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Abstract
This thesis work has been devoted to the study of photonic techniques and devices applied to the treatment of signals at microwave frequencies, the so-called
microwave photonics technology field. The benefits photonics may offer and the
challenges that must be overcome to bring those to reality have been assessed and
discussed. Specifically RF filtering, as a fundamental operation required on-board
telecommunication satellites operating at microwave frequencies, has been identified as one key area in which contributions may be made, and a new proposal for
a reconfigurable RF filter based on two tunable lasers has been studied, showing
progress towards full demonstration of the practical feasibility of the filter. On
the other hand, synthetic aperture radiometers in the microwave range have also
been recognized as one promising area where the introduction of photonics may
bring significant advantages. In this thesis a thorough state of the art review
is made on the topic of photonic synthetic aperture radiometers, including the
basics of brightness temperature map reconstruction through correlation of each
pair of antennas in the interferometric arrangement. A new proposal to exploit
the benefits of photonics into synthetic aperture radiometers has been presented
and studied through numerical simulations, and its potential to improve performances in practical implementations has been assessed and compared with current
proposals described in literature.
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Chapter 1
Introduction
1.1

Background and motivation

The general concept of microwave photonics (MWP) 1 is to introduce photonic
systems to treat microwave tasks, bringing in considerable advantages inherent
to photonics such as low loss, high bandwidth (BW) and immunity to electromagnetic interference (EMI). MWP combines the world of photonics with that of
microwaves and makes it possible to have the same (or even better) performances
as conventional microwave systems while reducing weight, volume, complexity and
cost. The benefits of employing photonic links over coaxial cables are especially
prominent: typically 1.7 kg/km and 0.5 dB/km for optical fiber with 567 kg/km
and 360 dB/km at 2 GHz for a coaxial cable[1].
Since the appearance of the first lasers in the 1960s, photonic technologies
have experienced an extraordinary and continuous growth, which provides us with
a pool of inexhaustible tools such as tunable lasers, low-loss fibers, optical filters,
optical amplifiers, electro–optic modulators for high frequency modulation as well
as wideband photodiodes (PDs). With the help of these emerging photonic components, a new generation of photonics-based solutions to microwave applications
with enhanced features has been drawing great interest of both researchers and
companies over the past 30 years.
Among the numerous applications of MWP, here we would like to highlight
two of them:
• Telecommunication satellite payloads:
MWP techniques provide powerful tools for microwave signal processing,
which finds its application in fields such as telecommunication satellites.
1

For convenience, the terms radiofrequency (RF), microwave and millimeter-wave (MMW)
will be used interchangeably in this thesis.
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A new generation of communication satellites is emerging which needs to
provide a quantum leap in performances, under the constraints of a satellite
payload. The introduction of photonics in telecommunication payloads is
foreseen to be able to provide this, after overcoming several challenges[2].

Figure 1.1: Conceptual block diagram of photonic analog telecom payloads in the long-term perspective, adapted from [2].
As illustrated in figure 1.1, there have been already significant advances in the
other microwave photonic parts of the intended payload but still the RF filtering part remains as the most challenging, since in some cases, especially for
telecommunications, a very narrow electrical passband is required and tunability and reconfigurability are highly appreciated. Consequently, a number of approaches for microwave filter design have been explored and those
incorporating photonic subsystems feature advantageous tunability and reconfigurability in particular. The microwave photonic filters (MPFs) use RF
input signals to modulate optical carriers, then process those signals in optical domain and finally retrieve the filtered RF outputs by photodetection,
as depicted in figure 1.2.
Efforts have been made since the ideas came to light. There are basically
two approaches: one is based on discrete-time signal processing[3], while
the other is direct synthesis MPF. The discrete-time signal processing approach can be subdivided into two types of MPF: (a) the finite impulse
response (FIR) filters, which combine at their output a finite set of delayed
and weighted replicas or taps of the input optical signal and (b) the infinite impulse response (IIR) filters, which are based on recirculating cavities
2
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Figure 1.2: Schematic of the concept of MPF, inspired by [1].
to provide an infinite number of weighted and delayed replicas of the input
optical signal[4]. However, a major drawback exists for discrete-time signal processing approach, which is related to phase induced intensity noise
(PIIN) as a result of incoherent operation. On the other hand, direct synthesis MPFs circumvent this problem by relying on smart combinations of
optical filtering and RF modulation on optical carriers, and benefit from very
simple setups. A bandwidth of around 4 GHz at 10 GHz has been reported
for a MPF based on direct synthesis method[5]. Yet flexible reconfiguration
is left as one of the issues for further improvements.
• Photonic correlation radiometers:
Radiometers are instruments for measuring the power of electromagnetic radiation that is naturally emitted by matter. Information of interest may be
derived from these measurements such as water content, structure and composition, etc. Radiometers can be classified into two main groups, depending
on the configuration of their antennas. One is real aperture radiometers, for
example, total power radiometers (TPRs), which use a single and relatively
large antenna to receive electromagnetic radiation. The other is synthetic
aperture radiometers, also called interferometric radiometers, since they rely
on interferometric arrangements of antennas, providing an effective large single aperture.
The real aperture radiometers are generally simpler and require less data
processing, compared with synthetic aperture radiometers. However, two
limitations are also obvious for real aperture radiometers in practical applications such as earth observation, when information of a whole scene has to
be collected with enough spatial resolution to provide a temperature mapping (or a thermal image) of the scene. First, one snapshot only provides
data from a single point of the scene. Therefore, different scan techniques
3
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(e.g. cross-track, conical or push-broom) or multiple beams are required,
in order to map a whole scene. This either increases the time for acquiring
each image or makes the system much more complicated. Second, the spatial
resolution is restricted by the aperture size as a consequence of diffraction
limit. Due to the relatively long wavelength compared with infrared or visible light, much larger antenna diameter is necessary to achieve the desired
spatial resolution, which would make the system extremely heavy, bulky and
even unpractical. For example, to obtain resolution of 10 km at 1.4 GHz
would require an aperture of more than 15 m in a low earth orbit with an
800-km altitude[6].To solve this problem, a different approach for imaging is
proposed making use of interferometric aperture synthesis.
Radiometers using this technique assemble an array of small antennas to form
a big one whose resolution is defined by the max separation of antennas rather
than the individual antenna size, and no mechanical movement is needed.
An image of the scene can be synthesized by inverse Fourier transforming the
data acquired by correlating signals from each pair of antennas with different
spacing (baseline), with each spacing defining a certain spatial frequency at
which the scene is measured.

Figure 1.3: Overall view of the Very Large Array (VLA) in New Mexico,
as an example of radio telescopes made out of an interferometric large
arrangement of antennas [7].

4
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Synthetic aperture radiometers have been an interesting topic attracting the
attention of many researchers over the past decade, and some first step
achievements indict its bright future in various application areas. Below,
we only list three of them, which are most relevant to our work.
– Satellite earth observation:
Soil moisture and ocean salinity are two key variables controlling the
continuous exchange of water among oceans, atmosphere and lands.
Therefore, it is important to measure these two variables with high
spatial and temporal resolution and in large geographical scale in order
to gain better understanding of ocean circulation, climate change as well
as to improve extreme-event prediction, which concerns fields such as
agriculture, shipping, environment, and in general, everyone’s daily life.
This led to the launch of the Soil Moisture and Ocean Salinity (SMOS)
mission on 2 November 2009, which is aimed at (a) to provide global
volumetric soil moisture estimates with an accuracy of 0.04 m3 /m3 at
a spatial resolution of 35–50 km and a temporal sampling of 1–3 days
and (b) to provide global sea surface salinity estimates with an accuracy of 0.1 practical salinity scale units (psu) for a 10–30 day average
for an open ocean area of 200–100 km, respectively[8]. To fulfill this
mission, the single payload MIRAS (Microwave Imaging Radiometer by
Aperture Synthesis) instrument was designed. The aperture synthesis
technique makes it the first radiometer capable of acquiring wide field
of view images at a single snapshot in space.
SMOS also features photonic components in that it is the first European mission extensively using both fiber-optic clock distribution and
data transmission in space[9]. Besides the advantages of introducing
photonics mentioned previously, the use of fibers also brings in desired
flexibility, since the folded Y-shaped antenna needs to be deployed after
the satellite enters its orbit. The use of fibers in SMOS was a significant
breakthrough in that it showed the feasibility and the convenience of
using optical components in orbit. As a first test of a new technology,
it was restricted to the low-frequency data transmission cables. Other
proposals to further extend the use of fibers in SMOS-like satellites
have appeared in the literature. For example, reference [10] includes an
analysis of the performance of a photonic link which would carry the
common reference noise signal required for calibration to all receivers.
On the other hand, while bringing in improved spatial resolution, aperture synthesis also rises a cumbersome problem due to the large number
of complex correlations needed. There are in total 69 antenna receivers
5
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Figure 1.4: View of SMOS satellite, with 69 Light-weight Cost-Effective
(LICEF) antenna receivers distributed on a Y-shaped deployable antenna array and central hub[11].
on board of SMOS, and correlations have to be carried out for each pair
of antennas, which results in 2346 correlations, a high demand for computation, and even higher if more antennas are used to improve spatial
resolution. This not only increases the weight and complexity of the
instrument, but also limits its temporal resolution. Recently, as a novel
approach to tackle the problem, solutions based on photonics have been
extensively explored. For example, in [12, 13, 14, 15, 16], photonics is
employed as a means to automatically obtain the required correlations
between each pair of receivers.
– Universe exploration:
Apart from observing the earth, synthetic aperture radiometers can
also be used to look into the sky for studying the universe. EPICONSOLIDER is such a project whose main goal is to study of the
physics of the inflationary period of the universe using Cosmic Microwave Background (CMB) data from the Planck satellite of the European Space Agency (ESA) and the QUIJOTE (Q, U, I Joint TEnerife)
experiment[17]. The QUIJOTE is an experiment to measure the polarization of the CMB. It comprises two phases. The Phase I consists
in a first telescope of 3 m (already constructed) and two instruments
6
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which can be exchanged in the focal plane. The two instruments are a
Multi-Frequency Instrument (MFI) covering the 10–14 GHz and 16–20
GHz bands, and the Thirty-Gigahertz Instrument (TGI), a multi pixel
receiver covering the range from 26 to 36 GHz. The Phase II consists
in a second telescope and a much more sensitive instrument, the FGI
(Forty-Gigahertz Instrument), containing 31 polarimeters with detectors at a central frequency of 41 GHz and a bandwidth of 12 GHz.
Considered as a whole, QUIJOTE is expected to be leading CMB polarization observations in Europe and one of the world references in the
quest for the primordial gravitational wave background (GWB) in the
next years.

Figure 1.5: MZMs-based simplified interferometer scheme[17].
In addition to Phase II, QUIJOTE also proposes to explore the feasibility of a future interferometer with hundreds of elements, allowing
a strong improvement in sensitivity with respect to direct imaging experiments for which the maximum number of detectors is limited by
the telescope focal plane area. As a matter of fact, the sensitivity of
these instruments is proportional to the number of receivers. The more
receivers they have, the better sensitivity they gain. Nevertheless, until now the interferometers fabricated do not present a high number
7

1.1. Background and motivation

Chapter 1. Introduction

of receivers (<20) due to the complexity to correlate a big amount of
wideband microwave signals. Therefore, various types of correlators
have been studied within the frame of EPI-CONSOLIDER project to
clarify the more intended for a large-format interferometer with hundred
or even thousands of receivers. As a result, the optical correlators using
electro-optical modulators (EOMs) stand out as the most viable option
against the other three types of correlators: digital correlators, Michelson type analogical correlators and Fizeau type analogical correlators,
which are unsatisfactory either because of their limited bandwidth, or
because of the high power consumption and complexity, large weight
and volume and high cost. Figure 1.5 shows a simplified scheme of a
Fizeau type optical interferometer. The basic idea to implement an interferometer with optical correlator is to modulate L band (1550 nm)
laser signals with the microwave ones coming from the CMB to route
and correlate in the optical range the signals by means of an optical
system based on fibers, lenses and near-infrared cameras.
– Close-range detection for security:
Nowadays, security is one of the major concerns in public places such as
airports and train stations, and close-range imaging devices are widely
employed to detect any suspicious objects concealed underneath a person’s clothing. There are currently two distinct technologies adopted
for this purpose: Backscatter X-ray machines and active millimeter
wave (MMW) scanners, as shown in figure 1.6. Backscatter X-ray machines use ionizing electromagnetic radiation, which has potential negative health effects, while MMW scanners use non-ionizing one and are
putatively less harmful.
On the other hand, passive imaging technique does not rely on emitting electromagnetic radiation at the subject and then interpreting the
reflected energy. It uses only ambient radiation and radiation emitted
from the human body or objects to create images and can thus avoid
the question of health risks as well as other problems faced by active
systems such as specular reflections and speckle noise[18]. Within the
whole electromagnetic spectrum, MMW is of particular interest in passive imaging, owing to the fact that MMW has improved transmission
through atmospheric obscures (e.g. cloud, fog, smoke and rain) and
dielectric materials (e.g. clothing and packaging) compared to infrared
or visible waveband, yet provides images similar to visible ones with
comparable spatial resolution.
One of the preferable approaches for close-range passive MMW imaging
is to use interferometric radiometers. However, the extensive use of the
8
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Figure 1.6: An example of commercialized active MMW scanners[19].
method is limited by the complexity of the correlation process for high
bandwidth signals at intermediate frequency (IF). On the other hand,
upconverting RF signals into optical frequency may open a new door
for solving the problem. Recently, it has been proposed in reference
[18] to perform the signal distribution in the optical domain and thus
offering a partial solution to the problem above. This is an inspiring
work because of its attempt to introduce photonics into the microwave’s
world.
As we can see from the three application examples above, the major challenge
faced by synthetic aperture radiometers is the a large number of correlation
it has to perform before forming an image. For a non-redundant N -element
interferometric imaging array, there are in total N ∗ (N − 1)/2 independent
baselines and the same number of correlations are needed, which results
in a high demand for data processing as the number of receives increases.
Photonic correlation radiometers are thus proposed to solve this problem by
using photonic techniques to assist performing correlations, while reducing
significantly the weight, volume, complexity and cost. Some preliminary
achievements introduced above have indicated its bright future, yet more
extensive use of photonic techniques requires further researches.
9
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Objectives

As steaming from the introduction above, in this thesis we intend to make contributions along two main directions: one is the MPF, and the other is the photonic
correlation radiometers.
About the MPF stage of communication satellite payloads, we mainly build on
the work carried out in a previous Master of Photonics Thesis [20], where the state
of the art was thoroughly reviewed and a proposal for a new MPF configuration
was made, featuring independent control of each of the filter frequency cutoffs by
independently adjusting each of the wavelengths of two tunable lasers.
The filter performance could be confirmed through simulations in Virtual Photonics Inc. (VPI), even when only a very reduced set of tests could be carried out.
In addition an experimental setup was assembled which allowed to observe the
filtering capabilities of the structure and also the tunability of the low frequency
filter cutoff through tests that involved a single laser. However, experimental observation of a tunable high frequency cutoff proved very difficult, mainly because
it relies on a combination of the responses of two lasers, and also because of the
smooth response of the optical filter available and the reduced BW of the photodiode.
In this work, we aim at more deeply analyzing the high frequency cutoff characteristics of the new MPF scheme proposed in [20], from a theoretical, numerical
and experimental view point, in order to be able to provide a full proof-of-concept.
As about photonic correlation radiometers, we believe it is a promising topic, for
which there’s little reference in the literature, and which deserves more attention.
Here we aim at providing a detailed picture of the topic and at assessing the
strengths and weaknesses in order to identify areas of interesting research.
In the field of synthetic aperture interferometric radiometers, there have been
the successful launch of SMOS, which justified the feasibility to bring photonic
components such as lasers and optical fibers in space. However, the correlations are
still performed in the microwave domain, and recently, proposals for introducing
more photonics have been emerging, providing different aspects to view photonic
techniques in synthetic aperture interferometric radiometers.
For the second part of our objectives, we will first make a state of the art review
on photonic correlation radiometers, providing a guideline for future researchers
who want to contribute in this field. Then, we propose a new scheme, which is
different from current setups and possess its unique features. The principles behind
are elaborated afterwards and simulation results of our model are presented, with
discussions on its performance.

10
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Outline

The following part of thesis is composed of three parts. The first part is devoted to
microwave photonic filter (MPF). It starts from reviewing the operation principle
of MPF as well as previous works. Then, simulation results are presented in order
to study the effects of different types of optical filters. After that, a series of
experiments are described with the aim of demonstrating the upper cutoff of the
MPF. The second part deals with topic of photonic correlation radiometers. A
state of the art review is placed at the beginning of this part, to put our work in
the right position. Then, our proposal is made, with the theory behind it explained
comprehensively in the following section. Simulation results are presented to study
its performance. In the last part, the final conclusion are drawn and discussions
on future work are presented.

11

Chapter 2
Microwave photonic filter (MPF)
A MPF is a replacement of traditional RF filters, in which RF signals are processed
directly by RF circuits. In MPF instead, the input RF signals are used to modulate
optical carriers, then processed in the optical domain with fiber, optical filters and
other optical devices, and finally retrieved by optical detectors to give the filtered
RF outputs. Besides advantages inherent to photonics such as low loss, high
bandwidth and immunity to EMI, the use of photonic components in MPF also
brings considerable advantages including tunabiliy and reconfigurability, which are
normally hard to achieve with conventional microwave technologies.
In this chapter, the operation principle of MPF is first briefly introduced. Then,
previous results towards practical demonstration of the filtering operation and
capabilities are summarized and the goals of the present work established. Finally,
further progresses in simulations as well as in experiments are reported.

2.1

Operation principle

The basic scheme of the proposed MPF is depicted in figure 2.1. It consists of
two tunable lasers with each frequency (f1 , f2 ) lying within the passband of an
optical filter and close to one respective cutoff (folc , fouc ) with a specific frequency
difference (∆f1 = f1 −folc , ∆f2 = fouc −f2 and ∆f1 6= ∆f2 ). The frequencies of the
two lasers are so far apart that the beating between them will not be responded
by a photodetector. The two lasers are first coupled and then modulated by
RF signals through a phase modulator (PM). The phase modulation generates
sidebands and if the amplitudes of the RF signals are small enough, we may
only consider the first-order sidebands. Then, the modulated signals are optically
filtered and photodetected to provide the filtered RF signals. In principle, this
MPF is equivalent to a conventional RF filter with a lower cutoff frequency flc =
min{∆f1 , ∆f2 } and an upper cutoff frequency fuc = max{∆f1 , ∆f2 }.
12
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Figure 2.1: Schematic representation of the proposed MPF setup.
To see how this works, let’s investigate the following three cases, as depicted
in figure 2.2:
1. fRF < flc ,
2. flc < fRF < fuc ,
3. fuc < fRF .
When fRF < flc , the whole spectrum of each modulated signal lies within
the optical filter passband, and therefore produces no RF signals. In the case of
flc < fRF < fuc , however, one sideband of one modulated signal is out of the
passband, which yields envelope fluctuations that can be photodetected to provide
microwave power. When fuc < fRF , one sideband of each modulated signal is
filtered out. But the remaining sidebands have opposite phase, and therefore will
be canceled out. This, again, provides no RF signals. Note that the upper cutoff
is more critical than the lower one since it depends on the cancellation of two
sidebands. So, it requires that the two laser have exactly the same amplitude and
a π phase difference.
The independent tunability of each cutoff frequency is a unique feature of
this proposed MPF. This can be achieved by adjusting the frequencies of the two
lasers. For example, let’s assume ∆f1 < ∆f2 , then the lower cutoff frequency
flc = ∆f1 = f1 − folc and the upper one fuc = ∆f2 = fouc − f2 . Since folc and fouc
are defined by the optical filter, by adjusting f1 and f2 , the lower and upper cutoff
frequencies will be tuned independently.

13
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Figure 2.2: Sketch of optical spectrum with respect to the optical filter
transfer function for different RF frequencies.

2.2

Previous works

In previous works [20] the capability to tune each of the cutoffs has been demonstrated by simulations, as depicted in figure 2.3. It is obvious from the simulations
results that the upper cutoff is more critical to achieve, since it depends on the
cancellation of the two lasers and is sensitive to the amplitudes and phases of the
signals detected at each wavelengths. In practice, only the lower frequency cutoff
could be observed.
In this work we aim at analyzing more deeply the high frequency cutoff characteristics of the new MPF scheme proposed in [20]. We start from exploring the
effects of different types of optical filters on the transfer function of MPF in simulation. After that, towards the full practical demonstration of the higher frequency
cutoff, a set of experiments are carried out, including checking amplitudes and
phases for cancellation, testing the high BW detector, quantifying the tunability
of the DFB laser and tests involving the two lasers. In the last part, conclusions
are drawn.

14
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Figure 2.3: Simulation resutls of MPF spectral transfer functions for
different laser wavelength detunings from the optical filter center frequency passband [20].

2.3

Simulation results

In order to study the the effects of different types of optical filters on the transfer
function of MPF, a simulation model is built in VPI, as depicted in figure 2.4.
The output power and linewidth of both lasers are set to be 1 mW and 10 MHz,
respectively. The wavelengths of the two lasers are set to have respective detunings
∆f1 = 15 GHz and ∆f2 = 20 GHz from the central frequency of the optical filter
foc = 193.1 THz. The effect of uncorrelated phase noise is accounted by setting
random number seeds of both lasers to be zero. The amplitude of Rf pure sine
electrical wave generator is set to be Vπ /10, to ensure a very low modulation. The
modulated signal then passes through the optical filter with a bandwidth of 500
GHz, and is detected by the photodiode. The data are collected by a two-port
analyzer, to provide photo detected amplitude at different RF frequencies. In order
to observe the transfer function of the MPF, the RF frequency is swept from 200
MHz to 40 GHz in 200 MHz steps.

Figure 2.4: VPI simulation setup of the proposed MPF.
As derived from the operation theory of MPF, the optical filter plays an important role in the performance of MPF, and here we did a set of tests to see the
15
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effects of different types of filters. Figure 2.5 shows the result of two rectangular
shape filters. One of them is noncausal, while the other is causal by setting the
minimum phase option active. The stopband attenuation is 30 dB. The transfer
function has been normalized to 0 dB, but in all cases the passband insertion loss
is around 10 dB. As the frequency detunings are ∆f1 = 15 GHz and ∆f2 = 20
GHz, it is expected that the passband lies between 15 GHz and 20 GHz, with a
bandwidth of 5 GHz. This can be seen clearly in the case of noncausal rectangular
optical filter. In addition, there exists a minor passband between 7.5 GHz and 10
GHz, with an insertion loss 20 dB below the major passband. This results from
the effect of the second order sidebands, since at frequencies between 7.5 GHz
and 10 GHz, one of the second order sidebands is filtered out and thus generates
beating signals at these frequencies. When we put the rectangular shape optical
filter causal, however, the lower cutoff changes drastically and yields a slope from
lower frequencies towards the passband. The upper cutoff is no longer ideal and
is around 10 dB below the passband, which again, shows that the upper cutoff
is more critical to achieve. As a result, the causality has a big influence on the
transfer function of the MPF.

Insertion loss (dB)

0
-10
-20
-30
-40
Noncausal rectangular
Causal rectangular

-50
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Figure 2.5: MPF spectral transfer functions for noncausal and causal
rectangular optical filters.
Besides rectangular shape optical filters, we also tested other types of filters
and the results are shown in figure 2.6. In this graph, the causal trapezoidal filter
is set to have a stopbandwidth of 506 GHz, very close to its bandwidth 500 GHz,
which means a relatively sharp transit between the passband and the stopband.
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The stopband attenuation is 30 dB, and the minimum phase option is active so
to obtain causality. The causal Gaussin filter has a Gaussian order of 30 and the
minimum phase option is active for the same purpose. The butterworth filter has
a filter order of 30. Finally, Finally, a Chebyshev filter was also tested which was
a Chebyshev I in VPI with a filer order of 10.
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Figure 2.6: MPF spectral transfer functions for causal trapezoidal,
causal Gaussin, butterworth and Chebyshev optical filters.
First, it can be seen from the graph that as long as the optical filter is causal,
there exists little difference in the lower cutoff frequency range of the transfer function for different filter shapes. However, differences do occur at the upper cutoff.
While butterworth and Chebyshev filters show almost no decline in high frequency,
causal Gaussian presents a trench at the upper cutoff. As a consequence, the most
ideal type of optical filter while still realistic is the causal trapezoidal filter. Moreover, by comparing the causal trapezoidal filter with the causal rectangular filter,
we may conclude that the sharper the transit between the passband and the stopband is, the better performance the MPF has.

2.4

Experiments

In order to show the upper cutoff of the proposed MPF, a series of experiments
are carried out. First, we start from where previous worked ended to make a
preliminary check for the upper cutoff. Then, a photodetector with higher BW is
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introduced and it validity is tested. After that, the tunability of the DFB laser is
proved. Finally, two lasers are employed together to demonstrate the upper cutoff
of the proposed MPF.

2.4.1

Preliminary check for upper cutoff

The experimental setup for preliminary check is illustrated in figure 2.7. The
light emitted by the laser source travels through a polarization controller, enters a
phase modulator, is then optically filtered and finally photodetected. A network
analyzer is adopted to provide RF signals for phase modulation and to give the
S-parameter, S21 , by comparing them with the outputs at the photodetector.

Figure 2.7: Experiment setup for preliminary check for upper cutoff.
The light source used here is New-Focus 6427 external cavity laser (ECL),
and the phase modulator is an integrated travelling-wave electro-optical lithium
niobate (LiNbO3 ) phase modulator, with 35 GHz RF BW and Vπ = 5.5V . A
polarization controller is applied right after the light source because the intrinsic
anisotropy of the LiNbO3 crystal makes the modulation efficiency dependent on
the direction of polarization of the input optical wave and that its maximum
is achieved when both the optical and electrical co-propagating waves follow the
direction of the optical axis in the uniaxial LiNbO3 [21]. The phase modulator used
incorporates a polarization maintaining input optical fiber whose axis is oriented
in the direction of maximal modulation efficiency, i.e. lower Vπ . The optical
filter (OF) has its central wavelength lying at 1547.72 nm and a BW of 200 GHz,
corresponding to WDM ITU channel 37. The photodetector is Agere Systems
2860E-023 Receiver, with a typical high-frequency cutoff at 9 GHz. An Agilent
Vectorial Network Analyzer (VNA) N5245A provides swept frequency S21 insertion
loss measurements from 10 MHz up to 50 GHz.
First, we measure the S21 at two wavelengths: λ1 = 1547.20 nm, which is close
to the lower cutoff of the OF, and λ2 = 1548.41 nm, which is close to the upper
one. It can be seen in figure 2.8 that the amplitudes of S21 at two cutoffs are
nearly equal, which is one of the critical conditions for cancellation. The curves
rise to their tops at about 6 GHz, when one sideband of one modulated signal
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is filtered out. At frequencies below that point, both carriers bear both of their
two sidebands, and therefore, little energy is detected. At frequencies higher than
9 GHz, the significant drop of the curves is mainly due to the BW limit of the
photodetector we used.
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Figure 2.8: Nearly equal magnitudes of S21 at two wavelengths close to
the lower and upper cutoff of the OF, respectively.
Moreover, if we take a close look at their phases in figure 2.9, we may find that
there exists a π phase difference of S21 for the two wavelengths, ideal for achieving
the upper cutoff of the MPF. The random phase difference at frequencies higher
than 15 GHz is because that the magnitudes of S21 are too low and it makes no
sense to tell what the exact phases they have.
From the two graphs above, it seems that the upper cutoff of the MPF is ready
to be shown. However, it is not that straightforward, because the cutoffs of the
OF are usually not steep enough to show a very sharp transit between the signal
rejected and those passed, and that it takes a range of frequency to show this
transit. Since the measurements are limited by the BW of the photodetector, it
is hard for the magnitude of S21 to experience a rise and fall in such a narrow
frequency range. Unless we have a higher BW photodetector, we can not tell
for sure whether of upper cutoff shown in figure 2.8 is a result from cancellation
or a result from the BW limit of the photodetector. An additional challenge
for observing control of the high frequency cutoff through changes in the laser’s
wavelength, is the requirement of a second tunable laser whose output needs to
be combined and modulated over the same phase modulator as the ECL. Due to
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Figure 2.9: A π phase difference of S21 between two wavelengths close
to the lower and upper cutoff of the OF, respectively. Noise at high
frequency is due to the loss of magnitude.
the lack of a second ECL in our lab, a DFB whose DFB emission wavelength is
adjusted through temperature control, will be used in the tests presented below.
As a result, chances are that we can demonstrate the upper cutoff of the MPF
as long as we replace the photodetector with one of higher BW while maintaining
the same amplitude and the opposite phase of S21 for each of the two lasers.

2.4.2

Test of high bandwidth detector

The photodetector with higher BW used here is Agilent 83440D Lightwave Detector, with its high-frequency cutoff up to 30 GHz. The connection of this detector
is not direct and a little different from the one we used before, as a supplementary
DC path to ground is necessary at the RF output [22]. The connection details can
be seen in figure 2.10.
After connecting the high BW detector correctly, we redo the experiments using
the setup above with both photodetectors, which give us results as shown in figure
2.11. Note that the figure is already normalized to 0 dB, since 83440D doesn’t
have an intrinsic amplifier as 2860E does and thus the readings from 83440D are
much lower in practice. In practice, the maximal value of S21 for 83440D is around
-66 dB, and -38 dB for 2860E. From the graph, it can be seen clearly that the new
photodetector increases the BW up to 20 GHz, practically doubling that of 2860E
Receiver. This should be enough for our purpose. It is worth noting that reaching
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Figure 2.10: Connection details of Agilent 83440D Lightwave Detector,
which requires a supplementary DC path to ground at the RF output .
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Figure 2.11: Magnitude of S21 using different detectors, normalized to
0 dB, with ECL at λ = 1547.18 nm, Pout = 6.9 dBm.
to such high frequencies requires purpose-built connectors beyond customary 3.5
mm. The 83440D detector comes with 2.4 mm connectors and therefore in our
setups, adapters to usual 3.5 mm needs to be used. On the other hand, the Phase
modulator in the setup whose operation is documented to be good up to 40 GHz
comes with a GPO connector for which a 3.5 mm transition was applied as well.
All this connection and routing of the RF signal may bear implications to the
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maximum BW achievable in the setup.

2.4.3

Tunability of DFB laser

So far, only one laser, the ECL, has been used, because of its advantageously
broad tunability range both in wavelength and in power. However, for the proposed
MPF, two optical carriers are required. We choose Nortel Networks LC155W477220A Distributed Feedback (DFB) laser module in 14-pin butterfly package as the
second light source, with ILX Lightwave LDC-3724B current and temperature
controller. The power of the DFB laser is controlled by the injected current,
and its wavelength depends on both current and temperature. Since an Optical
Spectrum Analyzer (OSA) was not currently available at the lab, to prove the
tunability of the DFB laser as well as to see how to control its wavelength by
injected current and temperature, a simple experiment is conducted, as illustrated
in figure 2.12. The light coming out from the light source goes directly to the OF
and is received by an optical power meter. Ideally, by changing the wavelength, it
should give the transfer function of the OF.

Figure 2.12: Experiment setup for quantifying the tunability of the
DFB laser.
First, we test with the ECL, whose wavelength we have already known. Then,
we measure the optical power again, but with the DFB laser. The injected current
of the DFB laser is fixed at I = 55.14 mA, while its temperature is varied. The
results are shown in figure 2.13 and figure 2.14.
For the ECL, the relationship between received power and the wavelength of
the laser is clearly represented. This provides us a guideline for choosing the
laser wavelength in order to be close to the cutoffs of the OF. For the DFB laser,
the relationship between received power and its temperature resembles that of
the ECL. It enables us to build a connection between the temperature and the
wavelength of the DFB laser. However, this relationship will only be valid when
the injected current I = 55.14 mA. If the current is changed, so is the wavelength
of the DFB laser, even for the same temperature. Another interesting feature
observed in the graphs is the difference in emitted power which in the DFB is 15
dB below. As we saw, in order to observe the high frequency cutoff the output
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Figure 2.13: Filtered optical power at different wavelengths of the ECL,
with input power Pout = 6.9 dBm.
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Figure 2.14: Filtered optical power at different temperatures of DFB,
with current I = 55.14 mA.
levels of both lasers must carefully be controlled so that they provide the same
detected RF amplitude.
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Two lasers in operation

The setup of the proposed MPF is completed by coupling the two lasers together
to the phase modulator, as depicted in figure 2.15. Two polarization controllers
are employed right after the lasers to ensure they are modulated at the maximal
efficiency. An optical power meter is additionally adopted to monitor the power
so that both lasers operate at the same power level.

Figure 2.15: Experiment setup for two lasers.
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Figure 2.16: Magnitude of S21 for two lasers: the ECL operates at
λ = 1547.23 nm and Pin = −3 dBm, while the DFB laser operates at
T = 25.32◦ C and I = 95.20 mA.
The experiment was first carried out with the 83440D detector. However, after
turning on the lasers, we found that the power of the DFB laser was very limited.
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Even with an injection current I = 95.20 mA (maximum is 100 mA), its power
was only comparable with an input power Pin = −3 dBm of the ECL and this
power level was not enough for the 83440D detector to give any response. As a
result, we changed the detector back to Agere 2860E and got the result shown
in figure 2.16. Nevertheless, the magnitude of S21 is still quite low. Also, as the
bandwidth is limited to 6 GHz, it is difficult to observe a pass band within such
a narrow bandwidth. Chances are that the curve has to go down when it has not
yet reached its top. As a consequence, to show the upper cutoff, it requires, on
the one hand the use of optical and/or electrical amplification, and on the other
hand, BW extensions through RF connections and transitions upgrades.
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Photonic correlation radiometer
Photonic correlation radiometers are a class of synthetic aperture radiometers that
use photonic techniques to assist performing correlations, bearing the advantages
inherent to photonics, such as high bandwidth, low loss, immunity to EMI, improved flexibility, as well as reduced size, weight, complexity and cost. Their
various applications have been presented in chapter 1.
In this chapter, we will examine in detail how photonics can play a role in
building synthetic aperture radiometers. The chapter is organized as follows. First,
the state of the art on this subject is reviewed, with emphasis on the function of
photonics in synthetic aperture techniques. Then, based on that, our proposal
is made, which is different from current setups and possesses its unique features.
In the third part, the theory behind our proposal is discussed comprehensively,
starting from the black-body radiation, total-power radiometer all the way to
synthetic aperture interferometric radiometer and photonic techniques involved.
The fourth part is devoted to simulation results of our model, with discussions on
its performance. Finally, an overall evaluation is made and conclusions are drawn.

3.1

State of the art

In order to obtain the temperature mapping of a scene, one simple setup is the
total-power radiometer (TPR), which measures at a single point the time-averaged
power of the input radiation in a certain frequency range. However, as discussed
in chapter 1, its practical applications are limited by the two facts: one is that
its spatial resolution is restricted by the size of its single antenna, which can not
be made too big; the other is that either scan techniques or multiple beams are
required, in order to map a whole scene. Therefore come the aperture synthetic
radiometer, whose spatial resolution is determined by the max separation of antennas rather than the individual antenna size, and no mechanical movement is
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needed. This kind of radiometers has already been used, for example, in the case
of SMOS. However, the aperture synthesis technique again rises a cumbersome
problem of correlating a big number of wideband microwave signals. To solve this
problem, many different approaches have been proposed, and among them, using
photonics to assist performing complex correlations stands out.
The first proposal of using photonics for automatically obtaining the correlation
of each pair of receivers dates back to 1999 in a seminal paper by Blanchard [23], in
which a technique called coherent optical beam forming is proposed. As illustrated
in figure 3.1, the principle of coherent optical beam forming is to first upconvert
the RF signals collected by the antennas to optical frequency by means of EOMs,
then transfer them through optical fibers to a central location, where image is
formed by a lens and finally imprinted on the CCD camera behind. In this case,
the correlations and Fourier transform are effectively performed by the square-law
detector and imaging system, respectively.

Figure 3.1: Schematic of the coherent optical beam forming technique
[23].
The coherent optical beam forming technique has mainly five advantages: First,
the maximum baseline of the antenna array is not restricted by transmission losses
as it would be if signals were transported through RF waveguide. Second, no complex beam-forming system is required. Only one modulator and fiber is required
for each antenna and the signals do not have do be split N −1 ways as in the direct
correlation measurement approach. Third, a real-time image is generated on the
camera. Fourth, array detectors at visible wavelengths are readily available. Last,
the imaging optics can be small and remote.
However, this technique also puts three strong requirements on its realization.
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First, since the image is formed through interference between the optical beams
encoded with the RF phase, all the optical channels must be mutually coherent.
As light traveling through optical fibers inevitably experiences phase distortions,
phase control is thus critical for this technique. A high quality image requires
a phase accuracy of less than one tenth of a wavelength, which is not trivial to
achieve. In the works of Blanchard, a technique called redundant spacings calibration (RSC) is adopted to fulfill this task. The RSC techinique uses redundant receivers to calibrate the phase error and allows real-time, model-independent phase
calibration. A more detailed description of RSC can be found in another paper by
Blanchard [24]. Second, apart from phase control, a single sideband suppressed
carrier (SSB-SC) modulation scheme must be used, in order to avoid confusion
between positive and negative images and to eliminate the zero-order blaze at
the center of the image. To suppress the carrier, there are several options, such
as Mach-Zehnder modulator (MZM) operating at the null point, optical add-drop
multiplexer (OADM), thin-film filter and fiber Bragg grating (FBG). Nevertheless,
there is no simple and economical way to realize SSB-SC with current technologies
in electro-optical modulation, leading to the requirement of optical filters to select
one of the sidebands after modulation. Third, the fiber ends must be carefully
arranged to form a scaled version of the RF array.

Figure 3.2: Experiment setup with a feedback loop to implement SPGD
algorithm for phase control [25].
As the phase control is an essential issue in coherent optical beam forming
technique, several solutions have been suggested since Blanchard. One approach
proposed recently by He uses an active phase control technique called the optical
carrier interference calibration, which is based on stochastic parallel gradient de28
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cent (SPGD) algorithm, and phase fluctuations less than 14.4 degrees have been
reported [25].
The implementation of SPGD algorithm requires a feedback loop, which controls one of the two EOMs, in order to eliminate the relative phase error, as
depicted in figure 3.2. Generally speaking, the faster the phase error varies, the
rapider the feedback frequency needs to be. It has been shown that it needs 1
kHz feedback frequency to compensate 1 Hz phase error [25]. Other active phase
control methods, though proposed for different kinds of optical systems, may be
found also inspiring for the coherent optical beam forming technique and are listed
in [26, 27].
While the coherent optical beam forming technique performs both correlations
and Fourier transform in the optical domain, another approach is to take advantages of photonics in signal distribution. This is investigated by Nova in his Doctoral thesis [28]. His idea is to keep the correlations performed in the microwave
domain, as depicted in figure 3.3, while making the connections with optical fibers,
so that the signals enjoy a high bandwidth during transmission.

Figure 3.3: Schematic of optical modulation and microwave signal correlation for two receivers [28].
Furthermore, he proposed a free-space combination scheme for an arbitrary
number of front-end receivers, as depicted in figure 3.4. The combination can be
performed in the free-space due to the possibility of guiding optical beams with low
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divergence and with high spatial density. Moreover, the high level of integration
of optical components and waveguides make the optical signal routing affordable
with no constraint on the RF signal bandwidth.

Figure 3.4: Schematic of the optical distribution system [28].
In summary, so far, concerning the degree of photonic technology involved in
their design, we may mainly distinguish among a first strategy performing connections, correlations and Fourier transforms all in the microwave domain, as in the
case of SMOS, a second one taking advantage of photonics in signal distribution,
while leaving the correlations and Fourier transforms performed in the microwave
domain, and a third one, which is an all-photonics method and uses photonics in
connections, correlations as well as in Fourier transforms.

3.2

Proposal

While Blanchard adopted the all-photonics approach, and Nova’s approach uses
photonic exclusively for signal distribution, we would like to propose a scheme in
between, that is, to perform the connections and the correlations with photonics
while leaving the Fourier transforms to a central data processing base.
Our proposal is illustrated in figure 3.5. The RF signals received by the antennas are upconverted to the optical domain by phase modulating a CW laser source.
The modulated signals are then directed to an X coupler, which provides two different combinations of the two inputs. After that, the signals are filtered to give
upper sideband (USB), lower sideband (LSB) and carrier signals, which are finally
photodetected to yield optical power, respectively. The correlations are performed
thanks to the square-law photodiodes, and the outputs of the photodiodes can be
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readily processed to give the visibility function. Finally, the temperature mapping of the scene is retrieved through an inverse Fourier transform of the visibility
function.

Figure 3.5: Schematic of the proposed photonic correlation radiometer
setup for two receivers.
The goal is to use the information from each of the three frequencies components, so that phase fluctuations can be compensated instantaneously, avoiding
phase control feedback loops. By performing correlations in the optical domain,
this proposal saves many heavy electrical components and thus reduces considerably the weight of the system, compared with Nova’s approach. Moreover, the
fibers end with photodetectors and can be arranged freely in space, which increase
the flexibility of the system, while at the same time circumventing the need for
careful arrangement of fibers as required in the method of Blanchard.

3.3

Theory

In this section, the theory behind the proposed photonic correlation radiometer is
elaborated. It starts from the introduction of thermal radiation and Planck’s law,
then moves to antenna surrounded by a black body, and in a more realistic case,
by a gray body. Then, the total-power radiometer is discussed, which is followed
by the part of synthetic aperture interferometric radiometer and the important
visibility function. After that, the principles of electro-optical modulators (EOMs)
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are reviewed. Finally, the operation principles of the proposed photonic correlation
radiometer are presented.

3.3.1

Thermal radiation and Planck’s law

All objects emit electromagnetic radiations. In order to quantify the thermal
radiation of an object, the concept of black body is introduced. A black body
is an idealized physical body that absorbs all incident electromagnetic radiation
(i.e. no reflection), regardless of frequency or angle of incidence. At thermal
equilibrium, it re-emits all the energy absorbed, and its radiation is described by
the Planck’s law, giving the spectral brightness Bb as a function of temperature
and frequency:
1
2hf 3
,
(3.1)
Bb = 2
hf
c
kB Tph
e
−1
where h is the Planck constant, kB is the Boltzmann constant, f is the radiation frequency, c is the speed of light and Tph is the physical temperature of the
black body. The exponential function appearing in the Planck’s law can be ap-9
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Figure 3.6: Spectral brightness Bb of a black-body at a physical temperature Tph = 300 K, calculated from the Planck’s law and the RayleighJeans law, respectively.
proximated by the first order Taylor polynomial if f 
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Rayleigh–Jeans law in the microwave region:
Bb =

2kB f 2
2kB
Tph = 2 Tph .
2
c
λ

(3.2)

Figure 3.6 shows the spectral brightness Bb of a black-body at a physical temperature Tph = 300 K, calculated from the Planck’s law and the Rayleigh-Jeans
law, respectively. It can be seen that Rayleigh–Jeans law is a good approximation
of Planck’s law in the microwave region.

3.3.2

Antenna surrounded by a black body

A radiometer measures the thermal radiation power emitted by an object. The
received power by the radiometer with bandwidth B centered at f0 is calculated
by integrating the spectral brightness of the black-body along the frequency bandwidth and along a sphere. In an ideal case, when the radiometer antenna is
surrounded by a black body with constant Tph as shown in figure 3.7, the received

Figure 3.7: Schematic of an antenna surrounded by a black body.
power is
f0 + B
2

1
Pc = Ae
2

Z

f0 − B
2

Z Z
Tph t(θ, φ)dΩdf = kB Tph B

(Bf0 ),

(3.3)

4π

where Ae is the antenna effective ares and t(θ, φ) is the normalized antenna power
pattern. The concept of antenna temperature TA can be defined from the result
in (3.3) as the temperature of an ideal black-body that would result in the same
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received power at the antenna aperture as in the actual case. Therefore, in an
ideal receiver, the antenna temperature can be calculated as
TA =

3.3.3

Pc
.
kB B

(3.4)

Gray body radiation

Real objects do not behave like black bodies but as gray bodies, which do not
absorb all the incident radiation because part is reflected, and therefore only part
of the incident energy is re-emitted. In addition, the radiation emitted by gray
bodies is not omnidirectional and thus, the radiation angular distribution should
be taken into account. The spectral brightness of a gray body Bg is expressed as
Bg (θ, φ) =

2kB f 2
TB (θ, φ),
c2

(3.5)

where TB is the brightness temperature associated to the spectral brightness of the
gray body. The brightness temperature is related with the physical temperature
by the material emissivity e as
e(θ, φ) =

TB (θ, φ)
.
Tph

(3.6)

The emissivity depends on the material and several parameters such as temperature, emission angle and frequency. The Kirchhoff’s law of thermal radiation
states that, in thermal equilibrium emissivity equals absorptivity. Hence an object
that does not absorb all incident energy will emit less power than a black-body.
From this statement arises the relation among the emissivity e, reflectivity r and
transmissivity t concepts:
e + r + t = 1.
(3.7)

3.3.4

Total-power radiometer (TPR)

A TPR measures the timed-averaged power of the input noise in certain frequency
range once at a single point. A simplest TPR consists of five stages in series, as
depicted in figure 3.8:
1. an antenna to receive the noise,
2. a band-pass filter that let pass input noise only in the desired frequency
range,
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Figure 3.8: Schematic of a simplest TPR. The noise received by the
antenna is filtered, squared and integrated to provide the smoothed
output voltage, which is proportional to the noise power.
3. a square-law detector whose output voltage is proportional to the square of
its input voltage and thus proportional to its input power,
4. a signal integrator that smooths the rapidly fluctuating detector output, and
5. a voltmeter or other device to measure and record the smoothed voltage.
TPR enjoys the advantage of simple and easy implement. However, as we
have discussed in chapter 1, its spatial resolution is limited by its antenna size.
Moreover, maps of brightness temperature requires multiple beams of scanning.
Three common scanning methods can be seen in figure 3.9.

Figure 3.9: Three common scanning methods of TPR, from left to right:
(a) Cross-track scan, (b) Conical scam, and (c) Puch-broom schemes
[29].

3.3.5

Synthetic aperture interferometric radiometer

In order to overcome the problems faced by TPR, the concept of synthetic aperture interferometric radiometers is proposed. The antennas of synthetic aperture
interferometric radiometer are composed by multiple receivers, rather than one,
forming an antenna array. The RF signals collected by each pair of antennas are
correlated, giving the visibility function of the scene. Each pair of receivers with a
different spacing, which is also called baseline, defines a spatial frequency at which
the scene is measured. Alternatively, a single pair of receivers may be used if they
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are moved to change the spacing. The temperature map of the scene is finally
obtained by inverse Fourier transforming the visibility function.
To see how it works in detail, let us first consider the block diagram in figure
3.10, which shows the correlation process with two receivers. The radiation coming
from the scene is collected by the two receivers. The signals are then filtered,
amplified and correlated. The final output is given by an integrator which smooths
the signals.

Figure 3.10: Conceptual diagram representing the correlation process
with two receivers.
Assuming that the two receivers are identical, the output of this correlation
process is
Z Z Z ∞
1
kB
∗
TB (θ, φ)t(θ, φ)||H(f )||2 e−jk∆r df dΩ,
(3.8)
hnr1 (t), nr2 (t)i =
2
Ωp
4π 0
where Ωp is the antenna pattern solid angle, t(θ, φ) is the normalized power pattern
of the single element antenna, H(f ) is the spectral response of the receiver chain,
including the band-pass filter and the amplifier, j is the imaginary unit, k = 2π
λ
is the wavenumber and ∆r = r2 − r1 is the path difference between the scene and
each antenna. The factor 12 is considered since only the signal associated to one
polarization state is captured.
Taking the decorrelation effects into account, which appear when correlating
band-limited signals, we introduce the so-called fringe washing function
Z
e−j2πf0 t ∞
||H(f )||2 ej2πf t df,
(3.9)
re(t) =
BG
0
where B is the noise equivalent bandwidth of the filter and G is the gain of the
amplifier. Then, (3.8) can be rewritten as
Z Z
kB BG
∆r
1
∗
hnr1 (t), nr2 (t)i =
TB (θ, φ)t(θ, φ)e
r( )e−jk0 ∆r dΩ
(3.10)
2
Ωp
c
4π
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where k0 is the wavenumber associated with the central frequency of the filter.
In the case of more than two receivers, it is more convenient to express the
coordinate system in direction cosines ξ = sin θ cos φ and η = sin θ sin φ, as illustrated in figure 3.11, where receivers are represented as black dots. If paraxial

Figure 3.11: Geometry of a T-shape antenna pattern for a synthetic
aperture interferometric radiometer [28].
approximation is used, then the the path difference ∆r can be approximated by
∆r≈ − [ξ(x2 − x1 ) + η(y2 − y1 )], with (xi , yi ) the antenna coordinates. If the coor1 y2 −y1
, λ ), (3.10) can be
dinates are normalized to the wavelength as (u, v) = ( x2 −x
λ
expressed for any pair of receivers (i, j) as
ZZ
T (ξ, η) − Tr
1
kB BG
uξ + vη −j2π(uξ+vη)
∗
pB
hnri (t), nrj (t)i =
)e
dξdη
t(ξ, η)e
r(−
2
Ωp
f0
1 − ξ 2 − η2
ξ 2 +η 2 ≤1

(3.11)
where the receiver equivalent noise temperature Tr is added to account for the
coupling between antennas. If we divide the left hand side of (3.11) by kB BG,
then we get the definition of the visibility function for any receiver pair:
Vij (u, v) =

1
hnri (t), n∗rj (t)i.
2kB BG

(3.12)

If all the receivers are assumed identical, no distinction exists among the visibility
functions for the same baseline, that is, Vij (u, v) = V (u, v). In this case, the
brightness temperature TB (ξ, η) of the scene is related to the visibility function
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through a Fourier transform:
"
#
t(ξ, η) TB (ξ, η) − Tr
uξ + vη
p
V (u, v) = F
) = F[TB0 (ξ, η)]
re(−
Ωp
f0
1 − ξ 2 − η2

(3.13)

where TB0 (ξ, η) is the is the modified brightness temperature of the scene including
the antenna pattern, the fringe washing function and the equivalent noise temperature Tr .
From the above derivation, we can see that the correlated signal from each
baseline provides a sample point on the Fourier transform of the brightness temperature. In order to get an image with high quality, more sample points are
desired, and that is the reason why the antenna arrays of interferometric correlation radiometers usually take a special form such as Y-shape. Moreover, it can
be concluded that the brightness temperature TB (ξ, η) can be readily obtained
from an inverse Fourier transform of the visibility function, which is basically the
correlation of signals from each pair of receivers. Therefore, the essential step for
photonic correlation radiometers is to obtain the correlations of signals, which is
a complex number containing real and imaginary parts.

3.3.6

Optical phase modulation

In our proposed scheme, the complex correlations are performed in the optical
domain. The conversion from the microwave domain to the optical domain is
achieved by electro-optical phase modulators. To understand their functions in
detail, let us first assume that a laser beam Ein (t) = E0 ejωo t with a real electric field
amplitude E0 , an optical frequency ωo and an initial phase of zero, is modulated
by a RF signal Vr = V0 cos(ωr t + θ), with a small amplitude V0 , a RF frequency
ωr and a phase θ. The effect is to add a phase term to the input electric field of
the laser. So the modulated electric field is
Em (t) = E0 ejωo t ejγ cos(ωr t+θ) ,

(3.14)

r
, with Vπ being the half-wave voltage. Taking advantage of the
where γ = πV
Vπ
low pass equivalent (LPE), we may drop the exponential term containing optical
frequency, and (3.14) becomes

Em (t) = E0 ejγ cos(ωr t+θ) .

(3.15)

The remaining exponential term ejγ cos(ωr t+θ) in (3.15) can be decomposed using
the Jacobi-Anger expansion, which states
ejx cos θ =

∞
X
n=−∞
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where Jn (z) is the n-th Bessel function of the first kind. Therefore,
jγ cos(ωr t+θ)

e

=

∞
X

j n Jn (γ)ejn(ωr t+θ) ,

n=−∞

≈ J0 (γ) + jJ1 (γ)ej(ωr t+θ) + jJ1 (γ)e−j(ωr t+θ)
γ
γ
≈ 1 + j ej(ωr t+θ) + j e−j(ωr t+θ) ,
2
2

(3.17)

where we have used the approximations J0 ≈1, J1 (x)≈x/2 and Jn (x)≈0 ∀|n| > 1
on condition of V0 Vπ , and also one of the properties of Bessel function J−n (x) =
(−1)n Jn (x). Then, by substituting (3.17) into (3.15), the modulated electric field
can be finally expressed as

(3.18)
Em (t) = E0 1 + jβej(ωr t+θ) + jβe−j(ωr t+θ) ,
where we have replaced

3.3.7

γ
2

by β.

Photonic correlation

Now, a laser beam Ein (t) = E0 ejωo t is modulated by two RF signals
Vr = Vi cos(ωr t + θi )

i=1,2

(3.19)

with the same frequency but different amplitudes and phases. This yields two
modulated electric fields

E1 (t) = E0 1 + jβ1 ej(ωr t+θ1 ) + jβ1 e−j(ωr t+θ1 )
(3.20)

jα
j(ωr t+θ2 )
−j(ωr t+θ2 )
E2 (t) = E0 e 1 + jβ2 e
+ jβ2 e
(3.21)
Note that a random optical phase ejα has been added to the second electric field in
order to account for the phase error induced in transmission. The two modulated
signals are then coupled by an X coupler, whose transmission matrix is


1
1 j
M=√
.
(3.22)
2 j 1
Hence, the electric fields after the X coupler become




Ex1
E1
= M
Ex2
E2



E0
1 j
1 + jβ1 ej(ωr t+θ1 ) + jβ1 e−j(ωr t+θ1 ) 
= √
ejα 1 + jβ2 ej(ωr t+θ2 ) + jβ2 e−j(ωr t+θ2 )
2 j 1


E0
Ex1,DC + Ex1,U SB + Ex1,LSB
= √
,
(3.23)
2 Ex2,DC + Ex2,U SB + Ex2,LSB
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where Ex1,DC and Ex2,DC stand for the DC carrier components, Ex1,U SB and
Ex2,U SB stand for upper sideband components with frequency +ωr and Ex1,LSB
and Ex2,LSB stand for lower sideband components with frequency −ωr . They are
expressed explicitly as follows:

Ex1,DC = 1 + jejα




Ex1,U SB = jβ1 ej(ωr t+θ1 ) − β2 ej(ωr t+θ2 ) ejα



Ex1,LSB = jβ1 e−j(ωr t+θ1 ) − β2 e−j(ωr t+θ2 ) ejα
(3.24)
 Ex2,DC = j + ejα



E
= −β1 ej(ωr t+θ1 ) + jβ2 ej(ωr t+θ2 ) ejα


 x2,U SB
Ex2,LSB = −β1 e−j(ωr t+θ1 ) + jβ2 e−j(ωr t+θ2 ) ejα
Then, these signals are filtered and photodetected, respectively, to provide optical
powers of the three frequency components:

Px1,DC = I0 (2 − 2 sin α)




Px1,U SB = I0 [β12 + β22 + 2β1 β2 sin(∆φr − α)]



Px1,LSB = I0 [β12 + β22 − 2β1 β2 sin(∆φr + α)]
(3.25)
Px2,DC = I0 (2 + 2 sin α)




P
= I0 [β12 + β22 − 2β1 β2 sin(∆φr − α)]


 x2,U SB
Px2,LSB = I0 [β12 + β22 + 2β1 β2 sin(∆φr + α)]


E0
√
2

2

where the laser intensity I0 =
and the RF phase difference ∆φr = θ1 −
θ2 . The equation array (3.25) has five unknowns (I0 , α, β1 , β2 , ∆φr ) while six
equations. Actually, one of them is redundant. Hence, it enables us to extract
the optical phase error α, and also the real part and the imaginary of part of the
complex correlation: β1 β2 cos ∆φr and β1 β2 sin ∆φr . The intensity I0 and phase
error α can be obtained from:
(
P
+P
I0 = x1,DC 4 x2,DC
(3.26)
P
−P
sin α = x2,DC 4 x1,DC
Then, the real and imaginary parts of the complex correlation can be derived with
the help of (3.26):
(
P
SB −Px1,LSB
β1 β2 cos ∆φr = x2,U4I
0 sin α
(3.27)
P
SB −Px1,LSB
β1 β2 sin ∆φr = x1,U4I
cos
α
0

3.4

Simulation results

A simulation model is built in VPI for testing the proposed scheme, as depicted
in figure 3.12. The two electrical sine wave generators are used to simulate the
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signals collected by two receivers. The amplitudes of both generators are 1 V,
which is five times smaller than the half-wave voltage of the phase modulator
and safe for our approximation. Their frequencies are set to be 2 GHz, while
one of them has an additional time-dependent term in frequency, which is the
inverse of the time window, representing a phase change from −π to π. This is to
simulate the move of the target in one dimension. Two lasers (instead of one) are

Figure 3.12: VPI simulation setup of the proposed photonic correlation
radiometer.
employed here to account for the random phase error, and they are decorrelated
by setting both of their random number seeds to be zero. The power, frequency
and linewidth of both lasers are 1 mW, 193.1 THz and 10 MHz, respectively. The
two MZMs serve as phase modulators and operate at maximum point to keep the
carriers. The half-wave voltages and the extinction ratios of both MZMs are 5 V
and 35 dB, respectively. The insertion losses are set to be zero. The modulated
signals are directed to an X coupler, whose couple factor is 0.5. Then, they are
filtered by two arrayed waveguide gratings (AWGs). The two AWGs are aimed
at providing the upper sideband (USB), carrier and lower sideband (LSB) of the
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modulated signals. Their operating frequency range is from 190 THz to 196 Thz,
with channel frequency 193.1 THz - 2 GHz and channel spacing output 2 GHz.
Six signal analyzer are arranged to measure the optical power. However, only five
of them is actually used. That is why one of them is set to be inactive and in dark
gray.
After running the simulation, the data acquired are processed in Matlab and
the results are shown is figure 3.13, 3.14 and 3.15, which are plotted with respect
to a period from 0 to 64 ns, corresponding to a RF phase change from −π to π.
From figure 3.13, it can be seen that the data with phase error have several
major deviations from the one without phase error, while the real part of complex
correlation reconstructed from our approach exhibits a better consistency with
the data without phase error. Nevertheless, there are two sparks appearing on the
reconstructed data, the reason of which will be discussed later. The data without
phase error also experience some fluctuations, which result from the AWGs.
Real part of complex correlation

0.2

cos

r

0.1

0.0

-0.1

Reconstructed
With phase errors
Without phase errors

-0.2
0

10

20

30

40

50

60

70

Time (ns)

Figure 3.13: Real part of complex correlation β1 β2 cos ∆φr , with RF
phase changing from −π to π.
Figure 3.14 shows the imaginary part of the complex correlation. Once again,
the optical phase error is controlled to a certain extent in the reconstructed data
except for several sparks.
Figure 3.15 gives us an idea about how much the phase error is. It can be
seen that the phase fluctuates drastically during the period of observation. If no

42

3.4. Simulation results

Chapter 3. Photonic correlation radiometer

Imaginary part of complex correlation
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Figure 3.14: Imaginary part of complex correlation β1 β2 sin ∆φr , with
RF phase changing from −π to π.
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Figure 3.15: Optical phase error α, with RF phase changing from −π
to π.
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phase error correction is conducted, it becomes difficult to extract the complex
correlation.
The sparks in figure 3.13 and 3.14 have mainly two reasons. First, from equation array (3.27), the real and imaginary parts are calculated by dividing sin α and
cos α, respectively. If the values of sin α or cos α are very small, a little deviation
will result in a big difference in the results. Therefore, in order to eliminate sparks
originated from this, two thresholds have been set when the data are processed. If
the sin α gets too small, then the real part is calculated from the imaginary part,
and vice versa. Second, as inverse trigonometric functions are multiple-valued, we
can not tell from sin α the exact values of α, which results in two possible values
of cos α with opposite signs. Taking a closer look at figure 3.13 and 3.14, we may
find that if the signs of sparks are reversed, they will coincide readily with the
shapes of sine or cosine functions. To justify this argument, the absolute values of
the real and imaginary part are presented in figure 3.16 and 3.17.
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Figure 3.16: Absolute value of the real part of complex correlation
|β1 β2 cos ∆φr |, with RF phase changing from −π to π.
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Figure 3.17: Absolute value of the imaginary part of complex correlation |β1 β2 cos ∆φr |, with RF phase changing from −π to π.

45

Chapter 4
Conclusions and outlook
4.1

Conclusions

In chapter 2, we focused on progressing from previous works of microwave photonic
filter (MPF) [20]. For the simulation part, the effects of different types of optical
filters have been studied. We have found that the required causality for feasibility
of the optical filter is the main reason for the smooth slopes of the MPF. By using
different amplitude filter shapes of causal filters, we saw that the lower frequency
cutoff shows practically no dependence on the optical filter transfer function, while
the upper cutoff is very sensitive to it. Based on these results, further studies
should focus on achieving sharper cutoff characteristics by proper choice of the
optical filter transfer function.
For the experiment part, a series of experiments have been carried out, aiming
at demonstration of the higher frequency cutoff. Firstly, it has been verified by
measurements using the ECL laser, which showed S21 transfer functions with the
same amplitude and opposite phase, that it is possible to obtain cancellation of
the detected RF signals by simultaneous detecting the phase modulated signals
whose wavelengths lie respectively at each of the transition edges of an optical
filter. Also, the performance and connection characteristics of a wider bandwidth
photodetector that could allow to extend the frequency margin for observing the
filtering effects in the lab have been determined and compared with the detector
used in previous tests. As a third achievement, the potential of using a DFB
laser to combine with the ECL in order to show the high frequency cutoff has
been assessed. The power and tunability characteristics of the DFB have been
determined through laboratory tests coming to the conclusion that a higher power
is required at its output. For that reason, the use of an EDFA at the DFB output
is currently being explored.
As for photonic correlation radiometers, in chapter 3, a state of the art review
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on this subject has been presented, with advantages and drawbacks of different approaches identified, providing a guideline for researchers entering this field. Based
on a careful study on the state of the art, we proposed our scheme, which uses
photonics for connections and complex correlations. The theory behind it has been
investigated comprehensively, and simulation results exhibit good consistency with
theoretical analyses.
Within the frame of photonic correlation radiometers, the most cumbersome
problem is the phase error induced by different optical paths followed by the signals coming from each antenna. The existing approaches used either redundant
baselines or feedback loops to calibrate the optical phase, while at the same time
increasing the complexity of the systems. In our proposal, phase control does not
rely on any feedback loops but on the information carried by the different spectral
components that make out the optical signals. The phase error can be calculated
out and subtracted to get the pure signals. This provides us with several benefits. On the one hand, the complex correlations are performed by the square-law
photodetectors, saving lots of electronic components, as compared with Nova’s
approach. On the other hand, our proposal does not need a very precise alignment of fibers, which is necessary in Blanchard’s approach. However, it also raise
a few challenges to overcome before it can be used in practice. First, it requires
filters with very narrow passband to extract individually the USB, carrier and LSB
signals. Second, a complete remove of the phase error needs information on the
sign of cos α. To sum up, the proposed scheme shows a promising direction to
incorporate photonics into synthetic aperture radiometers. We believe that once
certain challenges are solved, many application areas will benefit from its potential
advantages.

4.2

Outlook

For MPF, the high frequency cutoff is more critical and requires more efforts to
demonstrate. To achieve this goal, an EDFA may be employed to amplify the
power of the DFB laser, or the DFB laser may be replace by another ECL, which
has a broad tunability range in both power and wavelength. Alternatively, an
electrical amplifier may be used for the high frequency detector, in order to get
the signal above noise.
As for photonic correlation radiometers, more information is desired to identify
the sign of cos α. Otherwise, only absolute values of the complex correlation is
obtained. Further researcher may find it useful to explore strategies which exploit
further properties of photonics such as polarization, electro-optical modulation, or
even nonlinear effects.
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Appendix A
Matlab code for photonic
correlation radiometer simulation
%% Input
t=xlsread(’20150713_linewidth10e6_incorrelated_random00’,’A:A’);
P_C1=xlsread(’20150713_linewidth10e6_incorrelated_random00’,’B:B’);
P_C2=xlsread(’20150713_linewidth10e6_incorrelated_random00’,’D:D’);
P_USB1=xlsread(’20150713_linewidth10e6_incorrelated_random00’,’K:K’);
P_USB2=xlsread(’20150713_linewidth10e6_incorrelated_random00’,’L:L’);
P_LSB1=xlsread(’20150713_linewidth10e6_incorrelated_random00’,’M:M’);
%% Calculation
I_0=(P_C1+P_C2)/4;
sin_alpha=(P_C1-P_C2)./(4*I_0);
cos_alpha=sqrt(1-sin_alpha.^2);
alpha=asin(sin_alpha);
beta1beta2sinRF=(P_USB1-P_LSB1)./(4.*I_0.*cos_alpha);
beta1beta2cosRF=(P_USB2-P_LSB1)./(4.*I_0.*sin_alpha);
beta_sq=(P_USB1+P_USB2)./(4*I_0);
flag1=(abs(sin_alpha)>0.9);
flag2=(abs(sin_alpha)<0.1);
beta1beta2sinRF(flag1)=sign(beta1beta2sinRF(flag1))...
.*sqrt(beta_sq(flag1).^2-beta1beta2cosRF(flag1).^2);
beta1beta2cosRF(flag2)=sign(beta1beta2cosRF(flag2))...
.*sqrt(beta_sq(flag2).^2beta1beta2sinRF(flag2).^2);
beta1beta2sinRFcosa=(P_USB1-P_LSB1)./(4.*I_0);
betasqsin=-beta_sq.*sin(2*pi/64*t);
beta1beta2cosRFsina=(P_USB2-P_LSB1)./(4.*I_0);
betasqcos=-beta_sq.*cos(2*pi/64*t);
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%% Plot
figure(1);
line_width=2;
subplot(2,1,1);
plot(t,beta1beta2sinRF,’b’,’LineWidth’,line_width);
hold on;
plot(t,beta1beta2sinRFcosa,’r:’,’LineWidth’,line_width);
plot(t,betasqsin,’g--’,’LineWidth’,line_width);
legend(’Reconstructed signal’,’Signal with phase errors’,...
’Signal without phase errors’);
xlabel(’Time (ns)’);
ylabel(’\beta_1\beta_2sin[\Delta\phi_{RF}(t)]’);
title(’Imaginary part of visibility function’);
ylim([-0.2 0.2]);
hold off;
subplot(2,1,2);
plot(t,beta1beta2cosRF,’b’,’LineWidth’,line_width);
hold on;
plot(t,beta1beta2cosRFsina,’r:’,’LineWidth’,line_width);
plot(t,betasqcos,’g--’,’LineWidth’,line_width);
legend(’Reconstructed signal’,’Signal with phase errors’,...
’Signal without phase errors’);
xlabel(’Time (ns)’);
ylabel(’\beta_1\beta_2cos[\Delta\phi_{RF}(t)]’);
title(’Real part of visibility function’);
ylim([-0.2 0.2]);
hold off;
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