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Summary

For receiving broadband satellite signal in airpnphased array antenna systems can be
used instead of conventional satellite dishes, wdliantages such as small weight and
better aerodynamic performance. The correspondemgmbforming and beam steering
system can be implemented in the optical domain.

The goal of this master assignment is to analyzkvanify the functionality of an optical
single sideband filter in the DVB-S receiving systeln order to achieve this goal, the
following steps have been taken. First, the fregyeresponse of the filter has been
investigated through study its transfer functiohe Tesult shows that this filter is not linear
in phase, which means that it may introduce siglstortion. Second, the impact of the
filter on the modulated signal was studied from sfgnal pulse point of view. Results are
presented for a satellite television case studgetbaon DVB-S standard. Third, the filter
response has been optimized and, and finally tiheband filtering on a double sideband
signal has been demonstrate.

The result of the filter analysis indicates that ulse broadening is quite small and the
optimization shows that the filter can be tunedhvatvalue of 25dB suppression and this
response can be shifted freely within one free tspgange, without any distortion of the
filter response. With this filter response, an cgitisingle sideband suppressed carrier
modulation is implemented.

The obtained results show that this optical sirgitkeband filter has a good performance
with DVB-S standard signal.
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Chapter 1

1 Introduction

1.1 Background

Nowadays the demands of broadband internet andmeudlia applications, for example

live TV in aircrafts, are growing fast. For this nkli of applications, specified

communication systems have been designed. Theytregrsmit and receive signals
between aircraft and satellites. There are sevgyas of implementation that can be
carried out for this purpose. The preferable sotutis based on electronic controlled
steerable beam phased array antenna systems, isifers many advantages over
mechanical steering antennas such as the reducgtitwiast reaction, and reduces the
aerodynamic drag on the aircratft.

A phased-array antenna (PAA) system consists ofiplellantenna elements (AEs), and a
beamforming network. Implementing the beamformirgwork in the optical domain
instead of electrical domain brings many advantagesh as, compactness, small weight
(especially when integrated on a optical chip),gfiency independent, immunity to
electromagnetic interference, and large bandwidth. optical beamforming network
(OBFN) consists of phase shifters or optical dedgments, and splitting /combing
circuitry. An optical ring resonator (ORR) based EMBhas been developed for this system
to receive satellite signals. ORR based OBFN cawige continuously tunable true time
delay for broadband signals. However, the numbedRRs in the OBFN or namely, the
system complexity increases with optical bandwiddiquirements [1]. The bandwidth
requirement can be minimized by using proper opsgmnal processing techniques in the
system, namely optical single-sideband (SSB) madua preferably with suppressed
carrier (SSB-SC). In this case, the required OBRNdwidth is equal to RF bandwidth.
There are many different approaches to obtain SSB¥®dulation. In our system, the
SSB-SC modulation is achieved by a setup consistirgMach-Zehnder modulator (MZM)
and optical sideband filter (OSBF). This setup @ea double-sideband suppressed carrier
(DSB-SC) optical modulated signal by using MZM, abhduppresses one sideband by
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means of the OSBF. One OSBF has been developékiggourpose. The filter is based on
ring +MZI structure [2].

1.2 Assignment goal and tasks

The goal of this master assignment is to analyzevanify the functionality of this OSBF
in the DVB-S receiving system.

To achieve this goal following aspects have begagtigated or demonstrated:
1. Frequency response of filter and its effect onntleelulated signal
2. Optimization of the filter response
3. Sideband filtering on a DSB-SC signal

1.3 Report structure

The whole report is based on the tasks listed ablov€hapter 2 the application of the
OSBF in the OBFN is explained. In Chapter 3 thdyams of the filter is performed, based
on both magnitude response and phase responséalstet 4, methods of optimizing the
OSBF response are explained, and then the measurezsalts are presented in Chapter 5.
Finally, conclusions and recommendations are writteChapter 6.



Chapter 2

2 The OSBF in OBFN system

In this chapter, the application of the OSBF in @®FN is presented.

2.1 System architecture

Our OBFN system consists of a laser, MZMs, OBFN,BBSand balanced coherent
detector. The schematic of whole OBFN system isvehim Figure 2.1. A setup based on
this idea has already been built.

XK

lout(®)

X ¥

Figure 2.1: Schematic of the novel optical beam forming system

2.2 Overview of optical beam forming system in the
receiver system

This optical beam forming system can be used aenaponent of a satellite receiving
system for television and radio broadcasting. Wk mit ourselves to the reception of
direct broadcast satellites (DBSs), which transtalévision signals intended for home
reception. using the digital video broadcastingtellite (DVB-S) standard.

The phased array antenna receives the satelli®drEls from different satellites. The
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received RF signal consists of a desired signal frequency band 10.7-12.75 GHz. This
range is subdivided into many frequency slots d¥iRé@ to 36MHz with guard bands of
4MHz. Each frequency slot corresponds to a trandgoim the system. The typical symbol
rates are 22.5 MS/s and 27.5MS/s [3]. The recedgmal is down-converted to an IF band.
This frequency down conversion has been used foréasons. First, it is required in order
to use conventional receivers. Second, the elettracoptical (E/O) conversion costs are
reduced as well. After frequency down conversianeectrical to optical conversion is
used to transfer the signals from electrical dontairthe optical domain, and then the
OBFN synchronizes and combines the signals. Befbee desired signal reaches the
receiver, an optical to electrical (O/E) conveiteused to bring back the signal to the RF
domain. So the entire receiving chain is shownigufe 2.2.

Phased Array Down E/IO OBFN O/E Rx
Conversion Conversion Conversion

M

—  Electrical
—— Oplical

Figure 2.2: Block diagram of optical beam forming system

2.3 Brief description of ORR-based optical beamforming
networks

With the resonantly enhanced characteristics, alpting resonators are able to generate a
tunable group delay. By combining multi-stage OR&ttions and optical splitters /

combiners, the OBFN is achieved. The ORR based OBBNown in Figure 2.3
stage 1 stage 2 stage 3

Figure 2.3: Schematic of the binary-tree optical beam forming network



Chapter 2 Opticaabeforming system

The true-time-delays (TTDs) in the OBFN has a traflebetween peak delay, optical
bandwidth relative delay ripple, and number of ORSswith large delay tuning range and
optical bandwidth requirements, the number of ORRscreased [1].
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————— Group delay response of OBFN

Desired sideband
—_—— Frequencies suppose to be eliminated

Figure 2.4: The group delay response of the OBFN

As shown in Figure 2.4, the entire optical specttakes about 4.3GHz bandwidth. The
whole spectrum can be properly synchronized byOB&N; however, that required a large
number of ORR and increases the complexity of tB&KD. Therefore, it is more efficient
to synchronize only one sideband of the opticatalidpy using a proper modulation scheme.
Since the two sidebands are identical, there isnfaymation lost when one sideband is
suppressed, so single sideband suppressed ca®&B-$C) modulation is used for
minimizing the optical bandwidth.

2.4 Implementation of SSB-SC modulation

The main reason for using optical SSB-SC modulatiere is to reduce the bandwidth of
the modulated optical signal, and consequently aedhe complexity of the OBFN. A
SSB-SC modulated signal has the same bandwidtheaRFE signal. Apart from that, one
advantage with respect to optical DSB-SC signdhé&t the optical detection of SSB-SC
modulated signals results in only one beating pcoduthe desired RF frequency, where as
DSB-SC modulated signals give two beating prodatthe desired RF frequency. Those
are generally not in phase in case of chromatigedgon, resulting in RF power fading [1].

Several techniques are known for implementing @pt®8SB modulation [1]. In this
research, SSB-SC modulation is implemented byr{filtesed techniques, using a MZM to
generate DSB-SC and an optical filter, to filtert aaptically one sideband and the
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remaining part of optical carrier. The block diagr of this implementation is shown in
Figure 2.5.

DSB-SC SSB-SC
Laser ——» MZM ——» OSBF |——p

1

signal

Figure 2.5: Block diagram for implementing SSB-SC modulation

Figure 2.6 (a) is a schematic overview of a duattebde MZM. The working principle of
the MZM is based on the difference in optical plaihgths between the upper and lower
branch. The electrical fields applied to the braschs a result of the applied voltages are in
the opposite directions, the modulator is saidgerate in “push-pull” mode. The applied
voltage consists of a bias voltage and a modulatiggal. Since this MZM modulator is a
non-linear device, its output consists of many gemcluding higher order ones. In order to
suppress the even terms of the outcome of MZM, M&Muld be biased to correct the
value[4].

Transmission intensity
A

—» \/oltage

(@) (o)
Figure 2.6: Dual electrode MZM(a), The transmission response of MZM (b)

The output signal of MZM is given by [5]:
L (t . . . .
ELe () = S expl V() +1 ) +expli 7VAD + 1 ey
where y,and y, are the bias phase of MZM, andV, are normalized with respect Yg,.

When the MZM is working in the push-pull state, theput is written as [6]:
Ew (1) = | /R, Bin(s(t)) Cexp(jieat) (2.2)
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where s(t)is the RF signalw is the optical carrier frequency, is the input optical power,
which can be omitted since it is not interestingttits research. Whes(t)is relatively
small, thensin(s(t)) =s(t) , so the output of MZM can be simplified as:

E, (1) 0 j03(t) @xp(jCzat) (2.3)

The output amplitude spectrum is plotted in Figlrg as can be seen that it is a DSB-SC
modulated signal. The amplitudes of the DSB-SCdigoale linearly with the amplitude
of the modulation signal, since this amplitudedktively small. There are several higher
order terms in this odd term. However, the firdasrsidebands are supposed to be larger
than the higher order terms.

A A
v ' v
Lower 7 Upper
sideband ¢ sideband

Figure 2.7. Output amplitude spectrum of DSB-SC signal.

In order to generate the SSB-SC signal, one ofsileband from DSB-SC should be
filtered out by OSBF, either upper sideband or losideband. Figure 2.8 show a case that
upper sideband and the remaining part of carriee l@en filtered out.

A U A

Lower 7, Upper
sideband sideband

Figure 2.8: Amplitude spectrum of DSB-SC signal with filter curve (dashed)
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In principle, the OSBF should be put right aftecledZM. However, since the linearity of
the OBFN, their order in the system can be revenatith means that only one common
OSBF is required for this system. It has been ptie output port of OBFN, as shown in
Figure 2.1.

The optical coherent detection is used to demoedula¢ optical signal to the electrical
domain. It is achieved by combining SSB-SC signadl @an unmodulated carrier by a
directional coupler before optical detection. Theherent detection configuration with
balanced detector is shown in Figure 2.9.

E,(t) By(t) |pdl

Jrl_"'l]‘l..[ JL.I

-

_/l

Ey(t) Ex(t)

5/

pd,2

Figure 2.9: Coherent detection with balanced detector

Here, E,(t) is the filtered signal, and, (t)is the bypassed laser carrier. The output of this

balanced detector can be written as [4]:
I (1) O IM{E,(1) [E* ,( 9} (2.4)
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3 Optical sideband filter analysis

In this chapter, an MZI+ring filter is analyzed bdson digital filter concepts, because the
optical filter and the digital filter can be dedwd mathematically in the same way.
Therefore, the algorithms developed for digitaefit can be used in optical filter analysis
as well [7]. First, some basic concepts of filteralgsis are presented, and then the
frequency response of MZI+ring filter is explaindthe filter response is analyzed with a
modulated signal as its input to find out the sighstortion introduced by the filter.

3.1 Filter analysis concepts

In this report, we studied the two basic concefftdigital filter analysis, which are the
magnitude response and the phase response olténe fi

3.1.1 Magnitude response and phase response

This filter is designed as a linear time-invariagstem (LTI) [2], which behaves linearly
with respect to the input signals, which are stetiy with time. A linear time invariant
system is characterized in the time domain byntpulse responggt). Given an input

signalx(t) , then the output signal is given by:

y(t) = x(t) O h(t) = I x(r)h(t-7)dr (3.2)
Equivalently, in the frequency domain, we have
Y(w) = X(w)H (w) (3.2)
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where the expression in Equation 3.2 are Fourarsforms of Equation 3. H (a)) is the

frequency response or transfer function of theffilThe magnitude ¢4 (w),‘H (w)‘ is

called the magnitude response.

Y ()|
H(w)=1—= (3.3)
The argument of the frequency response is the pleapense of the filter.
ImH (w)
= = _ 7 4
Aw) = argH (w) arctarEReH (w)J (3.4)

So the transfer function can be written as:

H (w) = |H (w)| expljg(@)] (3.5)
In the discrete signal processing theory, a discsggnal may be obtained by sampling a
continuous time signal. Sh(t), x(t)and y(t) have been replaced bynT,), x(nT,) and

y(nT,) , T, =1/ f., is the unit delay of filter [7]nis the sampling number. Angular

frequencywis normalized toQ with respect to frequency range with in one pendd
timeQ = oI, , which is usually referred to FSR, so magnitudgpoase and phase response

now be written as:
H(Q) =[H (@) exd] ip(@)] (3.6)
AQ) =arg[H Q)] (3.7)

3.1.2 Steady state

The time domain response of a filter can be expess the sum of the transient response
and the steady state. The steady state respotise fifer for the sinusoidal input signal:

x(t) =§[@exp(j (at+6))+ exq-] (ax+6?))} (3.8)
is given by
y(t) =x(t) O h(t)
=§[]]—| (Q)‘[exp( j(at+ H+¢)(Q))) + exp(— fat+ H+¢)(Q))ﬂ

where ¢(Q) is the phase response of the transfer funct‘iHr(,Q)‘ is the magnitude

(3.9)

response of the filte@ is the initial phaseAis the amplitude[8].

10
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3.1.3 Transient response

Transient response is the response of a filter¢dbaange from equilibrium vice versa. The
impulse response of a filtdi(t) does not give its transient response directly. fhs
purpose, we use a different testing signal, i.e.uhit stepi(t). The transient response of
filter can be expressed in the similar way as welus 3.1.1, i.e.:

y(t) = h(t) Du(t) (3.10)
The specific transient response analysis for diarfis performed later part in this chapter.

3.1.4 Group Delay and Dispersion

The filter group delay is defined as the negatieeivétive of the phase of the transfer
function with respect to the angular frequencydiews:

r, =26 (311)

’ dQ

where7';is normalized to the unit delay, =1/FSR. The absolute group delay is given
byr, =T,r',. The delay is the slope of the phase at the frecjuevhere it is being

evaluated, same as the definition in electricabtreSince the group delay is proportional
to the negative derivative of the phase, the gaelpys are additive.

The filter dispersion, in normalized units, is defd by:
dr'y _ 2”dr'g

D, £
df ' dQ

(3.12)

For optical fibers, dispersion is typically definad the derivative of the group delay with
respect to wavelength and normalized with respetiid fiber length:

1dr, _ 12w

D== == " 3.13
L dA L A2 p ( )

So the unit is ps/nm/km. The filter dispersion psalute unit is given by:
D= —c(%)2 D, (3.14)

The unit is ps/nm. The ideal bandpass filter shdwlde linear-phase, constant group delay
and zero dispersion, so that they do not distgriads in the passband.

11
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3.2 MZI+ring filter response analysis

One OSBF has been designed by [2]. It is implentebie combining an ORR with an

asymmetric MZI. This filter is aimed to suppressasideband of DSB-SC signal and
preserve the other sideband, which forms SSB-SQuiatetl signal. In addition, this filter

can be realized with the same technology as theNDBich means it can be integrated
with OBFN into a single chip. Here, based on theotly in previous part, the MZI+ring

filter is studied in the aspect of magnitude res@oand phase response

3.2.1 The structure of MZI+ring filter

The structure of MZI+ring optical filter is shown Figure 3.1T, is the unit delay of this

filter, T, =1/ f. . The signal flow model is shown in Figure 3.2.

RN

NS

C1

Figure 3.2: Signal flow model of MZI+ring filter

12
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The transfer functions of the filter are given By for=0,¢ = [7]:

Hll(Q) - Clczcr — 5132exp(_ jQ)+CcheXp6. JZ) )_ Slspr eXp(‘ 132 (315)
1+c expE jX2)
H.(Q) = -} 355+ SC,eXpEC JQl)I S£.expE R Jrspg expt B 56
C. expt jX2)

H21(Q) = _j Slczcr + SZCleXp(_ p)+ SlCZeXpe- JZ) )+ SPPr exp€ JSI J (317)
1+c, expE jX2)

_ + - _ Z} 32 \
sz(gl)= slszcr CchGXp( ‘lg)l)_'_CSlZ;reJ)((_prJz) )-I_Cpé:r expf J ) (318)

H..(Q)is the transfer function for the input pokt and output poft, .c, andc, are the
through port transmission coefficients of the diwtal couplers of the filter and
directional coupler of ORR, which are equalwﬁ—/(k and/1-«, , respectively;-js, is

the cross port transmission, which is equakjgk, ; x,and x, are the power coupling
ratios. In the design [2), = «, = 0.5is used to achieve best filter magnitude response.

The transfer functions for the case that MZI hasgoé coupling ratios £, = x, =0.5) are:

¢, —exp(- Q)+ expt R )¢, expt [®
L+, expt X))

H (Q) =H (Q) :__j ¢ +exp(— JQ)+ eXpe JZ2 )+Cr epr J:g2 ) (3 20)
1 2 2 1+c, expt jX) '

H,(Q) =H ,,(Q) = %( 1 (3.19)

The impulse response of this bandpass filter cadeloeiced from the signal flow model of
the filter, shown in Figure 3.2, by sending thespud(t) through the filter.

Impulse response is written as:
h,, (t) =exp(- jr)(- is) (c. ) (~is) () + expl-j( 77+ ¢)Ic?3(t - T,)

++ﬁ(-18)(-i%)(cr)"E@-Ja)(-JS)exp[—j(nﬂ+44)]cft—2(n+1)Td] (3.21)
= 6,0 ~exp(- IS ~T, )+ 552> €, ) exif- ip) Ot - 26+ 17,

hy(0) = 6,80 ~expt D)8 -T, )+ %8 7Y. ) exi(- )3t - 20+ 17,] 322)

13
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(D) =€, 30) +expl- )30 -T,)+¢’5 S 6, )' exp(- }g) At - 20+ 17,](3.23)

hat) = $°6,80) +expE IS0 -T, )+ 55 %Y. () exi(- i) 3t - 20+ 17,] (3.24)

where ¢ and ¢ are the extra phase shift of the through arm haddRR, respectively. We
are usingh,(t) in the following part of the report for two reasorfarst, h,(t) has a

stopband bandwidth and a suppression ,which ard gonough for generating the SSB-SC
signal; second, in the measuremén(t) can maximize the passband magnitude, while

h, has passband suppression. The first term on tle sige of equal sign is the part
without delay, it goes fronX; to Y, straightly. The second term is the pulse with onige
delay, it comes fronX,and partially coupled into through arm of MZI, dedd for one
unite delay and finally coupled in¥p. The third term are the pulses, which are coujpitxl
the ring,, delayed for two times unite delay andipbly coupled out transfer &, because

of the property of ORR, this term will go to infiailong time.

According to the desigrs=+/0.5,c. =+ 1- 0.82= 0.424 ¢=0,¢ = 7[2]. Equation 3.22
is simplified as:
h(t)=0.212D ¢ - 0.9 (-T, }z 040« 0.4242pt+ @a¢ T) (3.25)
n=0

which is plotted in Figure 3.3.

Impulse Response
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01 - [T [ . [ demeaen T —
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Unit delay 1
Figure 3.3: impulse response of filter
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The even pulses express the property of ring résgnahich is designed to have a delay,
which is 2 times larger than the delay of MZI, aya#s into infinite time long. All the odd

pulse are null except the first one, this pulsehis one from the through arm of MZI,

without ring. The amplitude of each pulse is detiagd by the coupling coefficients of

filter.

3.2.2 Analysis of magnitude response

The magnitude response fer =«, =0.5,9=0,¢ = rris:

¢, —exp(— Q)+ exp(- 2f2) -c, exf- :«gz)\

1
|H11(Q)| = E

[1+c, exp(-2R)
2 , : —7 (3.26)
:1\/(cr -cosQ+ cos®~-c, cos@) +( s@- sitP+c s}
2 \/(1+cr cos )’ +( sin®)’
_ 1‘—j[cr +exp(-jQ) +exp(-2R) +c, exd- 392)]‘
|H12(Q)| _E ‘1+ _
¢, exp(- 2R)|
(3.27)

1 \/(sinQ +sinD+c, sin®)’+(c, + coQ+ cog@+c, coY
2 \/(1+ ¢, cos )’ +( sinR)*
whenc, =0.424Z( «, =0.82) the magnitude response in dB scale is plotteBigure 3.4.

The solid line is the response Bff,(Q) whenk =0.5k, = 0.8Z, the dotted line is the

response oH,,(Q) for the same parameter.
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In Figure 3.5, the solid line is the responsdf(Q) whenx

0.5, = 0.7, the dotted line

0.5,«, = 0.7. For those values the stopband is narrow

is the response dfl,,(Q)whenx
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Chapter 3 Optical single sidebélter analysis

In the Figure 3.6, the solid line is the resporisélg (Q2) whenk; =0.56 x, = 0.4, = 0.8,
the dotted line is the response 8f,(Q) whenk, =0.56 k, = 0.4k, = 0.8. In this case,

suppression in the stopband is small and thersignal power losses in the passband.

3.2.3 Analysis of phase response
The Phase response is given by:
®(Q)=arctar(c, - exf— Q)+ exp- X)-c, exp- §))- arcthr+t, exp D))

sinQ-sinX)+c sin® -C. Sin@
= arcta L - arctap——————

C. —cosQ+ cos®-c cos3 4c  cos?

r

(3.28)
whenc, =+1-0.82, the phase response is plotted in figure 3.7.

Continuous Phaze Response
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12 | |
0 0z 0.4 0g 0s 1 1.2 1.4 16 1.8
Mormalized Fregquency (=n )

Figure 3.7: Phase response of filter

It is clear that the phase response of passbanmtbtisentirely linear in the passband
(0.57 ~1.57). The phase non-linearity may cause the sign&buiisn. Take the derivative
of the phase response gives to the group delapmesyof this filter, shown in Figure 3.8.
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As expected, group delay response is not a congsdunt over the passband, the two peaks
are the two frequencies that phase is changindlsafgihe normalized dispersion response
is shown in Figure 3.9. It shows the amount ohditip per normalized frequency.
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Figure 3.9 : Dispersion response of filter

This dispersion curve shows that the normalizeghetson is zero at the center of the
passband and goes from negative to positive irpédssband region. From this curve, one
can expect that the signal pulses have less putssiéning when the RF carrier is in the

18



Chapter 3 Optical single sidebélter analysis

center of the passband (I and more pulse broadening when the RF carriier tise rest
part of passband (076). The pulse broadening study is given in the sekisection.

3.2.4 Pulse broadening analysis

From the previous analysis, it is clear to see tioatalized dispersion is zero at the center
of the passband and goes from negative to posititiee passband region. This dispersion
response would bring in signal distortion and puissadening for the signals. This signal
broadening may produce intersymbol interferenc®,(i#hich may reduce the performance
of the receiving system. In order to find out howah the pulse broadening and signal
distortion can be introduced by the filter, thensigpulse shape is studied over the entire
passband in this part.

The analysis steps are as follows:

1. Adigital signal is modulated into RF frequencyrbgans of QPSK modulation [7].

2. This RF signal is modulated into the optical dom&mming a DSB-SC signal by
means of MZM.

3. Let this DSB-SC signal pass through the opticéfil

4. The filtered optical signal is demodulated into fRE domain by means of the
optical balanced detector.

5. The outcome of the fourth step is demodulated laeeband by means of the
QPSK demodulator.

By comparing the demodulated pulse shape with rmalgsymbol pulse shape, the pulse
broadening and pulse distortion can be seen. Tlwewirocedure is shown in Figure 3.10.
All the components are assumed ideal, except ltiee. fi

Balanced
QPSK | mzm _ QPSK
modulator ™ (/o) [ Filter  — d?ggfr | demodulator
i :
A Pulse shape o . _ . _ . _. _. 1

i comparison

Demodulated

Digital signal baseband signal

Figure 3.10: Block diagram of pulse distortion analysis

19



Chapter 3 Optical single sidebélter analysis

The baseband signal is expressed as:
s(t)=> A, p(t-mT ) (3.29)
where{ A} are the data bits that are randomly chosen fronsetw  C{+1, -1} . p(t) is the

rectangular pulse with a pulse durationTgf

This baseband signal is modulated in the “Digitaldedator” block by means of QPSK,
this modulated signal can be expressed as :

S(t) =M, (t) cos@et )+ M, €)sinut | (3.30)

whereM, (t) =>" A,p[t—(2m+1)T] is called Inphase component of the QPSK signal,
Mo (t) = > A, p,(t—2mT)is called Quadrature component of the QPSK sign4t)is the

rectangular symbol pulse with a symbol durationTof it equals to2T . The carrier

frequency iSuy .

This signal is modulated by MZM to obtain DSB-SCdulated signal. Recall the Equation
2.3 in Chapter 2. The output DSB-SC signal is:

Eo (1) O J K1) [exp(jegt)

=j EEM (D CoS(wret )+ My, ) Singuy:t )]DeXp(m,t : (3.31)

w, is the optical carrier frequency.

In order to simplify the analysis, the concept cbrhplex baseband representation” is used
here. We use this concept to get rid of the opfieajuency in the calculation for both the
modulated signal and the filter. In [9], the preselope of the signag(t) is defined as the

complex —valued function:
g.() = 9(t) +jg () (3.32)
Whereé(t) is the Hilbert transform of(t), g(t) is a real-valued narrowband signal. The

Fourier transform of the pre-envelope is nothingrendhan the positive frequency
component of the original signal spectrum. Thathes reason why a positive sign in the
subscript of pre-envelope.
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Chapter 3 Optical single sidebélter analysis

Let the pre-envelope of a narrowband sigi(&) centered about some frequeney, be

expressed in the form

9. (t) = g, (t)exp( jet) (3.33)
We refer tog,(t) as the complex envelope of the signal or the complaseband

representation of the signal. So in this casectimeplex envelopg, (t) of E,, (t)is
E, ()= iIM, () cos@yet )+ Mg ¢) Sin@gt )] (3.34)
By using Equation 3.1, the filter output sigrial, (t) is given by:
E'(t)=h(t)0E,(t) (3.35)

By combing Equation 3.22 and 3.34, we obtain:
E’,(t) = {s’c.M,() Bos(cyt) —exp(- j@)c* M, ¢ -T,) oy (-T, )

#5573 (c)" exp(~ i) M, [t- 26+ 17, ] Toofa, (- 2+ T, )
+ISEM (D Bin(aget) —exp(~je) ¢ Mo (t=T,) Bin[wy, €T, )]

#5573 (0 )" exp(- i) Mg [t~ 260+ 1, ] Csirf . (t - 2n+ 1T, )]

(3.36)

The first curly brackets is the filtered versionigphase component with RF carrier called
signal from | channeE’, (t) ; the second curly brackets is the filtered versibguadrature

component with RF carrier, called signal from Qrutel,E ', (t) .

This balanced detector is used to demodulate thieabgignal as we mentioned in Chapter
2. The expression of the output signal of balardeeéctor is given by Equation 2.4. In the
baseband representation the bypass optical cdigy is only a DC, set to one.

The output of this balanced detector i.e., the BRads can be written as:
o () O Im{E" () CE* (9}
:{SZCrM |(t) OS(Q)RFt)_ exp(— 1(0) c* M, ([_Td )[b0$a)RF (_Td }

+s2sr2+ﬁ(cr)”exp(—m)Ml[t—2(n+1)rd]Dco$wRF (- 26+ 1, )] (337)
+{S?CM (1) Bin(yet) —exp(—jgo)czMQ(t—T)E'Bin[a)RF t-T,)

+5°s, exp t—(2n+ T [L5infw,: €— 20+ 1), ) }
2 )Mo csinf )
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Figure: 3.11: The waveform of | (a), Q (b) component.

Figure 3.11 shows the waveform of | and Q compgneatresponding to the first and
second curly brackets in the Equation 3.37, regpygt The transient effect of the filter
can be seen at the beginning and end of the waweftir shows that the | and Q
components haver/ 2phase offset in carrier. For observing the pulsaening, we only

demodulated one of these two components and itdeGcahere we chose inphase

component to be demodulated in the inphase channel

The RF signal is demodulated by a coherent deteasahe block diagram shows in Figure

3.12.

QPSK

signal
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Quadrature channel

Figure 3.12: Block diagram of QPSK receiver
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One can see from Equation 3.37 that there are pifésets in both | and Q components,
because of the unit delay of the filter. The “Carniecovery”’ block is able to generate the
local oscillator signals, which can lock with bdtAnd Q channel. In this way the QPSK
signal can be demodulated with the minimum phas®.er

The demodulated QPSK signal is written as:

s'(t) =s’c M, (t)cod g(w) |- ex{~ p)c*M, (t-T,) cobeuT, -~ ¢(awy )|
55756 exo- )M, [1- 20+ 47, ] cof . O+ )T, - ol )]
(3.38)
+5°C, Mg (t)sin[ ¢(w) | - exp(~ ) Mg (t=T,) sir] are T, — 9w ) |

+573 () exp(- 1g) Mo [t 2+ I, ety T4+ T, - (e )]

According to the design [2]s,=c=\/m5,cr =+1- 0.82= 0.4243 = 0., ¢=0,¢ =17.
Since the data stream is the sum of symbols wehstime symbol duration, what happens
on one symbol pulse can provide insight of whatdappen in the data stream, therefore,
we use one symbol in our analysis instead of mamybsls. The system is assumed as
noise free. The data rate of DVB-S signal is 22.8vié8id 27.5MS/s.

We know from Section 3.1.2 that the response térfitan be expressed as the sum of a
transient response and a steady state. The reetpualgle is nothing but a sum of two step
responses, one rising edge and one trailing edggrelore, what happens at the beginning
of the pulse and the end of the pulse is moreestarg since those are the places where the
transient response happened. The remaining patteeakctangle pulse are just show the
state states of the filter, which is flat and havmaximum value of one. Here we only plot
the parts where the transient effects happen,shaswn in Figure 3.13. The signal pulses
are placed at the center of the passband of ttes. fi
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Figure 3.13: The transient response of filter (a) rising stage, (b) trailing edge. The pulse is in the
center of the passband.

This output shows that the pulse is broadened coedp@a the original input symbol time
due to the delay property of the filter and thespuls slightly distorted. It has a stair-like
shape; each stair width equals to the filter ueitag T, =1/ f., =1/6.7GHz= 0.15n.

Those discrete stair-like shapes represent thesi@nain response of the filter. It is
determined by the complex coefficients of the filfEhere is one stair, which is higher than
one; it is due to the discrete time response offiltey that is caused by the unit delay
property of the filter. When the RF carrier shifisch as it work in the stopband, the
amplitude goes to zero.
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Figure 3.14: The transient response of filter in amplitude (a) rising stage, (b) trailing edge. The
pulse is in the center of the passband.
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Figure 3.14 shows the transient response of fittexmplitude. The transient responses in
the rising stage and trailing edge are symmetiociad the center of the pulse. We are not
been surprised by this discrete stair-like shapeceSimpulse response of the filter is
discrete, in the time domain, the convolution reshbuld be discrete as well, though the
frequency response is continuous. Since the descigieriodic impulse response
will have a periodic continuous frequency respoii$e step response is also deduced from
the frequency response [Appendix A].

In the baseband data transmission, eye diagransed tor evaluate the effect of some
impairments, for example ISI and receiver noise,tlom overall system. Here the eye
diagram is also used for evaluate the effect ofd&lthis system. The eye diagram is
constructed by overlaying plots of the plus shapmfsuccessive unit time intervals

Figure 3.15 (a) and figure 3.16 (a) describe the dgiggrams of the output sequence of the
filter for the symbol rate of 22.5MS/s and 27.5Ms#sspectively. As can be seen from
these two figures the eye diagram is clean, whmdicates a relatively small ISI. Typically,
an eye opening of 0.5 or better is considered eétdyieliable data transmission [10]. Here
the eye opening is much better than 0.5 for bosesameaning that this filter rarely
introduces signal degradation. As described in ltleginning of this subsection, the
dispersion is larger in the edge of passband thahe center of passband. This means that
the pulse is expected to be broadened more whepatmer is in the edge of passband
(0.677) than what it is in the center of passband f4).0Figure 3.15(b) and Figure 3.16(b)
show the situation when carrier is in the edgehef passband, the pulses are broadened
more compared with Figure 3.15(a) and Figure 3)1@&fat not distinct. The magnitude is
smaller, that is due to the filtering effect.
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Figure 3.15: The overlapping between two symboils in details. Symbol rate is 22.5MS/s Input pulse
at the center of the passband of the filter(a), at the edge of the passband (b).

1,25
1.26 ]
'l.l:l—- 1.|:|:
] 8 o .
9] i © ]
] 8 S i
% 0757 3 0.75
) 7 o .
o] 1 o] i
ERE -
c 7 || c —
S 057 5 057
= E = i
025 D.QEE

D.D_II|IIII|rIIII|IIII|IIII|II D.D_|||||||||||||||||||||||||

240 250 260 240 250 260

Time(XTaq) Time(XTaq)
(@) (b)

Figure 3.16: The overlapping between two symbols in details. Data rate is 27.5MS/s Input pulse at
the center of the passband of the filter (a), at the edge of the passband (b).

From Figure 3.15, one can see that when the synhl@ition becomes smaller, i.e., the
data rate is larger, the pulse broadening beconoes distinct and the I1SI would be larger,
because of the unit delay is becoming more obvemmspared with the symbol duration.
Hence, the signal data rate is considered as arigrfactor of the filter.
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Figure 3.18: Output eye diagram of (a) 1GS/s, (b) 2GS/s, (c) 3Gs/s Input when the carrier is in the
middle of the passband.
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Figure 3.17 and Figure 3.18 show the eye diagrathebutput of the filter with different
input data rates. The signal carrier is in the neidof the passband. T is the symbol
duration. From Figure 3.17, up to 2GS/s data thie eye opening is still good enough to
make a sampling without error from ISI. The limgifactor of this filter is the data rate,
when the signal carrier is in the middle of passband the signal is modulated by QPSK
modulation scheme, this value is 2GS/s.
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Figure 3.18: Output eye diagram of (a) 500MS/s, (b) 1GS/s when carrier is in the
edge of the passband
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Figure 3.18: Output eye diagram of 2GS/s input when carrier is in the edge of the passband
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Figure 3.18 show the eye diagram of the outpuheffilter with different input data rates.
The signal carrier is in the edge of the passbang. the symbol duration. From Figure
3.18, up to 1GS/s data rate, the eye opening lisgstdbd enough to make a sampling
without error from ISI. The limiting factor of thilter is the data rate, when the signal
carrier is in the edge of passband and the sigmabidulated by QPSK modulation scheme,
this value is 1GS/s.

Furthermore, the situation when using root raisesine (RRC) pulse instead of rectangle
pulse is shown here.

The expression of a RRC pulse is given by [13]:
sin ni(l—a) rart co ni( ta)
Ts T Ts
RRC(t) =
7TL 1- 4ai
TB TB

whereT, =33ns is the inverse of the signal bandwidth= 0.35is roll off factor .

(3.39)

The RRC pulse is used to form raised cosine (R®epd’he RC pulse provides ISI-free

transmission. Normally in the telecommunicationtsys RRC pulse filters are used both
in transmitter as pulse shaping filter and receasematched filter. The bandwidth of RRC

pulse for DVB-S application is 30 MHz [3]. When tpelse is in the centre and the edge of
the passband of filter, the RRC pulse after fiseshown in Figure 3.19.

'I.D—_ ————— Filtered pulse| i EI: Filtered pulse
] Input pulse ] Input pulse
0.75 0.75
o ] o i
e] i =] -
2 ] 2 ]
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InEEEEEEEEEEEEEEEEEEEEEEEEnnnnn S _|||||||||||||||||||||||||||||
-1000 -500 0 500 1000 -1000 -500 0 500 1000
Time (xTd) Time (xTd)
() (b)
Figure 3.19: The RRC pulse after filtering, (a) in the centre of passband (b) in the edge of

Passband.
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The solid line is the pulse shape of the inputgualsd it is also the shape of matched filter;
the dashed line is the pulse shape after filtekgyshown above, the filtered RRC pulse is
perfectly fit with the input pulse and the matcHhitr, when the pulse is in the centre of
passband, so an ISI-free RC pulse can be obtaiterdtlae matched filter. When the pulse
is in the edge of passband,

the amplitude is reduced because of the filteriifigce however, the sampling times do not
changed, this means that an ISI-free RC pulse eabbbained after the matched filter as
well.
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Chapter 4

4 Practical tuning method

In this chapter, filter-tuning method is explainfat the optimization of filter response.
This MZI+ring filter is designed as a tunable filtey controlling the different parameters
of this filter.

First, the filter response with the related filfarameters are introduced, then the tuning
procedure is performed in five steps. The filtan bave appropriate response in appropriate
wavelength by using this tuning procedure.

4.1 Filter response and filter parameters

This filter is controlled by five parameters,, «,,x, are the power coupling coefficients of
symmetric MZI| couplerH,,H,,H;), ¢,¢ are the phase shifters of ring(, ) and
asymmetric MZIH,), respectively. Their allocation is shown in Figur.1.

Figure 4.1 Tuning elements on filter
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Chapterréadical tuning method

The structure of symmetric MZI based tunable caumeshown in Figure 4.2. A phase
shifter is placed into one of two branches to tth@ecoupler.

51 w JE?
Phase shifter

Figure 4.2: Structure of symmetric MZI

E, and E, are the inputs of the symmetric MZI coupler, irstbase only one of these two
is used as inputE,andE, are the outputs of the symmetric MZI coupley.«,,x, can

change the phase of the light in one branch by me&rphase shifter. This creates the
phase differenc&g, for certain wavelength of laser between the ugganch and lower

branch. Then on the directional coupler the cowcsire interference or, destructive
interference, or some kinds of interferences inveeh could happen, the output power as a
function of Ag, is [12]:

P,=P, cos?A—gZJL (4.1)
So thex; determines the amount of laser power going througper branch and lower
branch of the filter. The, has the same functions s it determines the laser power in
the output portsYorY,). The stopband suppression of this MZI+ring filierdetermined
by «,andk,. k, =k, =0.5. This value makes sure that there is always a aerthe unit

circle, no matter which inputs or outputs are ységd

K, is the coupling coefficient of ORR, it determirtte power couple in and out of ORR,

hence the pole magnitude (c, =./1-«, ) of the ORR. For an ORR with loss, the

antiresonance condition equates to the frequentty waximum transmission of the ORR,
while the minimum transmission of the ORR occurseabnance frequency. As a function
of the pole location, the nonlinear phase respegeven by [7]:

1-c?)sin(QT, +@)
2¢, —(1+¢.*)cosQT, +q )

P (Q)= arcta{ (4.2)
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The phase response for two differentis compared in Figure 4.3 witlg = 77.
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Figure 4.3: Phase response for an ORR with two different pole magnitudes.

For thec, =0.9case, the phase of the ORR changes abruptly ataese frequency, which

correspond a narrow stopband bandwidth; Off-resomdrequency, the phase of the ORR
changes much more slowly, which correspond to & waksband bandwidth.

Theg is the phase shifter of the ORR, it changes thenance frequency of ORR, i.e., the
phase of ORRg, is the phase shifter of through path of asymme¥ti, it changes the

phase of this path. The passband and stopbandr desqeencies occur where the phase
difference between the ORR and the through pa#iswinmetric MZI is an integer multiple
of 77[7]. The phases for each arm of the MZ| are illatgd in Figure 4.4, fag = -, =0.

The center frequency of the filter can be changét this phase relations as well. One
only needs to change the value gndg while keep the phase difference of ORR and

through arm equals to integer multiply foy

In order to flatten the passband, a constant pddference around the passband center
frequency is required. It can be achieved wherstbge of the ORR’s phase response equals
to the slop of the through arm phase responseeapdlssband center frequency[7], as it
shown in Figure 4.4. This can be done by changmgvalue ofc,, which changes the
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phase response of the ORR in such that there apid changing phase in the resonance
frequency, while slowly changing phase at off-resare, making passband flattened.

3.0
© (Q)p=1/3
2.5— - (He=173) ;
- @T

& 2.0 Off-Resonance Ad=31 H
@ Resonance
O 1.5— ," T
i P
Q

1.0

0.5

Ig%mwr,,_:w l l
0.0 0.2 0.4 L . |

normalized frequency

Figure4.4: The phase response for each arm of the MZI

With the appropriate parametets=«,=0.5k, = 0.8z,¢4 =m,@ =0 the filter response
|H,,(Q)| is shown in Figure 4.5.
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Figure 4.5 Filter Magnitude responses in theory
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4.2 Filter tuning procedures

The ideal values of different parameters are deedrin the previous section. The tuning
procedure shows the way of obtaining those valuesreal filter. The procedures are given
as follow:

Step 1: Set; =k, =0.5:
* The optimization started form finding out the besupling coefficients of two

couplers of the asymmetric MZI, 0.5 for both twotleém. In order to find out the
value of x, =«,=0.5, we need to find ouk, =«,=0 as reference value, this

situation usually referees to the bar state of .M&le signal flow of the bar state of
MZI is shown in Figure 4.6, frorK,to Y,. Tune the value &f andx,, the filter

response should shift up until the filter respores&ches the maximum value, this
meansk; =k, =0 as shown in Figure 4.7 dot-dash line. The dipstlageresponse

of the ORR, which behave periodically. Then we oceduce the value af, until
this filter magnitude response is 3dB lower thamshuation wher, =«, =0, as it
shows in Figure 4.4 solid line. At this moment=0.5. Repeat it again, but set
k, =1 then reduce the value af, the filter magnitude response of ring should be

the same as former one. At this momegnt 0.5.

H,

Figure 4.6: Signal flow when the MZI is working in the bar state, from X1 to Y1
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Magnitude (dB)

Normalized frequency (x21)

—— —— Only H, working on bar state

— — —  When H,and H,are working on bar state
When H,working on the -3dB state,k;=0.5 and H,is in the bar state
When H,working on the -3dB state,k,=0.5 and H,is in the bar state

Figure 4.7: Magnitude response when ORR takes part in the filter.

Step 2Setg=m,p =0
+ Setk,=k,=0.5. Take ¢ as reference value, tung until the passband and

stopband of the filter can be observed. The phalsgion shown in Figure 4.4 is
achieved The filter response should be bilateta. $hown in Figure 4.8.
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Filter magnitude response (dB)

Normalized frequency (x 1)

Figure 4.8: Filter response when @=mp=0

Step 3: Sek, =0.82
* Using the parameters from the Step 2 and Stepe&nerd to increase or decrease
the value ofx,until the passband flattening is achieved and tippiession meet
the requirement. Howevek, controls a MZ| based coupler, whanchanges, the

phase of the ORR is changed, the phase differeatvegebn ORR and the through
path is changed as well, so one should tgnat the same time to adjust this

variation. The filter response should have at |I@&siB suppression; the passband
takes 31% of one FSR. Some fine-tunings of eachnpater may require in order
having the optimized filter response, the resutiswn as in Figure 4.5.

Step 4: Shift the filter to the appropriate fregecyen

* In theory this filter response can be shift to éippropriate frequency by tuning the
phase shifterg andg, . It should be in such a way that the phase diffezebetween
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ORR and the through path should not be changeandg should be tuned together,
basicallyAg = 2A¢@ . The filter response shifting is show in Figur8.4The solid

line is the initial position, the dot line, and thash line show that the filter response
is shifting to the right.

0 4

10 4

=20 4

Magnituce (dB)

30 4 -

40 4

-0

Mormailzed frequency 2

Figure 4.9: Filter response shifting
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5 Measurements

This chapter presents the measurement resultesfrigsponse using the tuning method in
Chapter 4 and demonstrates the SSB-SC modulatizereTare two measurement setups;
one for measuring filter magnitude response andge@hasponse, the other one is used for
measuring and demonstrating the SSB-SC modulation.

5.1 Filter magnitude response

The measurement setup is shown in Figure 5.1,dhe lne is the optical path, and dash
line is electrical path. This setup has been usednkeasuring the magnitude response (this
section) and the group delay response (next s@atiothe filter. The working details are
shown as follow: the laser current source is ragfietween a smaller and larger current,
so that the laser frequency is changing in a ceftaguency range in order to create certain
optical bandwidth. This ramping signal is also $yonizing the network analyzer. Laser
temperature is kept in stable by temperature cthetrdTEC). The MZM modulator
superposes an RF signal on the optical carrier,gmas$ through the optical chip (DUT).
Since the laser power is too low to detect aftessjpay through the optical chip, it is
amplified by an EDFA. Then the amplified signal detected by optical detector. It
measures the amplitude and the phase of signaflesdinto the second port of network
analyzer. The measurement result is plotted inrgi§2. It shows the magnitude response
of the filter in one FSR. The suppression is aro2sdB

The filter is tuned properly with the method in @tex 4. In this measurement, the filter
tuning method is implemented by thermo-optic effect

The filter magnitude responses measured with tineestype of filter but with different
fabrication parameter compared with the filter ukedyroup delay response measurement.

39



Chapter 5 measurements

Ramp
_________________ -
100 MHz
TEC| |Curr ———OMbE RF out
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Figure 5.1: Setup for measuring filter transmission response. TEC is temperature controller for the
Laser. Curr is current controller for the laser. It generates periodic ramping current. It
controlees the Network Analyzer. DUT is device under test, it is the optical chip in this
case. Mod is MZM modulator. PC is the computer, Contr is control system. EDFA is
erbium doped fiber ampilifier.

The measured filter response is shown in Figure Th2 result has been nicely fitted with
theoretical curve £, =k, =0.514, = 0.8¢ loss of the ORR 0.5dB/cm). Filter magnitude

response has been measured in one FSR, suppréssawound 25dB. It shows clear
flattened passband and broadened stopband. Thegpassakes around 20GHz.

R i e e

—— Measurement \ ‘
~~~~~~~~ Theory 0.5dB/cm \ |
waveguide loss | \

| \

Filter magnitude response (dB)

-40

Frequency

Figure 5.2: Filter optical magnitude response in bar state
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The filter response can be shifted by changingvtdiees of phase shifters. In general, the
phase shift of ring resonator and MZI as a functibthe applied power is [13]:

Ap=alP (5.1)
in which ais coefficientPis the power applied on heater. The is the phase shifting
range of ORR and MZI. It is a linear function. Figh.3 shows the phase shift of ORR
(solid line) and MZI (dotted line) as function diet power applied on the heater.
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Figure 5.3: Phase and power relation in theory
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Figure 5.4 Phase and power relation in measurement

41



Chapter 5 measurements

Figure 5.4 show the phase and power relation innleasurement. The phase of MZI
should be a straight line, however there is a soffdet when the phase 1, this is caused
by the compensating the thermo crosstalk. The takewrrosstalk happens in between
neighboring heaters on the chip. This kind of intidzes been compensated by carefully
choosing the voltage on heater in this measurement.

Filter magnitude response (dB)

Original position
— — 0.5FSR to the right
‘ ‘ — = 1FSR to the right

Frequency
Figure 5.5: Filter response shifts for one FSR to the right

Figure 5.5 shows the measurement result for tker fiesponse shifting. The filter shifting
method shows good result, the center frequencyltef ghifts to the right but the filter
suppression remains the same, the stopband andlapasisandwidth are not changed. This
result shows that this filter have a tuning ranfjere entire FSR

5.2 Filter group delay response

The group delay response was measured for a Mgfilter with the FSR=6.7GHz. This
measurement uses the same setup as previous ameeasured is the phase difference of
the signal before and after passing the filtereathan the magnitude of the filter. This way
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of measuring is known as the phase shift methddl [The group delay is expressed in
terms of phase as shown below:

_ ¢port2 - ¢p0rtl

7,(1) Py (5.2)

cw

whereg,,,and ¢g,,., are the phase of the signal in portl and port2@hetwork analyzer.

f,, is the frequency of continuous wave sign#l, =100MHz. It is not possible to

measure the absolute group delay, since the todapgielay is the sum of the delays of the
extra fiber length, total length of the waveguidesl the filter are unknown, but we are
only interested in the variation of the delay, whaomes from the filter.

The measurement result is shown in Figure 5.6. iBhidie group delay response within one
FSR. The maximum and minimum group delay variatiothe passband is 0.15ns. It has a
good fitting to the data was achieved using thernttical model of the filter. The fitted
parameters of filter are; = «, = 0.5, = 0.84, Loss of ORR is1.9dB/cm.

061 ————

T T T T T T —— IMeasurement

Group delay variation (ns)

Frequency

Figure 5.6: Group delay response of the filter
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5.3 Single sideband suppressed carrier modulation

The implementation of optical SSB-SC signal hasleeelained in Chapter 2 in theory, in
this section the experiment result is presente@ @tperiment setting is shown in Figure
5.7.

PM

CW Laser ™ Coupler > Mzm > OSBF
A
Tunable Bandpass
Laser Signal
Optical Y
detecto | PM — ISO
SA |« -r h Coupler |€— EDFA [

Figure 5.7: The setup for measuring SSB-SC signal

Continues wave laser with a wavelength of 1550.8&neplit by polarization maintaining
coupler (PM coupler), PM coupler has been chosethiocase to maintain the interference
of laser. The light has been spitted into two patime path is modulated with a bandpass
signal. The other path is used to demodulate tHi2SS signal. The original signal is a RF
bandpass signal which has a bandwidth of 1GHz thiéghminimum frequency of 3GHz.
We generated this signal by sweeping the frequandyholding the maximum value of the
amplitude for each frequency. Then the modulatd@t@ajpsignal passes through the OSBF.
The filter response is set to cut off one sidebtggther with the carrier. The SSB-SC
signal is implemented. Isolator (ISO) is used forvent the reflection from EDFA, which
is used for optical signal amplification to overaorhe signal attenuation from pervious
stages. Carrier reinjection is done by PM coupiegether with optical detector, form a
coherent detector. Then the RF signal is demodiifaten optical carrier and visualized by
spectrum analyzer (SA). In this measurement, theapheterodyning technique is used
before optical detection, in order to show the spee of SSB-SC signal..

The SSB-SC signal is shown in Figure 5.8.
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35 T——— 0
T —— SSB-SC Signal
N e DSB Signal
40 , \\ ——— Filter Response | g

Signal Magnitude (dBm)
OSBF Response (dB)

Frequency (GHz)

Figure 5.8: Filter based optical SSB-SC signal

The optical heterodyning technique shifts the gpectof the modulated optical signal
down into the frequency range of the RF spectrumlyaer. It is done by mixing the
modulated light with Tunable laser. The peak betwéwo sidebands indicates the
frequency difference between the two heterodynipgcal carriers. It shows that the
magnitude of one sideband of the signal is 25dBmegsed
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6 Conclusions and recommendations

6.1 Conclusions

From the results obtained, if the date rate iseiased, then the pulse is broadened more
obvious, large overlapping may occur, it is dangsrtor the two adjacent symbols with
different signs, since the ISI caused by this @amping would enlarge the BER at the
receiver. One limiting factor of the filter is tklata rate. This value is 2GS/s for the case the
signal RF carrier is in the center of passband wihensignal is modulated by QPSK
modulation scheme. This value could be reduced38/4 when the signal RF carrier is in
the edge of the passband. The eye diagram for W& ® application is relatively clean for
rectangle pulse. It indicates that there is vergplsh$l happened and the BER would not
been changed due to this ISI. When RRC pulse i@, ke ISI is zero. So this filter can be
used with DVB-S signal.

This filter response can be optimized by five filfmrameters, which correspond to five
splitters/combiners and phase shifters. A tunirag@ss in order to optimize filter response
has been presented in this report. Thermal crésstasts between neighboring heaters in
the measurement. This kind of crosstalk can be eosgted by adjusting the voltage
applied on heaters manually.

OSBF can be used to implement optical SSB-SC muduldt is able to generate optical
SSB-SC signal by suppressing one optical sidebdmptical DSB-SC signal. For this

purpose, a specified OSBF with a value of 25 dBlsémd suppression is designed in [2].
In the measurement, this 25 dB suppression has &edeved. By using this optimized

OSBF, the optical SSB-SC signal with 25dB suppoessf one sideband has been
implemented. This optical SSB-SC signal can be dkitabed from optical domain to

electrical domain by coherent detection.
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Chapter 6 Conclusions and recommendations

6.2 Recommendations

Because of the thermal crosstalk between heatersadcuracy of tuning is reduced. This
thermal crosstalk is compensated manually in tesearch, however, it can also be
compensate by some algorithms, then it could mia&éuning more accurate.

The QPSK modulation is considered in this repditiepo modulation methods may need to
be considered later on.
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Appendix A

Step response of filter

Here we show step response of filter in frequermyain. Since the MZI+ring filter is too
complicated to be calculated and the principlestep response of filter are the same, we
use a simpler filter expression to show the steporse in frequency domain. Here we use
MZI filter.

The step function in the time domain is expressed a

Lt>0
u(t) = {O; (<0 (A1)
The Fourier transform of step function is:
U (@) = 8(w) +j—i) (A2)
The frequency response of MZI is written as [7]:
H,,(w) = —%[1+ expt )| (A.3)

The step response of this filter is given by:
Y (w)=U (w) H,,(w)
=[775(w)+i}[€—§j[1+ expE thu)]j (A.4)

jw

The inverse Fourier transform of (A.4)is:

y(t) :%u(t)—lzu(t—l) (A5)

Equation (A.5) is a discrete time expression.

Both the time domain expression and frequency dome&pression of the response of this
MZI+ring filter show the discrete time behaviour.
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