DOWN CONVERSION AND FILTERING OF MICROWAVE SIGNALS IN
OPTICAL DOMAIN

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

GOKHUN SELCUK

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
ELECTRICAL AND ELECTRONICS ENGINEERING

MAY 2008



Approval of the thesis:

DOWN CONVERSION AND FILTERING OF MICROWAVE SIGNALS
IN OPTICAL DOMAIN

submitted by GOKHUN SELCUK in partial fulfillment of the requirements for
the degree of Master of Science in Electrical and Electronics Engineering
Department, Middle East Technical University by,

Prof. Dr. Canan OZGEN
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Ismet ERKMEN
Head of Department, Electrical and Electronics Engineering

Assist. Prof. Dr. A. Behzat SAHIN
Supervisor, Electrical and Electronics Engineering Dept., METU

Examining Committee Members:

Prof. Dr. Canan TOKER
Electrical and Electronics Engineering Dept., METU

Assist. Prof. Dr. A. Behzat SAHIN
Supervisor, Electrical and Electronics Engineering Dept., METU

Prof. Dr. Goniil Turhan SAYAN
Electrical and Electronics Engineering Dept., METU

Assoc. Prof. Dr. Simsek DEMIR
Electrical and Electronics Engineering Dept., METU

Ms. Sinan KURT
Engineer, ASELSAN A.S.

Date:




I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also declare
that, as required by these rules and conduct, I have fully cited and referenced all
material and results that are not original to this work.

Name, Last name

Signature

il



ABSTRACT

DOWN CONVERSION AND FILTERING OF MICROWAVE SIGNALS
IN OPTICAL DOMAIN

Gokhun SELCUK
M.S., Department of Electrical and Electronics Engineering

Supervisor: Assist. Prof. Dr. A.Behzat Sahin

May 2008, 77 Pages

Processing of microwave signals in electrical domain introduces many difficulties
especially when the frequency of the signal is increased beyond several GHz.
Electromagnetic interference (EMI) and frequency depended losses can be given
as examples to these difficulties. Photonic processing of microwave signals,
however, is immune to these problems since optical components such as fiber
cables, lasers, optical modulators and photodetectors are both immune to EMI and
have wide bandwidths. This thesis deals with down conversion of a microwave
signal using a Mach-Zender modulator and filtering unwanted harmonics using a

photonic filter.

Keywords: Photonic signal processing, electromagnetic interference, fiber cable,

Mach-Zender modulator, harmonics
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MIKRODALGA SINYALLERIN OPTIK ALANDA ALT
CEVRIMLENMESI VE FILTRELENMESI

Yiiksek Lisans, Elektrik Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Yrd. Dog. Dr. A. Behzat Sahin

May1s 2008, 77 Sayfa

Mikrodalga sinyallerin elektrik alaninda islenmesi, 6zellikle sinyalin frekansi
birkagc GHz’in iizerine ¢iktignda, birgok giicliigii beraberinde getirir.
Elektromanyetik enterferans (EME) ve frekansa bagh kayiplar bu gii¢liiklerin
nedenleri olarak ornek gosterilebilir. Mikrodalga sinyallerin fotonik alanda
islemlenmesi ise; fiber kablolar, laserler, optik modulatorler, ve fotodetektdrler
gibi optik elemanlarin hem elektromanyetik enterferansa karsi duyarli olmamasi
hem de genis bantli malzemeler olmalar1 nedeniyle bu giicliiklere karsi1 bagisiktir.
Bu tezde bir mikrodalga sinyalin Mach-Zender modulator kullanilarak alt
cevrimlenmesi gergeklestirilmis ve istenmeyen harmonikler bir fotonik filtre

tarafindan filtrelenmistir.

Anahtar Kelimeler: Fotonik sinyal islenmesi, elektromanyetik enterferans, fiber

kablo, Mach-Zender modiilator, harmonikler
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CHAPTER 1

INTRODUCTION

Utilization of inherent and unique properties of photonic devices in processing of
microwave signals offer several advantages compared to the classical processing
methods and is subject to constant research over the last 25 years. The area of

research has emerged as a new discipline known as Microwave Photonics [1].

In the classical approach, which is illustrated in Figure 1, the microwave signal
from an RF source is captured by means of an antenna and fed to an RF
processing block which operates in electrical domain. This block applies filtering,
amplification and down-conversion functions and its main task is to transmit the
signal from the antenna to the IF section or DSP, without adding much noise and
distortion. Also the RF section should filter some unwanted frequencies which
degrade the performance of the receiver by adding noise, saturating low noise

amplifier, falling to the signal band after mixing etc.

antenna

%

Rfinput R foutput
signal signal

RF circuit

L]

Figure 1.1 Traditional RF signal processing method



Although commercially accepted and applied, the classical approach has several
disadvantages especially when the frequency of the receiving signal is increased
beyond several GHz. These disadvantages include electromagnetic interference
(EMI), frequency dependent losses and the requirement to change the design

when the receiver band is changed [2].

The above problems, known as the electronic bottleneck, can be solved by

introducing photonic technology in to the system, which is shown in Figure 2.

antenna
Rfinput Optical Optical
. input output
signal - signal
sfgﬂﬂl , Rfo
Y ; utput
Y : signal
Optical C} % | Optical Signal [_* Roph}:al :
— ECEIVEr
[ B Processor
modulator

Figure 1.2 Optical domain RF signal processing method

In this approach the RF signal received by the antenna is fed to the modulation
input of an optical modulator to be processed in the optical domain. Filtering,
amplification and even down conversion tasks can be applied in this domain. The
output of the optical signal processor is fed to an optical receiver to be converted

back to the electrical domain.

This structure is immune to electromagnetic interference since fiber lines are
inherently immune to EMI, also fiber lines introduce low-loss which is a critical
issue in designing filters. Large bandwidths (more than 40 GHz) of the optical
modulator and the optical receiver allow flexible designs without spending much

effort.



Following outline is followed throughout this work. In Chapter 2 the principles
and structures of microwave filters will be presented, the principles of operation
of the lasers and photodetectors is introduced in Chapter 3. Chapter 4 deals with
the down-conversion unit which utilizes the optical modulator as the nonlinear
device to generate harmonics. This chapter is followed by the conclusions section
and the appendix part which gives important pages of the datasheets of the

components used.



CHAPTER 2

MICROWAVE PHOTONIC FILTERS

A microwave photonic filter is a photonic signal processing structure whose task
is, like an ordinary microwave filter, to pass the desired signal without much loss
and to attenuate the unwanted signals. For example the microwave photonic filters
are of interest in radio over fiber (RoF) systems both for channel selection and the

channel rejection applications [3].

The use of optical delay lines for optical signal processing applications was first
purposed by Wilner and van den Heuvel in 1976 [4]. The fiber delay lines are

attractive because they both have low loss and dispersion.

This chapter covers the principles of operation of photonic filters with an
introduction to fiber cable properties. This section is followed by a section
presenting the general structures and performance characteristics of photonic

filters. Finally two filters are constructed and their responses are analyzed

2.1 Characteristics of Fiber Cables

Among the several characteristic parameters of the fiber-delay lines the two
important ones for the use in the filter design are the loss and the dispersion of the

optical fiber

2.1.1 Fiber Loss:

Attenuation of the optical power transmitted through the fiber determines the

feasible length of the optical fiber used in a specific application [5]. The loss in

4



fibers is both due to the absorption and the scattering mechanisms.

The absorption is due to the light-matter interactions and dissipated as heat in the
core and the cladding. For fused silica glass (SiO;) the two major absorption
bands are the infrared absorption band (caused by the interaction of photons with
molecular vibrations) and the ultraviolet absorption band (caused by the
stimulation of electron transitions within the glass). A third absorption mechanism
is the OH absorption caused by the water vapor in the glass during the fabrication

process [5].

The scattering in the fiber has two important sources. The first is the Rayleigh
scattering which is caused by the interaction of light with the impurities in the
fiber for which the impurity atoms have sizes much smaller than the wavelength
of the optical carrier. Another major scattering mechanism is the Mie scattering in
which the impurity atoms have sizes comparable the wavelength of the optical
carrier [6]. The transmission characteristics of the fiber are given in Figure 2.1 and

the loss as a function of the modulating RF frequency is given in Figure 2.2.

R,
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{infrared 7]
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Figure 2.1 Loss in the Fiber versus Wavelength
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Figure 2.2 Loss in the Fiber versus modulating frequency

From Figure 2.1, it is evident that use of the fiber is restricted to about 1.5-1.6 um
to exhibit low loss. However this is not a problem for photonic filters since lasers
at 1.55 pm are commercially available. Figure 2.2 plots the loss of fiber versus the
modulating frequency, which is constant up to 100 GHz. This makes fiber

attractive for the utilization as a delay line element [7].

Apart from the absorption and scattering losses in the fiber cable, the optical
signal is also attenuated by the bending losses which are caused by the radiation at
the bend points and connector losses introduced when connecting two cables or

splicing them.

2.1.2 Fiber Dispersion:

A short pulse (wide frequency content) propagating through the fiber does not
conserve its shape due to the several dispersion mechanisms in the fiber. This fact
sets an upper limit to the bandwidth of the signal to be transmitted through the
fiber. Among the many dispersion mechanisms the most important three are the

modal dispersion, material dispersion and the waveguide dispersion.



The modal dispersion occurs in multimode fibers in which the group velocity of
each mode is different. This type of dispersion is proportional to the fiber length
and may be reduced by using graded index fiber. For single mode fibers this type

of dispersion is eliminated.

The material dispersion is due to the change of the refractive index of the fiber
with the change in frequency. This type of dispersion is also proportional to the

fiber length and occurs in both single mode and multi mode fibers.

The waveguide dispersion occurs since the group velocity of a mode is dependent
on the ratio of the power traveling in the core to the power traveling in the
cladding. The core radius-wavelength ratio changes the ratio of power traveling in
the core to the power traveling in the cladding. Thus the group velocities of the

modes are wavelength dependent [5].

2.1.3 Fiber Linearity:

The loss and the dispersion mechanisms mentioned above are assumed to be
linear processes. However at high optical power levels the fiber starts to become

nonlinear due to some nonlinear loss and dispersion mechanisms.

The two nonlinear loss mechanisms are the Stimulated Brillouin Scattering (SBS)
and the Stimulated Raman Scattering (SRS) which are introduced by the
modulation of light by thermal molecular vibration within the fiber. Nonlinear

dispersion is due to the intensity dependent refractive index at high power levels.

2.2 Filter Design Using Fiber Delay Lines

The principle of operation of a photonic microwave filter is similar to its electrical
domain counterpart. The filter divides the incoming signal into N parts and
applies different delay and weightings to each part before summation. The

mathematical equivalent is given in Figure 2.3.
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Figure 2.3 The impulse response of a microwave filter

Filters can be classified according to their impulse responses, a finite impulse
response filter (FIR) use only current and past input samples (see Figure 2.4.a )
and none of the filters previous output samples.(This is why they are also called as
non-recursive filters).Given a finite duration signal the output of the filter has
always finite nonzero duration. Infinite Impulse Response (IIR) filters are
fundamentally different from the FIR filters in that practical IIR filters always
require feedback (see Figure 2.4.b ). Although FIR filter output depend on
previous and current input samples, the I1IR’s output depend also on previous
output samples. So if the IIR filter’s input is a signal of finite duration the output

still is infinite [8].

Input
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P
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(a) FIR photonic microwave filter
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(b) IIR photonic microwave filter
Figure 2.4 (a) schematic of an FIR photonic microwave filter (b) schematic of

an IIR photonic microwave filter

For an N-tap FIR filter the impulse response is given by

N
h(t)=>a,xs(t-nT) 2.1)
n=0

where a, is the weighting applied to the n™ component

t, 1s the delay experienced by the n® component

And the z transform of the impulse response is given by

N
H(z)=) a,xz™" 2.2)
n=1

For an input signal s;(t) the output signal s,(t) is the convolution of the input signal

with the impulse response and is given by

s,(t)=5,(t)<h(t)= Y a, x5, {t T ) 23

n=1

And for and IIR filter the equation relating the output signal to the input signal is

given by the equation



N M
so(t):Zanxsi(t—nT)+Zbk><so(t—kT) (2.4)
n=1 k=1

So the z-transform of the impulse response of the filter is given by

N
da,xz"
H(z)=—"

- M (2.5)
1-> b,xz™"
k=1

The above expression identifies a transfer function with a periodic spectral
characteristics. The frequency period is known as the filters free spectral range
(FSR) and is inversely proportional to the minimum delay length T, in the system.
The full width half maximum value at the resonance point (the point where filter

passes the signal with minimum attenuation) is denoted by AQ.,. [2]. The

selectivity of the filter, given by the quality factor of the filter, is the ratio

FSR
Q=——— (2.6)
AQ FWHM

The Q-factor of the filter is related to the number of taps used in the filter. For
higher number of taps higher Q values is obtained. Recently Q-factor of 237 is
reported for an FIR filter [9] and a Q factor of 938 is presented for an IIR filter
[10]. Figure 2.5 shows two FIR filters with different number of taps. The dashed
line has three taps with weighting 0.33 each and the solid line has 10 taps with
weighting 0.1 each to normalize the power. Note the difference between the Q-

factors of the filters.

10
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Figure 2.5 Two FIR filters with different number of taps

The main to secondary side lobe ratio (MSSR) value gives the attenuation at the
side lobe relative to the attenuation in the main lobe. The plot concerning the

parameters defined is given in Figure 7.
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Figure 2.6 The spectrum of a typical photonic filter and the related parameters
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2.3 Coherent Regime and the Incoherent Regime

Apart from the Finite Impulse Response and the Infinite Response classification,
another way of classifying the filters concerns the operation regimes. The term

coherent and incoherent stems from the summation process in the detector side.

Microwave photonic filters are schematically and operationally similar to the
electrical delay line filters. Thus both analysis and design methods of classical
delay line filters can be utilized for photonic filters. However there are some
characteristics unique to photonic filters which one must take into account in

analysis of these types of filters.

The unique property of these filters are due to the conversion processes from the
electrical domain to the optical domain at the modulator side and due to the
conversion process from the optical domain to the electrical domain at the

detector side.

Optical modulators change their output light intensities by the applied voltage to
their RF ports (a detailed analysis of the modulators is given in Chapter 4. Thus
for and applied signal sj(t), the modulators output light intensity is given by

Lo(t) = k* si(t)* I; 2.7)

where I; is the input light intensity to the modulator
k is a constant including the modulation index of the
modulator at a given operating point
si(t) is the applied input signal

and Io(t) 1s the output light intensity

For this intensity the electric field propagating through the fiber is given by

E;(t) = VI, y/s;(t) (2.8)

12



And the signal at the detector is the sum of the delayed samples

Eo(t)=ngdansi(t—nT)exp(j(wo(t—rT)+¢(t—rT))) 2.9)

Optical detectors do not respond to the carrier frequency and respond only to the
input power (detailed analysis of the detector is given in Chapter 3). So the output

current of the detector is

|, :iR<\EO(t)12> (2.10)

Where ‘R is the responsitivity of the detector which will be mentioned in

Chapter3.

And putting the value of the electric field at the input of the detector, one obtains

the output current of the detector as,

gt = iRlizl\l:“'in‘si(t_nT)
n=1

+ERIiZN:ZN:\/ana:si(t—nT)si(t—kT)xF((n—k)r)

n=1 k#n

2.11)

where the T((n—k)T) term concerning the optical phase at the input of the

detector
Thus the output signal is composed of two terms. One is the incoherent term

whose value is linearly dependent on the input value and a coherent term which

violates the linearity of the system.

13



(k —nJr|

The F((n—k)T) term can be modeled by exp[——] [11]. Where

z-coh

1 ) ) . ) )
= X is the source coherence time and Av is the linewidth of the laser
AV

Tcoh

which will be mentioned in Chapter3.

For the source coherence time much smaller than the minimum delay in the filter

the equation reduces to

N
l = R [a,s;(t-nT) (2.12)
n=1

which has liner transfer characteristic as inferred from the equation.

The filters operating in incoherent regime have many advantages over those
which operate in coherent regime. Since the filter response does not dependent on
the optical phase, perturbations on the phase do not effect the filter response and
filter response is immune to environmental changes such a vibrations and
perturbations in the temperature. The main drawback of the incoherent filters is
that, the taps have always positive coefficients. Thus only a limited number of

filter responses can be realized using incoherent filters.

For the coherence time comparable to the minimum delay in the structure the

I((n—k)T) term can be approximated by exp(jw,(n—k)T) [11] and the output

current of the detector is given by

gt = ERIiZ’\l:‘an‘Si(t_nT)
n=1

LRSS aras, (- nT)s, (6 KT ) xexp(jw, (n—K)T )

n=1 k#n

(2.13)

It is evident from the formula that the output of the detector consists of a linear
term (the incoherent term) and a coherent term which is sensitive to the phase of
the optical signal. The main advantage of this type of filters is that the overall

14



tapping coefficient can now be made negative. However the response is strongly
dependent on the environmental changes since small increments in the fiber
length can cause large phase changes due to the high frequency of the optical
carrier. Therefore it is very difficult to stabilize the response of these type of

filters and coherent filters are not utilized in practice.

2.4  Limitations in Designing Photonic Microwave Filters

For practical realization of photonic microwave filters, there are a number of
issues to be taken into account which limit the performance of these types of
filters. The limitations may arise either in the optical domain or in the electrical

domain thus these are analyzed in two subsections presented below.

2.4.1 Optical Limitations

Beside the advantages that microwave filters bring in solving electronic
bottleneck in high frequency applications there are also some drawbacks
introduced by the optical properties of these filters and are analyzed under the

topic of optical limitations to microwave photonic filters.

The main limitations that appear in optical domain are the noise terms in the
optical domain, optically induced nonlinearities, spectral periodicity, positivity of

filter tap coefficients, limited spectral period and tunability.

2.4.1.1 Optical Sources of Noise:

Noise is an important concept in RF literature since it determines the minimum
detectable signal for a receiver thereby also influences the dynamic range of the
system which is defined to be the difference between the minimum and the

maximum signal levels that the receiver architecture can handle.

Unfortunately, introduction of photonic filters to the receiver structure inserts

some additional noise sources to the system. Two major sources of noise in the
15



optical domain are the laser relative intensity noise (RIN) and the phase induced

intensity noise (PIIN).

The relative intensity noise (RIN) is the noise current at the output of the optical
detector caused by the fluctuations at the output of the laser. The fluctuations can
be resulted either from the vibrations of optical cavity or perturbations in the gain
medium [13]. Although RIN is not dependent on the output power of the laser, the
referred noise to the output of the optical detector is dependent on the optical

power. The power spectral density of the noise at the detector side is given by

New =15 xRIN, where |, =RP,_ T

opt ' opt
where
Pope  is the optical output power of laser
Topt  1s the loss (gain) of optical domain

RIN is the spectral density of noise at the output of laser

The most important noise source in microwave filters which dominates other
noise mechanisms by far is the phase induced intensity noise (PIIN). In the
discussion of coherent and incoherent regime of operation of optical filters, the
equation relating the output of the filter to the input signal was derived and it was
mentioned that use of coherent filters for practical applications are difficult due to
the stability considerations. However even for incoherent regime of operation
there exists some phase correlation between the samples that have experienced

different delays.

For a given optical source, the number of optical taps and the weights of these
taps that are combined determine the spectrum and level of the PIIN. For a given
processor structure, the PIIN is also related to the coherence time of the optical
source. Hence, the spectrum of the PIIN is a function of the topology of the
processor and the coherence of the optical source [14]. The PIIN equation is rather
involved and is not presented here. The spectral density shape of a two tap filter

is presented in [15]. However it is important to mention that PIIN spectrum, like
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the spectrum of RIN increases with the square of the input laser power as shown

in Figure 2.7.

PIIN 4

(dBm/Hz)

Input optical power (dBm)

Figure 2.7 The dependence of PIIN to optical input power

Since the RF power also increase as the square of the optical power, the signal to

noise ratio at the detector can not be increased by increasing the laser power.

2.4.1.2 Optically Induced Nonlinearities

Previously it was mentioned that for high optical power levels, the nonlinear
absorption and scattering mechanisms start to degrade the linear response of the
filter. These were due to the Stimulated Raman Scattering (SRS) and stimulated
Brillouin Scattering(SBS). Also the nonlinearities arising during the electrical to
optical conversion process and optical to electrical conversion process may also

set limit to dynamic range at high optical powers.

2.4.1.3 Spectral Periodicity

The free spectral range (FSR) was defined previously as the repetition period of
the response of the filter and is inversely proportional to the inverse of the

minimum delay in the system. Thus the bandwidth of the RF signal to be
17



processed should not be larger than the FSR if single resonance response is

required.
2.4.1.4 Positivity of Tap Coefficients

For incoherent filters the equation relating the detector current to the input signal

was found to be

N
L = K1Y Ja,[s;(t-nT) (2.14)
n=1

Since the detector responds to optical power and not to the optical phase, the
coefficients in the above equation are inherently positive. This limits the variety
of the filter responses that can be designed by using photonic technologies.
Although some methods are introduced to implement filters with negative

coefficients [16],[17] these introduce considerable complexity to the system.
2.4.1.5 Limited Spectral Period

It was mentioned previously that the response of photonic filters repeat
themselves at a rate 1/T where T is the minimum delay in the filter. However, for
incoherent filters the minimum delay time should be larger than the coherence
length of the laser source. If this is not the case filter will suffer from both the
nonlinear effects and the PIIN noise. This fact sets an upper limit to the minimum
delay in the fiber thereby setting an upper limit to the FSR. In order to overcome
this problem, filters utilizing more than one lasers are purposed [18],[19] since in

this case correlation between the phases of the optical carriers is totally lost.
2.4.1.6 Tunability

The tunability refers to the ability of changing the response of the filter. In order
to achieve this, the delay lengths of the filter should be changed. To provide
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tunability switched delay line and high dispersion fibers utilizing multiple lasers

are purposed [21].

2.4.2 Electrical Sources of Performance Limitations

Although the photonic microwave filter does achieve its task in optical domain, it
may be considered as a black box with an electrical input at the RF port of the
optical modulator and an electrical output at the optical detector side. Therefore
photonic filters, like their electrical counterparts, are subject to some electrical
performance criteria and limitations such as gain (loss), noise figure and

intermodulation distortion.

2.4.2.1 Gain

The gain of a photonic filter can be found by simply pursuing the RF signal as it
propagates through the filter. The three parts influencing the total gain of the filter
are the electro-optic conversion, losses in the optical domain and the opto-

electronic conversion which are shown in Figure 10.

G, (dBo) =10log(T,,..)

Figure 2.8 The propagation path of the RF signal
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First the RF signal is used to modulate the output light intensity (power) of an
optical modulator (A detailed analysis of the modulator is given in Chapter 4. The
output light intensity of the modulator, assuming the operation at quadrature bias,

as a function of the input RF voltage is given by the formula

7 xV.
=1 in 2.15
out n 2V” ( )
where Tout is the output light intensity

Lin is the input light intensity
Vin  is the applied input signal
Vi is the voltage required to change modulators output

intensity from its maximum value to its minimum value

For an input RF power of Pj, to the modulator having the input impedance Z, the
peak value of the input voltage is V,, =./2P, xZ, and the modulator output

intensity is given by

T x,2P, xZ,
Lowe = lin 2V (2.16)

v

If the loss in the optical path is L, then the intensity at the input of the optical

detector is

TxA2P, xZ,

I =ik
det in o (2.17)

T

The output current of the detector is R, where R is the responsivity of the

detector. Thus the output power of the detector (assuming a load of Z,) is given by

2
| 7Z
Pout = (%Idet )zzo /2 :(mZTOSRj I:>in (2-18)

T

And the total RF gain is
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2
| A7,
— n m
N (2.19)

Note that the gain is proportional to the square of the input light intensity, this fact
is utilized to compensate both electrical and the optical losses since this method

increases the gain without any external amplifiers.

2.4.2.2 Electrical Sources of Noise and Noise Figure

The two noise mechanisms are the shot noise and the thermal noise. The source of
the shot noise is the quantized nature of the charge carriers. An average current of
L.vg does not deliver always the same amount of electrons at a given differential
time interval At. Rather the number of electrons delivered has a poissonian
distribution which peaks at the value I,z At. The statistical fluctuations of the

received number of electrons results in shot noise with a power spectral density
Ngo =291 ,, Where 1 =RP T, (2.20)

The source of the thermal noise is the thermal agitation of charge carriers inside a
conductor. This type of noise is independent of the applied voltage and its power

spectral density is given by

Niperma = % (2.21)
Where k is the Boltzman constant
T is the temperature in Kelvin
R is the resistance value of the conductor

The noise figure of a two port is defined as the ratio of the total noise power at the
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output port to the noise power at the output port due to the input noise only. Thus
if the two port has a gain of G, assuming only thermal noise at the input port, the

noise figure is given by

NOU
NF (dB) =10log,y| 4 2%~ (2.22)
—0G
R

The total noise power of a photonic microwave filter is the sum of the noise terms
defined in the previous section. Thus the noise figure of the filter is given by the

expression

Ngn + Ngoe + Npyw + N
NF (dB) = 10log,,| —*——3 ——"—— (2.23)
R G

2.4.2.3 Linearity and Intermodulation Distortion

Except from the nonlinearities induced in the fibre at high levels of light
intensities, there are other sources of nonlinearities introduced at different blocks
of the filter. These are introduced mainly at the modulator during the electro-

optical conversion, and at the detector during the opto-electronic conversion.

The nonlinearity in electro-optical modulator is the major source and limits the
maximum level of the signal that the system can handle. The nonlinearity
manifests itself as the harmonics introduced to the spectrum of the output signal.
The performance parameters of the nonlinearity are the spurious free dynamic

range and the IP3.

For linear operation of the modulator, it is biased at the quadrature point where

the conversion efficiency of the fundamental term is maximum and second level
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harmonic distortion are at their lowest levels. The third order harmonics are also

the strongest harmonics at that biasing points.

A performance parameter regarding the third order nonlinearity is the IP3. IP3 is
measured by applying two equal level signals at frequencies f; and f, to the
nonlinear device and observing the intermodulation terms at 2f,-f; or 2fj-f; (see
Figure 11 a). These are the most deleterious intermodulation products since they
are very close to the signal bandwidth and cannot be filtered easily. The IP3 is a
virtual point where the level of third order intermodulation product is equal to the
fundamental term. Note that for every Db increment of the fundamental term, the
third order intermodulation term increases by 3 Db [22]. IP3 is a virtual point

since the saturation effects prevent the imd terms to reach the fundamental term.

Two strong level chamnels

3 L ]

SFDR= | :
CNR=C/IM3 | : Weak channel

PO
Base Noise level
at the recenver in
the system
bandwidth

Third Order Intermodulation term
from two frequencies (IMD3d)

a) spurious free dynamic range
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b) third order intercept point

Figure 2.9 Parameters for the measurement of nonlinearity a) spurious free

dynamic range b) third order intercept point

The spurious free dynamic range (SFDR) is defined as the fundamental carrier to
the two-tone third order intermodulation products just when the IMD3 product
power equals to the total noise power on the system bandwidth [22]. From Figure

11 b, the SFDR is calculated as

2 IP3 2
SFDR = 2101 2 | |dB—Hz? 2.24
3 OglO[N Rj [ j ( )

out
where R is the system bandwidth

Nout 1s the total noise at the output of the detector

2.5 Implementations of Photonic Filters

This section describes the practical implementations and the operating principles
of incoherent photonic filters. The main classification criteria in the
implementation of the photonic filters is the number of sources employed in their

setups. In one class (Single source microwave photonic filter) only one laser
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source (either tunable or at a fixed wavelength) is used to be modulated by the RF
signal. This type of filters suffer from the FSR limitations since coherence length
of the laser sets a lower limit to the minimum delay applicable for incoherent
operation. For multiple source microwave photonic filters (MSMPF) however,
different lasers at different wavelengths are utilized for the implementation of
delays. There is no FSR limitations in these type of filter since the deterministic
relation between the phases of the carriers is totally lost [23]. Also methods of
implementing filters with negative coefficients are presented due to the large

interest they currently attract.

2.5.1 Single Source Microwave Photonic Filters (SSMPF)

The main advantage of single laser systems over the multiple source systems is
their low cost. However in order to obtain a stable response, incoherent techniques
should be employed which degrade the performance of the filter. First a large
linewidth laser is required to ensure incoherence, thus small linewidth lasers for
telecommunication applications cannot be employed [14]. Secondly use of single
source introduces PIIN noise to the signal which is the dominant source degrading
system performance. A novel method to eliminate the PIIN and the coherence

effects is introduced in [14] with the schematic given in Figure 12.

Input RF
Bias |

100 % Reflectivity
Bragg Grating

P

I‘Laser

Modulator

ﬂ Photadetector

Figure 2.10 A coherence free single source photonic filter
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In this structure the optical carrier passing through the isolator is modulated at the
modulator in the forward direction. After being reflected back from the Bragg
grating the modulated carrier reenters the modulator to experience a second
modulation and directed to the photodetector by the circulator. The frequencies at
which the signal experiences 180 degrees phase shift are the points where the
filter response has the notches. Thus the distance between the modulator and the
grating controls the notch frequencies. Interference causing coherence is
eliminated since single carrier exists in the system as a result small linewidth

source can be employed for this filter.

This filter has another advantage that with the employment of chirped grating
instead of uniform Bragg grating the notch frequencies may be tuned by changing

the laser wavelength (which requires a tunable laser source).

The schematic of another single source photonic filter that utilizes an active
medium to increase the number of taps, which is purposed in [23], is given in

Figure 2.11.

Active filter

Passive filter

Figure 2.11 A hybrid filter that utilizes an active medium to increase the
number of taps

In this structure the first grating (at the left of EDF) has a reflectivity of 50%

26



whereas the second grating has a reflectivity of 100%. Half of the signal is
reflected at the first grating and the other half enters to erbium doped fiber (EDF)
to be amplified. The pump laser provides the energy for the amplification process.
The amplified signal is reflected back from the second grating and passes again
from the amplifying medium. Reaching to the first grating, again same part is
reflected back to the amplifying medium and the other part is sent to the detector.
Increasing the gain of the amplifying medium, the number of reflections between
the cavities of the sample may be increased resulting in increased number of taps.
At the point where the gain of the EDF totally compensates for the losses in the
system the number of taps is infinity. However this condition is not implemented

in practice because of the stability considerations.

Note that in Figure 11 a passive filter is attached to the output of the active section
of the filter. This part is used to eliminate the intermediate peaks and to select the
multiple that corresponds to the desired frequency [22]. In fact this hybrid filter is
one of the highest Q photonic filters with a quality factor around 900 [23].

2.5.2 Multiple Source Microwave Photonic Filters (MSMPF)

As mentioned earlier, the main drawback of SSMPFs is the introduction of PIIN
and degrading the SNR performance of the system. Although solutions to
overcome this problems are purposed, increasing the number of taps in these
structures 1is rather difficult. MSMPFs on the other hand do not introduce
coherence problems and it is easier to construct flexible, reconfigurable and

tunable filters using multiple sources.
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Figure 2.12 A MSMPF based on laser array

In the MSMPF given in Figure 2.12 is purposed in [24]. The structure consists of
an array of N lasers and each wavelength experiences different delay at the
linearly chirped grating. The amount of delay T can be controlled by changing the
wavelengths of the tunable sources. Also if the output powers of the lasers are

adjustable apodization can be applied easily to the filter impulse response [8].

Another type of MSMPF that utilizes dispersive medium to implement delay is
shown in figure 2.13. The operation principle of this filter depends on the
different delays encountered by different wavelengths at the input. These filter
offer same advantages as the filter given in figure 2.12 however the dispersive
element used is generally long fiber which introduces excessive loss to the system

the compensation of which requires extra amplifying components.
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Figure2.13 ~ MSMPF utilizing dispersive medium
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2.5.3 Implementation of Negative Taps

It was aforementioned that coherent filters are not implemented in practice
because of the sensitivity to environmental conditions such as vibrations and
changes in temperature. The incoherent filters are introduced to solve this
problem. However use of the incoherent filters introduce another drawback, the
positive tap coefficients. The lack of negative coefficients does not allow design
of filters with flat bandpass and sharp transitions, also there is always a resonance

at baseband [2].

One method to solve this problem is known as the differential detection since it
uses two opto-electronic converters with the response of one inverted. The
operating principle is shown in Figure 2.14. The impulse response of the filter is
divided into two parts one of which is includes positive coefficients and the other
contains all negative coefficients. The two sections are implemented using
incoherent approach, i.e. with positive coefficients. At the detection stage the
optical signal at the positive coefficient side is fed to a noninverting diode
whereas the optical signal at the negative coefficient side is fed to an inverting
diode to achieve inversion. With this technique every negative coefficient filter
can be constructed. However the requirement of extra component for the
implementation and the requirement for careful path balance to ensure robust

characteristics make this technique less attractive [22].
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Figure 2.14  Implementation of negative taps using differential detection

2.6  Practically Implemented Filters

2.6.1 The FIR Filter

The following setup is constructed to construct a two tap low pass filter.

Laser N Crptical N Crptical * Optical Ciptical
| Modulator splitter p---,  __--g Combiner Detector

F 3 i o T,

Exzcess delay

DC Supply of 85 cm

Ard 5 Volts

MNetwork Analyzer
Power=0dBm

Fy

Figure 2.15 The setup of the two tap fir filter

The optical signal from the laser is fed to the optical modulator. The DC bias of
the modulator is adjusted to the point where maximum modulation index is
achieved. The RF input of the modulator is fed from Portl of the network

analyzer (HP4395A). The modulated carrier at the output of the modulator is
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fed to an optical splitter. One arm of the optical output is fed directly to the input
of the optical combiner whereas the second arm introduces a delay using a 85 cm
fiber. The output of the combiner is fed to the optical detector to achieve electro-
optical conversion and the electrical signal is fed to the second port of the network

analyzer to observe the frequency response of the system.

Note that the system has a simple transfer function of H(z)=1+z"'. The excess

delay experienced by the optical signal at the 85 cm fiber is,

T= I 0’858 =4.25x10" where v is the speed of light in fiber
v 2x10

Thus the filter will notch at the frequency where the 4.25%10” seconds delay

corresponds to 180 degrees of phase shift i.e.

27x425x10° xf =7 = f =117.6MHz

The response obtained is shown in Figure 2.16.
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Figure 2.16  the response of fir filter

The noise mechanisms in two-tap filter

In order to analyze the noise behavior of the system following procedures are
applied, which are adapted from [11].

31



First the laser turned off and the second path to the optical combiner was
disconnected. This setup measured the noise floor of the system (i.e the noise due
to the optical detector)

Secondly the laser is turned on and Relative Intensity Noise (RIN) due to the laser
was measured.

Lastly the second path to the optical combiner was connected which allows to
measure the Phase Induced Intensity Noise (PIIN) of the system.

In the Figure 2.17 the weakest noise is the detector noise, the curve above the

detector noise is the Relative Intensity Noise and the noise that dominates by far is
the Phase Induced Intensity Noise.
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Figure 2.17 Noise contributions in two-tap filter

In the above figure the decrement in PIIN as the frequency is increased is due to

the narrow bandwidth of the frequency response of the detector and the

fluctuations are due to the back reflections within the circuit.

2.6.2 The IR Filter

In order to implement an IIR filter the setup shown in figure 2.18 is constructed.
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Figure 2.18  The schematic of the IIR filter

The delay in this filter is introduced in the feedback path at the optical
combiner/splitter. The transfer function of the filter can be derived by tracing the

optical signal at the splitter.

R
- K
Combiner
/Splitter
— > >
o”

Figure 2.19  the coupling at the combiner/splitter

The first tap is the signal that encounters no delay in the splitter and has the

coefficient 1- «.

For the second tap, the signal passes to the upper arm of the splitter and fed back
to the input of the combiner. The delay encountered is the length of the feedback
path. Assuming the loss in the feedback path is R, the magnitude of the second tap

is KR
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For the third tap the signal makes two rotations in the loop which leads to a tap

coefficient of K?R*(1- k).

Continuing that way the overall transfer function of the filter is given by the sum

H(Z)Z(l—l(‘)+ K’ 3 (l—l(‘)n_anZ_n (2.25)
=1

n

For the filter constructed in the setup which is given in Figure 2.18, the coupling
coefficient is 0.7. The response observed at the Network analyzer and the results
of the simulation of the transfer function in matlab is given in Figure 2.20 a) and

b) respectively.
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(a) the plot taken from network analyzer
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Figure 2.20 the response of the IIR filter a) the plot taken from network

analyzer b) simulated response in matlab

In this type of IIR filters the sharpness of the filter can be adjusted by changing
the coupling coefficient «, of the coupler. The sharpest response is obtained at k =
0.33 which is purposed in [1]. A matlab simulation with k = 0.33 gives the filter

response as in figure 2.21.
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Figure 2.21 Filter Response for k = 0.33
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CHAPTER 3

THE PHOTODETECTOR and THE LASER
3.1 The Photodetector

The task of an optical detector is to convert optical energy to electrical energy
using photoelectric effect [25]. A photodetector should achieve this task without
adding noise to the signal and without distorting it. Also the detector should not
waste any input power and have a fast response to detect optical signals

modulated at high rates.

The figures of merit of the photodetectors are the quantum efficiency,
responsivity, bandwidth, noise equivalent power (NEP) and spectral response

each of which will be discussed next
3.1.1 The Quantum Efficiency

The principle of operation of a photodetector is creation of electrical charges by
the absorption of optical energy, namely photons. The quantum efficiency is the
parameter showing how efficient the detector converts photons into electrical

carriers. It is denoted by n and is given by

_ number of electrical carriers created
number of incident photons

Quantum efficiency determines the signal to shot noise ratio, thus the SNR of the
detector at high optical intensities. Given the absorption rate “o” of the detecting

medium of length L, the transmitted power through the medium is P, =Pi,*exp(-
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aL) and the absorbed power is Paps=Pin(1- exp(-aL)). Since each absorbed photon

creates an electron-hole pair [25],

n=——-=1-e (.1)

3.1.2 The Responsivity

The responsivity is the ratio of the output current of the detector to the incident
power in the units of amperes per watt. The responsivity (R ) can be expressed in

terms of quantum efficiency as
S WO (3.2)

Note that the responsivity of a detector increases as the wavelength of the optical
signal increases. This is due to the increased number of photons in a given power
when the wavelength is increased (the energy of single photon is decreased).
However for higher wavelengths the responsivity of semiconductor detectors
experiences a sharp decrease since the photon energy falls below the bandgap

energy E,. This is shown in Figure 3.1.
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Figure 3.1 Responsivity curve of a semiconductor optical detector

37



3.1.3 Bandwidth and Capacitance

The bandwidth of a detector determines how fast it responds to the variations of
optical power. Two factors influence the bandwidth of the photodetector. One is
the RC time constant produced by the capacitance of the detector and the load
resistance, the other is the time the carriers require to reach the electrical contact
points of the detector.

The time required for the output of the detector to reach from its minimum value
to 90% its maximum value is In(9)RC = 2.21tr¢, adding the transit time of the
carriers the rise time becomes T, = 2.2(trc+Ty) Which sets an upper limit to the

bandwidth of the detector [25].

3.1.4 The Noise Equivalent Power

Even if no signal is applied to the input of the detector, one still gets output
current from the detector. The main reason for that is the thermally generated
carriers resulting in so called dark current. One way of representing the noise term
at the output of the detector is noise equivalent power (NEP), which is the power
level of the incident light to achieve an SNR of 1 at the detector.

The power spectral density of the noise is broadband but not flat, thus NEP is
given at a given wavelength and modulation frequency with units watts/\Hz. In
order to be able to compare the performance of detectors of different sizes, the
NEP is sometimes normalized to a detector area of 1 cm® and then is given in

units of watts/\Hz/Nem [25].

3.1.5 Spectral Response

The responsivity and the quantum efficiency depend on the absorption coefficient

of the material through which the incident optical power propagates. The
38



absorption coefficient however is a function of wavelength and different
substrates are used to detect optical signals at different wavelengths. The most
common materials used in communication equipments and the wavelengths at

which they are sensitive is given in Table 3.1

Table 3.1 Semiconductor materials and respective wavelength ranges

Material | Bandgap, eV | Wavelength |~ Wavelength of esponsivity

range (nm) | peak response (nm) | (max) (A/W)

Si 1.17 3001100 SO0 0.5
Ge 0.775 5001800 1550 0.7
mGaAs | 0.75-1.24 10001700 1700 1.1

3.2  The PIN Diode

The structure of the pin diode is given in Figure 3.2 where the intrinsic region is
sandwiched between the p and the n regions. The photons arriving to the detector
pass through an antireflection coating which prevents the striking photons to be
reflected back from the surface of the detector [6]. The photons also pass through
the thin, highly doped p-region and enter the intrinsic region. Intrinsic region is
the place where the photons are absorbed and electron-hole pairs created. Longer
regions increase the probability of absorption however they also make the path of
free electrons and holes longer, which increase the amount of time required to
reach contact points. Thus diodes with longer intrinsic regions are more sensitive

but slower than those with shorter intrinsic regions.
Under the influence of external electric field the free electrons and holes reach the

contact points and create an external current flow which is then detected by the

external electronic circuitry.
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Figure 3.2 The Structure of a PIN diode

3.3 The Laser

A laser consists of three components, an active region with energy levels that can

be selectively populated, a pump to produce population inversion between the

energy levels and an electromagnetic cavity which contain the active medium and

provides feedback to create oscillations.

active medium
E—
laser output

highly reflecting partially
mirror reflecting mirror
pump power

Figure 3.4 Laser Structure

Quantum theory shows us that matter exists only in certain allowed energy levels.

In thermal equilibrium lower energy states are more likely occupied than the

higher energy states. If a photon with energy equal to the energy difference

between the states hits an atom at lower energy the atom absorbs the photon and
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is excited to the upper state. This is known as absorption. Inversely if the atom
hits an excited atom, a second photon with same polarization and energy is
created leaving the atom in lower energy state. This process is known as the

stimulated emission and constructs the basis of lasing.

For a two level system in thermal equilibrium Boltzman distribution law dictates
that the number of atoms in the excited state to be less than the number of atoms
in lower state. However in order to provide a stimulated emission rate greater than
the absorption rate, the number of excited atoms should be larger than the photons

in ground state, which is known as population inversion.

However two level systems are not suitable for population inversion hence three
or four levels systems are utilized in practice. The operation of a three level

system is described below.

E3
l fast decay
E2
pump laser radiation
power
E1

Figure 3.5 Three Level Laser System

e Atoms in the lowest energy state El are excited to E3 by the pumping process

which requires an external source

e Since E3 is an unstable energy level, electrons decay to E2 rapidly. The
energy is lost as lattice vibrations (phonons). Electrons stay in E2 for longer
time since E2 is a metastable energy state. If the electrons in E1 are excited at
a faster rate to E3 than the decay rate from E2 to E3, population inversion is
achieved between E2 and El. As a result photons with energy E2-E1 can
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create new photons with same energy utilizing stimulated emission process[5].

The energy levels in figure 3.5 are plotted as solid lines which result in single
oscillation frequency. In practice however the energy levels are not solid lines
rather they form energy bands. This results in wider spectrum of laser output
called as linewidth.

Once the gain in the active medium is large enough to compensate for the losses
in the cavity (losses in the mirrors and absorption losses) then the amplitude of the
oscillations increase up to value where saturation effects start to become effective.
Since the photons create standing waves in the cavity only certain frequencies
could exist within the cavity. The discrete frequencies are given by the formula:

c
f=m*— 33
2nL (3-3)

where f is the frequency of oscillation
c¢/n s the speed of light in the cavity
L is the length of the cavity
m is an integer
this condition along with the linewitdh of the active medium result in the spectra
whose shape is given in figure 3.6 which is in fact the laser we utilized in this

thesis.

Figure 3.6 The Spectrum of Laser Output
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CHAPTER 4

HARMONIC GENERATION USING LiNbO3 OPTICAL MODULATOR

4.1  The Theory of Operation

Optical modulators are devices that alter the phase and/or amplitude of the optical
carrier when an external electric field is applied. Many different mechanisms are

utilized in order to achieve optical modulation. The major mechanisms used are,

e Electro-optic Modulation
e Acousto-optic Modulation
e Magneto-optic Modulation

e Mechanical and Micromechanical Modulation [27]

The modulator used in this thesis is an electro-optical modulator and only the

operating principle of these type modulators will be presented here.

Electro-optic modulators utilize the change in the index of refraction of certain
types of crystals when an external field is applied. This linear electro-optic effect
is also known as Pockels effect named after F. Pockel who studied the effect in
1983 [28]. The underlying theory will be briefly introduced here, for detailed
analysis one may refer to [27] [28] [29].

In an anisotropic media the displacement vector D and the electric field E are

related byD =geE, where & is the permittivity tensor. For nonmagnetic

materials the permittivity tensor is real and symmetric which means that by proper

selection of coordinate axes one may obtain a diagonal & as
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g 0 0 n; 00
=0 &, 0|=5]|0 n; 0 (4.1)
00 ¢ 00 n;

Where n, are the principle indices of refraction and the matrix on the right is
called as the optical dielectric tensor. Then the phase velocity of an optical beam

polarized in i" direction is ¢/n, .

The optical dielectric tensor depends on the charge distribution within the crystal.
Thus the application of an external electric field may change the charge
distribution and thereby the optical dielectric tensor. This is known as the electro-

optic effect.

Conventionally the change in the optical dielectric tensor due to external electric

filed is given by the equation
1 3
n"Ji a4
where k is the direction of the applied electric field andry’s are the

experimentally determined linear electro-optic coefficients.

The modulator used in the thesis utilizes LiNbO; crystal which is a uniaxial

crystal with impermeability tensor,

1/n2 0 0
0 1/n; 0 with ng=2,29 and n.=2,20
0 0 1/n;

The electro-optic coefficients of the LiNbO; crystal are given as
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r113=1223 =8.,6 102 m/V

220= -T112= -I122= 212 =34 107”2 m/V
333 =30,8 102 m/v
232 =I'322 =T'131 =I311 =28 10_12 m/V [28]

Since r333 is the largest among the electro-optic coefficients it can be utilized for

the maximum change in the index of refraction foe a given electric field E.

Consider the structure given in Figure 4.1 where the wave is polarized in z
direction and propagates in x direction. If the external field is applied in z

direction the change in impermeability tensor would be,

1
A(F} =ny *E, (4.3)
33
1 1 %
and A - =A — = r223 Ez (44)
n"Ju n"Jx

from the formula 4.2

Figure 4.1 The direction of the applied filed and polarization

Thus the uniaxial property of the crystal does not change due to the external

electric field. The change in the refractive index in z direction can be found by the

assumption ri;3+E<<1/n’ use of the differential formula dn = —(n3 / 2)* d (1 / nz)
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which gives
=N, _76 "Iy *E, (4.5)

The phase shift relative to the case in which no field is present can be calculated

once the change in the refractive index is known. It is given by the equation

A= 27”{—%* N *r,, * (%ﬂ (4.6)

Where V/d is substituted for the applied electric field and | is the length of the
crystal.

The half wave voltage V; is defined as the voltage at which the applied field a
phase shift of m and is given by

V, = - (4.7)

4.2 The Structure of Mach-Zender Modulator

In optical communications most electro-optic modulators utilize Mach-Zender

structure whose structure is given in Figure 4.2

v I+
Output
Input I
— <

=)=

Figure 4.2 The structure of Mach-Zender Modulator

—>
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The optical signal is split into two arms and external voltage is applied to one of
the arms to introduce relative phase shift. Finally the signals at to arms are

combined to yield output. The output intensity is given by

2
e = |—Ee % 4 Lo :%(I+cosA¢)lin (4.8)

W2 V2

Where E is the electric field of the optical carrier and should not be confused with

the external electric field due to the applied voltage to the electrodes. Also A¢ is

the relative phase shift between two arms. As is obvious from the formula an

applied voltage changes A¢ and thereby the amplitude of the optical carrier thus

amplitude modulation is achieved using mach-zender structure.

4.3 Generation of Harmonics

In order to generate harmonics of a signal, nonlinear property of the optical
modulator is utilized. The transfer function relating the modulators output light

intensity to the applied bias voltage is given by the formula

I output (V ) == input * %(1 + COS(]Z' \\//_jJ (49)

T

Where
V = Applied Voltage to the Modulator

V.= The voltage range which changes the output from

maximum to  minimum

The modulator’s characteristics curve is plotted below in Figure 4.3
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Figure 4.3 The response of modulator
The input voltage to the modulator consists of a DC term, which determines the

quiescent point and an AC term as the modulation signal. So, the input voltage to

the modulator can be expressed as

V., =V + (Vl sin (a)lt)+V2 sin (a)zt)) (4.10)

Putting the input voltage value in (2) into (1) one gets the output intensity function

1
Ioutput =3 2 mput 1+ |:CO{TC
2 (411

{sm(n Dc}smwm(@ O+ Visino,0)|)

as

S j x cos(V,sin(m, t)+ V. 51n(0)2t)) -

< | <

\Y

Using the identities

sin(X +Y) = sinX . cosy + cosX . siny

cos(X +Y) = cosX . cosy — sinX . siny,

cos(X . sin) = Jo(X) +2 J 2a(x)* D cos2nd,

n=1
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sin(X . sind) =2%> " Jpp1(x)* sin(2n — 1)0

n=1

the output intensities is obtained as

+ ZCos(ﬂ\%jZ(ﬁJak(ﬁ://—kj cos(i aka)ktD (4.12)

for

2
Z|ak| = even integer only
k=1

22: 7| = odd integer only
k=1

44 PRACTICAL SETUP

In order to generate harmonics of a signal the setup shown in Figure 4.4 is
constructed
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Laser .| Optical .| Optical .| Optical
| Attenuator | Modulator "| Detector
A
L DC Supply S "t
Adjustable pectrum
RF quer (Ad ) Analyzer
Combiner
A A
Isolator
’7 RF Signal
RF Signal Isolator Generator (2)
Generator (1)

Figure 4.4  Setup to create and analyze harmonics

To generate harmonics the quiescent point of the optical modulator is changed by

adjusting the DC power supply at the DC input of the modulator.

At the RF port of the modulator two signal generators are combined to allow two

tone modulation.

Optical attenuator and the isolators are inserted in order to be sure about the
linearity of the RF signal generators and the optical detector. When generators and
the detector also show nonlinear behavior then it may be difficult to analyze the

nonlinearity which is caused only by the modulator.

4.4.1 The Linearity of The Generators

The signal generators used in de setup are the Agilent’s 8657A and E4434B
model signal generators. At high output levels (higher than 5 dBm) harmonics of
the fundamental signal is observed at the output of the generators. Also some
intermodulation products are observed due to the interaction between the
generators. In order to reduce the amplitudes of the spurious frequencies isolators

are inserted to the circuit.
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The response of one of the isolators is shown below (S21 and S12 curves)

CH1 3521 log HAG 18 dB/ REF © b -. 8645 db

188 HHz

Cor

F Bll 3@ kHz POLIER © dEa SUP_ 112.6 msac
TART 18 Hz STOP S©8 HHz

Figure 4.5  the response of isolator

Below two figures show the combined output of the generators before and the

after the insertion of the isolators.

----- Agilent 11:21:27 Jan 19, 2003 [ Marker
dBm A ; A . Select Marker
‘ \ Normal
‘ Delta
Marker |

281.200000 MHz o Dekl_ta I;ai{r;
-42.31 dBm H Ref
! . Spag Pair
i pan Center

g R
FTur |‘ off
7 More
z VBM 1 MHz 1 ms (601 p S0

Operation Status, A:\SCRENO31.GIF file saved

a) Before the insertion of isolators
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i Agilent 11:20:00 Jan 19, 2008 BH/Avg
r ) z Res BH
1.5 MHz
Man

Video BW
1.8 MHz
Man

VBW/RBH
1.60608

RBM Ao Man

Average

{n 0ff
Avg/VBH Type

Log—Pwr (Wideo)w
HAuto Man

Span/RBHW
166
Man

t 2000-2005 Agilent Technologies

b) After the insertion of isolators

Figure 4.6  the output of the combiner before and
after the insertion of isolators

4.4.2 The Linearity of the Optical Detector

Another block that can introduce linearity to the system is the optical detector.
The detector used in the setup is Hewlett Packard’s PDC2201-2.4. Unfortunately
the datasheet of the detector was not available and the optical power level at

which the detector starts to become nonlinear was unknown.

To analyze the nonlinearity of the optical detector, the attenuation of the optical
attenuator is varied and the change at the output of the detector is observed. For
every dB attenuation in the optical attenuator some decrement in the levels at the
output of the detector is obtained. The decrement in the detector depends on many

factors such as the responsitivity of the detector, optical losses in the system etc.

If the detector is linear then an increment in the optical loss will cause same

amount of decrease at all the harmonics.

When the detector does not operate in linear region and harmonics are generated
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due to the detector then, if a change in the optical loss causes a decrement of x in
the fundamental term, the second harmonic will be reduced by 2x and the third

harmonic will be reduced by 3x.

To make the detector to operate in its linear region, optical attenuation is
increased to a value where all the harmonics have same differential decrement for

some increment in the optical loss.

4.5 Single Tone Modulation

For the analysis of the harmonic terms for the case in which the RF signal applied
to the modulator consists of a single tone, the combiner in Figure 4.4 is removed
and the signal is applied to the modulator through the isolator.

The amplitudes of the harmonics can be calculated using the formula given in the
previous section. The powers of the fundamental and harmonics are proportional

to the squares of the given formulas.

The fundamental harmonic has amplitude

V) (Vo
| g = 2linput X Jl(ﬂ'v—lJSID(ﬂ' VD ] (4.13)

Va Vi

And the power of the fundamental component is

P,,.s (dBm) = C, +20log,, ( Jl(ﬂ\\//—ljsin[n\(/ﬁ] ) (4.14)

/4 T

Where C; is a proportionality constant concerning the
fundamental term

The second harmonic has the power
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P....q (dBmM) =C, +20log,, J{ﬂ\\//—ljcos(ﬂ\(/LCJ ) (4.15)

V4 T

And the third has the power

P,;.s (dBmM) =C, +20log,, J{ﬂ\\//—l]sin(ﬂ\(/LcJ ) (4.16)

V4 T

A simulation setup is constructed in the ADS to analyze the signal powers.
Although the analytical expressions relating the power levels of the system is
given, ADS is utilized since it can plot the spectrum of the output signal and

provides some visual help.

%. PARAMETER SWEEP I

ParamSweep
Sweepl
@ ‘HARMONIC BALANCE ' - SweepVar="Vbias"
: S e : - SimInstanceName[1]="HB1"
2l VAR . HemenisEEErE . . . SimlnstanceName[2]=
VAR1 HB1 SimlnstanceName[3]=
Vmod=8.5 MaxOrder=3 _ _ ~ SimInstanceName[4]=
Vbias=4.5 Freq[1]=75 MHz SimInstanceName[5]=
Order[1]=3 SimInstanceName[6]=
Stop=9
Step=0.5
. - vin N & - . B
+ V_nTone ' +1 2+ R
SRC2 B e I s R1
Freq[1]=75 MHz = SDD2P = R=50 Ohm
V[1]=polar(0.8,0) V SDD2P1

[1,01=(_v1)/50.0
I[2,01=0.004*(cos((3.14*_v1Nmod)+3.14+(Vbias+6.5)Vmad))
L . SR v . . : : .

Figure 4.7 Simulation setup to analyze the system

In the simulation, the output current (I[2,0]) of the non-linear two-port is a

function (which is the transfer function of the optical modulator ) of input
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voltage. The amplitude of the voltage applied to the modulator (vin in the

simulation) is calculated as follows,

While taking data from the setup, the signal generator supplying input voltage to
the optical modulator was adjusted to 75 MHz and 10 dBm.

Reducing the losses in the cables and isolator (about 2,5 dB), the input power at

the isolator’s RF port is 7.5 dBm. So the input power is;

7,5

10" =5.6mW

Since the input impedance of the isolator is 50 ohms, the voltage at the input is

2

V;m(; =0,0056 =V, =0,529V

An the corresponding peak value is 0,529*1.414=0,75V; the value in ADS that
fits best to practical data is found to be 0,8 V,

4.5.1 The Fundamental Term:
For the fundamental term the results of the simulation, along with the data taken
from the setup and calculation of the formula is given in Figure 4.8

data_fund:[-25.?,-34.1 -38.3-26.7 -22.2-19.2 172157 145138.-136-135-13.7 -14.5-15.7 -17 .5 -20.4]
fundamental:-5+1 0*log10{pow(Z*sin(3. 14*(vhias+6.5)/8.59%n(1 3.14*0.8/8.5) 2))

modulaor. Vbias
Vhias

Figure 4.8 Fundamental term versus DC Bias
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In the figure the solid line shows data taken from setup, the dashed line shows the
calculated response using the formula and the dot-dash line is the ADS simulation

result.

45.2 The Second Harmonic:

For the second harmonic the results of the simulation, along with the data taken

from the setup and calculation of the formula is given in Figure 4.9

Whias

Second:-5+1 0*log10(pow(2*cos(3. 14*Vhias+6.5)/8.58)%n(2 3.14*0.8/8.5) ,2))|

data_second=[-38.8,-38.?,-38.6,-38.8,-39,-39.5,-40.4,-41 9,-44.3,-45.0,-506,53.9 46,2422 -39.7 -38.1 .37 1]

m2
indep(m2)=1.500 .
plat_vs{data_second modulaor. Vhiag)=-38.700

md
"/hizs=1.500
dBvout[:: 2])=-47 411

ey

muodulaor. Vbias
bias

Figure 49  Second harmonic versus DC Bias

Note that the dash-dotted line (ADS plot) is about 10 dB lower than the curve
obtained using the formula and the data curve. This is because ADS plots the

graph relative to 10 dBm.

45.3 The Third Harmonic:

For the third harmonic the results of the simulation, along with the data taken

from the setup and calculation of the formula is given in Figure 4.10
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&M cata_third=[-73,.75 -85, 82 .76 73 .70 67 6 65.7 .65 -54,63.6 63.8 -64.8 -55.3 66.9,70]
B third=-5+10%10y1 Ofpow(2*sin(3. 14*(Vhias +5.5)/8.57n(3,3.140.8/8.5) 2)

2|

o

]

&

il
indep(m1)=6.000
plot_vs(data_third modulaor. vVhias)=-54.000

[fl=]
+/hias=5.000
dB(HB vout[:: 3])=-73.444

data_third
dB{HB. wout[::,2])
third
s e b bvvaa bvvag v ga lia s

5

8

7

LI B s B e e e B e B B [ B B e B
2 3 + s & 7 B a

Whias
modulaor. Whias

Figure 4.10  Third harmonic versus DC Bias

4.5.4 The Behavior at a Different Signal Level

When the input signal is increased by 5 dB the power levels of the harmonics is
observed. It is observed that the fundamental term is increased about 5 dB both
theoretically and practically, the second harmonic is increased about 10 dB, and

the third harmonic is increased about 15 dB.

The plots are shown in Figure 4.11 a), b) and c)given below, the solid lines
correspond to the taken for 10 dBm input and the dot-dashed line correspond to

the data taken for 15 dBm input.

data_fund_mdBm:[-QS 7341383267 222192172157 1456138136135 137 1456157 17 5,20 4]
data_fund_WSdElm:[-QW A1,:305-308,212-169,-14 12,1056 9688855 85884 96,108,124 -152]

] M3 | e
-10—| .!"“ L S
] _""’ 1] e
-5 -
] P
ee ] #
oz .
a5 o ¥
MO i
EER ¥ (i
22 ] : indepim3)=4.500 ]
zz TR 5 plot vs(data fund 15dBm, modulact. Vhias)=-10.560
=7 1\ 4 ma
ad N i indep(m&)=4.500
E R plat_ws(data_fund_10dBm modulany. “hias)=-15 700
=
o T L T LN L L L L L L L
2 3 ‘ 5 & 7 g

modulaor. Whias

a) The fundamental tone
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data_second_1 5dBm=[-28,-28.8,-288,-289,-29.2,298,.30.8,.323,-34.9,.39.2 51 -44.1 -36.1 -32.6 -30.3,-28.5 - 27 6]

data_second_10dBm=[-35.5,-38.7 -358.6-38.6,-39,-39.5 -40.4 -41.9 -44 3 485 596 -53.9,-46 2 -42.2,.39.7 -35.1 .37 1]

2
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&
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]
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m

indep(mZ)=4.000
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rrid

indep(md)=4.000
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modulaar. Whias

b) The second harmonic

BB ata_third_100Brm=[-73,78,85 -82,-76,.71 -70 57 .6 -65.7 .65 64,636, 63.8,64.8 65.3 -£6.9 .70

=i cata_third_15dBm=[-55 -63 B8 66 558,564 -53.2,80.1 -458.9,-48 -47 5,47 48 1 49 507 -63 55 6]
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]
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data_third_10dBm

data_third_15dBm

&

L
o

L
@

]

2]

m1
indep(rm1)=4.000
plat_vsidata_third_15dBm madulaor. Vhiag)=-53.200

[
indep(miEi=4.000
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T P T

¢) the third harmonic

Figure 4.11

Spectrum:

plot wsidata_third 10dBm modulaor. Vhias)=-70.000
T = = =
a

Harmonics for 10 dBm and 15 dBm inputs

The spectrum calculated in the ADS and taken from the data setup for the input

power 10 dBm are shown in the two plots given in Figure 4.12
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b) Output of spectrum analyzer

Figure 4.12  Spectrum at the output of the modulator

4.6 Two Tone Modulation

From the formula given in section 4.3 the amplitude of the fundamental term is
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V
xJ, i J, 2 |sin| 7 Yo (4.17)
\Y \Y

/4 T /4

Ifund = Iinput
So the corresponding power is given by

Y V). (Vv
P..q =C, +20log,,( J, 7Z'V—1 J, 7Z'V—1 sin n% ) (4.18)

/4 /4 T

Where C, is some proportionality constant

The sum (and difference) frequency of the two input frequencies has the power

Py

ifference

Vv Vv Vv
=C, +20log,,( J, 7z'V—1 J, 7rV—1 cos nVLC )(4.19)

T Va s

And the second harmonic component has the power

Vv Y Vv
P..os =C, +20log,,( J, nv—l J, nv—l cos ;z% )(4.20)

T T T

Following ADS schematic is constructed in order to simulate the system. Also the
formulas given above and data taken from the setups are plotted in the graphs in

the ADS to allow comparison.

|€'ﬂ:ui/?| PARAMETER SWEEP I

i ParamSwee
| i‘;'l | HARMONIC BALANCE I Sweepl
SweepVar="Vbias"

VAR HarmonicBalance SiminstanceMame[1]="HB1"
VAR1 HB1 SiminstanceMame[2]=
Vmod=8.5 MaxOrder=3 SiminstanceName[3]=
Vbias=4.5 Freg[1]=141 MHz SiminstanceMame[4]=
Freq[2]=160 MHz SiminstanceMame[5]=
Order[1]=3 SiminstanceMame[6]=
Order[2]=3 Start=1
Stop=8
Step=0.5
win wvout
o V_nlone 1 2 R
SRC2 8 F—1 R1
Freq[1]=141 MHz = _ soooe = R=50 Ohm
Freq[2]=160 MHz e

- V[1]=polar(0.28,0) V I[1,0]=(_v1)/50.0

NIZBECRINO2E DI I[2,0]=0.004*(cos(3.14*_v1NVmod)+3.14*(Vbias+6.5)Vmod))
= clil
Cport[1]= =

Figure 4.13  Simulation setup to analyze the two tone system
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For two tone modulation an RF combiner is introduced to the setup. Since the loss
in the combiner is 10 dB, and 2.5 dB is lost in the isolators, when the generators

are set to 10 dBm the input power to the isolator becomes -2.5 dBm. Which is

2,5

10 1 =0,56 mW

Which corresponds to

2

_V;m(; =0,00056 =V, = 0,167 Volts on 50 ohms

The peak value is 0,167*%1,414=0,24 Volts. In the ADS the value of the input
voltage that fits best to practical values is found to be 0,28 Volts.

For two tone modulation, the power levels seen in the spectrum analyzer along

with the theoretically calculated levels is given in the graphs given below.

4.6.1 The Fundamental Term:

For the fundamental tone, the graph of the data taken (solid line) and curve

obtained from the formula is given in the figure below

B¥fllharm_fund_two_tone2=-5+10%log10{pow(in(1,3.14%(0.28)/8 5)7jn(0,3.14*(0. 28)/8. 5)7sin(3.14*(bias+6.5)i8 5),2))
Bl dual_data fund=[-38.7-50.5.44.5,36.532 8,30,-28.2,-26.8,-25.9,-25.2,24 8 -24.85,25.2,-26.3,.276-20 5,:32.8]

220

30

40}

-850

harm_fund_two_tone2

-B0—

dual_data_fund
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Figure 4.13  Fundamental term (two-tone) versus DC Bias
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4.6.2 The Difference Term:

For the difference component, the graph of the data taken (solid line) and curve

obtained from the formula is given in Figure 4.14

dual_data_diff:[-55.6 -552.554.556.56.564,.573.588,62.-66-80-673.-617.-58.556-543.534]

B¥lllharm_difference=-5+10%log10{pow(({in{1,3.14*(0.28)/8.5)7)n{1,3.147(0.28)/8 5)"c0s(3.147(Vbias+6 518 5)),2))
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Figure 4.14  Difference term versus DC Bias

4.6.3 The Second Harmonic Term:

For the second harmonic component, the graph of the data taken (solid line) and

curve obtained from the formula is given below

dual_data_second:[.61 -B06,-612-61.1.605.616-628-64.-665-70-81.-72.673,.638-62-60.594]
harm_second_nwo_toneﬂ:-5+10*I0g10(pow((jn(2,3.14*(0.28)!8.5)*jn(0,3.14*(0.28)!8.5)*(:05(3 147 (Vhias+6 5)8.5).2)
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Figure 4.15  Second harmonic (two-tone) versus DC Bias
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The spectrum calculated in the ADS and taken from the data setup are shown in

the two plots given in Figure 4.16
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Up till now only harmonics of a single tone or the mix of equal amplitude signals
was considered. However in practical applications, the receiver path of a radio for
example, the information carrying RF signal which has very low power is mixed

with a relatively high power local oscillator (LO) to obtain IF signal.

Generally the LO signal is used the switch the RF signal on and off. The mixer
utilizes some nonlinear elements, such as diodes, to convert RF to IF. Higher level
of LO induces the nonlinearities of these devices easily and the performance of

the mixer is improved.

A setup was constructed to observe the behavior of the modulator when a high
level LO (around 22 dBm) is added to a low power RF signal (around -5 dBm).
The modulator is biased at the point (1.9 Vpc) where the even harmonics are
strongest and odd harmonics are weak. Also the two tap FIR filter constructed in
chapter 1 was added to the output of the modulator to filter LO and RF
frequencies. The power of the sum and difference frequencies fio+frr and  fio-

frr, which are equal in amplitude, was observed.

The signal generators used (hp 8657A and Agilent E4434B) could not produce
signal level of 22 dBm therefore a PA module (RA07H4047M of Mitsubishi) is
utilized to obtain this level. Note that a level of 22 dBm on 50 ohms correspond to
a voltage level around 8 Volts peak to peak which is close to V; of the optical

modulator.

The leakage of high power LO to the RF path is prevented by inserting filters on
both the LO and RF paths. The LO frequency is selected as 354 MHz and the RF
frequency is selected as 118 MHz since these are the frequencies where the two
tap optical filter has notches. The constructed filters and combiner has the circuit

schematic and response curves a given in Figure 4.17
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Figure 4.17  The schematic and response curves for the combining
circuitry
For the LO level of 22 dBm and RF level of -5 dBm the level of the difference
frequency (and also the sum frequency) is found to be -28 dBm which correspond
to a conversion loss of 23 dB. The power level of the output signal versus LO

level and input signal level are plotted in Figure 4.18 a) and b) respectively
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Figure 4.18  Output Signal level versus a) LO Level
b) Input Signal Level

The picture of the setup used throughout the thesis is given in Figure 4.18
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Figure 4.19  the picture of the setup
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CHAPTERS

CONCLUSIONS

In this thesis mixing and methods of filtering of microwave signals in optical
domain is represented. Two photonic microwave filters are implemented (a FIR
and an IIR) and their responses are compared with the Matlab simulation. Also
harmonic mixing of microwave signals is achieved by the utilization of nonlinear
properties of the LiNbO; optical modulator. The aim was to produce sum and
difference frequencies of two microwave signals. Undesired harmonics are

removed by using the previously constructed filter.

Chapter 2 includes filtering methods of microwave signals in optical domain.
Both FIR filters and IIR filters are introduced and their responses are both derived
and plotted. The advantages of using fiber cables as delay lines is explained. Also
the disadvantages and limitations of photonic filters when compared with their

microwave counterparts are mentioned.

Chapter 3 gives theoretical background about the photodetectors and lasers. The
performance criteria for photodetectors are presented along with the explanation
of the operation of PIN diode. Also operation principles of the lasers is introduced

in this chapter.

The physical process utilized to achieve modulation of the optical carrier is
explained in Chapter 4. This chapter also includes the experiments to analyze the
nonlinearity of the modulator. The modulator is biased at different Q-points and

the harmonics are observed for both single tone and two tone modulations. For
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two tone modulation, emphasis is given to sum and difference frequencies and at
the end of the chapter a system is constructed to create the sum frequency of two
input signals. The two tap FIR filter constructed in Chapter 1 is also used to filter

the unwanted frequency components.

Some concluding remarks for this thesis about the generation of the sum and
difference frequencies may be presented as follows.

During the design of the filters a difficulty that was observed is the instability of
the response of the filters. Although these filters are incoherent filters, the
response seen on the network analyzer show fluctuations which is the sign for
instability. This problem is partially solved by providing an environment with

relatively stable temperature and using polarization controllers.

The phase induced intensity noise (PIIN) of the filter was around -50 dBm when
measured at a resolution bandwidth of 3 MHz. This correspond to a noise level of
-115 dBm/Hz which limits the usage of this filter in high sensitivity applications.
The methods to reduce the PIIN noise could not be applied simply because the

required components were not available.

Another aspect to be considered is the utilization of RF filters before applying the
RF and LO signals to the optical modulator. One may claim that if one is able to
construct those filters at high frequencies then photonic filters are not required at
all. Note however that these filters are utilized to prevent the feedthrough between
the LO and RF paths. Hence these filters can be removed by applying the RF and
LO signals to the different arms of the optical modulator. The reason why we did

not do this is the damaged second arm of the modulator.

The aforementioned conversion loss (around 23 dB) of the frequency converter
may seem large when compared with the performance of the RF mixers which
have conversion loss values about 5-10 dB. However increasing the power of the
laser source will reduce the loss of the frequency converter, even gain can be
obtained at higher power levels. Unfortunately high power lasers also require

highly linear photodetectors which was not available to us. Also the bandwidth
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of the photodetector (around 1 GHz) limited our highest RF and LO frequencies.

The sum and difference frequencies are obtained at a modulator bias where even
harmonics are strongest. This situation also lead to a strong second harmonic of
the LO frequency (708 MHz) which does not coincide with one of the notches of
the photonic filter. To eliminate this component one may utilize another photonic
filter.

As a conclusion this thesis dealt with the construction of a down converter by
using an optical modulator and a photonic filter. The data taken from the setup are

compared with the simulation results and coherence between the two is observed.
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APPENDIX A

In this appendix the data sheet of the Optical modulator used in the experiments is given.

systems

08’6!’6

Data Sheet
May 2001

10 Gbits/s Lithium Niobate Electro-Optic Modulator

Modsl 25237
S/N

Electro—Optic Device

The Lithium Niobate Modulators include three single-drive

moedulators (2623N, 2623Y, 2623CS) and a single-drive modula-

tor with an integrated attenuator (2623CSA). All devices are
capable of modulation rates up to 10 Gbits/s.

Features

n Ti-diffusion process

n Single-drive technology

m C- and L-band models

m Slim, hermetic package

= Bandwidths up to 10 GHz

n Operational over a temperature range of 0 °C to
70°C

» 43 Q design for minimal electrical reflections

» Angled interfaces for minimal optical reflections

n Integrated optical attenuator available on
10 Gbits/s modulator (2623CSA)

n Tested to Telcordia Technologies™ 468

Benefits

n Excellent long-term bias stability
n Internal polarizer

= Low modulation voltages

Applications

= Digital high-speed telecommunications:
— SONET: OC-1 through OC-192
— SDH: STM-16, STM-64
— Undersea communications

» Internet data communications
» SONET/SDH test equipment
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Data Sheet
10 Gbits/s Lithium Niobate Electro-Optic Modulator May 2001

Optical/Electrical Characteristics (continued)
Electrical Signal Input
Electrical signal input is made through SMA coaxial conneciors. The standard device includes an internal termina-

fion network. Care must be taken not to exceed the recommended 8 inJb. of torgue when making connections o
these inputs. High-frequency coaxial cable is recommended.

Characteristic Curves
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APPENDIX B

In this appendix the data sheet of the power amplifier module, which used in the

experiments is given.

MITSUBISHI RF MOSFET MODULE
ELECTROSTATIC SENSITIVE DEVICE

(OBSERVE HANDLUING PRECAUTIONS ]RA07H4047M

400-470MHz "W 12.5¢ PORTABLE MOBILE RADID

DESCRIPTION

The RADTH404TM is a T-wallt RF MOSFET Amglifier Module
for 12 5ol portable! mebile radios that operate in the 400-to
470-MHz range.

The battery can be connecled directly to the drain of the
enhancement-mode MOSFET transistors. Without the gate
voltage (V=0V}, only a small leakage current flows into the drain @_{ |_®
and the RF input signal attenuates up to 60 dB. The output power ﬁ

BLOCK DIAGRAM

and drain current increase as the gate voltage increases. With a
gate voltage around 2.5V (minimum), output power and drain
current increases substantially. The nominal output power
becomes available at 3V (typical) and 2.5V (maximum). At
Vae=3.5Y, the typical gate current is 1 ma.

This module is designed for non-linear FM modulation, but may
alzo be used for linear modulation by sefting the drain guisscent

current with the gate voltage and controlling the output power with @ AF Input (P}
e Input powsr. @ Gate Valiage (V). Powsr Contral
FEATURES () Crain Voltage (V). Battery
* Enhancement-Mode MOSFET Transistors @ RF Output (Pou)
(loo=0 @ Voo=12.5V, Vau=0V] (5) RF Ground (Case)

* P TW (@ Voe=12.5V, Wae=2.5Y, Pr=20mW

* Md0% (@ Poa=TW (Voo control), Wee=12 5V, Bir=20mW
* Broadband Freguency Rangs: 400-470MHz

* Low-Power Control Cumrent Lz=1ma (typ) at Viae=3.5V

* Module Size: 30 x 10 x 5.4 mm

= Linear operation is possible by sefting the quiescent drain current
with the gate voltage and contradling the cutput power with the
input power

APPENDIX C
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In this appendix the data sheet of the Optical Beam Combiner/Splitter used in the

experiments is given.

Polarization Beam Combiner/Splitter

PBC/S-001

The PBC/S-001 can be used either as a
polarization beam combiner to combing light
heams from two PM input fibers into a single
output fiber, or a5 a polarization beamsplitter
to split light from an input fiber into two output
fibers of orthogonal polarization states. An
important  application of this device is
polarization division multiplexing ar
demultiplexing in optical systems to increase
their transmission capacity. In addition, as a
pump combiner in optical amplifiers, the
device efficiently combines the output from

twio pump lasers into a single fiber to increase the optical amplifiers saturation power and
to reduce its polarization sensitivity. The wide operation bandwidth and high power
handling capability (up to 2000 mW) make the device very atiractive for nexi-generation
amplifier systems. Finally, with a rugged siainless package designed for high optical
performance and stahility, this compact device offers low excess insertion loss, low back
reflection, and high extinction ratio that equal or surpass others on the market.

Specifications

Applications:

Comman por: dibar option Sk Fr

Inserion Loss 0348 E:g t"m;“'

;;;‘;;L]W“ (ER) 2348 2248

cerier aisiengn e

Operaing Bandwidth = 30nm =40 nm

Retum Loss 50dB s0dB

Opfical Fower Handiing 2000 MW 500 mW

Operaiing Temperature "7 C 5" 70" C

5'.:1[3;! Temperatune 20" Es" C A" EsT C

Dimersions @55 30mm @55 K35 mm

Fiber Typa Fort 1: SMF 28 Fort 1 PM Fanda Fiber
Port 2 and Fort 3 PM Fanda Fiber

Micle: Values ane refzrenced without conneciors.

B Polarization division MuxDellux
I EDFA and Raman Amglifiers

B Instrument

B RED Laboratories

Unique Features:

B Compact

B Low Inserbon Loss

B Rugged Design

B Hah Power Handling
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