1553.24 0.16

Base Station3 | 1 0.5 1553.44 0.16
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As illustrated in Figure 3.11, the graphs display the uplink spectrum in the base

station 1, 2, and 3, where C,,C,, and C,represent the optical carriers with same
downlink wavelength respectively; L™ , L¥"* and L¥" represent the uplink LSB

subcarriers at frequency f, =57GHz , respectively.

As noted on the graph in Figure 3.11, after combined by the optical power

combiner, the optical carrier C, is overlapped with the subcarrier L*"*, C, & L¥™ , and

C, & L™ | respectively. However, the power level of each uplink signal has to be
optimized by an attenuator in order to generate the new DWDM channels within 25 GHz
spacing as shown in Figure 3.11 (d). Otherwise, the LSB subcarrier L’:"””k cannot be
observed if the power of the optical carrier C, is too high. As a result, the DWDM

demultiplexer in the central station is implemented to demultiplex the uplink signal.
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3.2.3 Uplink Photodetection

New channels for DWDM demultiplexing

:I:EI"'

7

------

Wavelengih (nm)

@

Figure 3.11 (a) Uplink spectrum in base station 1; (b) Uplink spectrum in base station 2;
(¢) Uplink spectrum in base station 3; (d) Combined uplink spectrum and the illustration

of new channels formed for DWDM demultiplexing.

After demultiplexed by the DWDM demultiplexer in the central station, the

channel of C,& L, is applied to the photodiode in BS1 and the electrical spectrum as

shown in Figure 3.12 (e) is generated; the channel of C, & L, is applied to the
photodiode in BS2 and the electrical spectrum as shown in Figure 3.12 (f) is generated;
the channel of C,& L, is applied to the photodiode in BS3 and the electrical spectrum as
shown in Figure 3.12 (g) is generated. The reference wavelength of the photodiode in

each base station is configured to the wavelength of optical carrier C,, C, and C,,
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respectively. As configured in the demonstrated system with the radio frequency of

uplink subcarriers ( f, =57GHz ), the 7GHz electrical signal is generated after beating

operation in the photodiode.
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Figure 3.12 Electrical spectra after photodetection (e) base station 1, (f) base station 2,

and (g) base station 3.

The Butterworth bandpass filter chosen with same reason as in the downlink
selects the RF signal at frequency of around 7 GHz for DPSK demodulation. Table 3.9

lists the property of Butterworth bandpass filter.

Table 3.9 The property of Butterworth bandpass filter

Base station | Central frequency (GHz) | 3dB bandwidth (GHz)
1 7.36 1.2
2 7.34 1
3 7.3 1

The same demodulation scheme as the downlink demodulation is used in the

uplink demodulation. So table 3.10 lists the property of the Bessel lowpass filter.
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Table 3.10 The property of Bessel lowpass filter

Base station Number of poles 3 dB bandwidth
(GHz)
1 5 0.1
5 0.1
3 5 0.1

3.2.4 Uplink Simulation Results

Figure 3.13 (a) shows the eye diagram observed while the received power at the
photodiode is —41.65 dBm and the Q value is 40 dB. By comparing with the input data as
shown in Figure 3.13 (b), the recovered data shown in Figure 3.13 (c) is very similar to
the input data but the ripple of the “1” level and the distortion of the “0” level exist.
Moreover, the curvature of the “1” level and the distortion of the “0” level are
proportional to the ripple of the “1” level and the distortion of “0” level in the recovered
data. Moreover, the noise accumulated by the optical combiner causes the distortion of
the “0” level. By adjusting the bandwidth of the bandpass filter after the photodiode, the

ripple can be reduced to the certain extent. In general, the error-free results are achieved

in the uplink of the base station 1.
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Figure 3.13 (a) eye diagram, (b) input data and (c) recovered output data in the base

station 1

Figure 3.14 (a) shows the eye diagram observed while the received power at the
photodiode is —50.29 dBm and the Q value is 40dB. Moreover, the ripple of “1” level as
shown in Figure 3.14 (c) is reflected on the eye diagram by the curvature as well. By
comparing with the input data as shown in Figure 3.14 (b), the recovered data shown in
Figure 3.15 (c) is very similar to the input data but the phase is opposite. The possible

reason is that the optical carrier C, replaces the optical carrier C, of the subcarrier

L™ and the DPSK coded data 6,,(¢) is delayed by B,,, X, + B,,,X,,, which may cause
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the recovered data to have the opposite phase. Moreover, the curvature of the “1” level on
the eye diagram is proportional to the ripple of the “1” level in the recovered data. By
adjusting the bandwidth of the bandpass filter, the ripple can be reduced to the certain

extent. In general, the error-free results are achieved in the uplink of the base station 2.
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Figure 3.14 (a) eye diagram, (b) input data and (c) recovered output data in the base

station 2
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Figure 3.15 shows the results in the base station 3. The similar results as shown in
Figure 3.14 are achieved except that the Q value is 40 dB while the received power is —

55.34 dBm. Like Figure 3.14, same phenomenon exists in figure 3.15.
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Figure 3.15 (a) eye diagram, (b) input data and (c) recovered output data in the base

station 3
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In general, the downlink system configuration and uplink system configuration
are described. In the downlink direction, the configurations for MZ modulator, optical
bandpass filter, electrical bandpass filter and lowpass filter are discussed. The downlink
photodetection and DPSK demodulator are described as well. Moreover, the downlink
simulation results are presented to show that the system operates successfully. On the
other hand, in the uplink direction, the configurations for the optical narrowband
bandpass filter and uplink modulation are described. The uplink photodetection by using
the DWDM demultiplexing at the CS is discussed as well. Besides, the uplink simulation

results are presented to demonstrate the uplink system operates successfully.
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Chapter 4 Discussion

4.1 Impact of Bandwidth of Electrical Bandpass Filter

The bandwidth of electrical bandpass filter is an important factor contributing to
the performance of receiver. In order to investigate the impact of bandwidth, the
simulation is performed with the different 3-dB bandwidth while keeping the type and
central frequency of bandpass filter unchanged. By observing the distortion of the “1”
level on the eye diagram and the ripple of the “1” level in the recovered data, the 3-dB

bandwidth of the bandpass filter is optimized to reduce the ripple as small as possible.

Basically, in the demonstrated system, the 155.52 Mbps data with DPSK

modulation occupies around 145 MHz at the 3-dB point as shown in Figure 4.1.
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Figure 4.1 The spectrum to show the 3-dB bandwidth of 60 GHz signal with data rate of

155.52Mbps

However, if the 3-dB bandwidth, 300 MHz, is entered in the electrical bandpass
filter to select the 60 GHz signal on the downlink and the 7 GHz signal on the uplink, the
distortion of the “1” level on the eye diagram, which shown in Figure 4.2 (a), is observed.
In addition, the ripple of the “1” level on the recovered data is appeared in Figure 4.2 (b),

which is corresponding to the distortion of the eye diagram.
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Figure 4.2 (a) Eye diagram under 0.3 GHz bandwidth; (b) Recovered data under 0.3 GHz.

In order to investigate the impact on the Q value, the simulation with the different
bandwidth, 0.3 GHz, 0.5 GHz, 0.8 GHz, 1 GHz and 1.5 GHz, is performed. As shown in
Figure 4.3, the variation of Q is not significant as the 3-dB bandwidth changes. There are

about 4 dB changes from 0.3 GHz to 1.5 GHz.

Q vs 3 dB bandwidth

40
39
2 38 +
2 37 f
< 36 F
35
34 L L L
0 0.5 1 1.5 2

3 dB bandwith (GHz)

Figure 4.3 Q vs.3-dB bandwidth
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However, the distortion of eye diagram has the significant improvement. The
distortions as shown in Figure 4.4 (a) and (b) almost disappear and the ripples in Figure
4.4 (c) and (d) become smaller as the bandwidth is increased accordingly. Although the Q

value is improved as well, the Q under the bandwidth of 0.3 GHz is still acceptable.
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Figure 4.4 (a) Eye diagram under 1 GHz bandwidth; (b) Recovered data under 1 GHz
bandwidth; (c) Eye diagram under 1.5 GHz bandwidth; (d) Recovered data under 1.5

GHz bandwidth.

In summary, the 3-dB bandwidth of bandpass filter affects the shape of the eye
diagram and the Q value. In order to improve the appearance of the eye diagram, the
bigger bandwidth than the measured 3-dB value has to be configured in the system. As an
example, on the downlink, the bandwidth of bandpass filter in BS1, BS2 and BS3 is set
up as 1.5 GHz, 2 GHz and 1.5 GHz, respectively. On other hand, on the uplink, the
bandwidth of bandpass filter in BS1, BS2 and BS3 is set up as 1 GHz, 1 GHz and 1 GHz,

respectively.

4.2 Impact of Laser Linewidth

The laser linewidth is a limiting factor in the demonstrated system. In order to
compare with the demonstrated system, another system simulation is performed. The

difference is that the RF signal, 10 GHz signal, is generated by the beating between the
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optical carrier C,at A, =1553.9nm and the LSB subcarrier L,, which have the same laser

phase noise term. The system configured with the linewidth of 100 MHz for the downlink

transmission is shown in Figure 4.5.

Laser 1
DPSK Down Link 25 Km, 1553.9nm
Modulator| op? 00 Lol MEZ noich
modulaior —* flier PD
DPSK | aHybhrid 90°[™ Al
PData source 2 Modulaior »
¥
DPSK 10 GHz
| 0S4 | _-lemdulator BPF

Figure 4.5 System configuration of single channel at A, =1553.9nm

Followed the derivation in section 2.1, after the square-law detection of a

photodiode with the reference wavelength A, =1553.9nm on the optical carrier C,in the

BS, the photocurrent is given by
I3 (8, X ) o< 2‘/—2_Raopepcs*] o(Br)J,(Br) sinfy 5 1 (t Xy )] (1)
Where, R is the responsivity of a photodiode and then ¥, ,; (¢, X, ) is defined as

'//03»L3(t’Xd)=!/IO,S(t’Xd)_W—l,S(t’Xd)
/3
= 277d3(t_ﬁd1,3Xd)"'eda(t"ﬁdl,st)—-Z )

Hence, the laser phase term ¢, (f) is cancelled in eq.(2). So the system can

achieve the better performance with high tolerance of big linewidth. The simulation result

shown in Figure 4.6 is obtained under the linewidth of 100MHz and the Q value is 18.18
dB.

-66-



~2e=D1D N - e bevaamann.ene - T LT PPy R
s . '

;
0022 Ferennunan o R AR~ - SR
i

: H
~Ba-02g e : io porsT

“Be=OL3

H
L . T . S SR A, U

Figure 4.6 Eye diagram with the linewidth of 100MHz

However, the tolerance to the linewidth in the demonstrated system is weaker
than the system described above. As an example, the eye diagrams in the base station 1 of
the uplink as shown in Figure 4.7 indicates the degradation of the system performance.
Figure 4.7 (a) shows the eye diagram with the Q value of 40 dB under the linewidth of 0
kHz and Figure 4.7 (b) shows the eye diagram with the Q value of 18.19 dB under the
line width of 1 kHz. As noted, the linewidth is reduce from 100 MHz to 1 kHz with same

Q value achieved.

In order to find out the tolerance to the linewidth for each base station, the
simulation is performed and the result is shown in Figure 4.8. It is found out that the
downlink has the strongest tolerance to the linewidth but the base station 1 of the uplink
has the weakest tolerance to the linewidth. The base stations 2 and 3 have the tolerance in
between. The possible reason why causes the inconsistency among the different uplink

base stations is that the noise accumulated by the optical combiner which combines the
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uplink signals together without any filter to suppress the noise level outside the uplink
signal bandwidth of 57 GHz. In addition, there are no any uplink subcarriers modulated
on the optical carriers C, and C;so the tolerance in the base stations 2 and 3 is better than

the base station 1. As a result, the trade-off has to be done for each base station in order

to optimize the value of linewidth depending on the Q or BER required.
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Figure 4.7 Eye diagrams (a) linewidth=0 kHz; (b) linewidth=1kHz.
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Q value vs Linewidth
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Figure 4.8 Q value vs. Linewidth

As an example, if the Q value of about 18 dB is acceptable for each base station
in the demonstrated system, the linewidth of lasers at the wavelengths A, =1553.5nm ,
A, =1553.7nm, A, =1553.9nm, A, =1554.1nm and A, =1554.3nm are determined as 1
kHz, 200 kHz, 1 kHz, 200 kHz and 200 kHz, respectively. Even though the 800 kHz
linewidth is allowed in BS2 or BS3 on the downlink, the lasers, which share with BS2 or
BS3 on the uplink, bring this linewidth down to the 200 kHz in order to achieve the same
Q value. Moreover, the linewidth of lasers, used for the BS1 on the downlink and the BS

on the uplink, is reduced from about 800 kHz to 1 kHz because the channel in the BS1 of

uplink is more sensitive to the linewidth (laser phase noise).

Comparing with the system described in Figure 4.5, the linewidth of lasers
reduces from the 100 MHz to the 1 kHz or 200 kHz if the same Q or BER, 18 dB, is

achieved. The reason is that the laser phase term ¢, (t)—¢c("+2) () in eq.(24) cannot be

neglected because it originates from two different light sources and results from the
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replacement of the optical carrier of the LSB subcarrier. This causes the degradation of
the receiver performance and further put the limitation on the laser specification.
Therefore, it concludes that the high quality lasers with smaller linewidth are required in
the demonstrated system. However, note that the conclusion is obtained from the DPSK
signal in the demonstrated system. If the system uses the amplitude shift keying (ASK)
signal or the frequency shift-keying (FSK) signal, the laser phase noise may not be a

limiting factor.

In conclusion, the impact of bandwidth of electrical bandpass filter and the impact
of linewidth are investigated. The bandwidth of electrical bandpass filter is a contributing
factor to the shape of eye diagram and has an impact on the Q value as well. It is found
out that the bandwidth bigger than the 3-dB value has to be used in the bandpass filter. As
another limiting factor, the linewidth degrades the system performance because the RF
DPSK modulation is tested in the demonstration system. However, the optimization of

linewidth can be determined by the Q value to be achieved.
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Chapter 5 Conclusion

The full-duplex star-tree DWDM system is simulated and the concept of the new
approach incorporating the channel spacing of 25 GHz in DWDM is successfully proven,
which improves the optical spectral efficiency. Also, the generation of the 60 GHz signal
is accomplished without the involvement of either the photonic downconversion (PDC)
or the dual mode light. More importantly, the 60 GHz signal is converted from the lower
radio frequency signals, for instance 10 GHz in the demonstrated system. So the cost-
effective DPSK modulator with the lower radio frequency can be used in the CS. By
observing the eye diagram, the error-free results are simultaneously achieved on the
downlink and uplink transmission. Further, the impact of the electrical bandpass filter to

the receiver performance is investigated by comparing the eye diagram and recovered
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data with different bandwidth scenarios. The result concludes that the bandwidth is wider
than the 3-dB bandwidth in order to achieve the better eye diagram. Besides, due to the
different light sources of beating signals that generate the 60 GHz signal in the downlink
and the 7 GHz signal in the uplink, the system performance is limited by the laser phase
noise. However, the high quality laser could be a solution to resolve this issue. Although
the high quality lasers are required in the CS, the demonstrated system is still cost
effective because the remote light sources are used in the BSs. However, note that the
laser phase noise limits the performance of system using DPSK modulation but it may
not affect the performance of the system using ASK or FSK modulation. Provided that
the asymmetric Fabry-Perot modulator [18] as a variation of EA modulators could be
fabricated in the future, the BS in the demonstrated system is not far from reality of

becoming the maintenance-free and passive.
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