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The Giant Meterwave Radio Telescope (GMRT) is a synthesis radio telescope
consisting of steerable parabolic dishes spread over a circular area of 14 km
radius . It is expected to detect very faint celestial radio objects with fulx densi-
ties of the order of 100 pJansky .Due to the stringent RFI and EMI require-
ments and the long distances involved, optical fibers are required for communi-

cation purposes.

In this work, a detailed analysis of the communication system is carried out.
For reasons mentioned in the text, analog communication system is used
instead of a digital system. The analog parameters such as linearity, dynamic
range, signal to noise ratio and phase stable local oscillator distribution are stu-
died. Theoretical analysis of the various noise sources present in a fiber optic
communication system viz., laser noise, shot noise and thermal noise is
presented and the measurements of signal to noise ratio are carried out. Vari-
ous types of laser diodes and photodiodes are considered and the experimental
data are presented. The types of lasers include :Low power ridge waveguide
lasers, high power ridge waveguide lasers and MTBH low power lasers. The
photodiodes include: PINFET receivers, InGaAs PIN photodiodes, and Ge APD
devices.

The linearity of the system is analyzed theoretically and the predicted perfor-
mance is verified experimentally. 1 dB compression point of deterministic and
statistical signals is measured and compared against theory. 3rd order IMD pro-
ducts and and harmonic distortion products are also measured 1o gauge the
linearity of the communication system. The effect of optical reflections on
linearity and signal to noise ratio is measured and the data is presented.

The dynamic range of the system is described in detail and the requirements for
the telescope are analysed.

The effect of temperature on the phase stability of local oscillator distribution is
also studied and the relevant data are presented

The worst case signal to noise ratio is measured to be 25 dB for the longest
link ( 20 km, 32 MHz noise bandwidth). Linearity measurements indicate -65
dBc of third order IMD products at an optical modulation depth of 0.3, The 1
dB compression point of bandlimited random signal is +10 dBm while the third
order intercept point is found to be +18 dBm.

The communication system of the GMRT has been realised using high power
ridge waveguide lasers, InGaAsP PIN photodiodes, low reflection optical con-
nectors, and single mode fiber operating at 1.3 pm. The system performance is
within the radio astronomy requirements in terms of SNR and linearity.

Further study is required to analyse the effect of laser noise and optical
reflections on phase stable local oscillator reference.
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Chapter 1
Optical Fibers in Radio Astronomy - an Overview

1.0 Introduction

The invention of photophone by Alexander Graham Bell laid the foun-
dation for modern optical communications, but progress remained very slow until the
advent of lasers in the 1960s. With the invention of optical waveguides in the 70s,
there has been rapid growth in this area and optical fibers have matured in technology
and are fast replacing the existing communication systems such as coaxial cables,
metallic waveguides, radio and microwave links and even satellite communications.
Optical fibers have become extremely popular due to the following advantages:

. H.igh bandwidth
« Low loss
e No Radio Frequency Interference & Electromagnetic Interference
e  Flexibility
e  Small size & light weight
and many other advantages depending upon the specific application.

Optical fibers have been used in a wide variety of applications ranging from trans-
oceanic communications systems to high quality laser beam delivery in surgery.
Recently optical fibers have been used for optical and radio astronomy applications. In
optical astronomy, optical telescopes use the fibers for delivering the optical beam at
the focus to a physically accessible location where data recording is carried out. In
Radio astronomy, the use of optical fibers is a little more involved.

Radio telescopes usually consist of antenna dishes with large collecting area spread
over long distances to achieve high resolution by means of interferometry [1]. By
using a number of antennas suitably, a large aperture is synthesized. Information
received at each of the antennas is conveyed to a central location for further signal
processing, by means of a communication channel. In synthesis radio telescopes, such
as the one at Cambridge, UK, coaxial cables were used, as the distances were limited
to a few kms. In Ooty synthesis radio telescope, radio links were used with a distance
of about 4 kms. The Very Large Array at Socorro, New Mexico, USA, uses low loss
TE o, waveguides operating at microwave frequencies for the communication over dis-
tances ranging up to 21 km. The Australia Telescope at Melbourne, Australia is the
first instrument to use optical fibers for communication purposes for the antenna array
[2]. The distances covered are of the order of 6 kms. Radio signals received at each
of the antennas are digitized and the optical fibers are then used to convey the digital
signals.

The GMRT consists of 30 antennas spread over 20 km dia. circular area. The signals
picked up at each antenna are down converted to an IF and the analog signal is tran-
sporied on the optical fibers. GMRT is the first of its kind to use optical fibers for
interferometry applications using analog communication system. The analog communi-
cation system simplifies the electronics required at remote antenna stations. This
enhances reliability and ease of maintenance of the instrument. In addition, the
bandwidth required is much less than a digital system, enabling the use of low cost
systems. Moreover, digitizing the signals at remote locations produces radiation at RF
frequencies which may interfere with the observations.
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1.1 Synthesis Radio Telescopes and the GMRT

Telescopes were first used at optical frequencies starting from the days of Galileo.
Now, with the help of advanced technology, the present telescopes cover a wide range
of the electromagnetic spectrum. However, it was observed that a large fraction of the
radiation received from celestial objects is concentrated at radio frequencies [3]. As a
result, radio telescopes are increasingly being used for frontline research in astronomy,
all over the world. But, unlike optical telescopes, radio telescopes suffer from low
resolution limitation, due -to large wavelength at radio frequencies.(resolution = z
A:observation wavelength, D:aperture [4] ). In order to overcome this limitation, the
aperture D, has to be increased. Due to practical limitations, D cannot be more than a
few 100 meters. To obtain a resolution comparable to (or better than) the optical tele-
scopes, one synthesizes a large aperture using a number of antennas spread over a
large area. This type of telescopes are known as synthesis radio telescopes. The syn-
thesized aperture is approximately equal to the maximum distance between the anten-
nas.

Operating Principle

, The synthesis of a large aperture is based on the well known principle
of interferometry and Fourier transforms [5). Essentially, the array antennas sample the
astronomical image in the spatial frequency domain and the Fourier transform of this
data gives the required image.

In the block diagram of an interferometer, shown in Fig.1.1, each
antenna points towards the source in the direction shown by the unit vector 5 It
receives radiation from all parts of the source in the direction s . The separation ‘b’
between the antenna elements is called the baseline . Assuming that the source is far
away compared to the separation between the antennas, the wavefront reaches one of
the antennas after a time lag of T where T = b.s/c, which is equal to a phase of
2nvb.s/c, where v is the radio frequency. The output of the two antennas is fed to a
correlator which is a voltage multiplier followed by an integrator .

If we represent the output of the antennas as complex numbers v,e™™ and v,e ™09,

then the correlator output would be

o J2mve '
Ir= Vv, e

If the source is represented by the vectors As measured with respect to S;then s =5, +
As . As the earth rotates, the vector s, changes in the sky . The resulting oscillations in
r are called fringes . This is the unwanted part and is purely due to the earths’ rotation
. The source structure information is in the b.As term .

The output of the correlator, is therefore calibrated w.r.t the direction s, in the sky

called the phase center . Then r can be written as

= v,vlc'ﬂ i

RN Sonnc i
If we define ‘V* such that

i3 -j2nb.Asvic
Y= AX-



then, we can express V in terms ofr.

R

V is called the visibility function and is the spatial coherence function r with phases
measured w.r.t the phase center in the direction of s, to eliminate the oscillations due
to earth’s rotation. It can be shown that this visibility function is the spatial Fourier
transform of the brightness distribution of the celestial object being observed. The
value of V obtained from an interferometer corresponds to a particular frequency com-
ponent . As the earth rotates, s, changes direction which yields other frequency com-
ponents . In order to determine all the frequency components, the projected baselines
will have to cover the entire spectrum . As this is not practically feasible, an array of
interferometers are used to sample the Fourier spectrum and with the help of earths’
rotation, additional frequency components are obtained [6]. Signal processing tech-
niques are used to extract the image of the sky from the incomplete spectrum [7]. This
is known as Earth rotation synthesis.

Receiver System

The performance of a synthesis radio telescope is measured by its reso-
lution and sensitivity. Resolution depends upon the frequency of observation and the
longest baseline of the array. Some of the synthesis instruments existing today are
listed below for comparison [1]:

Table 1.1
Sl.Na. | Name of Telescope Max. baseline | No.of antennas | Resolution, arc.sec
A= 6cm

1 Cambridge 5 km telescope 5 km 8 2.5

2 Westerbork synthesis telescope 1.6 km 12 8

3. The Very Large Array 26 km 27 0.5

4. MERLIN (Mult element radio 130 km 6 0.1

linked interferometer network)

Ground based optical telescopes of 6 m dia.. can achieve a resolution of
1 arc second [8] (although theoretical limit is about 0.025 arc sec., it cannot be
attained due to turbulence in the troposphere).

Sensitivity of the telescope essentially defines the weakest radio object,
which the telescope can observe unambiguously. It is determined by the sky back-
ground noise at the frequency of operation, the noise factor of the front end amplifiers
and other electronic systems, and the antenna noise produced as a result of surface
irregularities and ground reflections [8].

System temperature is a convenient parameter used to quantify sensitivity [3]. It is
defined as that temperature of a matched resistor which would produce an equivalent
amount of noise power present in the system. Quantitatively,
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Fig.1.1 The tracking Interferometer



Nosun = Kl Af

where )
N, is the total noise power of the system
k : Boltzmann's constant
# and :
Af is the noise bandwidth

Fig.1.2 shows a simplified schematic diagram of the receiving system of a
rugiu telescope (only one antenna is shown for clarity; in practice several antennas are
linked to the observing room having identical receiver systems). The overall sensi-
tivity of the antenna is given by [8], :

;

L1 I = B ¥
Gy

= JI'I
T_., - T. ‘{LJ-I].T -+ T'!""rlicl -r]".,.

where T, indicates the noise iemperature of the antenna (due to surface irregularities,
ic rbulence etc., ground reflections etc.) L | is the power loss factor (2 1)
nl’lh:nm;miuiununumhnmtinglh:ummmlhc utag:nfﬂmmdumde
is the wemperature of the line; Ty is the noise temperature of ith receiver stage and
Gii:iupuw:rtlh. :
At very high frequencies of observation ( > 10 GHz), the first stage is usually a mixer
of gain less than unity. In such cases, cryogenic cooling is emp to reduce the
mizmmpm:ﬂrnﬂsunﬂy&:gﬂndﬂmﬁmtmg:is%piﬁum Ty, considera-
tions, as can be seen from the above equation, If G| and 3 are moderately high, ( >
10 dB) the succeeding stages contribute less and less to Ty The low noise am
mdtlwwccmﬁngsl:lm::upmm:nﬁ:um;::,mhuwnu&unundm .

Local oscillator signal is required at each antenna location for downcon-
verting the RF signals. Funther, the comesponding LO frequencies at different antenna
locations must be in phase synchronism to preserve the coherence of the
signals, for interferometry purposes. The phases of the oscillators at each of the anten-
nas need not be identical, but the difference in hu:munhemhl:muughm
calibration. Phase synchronization is achieved by transminting one or more
signals from a Master reference located at the observing room to each of the antennas.
thhnkndhnt;bmumduﬁumtcnmlmums' 10 lock on to the reference signals
and the required LO frequency is generated by frequency synthesizers,

After the downconversion to IF, signals pass through various IF
amplifiers, filters, bandwidth selectors, IF attenuators and possibly A before being
transmitied to the correlator. Transmission between antennas and the Observation room
{wmnﬂ}mﬁm}%ﬂ:hvm:nﬁlﬂulimm“mmﬁh
are generally used. istances longer than a few kilometers, ly waveguides,
optical fibers, radio and microwave Iinhmm.&a:iﬂuf;rﬂrmmm
npﬂnlﬂbenmhcbuﬂ:dudcpth:nflaimﬂmmmdm:mmmm

Signals reach the Central location through the communication channel
and go through processing before feeding the correlator. Usually the signals are
mnv:rmdm:ﬁm]ﬂ:.wh:r:dmdnhy:mmmmi Phase errors due 1o tem-
perature effects and delay setting errors are minimized by semting the lowest possible
frequency as the final [F. Accordingly, the final IF amplifiers have a baseband
mmmsm:mmﬂmcmmg“urmmmhﬂhmwmuf
a single sideband mixer which converts the final IF to baseband [10].

) Thnmmnrismuh:mnfﬂmim:rfumm:y:mnmbnﬂh
ized using analog or digital tﬁ:hniﬂuu. It consists of a delay system to compensate for
the geometric and cable delays followed by a muldiplier and an integrator, analog

4
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delay system may consist of several switchable delay units in series. For dr:ia:gs up to
1 p sec., coaxial cables are used; for longer delays, generally, surface acoustic wave
devices are employed. The design of wideband multipliers has been studied by Allen
and Frater [11]. The multiplier output is averaged (integrated), digitized and recorded
on a computer for further processing. In spectral line correlator, the baseband signal is
passed through a bank of filters and each of the filter outputs is processed separately.
A separate correlator is used for each channel of every antenna pair.
- Digital correlators have not been used in the past due to their slow
response. With the improvements in high speed logic, digital circuits capable of being
operated at clock frequencies more than a 100 MHz have been realized. This has led
to digitizing the final IF signal, so that delay can be set digitally. Digital delay is more
accurate and much finer than the analog delay system. Correlation is performed in the
digital domain using high performance multiplier chips and associated circuitry.
Spectral line correlators have also been realized in the digital domain by
using high throughput FFT chips which perform the operation of filter banks of the
analog counterpart. Throughputs in excess of 60 MHz have been realized and the tech-
nology is forever pushing for higher speeds.

1.1.2 The GMRT

The GMRT essentially works on the concept, outlined above. The shape of Y is
intended to sample-several spatial frequency components (Fig.1.3). Each of the anten-
nas is designed to receive radiation at 6 different frequencies :
38 MHz, 153 MHz, 233 MHz, 327 MHz, 610 MHz and 1420 MHz .
A simplified block diagram of the electronic system of GMRT is shown in Fig.1.4.
The antennas will have dual polarised feeds at all the 6 frequencies. The feeds will be
mounted on the 4 sides of a computer controlled rotating turret near the prime focus.
Two of the 4 sides will have dual frequency feeds. The front end consisting of RF,
LO and IF electronics is designed for low system temperature and good phase stability.
The linearly polarised signals are first converted to right hand and left hand circularly
polarised signals by low noise quadrature hybrids and then amplified in low noise RF
amplifiers. After phase switching, signals are brought through low loss cables to the
base of the antenna. The RF signals are converted to a 32 MHz wide intermediate fre-
quency (IF) centered at 70 MHz using suitable LO signals . Since the receiver is
required to preserve the phase of the incoming signal the LO signals used for down-
conversion at each of the antennas should be synchronized. This is achieved by syn-
chronizing all the lecal oscillators to a frequency standard located at CEB. Moreover,
since the observations are spread over 12 hours of time periods, the phase of the local
oscillators should not drift with respect to one another . Main contributions to the drift
are the electronics at each end of the signals , noise in the system and path length vari-
ations in the signal path . Round trip phase method is a scheme which circumvents this
problem . Chapter 4 describes this in greater detail .(The back end of the receiver will
consist of a large state of the art FX type Correlator system which uses about 1650
special purpose high speed FFT and multiplier chips . A 256 spectral channel correla-
tor has been designed for the 30 antennas of GMRT, which gives (30 x 31/2) x 256 x
2 = 238080 correlated outputs, each of which is a complex number to be averaged
over integration times selectable from 0.04 to 10 seconds . The maximum bandwidth
of the system is 32 MHz . The correlator will allow measurement of all polarisation
R_namnmtcrs with 128 spectral channels for Af= 16 MHz unlﬁ

e output from the correlator acquired by the online comptter will lead to a database
of about 4 Gbytes for a full synthesis observation . The online computer will also con-
trol the synchronized rotation of the antennas, feeds etc. and monitor the entire system
besides performing preliminary analysis of the received data .
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Fig.1.3 GMRT Array Configuration
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1.2 Optical Fiber Communication

Eventhough the principles of optical fiber communication and the system requirements
are well known, a brief description is given here for the sake of completeness. The
optical fiber is a transmission medium that has become extremely popular in less than
two decades after its invention. Its primary advantages of low loss, wide bandwidth,
small size, strength, flexibility, low cost, and immunity to electromagnetic noise meet
the challenging requirements of today’s communication systems, unparalleled by any
other medium.

Optical fibers were originally conceived as weakly guiding waveguides of coherent
electromagnetic radiation at optical frequencies. The losses were reported at 1 dB/m
[13]. Technology improved rapidly, in the fabrication of low loss fibers, optical
sources and detectors for the generation of coherent radiation and detection; in less
than 20 years, optical fibers have nearly achieved the theoretical limit of 0.14 dB/km
@ 1550 nm wavelength. Single mode fibers with very low dispersion over a wide
spectral range are being fabricated routinely at low cost. Repeater distances of over
200 km are realized in commercial applications [14]. Data rates of 2.4 Gbits/sec are
used in telecom applications worldwide, and 10Gb/s have been reported.[15). With the
advent of optical amplifiers and solitons (based on nonlinear effects in optical fibers),
the data rates are pushing towards much higher speeds than ever anticipated, with
transmission distances exceeding 10000 km [15]. With the improvement in fiber
bandwidth, optical sources and detectors also kept pace with the advancements. GaAs
technplogy is increasingly being used to realize high speed sources and detectors capa-
ble of generating/responding to picosecond optical pulses. Coherent communication
and Photonics are currently in intensive R&D phase and the breakthroughs will have
far reaching effects in communications and signal processing.

1.2.1 Properties of optical fibers.

Oprtical fibers are cylindrical dielectric waveguides capable of guiding light, based on
the principle of total internal reflection [16]. The material consists of silica and some
dopants such as GeO,. The optical fiber consists of an inner dielectric material called a
core which is surrounded by another dielectric material called a cladding with smaller
refractive index. The core and the cladding form the structure of a waveguide. Usually
this waveguide is protected by another layer of plastic/polymer called a jacker. This
jacket is mainly required for prevention of cross talk and mechanical and chemical
abrasion. Fig.1.5 gives the cross sectional view of an optical fiber.

Fiber types:

Optical fibers are classified according to the refractive index profile of the core and
cladding and the number of modes they can support. A mode is a transverse pattern of
energy propagating at a specific velocity. As shown in Fig.1.6, there are two main
types of profiles viz. Step index and Graded index. In step index fibers, the refractive
index-of the core is homogeneous and there is an abrupt transition in the profile at the
core-cladding interface. In graded index fibers, the core refractive index varies gradual-
ly from the center of the fiber and there is a smooth transition in the profile at the
cladding interface.

Depending on the no.of modes a fiber can support as a waveguide, further
classification of fibers is made [17]. This consists of Single mode fibers which allow

only one mode to propagate, Multimode fibers in which several modes exist and Dual
mode fibers.
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Multimode fibers:

This type of fiber supports several modes of propagation in addition to the dominant
HE,; mode or LPy, mode[18].Both step index type and graded index type of fibers can
support multimode propagation. In step index type of fibers, the core to cladding re-
fractive indices differ by about 1% [17]. Associated with each mode is a direction or
an angle which satisfies the condition for total internal reflection. The range of angles
is known as the acceptance cone or numerical aperture. This quantity can be derived
from fundamental optics, [19]. It is expressed as :

NA = \Jﬂi =3

where
n, is the refractive index of the core
and n, is the refractive index of the cladding

In step index multimode fibers, different parial rays propagate at different angles,
resulting in different transit dmes(refer the section on Dispersion) for different rays.
This implies reduction in bandwidth and hence this type of fiber is used only for low
bandwidpl.h applications. In the case of graded index fibers, a reduction in the path
differences is achieved by a gradual change in the refractive index profile. In such an
instance, the optical rays are guided, not by total internal reflection but by distributed
refractipn similar to what is observed in the mirage effect. As a result, all the modes
are confined to be very close to the axis, and this ensures approximately uniform tran-
sit times for all the modes. In fact, there exists an optimum profile [18] which gives
exactly identical transit times to all the modes. This profile is close to a parabola;
slight deviation from this results in significant increase in pulse dispersion or loss of
bandwidth. The propagation properties of a fiber are described by its V number, gen-
erally referred to as Normalized frequency. The V value is an important parameter,
because it defines the basic waveguide properties of the fiber [20]. It is defined by

Vv = 2“%.4”] =fn3

where a is the radius of the core
A is the wavelength of operation and
n; and n, are the refractive indices of the core and cladding respectively.

Among other things, the V number defines the number of modes a fiber can support.
In the case of step index fibers , the relation between the no.of modes N and V
number is given by :

Pr!
NZ

General emphasis is on reducing the number of modes in-order to attain higher
bandwidths. This implies that the fiber diameter should be small. But this poses practi-
cal limitations such as coupling inefficiency due to small dimensions. The multimode
fibers typically have core diameters of 50 pm. The types of modes that exist in a
cylindrical multimode fiber include a finite number of guided modes and an infinite
number of radiation and leaky modes. The guided modes consist of a family of Hg,
Ey, modes and a family of HE_, hybrid modes. In addition, there are TE_, and TM,



modes [20]. In spite of the poor bandwidth performance, multimode fibers continue to

be used in various applications. The reasons include: ease of fabrication, ease of cou-
ling to sources and detectors; compatibility to a wide variety of sources and detectors

and availability of economical connectors due to less stringent precision requirements.

Single Mode Fibers : ¢ )

From the equation relating normalized frequency to fiber parameters, it can be seen
that for step index fibers, the number of modes can be reduced by reducing the diame-
ter of the fiber. When the diameter reaches a certain minimum, the fiber supports only
one mode. This is known as Single mode fiber and has the highest bandwidth capabil-
ity and its propagation characteristics are completely determined. It is ideally suited for
long haul, high bit rate applications. The single mode fibers carry only the dominant
HE,, mode. However, due to circular symmetry of the waveguide, all orientations are
equivalent, and two orthogonal polarisations of the HE,, mode exist in the waveguide.
Single mode fibers are designed with core sizes limited to a few wavelengths and the
index difference between core and cladding, smaller than 1% . The maximum V
number corresponding to single mode operation is found to be 2.405. If the V number
exceeds this value, the fiber no longer remains a single mode fiber. An important
feature of single mode fibers is their dependence of attenuation on wavelength. This is
due to the strong dependence of the V number on wavelength. At higher wavelengths
the radiation leaks into the cladding and at lower wavelengths the fiber becomes mul-
timoded. Another important feature of single mode fibers is their insensitivity to
microbending losses: losses induced by localized lateral displacement of the fiber from
a mean axis [21]. Single mode fibers offer a much higher bandwidth than Multimoge
fibers primarily due to lack of intermodal dispersion. Let us first analyze the various
types of dispersion before discussing dispersion in single mode fibers.

Dispersion:

The width of a pulse propagating through a fiber increases with the distance travelled.
The optical pulse consists of several photons each of which has its own velocity. This
is due to the fact that there may be many modes supported by a fiber waveguide and
the photon may be travelling in any of the modes. Associated with each mode is a
direction of propagation and velocity. Let us consider a short duration pulse launched
into the fiber. The photons comprising the short pulse take different modes of propaga-
tion, and arrive at the other end of the fiber at different times. This increases the dura-
tion of the pulse. This phenomenon is known as Dispersion and it is directly dependent
on the length of propagation. There are three types of dispersion : a) Intermodal
dispersion b) Material and ¢) Waveguide dispersion

Intermodal dispersion is the dominant source of dispersion in multimode fibers. This
arises due to the fact that the velocity of each mode is unique. As a result, modes pro-
pagate at different velocities and arrive at different times, although they are all excited
simultaneously at the starting end. Graded index profile reduces this problem to a great
extent by ensuring that all the modes have approximately same velocity. Refractive
index profile can be suitably designed to eliminate intermodal dispersion altogether;
but it 1s practically not feasible to maintain the profile to sub micron accuracy during
the manufacturing process. Material dispersion is due to the dependence of velocity
on wavelength. Radiation at a certain wavelength propagates at a certain velocity
different from another wavelength. It causes dispersion even when all the energy is
concentrated in one mode. This dispersion is dominant, when the optical source has a
broad spectrum. It is observed that glass fibers have nearly zero dispersion at 1300 nm.
Waveguide dispersion results from the guiding structure and is significant in single
mode fibers. The guided energy is divided between the core and the cladding. the pro-
pagation velocity is greater in the cladding than in the core. The mode that propagates
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in Single mode fiber has a certain distribution of power in the core and the cladding.
This distribution determines the effective velocity of the mode. However, the distribu-
tion is dependent on the wavelength and the index profile, resulting in waveguide
dispersion when there is non mono- chromatic radiation.

Both waveguide dispersion and material dispersion depend on the source spectral
width as well as the length of the fiber . They are generally measured in
ps/nm/km.(pulse spreading/source spectral width/fiber length).

Dispersion in Single Mode Fibers:

Dispersion in SM fibers is due to the dispersive properties of the fiber material
(material dispersion) and to chromatic dispersion inherent to waveguiding progesses
(waveguide dispersion). Dispersion can be annulled at any wavelength between 1300
and 1700 nm [22]. In this wavelength range, material dispersion has opposite polarity
to that of waveguide dispersion in the A-domain. Single Mode fibers available today
have minimum attenuation at 1550 nm. Practical value of attenuation achieved is close
to the theoretical minimum (0.16dB/km vs 0.15 dB/km). If dispersion is minimized at
this wavelength, then high capacity, long distance communication is easily achieved.
For Single mode step index fibers, minimum dispérsion occurs at 1300 nm. In order to
shift this to a different wavelength or to flatten the dispersion minimum (to sustain for
wider wavelengths) several techniques are adopted. These are known as dispersion
shifted or dispersion flattened fibers. By modifying the index profile from a simple step
index to a more complex one, one achieves dispersion minimum at a different
wavelength. Zero dispersion occurs when material dispersion cancels waveguide
dispersion. At 1550 nm, material dispersion is larger than at 1300 nm. In order to can-
cel the higher material dispersion, the index profile is suitably modified to achieve the
extra waveguide dispersion. There are may index profiles which can accomplish this.
Fig.1.7 illustrates a few examples.

1.2.2 Optical Sources .

Optical fiber communication has been made possible by two major technological
advances. One of them is the development of a low loss silica fibers and the other is
the development of high performance, reliable semiconductor lasers. Originally the
operating wavelength of fibers and the laser were at 0.851m with multimode operation.
The next generation systems using laser diodes and singlemode fibers operating at
13um gave rise to longer repeater spacings and higher bandwidths. Even better perfor-
mance, in terms of repeater spacing is achieved by operating the system at 1.55um
where the fiber loss is minimum. Semiconductor lasers fabricated using InGaAsP
material, are used as sources for high bit rate long distance communication systems
operating at 1.3 or 1.55um. For short haul communication system, where the perfor-
mance requirements are not so critical, light emitting diodes are used.
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Laser Diode :

The semiconductor injection laser was discovered in 1962 [24]. Since then it has em-
erged as a major component in many optoelectronic systems such as long haul com-
munication, Optical recording, optical sensors and guided wave signal processing. The
concept of a semiconductor laser diode is based on the principles of quantum electron-
ics and device physics. The basic laser chip consists of two parallel cleaved facets
which form the optical cavity (Fig.1.8). The device has a pn junction near the light
emitting region (active region) for current injection. The cavity length is typically
around 200-400um. The light/current characteristics of a laser diode is shown in
Fig.1.8b. As the current injected is increased beyond a certain value (threshold
current), the light output from the facet increases dramatically. Associated with this is
a narrowing of the spectral emission from approximately 60 nm below the threshold to
about 3-4 nm above the threshold region. The light below the threshold is emitted
spontaneously as the electrons and holes recombine in the active region. When the in-
jection current exceeds the threshold, stimulated emission is observed.

Conceptually, the stimulated emission arises from the radiative recombination of elec-
trons and holes in the active region, and the light generated is confined and guided by
a dielectric waveguide. The active region has a slightly higher index than the p & n
cladding layers and the three layers form a waveguide as shown in Fig.1.9. The clad-
ding layers have a higher bandgap than the active region, thus confining the lasing pro-
cess only to the active region. The laser structures are often classified into two groups:
gain guided and index guided. In the gain guided structure, the width of the lasing opt-
ical mode along the junction plane is mainly determined by the width of the optical
gain region. The optical gain region is determined by the width of the current pumped
region (typ. 5-10um).Gain guided lasers have undesirable properties such as high
threshold current, low differential quantum efficiency and occurrence of light/current
kinks at relatively low output powers. In index guided lasers, a narrow central region
of relatively higher refractive index (active region) confines the lasing mode to that
region. The index guided lasers can be divided into two groups : weakly index guided
and strongly index guided. In weakly index guided lasers, the active region is generally
continuous and the effective index discontinuity is provided by a cladding layer of
varying thickness. The refractive index difference between the active region and the
cladding is around 0.01 to 0.03. On the other hand, the strongly index guided lasers
employ a buried heterostructure. The active region is bounded by lower index epitaxi-
n.llf;:mgmwn layers along the junction plane and normal to the junction plane. The
refractive index difference in this case is around 0.2. Ridge waveguide and Rib
waveguide are typical examples of weakly index guided lasers while the strongly index
guided types_include MTBH (Mass Transport Buried Heterostructure) and DCPBH
(Double Channel Planar Buried Heterostructure) [25, 26).

Single Frequencr' Lasers :

The above lasers are generally referred to as multi longitudinal mode (MLM) lasers.
Several longitudinal modes are supported by the laser cavity, due to the structure of
the active region and gain mechanism. In the presence of chromatic dispersion, the
undesirable side modes limit the fiber bandwidth. To overcome this problem, semicon-
ductor lasers have been developed that emit light predominantly in one single longitu-
dinal mode. This is achieved by making the laser cavity, frequency selective. Many
techniques are used to generate single mode lasers. The most popular ones consist of
DFB (Distributed Feedback ) and DBR (Distributed Bragg Reflector) lasers. In DFB
lasers, the laser feedback is not localized at the cavity facets but is distributed
throughout the cavity length. This is done by the use of a grating etched along the
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cavity length. Mode selectivity of the DFB mechanism results from Bragg's law which
states that coherent coupling between forward and backward travelling waves occur for
wavelengths such that the grating period,A = mA /2 where A is the wavelength of the
light in the laser cavity and m is any integer. By chgosing A appropriately, such a
device can be made to provide distributed feedback only at a centain wavelength.[27]

Light Emitting Diodes :

Light emitting diodes are closely related to injection lasers. The LED is a spontancous
emission device and its emission characteristics are similar to those of injection lasers
below threshold. These devices generally emit low powers and have a broader spectral
emission and lower modulation speeds than lasers. The LEDs are generally classified
into two groups : Edge emitting LED (ELED) and Surface emitting LED. The ELED
structure is similar to that of laser except that the device is operated in the spontaneous
emission regime below the threshold. For surface emitting LED, the light is emitted
normal to the surface of the wafer. The ELEDs exhibit narrower spectral width and
beam divergence than surface emitting LEDs. LEDs are generally used as sources for
short distance, multimode fiber transmission systems. However, the small divergence
of output from ELEDs makes them a potential candidate for sources for short haul sin-
gle mode fiber transmission systems [28].

1.2.3 Optical Detectors

Much of the research emphasis on components for optical communication was directed
towards sources and the fiber itself. But it is equally important to consider the detec-
tors in estimating the overall performance of the system. In the early work, most com-
ponents were developed for use at 0.85 pum using silicon materials. Later on the em-
phasis shifted to 1.3 and 1.55 pm wavelengths and it became important to consider
other materials. Ge and GaAs were proved to be suitable material for detector applica-
tions at these longer wavelengths.

Basic Photodetector:

In basic photo detection process in a semiconductor material, an incident photon is ab-
sorbed and directly excites an electron from a non conducting state to a conducting
state. This is done in two ways: intrinsic and extrinsic absorption. In intrinsic photon
detection, an electron is excited from the valence band to the conducting band. In ex-
trinsic type of detectors, an electron is excited from the ground state of a neutral donor
impurity to the conduction band. Another form of extrinsic photon detection occurs in
free carrier photoconductors, when an electron is excited from a given state 1o one of
higher or lower mobility.

Most popularly used photodetectors are of the intrinsic type, dué to their fast response
and efficient absorption of photons. Intrinsic photodetectors consist of p-n junction in
the most basic form (Fig.1.10) and are usuvally reverse biased, to avoid excess dark
current and to reduce the junction capacitance of the device. Dark current is the
current flowing in the detector without any incident optical light. Thus the electric field
is developed across the high impedance depletion layer sweeping the majority carriers
to their respective sides away from the junction. This barrier has the effect of stopping
n‘lajt;inlqrd carriers from crossing over the junction in the opposite direction to the elec-
tric field. \

When a photon is incident on the detector surface, with an energy greater than or
equal to the band gap energy E, of the device, (i.e. h v>=E,), it will excite an electron
from the valence band into the conduction band, leaving an empty hole in the valence
band; This phenomenon is known as the photogeneration of an electron hole pair(ehp).
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This ehp generated near the junction, is separated and swept under the influence of the
electric field to produce a displacement current in the external circuit, which is a result
of several photons being absorbed in the depletion region. The depletion region must
be sufficiently large to absorb a majority of the photons incident on the material, in
order to create maximum chps. But this leads to long driff times in the region and
reduces the speed of operation. Thus there is a trade off between the no.of photons
absorbed and the speed of response.

Sensitivity : The absorption of photons in a detector depends on the type of materials
used, the width of depletion region and the spectral response of the detector. This is
quantified by Quantum efficiency, which is denoted by 1 and given by:

No.of electrons generaled
No.of incident photons

This expression does not include the energy of photons and hence it is difficult to
characterize the photo diode performance, by means of 1 alone. Responsivity is
another parameter which is often used to determine the detector performance. It is
given by :

R = L Amps /Watt

where
1, is the photocurrent generated in amperes
and

P o is the incident optical power in watts

Responsivity and quantum efficiency are related by [29],

.
o hv

where

¢ = charge of an electron
h = Planck’s constant

v = frequency of operation

The spectral response of a photo diode is often measured in terms of responsivity, as a

function of wavelength. This is determined by the types of materials used and the dev-
ice structure,

Materials for photodetectors : Silicon and Germanium are the materials which were
used in the early communication systems. They absorb light by direct and indirect opt-
ical transitions, Silicon has a band gap of 1.14 eV corresponding to indirect absorption
[29]. This requires the assistance of a phonon so that energy as well as momentum are
conserved. As a result, the indirect transition is less probable than a direct transition,
making it less efficient. This explains the low efficiency of Silicon in the spectral
range of 0.6 pm to 1.09 pm.

Germanium is another material which has indirect transition during photon absorption.
However, it can also absorb light by direct transition at a band gap of 0.81 eV. This
makes it attractive for detection at longer wavelengths. Thus Germanium is the only
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detector which spans the entire spectrum of ( 0.6 - 1.6 pm ) which is of interest to
fiber optic communication systems. . '

The limitation of Germanium is that it has a high dark current due to its low band gap.
This makes the detector very noisy and reduces the sensitivity. This led to the invest-
gation of III-V alloys which are direct band gap materials. These materials are superior
to Ge due to larger band gap (1.15 eV and higher) and the flexibility to tune the
response to any desired wavelength by changing the relative concentration of the con-
stituent elements. _

Temary alloys such as InGaAs and GaAlSb deposited on GaSb substrates have been
used to fabricate photo detectors for the 1.0-1.4 pum wavelength band. Quaternary
alloys such as InGaAsP grown on InP and GaAlAsSb grown on GaSb have demon-
strated better results. These systems have the advantages of band gap and lattice con-

stant being varied independently. p

PIN Photodetectors : At longer wavelengths, the optical light penetrates more deeply
into the semiconductor material. In order to absorb all the radiation, the depletion
region should be as long as possible. This is achieved by introducing an ‘n’ type
material doped so lightly that it can be considered intrinsic and a heavily doped ‘n’
type material ( n* ) layer to make a low resistance contact. This creates a p-i-n (or
PIN) structure as illustrated in Fig.1.11. The width of the depletion layer depends on
the type of material used. In silicon detectors, it is between 20-50 pm which gives an
efficiency of typically 85% and dark current < 1 nA. Germanium p-i-n photo diodes
which span the entire wavelength range of interest are also commercially available, but
they are not very popular due to higher dark currents (typ. 100 nA at 200C)

Quaternary compounds such as InGaAsP grown on InP substrate have remarkably
better performance at longer wavelengths. Dark currents of less than 0.2 nA with

efficiency above 70% . The response times of less than 100 ps have been reported
[30].

Avalanche Photo diodes : Generally known as APDs, these detectors have internal
gain, which generates photo current several orders of magnitude higher than the PIN
detectors, for identical incident optical power [31]. The device structure is slightly
more complicated than PIN devices. It consists of a Gain region and an Absorption
region (Fig.1.12). Similar to the PIN detectors, photons are absorbed in the Absorp-
tion region ( the depletion layer ) and the carriers generated, known as primary car-
riers, drift under the influence of the external voltage to the Gain region. This region
has a very high electric field and the primary carriers acquire sufficiently high energy
to generate secondary carriers by means of impact ionisation. The secondary carriers
further generate more carriers and the chain reaction continues until the initial impact
energy is completely absorbed. This is the well known phenomenon of Avalanche
breakdown in ordinary reverse biased diodes. The reverse bias voltage required to real-
ize the avalanche gain is of the order of 100 - 400 V. The carrier multiplication factors
as high as 104 can be obtained by using defect free materials [32).

The speed of these devices is slightly inferior to PIN detectors due to the longer time
required for generation of secondary carriers and the resulting diffusion current in the
depletion region.

Due to the inherent gain present in the device, APDs are used for high sensitivity
applications. However the gain mechanism is unstable and creates excess noise. In
addition, the gain is very sensitive to temperature variations.

Currently Ge and Si APDs are commercially available with multiplication gain in the
range of 10 and 300(typ) respectively. Quaternary III-V alloys have also been intro-

?;;]cd in the market recently with much better noise performance and gain stability
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1.2.4 Communication System Design

In the previous sections, a brief description of the optical fiber, the optical sources and
detectors and the operating principles were presented. The design and performance of
an optical fiber link depends entirely on the choice of these components. Digital sys-
tems are most widely used when realizing an optical communication link ; analog sys-
tems constitute a very small fraction of the optical communication systems existing
today. This is partly due to the robustness of digital systems in the presence of noise
and also due to the existing digital technologies in the communication world. In this
section a brief description of a typical system design with reference to a digital appli-
cation is presented, followed by an overview of the emerging technologies in this field.
There are many possibilities of component choices available to meet the requirements
of any specific communication system. However, the link design methodology is simi-
lar in all the systems. The important measure of performance of a digital system is the
bit error rate (BER), which is the probability that an error is made in the detection of a
received bit. The BER value of < 10 is commonly specified as the tolerance limit in
most communication systems. The design procedure aims at meeting the minimum
requirement on BER and the accompanying parameters.

System gain analysis (or Power budget) and pulse distortion analysis (or Dispersion
budget) are the two important parameters that are considered in evaluating the BER
performance of a link. A simplified digital link is illustrated in Fig.1.13, for discus-
sions on the link performance.

The optical transmitter usually consists of an LED or an LD. An optical pulse is gen-
erated 'corresponding to a digital ‘1’ and the absence of the pulse indicates a digital
‘0". Important differences between LED & LD include : the amount of optical power,
spectral width, and switching speed. The generation of optical pulse is usually accom-
plished by changing the bias current of the device from the threshold current ( in the
case of laser diodes ) to the peak current.

The optical transmitter is characterized by the following parameters :

¢«  Average output power
Extinction Ratio

Operating wavelength
Optical source spectral width
Pulse duty cycle

Line code

.« 8 = 8

The first two parameters indicate the strength of the output signal from the transmitter.
However average power corresponds to time averaged values and hence duty cycle
information is required to evaluate instantaneous power levels. The extinction ratio is
essentially the ratio of the power levels corresponding to the two digital bits (*1’and
‘0"). More formally, the average power and extinction ratio are given by,

(s
2

Pew =
f

Pl
P mas

Fex

where
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P,.. = Average optical power

P,... = Maximum or peak optical power
P i = Minimum optical power

I, = extinction ratio

The average power, pulse duty cycle and extinction ratio are required to estimate the
receiver power sensitivity. The sensitivity of a detector is defined as the minimum opt-
ical power required to detect a digital ‘1’ without any error.

The operating wavelength is an interrelated parameter between all the components of
the system. It is important to consider the fiber loss and dispersion characteristics
before choosing the operating wavelength of the source.

The spectral width of the source is also a parameter one has to optimize carefully.
The linewidths of commercially available devices vary from 50nm (of LEDs) to 2*nm
of LDs).

'{Ihc m&goncnt that follows the optical transminer in the digital optical link is the
transmission medium. The important factors that are considered in the link design can
be summarized as follows:

e  Fiber cable loss

Splice/Connector insertion loss

Link distance

Bit rate

Fiber dispersion

Single mode fiber cut off wavelength

These parameters are applicable, in general, to all kinds of fibers. Each of the items
contributes to the maximum possible length of the link at a specified bit error rate.

The final constituent of an optical link is the optical receiver as shown in Fig.1.13.
This component detects the optical signal and reconstructs an estimate of the signal
used to drive the optical transmitter. The most important parameter that is considered
in the design is the sensitivity of the detector, which is defined as the minimum optical
power required to reconstruct the signal with the specified bit error rate. Although
BER gives an indication of the detector’s sensitivity, the main factors that influence
the sensitivity are : extinction ratio of the source, and the pulse shape of the signals.

System Gain : Using the concepts outlined above, it is easy to describe the link
design in terms of the various parameters. In practical terms, a designer is interested in
maximizing the link distance, while maintaining the required minimum BER. Physi-
cally, the link length consists of a series of component insertion losses. Instead of
specifying the physical link length of a link as a measure of performance, it is more
uscful to define system gain. Then if the total insertion loss in dB/km is known, the
link length is easy to compute. The system gain is defined as: '

G = FI_FJ'I'

where

G = System gain

P, = The average transmitted power in dBm

P, = Receiver sensitivity, for a given BER, in dBm

Effectively, the system gain represents the maximum power difference between the

—
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transmitted power and receiver sensitivity figure. If the total insertion loss of the link
exceeds the system gain, link BER will deteriorate. . ,

The total insertion loss is actually the attenuation of the optical signal; the attenuation
is the aggregate of all loss elements. The total link loss is expressed as the summation
of individual fiber lengths, splice insertion loss and optical connector loss. This is

given by
L = YL +YL+Yad+M

where,

L = Total link insertion loss in dB

L, = individual splice loss, in dB

L. = individual connector loss, in dB

o, = attenuation per kilometer of fiber section k, in(dB/m)
d, = length of fiber section k, in@B) km -

M = Power margin or system margin, in dB

The system margin M has been included in the loss expression as a safety factor, to
allow for unforeseen losses or system degradation due to aging, increased loss due to

. cable repairs etc.

Finally, the system designer should ensure that the overall loss L is always below the
system gain (while determining the maximum link length). i.e

P~P, 2 L

where P, and P, are as defined earlier.

Noise limitation The receiver sensitivity is an important parameter that determines the
BER of a system for a given link. This can be defined as the ability of the detector to
detect an optical pulse in the presence of noise. The various types of noise include
those generated at the transmitter, at the detector and in the pre amplifier following the

~ detector. The noise generated in the fiber is usvally much smaller than the other

?:n.rmcs. The key factors that determine the receiver sensitivity can be summarized as
ollows:

Detector responsivity

APD excess noise

Pre amplifier noise

Receiver noise bandwidth

Detector leakage current

Inter Symbol Interference (ISI)
Modal noise (in MM fibers)

Mode partition noise (in SM fibers)
Laser mode hopping

*  Reflections backward into laser cavity

qispersion Budge.t : Analysis of optical receivers has shown that if the product of the
bit rate B of the link and the total dispersion ©, is less than 0.25, then the sensitivity
degradation in the receiver is approximately 1 dB [34]. i.e

-
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Bg, < 025

The total dispersion ©,is the square root of the sum of the squares of the pulse disper-
sion o; of each independent contributor.

The contribution from fiber dispersion depends not only on the total length of the fiber
but also the source line width, operating wavelength and the type of fiber used. Mul-
timode fibers offer inter modal dispersion whereas intra modal dispersion is.predom-
inant in single mode fibers. The total dispersion in a single mode fiber of length LI can
be represented by the following : , .

(o = C;'IDO\,)LL

where

o,= total dispersion in pico seconds

o, = rms spectral width of the source in nanometers
D(A) = Dispersion coefficient in ps/nm/km

L = length of the fiber in km.

A simple relation exists between dispersion and the electrical bandwidth of the system.
It can be easily derived if we assume that the pulse spread due to dispersion has a
Gaussian profile. i.e

-2
297

P,(t) = e

6|__.
3

- where

P,(t) = Instantaneous power of the optical pulse at time t.
o = total dispersion in pico seconds

Fourier transform of the above equation gives the spectrum of the optical pulse.

~wta?
2

P, (@) = %e

The electrical bandwidth is defined as that point at which the optical power decreases

:)g' a factor of v 2. If we derive this frequency from the above equation it turns out
at,

133

fus =

where
figs = 3 dB electrical bandwidth in GHz

1.2.5 Analog systems and Future technologies
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In the previous section a brief description of a digital communication system design
was presented. Analog systems also need to consider most of the parameters enlisted
earlier (Sec.1.2.3). The performance is measured in termfs .ﬂf S:gnal to Noise Ratio
rather than BER. In addition, analog systems need to consider linearity of the com-
munication channel. A typical analog link consists of similar components illustrated in
Fig.1.13. Signal amplitude variations are translated into intensity variations by means
of modulating the bias current of the laser diode. Similarly, the receiver converts the
optical intensity variations into electrical current variations and further processed by
electrical circuitry. Fig.1.14 illustrates the analog modulation conceptually. This type
of modulation is known as Direct Modulation due to the fact that the laser diode is
modulated directly by the signal. 1 _

The current trend in lightwave systems is to use external modulation schemes to attain
much higher bandwidths both in the analog and the digital systems. Electro optic
modulators, Mach Zender interferometers, and acousto optic devices are currently used
to modulate the output of the laser diode externally [35]. Bandwidths and data rates in
excess of 10 GHz and 10 Gb/s have been reported using the external modulation
schemes [36].

Coherent communication system is another recent technology which is becoming
very popular due to its large bandwidth handling capability and long distance commun-
ication, Unlike the systems described earlier, which employ direct detection process by
converting the optical intensity into electrical signal, heterodyne detection first adds to
the optical carrier signal, a locally generated optical signal, the optical local oscillator,
and then detects the downconverted signal as shown in Fig.1.15. The downconverted
signal is a reproduction of the original modulating signal but shifted down in fre-
quency from the optical carrier, low enough for the signal processing circuits to handle
in the electrical domain. This type of detection enhances the sensitivity of the receiver
by about 20 dB compared to the state of the art direct detection APDs. In addition, it
allows for frequency and phase modulation of the optical carrier rather than just the
intensity as in direct modulation systems. .

Optical amplifiers is yet another recent phenomenon that has made inroads into the
arca of regeneration or repeater systems. Based on the well known laser action in
which the pump mechanism is realized by another laser (which has higher frequency v,
such that hv>E,, where E, is the energy bandgap of the lasing material), stimulated
emission is initiated by the incoming optical signal. The optical gain achieved by these
amplifiers is in excess of 30 dB. The main advantage of this type of a repeater is its
ability to respond to very high frequency signals that is not yet realized by using con-
ventional opto electronic/electro optic repeaters.

A novel phenomenon known as Soliton propagation in optical fibers has been
re [37] in the late 80s but it was not practically feasible until the advent of opti-
cal amplifiers, :

Optical fibers have intensity dependent refractive index at wavelengths longer than 1.3
Mm. This is observable at high power levels of the order of a few watts of optical
power. The resulting non linear effect gives rise to negative group velocity dispersion,

wl'uch can be tuned to cancel the dispersion effects of the fiber waveguide, thus main-
taining the shape of the optical pulse regardless of the length of the fiber. Optical
pulses as short as 100 fs ( 1fs = 10-15 ) have been transmitted in short lengths of fibers.

emerging technologies cover a wide variety of components and extremely complex
Systems. Networks such as ISDN, FDDI are paving the way for a communication
Super highway. The emergence of Photonics as a separate branch of Lightwave technol-
OgY 1s making rapid progress in optical signal processing. The use of optical fibers and
related technologies in non conventional applications such as sensors and surgery is
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becoming more diversified. It remains (o be seen as to how far the technology can
mmﬁoiizz the day to day life and its impact on science.

1.3 Aim and Scope of the Thesis

This thesis deals with the design, analysis and implementation of an analog optical
fiber communication system for the GMRT. The advantages of optical fiber system and
the basic principles of Radio Astronomy were outlined, earlier in this chapter. In the
remaining chapters of the thesis, the analog communication system specific to the
GMRT is described. An expanded summary of the chapters is given below as an over-
view of this thesis and for a quick rcaniing.
Chapter 2 briefly describes the communication system for GMRT. Firstly, The com-
munication requirements of the telescope are listed together with thé system

ifications. Various options available for realizing the communication system are
discussed and the final configuration is described in detail. Subcarrier multiplexing is
used to combine IF and LO signals and Intensity Modulation is used to modulate the
optical carrier in the final system configuration. The components of the system include
2 single mode fibers to each of the 30 antennas, Ridge waveguide lasers(ImW) and
low reflection PIN photodiodes operating at 1300 nm.

A comprehensive analysis and system design of the communication sys-

tem is presented in Chapter 3. In particular, the following parameters are discussed:

1. Noise analysis
2 Linearity
3.Dynamic range
4.Phase stability

Noise analysis:In the GMRT array, antennas receive very faint astronomical signals
which can be million times weaker than the system noise due to any background sky
radiation, ground leakage and receiver electronics such as polarizers, amplifiers etc.
However, due to statistical independence of cach of the antennas' noise sources, a
cross correlation between any two antennas would eliminate the dc output due to the
system noise while retaining the astronomical signal in the form of auto-correlated
function ( rms noise fluctuations are still present but are minimized by choosing
sufficiently long integration time and wide receiver bandwidth). This is due to the fact
that all the antennas receive signals from the same source, albeit with different
metrical delays, which can be compensated digitally in the correlator [8].

Thus, the optical fiber generally ransmits only the receiver noise with a very tiny frac-
tion of the astronomical signal. The noise of the fiber optic system should not degrade
the receiver noise significantly. The major sources of noise in a fiber optic system
include: laser intensity noise, shot noise, and thermal noise [38]. The cause of each of
these sources is explained in detail in this section. Signal to noise ratio analysis is car-
ried out with respect to each of the noise sources and the effect of fiber optic system
on the overall receiver noise is discussed. Brief discussion is also made for the case
when cither strong astronomical signals are observed or appreciable radio’ frequency
Interference is present.

Various combinations of devices are analyzed to study the effect of optical reflections
on laser intensity noise. The devices analyzed consist of Ridge waveguide laser of low
and medium power, MTBH lasers, low reflection InGaAs PIN photodiodes, high
reflection PIN photodiodes, PINFET receivers and Ge APD devices.

Linearity:The linearity of the communication channel is very important from the
telescope’s observation point of view. Since the signals going through the
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communication system consists of broadband noise and several narrow band signals
(due to LO, telemetry and RFI due to distant transmitters), it is essental to ensure that
spurious products do not interfere with the signals. In this section, the linearity of a
typical communication system is discussed with respect to the linear distortion and non
linear distortion. Theoretical analysis is carried out to estimate 2nd harmonic and 3rd
order intermodulation distortion products. The choice of passband of the communica-
tion channel as a result of the distortion produced, is also discussed.

Dynamic range: Dynamic range is an important parameter in the communication system
because it gives an estimate of the range of signal levels that the telescope can receive
without loss of information. Information may be lost either due to poor signal to noise
ratio or high non linearity.

In this section, the analytical treatment of dynamic range is presented and the effects
of distortion levels due to broadband noise signals as well as high levels of RFI are
discussed.

Phase stability: LO signals are required at each of the antennas to downconvert RF sig-
nals received by the antennas to a common IF. For interferometer applications it is
required to maintain phase coherence at all the antennas. This requires that the phase
of LO signals in each of the signal paths be stable in the time scales of the integration
time of the correlator. This implies that the length of the optical fiber is stable in that
time scales.(¢=wl/v,=freq.of LO , 1= length of fiber, v= group velocity). The phase
variation is mainly due to temperature effects on length and group refractive index of
the fiber [39].

The temperature coefficient of phase variation is computed theoretically and the phase
variation is studied under actual conditions. This section also describes the phase jitter
requirement for interferometry application. The phase jitter translates to an equivalent
signal to noise ratio in the communication channel. This aspect is explained in detail
and the results are presented.

In Chapter 4, the circuit design of optical transmizter and optical
receiver are presented and their performance is evaluated. In the second part of this
chapter, measurement results of the parameters discussed in Chapter 4 _are given.
Optical transmitter consists of optical power stabilization circuit, temperature stabiliza-
tion and bias & matching circuits. Each of these sections is analyzed theoretically and
the measurements are presented.

Optical receiver consists of photodiode front end along with matching
section and a low noise amplifier. Theoretical analysis is carried out to evaluate the
performance of the receiver with respect to thermal noise and signal g=in. The analysis
is compared with actual measurements. The optical fiber cables are used to connect all
the 30 antennas of the GMRT array which are spread over a circular area of 14 km
radius. The total route distance of the cable is approximately 67 kms. In this section, a
brief description of the cable installation and splicing methodology is presented.

In Chapter 5 conclusions and scope for further work are outlined,
References corresponding to each chapter are provided at the end of the chapter.
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Chapter 2
Communication System for GMRT

The electronic system designed to receive astronomy signals with the telescope
was briefly described in Sec.1.1.2. Since the antennas are spread over a large area, the
communication medium plays a very important role in the receiver system. In the fol-
lowing sections, the requirements of the telescope, for communication purpose are
briefly described, followed by the specifications of various parameters as defined by
the receiver system. WVarious options for realizing the communication system using
optical fibers are discussed including analog and digital schemes. In conclusion, the
analog communication system adopted for the telescope is described in detail.

2.1 System Requirements & Specifications

As described in Sec.1.1, the telescope is expected to detect very faint radio objects (of
the order of 10 plansky). In terms of power levels it tums out to be approximately sub
femto watts. Conventional communication media such as coaxial cables, microwave
and radio links generate RFI which is several orders of magnitude higher than this
power level. Optical fibers are found to be the only inexpensive solution to this
stringent requirement. In addition to the RFI requirement, the GMRT receiver requires
the following tasks to be carried out by the communication system:

1.  The radio astronomy signals received at the RF frequency in two polarisations by
the orthogonal feeds at each of the antennas are downconverted to two IFs of 32
MHz bandwidth for each of the two polarisations and transmitted to the centrally
located correlator. The communication link between the antenna and the CEB is
henceforth referred to as Downlink.

2. For interferometry, the LO used for downconversion is required to be synchro-
nous at all the antennas with respect to a central reference oscillator. For this pur-
pose, a reference oscillator signal is sent to each antenna on the communication
system and a return LO signal is transmitted back to the central station for round
trip phase measurement (described in chapter 3) on the communication channel.
The communication link between the CEB and each of the antennas is referred to
as Uplink hereafter.

3. The earth rotation synthesis described in Sec.1.1 requires that all the antennas
track the radio source being observed while the earth rotates. In addition, all the
antennas should be capable of changing the direction of observation, whenever
required. A high performance Servo control system consisting of DC motors and
high efficiency gear system is used for the mechanical control of the antennas
with the help of a computer located at each of the antennas. Since the antennas
are spread over a vast area, it is virtually impossible to synchronize the antenna
movements from the individual locations. Therefore, the communication system is

required to convey the control signals to all the antennas from the central com-
puter located at CEB.

4. Monitoring of the electronic systems located at each of the antennas is essential
for diagnostic purposes. As it is difficult to manually verify the status of each of
the antenna electronics, the monitor signals are sent to CEB over the communica-
tion system. It is also desirable to have full duplex voice channel to each location



for installation and maintenance purposes.

To summarize, the GMRT receiver system requirements and communication
specifications can be stated as shown below:

1. Transmission of two IF signals each with a bandwidth of 32 MHz either in ana-
log or digital mode.
In the case of digital, the number of bits/sample should be more than 2 and a
BER of < 10 [1].
In the analog mode, the Signal to Noise ratio should be better than 20 dB for the
farthest antenna.

2. Transmission of LO reference signals so as to maintain a phase error of 3% rms at
an observation frequency of 1420 MHz.

3. A digital data link, in full duplex mode, to control the antenna movements at a
data rate of less than 20 Kbps.

4, A digital data link for voice and monitoring signals at less than 1 Mbps data rate.
2.2 Qutline of the Communication System

The requirements of the communication system described above can be realized in
many ways. Before analyzing the various options available for the system, it is useful
to consider the constituents of the communication system. Shown in Fig.2.1 is the
outline of the communication system between CEB and one antenna. In the actual
situation, there are 30 such systems required. The communication system can be either
digital or analog or a combination of both. The system shown in Fig.2.1 may be con-

sidered for both types of communications. In the following section, we consider each
of the systems separately.

Digital System The upper half of Fig.2.1 shows the IF signals IF, and IF, which are
downconverted to baseband before being digitized. Similarly, LO signals, Monitor and
Voice signals are suitably digitized. The interface unit consists of a data encoder, clock
embedding circuits and a channel multiplexer to generate serial data. The Electrical to
Optical converter unit converts the data signals to corresponding optical pulses and
launches into an optical fiber. At the receiver end, the optical pulses are converted
back to serial data stream by the Optical to Electrical converter. The interface unit
consists of clock recovery, decoding and data demultiplexing circuits. For the Uplink,
the system is similar to the one described above, except that the IF signals are not
transmitted. The communication medium may consist of one fiber or two fibers to each
antenna. In the case of one fiber/antenna, suitable interfaces are required at each end of
the links to isolate the two signal streams flowing in the fiber (in opposite directions).
These interfaces may be optical directional couplers with optical isolators or WDM
devices. This is elaborated in greater detail in the following sections.

Analog System : In the analog system, the various signals present at the antenna loca-
tion are first combined at the interface unit, which may consist of a frequency upcon-
verter and power combiner. The combined analog signal modulates the intensity of the
optical carrier as discussed in Sec.1.2.5. At the CEB end, the signals are demodulated
and appropriately downconverted to the respective frequency bands. ]

In the case of Uplink, only the LO reference signals control signals and digital audio
are transmitted to the remote antenna stations. The digital audio is usually converted to
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an analog signal by means of a suitable modulation scheme such as FSK or PSK.
2.3 Options Available for implementing the Communication System

There are many possible configurations using optical components and fibers to realize
the communication system just described. However, it is advantageous to implement
the system with the existing technologies in order to keep the system cost low. In this
section, a brief discussion of the alternatives available, with the current technologies, is
carried out. First the Y-array with 18 antennas is considered, followed by the Central
array consisting of 12 antennas.

Y-array : Three possible configurations of the communication systems for the y-array
have been considered and cost comparison was made on the basis of pricing informa-
tion available at the time of feasibility study of the Project (1987) [2]. Each of the
configurations is briefly described below:

i) Two fibers/each antenna: In this scheme, one fiber is used for the Uplink of each
antenna, consisting of Local Oscillator reference signals, Control signals and
voice information. The second fiber is used for transmission of IF signals, LO
return, monitor and voice signals on the Downlink (Fig.2.2)

ii) Two fibers/antenna with Directional Couplers: The LO reference signals, Control
and voice signals are transmitted on a single fiber to all the antennas in each of
the Y-arms. In effect, 3 fibers are used to Uplink all the antennas in the Y array
(Fig.2.3). A directional coupler is used at each antenna to tap the signals off the
fiber. On the Downlinks from the antennas, a separate fiber is used to transmit IF
signals, LO return, Monitor and voice signals.

iii) Bidirectional single fiber [antenna: In this scheme, a single fiber is used for both
Up and Down links. The signals on the Uplink viz. LO reference signals, Control
and voice signals are in digital form and so are the signals in the Downlink. Time
division multiplexing is employed to isolate the tow links, with the Uplink operat-
ing 10% of the tme, while 80% of the time is used for the Downlink. The
remaining time is used for synchronization purposes. Fig.2.4 illustrates the
scheme for one arm of the Y.

There are many variations possible, to realize the multiplexing and demultiplexing of
signals in the Uplinks and Downlinks. The amount of electronics involved in each case
may vary depending on the modulation scheme, analog/digital complexity etc.; but the
optical hardware'as outlined in figures 2.2, 2.3 and 2.4 essentially remains the same.
Cost analysis was carried out [2] on each of the schemes with the pricing information
available in 1987, Table I gives a summary of each of the systems. The prices indicate
the upper limit of each of the components operating at 1300nm.
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Table 2.1

Scheme Fiber LASER/PINFET | Couplers Armouring Total Cost

I (378 km)SS6K1 | (39/36)$114K : (54km)S108K | $278K
it (225 km)$34K | (21/36)$78K | (15)525K | (54 km)S108K | $245K
11 (189 km)$28K | (2136)$78K | (18)$30K | (54 km)S108K | $244K

Cost of source = $2.0 K (including driver circuit)

Cost of detector=$1.0 K (including front end circuits)

Cost of bare fiber = $0.15 K per km

Cost of armouring = $2 K per km =

The total system cost is approximately in the same range for all the 3 schemes pro-
posed. Due to its simplicity in terms of electronic and optical hardware, scheme I is
adopted for the GMRT. We now describe this scheme in greater detail.

Elaboration of Scheme I : In this scheme, each antenna is independently linked to the
CEB by 2 fibers. The signals in the Uplink can be either digital or analog. Similarly in
the Downlink, the IF signals can be sent directly or after digitization.

In the case of analog, the signals are multiplexed using Frequency Division Multiplex-
ing (FDM). In the case of digital, the signals are Time Division Multiplexed (TDM).

It is more advantageous to implement analog transmission scheme for transmission of
Hl: sign;lcs than digital scheme. Some salient points in favor of analog scheme are
shown below:

Advantages of Analog transmission:

. Low bandwidth requirement

Less complex electronic systems at remote stations

. Low cost transmitters and receivers. A typical analog transmitter that can support
transmission up to 20 km. distance costs approximately US $ 1200/. The
corresponding receiver may cost approximately US $ 300/ including the demodu-
lator and downconversion circuits.

e«  There is no RFI produced by the analog electronic circuits

«  Easy to transmit reference LO signals without additional circuitry

Disadvantages of Analog transmission:

The disadvantages of the analog system may be summarized as below:

t K indicates 1000
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e  Non linearity of the analog system due to the laser device is predominant. Har-
monic distortion and intermodulation produced as a result of non linearity restricts
the transmission bandwidth to only one octave. This is due to the fact that 2nd
order distortion products resulting from non linearity are more prominent than 3rd
order products. If the passband is restricted to one octave, the 2nd order products
fall outside the passband. However, with the advances in device technology, the
linearity of laser diodes has unpmvcd considerably.

e  There is a very limited dynamic range [Refer Sec.3.3] available from an analog
system. This limitation is due to the limited range of modulation current of the
laser diode and the intrinsic noise of the laser [Sec.3.1.1].

e Analog systems are very sensitive to optical reflections. Reflections along the
transmission path may severely affect the lificarity and sensitivity of the system.

On the other hand digital transmission system suffers from many serious disadvan-
tages. First we'll consider the advantages.

Advantages of Digital transmission:

«  High noise immunity

e Insensitive to intrinsic laser noise and optical reflections

« No intermodulation or cross talk between channels
Disadvantages of Digital transmission:

« High level of RFI due to high frequency sampling of IF signals.

e High data rates are required for IF transmission. Two IF channels each of 32
MHz bandwidth and 4 hltsz'samplc require a data rate of 2 X 2 X 32 X 4 = 512
Mbits/sec.

A digital transmitter operating at 565 Mbps may cost approximately US $ 2000/
while the mrrcsPondmg receiver may cost approximately US $ 1000/ including
clock recovery, decision circuits etc.

. Complex circuitry is required for phase synchronization of LO signals.

L] ul.g“.al. uﬂﬂqllﬂﬁbﬂu Boucid rﬁq_l.l.u.\..-s u'i.lil MIJ5L we  witw :I.EL-CI"I'CI ‘_..W._i_-...-:..._‘. Ju
located at the remote antenna sites except the correlator [Rcf Fig.1.4, chapter 1].
This reduces reliability of the system and increases maintenance costs.

Central Arrav : In the central array 12 of the antennas are located within 1 km dis-
tance from CEB. 'This places a less sinngent requiréiment on e CONUNUMCAtion Sys-
tem in terms of power budget and dispersion budget. Two different schemes were
considered for this array as shown in Fig.2.5. The bidirectional fiber method makes use
of a single high power laser and a star coupler to realize the Uplinks on a single fiber
going to each of the antennas, The same fiber is used to convey Downlink signals in a
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e Non linearity of the analog system due to the laser device is predominant. Har-
monic distortion and intermodulation produced as a result of non linearity restricts
the transmission bandwidth to only one octave. This is due to the fact that 2nd
order distortion products resulting from non linearity are more prominent than 3rd
order products. If the passband is restricted to one octave, the 2nd order products
fall outside the passband. However, with the advances in device technology, the
linearity of laser diodes has improved considerably.

e Thereis a vi:r:,r limited dynamic range [Refer Sec.3.3] available from an analog
system. This limitation is due to the limited range of modulation current of the
laser diode and the intrinsic noise of the laser [Sec.3.1.1].

e« Analog systems are very sensitive to optical reflections. Reflections along the
transmission path may severely affect the lin®arity and sensitivity of the system.

On the other hand digital transmission system suffers from many serious disadvan-
tages. First we'll consider the advantages.

Advantages of Digital transmission.

« High noise immunity

e Insensitive to intrinsic laser noise and optical reflections

e No intermodulation or cross talk between channels
Disadvantages of Digital transmission:

«  High level of RFI due to high frequency sampling of IF signals.

» High data rates are required for IF transmission. Two IF channels each of 32
MHz bandwidth and 4 bits/sample require a data rate of 2 X 2 X 32 X 4 = 512
Mbits/sec. ,,

A digital transmitter operating at 565 Mbps may cost approximately US $ 2000/
while the corresponding receiver may cost approximately US $ 1000/ including
clock recovery, decision circuits etc.

. Complex circuitry is required for phase synchronization of LO signals.
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located at the remote antenna sites except the cormrelator [Ref. Fig.1.4, chapter 1].
This reduces reliability of the system and increases maintenance costs,

Central Array : In the central array 12 of the antennas are located within 1 km dis-
tance from CEB. This places a less singent requirement on e COMmumcalion sys-
tem in terms of power budget and dispersion budget. Two different schemes were
considered for this array as shown in Fig.2.5. The bidirectional fiber method makes use
of a single high power laser and a star coupler to realize the Uplinks on a single fiber
going to each of the antennas. The same fiber is used to convey Downlink signals in a
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time multiplexed manner. This makes use of directional couplers at the CEB end to
separate the Up and Down links.

The Unidirectional fiber method shown in Fig.2.5b consists of 2 fibers for Uplinking
all the antennas while the Downlinks are realized using individual fibers from each
antenna.

Again cost analysis showed no distinct advantage in either scheme and the latter is
chosen for its simplicity with some modifications as explained later.

']

2.4 Chosen Configuration

As discussed in the previous sections, the final configuration chosen for GMRT con-
sists of analog transmission scheme, due to its simplicity and cost effectiveness.
Scheme I described in Sec.2.3 is adopted in its entirety for both Up and Down links of
the Y array. The unidirectional fiber method is employed for the central array with a
few modifications. The star coupler is realized using a combination of optical direc-
tional couplers (of 1:1 splitting ratio at the output). The insertion loss of a 1 x 16 star
coupler is approximately 15 dB, including excess loss due to coupling. This exceeds
the power budget of the system as described in chapter 3. Therefore two lasers have
been incorporated in the Uplinks of the central array to keep the system margin. A
combination of directional couplers have been configured as 2 star couplers of 1 X 8
configuration and separate fibers (instead of a common fiber) are used for each anten-
na.

For the Y array, the Uplinks for nearby antennas which have sufficient system margin
are realized using directional couplers. A detailed analysis of the Uplink configuration
for the Y array is given in [3].

Both the Up and Down links are realized using analog modulation, with sub carrier
multipélcxing of various signals; the channel spectra of both the links are shown in
Fig.2.6. _

The Uplink consists of 2 reference LO signals at 106 and 201 MHz. Control and voice
signals, which are basically digital signals, are converted into analog signals using an
FEK Modem with fy= 4 MHz and Af= | MHz. The FSK signals are then upconverted
to 18 MHz using a sub carrier. The second stage of upconversion is necessitated by
the fact that the lower cut off frequency of the pass band of the optical fiber link is
about 15 MHz

The Downlink consists of two IF signals centered at 130 and 175 MHz, each 32 MHz
wide. The return LO signals are at 105 and 200 MHz, while the Monitor and voice
signals are centered at 208 MHz. The spectrum in the Downlink is restricted to
approximately one octave, a constraint imposed by the non linearity of the laser dev-
ice. The nonlinearity of the laser device is such that it produces very strong 2nd order
distortion products. If the passband is limited to one octave, these products fall outside
the band of interest. Appropriate filtering techniques are then used to eliminate the
strong distortion products. This restriction is not applicable in the case of Uplinks as
the signals have narrow bandwidths and the distortion products can be eliminated by
proper filtering.

Finally, the technical specifications of the optical transmitter and receiver used in the
Up and Downlinks are summarized in Table 2.2 and Table 2.3 respectively.

The optical ransmitter has a modulation bandwidth of nearly 1.0 GHz. The frequency
response, mentioned in Table 2.2, indicates a variation of £ 2 dB in the passband
compared to the midband frequency response.

The equivalent input noise is indicated only for the laser transmitter. As described in
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Sec.3.1.6, the thermal noise in the receiver accounts for the total noise present in the
link. ’

The DC parameters listed in Table 2.2 are typical values and a variation of around
10% is likely to occur from device to device.

Table 2.3 gives the specifications of the optical receiver. The photodiode element has a
very low back reflection, which is essential for analog systems for maintaining low
intensity noise and good linearity of the lasers (Sec.3.1.1).

The passband of the receiver shows a low cut off frequency of 15 MHz which is due
to the design of low noise amplifiers in the circuit.

]




TABLE 2.2

Specifications of Optical Transmitter
[Laser diode : Lasertron make , Part No.: QLM35860SPEC |]

RF Parameters

1.Modulation bandwidth
2.Frequency response

3.Input impedance

4.Input 1-dB Compression point
[measured with 32 MHz wide, noise

source centered @ 175 MHz]

5.Input Third order intercept point
[measured at 70 MH?z)

6.Equivalent input noise

[Laser noise)

DC Parameters

1.Slope efficiency -

[Slope of Power vs Current curve]

2.0Optical output power
3.Peak optical wavelength
4 Spectral width (rms)

5.Maximum DC power requirement

: 60 KHz - 1.0 GHz
:+2dB

: 50Q
:>+ 10 dBm

:> 4+ 18§ dBm

: £-135 dBm/Hz

: 20.04 mW/mA

:205mW
: 1300 £ 10 nm
:< 1.5 nm

45V @ 1 A [ T gpp=65°C)

+5V @ 80 mA [ Tgmp= 25°C]

-12V @ 80 mA
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TABLE 2.3
Specifications of Optical Receiver
[Photodiode : Epitaxx make , Part No.: ETX75FJ-SLR]

RF Parameters

1.Modulation bandwidth : 7 MHz - 870 MHz (min.) _
2.Frequency response :+2dB

3.Input impedance : 50Q

DC Parameters

1.Responsivity : 2 0.8 mA/mW
2.0Operating wavelength : 1100 - 1600 nm

3.Optical return loss :>45dB

4 Maximum DC power requirement : 12V @ 90 mA
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Chapter 3
System Design and Analysis

The performance of any communication channel depends on its ability to main-
tain all the characteristics of the signal being conveyed. ldeally, all statistical and
deterministic properties present at the input are transmitted unaltered to the output. But
the noise in the channel and non linear properties of the medium invariably alter the
signal characteristics during transmission. The channel performance is usually meas-
ured in terms of the amount of noise present in the channel, the degree of linearity of
the medium and the dynamic range (the range of minimum to maximum signal ampli-
tudes that the channel can transmit without significantly altering the signal properties).
In the following sections, these parameters are described in detail. In addition, the
phase stability of LO signals is also described.

3.1 Noise Analysis

The significance of channel noise depends on the type of signals being transmitted.
Although, in general, all the sources of noise present in the channel contribute to the
overall signal degradation, some sources are insignificant in certain types of modula-
tion method. As described in chapter 2.  analog communication system is adopted for
GMRT, and the types of noise sources that play a significant role can be listed as
below:

. Laser intensity noise
. Shot noise
® Thermal noise

3.1.1 Laser intensity noise:

The operating principle of a typical laser diode was described in Sec.1.2.2. From the
characteristic curve it can be seen that for a bias current above the threshold, stimu-
lated emission of radiation is produced. But the output power does not remain at a
constant level even when the bias current is perfectly stabilized. This phenomenon,
known as intrinsic noise, is due to the quantum processes inside the laser cavity [1].
These processes include the shot noise of the injection current, spontaneous recombina-
tion of the carriers within the active layer, absorption and scattering of radiation and
the stimulated emission. Theoretical analyses by Haug showed that the quantum inten-
sity noise peaks at the laser oscillation threshold where spontaneous emission dom-
inates stimulated emission.

This can be written as follows [2]:

I
RIN e (—-1)"? (1)
la

RIN is the Relative Intensity Noise given by :

<APL

RIN = =25 )

where,
Ip is the bias current of the laser
and
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T is the threshold current of the laser

<P> is the average laser light intensity

<AP> is the mean square intensity fluctuation spectral density of light
output

This effect is more pronounced in index guided lasers than in gain guided lasers [3]. It
is due to the fact that in gain guided lasers, the transition between lasing and non las-
ing modes is much smoother than in index guided lasers. However, index guided lasers
exhibit lower noise than gain guided lasers above threshold. Apart from spontaneous
emission there are other factors contributing to laser noise. In the following sections,
some of them are examined in detail.

Partition Noise: The laser cavity supports several lasing modes and the output power
is distributed among the modes in a time varying fashion. As a result the output spec-
trum of the laser varies from time to time. Added to this, the material dispersion of the
fiber alters the power in each mode in a random manner. This phenomenon is known
as Mode partition noise. This is observed in multimode lasers, (where partition of opti-
cal power takes place among the longitudinal modes in a random manner) as well as in
single mode lasers such as DFB or DBR lasers. In the latter case, the partition noise
occurs between the lasing mode and "non lasing mode” [4]. But the amount of noise
due to mode partitioning is much smaller in the case of single mode lasers. It is also
observed that when the laser has a large number of longitudinal modes, the partitioning
noise is reduced drastically [3]. The material dispersion of fiber can aggravate the
problem of partition noise by introducing non uniform delays between the modes. The
deterioration can be as much as 20 dB [5]. The dispersion effect can be avoided by
operating near the zero dispersion wavelength of the fiber.

Reflection induced noise: When a laser diode’s optical output power is launched into
a fiber, there will be a small portion of the light reflected back to the laser cavity, due
to a fiber connector or some discontinuity along the optical path. Due to this reflection,
an additional lasing cavity is formed, with light amplification being confined to the ori-
ginal laser cavity. This cavity, known as external cavity introduces additional modes.
The interaction between these two cavities may lead to severe alteration of laser per-
formance. Change of emission spectrum, non linear behavior of laser device, increased
intensity noise are some of the negative effects due to external reflections. Reflections
occurring within a few centimeters from the laser cavity and those occurring from a
few kilometers away, have considerably dlffercnt effccts and necd to be considered
separately.

Near End Reflections: In the case of single longltudmal mode lasers, mode stabilization
occurs_ if the external cavity mode has the same lasing wavelength. This will lead to
considerable narrowing of spectral width. Linewidths as narrow as 100 kHz have been
reported using this technique [6].

On the other hand, if one of the cavity lengths is changing, either due to temperature
or due to mechanical instability, the lasing mode changes and mode locking takes
place at a different wavelength; thus leading to fluctuations in the light output.

Due to the near end reflections, low frequency noise occurs whose frequency extends
up to several kilo hertz [7].

The effect of near end reflections is very prominent in the case of single mode laser.
But in the case of multimode lasers, the interaction of the external cavity mode with
each of the laser cavity modes produces an averaged result, which is not so severe as
in the former case.

Far End Reflections: Reflections from distances longer than the coherence length of the
laser are of particular importance when considering far end reflections. In this
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situation, sub-modes corresponding to the external cavity modes are generated. The
spectral emission is altered and periodic peaks corresponding to the sub modes are
observed. The spacing between the peaks Av corresponds to the round trip time of the
external resonator [8). If the submodes are sufficiently strong, mode locking may
occur, giving rise to peaks in the output spectrum at a frequency corresponding to the
inverse of the round trip time and its harmonics extending up to the relaxation reso-
nance frequency [8].

The amount of reflection required to alter the output spectrum as described above,
depends on the type of laser and the type of fiber. In general, if the amplitude of the
reflected wave is smaller than the relative amount of spontaneous emission, then it is
sufficient to avoid the excess noise. When using single mode lasers and single mode
fibers, the limit on the reflection is worked out to around -80 dB o -60 dB [3]. This
is smaller than the Rayleigh back scatering of fibers, thus necessitating the use of opt-
ical isolators with single mode lasers. For multimode lasers (which are used for the
GMRT project), the requirement is less stringent: -50 dB to -30 dB. In this case, an
optical isolator need not be used.

Optical isolators are non reciprocal devices which transmit light in one direction but
forbid it in the other direction. Based on the well known principle of "Faraday rota-
tion", it consists of an input polariser, a Faraday material such as a YIG crystal and an
output polariser. The input polariser converts the incident light into a linearly polarised
light. The Faraday material rotates the polarisation by 45° (as a result of appropriate
design) and the polarisation axis of the output polariser is aligned to transmit max-
imum power at the output. Any back reflections through the output polariser will
undergo an additional 459 rotation through the Faraday material and become orthogo-
nally polarised to the input polariser. Thus the back reflections are not isolated from
the source of radiation.

3.1.2 Shot noise : The generation of photocurrent is a sequence of discrete events
that includes the electron hole pair (ehp) and the motion of these charges under the
influence of the applied electric field . Each ehp will result in a pulse of current . The
total current is the sum of many pulses . The total current is not a smooth continuous
flow, but has variation about an average value . This variation is called shot noise.

It is observed that when a photodetector is exposed to a certain no.of photons N, the
generated photocurrent indicates an equivalent no.of photons n which is not necessarily
equal to N. Because this is a statistical phenomenon, the probability distribution func-
tion which defines the probability of detecting n photons when N photons are incident
on the detector is fodnd to be

A =N
P(n) = ”:! 3)

This is a Poisson distribution with mean and variance equal to N.
The mean squared value of the shot noise associated with the photo current is
<i}>=2elB )

where
= f.- 'I-.It,* {5]

I 4 is the dark current
I o is the photocurrent due to incident light .
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e is the charge of an electron
and
B is the noise bandwidth

3.1.3 Thermal Noise :

Thermal noise was first observed by J.B.Johnson in metallic resistors as early as 1928,
which is why it is sometimes referred to as Johnson noise. Thermal noise results from
the random motion of electrons, in conducting media. The random motion is mainly
due to temperature. From the well known kinetic theory, the kinetic energy of elec-
trons at a temperature T is given by kT, where 'k’ is Boltzmann's constant.

When a resistance of value R is at a temperature T, random motion of electrons within
the resistor produces a noise voltage v(t) at the two terminals of the resistor. From
central limit theorem it can be shown that v(t) has Gaussian probability distribution
with zero mean and variance o given by [9],

ot = ol = LIV ©)

where, h = Planck’s constant.

The power spectral density of thermal noise is
Nu(f) = 4RKT  VolisYiHz 4]

This indicates that thermal noise has a flat frequency spectrum. However it does not
imply that there is infinite energy available from the resistor. Eqn.7 is only an approxi-
mation; at frequencies near the infrared, the spectrum falls off gradually towards zero.
In circuit analysis of noise sources, it is more convenient to define the rms voltage and
rms current sources of the thermal noise rather than the noise spectrum. From the
above discussion, a Thevenin equivalent circuit and a Norton equivalent circuit of ther-
mal noise can be constructed. As shown in Fig 3.1a the Thevenin circuit consists of a
noiseless resistor and a noise voltage source. Similarly, the Norton circuit consists of a
noise current source and a noiseless resistor (Fig 3.1b).

The noise power delivered to a load depends upon the load resistance. From the max-
imum power transfer theorem, it is known that maximum power is delivered when the
noise source resistance is perfectly matched to the load resistance. This is known as
the maximum available noise power. For worst case noise analysis, this value is usu-
ally considered. Mathematically, it is shown to be

Nu(f) = #.{HTR} = kT Watts IHz (8)

which is independent of resistance.

When thermal noise is amplified by an amplifier, additional noise is produced at the
output due to the internal noise present in the amplifier. This is quantified by Noise
factor of the amplifier defined by

Noise power at the outpul 9)

Noisefactor, F =
Ve e Gain x Thermal noise at the input
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Deterioration in thermal noise due to amplifier can be evaluated from the above equa-
tions. It can be shown that noise power at the input of the amplifier is given by,

Nu(f) = (F-1kT Watts/Hz (10)

where, N,(f) is the aggravated thermal noise due to amplifier with a noise
factor F.

3.1.4 Noise Equivalent Bandwidth:

In the preceding sections, the noise sources described, have a flat frequency spectrum.
Since the spectrum extends over a wide frequency range, the total noise power is
minimized by including bandpass/low pass filters in the bandwidth of the signals of
interest, at the receiving end of the channel. The noise spectrum integrated over the
passband of the filter gives the total noise power present at the receiver. Noise
equivalent bandwidth, a mathematical quantity, defined for ease of calculations, is
given by:

LH(f)) 2df an
4] 'H(f)lrfux

—

In the foregoing sections, the noise equivalent bandwidth is used to calculate
the total noise power.

3.L.5 Signal to Noise Ratio :

Before evaluating the optical fiber system shown in Fig.3.2 for Signal to Noise ratio, it
is convenient to electrically model all the noise sources in the system .

The intensity variations of optical light can be viewed as corresponding variations in
the bias current of the laser . This contributes towards noise in the transmitter and can
be equated to some equivalent noise at the input of the laser (EIN,,.,). If the input cir-
cuit, including the laser diode, has an input impedance R; then EINj,,., can be defined
as : :

. EIN,,, = <AIS>R; (12)

where Al indicates the current fluctuations corresponding to the intensity fluctuations .
The quantities AP and P of eqn.2, Sec.3.1.1 can be expressed with the help of the laser
charac;teristic curve, Fig.1.14b, as:

AP = S.AI (13)
P = S.Uy—14) | (14)
where S is the slope of the laser characteristic curve.

The Relative Intensity Noise, RIN can be redefined using the above equations:

_ <ui>
RIN = == (15)

ie <AI> = RIN.(I,~I4 ) (16)
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Substituting for Al in eqn.12, we obtain
EIN = RIN(I,~1,)*R; (17

When the laser is biased at some operating current I, and modulated by a signal of
power RF, the rms signal current, normalized to 50 Q (i.e R;=50Q), is given by :

> = 7;%' (18)
Similarly, the rms laser noise current is given by
du.hur} = V ;;H‘ {19}

_ These currents are converted into optical light by the laser . The laser output is
given by

SA<iy> + <ip paser ) (20)

where S is the slope of the laser characteristic curve. This can be rewritten as :

P> = snj%@] 21

The optical output of the laser can be divided into signal and noise components in the

optical domain, i.e
<P, >l oo =5,1}-—isﬁﬁ (22)

Py = S| ERE @3)

The optical output, P, is coupled to the optical fiber and as it travels through the fiber
it undergoes an attenuation proportional to the length of the fiber . If a is the total
attenuation of the fiber of a given length L, then the power received at the receiver
turns out to be

P> =<P>0 Wans (24)

This power is converted into electrical current by the photodiode according to the fol-
lowing relation :

-
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where R is the responsivity of the photodiode (measured in Amp/Watt).
The photodiode is terminated by a 50 £ resistor for matching purpose . Due to this

only one fourth the power is delivered to the amplifier, fullc-wmg the phumdmdc ( see
Fig.3.2 ) . Now, the power delivered to the amplifier is given by

%4: i >.50 = %(RF +EIN.B).(SR o Wats (26)

This consists of signal power as well laser noise power, i.e

2
<P,> = (RF ],{%sn a) Watts . (2Ta)

r
<Priwer> = (EINB) (3SR ) Watts (27b)
The shot noise at the input to the amplifier is

<P, '::‘ <ij >50.8B Waits (28)
or
<P, > = %- .e.(RP g+l 4)S0.B Waits (29)
where
P, = Ave.optical power corresponding to the dc bias of the laser
¢ = Charge of an electron
B = Noise equivalent bandwidth
The thermal noise present at the input of the amplifier is the sum of noise power of the
matching resistor, given by eqn.8, and that of the amplifier, given by eqn.10. There-

fore, the effective thermial noise at the input of the amplifier integrated over the noise
bandwidth B is:

<Pu>=FLTB Watts (30)
The total noise contribution from all the noise sources is

Priorat> = Py pagee >+ P>+ <Py>  Waits

= [EIN,,., .(%sn 0)? + 25.e.(RPga+l,) + FAT)B  Watts 31)

This noise is present at the input of the amplifier .’

The signal to noise ratio is given by

2
RF.[ %SR a]
— (32)

o
N 1
EIN ager 5 SR ) + 25¢ (RP ga+l,) + FkT | B
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When the laser noise is the dominant source of noise, the expression reduces to :

which is independent of optical loss .

When thermal noise is the dominant source of noise, the expression changes to

RF (L 5R ay?
L2 (34)
N FkTB
which indicates that
i
N () (35)
When shot noise is dominant, the equation takes the following form :
1 2
—5Ra| RF
g [2 ] 36)
N = 25e(RPya+1,)B (

The variation of S/N is plotted in Fig.3.3, elucidating the effect of the three noise
sources. It can be seen from this graph that for an optical loss of 10 dB, which is the
worst case situation for GMRT, the SNR is approximately 28 dB. The noise power as
referred at the input of the amplifier given by eqn.30, when oL =-10 dB, B = 100
MHz, is -172 dBm/Hz. -

3.1.6 Effect of SNR on Telescope’s sensitivity

Due to the high level of laser noise and thermal noise, the noise figure of the
optical fiber link is very high [ typ. 60 dB ). The effect of this can be analyzed
theoretically as shown below :
Let EINggs represent the equivalent noise of optical fiber system at its input. This
quantity can be evaluated by using eqn.31, where the total noise in the optical fiber
system is referred at the input of the amplifier (refer Fig.3.2). To translate this quantity
at the input of the laser, one can use egn.27b and replace EIN,,,, and <P ,,.> by
EINgy and <P ,.,> respectively. Solving for EIN,,,, we obtain

[15.! {RP“ﬂH‘J + Fi.d
ElNogs = ElN e + - . (a7
[lSR u]

2

Eqn.37 indicates that the equivalent input noise of the optical fiber system is a function
of optical loss. This is shown in Fig.3.4. Accordingly, the noise figure of the optical
link varies from antenna to antenna. The high noise figure of the optical link has a
pronounced effect on the sensitivity of the telescope receiver as will be shown in the
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Table 3.1 Parameters used in Fig.3.3

Signal power, RF

EINje.

Laser slope S

Photodiode Responsivity R
Photodiode Dark current I,
Laser Power P,

Amplifier Noise Figure F
Noise Bandwidth B

-10 dBm

-137 dBm/Hz
0.047 mW/mA
OR WA/mW
5nA

0.5 mW

2dB

100 MHz
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analysis given below.

From the noise point of view, the entire receiver electronics of the GMRT antenna can
be simplified as shown in Fig.3.5. The low noise amplifier at the front end has
sufficiently high gain, so that the over all noise figure ( up to the optical fiber link ) is
determined by the front end alone .

Let the front end noise temperature ( Tyy, ) correspond to an equivalent input noise,
EIN ... when the effective output of the LNA and the succeeding stages are not con-
nected to the optical fiber system but terminated by a resistor at room temperature.

If we take G as the gain of the front end amplifier and the succeeding stages, then the
noise of the optical fiber system as referred at the input of LNA can be written as :

EINogs
= (38)

The total noise at the input of the LNA is given by

EINgrs

ElNtoyq = EINp ya+ G

(39)

In most cases, the antenna is looking at faint radio sources, whose power levels are
below the noise power of the front end . As a result, the signal that is present at the
input of the optical fiber system consists of the noise power of the LNA amplified by
G . This can be formulated as :

S EINpu G
N~ EINges (40)

‘.I

The overall sensitivity is determined by the equivalent input noise of the entire system,
given by EINy,, .This can be rewritten as :

EIN
ElN7o = E.wmu.—ﬁ_,”i (41)

This is depicted graphically in Fig.3.6.

In order not to degrade the sensitivity of the receiver system, the lower limit on S/N is
arbitrarily fixed at 20 dB (100). This figure corresponds to a degradation in the sensi-
tivity by 1 % for the case when receiver temperature of the RF front end including sky
and ground contribution is 100 K.

It is interesting to note that in the GMRT array, the antennas receive very faint astro-
nomical signals which can be millions of times weaker than the system noise due to
any background sky radiation, ground leakage and receiver electronics such as
polarisers, amplifiers etc. However, due to statistical independence of each of the
antennas’ noise sources, a cross correlation between any two antennas would minimize
the rms fluctuations due to the system noise (if the bandwidth of the receiver is large
and the integration time is sufficiently long) while retaining the astronomical signal (in
the form of auto-correlated functon). This is due to the fact that all the antennas
receive signals from the same source, albeit with different geometrical delays, which
can be compensated digitally in the correlator [3].

Thus, the optical fiber generally transmits only the receiver noise with a tiny fraction
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of the astronomical signal. The signal power referred to in Sec.3.1.5 is actually the
noise power of the front end system amplified by the overall gain of the system
extending up to the fiber optic link.
3.2 Linearity

A communication system is said to be linear if the input phase and amplitude
are preserved at the output. Quantitatively, given an input x(t), the system is said to be
linear, if the output, y(t), differs from the input only by a scaling factor and a finite

time delay.
Analytically,

y(t) = Kx(t-ty) 1 (42)

where K and t, are constants . In the frequency domain, the output spectrum
is

Y(f)=Ke '™ X(f) (43)

where X(f) is the Fourier transform of x(1) .

If we define the transfer function of the communication channel as

el
H()= w5 (@4)
then it turns out that
H(f)=Ke'™ (45)

This implies that the channel should have a constant amplitude response and a negative
hase shift i.e

H(f) =K and /H(f) =- 2x ft &t m
Practically it is not feasible to obtain such an ideal frequency response . Generally the
channel spectrum is studied only in the pass band of the input spectrum .
Depending upon the variations of the frequency response, several types of distortion
are defined . The three major types of distortion usually considered are :

1JH(f) = K, called amplitude distortion

2 H(f) # - 2r ft ;& m.x, known as phase distortion

3. Non linear distortion caused by non linear elements present in the

system.

The first two types can be grouped under ‘linear distortion” which can be well defined,
based on the wansfer function of a linear system . The third type of distortion
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precludes the existence of a transfer function .

3.2.1 Linear Distortion :

Linear distortion includes any amplitude or delay distortion associated with a linear
transmission system . Amplitude distortion means that the output frequency com-
ponents are not in correct proportion . Since this is caused by IH(f)) not being constant
with frequency, amplitude distortion is sometimes called frequency distortion .

The most common forms of amplitude distortion are excess attenuation or enhance-
ment of extreme high frequencies or low frequencies in the signal spectrum . Less
common, but equally bothersome, is disproportionate response to a band of frequencies
within the spectrum .

Delay distortion is another kind of linear distortion in which the phasé shift of
the signal frequencies is not linear . This results in different frequencies undergoing
different amounts of time delay, causing delay distortion . The time delay can be
expressed analytically

w) =4 (46)

which is independent of frequency only if /H(f) is linear with frequency .

One of the most important effects of delay distortion is pulse dispersion. This leads to
an upper limit on the transmission bandwidth .

Linear distortion can be eliminated - theoretically, and 1o a good approximation, practi-
cally - by using equalisation networks . These networks are connected in cascade with
the distorting transmission channel and correct for the variations in the passband of the
signal, thus providing a distortionless signal . The transfer function is given by

- —ju
Kal'¥

= “ugy

(47)

The overall transfer function H . (f).H(f), produces K.e™9, which is the required
response .

3.2.3Nonlinear Distortion

A system having non linear elements cannot be described by a transfer function in fre-
quency domain ., Instead, the instantaneous values of input and output are related by a
curve or function y(t) = T(x(t)}, commonly called the transfer characteristic. Fig.3.7 is
a representative transfer characteristic; the flattening out of the output for large input
excursions is the effect due to saturation or cut off of the system .

In this chapter, we will consider only memoryless nonlinear devices, which can be
mmplﬂclg' described by the transfer characteristic .

The transfer characteristic of Fig.3.7 is in general approximated by a polynomial of the
form,

y() =ax(t) + azx*(t) + ayx®(t )} - (48)

The higher powers of x(t) give rise to the non linear distortion . If we look at the fre-
quency spectrum,

YF)=aX(U) +alXU)XT) +asX ) XTPXEH - (49)
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where X(f)*X(f) denotes convolution .

This clearly indicates that a transfer function of the form Y(f)/X(f) is difficult to
obtain.
A closer look at equation 49 indicates that for a given bandlimited input signal of
bandwidth W, the product term X(f)*X(f) will have a bandwidth of 2W and
X(H)*X(H)*X(f) will have 3W etc . The output Y(f) can be filtered to include only the
bandwidth of the input spectrum . This will eliminate all the distortion products out-
side the passband . But the spectra of higher order terms overlap with X(f), creating
non linear distortion . There is no simple way to eliminate this distortion . There have
been some solutions to circumvent this problem, wherein, the input signal is made to
pass through a pre distorting network, whose characteristics, when multiplied by the
transfer characteristics of the system, produces a linear characteristic . These are called
‘Linearizing networks’ . :

There are several parameters used to quantify the non linear distortion ; Of the
more important ones, we have,

1.Harmonic distortion

l.Intermodulation distortion

3.1-dB compression point

4. Third order Intercept Point (TOI).

Harmonic Distortion: Harmonic distortion occurs when the input consists of a single

frequency and the corresponding output consists of all the harmonics of the signal . If
x(t) = cos w,t, then from eqn.48, we have,

y(t) = a,coswyt + aicos’oy + ajcoswyl + ... (50)

Further simplification yields,

a; 3a 3a +a
y{t)= {—25+—31+.,.] + (a,+TJ+..,)canr T {%T‘h..}ms’lw + ... (51)

Second harmonic distortion is defined as the ratio of the second harmonic to the funda-
mental :

( ﬂ+ l;'i+.,.}

Second harmonic distortion = o (52)

B
a— +...)

Similarly Third harmonic distortion and higher harmonic distortions are defined as the
ratio of the respective harmonic amplitude to that of the fundamental .
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Intermodulation Distortion:Now let’s consider x(t) which consists of 2 frequency
components :

x(t) = A cos oy + Ajcoswyl (53)

Inserting this in eqn.48, we get a complex output which can be summarized

as follows :

1.The second term a,x2(t) of eqn.48 produces a dc and a second harmonic component
as seen earlier . But it also produces new components at f,+f, and f,-f, that are the
sum and difference frequencies respectively . Such components are referred to as
Second order intermodulation products .

2.The third term a4x3(t) produces the expected fundamental and third harmonic com-
ponents . In addition, it gives rise to intermodulation products of its own, at the fre-
quencies : 2f ﬁﬂ , and 2f,*f,, which are referred to as Third order intermodulation pro-

ducts. Table 3.2 gives a summary of the frequencies and the corresponding amplitudes
of the various second and third order products.

TABLE 3.2

Summary of Intermodulation Products

Types of Intermodula- Frequency Amplitude

tion Distortion

Second Order
fy+f2 a.A LA,
A a,A LA,

Third Order
2f +f, Yea,AlA,
2f,-f, Yea,AlA,
2f ,+f, Yo.a,A A7
2 -, Yo.a,A A2

1-dB Compression Point : If we plot the output power against the input power of a
linear ( time invariant ) system, we expect 1o see a graph similar to Fig.3.8 (dotted
line). However, when the system is nonlinear, the output power will not increase at the
rate as the input power. This is shown in Fig.3.8 (solid line). For sufficiently small lev-
els of input power, the system may look linear, but at higher power levels, the
response deviates from the linear graph. 1-dB compression point is defined as that
point at which the deviation from the linear graph is 1 dB measured at the output.
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Third Order Intercept Point: If we take a signal of a single frequency and allow it to
pass through a non linear systcm, the output will consist of second harmonic, third har-
monic and higher harmonic signals in addition to the fundamental frequency . If the
power levels of each of the harmonics were observed as a function of the input power,
it would look similar to Fig-3.9 .

From eqn.48 it can be seen that if x(t) = Acoswt then the output

y() =a,x(t) + axx®(1) + ayx™(() + ...
= a,A cos(o 1) + aA’cos?(@ 1) + a4 cos (w0 1) + ...... (54)

The harmonic levels are given by :

Fundamental =Aa+Ala,2
2nd harmonic amplitude =14 a,.A?
3rd harmonic amplitude = Y 2, A3

If the output and input are plotted on a log-log scale, it is easily seen that the funda-
mental will have a slope of 1, 2rid harmonic will have a slope of 2 and the 3rd har-
monic will have a slope of 3 as shown in Fig.3.9.

From a similar argument it can be shown that the variations of Znd and 3rd
order IMD products are similar to 2nd and 3rd harmonic levels respectively. The third
order intercept point is defined as the power level at the output, at which the 3rd order
IMD product intersects with the fundamental frequency component .

3.3 Dynamic Range

Dynamic range of any system is the range of signals which the system is capable of
handling without distorting the signal quality perceptibly . Depending on the kind of
distortion considered, various types of dynamic ranges exist :

1 Spurious free dynamic range : This parameter quantifies the range of input signal
levels, in which spurious products are insignificant . It is measured with respect to the
3 ~ order intercept point at the output . Analytically,

SFDR = | Doin. i 55
=1 (55)

where,
P ouim = Third order intercept point measured at the output
N .« = Noise power at the output

2.Compression dynamic range : This is the most commonly used parameter, in which
the saturation level is considered as the upper limit . -

Pin st
lllur|'||

COR = (56)

where,

P . = | dB compression point measured at the input
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N ;, = Noise power at the input

Sometimes instead of the 1-dB compression point, the third order intercept point is
taken as the reference while computing the dynamic range. The lower limit N, is
equivalent to the minimum detectable signal (MDS) of the system.

3.3.1 Dynamic Range of the link:

In the context of the radio telescope, the above parameters cannot be used to define the
dynamic range of the link . As discussed in Sec.3.1.5 the minimum signal level is con-
strained to maintain S/N = 100. Therefore, when considering the dynamic range of the
link, the lower limit on the signal level is not that of the noise present in the channel
as defined earlier. Similarly, the upper limit on the signal level is defined by the
amount of distortion that can be tolerated by the entire telescope system. Ther¢ are two
cases one has to consider while determining the tolerable distortion : 1.Radio fre-
quency interference and 2.0Observation of Strong astronomical sources. In the following
sections we will analyze each of the cases separately.

Radio Frequency Interference: Due to the high sensitivity of the telescope, unwanted
radio frequency signals such as Police wireless, UHF/VHF Television carriers are
received by the antennas. These interference signals are usually stronger than the sys-
tem noise and the astronomical sources. In order to eliminate the effect of interference,
the corrective action is taken at the correlator end where the FFT output is examined
for strong interference signals in each of the output channels. Whenever interference
is present in one or more of the channels, it is blanked out by resetting the respective
output channels. This eliminates the primary affect of interference signals; but due to
the non linearity in the communication channel, 3rd IMD products are generated.
Measurements have shown (Chapter 4) that the resulting non linear products are about
60 dB below the signal levels (i.e front end noise levels).

Now, we consider the maximum level of the interference signal that the link can
tolerate.

The laser characteristic curve shown in Fig.3.10 indicates the operating power levels of
the communication system when the telescope is observing weak sources. In the IF
channel, the total power, say P is -14 dBm in 32 MHz.

The corresponding rms signal current is

A os> = ‘\I—F—E (57)

Let's say that the interference signal is a simple sinusoid with a power level of P,
The total modulation power level is then given by

{PfF + F‘} (58}
The rms modulation current is
PP,
= 22 (59)

It may be noted that Pj has a Gaussian distribution while P; is quasi sinusoidal.
Assuming that P; >> Pz, the peak current is

i = V2(ia) (60)
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The threshold current I,and the peak current I, determine the maximum peak to
excursions of the modulation current. If these limits are exceeded, the signals are
clipped and the resulting spectrum is garbled. Therefore the maximum value of the
peak to peak current is the difference between the peak current and the threshold
current of the laser diode.

i.e

j = L) (61)
For typical values, we will consider Fig.3.10 : Py= -14 dBm, I, = 51mA, I, =29mA ;
Substituting these values in eqn.s 59,60 and 61, we get,

_EE'E_P"

This corresponds to P; = 4.75 dBm.

The maximum permissible power of the interference signal at the output of the IF
chain P;is therefore limited to 4.75 dBm i.e 18.75 dB ( 4.75 -(-14 dBm)) above the
input receiver noise, for the operating conditions shown in Fig.3.10

2.Strong astronomical sources: The astronomical sources are Gaussian random
processes emitting radiation over a wide frequency spectrum. When observing strong
sources, the power received at the front end amplifier is significantly higher than the
EIN ...

We will now evaluate the required power level to reach the peak modulation current
allowed by the laser.

As shown in the previous section, the maximum peak peak current excursion is

, = (=Ia) (63)

If Py is the signal power, then the rms modulation current is

\/7‘7 (64)

The peak to peak current of this signal cannot be quantitatively defined because it is a
Gaussian random process. In principle the signal has a finite probability to reach an
infinite amplitude ( the probability is infinitesimally small however). But for practical
considerations 5 times the rms signal amplitude is taken as a safe margin for the

to peak variation. This approximation ensures that the signal amplitudes fall within
these limits with a probability of 0.99 .

Therefore the peak to peak current is given by,

- {ﬁ.ﬂ

In the limiting case,

{f’—f“} - 'Ep-p {66}
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For the typical case mentioned earlier, Py works out to 0 dBm.

Thus, the dynamic range is 14 dB [ 0 dBm - (-14 dBm)]

However, when observing strong sources, such as the Sun, the input signal power will
not be limited by LNA, but will depend on antenna temperature. For example, for the
relatively quiet Sun at 327 MHz, the power flux is approximately 10-2! Watts m-2Hz-!
for which the antenna temperature T, = 30000 K. Hence, one would have to decrease
the sensitivity of the receiver by inserting a solar attenuator in the RF signal path. It
can be shown .that for a 10% degradation of the input receiver noise, we can reduce
the IF output power level to -32 dBm (which is due to background sky radiation and
receiver noise), thus increasing the dynamic range to 32 dB ( 0 dBm - (-32 dBm).
However, it has been planned to monitor the IF power levels through the telemetry
system and with the help of Microprocessor controlled attenuator switches, included in
the IF signal path,the average power level at the input of the optical fiber system is
maintained at a relatively uniform value. Additional attenuation is added in the IF sig-
nal path whenever an increase of 8 - 10 dB is detected in the IF signal power. By this
process, the dynamic range of the telescope can be extended to 40 dB or more.

3.4 Phase Stability For interferometry applications, the coherence of the source radia-
tion needs to be preserved, as discussed in Sec.l.1. The RF signal received at the
antenna is converted to the IF using a Local Oscillator (LO). To maintain coherence of
the RF signals, it is important to keep the phase of the LO signal stable. Moreover,
since there are several antennas situated at different locations, they need to have phase
synchronous LO signals at the respective locations. In the following sections, a brief
description of the scheme for the above requirement is carried out, followed by the
effect of the communication channel on the phase stability.

34.1 Phase stable LO distribution: Synchronization of the LO signals at different
antennas is achieved by phaselocking them to a reference frequency which is transmit-
ted from a central master oscillator to all the antennas. The phase of the reference fre-
quency needs to be stable, requiring the transmission path to be located underground to
mini?r‘rgzc temperature related variations. This is dealt with in greater detail in
Sec.3.4.2.

Transmission path length variations alter the phase of the reference frequency. These
variations can be determined by transmitting and monitoring the phase of a signal of
known frequency on the channel. It is necessary to measure the phase in two direc-
tions i.e. from the master oscillator to the antenna and back from the antenna to the
master oscillator, since all phase measurements must be made with respect to the refer-
ence frequency. This technique is know as "Round Trip Phase Measurement”. The
phase changes at the antennas can be corrected in real time or by introducing appropri-
ate delays in the data analysis at the correlator.

Several methods are available for round trip phase measurement - one of the first was
devised by Swarup and Yang [10). In this scheme, a fraction of the reference signal is
reflected back to the master oscillator and the relative phase of the reflected signal is
measured using a detector. In order to differentiate from other sources of reflection
along the transmission path, the reflected component at the antenna is modulated by a
low frequency signal and synchronous detector is used at the master oscillator to detect
the reflected component.

A slight variation of this scheme known as Frequency offset Round trip system is
popularly used in radio astronomy. As shown in Fig.3.11, the signals traveling in
opposite directions in transmission path are slightly different frequencies f, and f,,
which allows them to be separated easily. A detailed analysis of this scheme is
described below:

A reference frequency f, and a difference frequency (f,-f;) are transmitted to an
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antenna; An offset PLL o»haselocks to the difference of the tow frequencies viz. f;
-(fy-f,)=f,. The phaselock=d f, frequency is sent back to the master oscillator location
for phase measurement. A the antenna location, the phases of the signals at frequen-
cies f; and (f,-f,) relative 1w their phases at the master oscillator location are 2x f,L/v
and 2n(f,-f,)L/v, where L and v are the length and group velocity of the transmission
path respectively.The phases of the f, oscillator at the antenna is constrained by the
PLL to equal the phase cirference of these two signals, which is 2nf,L/v . the phase
change in the signal f, in wmaveling back to the central location is 2nf,L/v. Thus the
round trip phase is 4nf,L.*+. If there is a change in the path length by a small fraction
say from L to L(14P),then the measured round trip phase in 4nf,L(1+B); the correction
required is half the additiomal change measured i.e. 2nf,Lp.

Due to reflections along tms transmission path and other circuit systems, the round trip
phase may include errone:nus measurements. The frequency separation can be ‘suitably
adjusted to take care of unwanted reflections if the actual points of reflections are
known [11].

Another way of circumve:ntng this problem is to use separate transmission paths for
the two directions, if the Tansmission paths have identical characteristics with respect
to path length variations. =or the GMRT, two fibers placed in the same cable are used
for the two directions. Studies by Sarma [12] showed that fibers within the same cable
have closely matching churracteristics of path length variations, to the accuracy required
for radio astronomy applications.

3.4.2 Phase Stability in ‘Dptical fibers

The phase of LO signal umaversing the fiber is affected mainly by the path length varia-
tions and the noise present: in the transmission medium. We will consider each of the
effects separately.

Path length variations: T”ne optical fiber has a certain thermal expansion coefficient
due to which the length v-aries due to temperature variations. The phase change intro-
duced due a length of fibeer L with group refractive index N in a signal at a frequency
f is given by:

c

where c is the velocity of iight in air.
If we differentiate eqn.67 with respect to temperature, T, we get

do _ 2uf, N N
ar - e (68)
e Ap = %,ﬂ - z—’gﬁm.%,.ﬁr+ %Aﬂ (69)
- E:L.(L.wm.m.} (70)

Therefore,

g
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But,

AN _ _, AL

R k . 7 (72)
which is due to Photo elastic effect; £ is a constant.

Therefore eqn.71 changes to

80 | g A
.- (1-k). L (73)
For silica fibers k == 0.22.
Therefore,
- I AL
. 0.78 7 (74)
The thermal expansion coefficient of length oy is defined as
1 dL
Oy * Tar (5)
Therefore,
=1lx 'lf-: E_
Ad o ’ “/
"‘f‘ = (.78 m’”; AT Jﬁ‘ ﬁ}

- S bX\0 C AT

Effect of noise on Phase stability: The noise present in the communication system
(described in Sec.3.1) affects the phase stability of LO signals, The in phase com-
ponent of noise contributes towards amplitude variations while the quadrature com-
porli;-.nt generates phase variations. A detailed analysis of phase noise is carried out by
Robin [13].

The phase error generated due to the noise of the link can be quantified in terms of
SNR [13]. This is given by

_ 1
#crrﬂ - Z{SF‘NJI

an

where N is the double sided noise bandwidth. This expression is arrived at, with the
assumption that the noise spectrum is uniformly flat.

Experiments conducted by Logan, Lutes et al [14] indicate that the noise spectrum of
the link need not be uniformly flat as of white noise; especially when the laser is
modulated by a single frequency such as an LO signal. With single mode lasers,
Logan, Lutes et al observed that the noise spectrum has 1/f roll off in the vicinity (
about 1 Hz up to several KHz ) of the single frequency modulation signal, contributing
to much larger phase error than the one obtained by using eqn.77.

Experiments were carried out with a similar set up used in [14], but with multimode
lasers. The observed results showed no such roll off and confirmed eqn.77 as regards
phase stability [15].
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Chapter 4
Circuit Design and System Evaluation

4.1 Introduction

Single mode optical fiber has a very high bandwidth. The optical transmitter and opti-
cal receiver usually limit the overall frequency response of the link. In this chapter, the
transmitter and receiver systems for the GMRT are described in detail. The design
aspects of transmitter and its frequency response are presented followed by those of
the optical receiver and the electronic systems following it.

The system performance is evaluated and the measurements of the analog parameters
enlisted in chapter 3 are presented. The concluding part of the chapter includes a dis-
cussion on the results and scope of further work.

4.2 Design and Circuit Analysis

In the design of an analog optical communication system, the circuit designer has to
consider the linearity and SNR parameters in addition to matching the devices for high
frequency response. In the following sections, a complete analysis of each of the sub
systems 1s carried out.

4.2.1 Optical Transmitter: The laser diode is the central element in the optical
transmitter. Commercially available laser diode packages have in-built photo detectors
to monitor the optical power of the laser chip and thermistors to monitor the tempera-
ture of the device. Also included in the cEackagc is a thermoelectric cooler to stabilize
the operating temperature of the laser chip. It has been observed that InGaAsP laser
devices are very sensitive to temperature variations [1]. Fig.4.1 indicates the optical
power output of a typical laser diode due to temperature variations at a fixed bias
current. In order to stabilize the output optical power, the temperature and the bias
current of the device should be kept stable. This is achieved by control circuitry using
the temperature and optical power sensors.

As shown in Fig.4.2, the analog optical transmitter consists of optical power control,
temperature control and bias and matching sections. The optical power control consists
of a photodetector which senses the output optical power and generates a feedback sig-
nal. This is compared against a reference and the resulting error signal is used to
adjust the bias current of the.laser.

The temperature control section uses the thermistor to sense the temperature and the
gﬁnﬂaﬂ:d feedback signal is used to drive the thermoelectric cooler to cool the laser
chip.

The detailed circuit diagram is shown in Fig.4.3. We will now consider each of the
sections separately.

Automatic Power Control:This section consists of the monitor photodiode and an
error signal generator. If we assume that Poy is the optical power of the laser,
corresponding to a bias current I, then the monitor photodiode gives a photo current

Iph given by,
fn = . Poy (1)

where o (amp/watt) is a constant determined by the responsivity of the photo-
diode and the coupling efficiency.
Pop is related to the bias current of the laser, I, by
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Pw = (—1a)S {2)

where, S is the slope of the laser characteristic curve (Watts/Amps).
The corresponding output voltage, V, is given by

Voo = Rglu+V., 3)

where R is the feedback resistor
and V. is the negative supply voltage

This voltage is compared with a reference voltage and an error voltage is generated by
the control circuit according to the variation of the output optical power. The modula-
tion signals and high frequency components present in the optical output are filtered by
a capacitor so that only the average power is measured instead of the instantaneous
optical power. .

For convenience, we will consider only the dc conditions of the circuit.

Ve is given by :

I N
V, o {1+R—]':I..V"I—Rl .V’* (4)

where V. is the reference voltage
and V, is the output of the amplifier U3A
The base current in the transistor

I
Iy = —
B ﬂ* (s}
B4 is the dc current gain of the transistor
But,
_ Wc-vl]
- — (6)
where Vj is the base voltage with respect to ground.
Thus, the laser current is given by
I _ {V.!";I}"Vu m
where V, is the base to emitter voltage of the transistor.
By rearranging the terms in eqn.7, we get
Vi = Redp#VetVy 8

Substituting this in eqn.6 ,
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V,~R, Jp+Vo+Vy)
Ry

From eqn.5 we have ,

I ” V=R, Jp+V,, +V.,}
B Rg

R
ie V, = F’—_r,,m,f,_w_w,
e

Ry
- (ﬁ—*ﬂ, M +V +V,

Substituting for V., from eqn.4-we get,

Ri

R ""

R
+ R—’} Vg~ 2R, )4V 4V
1

Puc
Replacing V,, by RHS of eqn.3,

R,

{1"‘_} Vu;“g— (Rela+V.) = { +R MLV 4V

Pac

From eqns.1 and 2 we get an expression for Ipp, in terms of I,, which is
Iw = S -1y)

Eqn.14 can then be rewritten as

R R R
(4 20— R OS UuAuHVar) = (GtRIL o HVy

Rs R4 R,
{U*‘—}Vw R, Va=Vq = [E—hﬂ +R Rg 15]!;,——-—35.::.5!,,,

If (Ry/R;) >> R, and Ry, then eqn.17 reduces to:

H: Rz
{'R"_l Y (Vrer=Vae) = (U-1u }'R_-ijﬁ‘ s
i.e.

2V V.a)
Ri:™ T VyVa)

Re o §

(h=1s) =

Rlxﬁn.s

®)

(10)

(11)

(12)

(13)

(14)

(15)

(16)
an

(18)

(19)



Therefore, from eqn.2, we get

P = (FM‘V-:}
- gl Rgz.a

20)

This implies that, irrespective of the slope variations of the laser characteristic curve

due to temperature variations, the optical power remains stable at a constant value

determined by Vo,V Rg and o

The optical power was monitored at various chip temperatures and it was observed to

be constant.

The optical power was also monitored for 24 hour periods for several days and it was

observed to be within 0.05 dBm as measured by an optical power meter with a'resolu-

tion of 0.01 pW.

Theoretically, the stability of the optical power can be determined by evaluating the

effect of temperature coefficients of the parameters enlisted in eqn.20. (The operational

amplifiers have much lower temperature drifts than the variables listed in eqn.20).
Assuming that a is independent of temperature variations, we can evaluate the

change in optical power for a change in temperature, AT as given below:

If we differentiate eqn.20 w.r.t temperature,

d‘uqn 1 o Wr-f“vu) d 1
4T - Rg.a ﬂ-“rnf"v-)'.' o H(Ra} (21)

_ dP’F = 1 d [vrlf"vu} ~1 dRG
8Py = —ZFAT = e (Vg Vi) AT+ AT AT (22)
Assuming worst case deviation in the error analysis, we get
1 . d d 1 dRg
BP = 751 o7 Vs ¥ Vet Re Vrer =Vae )= 14T (23)

From the data sheets [2,3,4],

dv,,

=% = SX10%V/°C  (20ppm/°C)

i:-f“ = SX10%vVI°C  (10ppm/°C)
dRg

a = 034/W

From these values, the expected variation turms out to be

-
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AP, = 012uW/°C = 140ppm/°C (24)

when Papl==ﬂ.833 mW
Rg = 10 kQ
an=" SV

and V=-5V

Temperature Control

The laser diode package consists of a thermistor and a thermoelectric cooler to provide
temperature stabilization. The temperature control section senses the temperature of the
laser chip by means of the thermistor. A Wheatstone's bridge consisting of R35, R36,
R37 and the thermistor is used to generate the feedback signal. The bridge is balanced
at the desired chip temperature. Any change in this temperature alters the thermistor
value, and an unbalance is created in the bridge. Amplifier U3D is used to generate the
required error signal. The thermoelectric cooler is driven by the error signal with the
help of a Darlington transistor Q2 to compensate for the unbalance. The circuit is
designed such that, at 25°C of laser chip temperature, the Wheatstone bridge is bal-
anced and there is no error voltage generated at the output of the error amplifier( U3D
).If the laser chip gets heated due to the current flow in the device, an error signal is
generated by the amplifier U3D and the power transistor pumps the extra current
needed to cool the device.

The principle of operation of this section is similar to the Power Control circuit
Theoretical analysis of this circuit shows that the temperature stability is approximately
0.1°C.

Bias and Matching Section:

The RF signals which modulate the laser diode originate from 50-Q systems and
hence it is required to match the optical transmitter to 50 £ to ensure maximum power
transfer. The dynamic impedance of the laser diode (when forward biased) is usually
of the order of 5 £). The reactive part of the impedance is generally very low and at
frequencies below 1 GHz, it is ignored. Impedance transformation techniques are used
at high frequencies to match the dynamic impedance of the diode to 50 Q. At lower
frequencies it is adequate to add a series resistance along with the laser diode for
matching purpose. This implies that most of the RF signal power is absorbed in the
series resistor. But this is not a serious issue, as the laser device is sensitive to signal
current rather than signal power. In other words, there is no degradation in SNR
despite the loss of signal power at the matching interface.

The laser diode is forward biased at a bias point using a dc current source consisting
of transistor Q1. At quiescent state, the output of the amplifier U3B cormresponds to the
steady state of the control loop. This voltage drives the transistor and according to
eqn.7, current I, flows through the emitter of the transistor. The collector current of Q1
is very nearly the same as the emitter current and this is the bias current of the laser
diode. Inductor L4 and capacitor C7 (cf.Fig.4.3) are used to filter out high frequency
components present in the modulation current.

4.2.2 Optical Receiver The photocurrent generated by the optical signal described in
Sec.3.1.5, is generally converted into a voltage before being amplified and processed
further. Usually a resistance of appropriate value serves this purpose; higher value
resistance will enhance the signal gain but frequency response is reduced due to large
RC time constant, where C is the junction capacitance of the photodiode. Smaller
values of resistors will increase the frequency response, but will also increase the ther-
mal noise current ( ith= 4FKTB/R ). When both high frequency and low thermal noise
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are required, two popular schemes are adopted: High impedance and Transimpedance
front ends.

In High impedance front end (refer block diagram in Fig.4.4), the load resistance Ry, is
very high. The capacitance C which includes the input capacitance of the amplifier,
junction capacitance of the detector and any other stray capacitance,

Assuming that the amplifier has a flat frequency response in the frequency range of
interest, the frequency response of this front end at V,, is given by

V[(ﬂ) J‘LR;_

L@  I1+jeR.C 25)

Because R, is chosen to be very large, the thermal noise contribution is very sudall.
However, the R;C time constant is very high and the frequency response is limited to
1/R,C order of 1- 50 MHz. (Refer Fig.4.5a). An equaliser is therefore required to
extend the bandwidth to the required range of interest. Because R;C network tends to
integrate the signal, a differentiator is used as an equalizer to compensate for the fre-
quency response. Fig.4.5b gives the frequency response of such an equaliser. This net-
work may be passive as in Fig.5b or active with some gain.

The transfer function of a passive equaliser (Fig.4.6) is given by

(14j-—)
Va(w) n Ry wy ©6)

Vl{m} (lez)‘(l*_j_m_)

0]
where
% h )
= R:C, _ 27
o (R+Ry)

~ RyR,C, @8

For ideal equalisation, @, should equal 1/ R C. With this equalisation, the bandwidth
is extended to @, . The overall frequency response after equalisation is shown in
Fig.4.5c. It should be noted that the effective gain is reduced due to attenuation of
lower frequency signals by the equalizer. Thus, the amplifier gain A has to be
significantly large, not only to maintain adequate signal strength, but also to reduce the
effect of noise present in the succeeding stages, following the equalizer. Because Ry is
very large, the signal voltage is large; this coupled with the high gain of the amplifier
reduces the overall dynamic range of the receiver.

Active equalization reduces this problem to some extent due its inherent gain, but a
transimpedance front end eliminates this problem altogether because it does not require
any equalisation.

Transimpedance front end: The transimpedance amplifier is a shunt feedback
amplifier shown in Fig.4.7a. The feedback resistor R; has a stray capacitance C;. While
the capacitor C includes the amplifier input and the detector’s junction capacitances.
R, consists of the bias resistance and the detector’s dynamic impedance. The transfer
function of this amplifier can be shown to be [5],

Vilw) Ry
Lw)

29)

1+-‘5’—+jmrzf{t:: pe. 2
AR, A
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Table 4.1

Technical Specil’icaliuns of the cable used for GMRT

Modefield diameter of fiber : 10 um

Cladding diameter : 125 um

Primary coating material : UV cured Acrylate

Primary coating diameter : 250pm g

No.of fibers : 4,6,8,10,12 or 14

Cable outer diameter : 128+ 0.8 mm

Minimum bending radius : 10 times the outer diameter
Cable weight . 126 kg/km

Tensile strength : 126 kef
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In practice, R, is designed to be greater than R ( and A >>1. If the value of C; is
much smaller than C/A (which is practically feasible), then the 3-dB frequency will be

A

This shows an improvement of a factor of A over the high impedance front end. The
dynamic range of transimpedance front end is also better than high impedance system
due to the fact that there is no equalization. As a result low frequencies are not
attenuated as in the case of high impedance front end. The improvement in the
dynamic range can be worked out, considering this fact; it turns out that the ratio of
the two dynamic ranges is a factor of A. '

GMRT Optical Receiver: In the case of GMRT, the laser noise is the predominant
source of noise. As a result no attempt has been made to reduce thermal noise contri-
bution from the front end; instead, high frequency response is enhanced by including a
low value resistance of 502, so that the succeeding high frequency amplifiers are
matched. The block diagram of the optical receiver is shown in Fig.4.8
}:.r.t‘s now proceed with the circuit analysis with the help of the circuit diagram in
ig.4.8b.

The received optical power at the photodetector P, is converted into electrical
current; this current flows in the direction of the electric field which is due to the bias
voltage. This current is given by

ipp = Pre R (31)
where,
Pue = Poga (32)
P, = Optical power at the transmitter (33)
o = Optical loss incl. cable and connector’s insertion loss (34)

The generated photocurrent is equally divided between the load resistor and the
amplifier because the input impedance of the amplifier is also S0Q.
Power delivered to the amplifier is

(3 (35)

If G, is the power gain of the amplifier, then the power delivered at the output of the
ampﬁgcr is

Pas = (550G omy (36)

The SNR performance of the receiver is treated exhaustively in chapter 3.

The amplifier in the receiver circuit consists of a single stage or two stage Bipolar
MMIC, INA 02186/02170. This device is a broadband low noise amplifier. It S
on a single voltage with a bias current of 40 mA.. As shown in Fig.4.8b, the biasing
circuit is a simple resistor connected to +12V. The frequency response of the amplifier
is shown in Fig.4.8¢c and the specifications are summarized below:

»
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Specifications of MMIC Amplifier INA 02170

»  Frequency response : DC-1000 MHz
. Noise figure : < 1.8 dB

e  Input VSWR :<1.6

. Output VSWR :<1.6

4.2.3 Optical fiber cable: The optical fiber cable for the GMRT consists of several
sections as outlined in chapter 2. The cable design was made for the specific applica-
tion of GMRT. The details of the cable are given in Table.4.1 and the cable construc-
tion is outlined in Fig.4.9.

The non metallic type of cable is used to avoid the effect of lightning. Thee central
strength member is made of FRP which is responsible for the high tensile strength of
the cable. The slotted core member is a high density polyethylene (HDPE) with helical
groves cut into it. Optical fibers are located in these groves; each grove can accommo-
date up to 4 fibers. The groves are f ‘ed with a non hygroscopic petroleum jelly to
prevent the ingress of moisture- moist: = contains OH ions which severely degrade the
attenuation performance of optical fibeis [6].

The outer coating is a Nylon sheath which is resistant to abrasion. This makes the
installation procedure very simple.

Cable installation: As discussed in chapter 3, the optical fiber is required to be buried
underground, where temperature variations are minimized, in order to maintain a stable
phase of the LO. Unfortunately non metallic cables are prone to attacks from rodents
and there have been many instances of non metallic cables being completely gnawed
through by rodents. The Telecommunications Engineering Center at Delhi have recom-
mended several installation procedures to overcome this problem. However, these pro-
cedures worked out to be very expensive and could not be implemented within the
budget of the project. A cheaper alternative was worked out to circumvent this prob-
lem, which can be summarized as follows:

Dig a cable trench to a depth of more than 5 feet.

Pour cement concrete and make a slot of 30mm X 30 mm throughout the section.
After curing, place the cable in the slot and cover with sand.

Pour cement concrete and allow it to cure.

Cover the trench with sand and mud, after inserting warning signs about the cable
at 1 meter depth.

Ll ot R

In the case of crossing small canals and rivulets, the procedure is carried out 1 meter
below the river bed. In cases where the cable runs below a road, pre fabricated rein-
forced concrete channels were used and hume pipes of 400 mm dia are placed over
sh voncreie chiannels (o prevont cxcese siess on the exbles.

Cable insertion loss: The fiber used in the cable is a single mode type with zero
dispersion wavelength centered at 1310 nm. The dispersion is measured to be 3.5
ps/nm/km as given by the manufacturer. The average fiber loss is 0.36 dB/km as
measured by OTDR (Fig.4.10).

A typical optical fiber communication system to any of the antennas, as installed at the
site is illustrated inFig4.11. It consists of uplink and downlink. The uplink carries only
the control and monitor signals and reference LO signals. While the downlink consists
of IF signals in addition to return LO and telemetry signals. There is a low reflection
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VFO-DF connector at the end of each transmitter both in the up and down links. This
is required for maintenance purposes. Single ended measurements with OTDR can be
i;_chl;formad to check the continuity of the fiber in any link without disturbing the set up.

connector uses the principle of angled facets of fibers to achieve a vu;y low back
reflection ( < -55dB ). The insertion loss of the connectors varies from 0.4 dB to 1.0
dB. The optical receivers also are terminated by VFO-DF connectors for ease of
replacement.

4.3 Measurements ‘

The theoretical description of the analog system is presented in chapter 3. The analog
parameters have been analyzed thoroughly and their effect on the performance of the
telescope is also presented. The analog parameters considered in chapter 3 include:

SNR

Linearity

Dynamic Range

Phase stability of LO signals

Experiments were carried out to quantify each of these parameters very
rigorously. In the following sections, a brief description of the experiments performed
and their measurement accuracies are presented in the following sections.

4.3.1 Signal to Noise Ratio : The experiment set up used to measure SNR is shown in
Fig.4.12. The optical transmitter and optical receiver circuits are described in Sec.4.2.
The optical attenuator has HMS-10/HP connectors at the input and output interfaces.
These connectors have a back reflection of -40 dB. The attenuation setting can be
a?'“lﬂ}rwd from 0 dB to 80 dB in steps of 0.1 dB. The instrument has an insertion loss
of 1.56 dB..

A single tone at a frequency f; and a fixed power level is used as the signal at the
input of the optical transmitter. Spectrum analyzer TEK 2710 is used to measure the
noise and signal power levels with the resolution bandwidth as indicated in Fig.4.13.
':hhc experiment 1s carried out with various combinations of sources and detectors as

own below:

1. 1 mW RWG LASER + Low reflection PIN photodiode
2. Low power RWG laser + PINFET (back reflection : -30 dB)

3. Low power RWG laser + High reflection PIN photodiode (back reflection :
-17dB)

The measurement results are graphically depicted in Fig.4.13

“"The first of the above combinations showed ligher SHR ievels auc io ihc atecnce of
strong reflections. PINFET receiver has higher sensitivity and the SNR performance is
close to the shot noise regime. Theoretical calculations match very closely with the
observed results. ¢

Fig.4.14a shows the experimental set up for measuring the effect of reflection on laser
noise. A 2 x 2 directional coupler is used to introduce the required back reflection and
the optical attenuator HP 8157A is used to control the amount of back refiection. The
specifications of the directional coupler are summarized below:
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«  Splitting ratio : 1:1

e  Excess loss : < 0.5 dB

e  Dircctivity : > 50 dB

As in the earlier experiment, TEK 2710 is used to measure the noise spectrum of the
laser source. Fig.4.14b summarizes the experiment results. At optical reflections
weaker than -30 dB, there is no anpreciable change in the laser noise performance.
This may be due to the fact that the intrinsic noise of the laser is stronger than the
reflection induced noise.

4.3.2 Linearity : As discussed in Sec.3.2, linearity can be quantified in several ways.
Non linear distortion can be estimated by measuring 2nd order and 3rd order distortion
products. 5&.4.15 depicts the experiment set up for the distortion measurement. Two
tones f; f,, separated by a narrow spacing in frequency domain are combined
using a power combiner and passed through the link. The output of the link is moni-
tored using the spectrum analyser TEK 2710 and the various IMD products are meas-
ured. A bandpass filter is included in the signal path before the laser diode, to filter
out spurious products.

The measurement uncertainty is governed by two factors: The amplifiers’ non linearity
and the instruments non linearity. The accuracy of the measurement is limited by the
instruments limit of +0.5 dB. The results are plotted in Fig. 4.16. The results include
the combinations listed in the experiment on SNR measurements.

The first of these combinations showed extremely low distortion levels. The IMD pro-
ducts were below 67 dBc even for the strongest power levels of about 0 dBm. The
dynamic range of the Spectrum Analyzer restricted the measurement of IMD products
at lower power levels. Low power laser exhibits a pronounced nonlinearity when the
optical feedback is about -17 dB. There is a considerable decrease in the distortion
levels when the optical reflection is reduced down to -30 dB.

The effect of optical feedback (back reflection) on linearity is also studied by introduc-
ing controlled amount of reflection by using a set up similar to the one shown in
Fig.4.14a. 3rd IMD products were measured by varying the amount of feedback. The
results show that for reflections less than -30 dB, there is no appreciable change in the
linearity performance (Fig.4.16b).

4.3.3 Dynamic Range: The dynamic range of the communication system is limited to
15 dB as described in Sec.3.1.5. This is due to the fact that the constraint on the
minimum signal that the communication system is allowed to transmit (by the tele-

receiver system) is about 100 times the noise power instead of the conventional
limit of S/N = 1. The saturation limit of 1 dB compression point and Third Order
Intercept point (TOI) are measured using the set up shown in Fig.4.17. The 1 dB
compression point was measured with a single tone as well broadband gaussian noise
signal. For TOI, a single tone is used . The power meter used for measuring power
levels at the input and output stages has a sensitivity limit of -30 dBm. The measure-
ments results are indicated in Fig.4.18.

4.34 Phase Stability: To measure phase stability of the communication system, one
requires a low drift measurement set up with low phase noise signal sources and a
phase meter with a very low noise bandwidth.

The experiment shown in Fig.4.19 consists of a synthesized signal generator HP8644A
with low phase noise and a vector voltmeter HP8508A with a resolution of 0.5 deg. of
phase. It has a noise bandwidth of only 1 kHz. Phase measurements of the set up are
carried out in an air conditioned environment to ensure that temperature related drifts
are minimized.

A single frequency of 100 MHz is used for the measurement using a 2.2 km long
fiber. The results are recorded on a PC at regular intervals of 15 minutes. The cable
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was placed on the terrace of the laboratory building. A temperature probe, LM335 was
located beside the cable on the terrace.

Fig.4.20 and 4.21 show the phase and temperature variations as a function of time.
From the data it can be seen that for a maximum temperature variation of 12.5 deg.C,
the total change of phase A¢ is 75 degrees.

Substituting these values in eqn.75, Chapter 3, we obtain

oy = Llx10%rC (37
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Chapter 5
Conclusions and Suggestions for Further Work

The use of optical fibers in radio astronomy is a new field. Practically not much
literature was available on this topic at the inception of the project, although a digital
optical fiber communication system had adopted in late 80s for the Australia Tele-
scope. Feasibility study was carried out in 1987, including discussions with some of
the experts across the world. A final scheme was arrived at after analyzing various
options.

The choice of analog communication system over digital system was made, based
upon the simplicity, low cost, low radio frequency interference and ease of mainte-
nance of the system.
Several experiments were conducted to ascertain the feasibility of the analog system.
System parameters such as SNR and linearity were measured and found to be satisfac-
tory for radio astronomy applications.
Optical reflections posed a big problem to the system; The laser noise and linearity
were found to be adversely affected by optical feedback. A reliable low reflection con-
nector with a back reflection less than -55 dB were identified, to overcome this prob-
lem.
Phase coherent local oscillator distribution was not attempted with optical fibers ear-
lier, until preliminary studies were carried out by Sarma [1] in 1988. It was found in
his experiments that transmission of phase has the property of reciprocity in optical
fibers and that two different fibers sheathed in the same cable can be used for
transmission of phase in opposite directions, for the round trip phase measurement
method. Measurements were made to quantify phase stability of optical fibers.
The design and development of optical transmitters and receivers was carried out to
realize a communication system capable of meeting future requirements. Accordingly,
a broadband analog link with a bandwidth of 1 GHz was realized. Automatic power
control and temperature control circuits were designed to stabilize the operating condi-
tions of the laser diode.
Low noise MMICs with a high 3 dB frequency of 1 GHz were used in the Optical
receivers in conjunction with the photodetector.
Installation procedures for optical fiber cable had to evolve out of the many problems
faced during installation. There were many reports, from other parts of the country,
where similar cables had been severed by rodents in the field. With low budget con-
;u-;lints, novel schemes have been adopted for burying the non metallic optical fiber
C.
Field splicing was minimized by careful cable lay-out design,. Most of the splicing has
been carried out indoors in an airconditioned environment. However, in future mainte-
nance works, it may become necessary to perform field splicing at many places.

Suggestions for Further Work

In the text of the thesis, only analog and digital communication schemes were con-
sidered for the communication system. In this work, we adopted amplitude modulated
analog system for simplicity. This has the disadvantage of limited dynamic range,
although it is barely sufficient for the telescope system. Frequency modulated analog
system may provide a better performance in terms of higher dynamic range.

Coherent communication system is a broadband, highly sensitive system that can be
used to transmit the RF signals over very long distances. This offers better SNR, wider
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bandwidth and better dynamic range. However, the cost of heterodyne/homodyne
detection has not yet become commercially viable.

Optical amplifiers can be used at each receiver end to maintain constant optical
power, by electrically controlling the gain of the amplifier. This forms an optical
AGC loop. At this stage however, the pump laser and the fiber amplifier do not
fit into the low budget of the project.

The insertion loss of the optical link can be minimized by reactively matching the
laser device and the photodetector to the corresponding source and load circuits
respectively. This will increase the signal power received at the optical receiver,
thus maintaining a better signal to thermal noise ratio than the one achieved with
the exisﬁnged circuit design. optical fiber length for which laser noise limited SNR
is maintain

The optical receiver's sensitivity can be increased by employing a transimpedance
amplifier instead of a low value resistance at the output of the photodetector. This
may result in lower frequency, but improves the sensitivity by as much as 20 dB.

External modulation may be used with the help of Nd:YAG lasers at the
transmitter end to increase the SNR and dynamic range. Nd:YAG lasers are
reported to have intensity noise approaching thermal noise, and it is possible to
achieve quantum limit performance.

References

l'l

N.V.G.Sarma "Optical Fiber Links for Reference Frequecny Distribution™ AT
Technical Report AT/23.2/020, 1988





