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ABSTRACT

We are living in interesting times for astronomy science, since the birth of the radio
astronomy field in the 20th century by Karl Jansky, the availability of new and better radio
astronomy receivers is in increasing demand to push the human understanding of the uni-
verse. In this thesis, various components (antennas, baluns, antenna-arrays, and radiome-
ters) are proposed for radio astronomy receivers. The proposed designs are belonging
to three receiver topologies (direct detection, down-conversion, and up-conversion) that
operate at different frequency bands from MHz up to a few of THz. Also, to demonstrate
that the same proposed design is capable of working efficiently at different operating fre-
quencies, multiple adjusted designs are presented for several practical radio astronomy
and space applications.

Firstly, a receiver based on the direct detection of the Electromagnetic (EM) radiation
through a radio telescope working on cryogenic cooling conditions. In this part, the focus
is on designing conical log-spiral antennas and baluns (balanced to unbalanced transform-
ers) to be used as feeds for VLBI Global Observing System (VGOS) ground-based radio
telescopes. The feeds cover the Ultrawideband (UWB) from 2 GHz to 14 GHz with Cir-
cular Polarization (CP) radiation and stable radiation patterns. After integration of the
feeds to the radio telescope, the whole system operates with high aperture efficiency and
high System Equivalent Flux Density (SEFD) over the whole required wide range. The
fabrication, assembly, and measurements for single-element and four-elements array are
provided for achieving the requirements for single CP and dual CP operation. Also, in
the same first part, the proposed single-element feed (antenna + balun) is readjusted for
being used for CryoRad spaceborne Earth observations. This feed has a single CP over
low-frequency UWB from 400 MHz to 2 GHz with low weight and physical size com-
pared to standard horn feeds.

The second part of the thesis is dedicated to a THz source to be used as a local
oscillator for heterodyne radio astronomy THz receivers in which the down-conversion
of the THz radiation to a lower frequency occurs. The source is based on an array of
self-complementary bow-tie antennas and photomixers that lies on a dielectric lens. The
source can be scaled easily to cover different UWB ranges, three ranges are analyzed from
200 GHz to 2 THz, 100 GHz to 1 THz, and 50 GHz to 0.5 THz. Additionally, in this part,
a complete study for the effects of metal losses on such THz planar antennas is performed
which are not well-investigated in literature yet, the physical explanations behind such
effects are also provided.

Although these proposed THz sources themselves can work at room temperature, the
receiver probably still needs the cooling for the other receiver components (such as the
mixer) to work efficiently at such high frequencies. This is the motivation for the third part
of this thesis which presents a different type of radio astronomy receiver that is completely



able to work without cooling.

The third receiver is based on the nonlinear up-converting of the microwave radia-
tion into the optical domain using Whispering Gallery Mode (WGM) resonators which
can work at room temperature efficiently. For such advantage and since this concept is
naturally narrow-band, it can be a proper candidate for Cosmic Microwave Background
(CMB) spectroscopy and space applications. The system design and its performance are
analyzed for Ku band at 12 GHz with proposing a novel microwave coupling scheme for
enhancing the up-conversion photonic efficiency which is the main limitation for such up-
conversion systems. Likewise, several high gain 3D-printed Dielectric Resonator Antenna
(DRA)s are proposed in both isolated and array configurations to have a direct coupling
of the microwave radiation to the proposed scheme. Another practical application for
such receiver is presented for CubeSat missions at the mm-wave band (183 GHz) for cli-
mate change forecasting. It is clear here that removing the cryogenic cooling conditions
decreases satellite weight and cost, which in turn significantly increases its lifetime.

Also, it is worth noting that besides the radio astronomy applications, the proposed
receivers (and/or their antenna/components) can be used for many other applications. For
example, the UWB antennas in the first part can be used as wideband scalable probes
for EM compatibility testing or other wireless systems that require single or dual CP
such as radar and military applications. This is because the solutions provide constant
beam characteristics with good CP polarization purity and stable performance over the
operating UWB. In the same way, the proposed THz source in the second part can be
used in several THz applications such as very high-speed wireless communications, high-
resolution imaging for medical and security purposes. This is because of its key benefits
as decade bandwidth, compact size, low noise, low power demand, high tunability, and
the ability to work at room temperature. For the up-conversion scheme proposed in the
third part, due to its high photonic efficiency, low noise level which enables it to work at
room temperature, and its scalability from a few GHz up to several THz, it is suitable
for low-cost and high sensitivity applications. Specifically, the ones that need to get rid
of the hard cryogenic cooling conditions, or at least, relax them and allow the system
to work efficiently at higher temperatures. For instance, portable mm-wave and THz
systems for quality control, security, and biochemistry. Finally, in this part, the proposed
DRA elements and arrays, due to their low cost, high gain, and low losses, can be used
for sensing applications and 5G base station antennas.
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1. INTRODUCTION AND MOTIVATIONS

The thesis is divided into three principal parts where each one is corresponding to one
topology of radio astronomy receivers.

e UWB microwave CP radio telescope feed for Very Long Baseline Interferometry
(VLBI) space geodesy and Earth observation spaceborne receivers (Sec. 1.1).

e UWB THz antenna arrays for heterodyne receiver and THz applications (Sec. 1.2).

e Mm-wave up-conversion satellite receiver working at room temperature for climate
change forecasting (Sec. 1.3).

1.1. UWB feed for radio telescope systems

1.1.1. VGOS: VLBI Global Observing System

Space geodesy can be divided to four main techniques, 1- VLBI, 2- Satellite Laser Rang-
ing (SLR) / Lunar Laser Ranging (LLR), 3- Global Navigation Satellite System (GNSS),
and 4- Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS). VLBI
has been successfully used over the last 40 years, it is based on the use of several radio
telescopes (Fig. 1.1) located on Earth (or in space) for receiving the signals from astro-
nomical radio sources such as quasar [ 1].

This system of radio telescopes acts as a large-size radio telescope with a size equal to
the maximum space between the different telescopes which enables the system to provide
accurate observations of the inertial reference frame of such astronomical sources. This
is the technique used recently to capture the black hole image [?] by a network of radio
telescopes called Event Horizon Telescope (EHT) consists of eight ground-based radio
telescopes around Earth acting as a radio telescope with the size of the entire planet [3].

Also, from a different point of view, by measuring the time difference of arrival of
such signals at these different telescopes, the distance between them can be estimated.
Knowing that the locations of such receivers are fixed to the Earth, then they can monitor
the variations in the Earth’s rotation and orientation with high precision [4]. This enables
accurate tracking of the Earth’s motion due to external sources such as the gravitational
forces of the Sun and Moon. The new observation system VGOS [5] aims to improve
VLBI data. A broadband signal acquisition chain with fully digital electronics is needed
for an expected position accuracy of about 1 mm [6].

For increasing sensitivity, VGOS requires a dual circularly polarized feed that cov-
ers the UWB frequency range from 2 GHz to 14 GHz without the need to adjust its fo-
cal position to account for the frequency-dependent phase center variations. The feed

1
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Figure 1.1: VGOS radio telescope in Yebes, Spain.

also needs to enable the reflector to have a SEFD below 2500 Jansky (Jy) [7], while
1Jy = 107 Wm™2Hz™'. This is for achieving acceptable Signal to Noise Ratio (SNR)
values within reasonable integration times. This can be achieved by maximizing the total
aperture efficiency and minimizing the noise contribution of the feed to the total system
noise. The development of a novel feed that provides simultaneously all of these re-
quirements are supported by DIFRAGEOS project [8] which stands of Development of
Photonic and Radiofrequency Instrumentations and Application to Space Geodesy Exper-
imental Techniques (Spanish original name: "Desarrollos instrumentales foténicos y de
radiofrecuencia y aplicacion a técnicas experimentales de geodesia espacial”) funded by
Madrid Regional Ministry of Education.

Two main feed solutions are currently under consideration for the next generation
of radio telescopes as shown in Fig. 1.2. Quadruple-Ridged Flared Horn (QRFH) [9]
developed at California Institute of Technology and the Eleven feed [10], [1 1] developed
at Chalmers University of Technology. These two feeds have some deficiencies to be
overcome [12], [13] such as the stability of the beamwidth and beam symmetry [14] at
higher frequencies as will be discussed later in Chapter 2. Also, both solutions provide
linear polarization so more circuits are needed to get the CP required by most of radio
astronomy applications which subsequently increases cost, losses, and size. This is in
addition to the heavy weight of QRFH and complex manufacturing of Eleven.

VGOS radio telescope is a reflector antenna that consists of the main parabolic mirror
and a ring-focus subreflector as shown in Fig. 1.3. The main parameters of the reflector
are summarized in Table 1.1. As can be seen from Table 1.1, it has a diameter (D,,) of
13.2m and F,,/D,, = 0.28 while most of the existing VLBI reflectors have significantly
larger diameters like the Effelsberg radio telescope in Germany which has a diameter



Figure 1.2: The state-of-the-art radio telescope feeds (QRFH and Eleven).
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Figure 1.3: Geometry of VGOS reflector.

of 100m. This compact size will significantly reduce the overall cost of the system.
Moreover, such small reflectors can provide fast-slew speeds greater than 360 deg/min
allowing a larger number of observations, which in turn, increases the system precision.
The feed is placed in the focal point of the reflector geometry, where it is cooled down to
15 K inside the cryogenic receiver.

1.1.2. Cryorad low-frequency future Earth observation spaceborne system

Besides the use of radio telescopes on Earth (or even in space) for monitoring astronomi-
cal radio sources, spaceborne radio telescopes can be also used for monitoring Earth itself
for different applications. One of these interesting applications is the remote sensing of
the Earth’s cold regions which despite its importance, is still not satisfactorily covered by
state-of-the-art devices.



Table 1.1: Main parameters of VGOS reflector

Parameter Symbol Value
Main reflector diameter D, 13200 mm
Main reflector focal length| F,, 3700 mm
Subreflector diameter D 1550 mm
Half subtended angle 0, 65°
Parabola hole radius Poffset 740 mm
Subvertex position L, 3914.446 mm
Secondary focus position L, [3611.662mm
Half flare main angle ¥ 73.839°
Foci line tilt @ 83.193°

A new spaceborne mission concept called CryoRad [ 1 5] is suggested in the framework
of European Space Agency (ESA) Earth Explorer 10 and 11 call which also agrees well
with National Aeronautics and Space Administration (NASA) PolarRad mission, known
by Earth Venture Instrument (EVI)-6 [16]. These missions aim to a low-frequency mi-
crowave radiometer for the deep study of the Cryosphere at the range from 400 MHz to
2 GHz with continuous sampling of the band. This low-frequency band is most appro-
priate for these studies as the atmosphere is almost transparent so the main radiation is
coming from the water vapor and the molecular oxygen.

These receivers would help in knowing different interesting parameters such as ice
sheet, sea ice volume, shelf temperature profile of Antarctica and Greenland, and sea sur-
face salinity [15]. Although these parameters are important for understanding the whole
Earth system, improving the forecasting of global climate change, and seeing the projec-
tion of human activities on the environment, they were poorly measured or even never
previously measured from space in the previous missions.

In contrast with VGOS radio telescope which is usually built in a ground station and
directed around the Zenith, here this radio telescope would be installed on a polar-orbit
satellite with altitude of 650 km and directed to the Nadir. CryoRad push-broom multi-
beam radiometer is based on a large deployable offset parabolic reflector with maximum
diameter (D,,) of 12.5m and F,,/D,, ~ 0.4. The reflector is illuminated by multiple feeds
to scan a ground swath width of 120 km with a resolution between 8 km and 45 km for
high and low frequencies respectively. For developing such antenna feed, a project called
"A Low-Frequency and Wide-Band Reflector Antenna Feed for Future Earth Observa-
tion Radiometers" is funded by ESA where Carlos III University of Madrid (UC3M) is
subcontracted from the prime contractor (EOS INGENIERIA).

The feed should cover the UWB frequency range with pure single CP (axial ratio <
1.5dB) to avoid the Faraday rotation. It should provide stable radiation patterns within a
Field of View (FoW) of 50° with a gain above 10dBi. Additionally, it has to be of low
weight and compact size to be proper for satellite installation [ 7], especially that here we



need multiple feeds. This is the motivation for avoiding QRFH as its weight and physical
size at this low-frequency range will not be practical for such applications. Recalling that
for QRFH, even though only single CP is required, still dual linear polarization antennas
are needed for obtaining the CP performance. Finally, the return and isolation losses of
the feed should be minimized to reduce its contribution to the system noise temperature.

1.1.3. Radio telescope performance estimation

The SNR of a radio telescope system based on continuous observations can be calculated
using the following equation
S VitB
ViB (1.1)
SEFD
where S is the flux density coming from the observed radio source in Jy, ¢ is the inte-

SNR =

gration time in seconds (s), B is the available bandwidth of the receiver system in hertz
(Hz), SEFD includes the combined effect of reflector antenna and all other receiver noise
sources into one parameter. Equation (1.1) shows that, firstly, for a fixed SNR, lower
SEFD yields lower integration time. Secondly, for a fixed incoming flux density and inte-
gration time, the SNR will be proportional to the square root of the bandwidth. Therefore,
the UWB coverage for the receiver system (and therefore its feed) is critical.

The SEFD can be calculated following [ 8] as

2kT gy,
SEFD = —— (1.2)
Aest

where k is the Boltzmann constant, T is the equivalent system noise temperature, Aqg
is the effective area of the reflector antenna and can be calculated from the total aperture
efficiency of the reflector (17,) as Aegr = NiotAphy Where Apyy = (D), /2)? is the physical
area of the reflector. A.¢ can also be estimated from the gain of the reflector antenna (G,)
at specific wavelength (1) as Aeg = (GA/lz) / (4r). The previous discussion shows that the
total aperture efficiency of the reflector can be split to

2
A
Not = Ga (5) (1.3)

Another method for estimating the total aperture efficiency using a specific feed is
to factorize it into its main four subefficiencies which are spillover (7,), polarization
(Mpo1), illumination (i), and phase (17,) subefficiencies. Then the total aperture efficiency
of the reflector can be calculated as n = NypNpaiintph. These subefficiencies can be
estimated by integration of the feed’s radiation patterns following [19] using the closed-
form equations from (1.4) to (1.7).
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where gco(6, ¢, f) and gx,(6, ¢, f) are the co-polar and the cross-polar polarizations of the
feed respectively. With this factorization, one may get an idea of the contribution of each
subefficiency on the overall performance and investigate the source of any degradation
related to beamwidth (77,, and 7;;), high cross-polarization levels (17,,1) or phase center
variations (77,p).

Also from the previous equations, it can be seen that 7, is critically based on the
location of the feed as it depends on the phase of the radiation patterns. Therefore, ex-
cluding it from the total efficiency will result in another parameter that can be defined as
Nmax = Nsplpolfin Which is only depending on the amplitude of the radiation patterns of the
feed. Then the best location of the feed can be defined as the one which will maximize
17ph, Making 7, close as possible to 7yax. Although this can be easily adjusted at a single
frequency, this issue is a tricky challenge in UWB systems as the feed needs to provide
good performance over the whole frequency range with no need to compensate for the
phase center changes via mechanical movement. Hence, the proper feed should provide a
nearly constant phase center over the whole UWB band.

Returning to (1.2), the equivalent system noise temperature T, which takes into ac-
count all the noise sources in the system can be defined as

Tsys = nradTA +(1 - nrad) Tphy + Trec (1.8)

where the first term consists of the multiplication of the antenna radiation efficiency (77;.4)
by the antenna noise temperature (7,) including noise picked up from the sky and the
spillover noise. The second term is the noise temperature contribution from the feed’s
ohmic losses where Ty is the physical temperature of the antenna. At last, the third
term is the noise temperature of the receiver chain (7,.) including the receiver compo-
nents such as the cryogenic Low Noise Amplifier (LNA), coaxial cables, and calibration
couplers.

Using (1.8), the SEFD in (1.2) can be calculated as

8k [nradTA + (1 - nrad) Tphy + Trec]

SEFD = 5
s Dmntot

(1.9)



The above equation demonstrates the dependence of the SEFD (and hence SNR) on the
feed selection which strongly affects both aperture efficiency and noise temperature of
the reflector antenna. The calculation of the antenna noise temperature can be performed
following [20] as

2 o .
Iy [T F©,6, NT6, 8, f)sin0dode

21 T -
[y F(6,¢,f)sin6dodg
where F (0, ¢, f) is the total power pattern of the reflector antenna which can be calcu-

(1.10)

lated using a combination of Physical Optics (PO) and Physical Theory of Diffraction
(PTD) with the simulation software TICRA General Reflector Antenna Software Package
(GRASP) [21] after exciting it by the proper feed. Parameters 6, ¢, and f are the angle
from the zenith (= 90 - elevation angle), the azimuth angle, and the frequency respectively.

T,(6, ¢, f) is the surrounding brightness temperature seen by the radio telescope, which
can be divided into two main components, above and below the horizon as

Tay(6,0,f) 0°<16] <90°
Tena(0, ¢, f) 90° < |6] < 180°

The brightness temperature model used in these calculations is the Square Kilometre Ar-
ray (SKA) general brightness temperature model [22]. Once the noise temperature is cal-
culated from (1.10), the spillover noise temperature T, can be drawn from Ty = Ty +T,.

1.2. THz antenna-based source

Nowadays, mm-wave and THz ranges are getting more interest for different applications
such as radio astronomy, wireless communications, medical imaging, security and sev-
eral other ones [23]. Mm-wave range are widely defined for the band from 30 GHz to
300 GHz while THz range is sometimes defined from 300 GHz to 3 THz [24] and others
it is extended to be from 100 GHz to 10 THz [23], [25].

The systems at these frequency ranges could provide unique characteristics compared
to other ranges. For instance, for radio astronomy, 98% of all photons emitted since the
Big Bang are in these frequency ranges [26] so they are essential for understanding the
evolution of the universe. For wireless communications, mm-wave and THz systems can
provide high-data rates above tens or hundreds of Gb/s [27], [28] while also opening the
door to the future Tb/s data rates [29]. The same importance is in medical imaging for
getting very high-resolution images which help in the early-stage detection of diseases
[30], [31]. Likewise, for security applications to replace the current X-rays as THz sys-
tems can detect both metallic and non-metallic objects from a distance even underneath
the clothing or other concealing barriers. This is in addition to minimal risk to human
health [32].

Despite all advantages that THz systems can have, there are still some limitations
that delay their real implementations in current practical applications. This is mainly be-
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Figure 1.4: General THz radio astronomy heterodyne receiver based on THz source.

cause of the lack of suitable technologies and components for making efficient, tunable,
cost-effective, UWB, and powerful THz sources/detectors that can operate at room tem-
perature. Hence, the term called "THz gap" has been coined to define the range between
microwave and infrared ranges [23], [33].

Mainly there are two type for THz radiation sources, firstly, the natural one which
is released in the black-body radiation from objects with temperatures above 10K [34].
Secondly, the artificial sources [35] [36] such as photomixer (up to 4 THz), Gyrotron
(up to 0.5 THz), Backward Wave Oscillator (BWO) (up to 1.5 THz), and Quantum Cas-
cade Lasers (QCLs) (up to 10 THz). Photomixers [37] are efficient solutions in terms of
continuous tunability with high spectral resolutions of about a few MHz, compactness,
cost-affordable as they work at room temperature without the need for cooling. Such
mentioned advantages make it a good solution even though it suffers from the low emit-
ted power on the order of a few uW. Especially that other high-power solutions such as
QCLs (which are capable of delivering power in range of tens of mW [35]) will provide
only hundreds of nW if they are used at room temperature [38].

Despite that THz source is a critical component for transmitters for different applica-
tions, it can be also used for THz receivers such as radio astronomy ones [39]. For these
applications, it acts as a broadly tunable local oscillator for heterodyne receivers [40].
This is done by mixing the produced signal from the THz source with the received THz
radiation and achieving the frequency down-conversion by generating the Intermediate
Frequency (IF) signal as summarized in Fig. 1.4.

Another core component in the THz system is the antenna element, one of the most
common THz antenna topologies are horn antennas. However, they have three drawbacks
that limit their usage in several applications. Firstly, their relatively small Bandwidth
(BW) as their operation band is limited by the single waveguide mode band. Secondly,
it cannot be integrated directly with other electronic components which prevents its in-
sertion in a fully integrated system. Ultimately, their limited directivity and therefore,
excessive electrically-large lengths are needed in case higher directivity is required. Be-



cause of these limitations, currently, there is a trend towards the use of alternative planar
THz antennas. There, high directive beams can be obtained by putting the antennas on a
dielectric lens.

Hence, for increasing the generated THz power, an array of balanced planar antennas
is used where a separated photomixer is introduced in the center of each array element.
To demonstrate the scalability of the proposed THz antenna array, three versions have
been tested covering different UWB ranges from 50 GHz to 500 THz, 100 GHz to 1 THz,
and 200 GHz to 2 THz. All the photomixers are coherently excited by the same optical
pump by a means of a microlens array that focuses the laser beams into its corresponding
photomixer.

The antenna elements are electrically small and their distribution is adjusted to pro-
vide high-density of sources. This would ensure constructive interference and hence only
one electrically large Si lens can be used without having problems of out-of-focus for the
photomixers that are far away from the lens center. A study of each array configuration
together with its proper lenses are presented. The proposed antennas outperform the stan-
dard THz horn antennas in several aspects such as much higher BW, very high directivity
(of about 35 dBi) with much smaller sizes, fully integrated solution, and the possibility to
extend to arrays with a larger number of elements for achieving higher power without an
increase in designing or alignment complexities.

Furthermore, a complete study to demonstrate the effect of the metal resistive losses
in THz planar spiral antennas is performed. As the THz antenna metalization implies
annealing and alloying processes to promote good adhesion of the metal to the semicon-
ductor substrate to make the metal-semiconductor contact as much ohmic as possible.
This, in turn, prevents the creation of Schottky barriers that impede the flowing of gener-
ated THz current into the antenna arms. This study demonstrates a significant reduction
(up to 30 dB) in the antenna gain in case the actually measured metal resistivity of the gold
alloy is used. This is in comparison with the standard pure gold which is usually used in
literature for designing THz antennas. This reduction has its maximum at the lower fre-
quency range because, at such frequencies, the metal thickness is not much larger than
the metal skin depth so the metal performance diverges from being a good conductor.

As these metal losses cause a reduction in the THz radiated power (the same amount
as the gain reduction), such losses need to be relaxed for most of the THz practical ap-
plications. Hence, two solutions can be used, firstly, by increasing the metal thickness so
it is higher or at least comparable to the skin depth for the most of frequency range. Or
secondly, by reducing the metal density which can be achieved by using different antenna
typologies such as log-spiral. Although both solutions provide a significant enhancement
of 10dB and 25 dB respectively, each of them has its drawbacks. For instance, the first
method requires a larger amount of gold in the stack of metal films which increases the
fabrication cost and complexity. Also, for the second solution, it is clear that larger areas
affect the antenna compactness specifically in the case of array configurations. So the



designers should choose the most suitable of this trade-off or a mixture of them based on
their specific system requirements.

1.3. WGM up-conversion receiver working at room temperature

The cryogenic cooling requirement is one of the main limitations of radio astronomy re-
ceivers as it dramatically increases the receiver cost, size, and power consumption which
are all critical parameters for most space applications. For example, accurate measure-
ments of the CMB radiation would allow the improvement of the standard cosmological
model. Specifically, by observing the polarization of the CMB through radio telescopes, a
polarization map of the sky can be created to identify the so-called B-mode of the CMB,
which is partially produced by primordial gravitational waves created in the Big Bang.
However, this CMB signal is weak and photon-counting sub-THz receivers are required.

Currently, the high sensitivity, that photon-counting detectors provide, can be only
achieved with instruments cooled at sub-Kelvin temperatures such as kinetic inductance
detectors, Hot Electron Bolometer (HEB) or Transition Edge Sensor (TES) bolometer
[41], [42]. This makes the available technology expensive and impractical for many ap-
plications. Room temperature receivers will overcome such limitation, one of the main
candidates for these room temperature receivers is the photonic nonlinear up-conversion
receiver [43] based on WGM waves inside a resonator [44], [45]. Here, the weak radi-
ation signal is up-converted into the optical domain where it is easier to detect at room
temperature with the currently available technologies.

WGM waves were first explained in the 19th century by Lord Rayleigh for sound
waves heard in Whispering Gallery of St. Paul’s Cathedral, London [46], [47]. The same
phenomenon is observed with other signals such as microwave or optical which makes
WGM interesting for several applications such as radio astronomy. The up-conversion
can be done by exciting two input WGM signals, for the microwave (or even mm-wave or
THz) with frequency w,, together with an optical WGM with frequency w, coming from
an optical pump laser. Then they are mixed via the second-order nonlinear response of a
dielectric resonator [48], [49].

Several schemes can be used for achieving the nonlinear up-conversion, Fig. 1.5
shows a common example for it. In this, Dielectric Rod Waveguide (DRW) and prism
are used for coupling the microwave and optical signal respectively. After coupling the
two input signals and mixing them inside the resonator, two other resonant optical side-
bands are produced at frequencies corresponding to Sum-Frequency Generation (SFG)
and Difference-Frequency Generation (DFG) processes as presented in Fig. 1.6. Here,
both SFG and DFG contain all the information from the input signal. P(r) is the electric
polarization which can be calculated in terms of the electric field and the electric suscep-
tibilities of the resonator material (y) as following P(r) = x'VE,.(r) + ey P E2 (7).

So, in total, four WGMs are excited in the nonlinear resonator, two are corresponding
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Figure 1.5: The common scheme for the nonlinear up-conversion system.

to the input signals, and the other two for the SFG and DFG ones. The up-converting of
the input signals only occurs when the phase-matching and energy conservation condi-
tions are fulfilled. This can be simplified following [50] to the condition that the angular
velocities of the microwave and the optical signals are equal. Otherwise, the nonlinear
polarization would not efficiently generate the output signals [51]. It is worth noting here
that this promising technique has the advantage of up-converting any desired frequency
so it can be used for several applications to receive radiation at different frequencies from
afew GHz [52] up to several THz [53] range.

Mm-wave and THz radiation detection are critical for many applications such as satel-
lite Earth observation, radio astronomy, planetary missions, and spectroscopy. For exam-
ple, there is a focus on mm-wave radiation at 183 GHz and 60 GHz for water vapor profile
measurements and weather forecasting [54]. Direct detection of such radiation at room
temperature with high-sensitivity mm-wave receivers is tricky as the radiation is masked
by the thermal noise of the receiver components itself. Hence most of these receivers need
to operate under cryogenic conditions [55] which makes them bulky and high-cost [56].

On the other hand, up-converting this mm-wave radiation into the optical domain
makes them less affected by thermal noise even without cooling. This is because, at such
high-frequency of optical range (193 THz), the optical photons will have much higher
energy compared to mm-waves [57]. This will allow the detection at room temperature
with commercially available optical devices which will reduce the cost, weight, and vol-
ume of the satellite receiver. Additionally, removing such cryogenic components will
significantly increase the satellite mission lifetime. However, this requires very high pho-
tonic efficiency which can be defined as the percentage of the up-converted photons with
respect to the incoming input photons. Standard WGM up-conversion systems fail to pro-
vide such high efficiency specifically at mm-wave and THz range. This is the motivation
for novel up-conversion schemes that can work with much higher photonic efficiency.
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Based on the previous discussion, an integrated mm-wave receiver working at room
temperature for satellite applications is presented. This work is supported by MARTINLARA-
CM project [58] (Millimeter wave Array at Room Temperature for Instruments in Leo Al-
titude Radio Astronomy) funded by Madrid Regional Ministry of Education and REFTA
project (Photon counting receiver working at room temperature) funded by SENER com-
pany. The proposed receiver has high photonic efficiency due to the enhanced overlap-
ping between the mm-wave and optical signals. Its photonic efficiency outperforms best-
reported ones for mm-wave WGM up-conversion by around three orders of magnitudes.
Fabrication tolerances of the main design parameters are studied with showing their ef-
fects on the performance. The system is able to perform a refined tuning on the order of
tens of MHz covering a wide range of frequencies of 45 GHz around a center frequency
of 183 GHz. This will compensate the fabrication and assembly tolerances in addition to
relaxing the manufacturing complexity.
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2. UWB SINGLE AND DUAL CIRCULAR POLARIZATION
ANTENNAS

2.1. Introduction

As shown in the previous chapter, the first direct radio astronomy receiver which is re-
lated to radio telescope is illustrated in detail in this chapter. To completely achieve the
requirements of the new generation of VLBI radio telescopes, a novel topology called
DYson Quad-Spiral Array (DYQSA) [56] has been developed. A brief discussion of the
conical log-spiral antenna is given along with its design procedure and how to overcome
manufacturing limitations for such relatively high-frequency ranges.

The focus is on a practical project to use such proposed feeds for VGOS radio tele-
scope in the range from 2 GHz to 14 GHz. The simulation results for the designed single
antenna element and proper balun are shown in both isolated form and integrated with the
radio telescope. To have an upper limit estimation of the total system efficiency, the anal-
ysis of the optimum performance of the radio telescope fed by an ideal Gaussian beam
will be performed. Then the design for the DYQSA solution for providing dual CP, com-
pared to dual linear polarization presented in the state-of-the-art feeds, is discussed with
mentioning the advantages for having a direct CP feeds.

Also, to prove the suitability of the proposed solution as a feed for VGOS radio tele-
scope, an analysis of the reflector fed by DYQSA is performed, including five main pa-
rameters: total radiation patterns, noise temperatures, directivity, aperture efficiency, and
SEFD. Comparisons between the proposed feed and the state-of-the-art ones are given
in terms of total aperture efficiencies, design adaptability to different reflectors, physical
volume, cost, required number of LNAs per feed, and calibration signal injection. The
fabrication descriptions along with the challenging issues and the measurement results of
both the single element and the array feed are presented.

Finally, to prove the adaptability of the proposed feeds for different applications, an-
other radio astronomy system is addressed which is CryoRad spaceborne for cold Earth
regions. It requires a single CP operating at a low-frequency UWB from 400 MHz to
14 GHz. The simulation results for the designed single-element are shown and discussed.

2.2. Conical log-spiral antenna

The proposed solutions are based on the self-complementary log-periodic spiral antenna
wrapped around a conical shape as depicted in Fig. 2.1. The log-spiral antenna has four
main geometrical parameters to control its electromagnetic features: the smallest diameter
(d), the largest one (D), the spiral angle (@), and the conical angle (6).
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Figure 2.1: Geometry of the conical log-spiral antenna.

2.2.1. Why not just planar spiral!

The reasons behind using such topology are, firstly, the log-spiral is preferable in the
case of UWB applications as it requires a much lower number of turns compared to the
Archimedean spiral. Secondly, despite that the planar spiral antennas are indeed prefer-
able for easy manufacturing (especially at such high frequencies which require small radii
at the antenna center), they will provide bidirectional radiation patterns which are not ac-
ceptable if the antenna is to be used for high-gain applications [59]. Moreover, planar
spirals are not applicable for radio telescope feeds because the bidirectional behavior will
dramatically decrease the spillover efficiency (1.4) in addition to increasing the antenna
noise temperature (1.10).

Despite the fact that planar spirals can provide unidirectional patterns with the use of
either absorbing cavities [60] or dielectric lens, these two options are also not applicable
for feeding radio telescopes. This is because the absorbing cavities will cause a 3-dB loss
characteristic which will increase the system noise temperature. And the dielectric lens
dimensions would need to be electrically huge (several wavelengths [61]) to cover the
low-frequency band. For all of these, the suitable configuration for such applications is
using the spiral in a conical log-periodic shape.

Recently, other solutions have included self-complementary structures printed in con-
ical shapes for covering large bandwidths such as the inverted conical sinuous antenna
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[62], [63] which is based on the projection of a sinuous pattern onto a cone placed above
a ground plane. Although this solution exhibits stable radiation patterns and an almost
fixed phase center, it has three main drawbacks for being a good candidate as a VGOS
feed. Firstly, the addition of the ground plane affects its self-complementary nature and
produces a frequency-dependent impedance. For example, in [62], the imaginary part of
the impedance varies between 0 and —300Q2 even, over a relatively small bandwidth from
1 GHz to 3 GHz. This significantly increases the complexity of the LNA design and inte-
gration, especially for the required UWB range. Secondly, it provides linear polarizations
so additional circuits or digital post-processing techniques have to be added for linear-
to-circular polarization conversion which has several disadvantages as will be discussed
later in Sec. 2.4.2. Finally, the complexity of the manufacturing and assembly process
for covering frequencies up to 14 GHz is higher. The situation gets worse as the sinuous
antenna has to be over-designed at the higher frequency to have stable properties at the
high-frequency end [64].

2.2.2. Design procedure

Even though the conical log-spiral antenna has been proposed in the 20th century by Prof.
Dyson [65], to the best of the authors’ knowledge, no prototypes have been shown at the
high frequencies required for VGOS (up to 14 GHz). This is due to the high manufactur-
ing complexity and the stringent tolerance levels at the apex part. Figure 2.2 presents a
systematic procedure for overcoming these design challenges. The design procedure con-
sists of two main stages: first, the conical and spiral angles are selected. It is worth noting
that lower values of the conical angles (8) are more reasonable as they imply larger space
between the arms of the spiral, which will facilitate the fabrication process. However, it
will be demonstrated that for our application (which requires high-frequency coverage),
too small conical angles are not recommended as this will require a very small diameter
at the top part of the cone (d) to cover up to 14 GHz.

Thus, the selection of the proper spiral angle (@) will be a trade-off between the separa-
tion distance between the turns and the smallest diameter of the cone. Both represent the
most-critical fabrication challenges of this topology. The relation between beamwidths
and approximate directivity vs spiral angle (@) can be found in [66]. These relations are
estimated for different conical angles (6). After several optimization rounds, consider-
ing the requirements of VGOS, we select a spiral angle @ = 85° which corresponds to a
conical angle 6 = 10°.

The second stage of the design process involves the selection of the smallest (d) and
the largest diameters (D) of the cone. These two parameters control the maximum and the
minimum working frequencies respectively. From the study of the relation between the
smallest radius (d/2) vs the largest one (D/2) for different spiral (@) and conical (6) angles
[66], it can be observed that the smallest radius (d/2) is proportional to the conical angle
(6). This confirms the previous statement that a low conical angle will result in a small
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Figure 2.2: The flowchart of the design procedure of the conical log-spiral antenna.
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Figure 2.3: Input impedance and axial ratio of the single-element antenna.

radius at the vertex of the cone, which will require a more complex fabrication process
to cover the desired higher band. Considering VGOS system that requires covering a
bandwidth from 2 GHz up to 14 GHz, d = 3.2 mm and D = 60 mm are good candidates.

2.2.3. Simulation results

Figure 2.3 presents the real and imaginary parts of the input impedance of the proposed
conical log-spiral antenna in solid-blue and dashed-green respectively. As expected for
this self-complementary topology, the impedance is constant and almost real over the
required frequency range. This is one of the main strengths of this solution as it will
simplify the design of the LNA connected to the feed. Figure 2.3 also shows that the
antenna radiates purely CP as the axial ratio is below 1.4 dB in the required band.

The simulated radiation patterns of this log-spiral antenna are shown in Fig. 2.4.
The simulated results were obtained using High Frequency Structure Simulator (HFSS)
[67] and Computer Simulation Technology (CST) [68], giving similar results for both
simulators.

These radiation patterns are for frequencies from 2 GHz to 14 GHz in steps of 2 GHz
and for different cut planes from ¢ = 0° up to ¢ = 180° in steps of 15°. The blue and the
red lines represent the CP co-polar and cross-polar components respectively. The green
lines describe the half subtended angle from the focus of the subreflector (6,) while the
green circle indicates the Co/Xp-ratio to get the CP performance. Figure 2.4 evidences the
rotational symmetry of the radiation patterns at all frequencies with a gain around 10 dBi
and Co/Xp-ratio at broadside (6 = 0°) greater than 20 dB.

The phase center frequency dependence along the three axes estimated following [69]
is presented in Fig. 2.5. A,, A, and A, are the x, y, and z coordinates of the phase center
position respectively. The origin of the coordinate system for the phase center estimation
is placed at the virtual apex of the cone (as in Fig. 2.6). A,; and A,, are the phase center
calculated using two orthogonal cuts ¢ = 0° and ¢ = 90° respectively. All the phase
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Figure 2.4: Radiation patterns of the single-element antenna.

centers have been calculated in the range +6,. Although the phase center is strongly
shifted at lower frequencies which in general affects the total feed efficiency [70], it is
possible to find an optimum position of the feed to get reasonable efficiency values as will
be demonstrated in Sec. 2.4. Additionally, in the complete solution (considering the two
CPs), this issue is totally solved as will be presented later in Sec. 2.3.

2.2.4. Balun

As this spiral is a balanced antenna which has a differential port in the top part (the starting
point for the two arms), there are three options for connecting it to the LNA. Firstly,
connect a standard single-ended LNA to each arm which will result in two LNAs for each
antenna. Secondly, using a differential LNA directly connected to the two arms or thirdly,
use a balun between the antenna and the LNA.

It can be seen that although the first option is the simplest one from the point of
view of designing complexity, the other two options are preferable from the point of
view of cost as they decrease the number of the required LNAs to the half. To have
the antenna prepared to be connected to either differential LNA or balun, two bow-ties
metallic patches are added at the apex of the spiral cone as depicted in Fig. 2.6.

Although differential LNAs are available for such broadband frequency range [71],
UWB balun that can efficiently excite such conical balanced spiral antenna is still needed
for two reasons. First, in the case of different applications that the antenna needs to have
a coaxial connector at its end to connect to the rest of the devices, or even in case of
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Figure 2.5: Phase center estimation of the single-element antenna.

Figure 2.6: Conical log-spiral antenna with its top part.
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Figure 2.7: Proposed broadband balun with its main design parameters (figures not drawn to scale).

direct measurements of the isolated antenna and testing its characteristics without the
need to connect it to the differential LNA. Then, in case standard single-ended LNAs
are preferable. Hence, a UWB balun which covers the frequency range from 2 GHz to
14 GHz with a constant behavior is proposed.

The balun is based on tapered microstrip to parallel strip transformer [72] as shown
in Fig. 2.7. To match the impedance of the proposed antenna (Fig. 2.3), it provides an
output impedance around 120Q with an input impedance of 50 to match the standard
LNA or coaxial connectors. The standard linear-tapered 120€)/50€2 transformer section
is replaced by a fourth-order polynomial one for achieving better performance (flatter
behavior over the UWB range).

The heights of the baluns are set to have a total height equals to the total height of
the proposed conical antenna. However, they can be scaled down (to a quarter or even
less) while having similar performance if a compact design (for example for lower-profile
antennas or planar ones) or lower losses are required. The balun is printed on Duroid5880
(e, = 2.2) with a thickness of 0.254 mm and its optimized dimensions are presented in
Table 2.1.

The results of the proposed balun (Fig. 2.8) demonstrate the flat characteristics of the
balun over the whole band with a good matching below —16 dB. As the output port (port
2) will be connected to the antenna, two modes inside it have been studied: differential
mode (solid line) and common mode (dash line). From this perspective, Fig. 2.8 shows
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Table 2.1: Optimized dimensions (in mm) of the balun

Parameter | Value || Parameter | Value || Parameter | Value
H, 27.35 Wt 0.80 Wei 2.80
H, 74.60 W 0.65 Weo 2.15
H; 75.00 W3 0.25 W3 0.25
W4 0.25 Wes 0.25

S parameters

2 4 6 8 10 12 14
Frequency (GHz)

Figure 2.8: S parameters of the balun

that the balun excites purely the differential mode only (with low losses below 0.5 dB)
and perfectly isolates the common one (ratio below —30 dB in all band).

2.3. DYson conical quad-spiral array

To achieve the dual-polarization requirement of VGOS, the implementation of an array
with four elements of conical log-spiral antennas is used as sketched in Fig. 2.9. Each
pair of antennas is devoted to a given polarization, one pair for the Right-Hand Circular
Polarization (RHCP) and the other one for Left-Hand Circular Polarization (LHCP). The
reason why four antennas are used instead of two (one per polarization) is that in the latter
case, the total radiation patterns of the radio telescope will be squinted. One polarization
will be squinted to the left from broadside and the opposite for the other polarization
since the focus of the system is located close to the subreflector mirror. This effect is
corrected by using two antennas per polarization. Impedance and axial ratio of the array
are presented in Fig. 2.10. These results confirm the predictions from the results of the
single element with small deviations at higher frequencies.
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Figure 2.9: Four-elements array (DYQSA antenna) with possible balun configurations.
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Figure 2.10: Input impedance and axial ratio of DYQSA feed.
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Figure 2.11: Baluns system structure and its different input-output ports.

An extensive study has been done to design the balun for this balanced array antenna
and the proper position for it to fit into the geometry without disturbing the electromag-
netic response of the antenna. The first method is following the same procedure presented
in Sec. 2.2 and placing each balun inside its corresponding conical spiral antenna and
shielding it with a metallic cone as the four green cones shown in Fig. 2.9. Although
this excitation method is straightforward in its implementation, there is a high mutual
coupling effect between the four metallic shields which significantly affects the radiation
pattern stability over the required bandwidth. Thus, to enhance the electric properties of
the system and reduce the effects of this metallic shielding, an updated version has been
proposed. In this version, the four individual baluns have been replaced by one system of
four baluns connected and introduced inside one metallic shielding through the center of
the four spirals system [73] as presented in the blue cone in Fig. 2.9.

The geometry for the baluns system which can feed this proposed array is depicted
in Fig. 2.11. The extra substrate is kept deliberately for giving robustness to the struc-
ture. Each balun is represented by 2 ports: one (labeled with an odd number) which will
be connected to the unbalanced part (coaxial or LNA), the other (labeled with an even
number) will be connected to the balanced part (spiral element).

Although this design provides better performance, it is, at the same time, a new de-
sign challenge (at such frequency band) due to the small cone dimensions which have a
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Figure 2.12: Single element of the proposed baluns system.

radius less than 1 mm at the top part of the antenna. Each element of this balun system
is adjusted to provide an output impedance of about 150€2 to match the modified larger
impedance of the spiral antenna in its array configuration (Fig. 2.10). The single element
of the proposed balun system is presented in Fig. 2.12 with a summary of its optimized
dimensions in Table 2.2.

Due to the symmetry of the structure and for simplicity, the results of port 1 and port
2 and their relations to all other ports are shown in Fig. 2.13. The S parameters between
these two ports and other ports within the same polarization are given in Fig. 2.13 (a)
while Fig. 2.13 (b) is dedicated for their relations to the other polarization. All output
ports (which have even indices) are represented by two solid and dashed curves which
stand for differential modes and common ones respectively.

It can be demonstrated from Fig. 2.13 that the proposed baluns system is feeding
the antennas properly as it excites only the differential mode in the structure with small
common-mode ratios below —10dB. Figure 2.13 proves also the stable performance of
the balun over the whole band with small losses around 0.5 dB and isolation between
different ports greater than 15 dB in most of the band. The simulated radiation patterns of
the antenna array are presented in Fig. 2.14 covering the required bandwidth for different
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Table 2.2: Balun system dimensions (in mm)

Parameter | Value || Parameter | Value || Parameter | Value
H, 37.35 Wi 0.80 W 2.80
H, 74.55 W, 0.65 Weo 2.10
H; 22.00 W3 0.15 Wes 0.15
H, 43.00 Wona 0.15 Wea 0.15

H 5.23 w 0.60 L 1.10
S parameters S parameters
. 06
-10
-20
m
S
-30
-408
-50 = ‘ ‘ ‘ ‘ ‘
2 4 6 8 10 12 14
Frequency (GHz) Frequency (GHz)
(a)
S parameters S parameters

Frequency (GHz) Frequency (GHz)

Figure 2.13: S parameters of the baluns system (a) for the same polarization, (b) between the two
different polarizations.
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Figure 2.14: Radiation patterns of the four-elements array (DYQSA antenna).

¢ planes from 0° to 180° in steps of 15°. Figure 2.14 confirms the high symmetry of the
radiation patterns over the whole band. The maximum Co/Xp-ratio is above 15dB with a
constant gain of around 10 dBi.

Figure 2.15 shows the phase center estimation of the whole array when the origin of
coordinates is placed in the virtual apex of the four cones. Although the phase center is
not totally constant in the whole band, its variation in the 4 GHz - 14 GHz band is around
two centimeters. The overall variation is significantly lower than the case of the single
conical log-spiral element. In Sec. 2.4, it will be shown that such small phase center
variations have negligible effects on the overall feed efficiency of the system.

2.4. Integration of the single-element and DYQSA feeds to the radio telescope

2.4.1. VGOS radio telescope fed by an ideal Gaussian feed

For comparison purposes through the thesis, it is convenient to analyze the radiation pat-
terns obtained for the radio telescope using an ideal Gaussian feed system. With this
analysis, it is possible to have an upper limit estimation of the total aperture efficiency
and directivity of the reflector system which are key parameters for designing the proper
feed [74].

To do this, a feed illuminating the reflector system with an ideal Gaussian beam pattern
is placed in the focus of the subreflector. GRASP software has been used to analyze the
whole reflector system at the desired range of frequencies from 2 GHz up to 14 GHz. The
directivity and aperture efficiency vs frequency of the reflector using this ideal Gaussian
feed are shown in Fig. 2.16.
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Figure 2.15: Phase center estimation (in mm) of DYQSA feed.
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Figure 2.16: Directivity and aperture efficiency of the reflector fed by an ideal Gaussian feed.
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Figure 2.16 proves that the radio telescope has an almost flat efficiency of about 80%
with a reduction of about 10% at lower frequencies. It can be demonstrated from this study
that the efficiency has an upper limit and cannot reach unity, the physical explanation for
this behavior is coming from the trade-off between spillover and illumination which both
depend on the beamwidth of the radiation patterns of the feed. Maximization of the
aperture efficiency implies the maximization of this trade-off product [75].

At the broadside (6 = 0°), the expected directivity of the radio telescope using this
ideal feed is in almost linear proportion with the frequency and varies from 47 dB at
2 GHz to 65 dB at 14 GHz. The radiation patterns of the reflector are given in Fig. 2.17.
It shows perfectly symmetric radiation patterns as expected from the excitation with this
symmetric beam with an excellent Co/Xp-ratio level.

Following what has been done so far in this section, the proposed antennas can be
tested by checking the performance of the VGOS radio telescope while using such feeds
to excite it. In the next two subsections (Sec. 2.4.2 and Sec. 2.4.3), the results for the
whole reflector will be presented in two cases. Firstly, feeding it using the conical log-
spiral feed in case of single CP. Secondly, feeding it using DYQSA feed for achieving
dual CP. As it is common when designing feeds for reflectors such as in the case of
QRFH [9] or Eleven [ 1], losses due to blockage and support structures are not included
in the calculations as they are issues of the reflector itself instead of the feed.

2.4.2. Analysis of VGOS radio telescope fed by the single-element antenna

Figure 2.18 presents the reflector subefficiencies calculated using (1.4) to (1.7). The dot-
ted black line is the total efficiency excluding the phase efficiency which is critically
dependent on the location of the feed. The frequency-averaged total efficiency has been
maximized by studying its strong dependence on the displacement of the feed along the
z-axis as shown in Fig. 2.19. The optimum performance is achieved when the virtual
apex of the antenna is placed at 26 mm beyond the focus of the system.

Radiation patterns of the VGOS radio telescope have been analyzed using GRASP
software by introducing the radiation patterns of the single-element from HFSS as the feed
of the reflector. The radiation patterns for the reflector that covers the single-polarization
are shown in Fig. 2.20. For simplicity, results of three cut planes only have been included
(¢ = 0°, 45°, and 90°). Solid and dashed lines represent the CP co-polar and cross-polar
field components respectively (RHCP and LHCP).

Figure 2.20 presents a high level of symmetry along the different cut planes with a
Co/Xp-ratio at broadside greater than 23 dB for the whole 2 GHz — 14 GHz range. This
performance is comparable to the ideal case performance obtained by the ideal Gaussian
beam (Fig. 2.17) which is confirmed by the comparison of the reflector directivity for
both cases as described in Fig. 2.21.

The previous results demonstrate that the proposed antenna can be used as a broad-
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Figure 2.17: Radiation patterns of the reflector fed by an ideal Gaussian feed.
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Figure 2.18: Feed efficiency of the radio telescope based on the simulated radiation patterns of the
single-element antenna.
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Figure 2.19: Effect of the feed position on the aperture efficiencies.
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Figure 2.21: Directivity of the reflector fed by the single-element antenna.

band feed for radio astronomy reflectors. It exhibits CP in contrast to the linear polariza-
tion as the state-of-the-art antennas. This could be potentially very useful as CP (which is
simpler to handle) is the required polarization for VLBI applications.

It is true that CP receivers can be built using linear-polarization feeds by the addi-
tion of linear-to-circular polarization conversion circuits like quarter-wave plates or other
equivalent devices [76]. However, this yields some drawbacks such as lower polarization
purity and narrower effective bandwidth [77]. These are particularly relevant in the case
of broadband receivers as most of these devices can provide a perfect 90° phase shift at
only one or some frequencies, yielding phase errors away from these frequencies [78].

Another approach for the conversion from the linear polarization to the circular one
is to reconstruct the CP by recombining the signals after digitization. However, it still
needs a good calibration system to compensate for phase and amplitude differences in the
two paths which will increase the system complexity. On the other hand, the proposed
solution is capable of directly providing CP without the need for either additional analog
hardware or digital software. Moreover, the direct use of linear-polarization receivers will
cause the loss of coherence between the different wide-separated stations in the network.
This is because the linear dipoles will not remain parallel to each other, requiring tricky
parallactic angle corrections compared to the simple phase correction for the CP case.
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2.4.3. Analysis of VGOS radio telescope fed by the four-elements array

As presented in Sec. 2.4.2, there is an optimum position of the feed. For this array
system, the maximum total efficiency averaged over the frequency band (the optimum
performance) is achieved when the apex of the array is placed 14 mm beyond the focus of
the system.

The radiation patterns of the reflector after introducing the array as a feed for it are
shown in Fig. 2.22 for three cut planes. Figure 2.22 demonstrates that the radio telescope
fed by DYQSA has a high level of symmetry in its radiation patterns over the required
frequency range with a minimum Co/Xp-ratio level of 15 dB.

Using the previous radiation patterns (Fig. 2.22) in (1.10), the antenna noise tempera-
ture (T4) along with the spillover noise temperature (7',) are estimated. The calculations
have been done for two different cases. First, at zenith 6 = 0° (corresponding to an el-
evation angle of 90°) when the reflector antenna is pointing vertically directly towards
the sky and following by the case of 45° zenith angle. The average spillover noise and
antenna noise temperatures over the whole band are 6 K and 14 K respectively at zenith as
presented in Fig. 2.23. These average values increase by about 7 K at the lower elevation
(@ =45°).

The directivity of the system versus the frequency is calculated using GRASP and
is plotted in Fig. 2.24. For comparison purposes, the directivity of the reflector fed
by an ideal Gaussian beam is included. Figure 2.24 shows that DYQSA can provide a
comparable directivity to the optimum case (i.e. the difference in the directivity is below
1.2 dB). Considering all the previous results and the results presented in Sec. 2.4.1, it can
be concluded that the performance of both proposed antennas has a high level of matching
compared with the optimum performance obtained using the ideal Gaussian feed.

The aperture efficiencies for the radio telescope are shown in Fig. 2.25. It presents
an almost constant total efficiency of around 65%. As expected from the phase center
estimation of the array in Fig. 2.15, its small variations have negligible effects on the total
feed efficiency (the average phase efficiency over the required bandwidth is 97%).

The receiver noise temperature 7. can be calculated by combining the noise tem-
peratures for each source. First, the cryogenic LNA proposed by Yebes Observatory for
VGOS reflectors has an almost flat measured noise temperature of 7.5 K in the operation
band from 2 GHz to 14 GHz [73]. Then, following the estimations that have been done for
QRFH, the other noise sources (calibration coupler and coaxial cables) will have a sum
of noise temperatures of about 13 K [Y], thus, the expected T, will be around 20 K.

The noise contribution due to ohmic losses is 7 K per 0.1 dB loss at room temperature
but as the feed will be cooled down to 15 K, this noise temperature will be smaller by a
factor of 20 to be around 0.3 K per 0.1 dB loss. For DYQSA feed, the simulated radiation
efficiency is around 0.9 (losses are less than 0.5 dB) which corresponds to 1.5 K of ohmic
losses noise contribution. Hence, under the cryogenic cooling (Tny = T4) and for this
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Figure 2.23: Spillover and antenna noise temperatures of the reflector fed by DYQSA.
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Figure 2.25: Feed efficiency of the reflector based on the simulated radiation patterns of DYQSA.

radiation efficiency, the system noise temperature in (1.8) can be approximated as Ty, =
Th+ Trec.

The estimated SEFD of VGOS radio telescope based on DYQSA feed is presented in
Fig. 2.26. A SEFD below 1800Jy with an average of about 1300Jy over the required
UWRB range at zenith is obtained. At a zenith angle of 45°, the average SEFD value is
1600Jy. This confirms that DYQSA efficiently fulfills the requirements of VGOS sys-
tem. All these results demonstrate that the proposed DYQSA solution is a potential feed
candidate for future radio telescopes.

2.5. Comparisons and measurements

This section presents comparisons between DYQSA feed and the two-main state-of-the-
art feeds (QRFH and Eleven). These comparisons include six critical terms which are
total aperture efficiencies, design adaptability to different reflectors, physical volume, the
required number of LNAs per feed, cost, and calibration signal injection. Additionally, it
shows the measurements of both the single-element antenna and the four-elements array.

2.5.1. Feed aperture efficiency

A comparison between the three feeds from the aperture efficiency point of view is plotted
in Fig. 2.27. For DYQSA feed, the efficiencies have been calculated using two different
approaches. First, following [19] by integrating the radiation patterns using the closed-
form equations (1.4) to (1.7). This is represented by the dotted-black line in Fig. 2.27.
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Figure 2.26: Estimated SEFD of the reflector fed by DYQSA.

Second, using GRASP software where the measured radiation patterns are used as the
feed for the reflector, this is given by the solid-blue line in Fig. 2.27.

For comparison purposes, the aperture efficiencies of both Eleven and QRFH feeds as
they would perform in the VGOS reflector system [12],[79] are also shown in Fig. 2.27.
The feed efficiency of the Eleven solution has been calculated using GRASP software at
Onsala Space Observatory (OSO) while the QRFH efficiency calculation has been done
using physical optics software at NASA Jet Propulsion Laboratory (JPL). The version
of QRFH used in this comparison was designed for the frequency range from 2 GHz to
12 GHz so there is no available data for the comparison up to 14 GHz.

Figure 2.27 proves that DYQSA exhibits better performance than the other two solu-
tions at higher frequencies, which face a linear degradation. Some recent work has been
done for other different versions of QRFH feed for enhancing its properties and getting
a flat performance over a wide bandwidth, for example by adding a dielectric spear [80].
However, it still has not been tested for the high frequencies required by VGOS. On the
other hand, DYQSA has a flat behavior which demonstrates that the phase center shifting
is compensated.

It can be seen from the estimation of the phase center (Sec. 2.3) as well as in the
efficiency calculated in this section, that DYQSA shows an improvement in the global
efficiency of the system due to the stability of the phase center. Furthermore, from a
general system perspective, and after connecting a feed to the LNAs, usually, the SEFD
suffers from an increase in the receiver noise temperatures at the high frequencies. From
that perspective, the constant efficiency of the proposed solution at high frequencies is an
attractive characteristic.
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Figure 2.27: Comparison of the aperture efficiency of DYQSA, Eleven and QRFH feeds.

2.5.2. Design adaptability of the feed (different applications)

Another key parameter for the comparison purposes is the adaptation ease of the design,
which ensures that the antenna can be reoptimized to be used for several radio astronomy
reflectors or even for different applications. While QRFH antenna can be optimized for
different antenna optics, Eleven antenna has an almost fixed edge taper level of —10dB
at around 65° from broadside. The performance of Eleven indeed will not dramatically
change with small changes of the antenna optics, however, for reflectors that require sig-
nificant changes in the angles of the edge taper, the QRFH design-adaptability will result
in better performance.

From this perspective, both the single-element and DYQSA feeds have the full ability
to be reconfigurable for a wide range of F,,/D,, ratios even larger than QRFH. This is as
has been shown in the design procedure of Sec. 2.2.2 that the beamwidth (and therefore
the gain) and the frequency can be easily adjusted according to the requirements of the
application without affecting the feed performance. Also, this would be confirmed in
Sec. 2.7 when the feed would be adjusted to work for satellite earth observations in a
lower-frequency band starting from 400M Hz with higher gain above 10 dB.
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Figure 2.28: Volumetric comparison of DYQSA (blue), Eleven (red), and QRFH (green) feeds.

2.5.3. Feed volume

A volumetric comparison between DYQSA (in blue), Eleven (in red), and QRFH (in
green) is sketched in Fig. 2.28. This comparison depicts that the size of DYQSA is
similar to that of QRFH, and both have narrower-longer dimensions compared to Eleven
feed.

2.5.4. LNAs needed for the feed & feed cost

To avoid noise degradation from the combining network, the LNAs can be directly con-
nected to the balun. This will result in a total number of two LNAs per polarization or four
LNAs per DYQSA feed which is half of the number of LNAs required by Eleven feed.
Also, the LNAs need to be matched within specified limits, otherwise, the performance
of the feed will be affected. Even though QRFH does not require any combining network
(it has only one LNA per polarization), it still has degradation in the performance caused
by the non-constant radiation patterns.

Regarding the cost of the feeds, DYQSA has the lowest cost (€8k) compared to the
$33k and $15k of Eleven and QRFH antennas respectively [79]. However, from the point
of view of the whole system, the low number of LNAs needed for QRFH (two per feed)
makes it the lowest cost solution. The overall cost of a system based on DYQSA, includ-
ing the LNAs, will be around 15% higher than QRFH (the cost of one LNA is around
$5k) and less than half the cost of Eleven feed which has the highest number of LNAs per
feed.
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Table 2.3: Comparison between DYQSA and state-of-the-art UWB feeds

Parameter QRFH Eleven DYQSA

Sz

—

Structure
Polarization Dual linear Dual linear | Dual circular
Frequency range (GHz) 2.2-14 1.2-14 2-14
Aperture efficiency
. > 40% > 40% 65%
Details in Fig. 2.27
Adaptability Adaptable No Adaptable
10-dB half-beamwidth 15°-70° 65° 35°-180°
Size (D/H) in mm 160/150 210/65 150/170
Cost $15k $33k €8k
LNA per polarization 1 4 2

Calibration signal
injection: A)Radiated A/B/C A/B A/B
B)Post-LNA C)Pre-LNA

2.5.5. Calibration signal injection

Generally, there are three main methods of calibration signal injection for VGOS feeds:
radiating the signal directly into the feed via a small transmitting probe, coupling it into
the signal chain after the LNA, or injecting it before the LNA (between the feed and
LNA). Although QRFH supports the three methods, the third method is not applicable for
DYQSA and Eleven feeds due to the multiple required LNAs. The comparisons summary
between the proposed antenna and QRFH/Eleven antennas is shown in Table 2.3 based
on data from [12].

2.6. Fabrication and measurements results

The antennas have been manufactured in titanium following a 3D printing growing tech-
nique [81] which becomes a promising technique especially for antennas at such fre-
quency ranges where the sensitivity of the fabrication is critical. Then, the feeds are silver
plated at the end of the process. As discussed in Sec. 2.3, the first prototype has been
manufactured in dielectric-free structure as shown in Fig. 2.29. This design faces some
mechanical issues arising from the low vibration tolerances of the system especially at the
top of the antenna. This affects the stability of the system and could cause short-circuit
problems between the spiral arms at the element apices.
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Figure 2.29: Manufactured dielectric-free DYQSA version.

To overcome these mechanical issues, new dielectric-filled prototypes have been pro-
posed [82] where four thin supporting dielectric cones have been used for supporting the
structure as shown in Fig. 2.30. This addition significantly enhances the robustness of the
system against vibrations and increases the design stability. Also, to keep the same per-
formance of the antennas and avoid any interference in the electric properties, the cones
are thin with thickness of 1 mm and are made of a low permittivity durable polyamide
(Nylon) material.

It can be seen from Fig. 2.30, the baluns and the metallic cones inside each spiral
have been converted to a single baluns system inside the center of DYQSA solution. This
new configuration enhances the electric properties of the feed as it reduces the coupling
between the metallic shielding and the antennas [$3].

Regarding the LNA, to cover the UWB frequency range required by VGOS, several
LNAs have been devolved in Yebes Observatory following two main techniques: Mono-
lithic Microwave Integrated Circuit (MMIC) and hybrid amplifiers. Multiple tests have
been performed using different transistors in the first stage of hybrid amplifiers. Northrop
Grumman Space Technology (NGST) Indium Phosphide-High Electron Mobility Transis-
tors (InP-HEMTSs) provide best results in terms of lower noise temperature at such cryo-
genic temperatures and significantly lower power consumption [84]. Figure 2.31 presents
the photograph of the designed hybrid LNA [85].
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Figure 2.30: Manufactured dielectric-filled prototypes for single-element and DYQSA antennas.

Figure 2.31: Manufactured LNA for VGOS radio telescope.
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Figure 2.32: Measured cryogenic gain and noise temperature of the manufactured LNA.

Measured results for the LNA under a cryogenic temperature of 15 K present an almost
flat gain of about 30 dB over the frequency range from 2 GHz to 14 GHz with an average
noise temperature of 7.5 K as shown in Fig. 2.32.

Single-element and array version antennas have been measured at Yebes Observatory
and Instituto Nacional de Técnica Aeroespacial (INTA). Figure 2.33 and Fig. 2.34 present
the measured radiation patterns of the single-element and the DYQSA antennas respec-
tively for four different ¢ cuts. Both CP components are plotted: RHCP (co-pol) in solid
lines and LHCP (cross-polar) in dashed-ones.

The measurements for the single element have been done from 7 GHz to 14 GHz only
as proof of the concept. Although the single element provides high level of symmetry
between the cuts in its measured radiation patterns with Co/Xp-ratio levels in broadside
greater than 15 dB, there is a reduction in the performance for the array version. The rest
of this section is dedicated to analyzing the effect of this reduction on the whole reflector
system and the possible causes of it.

Figure 2.35 presents the radiation patterns of VGOS radio telescope when the DYQSA
is used as the feed for cut planes ¢ = 0°, 45°, and 90°. They indicate the rotational
symmetry of the radiation patterns with the Co/Xp-ratio level above 15 dB for the lower
band and above 30 dB for the higher one which demonstrates that the small degradation
of DYQSA radiation patterns does not significantly affect the overall radiation patterns of
the reflector system.

The feed efficiency estimation based on the measured radiation patterns is presented
in Fig. 2.36, showing an almost flat performance. The total aperture efficiency is about
70% for the single conical spiral from 7 GHz to 14 GHz, which is in excellent agreement
with the simulated results. However, for DYQSA array, the average drops to about 50%
over the required bandwidth contrary to the 65% obtained from the simulations.
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Figure 2.33: Measured radiation patterns of the single-element feed.
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Figure 2.35: Radiation patterns of the reflector based on the measured results of DYQSA feed (the
ones in Fig. 2.34).
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Nevertheless, it is worth noting that these current results outperform the reported mea-
surement results of the state-of-the-art feeds, especially at higher frequencies. For exam-
ple, in Eleven feed, the estimated efficiency based on the measured radiation patterns
drops to about 30% at the higher frequencies [ 1 1], [86]. The same for QRFH feed which
despite providing an average feed efficiency of 40% over the band from 2 GHz up to
14 GHz, the efficiency at the higher frequencies drops to be around 30% and 15% based
on the simulated and measured radiation patterns respectively [75].

2.7. Feed for CryoRad low-frequency Earth observation

As it was mentioned in Sec. 2.5.2, the proposed feeds are easily adapted to different
applications. In this section, the results of the single-element feed along with its balun are
presented for Earth observation spaceborne missions for the remote sensing of the Earth’s
cold regions. Recalling the feed requirements shown in Sec. 1.1.2, the feed should cover
the low-frequency UWB from 400 MHz to 2 GHz with a pure single CP keeping low
weight and physical size. In addition to the comparison to state-of-the-art feeds (Sec.
2.5), conical log-spiral antenna presents the best candidate for these applications too.

The proposed conical spiral antenna proposed in 2.2 is readjusted for this application.
Because of the lower frequency her and following the design procedure that was described
in Fig. 2.2, the spiral angle can be even further increased without facing problems for the
spacing between the spiral arms. So a larger spiral angle @ = 86.5° is chosen, then fol-
lowing the required gain above 10 dBi, a corresponding conical angle 8 = 6.5° is selected.
Finally with the same design procedure and using these angles, the smallest and largest
diameter (d = 28 mm) and (D = 290 mm) are estimated which are corresponding to a max
frequency of 2 GHz of and minimum frequency of 400 MHz respectively. It can be seen
that this antenna is of about 4.8 times bigger than the VGOS one which approximately
equals to the minimum frequency factor between both applications.

The impedance and axial ratio of the readjusted spiral antenna are presented in Fig.
2.37. As expected from the antenna performance at higher band, it is a flat and almost
pure real impedance with excellent pure CP that has axial ratio below 0.75 dB.

The proposed balun for VGOS application is rescaled to be used here, however, at
such low frequency range, the physical dimensions of the balun would be large. This
in turns would increase the weight of the complete system. To avoid that the balun is
optimized to work with shorter length and simultaneously keep the good performance.
The optimized balun dimensions (following the nomenclature in Fig. 2.7) are given in
Table 2.4. The widths of the input microstrip (W,,;) and output parallel strip (W,,4) are
calculated to provide input and output impedance of 502 and 188Q respectively.

The balun is printed on Duroid5880 (¢, = 2.2) with a relatively larger thickness of
1.575 mm because for the lower thicknesses, smaller strip widths are needed to match the
high spiral impedance which require higher accuracy for connecting the balun to the an-
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Figure 2.37: Input impedance and axial ratio of the low-frequency spiral.

Table 2.4: Dimensions (in mm) of the low-frequency balun

Parameter | Value || Parameter | Value || Parameter | Value
H, 5 Wt 4.8 W 25

H, 590 W 3.8 Weo 18.8

H; 15 W3 0.8 Wes 0.7
W4 0.8 Wes 0.8

tenna. Also this relatively larger thickness would provide reasonable performance as there
is a trade off between the insertion loss and the amplitude/phase balances of the balun. So
lower thickness would provide better balances but higher losses, and the opposite for the
much higher thicknesses that would give lower losses but with the cost of higher balances.
Figure 2.38a demonstrates the good performance of the balun over the whole frequency
range with matching and common mode rejection below 17 dB and 23 dB respectively.
The insertion losses are below 0.4 dB which can be even improved more by using thinner
substrate.

To keep the pure CP of the antenna, the axial ratio of the balun itself should be
decreased too, this can be adjusted by enhancing the amplitude and phase balances as
demonstrated in Fig. 2.38b. The balun provides amplitude and phase balances below
+0.37dB and +5.5° respectively which is following the approximate estimation in [87]
would produces axial ratio below 0.9 dB.

The balun is inserted inside a metallic cone which its dimensions are carefully op-
timized for keeping the spiral isolated from the balun and achieving better axial ratio
values. The proposed complete feed antenna (conical spiral antenna + balun + metallic
cone) is sketched in Fig. 2.39. The thin dielectric cone (in green) is included for mechan-
ical supporting for the spiral arms and also can be used in form of flexible substrate so
the spiral arms would be printed directly on it to be folded at the end of manufacturing
process to form the conical shape. This is because, at such low frequency, tolerances are
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Figure 2.38: Balun performance (a) S parameters, (b) amplitude and phase balance.

not critical, so cheaper planar manufacturing techniques should be used especially that it
would provide smaller weight and cost with high scalability.

The performance of the complete feed antenna is presented in Fig. 2.40 and Fig. 2.41
which demonstrate the powerful of such solution with providing stable behavior along the
required UWB. For example, matching below 15.5 dB and pure CP with axial ratio below
1 dB are achieved in the while band. Also, regarding the gain, the whole feed provides a
flat gain (in solid line) of 10.5 dB and a negligible cross-polar (in dashed line) level with
Co/Xp-ratio at broadside (6 = 0°) greater than 25 dB.

Figure 2.42 plots both CP components LHCP (co-pol) in solid lines and RHCP (cross-
polar) in dashed-ones for ¢ = 0°, 45°, 45° and 135°. It shows how this solution provides
stable radiation patterns and a rotational symmetry over the different phi cut planes. This
is achieved for all frequencies from 400 MHz to 2 GHz.

2.8. Conclusions and principal remarks

Two UWB circularly-polarized antennas are presented which can be used as feeds for
the radio telescope direct VLBI receiver. The proper baluns for exciting these antennas
without disturbing the EM performance are discussed. The performance for the receiver
including the different components (antenna feed, reflector, and LNA) is analyzed. The
two antennas are single-element conical log spiral antenna for achieving single CP, while
the other is an array version of four conical spirals (called DYQSA) for having dual CPs
(RHCP and LHCP). The design and manufacturing procedures are explained in detail
showing how to overcome manufacturing restrictions at such high frequencies which was
one of the main limitations for practical implementation of the conical spiral at higher

frequencies.

The proposed antennas present pretty similar radiation patterns for all the required
frequencies from 2 GHz to 14 GHz with a gain of about 10 dBi. This is in addition to their
relatively lower cost and constant with almost real impedance which facilitate the design
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of the other receiver components. For each conical spiral, two metallic bow-ties patches
are included at the apex to have them ready for connecting to the balun, they can be also
used for the direct connection to differential LNAs. A thin dielectric cone is inserted
inside the antennas to enhance the mechanical stability specifically at the small top part
where the spacing between antenna arms is small. Lastly, a balun (or baluns system) is
inserted inside the center of the element (or the center of the array), it is covered by a
metallic shielding cone to enhance the electric properties and prevent it from disturbing
the antenna performance.

Regarding the single-element conical spiral solution, it has an excellent axial ratio
below 1.4 dB. Its designed balun shows excellent results too with low losses below 0.5 dB,
common-mode isolation below —30dB, and good matching below —16dB. When it is
integrated with the VGOS radio telescope, it provides stable CP radiation patterns over the
whole band with Co/Xp-ratio larger than 23 dB at the broadside. It enables the reflector
to have a high directivity above 45 dB which is comparable to the reflector performance
once it is fed by an ideal Gaussian beam.

Regarding the DYQSA solution, its axial ratio is below 2.5 dB with small phase cen-
ter variations. Its balun array excitation system has low losses below 0.5 dB with good
matching, common-mode rejection, and isolation between the ports of 15dB in most of
the band. Besides, when it is used to feed VGOS radio telescope, the proposed DYQSA
solution enables the reflector to have high directivity as in the case of the single spiral
antenna with a very small difference below 1.2 dB with comparison to the ideal Gaussian
beam. The radio telescope fed by DYQSA provides an average spillover and antenna
noise temperature of about 6 K and 14 K respectively when it points near the zenith. The
noise temperatures face a small degradation of about 7 K when the radio telescope points
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Figure 2.42: Radiation patterns of the low-frequency complete feed.
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at further angles (for example, at a zenith angle of 45°). Including the noise temperature
from the LNA designed by Yebes Observatory for VGOS radio telescope and other noise
sources (calibration coupler, ohmic losses, and cables), the proposed DYQSA enables
the receiver to have a SEFD of about 1300Jy and 1600 Jy at zenith angles of 0° and 45°
respectively.

The proposed design and the two main state-of-the-art UWB feed solutions (QRFH
and Eleven) have been compared from different points of view. It can be concluded that
DYQSA provides a direct CP without the need for either additional analog hardware or
digital software that are used for linear-to-circular polarization converting. Also, it has
the lowest cost with comparable size. From the critical total feed efficiencies point of
view, this comparison demonstrates the frequency-independent behavior of DYQSA with
an efficiency of 65 +5%, contrary to the linear reduction for the other two solutions at high
frequencies. Additionally, it is adaptable for a wide range of beamwidths which enables
it to be used for different applications. These results show the potential of the proposed
antennas as new candidates for future radio telescope feeds and many other CP UWB
applications.

The two antennas are 3D manufactured in titanium with a thin Nylon supporter cone
inside each conical element. The measurement results have a good level of agreement
with the simulated ones. Based on the measured radiation patterns of the isolated an-
tennas, VGOS radio telescope has good CP radiation patterns over the whole frequency
range with a Co/Xp-ratio above 15 dB. The average aperture efficiencies are 70% for the
frequencies range from 7 GHz to 14 GHz for the single-element with a small reduction
in the DYQSA efficiency results to be 50% averaged over the entire band from 2 GHz to
14 GHz.

Regarding the second application in this chapter, a complete feed solution consisting
of conical log-spiral antenna, balun, and metallic cone is provided for covering the re-
quirements of the CryoRad Earth observation missions. The simulation results present
stable radiation patterns over all the required UWB from 400 MHz to 2 GHz with pure CP
which has an axial ratio below 1dB over the whole band and flat high-gain of 10.5dB.
Moreover, the design provides low return and isolation losses keeping the compact size
and low weight which all make it suitable for satellite installation.
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3. UWB INTEGRATED THZ ANTENNA ARRAY

3.1. Introduction

In this chapter, an alternative to the previous proposed 3D UWB antennas for direct radio
astronomy receivers, here, planar UWB THz sources are presented for both transmitter
and heterodyne receivers. This THz source consists of a combination between antenna
and photomixer which is widely defined by Antenna-based Emitter (AE). As a solution
for the demand request to increase the radiated power of THz sources, UWB planar ar-
ray consists of self-complementary bow-tie antennas with photomixers is presented. The
array is called the Chessboard array following the resulting metal shape of joining the
elements together in an optimized element- distribution with small element spacing [58]
To demonstrate the easy extension of the solution for different frequency ranges in both
THz and mm-wave bands, three arrays which cover UWB ranges from 200 GHz to 2 THz,
from 100 GHz to 1 THz and from 50 GHz to 0.5 THz [6 1] are shown. These planar anten-
nas can be integrated into a dielectric lens to significantly increase its directivity (and in
terns the its radiated power), in case the proper lens dimensions are chosen, which is an
alternative for reflector structures that is presented in Chapter 2.

Compared to the standard THz horn antennas working at a similar range, it can be
seen how these solutions outperform horn antennas from different point of views. For
instance, compared to the first array, the horn needs to be fed by WR3 which makes it
cover a dramatically smaller BW from 220 GHz to 330 GHz. Furthermore, the proposed
antenna is capable of providing very high directivity above 35 dBi with antenna dimen-
sions of 64,,;,; X 9.34,,i,, Where A,,;, corresponds to the minimum frequency of the UWB.
This is along with the possibility for extending it to a larger number of elements without
a corresponding increase in the fabrication/alignment complexity in case higher directiv-
ity is needed. From this perspective, horn antennas need a much larger dimensions for
achieving such a high directivity, for example, horn antenna with a length of 754 and a
diameter of 154 is needed for having a directivity of 30 dBi [89].

Additionally, an investigation of the metal resistive losses in THz planar antennas is
performed over a frequency range from 100 GHz to 800 GHz. This is critical because it is
one of the main reasons for the reduction in the radiated THz power for such kinds of THz
sources which has rarely been analyzed in THz devices. This study compares two cases,
one case considering the antenna metal as a pure gold which is the common assumption
by most THz antenna designers and the other by measuring the actual metal resistivity
and considering it in the losses estimations. To better interpret the observations, different
metal thicknesses are considered with showing their relations to the skin depth of both
metals. Also, the study is extended to include two common THz antenna types which are
square spiral and log-spiral antennas.
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Figure 3.1: The working principle of THz source based on photomixer.

3.2. UWB Chessboard antenna array

3.2.1. Working principle for antenna-based emitter THz source

Continuous-Wave (CW) THz generation using photomixers and planar antennas excited
by two optical laser sources has been reported in the early 1990s by Prof. Elliott R. Brown
and his group at MIT [20], [91], [92]. The working principle is based on mixing two CW
frequency-offset pump lasers which are spatially overlapped (or dual-mode laser [93])
then focusing them into an ultra-fast semiconductor material such as Indium Phosphide
(InP) or Gallium Arsenide (GaAs). Once the Gaussian optical beam hits the semiconduc-
tor, the material conductivity would be altered due to the photonic absorption and short
charge lifetime [90]. Then an Alternating Current (AC) based on the conductivity modu-
lation is generated when a large electric field is applied (utilizing electrodes), this current
has a frequency that equals to the two lasers’ frequency difference. The photomixer is
connected to a planar antenna which will radiate a CW THz signal proportionately to the
generated current.

Figure 3.1 summarizes the working principle of the AE showing the electric field
for the two input optical signals and the output THz signal. By default, the BW of the
photomixer itself is so wide due to the ultra-fast nature of its impulse response function
[94]. This is the reason that usually, the antenna of the AE is a self-complementary one to
be able to cover a wide frequency range which is required for most of the THz applications
[95].

The main limitation of the photomixers is the low generated power (Pj.; ) which is
proportional to the square of the generated THz current. Also, increasing the optical pump
power is not practical as they have a fixed tolerable dissipated power level. Moreover, not
all of this power is radiated into free-space, as a consequence, the efficiency of an AE
can be defined as the ratio of the radiated THz power (P’“d per the generated power
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(mae = Py /Piy.). As the permittivity of photomixer material (which is the antenna
substrate too) is relatively high of about 12, the efficiency of the plain AE is estimated
to be smaller than 30% [96]. The exact value depends on several parameters such as
substrate thickness, antenna type, and frequency.

The physical reason behind such low efficiency is that most of the power is trapped in
the high permittivity substrate in the form of surface waves due to Total Internal Reflection
(TIR) as can be seen in Fig. 3.2a [97]. This happens when the waves have an incident
angle (0) greater than the critical angle (6,) between the lens medium and free-space. For
example, assuming that the lens has a permittivity of 12, therefore, only a fraction of the
waves which have incident angles below +16.8° would be transmitted to the air. As the
angle range is small, this fraction would be small too and the majority of the power will be
trapped in the substrate. Because of this, the AE is placed on a relatively-large dielectric
lens with closer permittivity values to the substrate (such as Si) and has a shape that
enables it to avoid the substrate modes. This will focus the beam towards the dielectric
side as depicted in Fig. 3.2b and produce unidirectional radiation with high directivity.

Although such hemispherical shapes would prevent the lens from having TIR, still the
antenna needs to have a higher directivity to increase the radiated power, so different lens
shapes are needed to be used. One of the common shapes of these dielectric lenses is the
extended-hemispherical (Fig. 3.2c) which collimate the rays [98]. This subsequently will
significantly increase the antenna’s directivity depending on the lens dimensions (diame-
ter D and length T'). Hence, a higher AE efficiency of about 85% can be achieved. The
extended-hemispherical is commercially known as bullet lens (or collimating lens) if the
edges of the extension part are flat or as hyper-hemispherical lens if they have a curvature
with the same diameter (D).

3.2.2. AE array structure

Although the extended-hemispherical dielectric lens can provide high directivity as will
be shown later in this Chapter, the AE radiated power is still limited by the power that the
photomixer can generate (hundreds of nW up to a few uW [99]). To solve such limitation,
anovel integrated AE array has been developed by combining several photomixers which,
as described in Fig. 3.3, each photomixer (the red circle) is connected to a balanced
bow-tie antenna. Such self-complementary antennas with UWB performance with stable
radiation patterns over the band and high symmetric between E- and H-planes.

This array will enhance the antenna directivity in addition to increasing the generated
THz power [100]. The unit element of the AE array is shown at the right of Fig. 3.3
which has pitch sizes of P, and P,. These pitch sizes can be easily readjusted to have the
antenna working on different operation bands with similar performance [$8]. The distance
between the elements is set to be electrically small (less than 0.054,,;,) as in this case, the
mutual coupling is purposefully increased which causes a constructive interference that
helps the antenna performance especially in terms of side lobe levels. Also, such high-
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density and compact distribution of elements avoid the out-of-focus problem [ 101] for the
edge photomixers in case only one electrically-large Si lens is used.

The array consists of 3 x3 AE made of InP substrate, the two extra columns of passive
bow-tie antennas have been added for avoiding truncation effects in the array and to act
as biasing pads too. A proper biasing is granted by exciting each row of the array with
the same voltage gap (V). The value of this voltage is set to have the row-to-row voltages
equal to the required bias voltage for the photomixer. In this way, all devices will have
the same Alternating Current (DC) biasing with a simple biasing setup.

To ensure mutual coherent properties for all of the photomixers [102], all of them
should be excited by the same laser pump. This is performed by using a microlens array
in which each small lens focuses the beam towards its corresponding element as shown in
Fig. 3.4. So the optical signal (in blue) is coming from the laser pump passing through a
microlens array which is responsible for focusing the optical beams on the 2D photomixer
rectangular array. This enhances the illumination efficiency as it focuses the beam to the
needed places only and avoids the illumination of non-active areas. Then it is the rule of
the bow-tie antennas (the ones in yellow) to radiate the THz signals into the free space
through the Si lens.

Standard C-band CW 1550 nm optical pump laser is used here for three reasons.
Firstly, it enables the photomixer to provide a four-time higher THz power compared
to 780 nm (under using the same pump power) as it has a doubled relative photon flux.
Secondly, it has the lowest loss in the Telecom optical band. Finally, for the lower cost
and easy availability.

At such high THz frequencies, especially at the end of the frequency range, available
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dielectric lenses are too thick in terms of the wavelength as the diameter can arrive to tens
or 100 of A,,., Where A,,,, corresponds to the maximum frequency of the UWB. Knowing
that the planar antennas are typically smaller than 1 or 2 4,,,,, the simulation of the whole
AE (AE plus lens) is much heavier and requires greater computational sources and time
consumption in case accurate results are needed. All these would reluctance the designing
process of the lens despite that it has significant effects on the antenna’s performance as
will be shown later in Sec. 3.3. Therefore, following [103], an alternative method can be
used to speed up the simulation process with keeping accurate results.

This hybrid method implies two steps, firstly, designing the planar antennas lying
over semi-infinite substrate via a full-wave EM simulator to operate in the required band.
Secondly, using their radiated fields as input to a ray tracing and PO custom program
developed in [103]. This program is working under the assumption that the lens surface is
in the far-field region of the planar antenna which is usually true due to the electrical-large
size of the lens.

In Sec. 3.3, the simulated results of three arrays for operating at different mm-wave
and THz ranges would be provided. Each of them covers a UWB of 10:1 (a percentage
BW of about 165%). Tens of commercial extended-hemispherical Si lenses with different
dimensions have been tested for achieving better antenna performance in terms of direc-
tivity, front-to-back ratio, and side lobe levels. For simplicity, the best cases are only
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Figure 3.5: Directivity for the first Chessboard array.

reported with highlighting the lens diameter (D) and thickness (7") (both in mm) for each

case.

3.3. Simulation and measurement for different Chessboard arrays

For the first Chessboard array, the pitch sizes are adjusted to be P, = P, = 57 um (cor-
responding to 0.0384,,;, X 0.0384,,;;) which enable the antenna array to cover a UWB
from 200 GHz to 2 THz. Figure 3.5 presents the directivity of the array using the best
commercial extended-hemispherical lenses.

It can be seen that the second and third lenses (dotted-red and dashed-black lines)
provide comparable results with an average directivity of about 35 dBi. This is around
5 dB better compared to the results obtained using the first lens (solid-blue) which its
smaller size affects the antenna performance at the lower frequency range. This is because
at such frequencies, the lens extension thickness is comparable to the electrical length (H
is less than a A4,,,,) so the lens acts more as a hemispherical lens instead of an extended-
hemispherical one. This makes the antenna radiates wider beams as was presented in Fig.
3.2b instead of the focused ones (Fig. 3.2c). As a consequence, there is a linear increment
in directivity vs frequency so better results can be obtained at higher frequencies where
the lens extension thickness is much larger than the electrical lens and hence, all three
lenses have similar directivity at this range.
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Figure 3.6: Front-to-back ratio for the first Chessboard array.

Although second and third lenses provide comparable directivity over the whole band,
Fig. 3.6 shows that increasing the lens size (as in the third lens) has a negative effect on
the front-to-back ratio in the range from 1.4 THz to 2 THz. This makes the medium-size
lens (the second one) the preferable option of the three lenses (and of the other tested
ones) for this array.

The radiation patterns of the array in case the second lens is used (D = 14 mm and
T = 9.1 mm) are presented in Fig. 3.7 and Fig. 3.8. The cross-polar radiation patterns
are omitted here for simplicity as they are negligible, which is expected for this antenna
topology as it is belonging to the dipole family which has orthogonal E-plane and H-plane
polarizations. The antenna provides stable radiation patterns along the whole UWB range
from 200 GHz to 2 THz for both phi=0 and phi=90 corresponding to E- and H-planes
respectively with low side lobe levels below —20dB in most of the band. The narrow
single lobe observed along all the frequencies confirms the constructive interference for
such compact and high-density solution and that it does not suffer from the out-of-focus
problem.

For the second array, the pitch size is doubled (P, = P, = 114 um) to shift the lowest
cut-off frequency towards lower frequencies (100 GHz instead of 200 GHz) with keeping
the same UWB 10:1 BW. Figure 3.9 shows the antenna array directivity considering the
best two commercial extended-hemispherical Si lenses.

The first lens has diameter of 10 mm and thickness of 7.5 mm while the other has
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Figure 3.9: Directivity for the second Chessboard array.

larger dimensions of 14 mm and 9.1 mm respectively. This study clearly illustrates how
the selection of the dielectric lens is so critical for THz AE. As for the same antenna,
while the inclusion of the first lens makes the antenna produce an average directivity of
23 dBi, the obtained averaged directivity using the second lens is significantly higher (of
about 33 dBi).

So the increase in the lens size by a factor of 30% enhances the directivity ten times,
but this in the cost of losing the flatness front-to-back ratio as presented in Fig. 3.10.
Nevertheless, the significantly higher directivity for the second lens makes it more suitable
especially that its front-to-back ratio is still acceptable (above 15 dB) in most of the band.

Figures 3.11 and 3.12 describes the antenna radiation patterns using the second lens
(D = 14mm and T = 9.1 mm). Similar to what was shown for the first array, this
one provides also symmetric and stable radiation patterns for the whole UWB frequency
range. However, the side lobe level is slightly degraded to an acceptable level that is
below —15 dB for both E- and H- planes along with the whole band.

The third array has a larger pitch size of P, = P, = 227 um to be able to cover
a frequency range from 50 GHz to 0.5 THz. For this study, two commercial extended-
hemispherical Si lenses are used which have diameters of 24 mm and 25 mm with thick-
nesses of 15.3 mm and 15.8 mm. The directivity for the third array is shown in Fig. 3.13.
The smaller lens (the first one) has a slightly better directivity of about 27 dBi compared
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Figure 3.10: Front-to-back ratio for the second Chessboard array.

to 25.5 dBi in the case of using the second lens.

Regarding the front-to-back ratio, both lenses provide comparable results with a level
higher than 20dB and 17dB for the first and second halves of the frequency band as
shown in Fig. 3.14. Generally, this array has lower directivity compared to the previous
two arrays (with frequencies up to 1 THz and 2 THz) because of the limitation of the
maximum lens size forced in these studies. So better results can be achieved in case such
limit is relaxed and larger lenses are allowed to be used.

For obtaining the antenna radiation patterns, the smaller extended-hemispherical lens
(D =24mm and T = 15.3 mm) is used. As expected from the previous results, the array
provides stable radiation patterns for both planes over the whole band as shown in Fig.
3.15 and Fig. 3.16. It is also slightly better side lobe level below —25 dB in most of the
band.

The fabrication of a prototype of the proposed THz source along with detailed expla-
nations for the complete assembly and measured THz radiated power would be shown in
Sec. 3.4.
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Figure 3.11: Radiation patterns for the second Chessboard array from 100 GHz to 0.5 THz.
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Figure 3.17: Micrograph of the manufactured Chessboard.

3.4. Assembly and measurement

The AE array is fabricated by Fraunhofer Heinrich Hertz Institute (HHI) using ultra-fast
Indium Gallium Arsenide (InGaAs) photoconductive photomixers with an interdigitated-
electrode structure. As this version is for a proof-of-concept and to facilitate the assembly
and measurement processes, the pitch size is slightly increased to be P, = P, = 300 um
which is corresponding to standard commercial-available microlens (MLA300-14AR)
[104].

A micrograph for the manufactured array before adding the bias connections is shown
Fig. 3.17) where each photomixer occupies an area of 10 um X 10 um. Then the center
element of the array is centered to the Si-lens with an acceptable accuracy of +10um.
This is done using a microscope with a reticle and a 2D micro-positioner. Figure 3.18
presents the array after assembly, a Printed Circuit Board (PCB) is introduced which is
connected from one side to the array through silver ink and from the other side through
cables going to the DC biasing source. A low-pass filter is implemented in the PCB too to
protect the photomixers from the electric shocks. The whole THz source (AE array, PCB,
and lens) is attached to foam disc which is held by a standard 30 mm cage plate. The foam
has a low permittivity close to one to not affect the electric properties of the array.

To focus the beams to the photomixer array, the MLLA300-14AR fused silica microlens
array connected to a 5-axis mechanically-controlled micro-positioner is utilized as shown
in Fig. 3.19. This is the most critical step in the experiment as high alignment accuracy is
needed to ensure the correct alignment of the microlens array to be able to illuminate all
photomixers. As the movement of the microlens in Z direction can control the spot size of
the optical beams at the photomixers level, this alignment accuracy can be relaxed a little
bit by moving the microlens in the outwards the Z direction to have a larger spot size but
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Figure 3.18: The assembly of the AE and Si lens.

this would be under the cost of lower illumination efficiency.

The radiated THz power from the AE is measured up to 500 GHz as shown in Fig.
3.20 using Golay cell. A maximum CW THz power of about 60 W is obtained at
150 GHz, power levels of 10 uW and 1 uW are obtained at frequencies around 250 GHz
and 500 GHz respectively. Such power outperforms the other obtained room temperature
THz sources. For example, the THz source based on Uni-Traveling Carrier Photodiode
(UTC-PD) and horn antenna we presented in [61] and which provides a very high data
rate of about 10 Gb/s for THz wireless communications, is only delivering a THz power
of 1.1 uW at a narrower band around 97 GHz.

These measured power levels also outperform the other integrated THz sources work-
ing at the same range which are based on photomixers and self-complementary antennas.
For example, using bow-tie antennas [98], measured THz power levels are 1 uW, 0.8 uW,
and 0.3 uW at 150 GHz, 250 GHz, and 500 GHz respectively. Moreover, at the same
three frequencies, using log periodic antenna [105], the power values are around 1.5 uW,
0.9 uW, and 0.5 uW. While they are 4 uW, 2 uW, and 1 uW using square spiral antenna

[106].

All the previous results confirm the possibility for the proposed AE to be a proper
solution that overcomes the limitations for standard THz sources as it covers a UWB
with very high directivity and high THz generated power, all in integrated compact form.
This AE can be used as a local oscillator for heterodyne radio astronomy receivers with
providing a broadly tunable generator working at room temperature. Also, it can be used
as a transmitter for several THz applications that require such advantages.
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3.5. Effect of metal losses in THz planar antennas

3.5.1. Metalization of the THz planar antennas

As mentioned in this chapter, there are several methods to increase the power for the THz
planar antennas with photomixers (AEs). Generally, they can be dived into two main
categories, firstly, by increasing the generated power, for example by combining multiple
sources. Secondly, keeping the same generated power and increasing the extracted or the
radiated power either by increasing the antenna directivity or by avoiding power reduction
from the system such as illumination efficiency.

Another source of the power reduction is the metal resistive losses of the antenna itself.
Although this issue has rarely been analyzed in the literature, following the collaborated
work with Prof. Elliott R. Brown and Dr. Weidong Zhang (Wright State University)
that presented in [107], it will be demonstrated in this section how this can be a critical
problem and can be a significant source for power loss which avoiding it would enable
extracting much high radiated THz power from the AE.

The problem is mainly coming from the assumption of the bulk value for the conduct-
ing metal of the antenna material which most the THz antenna designers follow. Or at
least, considering the basic updated conductivity value in corresponding to the used metal
thickness in case of thin-metal films (on the order of a few or tens of nm) [108]. However,
there are several other issues that can affect metal conductivity. Additionally, it is not just
related to the actual measured conductivity value for the fabricated metal but also to check
the relation between its updated skin depth and the fabricated metal thickness.

This is because, at some frequency ranges, the antenna metal thickness can be close
or even lower than the skin depth. In this case, the bulk value of the metal is not valid
anymore and the antenna losses would be much higher. This reduces the antenna gain
and makes it much lower than its directivity, which in turn would decrease the radiated
THz power. The exact reduction in the antenna gain depends on several parameters such
as metal deposition, fabrication technique, metal thickness, surface roughness, operating
frequency, and antenna topology.

For all of these studies, we will focus on spiral antennas as a common example for
THz planar antennas. Spiral antennas provide circular-polarized radiation patterns that
are symmetric along UWB frequency range as it was shown in Chapter 2. For this first
study, we will consider the case of a square spiral as depicted in Fig. 3.21 which has the
benefit of a small footprint that makes it suitable for 2D THz AE array.

The antenna consists of four-arm turns and its dimensions are set to be W, X L, =
293 um x 322 um to completely cover the band under interest which is from 100 GHz to
800 GHz as this is the band where the majority of mm-wave and THz system applications
presently reside. It is printed on a GaAs substrate with dimensions of 2mm X 4 mm
and thickness of 0.35 mm. The photomixer is introduced in its center within an area of
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Figure 3.21: The tested square spiral antenna (a) with hemispherical lens and (b) detailed view.
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Figure 3.22: The radiation patterns for the square spiral antenna lies on a hemispherical Si lens.

9um X 9 um. Although the spiral metal width (W,,) should be equal to the gap width
(W,) to be a self-complementary antenna, increasing the gap width will allow the AE to
generate higher THz power [109], hence the metal width is set to be 4 yum while the gap
distance is equal to 14 um.

The radiation patterns of the tested square spiral plus the hemispherical Si lens with
diameter D = 6 mm are shown in Fig. 3.22 at 100 GHz. Both circular-polarized co-polar
and X-polar directivity (LHCP and RHCP respectively) are presented for both E- and H-
planes. Even though the antenna directivity here is about 15dBi, it can be significantly
enhanced with the use of an extended-hemispherical lens [1 10] as was demonstrated in
Fig. 3.2. Nevertheless, this is not relevant here because, in these studies, we are only
interested to see the effect of the metal resistive losses and the relative reduction in the
antenna gain in relation to its directivity so such a simple hemispherical lens would be
enough.

As the THz planar antenna is printed on a semiconductor substrate such as GaAs
or InP, one of the main requirements of the antenna metalization is to make the metal-
semiconductor contact more ohmic as possible, especially near the antenna center (where
the photomixer is placed). If not, the metal-semiconductor contacts will show rectify-
ing behavior and act as Schottky barriers that will disturb the flow of the generated THz
current into the antenna arms. Because of this, such antennas need a special metaliza-
tion to ensure the construction of the ohmic contacts between the metal (antenna) and
the semiconductor (substrate). This is usually performed by depositing thin metal films
followed by a thermal annealing step to improve adhesion and alloying of the metal to the
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Figure 3.23: Metalization of THz antenna lies on GaAs substrate.

semiconductor with low contact resistance and linear I-V behavior [111].

For manufacturing this spiral antenna, a metal deposition technique consisting of
evaporation of four layers of metal films sequentially is used as shown in Fig. 3.23.
These four layers are, three metal films which each of them has a thickness of 30 nm, and
consists of two Nickel layers with one eutectic alloy made of Gold-Germanium (Au-Ge)
in between. The Au-Ge alloy mixture percentages are 88% and 12% of Au and Ge ma-
terials respectively and its melting temperature is 356°C. In the end, the last layer is pure
gold with larges variable thickness, here we tried two extremes of 70 and 410 nm. This
makes the total thickness of the antenna metal equals to 160 nm and 500 nm. With such
relatively thick gold thickness, the conductivity reduction phenomenon (or the resistivity
increase) caused by thin metallic films is avoided as the minimum thickness is around
three times the gold electron mean free path (57 nm). So theoretically, the resistivity
increase is expected to be negligible amount less than 10% [108].

The DC electrical resistivity of such metal is measured with the top gold layer hav-
ing a medium thickness of 330 nm using a standard four-point probe method. To have
an accurate estimation of the bulk resistivity, this experiment is repeated five times with
different manufactured prototypes then the average of the six samples is considered. Fig-
ure 3.24 presents the resistivity of the six samples which all provide comparable results
with an average of 2.9x107® Q-m. As expected from the relatively-large thickness of the
gold layer, the resistivity of the metal films is so close (only 21% higher) to the pure gold
resistivity (2.4x1078 Q-m). This is proof of the high quality of the metal films and means
that they are supporting most of the generated current through the entire thickness.
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Figure 3.24: Measured resistivity of different metal samples before and after the annealing.

3.5.2. Metal losses based on measured properties of the manufactured metal film

Using Rapid-Thermal Anneal (RTA), the six samples are annealed for a period of 30 sec
at different temperatures in the range from 370 to 420°C with a step of 10°C in an inert
gas environment. Then, the resistivity measurements are repeated and the updated value
for each sample after the annealing is also plotted in Fig. 3.24. All of the six samples
show a significant increase in resistivity especially at higher annealing temperatures that
are much higher than the melting temperature of the Au-Ge alloy. However, from another
perspective, this means that the gold layers are mixed together with the Au-Ge layer below
it. And since the GaAs substrate exists at the bottom of the samples, the RTA and alloying
processes are successful to make their roles and provide good adhesion of the metal to the
substrate.

For these studies, the two extremes metal thicknesses will be considered, lower thick-
ness with 160 nm and higher one with 500 nm. For the resistivity, the worse case of the
measured gold alloy would be considered which shows a bulk resistivity of 5x10~7 Q-m.
Although such high resistivity values are around 20 times greater than the pure gold one,
it should be highlighted here that it is not surprising and similar values are measured in
literature for gold films on the order of tens or hundreds of nm [112], [113].

The simulated co-polar gain (LHCP) considering the two metals is plotted in Fig.
3.25a and Fig. 3.25b for the thinner and thicker metal respectively. This is for the pure
gold (in solid) and the measured actual gold alloy (in dashed with circle markers). For
compression purposes, the antenna directivity is plotted too in the dotted-magenta curve.
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Figure 3.25: Gain of the square spiral with a metal thickness of (a)160 nm and (b)500 nm.



Skin depth
1200 -

Gold
=—¥—Measured gold alloy
------- Metal thickness T160
------- Metal thickness T500

1000

800

400

200

100 200 300 400 500 600 700 800
Frequency (GHz)

Figure 3.26: Skin depth vs frequency for pure gold and annealed gold alloy.

Regarding the smaller thickness of 7 = 160 nm (black-curves), a significant decrease
in antenna gain occurs for the stack film antenna compared to the pure gold antenna.
Although the discrepancy between them is only around 3 dB at the high-frequency end, it
dramatically increases by more than 25 dB at 100 GHz. Even for the pure gold antenna, it
has a drop in gain of about 5 dB at the lower frequencies end compared to its directivity,
which is not expected for such self-complementary spiral that it is known to have a flat
behavior over the entire band (as in the dotted-curve).

To have a better understanding of such observations, let’s see the computed gain for
the thicker thickness T = 500 nm (blue curves). Here, the antenna provides almost flat
performance for the pure gold with metal losses lower than 2dB and perfect matching
at the higher frequency range. Even, for the lossy alloy (dashed), it is increased too and
becomes closer to the pure curve (solid) as now, it rolls off much more gradually. The
difference between them is increasing with decreasing the frequency up to a peak value
of 18dB at 100 GHz. At higher frequencies above 400 GHz, this difference in gain is
decreased to be only in the range from 1 to 2 dB.

The physical meaning behind this behavior can be obtained by estimating the skin
depths of both metals and comparing them to the two metal thicknesses as in Fig. 3.26.
As it is expected from the high resistivity of the gold alloy which is around 20 times
greater pure gold case, its skin depth is around 4.5 (V20) higher than its corresponding
for the pure gold at all frequencies.

As it is shown in Fig. 3.26, regrading the first metal thickness 7 = 160 nm (dotted-
black), even pure gold (solid-green) presents comparable skin depth or slightly lower in
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the frequency range above 300 GHz. This is the reason why it has acceptable results in
this range (solid-black in Fig. 3.25a). However, for the actual measured gold alloy (solid-
red), the skin depth is much higher than the thickness. By moving towards the higher
frequency, the difference starts to decrease and this is the physical reason that the square
spiral provides much worse gain at the lower frequencies and enhances gradually by in-
creasing the frequency (dashed-black in Fig. 3.25a). Although the results are enhanced
by increasing the frequency, still the metal losses are so high and the gain-directivity
difference is not acceptable in any part of the frequency range.

In contrast, regarding the second thickness 7 = 500 nm (dotted-blue), the pure gold
skin depth (solid-green) is already less than three times the thickness (except at 100 GHz
which is only about the half), so such thick thickness will enable the metal to act similar
to the good conductor and provides high gain over the whole band (solid-blue in Fig.
3.25b). Therefore, the metal losses here are negligible which makes the gain to be so
close to the antenna directivity. Also, for the case of the measured lossy gold alloy, the
thickness becomes closer to its skin depth (solid-red) and even higher.

Although this thicker thickness is still smaller than the skin depth at the low-frequency
range (from 100 GHz to 400 GHz), this increment in the thickness enables a significant
reduction in the metal losses as shown in Fig. 3.27. This is in turn would deliver an
expected higher radiated THz power that is corresponding to the same amount of the
losses reduction. This means that, for the same actual measured metal characteristics, the
increment of the metal thickness from 7 = 160nm to 7 = 500 nm would let the same
spiral antenna provide a higher power with a peak enhancement of 10dB at the lower
frequency range.

Furthermore, it is worth noting here that as we demonstrated in [ | | 4], such THz metal-
lic antennas are needed to be modeled adequately to have accurate simulation results at the
lower frequencies. As at these frequencies, the skin depth can be larger than (or compa-
rable to) the metal thickness either due to the annealing process or any other factors such
as surface roughness [115], deposition non-uniformity, and so on. The standard direct
EM simulations are not so accurate for these cases as with even this lower conductivity
ranges, by default, the simulators are still considering them as good conductors regardless
the metal thickness. Hence, the tangential electric field components are approximated to
be zero and this can caused a mismatching (for this spiral case can be up to 2 dB).

For avoiding such mismatching, two non-default methods can be used. Firstly, forcing
the simulator to mesh inside the antenna 3D metal objects and hence calculates the actual
non-zero tangential electric field. Secondly, to model the antenna metal as a 2D layered
impedance boundary (in HFSS simulator) which implies the estimation of the tangential
electric fields using the surface impedance of the boundary based on the provided material
conductivity and the actual antenna metal thickness. Although, the second method has
lower time consumption, the first method is used to have a fix modeling-method with
acceptable-level of accuracy for all frequencies.
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Figure 3.27: Reduction of metal losses of the square spiral antenna by the increment of its metal
thickness.

Another important issue is how these metal losses affect different antenna typologies,
to answer this question, another common example would be studied which is the log
spiral antenna. The antenna lies on GaAs substrate (Fig. 3.28) which is attached to
a hemispherical Si lens. For fair comparisons, both the substrate and the si lens have
similar dimensions as the one used for the previous square spiral, just the substrate width
is slightly increased from 2 mm to 2.5 mm. This is due to the larger antenna size for the
log spiral as the length should be comparable to 14,,;, [9¢] which is around 3 mm to cover
the required lowest frequency (100 GHz). Hence, the antenna size needs to be increased
from W, X L, = 293 um X 322 um (for square spiral) to be W, X L, = 1527 um X 2585 um.
Such size increment demonstrates the benefits for the square spiral for being a compact
antenna.

The gain of the log spiral antenna is shown in Fig. 3.29 for both pure gold and gold
alloy metals. It is clear how these results outperform that of the square spiral, especially at
lower frequencies. Even with this small thickness of 7 = 160 nm, the pure gold antenna
(solid-black) provides an almost flat gain of about 14.5+1 dBi with almost no metal losses
as this gain is identical to the antenna directivity. Although there is still a discrepancy
between the gain of the gold alloy (dashed-black) and its directivity, the metal losses
are much better compared to the square spiral of the same thickness (of 7 = 160 nm).
Besides, the losses here are at an acceptable level as they are lower than 4 dB for the
whole band.
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Figure 3.29: Gain of the log spiral with a metal thickness of 160 nm.
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Metal losses of the measured gold alloy
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Figure 3.30: Summary of metal losses of square and log spirals.

To summarize and have a general comparison, Fig. 3.30 represents the metal losses for
all the tested cases. This includes the square spiral with the low thickness of 7 = 160 nm
and the possible two solutions to overcome its huge losses which are either increasing the
metal thickness or using another antenna topology. For comparison purposes, the whole
band can be divided into two sub-bands. In the first sub-band from 100 GHz to 400 GHz,
log spiral significantly outperforms both square spirals (with the two thicknesses) as it
provides metal losses in the range from 2.5 to 4 dB while square spiral has losses from 6
to 30dB and 2.5 to 20dB for 7 = 160 nm and 7" = 500 nm respectively.

For the other higher sub-band (above 400 GHz), the square spiral with larger thick-
ness is considered the best solution as its losses are from 0.7 to 2.5 dB while the losses
from the log spiral and the low thickness square are from 1.5 to 2.5dB and 2 to 6 dB
respectively. These studies provide different alternatives for THz antenna designing, for
example, one can select square spiral with a large thickness in case that compact design
or better performance are needed at the higher frequencies. On the other way around, log
spiral can be selected if a simple thin metal fabrication or stable behavior over the whole
band are preferred.
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T, = 420°C

Figure 3.31: Micrograph of the annealed metal surface.

3.5.3. Surface neness effects on metal losses

Another stage in the characterization of the antenna metalization is the microscopic in-
spection and surface profilometry. Figure 3.31 presents the scanning electron microscope
image for the metal surface of the sample that was annealed at 420°. As expected for evap-
orating metal films with a small thickness (below 1 um), it is clear how the metal surface
is not uniformly smooth and it has a significant roughness. The effect of this measured
surface roughness is included in the EM simulations by modifying the metal conductivity.

The updated metal conductivity can be estimated following Groiss model [116] as
a(f) = oo(f){1 + exp[(=6(f)/2h)!®]}~? where o is the nominal conductivity, A, is the
measured Root Mean Square (RMS) surface roughness, and the 6(f) is skin depth. Based
on these estimations and the average measured RMS surface roughness which is around
50nm, Fig. 3.32 presents the resistivity for the pure gold (solid-green) and for the gold
alloy (solid-red). To better interpret the estimations, the nominal resistivity for the two
metals without the surface roughness is plotted too in the dashed curves.

For the pure gold, it can be seen that the surface roughness has an effect only at
the higher frequencies but this influence is not significant compared to the effect to the
alloy and annealing themselves which was previously studied in Sec. 3.5.2. On the other
hand, for the annealed gold alloy, the resistivity is remaining almost the same even after
including the surface roughness. This is because the skin depth is already much higher
than the measured surface roughness for the whole frequency range which would decrease
the value of the exponential term in the Groiss equation and make the conductivity to be
equal to the nominal value.
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Figure 3.32: Resistivity of pure gold and annealed gold alloy considering the measured surface
roughness.

3.6. Conclusions and principal remarks

Three mm-wave and THz planar antenna-based emitter arrays covering UWB frequency
ranges from 50 GHz to 0.5 THz, from 100 GHz to 1 THz, and from 200 GHz to 2 THz
are presented. They are consist of 3 X 3 self-complementary bow-tie antennas with a
photomixer implemented in each element center (forming the shape of a Chessboard).
The arrays elements are electrically-small (around 0.0384,,;, X 0.0384,,;,) and in contact
with each other which purposefully increases the mutual coupling between them to cause
constructive interference. This forms a high-density array with a compact size that does
not have the problem of out-of-focus when the AE array is placed over Si lens.

The electrically-large extended-hemispherical lens has the role of increasing the ra-
diated power compared to the extracted power and having a single beam directed down-
wards below the Si-lens with very high directivity. The effect of different commercially-
available Si lenses (with a maximum diameter of 25 mm) is studied depicting, in some
cases, a considerable change in the radiation patterns that can be reflected with about
10 dB difference in antenna-directivity even with the use of the same antenna array. These
proposed arrays provide stable radiation patterns in their corresponding UWB THz ranges
with average directivity of 27, 33, and 35 dBi for the three arrays respectively.

A proof of concept array is fabricated with a PCB for the DC biasing and assigned
to a commercially-available Si lens. The experimental setup and assembly processes are
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discussed. A microlens array that is held by a 5-axis micro-positioner is used to direct
the optical beam towards the photomixers. The THz radiated power is measured showing
a peak CW power of about 60 uW at 150 GHz. This outperforms other designs based on
the same concepts.

Additionally, the metal losses for THz planar antennas are studied in detail based on
the measured metal resistivity for the metal alloy used to manufacture a square spiral an-
tenna. The studies are performed for wide mm-wave and THz bands, from 100 GHz to
800 GHz in which most of the THz applications exist. They demonstrate that the antenna
losses can reach 30dB at 100 GHz compared to less than 5dB if an ideal gold is con-
sidered in the losses estimation. It is also described how such losses are enhanced with
increasing the frequency reaching a smaller value of 6 dB at 800 GHz. This behavior is
physically explained by comparing the skin depths of both metals (ideal gold and mea-
sured metal alloy) with their relations to the metal thickness. This comparison shows that,
at the lower frequencies, the metal thickness is lower than the skin depth for the actual
manufactured metal. The metal surface roughness effect is studied too, however in such
case of larger skin depths (of the lossy metal), it seems that its contribution to the metal
losses is negligible over the whole studied band.

Generally, the exact amount of such losses depends on several parameters such as
metal deposition, metal thickness, surface roughness, operating frequency, and antenna
topology. Hence, with fixing the same fabrication process and frequency range, two al-
ternatives are provided to overcome such significant losses. First, by increasing the metal
thickness from 160 nm to 500 nm, which would decrease the losses by around ten times at
lower frequencies and to its half at higher frequencies. But on other hand, this would in-
crease the fabrication complexity and its cost too. Alternatively, by changing the antenna
topology using log-spiral with the same relatively-small metal thickness. This achieves
better performance as it decreases the losses to be an almost flat value less than 4 dB in
the whole band. However, this comes with the cost of a significant increase in the antenna
size. The proper method can be selected depending on the required specific application.
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4. PHOTONIC NONLINEAR UP-CONVERSION RECEIVER
BASED ON WGM

4.1. Introduction

As is shown in Chapter 2, cryogenic cooling is needed for the proposed direct receiver es-
pecially to have good performance for the LNA. Even though the proposed AE in Chapter
3 can operate efficiently without cooling, still the heterodyne receiver may need cooling
for the other receiver components (such as the mixer) to work efficiently at such high fre-
quencies. However, in recent years, there is a strong interest in radio astronomy receivers
operating at room temperature which would significantly reduce the costs and simplify
the implementation since no cryogenic cooling is required. Following the brief introduc-
tion for nonlinear up-conversion receivers based on WGM (Sec. 1.3), in this Chapter, a
detailed discussion of up-conversion systems is provided with explaining the main tech-
niques for coupling the microwave radiation into the WGM resonator.

The estimation for the photonic efficiency is summarized with possible mechanisms
for enhancing the system performance and increasing its photonic efficiency. Then based
on such discussion, novel microwave/mm-wave schemes are proposed. To present dif-
ferent alternatives for the direct coupling of the microwave-radiation into the proposed
scheme, different DRA elements and array with high gain, low cost, and low losses will
be given. The measured results of the 3D-printed DRA element and array are presented.

The second half of this chapter is dedicated to another practical demonstration of the
proposed up-conversion scheme. Here an integrated receiver system is provided for satel-
lite missions for climate change forecasting at the mm-wave range (183 GHz). The ef-
fects of the fabrication and assembly tolerances are studied, then a phase-matching tuning
mechanism is designed to compensate them and reduce the complexity of the manufac-
turing process.

4.2. Photonic efficiency estimation

The quality of the up-conversion scheme can be defined using its photonic efficiency (177)
which is estimated as the ratio of up-converted photons per incoming input photons as
follow:

P./w,

n= 4.1

Where P. and P,, are the power of the generated sideband (with frequency w.) and
input microwave power respectively.
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This photonic efficiency can be estimated using the cavity model [117] where the
resonator can be considered as a weakly coupled WGM cavity, with only three excited
modes: microwave input signal, optical pump, and up-converted one. The system is as-
sumed to work in the small-signal regime with undepleted amplitudes for both microwave
and pump modes which means that the microwave power is much less than that of the op-
tical pump. The fields are considered to be polarized mainly in a single direction so
scalar electromagnetic equations can be used. The model is obtained by computing the
total stored energy of the system and then obtaining the Hamiltonian with the quantized
fields [118]. Using some simplifications following [50], the photonic efficiency can be
expressed by

22
8 0,0nm
_ p )2

et dnticl 4.2
hwiw[%wm b (4.2)

where P, is the pump laser power, 7 is the reduced Planck’s constant, Q, and Q,, are
the resonator quality factors at optical and microwave frequency respectively, and g is the
nonlinear coupling rate which is defined as

@ Yp fiw,,

g =2 E, (r,) “4.3)

n2 \ 2enz, Vi,

where ¥ is the second order susceptibility of the resonator material, n, and n,, are the
refractive indexes for resonator material at optical and microwave frequency respectively,
E’,(r,) is the normalized microwave electric field (E, = E,/E,(max)) at the radius
where the optical signal is excited (r,), and V,, is the mode volume of the microwave
signal. By substituting the nonlinear coupling rate (4.3) into (4.2), the photonic efficiency
can be estimated using the following form

p 27 020, E2
7= p X P w(Tp) (4.4)
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For fair comparisons, usually, the normalized photonic efficiency term is used which
can be calculated by dividing the photonic efficiency (77) by the continuous wave (CW)
pump power (P),).

4.3. Enhancement of the photonic efficiency

As the common optically transparent materials have a relatively low y® on the order
of a few pm/V, the main challenge of designing these kinds of up-conversion receivers
is ensuring that they have high photonic efficiency. High-Q WGM resonators enhanced
the fields interactions and achieved state-of-the-art normalized efliciencies (7/P,) at mm-
wave on the order of 1077 [43], [119]. Our previous experiments showed a record mea-
sured normalized efficiency of 2.48 x 107> [120]. However, further enhancements in the
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photonic efficiency are still needed to make such up-conversion approach an excellent
candidate for use in satellites, radio astronomy, and many other applications [121]. For
example, in [122, , ], we demonstrated that such up-conversion room-temperature
receivers based on WGM would have better sensitivity compared to state-of-the-art room-
temperature (or even sometimes cooled) mm-wave/THz LNAs and mixers [ 125, , ,

, , ] in case high normalized photonic efficiency on the order of (r/P, = 1072)
or higher can be achieved.

As it can be seen from (4.4), the photonic efficiency can be divided into three terms.
The first one cannot be significantly enhanced because it is related to the frequency (ap-
plication) and optical pump power. Increasing this pump power could produce problems
such as excessive noisy systems. Moreover, it will be mandatory to have a very strong
pump suppression for detecting properly the up-converted signals.

The second term is related to the material choice of the resonator. Several nonlinear
materials in disk or ring shapes have been reported for WGM resonators such as GaAs
[131], [132], Gallium Phosphide (GaP) [133], Lithium Niobate (LiNbO3),[ | 34], Lithium
Tetraborate (Li,B4O7) [135], Quartz [136], and Zinc Selenide (ZnSe) [137]. Extensive
comparisons between the properties of the most common nonlinear materials used for the
WGM resonators can be found in [43], [48]. After analyzing several nonlinear materials
and returning to the second term in (4.4), LiNbOs is seen to be a good choice as it implies
a high optical Q-factor of 10® and an acceptable value for the susceptibility (y'*) of about
150 pm/V with reasonable refractive indexes to facilitate achieving the phase matching.

Finally, the third term represents the overlap between the two signals and mainly de-
pends on the resonator geometry and the coupling scheme. This is the main reason for
having low photonic efficiency, as, by default, the wavelength difference between the
two signals, microwave or mm-wave signal (some tens or hundreds of GHz) and opti-
cal signal (193.55 THz corresponding to a 1550 nm laser) implies a very low interaction
between photons. For example, Fig. 4.1 shows the analytical estimation of the optical
WGM distribution in a LiNbO;5 disk resonator, following the expressions in [138]. This
demonstrates that the optical mode only occupies a relatively very small area of a few
optical wavelengths.

For comparison purposes, Fig. 4.2 describes both microwave and optical WGMs dis-
tribution for the previous experiment using a LiNbOj disk resonator [120]. Although this
experiment presents a record measured normalized efficiency of 2.5 x 107> at the mm-
wave range, there is still a big room for enhancements as only small parts of microwave
photons actually hits the optical ones. So enhancing this third term means decreasing
the microwave mode volume (in other words, increase the intensity of the field) and/or
trying to push it to the rim of the resonator (where the optical signal is circulating). This
physically means allowing more microwave photons to interact with the optical ones.

In [139], we propose the use of a silicon lens as general microwave coupling scheme
for increasing the intensity of the field inside the resonator which will in turn decrease
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Figure 4.2: Microwave and optical WGMs field distribution in a disk resonator.

its mode volume. Additionally, this scheme will solve the main drawback of the standard
coupling scheme using DRW which is the need for bulky interfaces for coupling the free-
space radiation into them such as metallic horn antennas and transitions. As here the
direct coupling of the free-space radiation is performed decreasing the receiver cost and
size and avoid the losses coming from these interfaces. The system is analyzed following
the developed analytical framework in [140]. Although the previous scheme shows that
the lens increases the intensity of the microwave field around six times [14 1] compared
to the free-space beam coupling scheme without the lens, the photonic efficiency of the
receiver still low.

Another possible method for enhancing the mentioned third term is to use a low-
thickness resonator and drill a hole in it, making it a thin ring resonator [50] as illustrated
in Fig. 4.3. The modification here is only in the resonator while keeping the same stan-
dard microwave coupling scheme of DRW. Such solution will partially satisfy these two
requirements (decreasing the microwave mode volume and pushing it to the resonator
rim), but it is still unable to provide very high photonic efficiency. This is because achiev-
ing very high overlapping requires very small resonator thickness. However, very small
thicknesses cause the microwave field to start fringing from the edges of the resonator
which in turn, negatively affects the overlapping. To reduce such fringing effect and force
the field to be confined in a very low-thickness resonator and only in a small area near its
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Figure 4.3: Ring WGM resonator with DRW standard coupling scheme.

Figure 4.4: Proposed WGM resonator with high photonic efficiency, (a) XY view, (b) YZ cut, and
3D view.

rim, the addition of a metallic strip and ground plane has been proposed as shown in Fig.
4.4 [142].

The analysis of several metal-enclosed resonators from the same material (LiNbO;)
has been performed using the eigenmode solver of HFSS software. The resonators have
a similar radius and are different in thicknesses and widths. The simulation results show
that this modified metal-enclosed resonator will significantly enhance the overlap between
the microwave and optical WGMs. This can be visibly seen in Fig. 4.5 which depicts the
microwave and optical modes for the disk-resonator shape that provides the previously
mentioned record efficiency [120] and the modified metal-enclosed proposed one with
the obtained normalized efficiency for each case.

The proposed metal-enclosed WGM resonator has a predicted normalized photonic
conversion efficiency on the order of 12% per milliWatt of pump power which is 5000
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Figure 4.5: Comparison between mm-wave mode for (a) a disk resonator, (b) the proposed metal-
enclosed resonator.

better than the one obtained in [120]. Even with considering the mismatching between
measured and simulated results, one order of magnitude reduction is expected as it is
shown in [50] which means that the expected measured efficiency is still 500 better than
the record efficiency.

This overall improvement of 5000 is coming from the increase of the factor E'Z(r,) by
more than 13 times and the reduction in the volume (V,,) of about 150 times. Knowing that
all other parameters of (4.2) will remain almost the same (as the resonator is made from
the same material) except the microwave quality factor Q,, as it will be reduced by quarter
after the addition of the metal. Also, as it has been mentioned previously in this chapter for
this up-conversion scheme, the proposed system can be scaled easily for providing such
very high efficiency for different frequency ranges which would be interesting for several
radio astronomy applications. In Sec. 4.4, the proposed scheme would be adjusted to
work as a radiometer for 12 GHz CMB spectroscopy. While a similar scheme, after some
modifications to have a complete integrated feasible system, would be presented in Sec.
4.6 for 0.2 THz water vapor measurements and climate change forecasting.

4.4. Microwave coupling scheme for the proposed resonator

DRWs are commonly used to efficiently couple radiation to WGM resonators for mi-
crowave and mm-wave ranges [143] (as the one in Fig. 4.3). Here, they would be bulky
and hard to couple to such electrically tiny metal-enclosed resonator. Different feeding
methods have been tested for such updated structure, arriving to the conclusion that the
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Table 4.1: The parameters of the microwave coupling scheme.

Parameter| R, | H, | r. | & |Wyg|H,,
Value (um) {3719 |100(1225|10| 100 | 100

microstrip line is the best to fit for the radiation coupling. Hence, a microstrip transmis-
sion line with silicon substrate is placed near the resonator for evanescent coupling as
shown in Fig. 4.6 with its parametric values in Table 4.1. Here, P, is connected to the an-
tenna directly (or to a transition then the antenna) and P, to a matched load or to the other
resonators in case of using an array of WGM resonators for having wider up-conversion
BW.

To have an efficient microwave coupling, three goals have to be met. Firstly, the
system resonates at the designed frequency with the proper WGM mode to fulfill the
phase-matching and energy conservation conditions so the microwave angular velocity
would be equal to the optical one. By default, this is tricky to be achieved as the refractive
indices of the two signal are far away [144]. Secondly, at this resonance frequency, all
the input microwave signal is coupled to the resonator which can be achieved by having a
very low transmission coeflicient between the input and output (S 1,). Thirdly, no power
is reflected back (small reflection coeflicient S ;;) which means that the WGM inside the
resonator is pure traveling mode.

To consider such mismatching caused by the coupling mechanism, the photonic effi-
ciency can be updated by including the microwave power reduction factor as following:

2P, X" 020, E(r,)
n=—2 z EA-1Sulf=1sul 4.5)
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The S-parameters for the microwave coupling scheme are shown in Fig. 4.7 which clearly
demonstrates that this microwave scheme achieves the mentioned three goals. Figure 4.8
presents the microwave field distribution which confirms the exciting of a M = 4 WGM
at 12 GHz. Also, as expected from the low § |, in Fig. 4.7, almost all microwave power is
coupled into the resonator leaving a negligible power level at the output port.

With this proposed microwave coupling scheme, DRA fed by an aperture-coupled
microstrip line can be easily used to collect the microwave radiation and deliver it to the
scheme to be coupled later to the proposed metal-enclosed WGM resonator as shown in
Fig. 4.9. In comparison to the standard DRW with transitions, DRA with microstrip
provides three major advantages. Firstly, the relatively easier fabrication with low cost
and compact size. Secondly, the ability of the direct coupling of the radiation into the
resonator without the use of bulky interfaces such as transitions or horn metallic antennas
which will significantly enhance the performance by avoiding the extra losses from these
elements. Thirdly, a reasonable gain comparable to DRW antennas or horn antennas with
the availability to extend to an array version without the increase in system complexity or
losses as will be explained in Sec. 4.5.2.
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Figure 4.6: Microwave coupling scheme for the proposed metal resonator, (a) top view, (b) vertical
cut.
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Figure 4.7: S-parameters for the microwave coupling scheme.
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Figure 4.9: DRA connected to the proposed microwave coupling scheme.

Table 4.2: Single-element DRA parameters.

Parameter | W, | L, | H, (W, |L,|W,|L; | W, | L, L
Value (mm) [ 17.5]6.25]19.13|25|25]0.9/5.5[1.13{20.77|12.5

It is worth noting here that even for the standard case of the dielectric resonators (as
in Fig. 4.3), DRA fed by DRW without transitions can be used too for obtaining the
aforementioned advantages as we proposed in [145].

The design parameters of the DRA fed by an aperture-coupled microstrip line are
depicted in Fig. 4.10 with their numerical values in Table 4.2. The antenna has been
3D-manufactured using a BCN3D Sigma printer which simplifies the fabrication and de-
creases its cost. Such technique provides an acceptable accuracy of +20 um which agrees
well with the design tolerances. The dielectric element is made of Polylactic Acid (PLA)
and is connected to the substrate at the end of the process via two dielectric arms and four
nylon screws. Also to facilitate this proof of concept, the Si substrate is replaced by a
thicker Arlon one.

Figure 4.11 shows the reflection coeflicient of the manufactured single-element DRA
in comparison to its simulation result in dashed-black and solid-red respectively. It demon-
strates that the antenna is working at the required frequency with a small mismatching
between both results which can be due to the assembly tolerances.
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(d)

Figure 4.10: Single-element DRA structure (a) fabricated prototype, (b) 3D view, (c) upper, and
(d) bottom layers of the aperture-coupled feed.
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Figure 4.11: Measured and simulated S 1; of single-element DRA.

The radiation patterns are presented in Fig. 4.12 for E-plane and H-plane for simulated
and measured patterns in red and black color respectively with showing the measured
cross-polar patterns in blue. The radiation patterns have a high level of matching between
the simulated and measured results with a Co/Xp-ratio at broadside greater than 25 dB.

4.5. DRA for better microwave coupling

Although DRASs provide interesting results when they are used for WGM microwave
coupling, some applications still need higher gain, especially for the very weak CMB
signals. Typically, DRA element has a medium gain of about 5 to 6 dBi [146] which
unfavorably affects the other DRA advantages. Three main techniques can be used singly
or together to enhance its gain, firstly, forcing it to work at higher-order modes, secondly,
modifying the standard dielectric shape, and thirdly, assembling different DRA elements
to form an array that is capable of achieving relatively higher gains.

4.5.1. High gain DRA single-element

Regarding the first technique, the rectangular DRA which lies over a metal ground plane
as in Fig. 4.10 can be analyzed as a short magnetic dipole. By increasing the element
height, more field lobes are excited which can be approximated by an array of short
dipoles [147]. So, using simple array theory, the higher-order modes as TE;;3 or TE;s
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Figure 4.12: Measured and simulated radiation patterns of single-element DRA.

would act as an array of two and three dipoles above the ground plane respectively (or
as three and five dipoles respectively after removing the ground plane and applying the
image theory). This would produce a higher gain around 2 to 4 dB compared to the same
antenna working at the fundamental TE;;; mode depending on the spacing between the
field lobes and the aspect ratio of the dielectric element.

Because of this, in the previous section (Sec. 4.4), the proposed rectangular DRA
height was adjusted to operate in the higher-order modes. This can be demonstrated by
seeing Fig. 4.13 which presents the magnetic field distribution inside the DRA in the
H-plane (X-Z plane). This field distribution demonstrates that the antenna at 12 GHz is
working on TE;;3 mode as there are one and half lobes which appear above the ground
and the same is expected to be below the ground too (if the image theory is used to remove
the ground plane). The antenna produces a peaked gain of about 9 dBi in the broadside
direction (6 = 0°) as shown in Fig. 4.14. Such high gain outperforms DRA elements
which operate at TE3 [147], [148].

For the second technique, the dielectric element can be adjusted in different shapes to
achieve higher gain. For example, the same previous DRA can provide a higher gain of
about 11 dBi if the rectangle dielectric is replaced by a pyramidal horn shape as shown
in Fig. 4.15. This implies keeping all the DRA parameters except the dielectric length
which is tapering from the previous length (L, = 6.25 mm) to a larger one (L,, = 25 mm).
So here, the overall antenna dimensions (W,, L,, H,) and the substrate (with its feeding
structure) are all identical. It can be seen from Fig. 4.16 that the antenna still resonates at
the same frequency but with a higher gain of about 2 dB.
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Figure 4.13: Normal magnetic field component inside the DRA.

Figure 4.14: Realized gain of the DRA.
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Figure 4.15: Pyramidal horn DRA shape.
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Figure 4.16: S1; and realized gain of the pyramidal horn DRA.
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4.5.2. High gain DRA array

The third technique for providing high gain is to use an array of DRA elements. Despite
the fact that corporate-feeding networks have been used for years as a standard feeding
method for DRA arrays, they require several quarter-wavelength transformers and power
dividers. Such microstrip discontinuities cause spurious radiation, resulting in high losses
especially at high frequencies [149], [149]. Hence, two other state-of-the-art feeding
methods, Dielectric Image Guide (DIG) [150] and Substrate Integrated Waveguide (SIW)
[151] have been widely used to feed DRA arrays in replacement of the corporate-feeding
networks.

However, for this WGM nonlinear up-conversion receiver, both have main limitations.
For example, for DIG, considerable back radiation is a major issue [150] in addition to
the need of tapered rectangular waveguides for launching the DIG itself which, in turn,
make the structure bulky and increase the fabrication cost and losses [152]. Similar issues
in SIW as the antenna suffers from significant leakage losses through the metallic vias
[153] besides its complex manufacturing. All the previous critical points affect the main
advantage of the DRA for being a high radiation efficiency antenna with low cost, simple
manufacturing process, and easy to be integrated into the microwave coupling scheme.

Following the previous conclusions, a novel feeding method for DRA arrays based on
the concept of standing-wave is developed [ | 54] in collaboration with Southern Methodist
University, USA. The standing waves are formed in dielectric bridges covered by metal
between the elements. This feeding method effectively excites the entire DRA array struc-
ture uniformly with a single feed without the need of any power dividers, transitions, or
launchers as shown in Fig. 4.17. Compared to other antenna arrays such as DRW antenna
arrays [ 101] or even DRA arrays fed with standard feeding methods, this proposed feeding
technique avoids the losses, extra cost, extra complexity coming from such components,
as well as facilitating the alignment process.

As a proof of concept, a DRA array prototype based on the proposed feeding method
i1s manufactured to be working at 5.6 GHz. The impedance of the whole array can be
easily matched in the same way as the single DRA by optimizing the aperture slot size
along with the stub length (which is defined as the length from the slot center to the end
of the microstrip feed line). Figure 4.18 presents the simulated and measured reflection
coeflicient of the array, it shows that the measured impedance is 35% which is close to the
bandwidth of the array element. Further wider bandwidths can be achieved by changing
the array element itself, for example, by using a stack of different materials [155] or same
material but with different sizes [156].

As expected from removing the power dividers, transitions, and launchers, this feed-
ing technique significantly enhances the array radiation efficiency. This is confirmed by
seeing the radiation efficiency in Fig. 4.19 which presents a high value of about 88%
with almost flat behavior over the operating band. This is around 20% higher than DRA
arrays of comparable number of elements [150]. Also, this feeding technique simplifies
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Figure 4.17: DRA array structure based on standing-wave (a) fabricated prototype, (b) upper, and
(c) bottom layers of the aperture-coupled feed.
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Figure 4.18: Measured and simulated S ;; of DRA array.

the fabrication and alignment processes and decreases their costs as the whole array is
3D-printed as a single piece.

The previous remarks enable the array to provide high gain as demonstrated in Fig.
4.20 which depicts a high level of matching between the simulated and measured gain.
The nine-element array presents a measured gain at the center frequency of 15 dBi which
is around 7 dB higher compared to the gain of the array element. Such high gain out-
performs DRA arrays based on other feeding techniques. For example, with compara-
ble number of DRA array elements, DIG and SIW have less gain of 7.61 dBi [150] and
11.5dBi [151] for seven- and eight-element arrays respectively.

All the mentioned advantages are coming with the simple system integration in the
same way as the single DRA element which makes it so useful for several wireless ap-
plications. Besides, this novel feeding technique is applicable to an array with a large
number of elements with similar performance and the same simple design/manufacturing
procedures.

4.6. Integrated mm-wave satellite radiometer with high photonic efficiency

In this Section, a practical example for an up-conversion receiver would be presented
which is used for CubeSat earth observation at 183 GHz for water vapor profile measure-
ments [54]. As it is discussed in Sec. 1.3, up-converting this 183 GHz mm-wave radiation
into the optical domain makes them less affected by the relatively weak thermal noise
even without the cooling conditions. The system needs to be fully integrated for proper
implementation in the satellite environment.
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Figure 4.20: Measured and simulated Gain of DRA array.
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Figure 4.21: Coupling of the optical WGM into the resonator using prism.

Following Sec. 4.3, for increasing the photonic efficiency of this up-conversion scheme,
the resonator is placed between two metals forming a microstrip-like resonator to force
confining the mm-wave signal to sub-wavelength region and working at quasi Transverse
Electromagnetic (TEM) mode configuration. This enables the resonator to have a much
lower thickness (tens um instead of hundreds or thousands pum) which would be close to
the optical mode thickness.

Furthermore, the upper metal has a ring-form that forces the mm-wave signal to be
pushed towards the resonator rim which will maximize the E’,,(r,) factor and increase
the interaction between the signal photons. Ultimately, because the mm-wave is already
well-confined near the resonator rim, no need to drill a hole in the resonator and the ring
resonator can be replaced by a standard disk resonator which will significantly relax the
fabricating and keeping the same performance.

4.6.1. Proposed up-conversion scheme

The resonator is made of LiNbOj3 and has a radius (R,.) of 488 um with a thickness (H, )
of 60 um. This ensures the phase matching at the frequency of interest at 183 GHz in case
the proper mm-wave WGM mode is excited, which is here M = 4. Hence, four wave-
lengths of the mm-wave are circulating inside the resonator at the intended frequency.

The coupling of the optical signal which is coming from the laser is performed using
standard prism coupling. Figure 4.21 shows a general example of exciting an optical
visible WGM in a LiNbOj disk resonator using a prism. Two points are considered for
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Figure 4.22: Ratio between reflected optical power to the incident one vs resonator curvature
radius.

better coupling of the optical signal (to couple most of the laser power) and maximize the
intra-cavity power to be orders of magnitude larger than the incoming pump laser. Firstly,
the prism angle is set to be equal to the angle of incidence for a normal optical signal
incidence with an angle of 64°. This exceeds the critical angle between prism material
and air, hence the expected evanescent field needed to couple the signal into the resonator
is created in the air gap region. Secondly, instead of a sharp outer edge of resonator, it has
a curvature (7,.;) of 150 um which is optimized following [157] as is shown in Fig. 4.22
to have a negligible reflected optical power.

Figure 4.23 sketches the proposed mm-wave and optical coupling with a transition to
the standard metallic rectangle waveguide working at such frequency range (WRS5). The
resonator is placed between a ground (at the bottom) and a metal ring (at the top) with
a microstrip line for mm-wave coupling. The light-orange parts represent hollow metal
boxes filled with air. For the two WRS metallic waveguides, only the hollow rectangle
cross-sections are drawn as the background is assigned as Perfect Electric Conductor
(PEC) by default.

Figure 4.24 demonstrates that the microstrip efficiently couples the mm-wave signal
at the designed frequency which ensures fulfilling the phase-matching condition. Similar
to what is shown for the microwave up-conversion system in Sec. 4.4, the extremely low
value for S, means that most of the mm-wave power is coupled to the resonator without
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Figure 4.23: The up-conversion scheme with microstrip and prism for mm-wave and optical cou-
pling respectively.

losing power in transition to the output port. Additionally, low S;; means that the mode
is pure traveling and there is almost no reflection back to the input port.

The prism shape and dimensions are carefully designed to have negligible effects on
the mm-wave coupling in the resonator which is confirmed by seeing the relatively weak
fields excited in it in Fig. 4.25 which shows the electric field distribution over the system
components. Figure 4.25 demonstrates the excitation of the proper mode (M = 4) to
achieve the phase-matching condition. The normal electric field component E, (normal to
the resonator surface) is the dominant component inside the resonator as it appears in Fig.
4.25(b) while it is negligible inside the metallic waveguide as it works at the fundamental
TE .

Figure 4.25 proves also that the field is well confined at the resonator rim which in-
creases the overlapping between the two signals and hence giving a higher photonic ef-
ficiency. Following (4.4), the estimated normalized efficiency is 1072 which is around
five orders of magnitude higher than state-of-the-art up-conversion systems using WGM
resonators at mm-waves [ | 19] and three orders of magnitude more compared to the re-
cent experiment using a LiNbOj disk resonator coupled by DRW with a record efficiency
[120].
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Figure 4.24: Mm-wave coupling for the up-conversion scheme.

4.6.2. Fabrication tolerances

As the system works at such high-frequency range, the fabrication tolerances are one of
the main challenges. For example, the proposed resonator has fabrication tolerances of
+10um and +2 um for radius and thickness respectively. To see how this will affect the
mm-wave coupling, such tolerances have been simulated as shown in Fig. 4.26 and Fig.
4.27 for radius and thickness tolerances respectively. They demonstrate that such fabri-
cation tolerances of radius would result in a frequency shift of £4 GHz while thickness
tolerances produce a shift of +2 GHz.

Although this frequency shift is relatively small compared to the resonance frequency
(around 2%), it is still critical not only for shifting the frequency of satellite application
but also for the up-conversion process. With this shift, the phase-matching condition
between the mm-wave and optical signals will not be fulfilled.

From this perspective, the proposed scheme has an attractive characteristic of the pos-
sibility of refined electric-tuning of the operating frequency over a wide range of fre-
quencies to replace the iteratively fabrication tuning mechanism [50] used in standard up-
conversion schemes. The proposed tuning can efficiently scan from 160 GHz to 205 GHz
as presented in Fig. 4.28 (for the same M = 6 WGM mode). This tuning is performed
by moving the metallic ring which is above the resonator as will be shown in Sec. 4.6.3
where moving it towards or away from the resonator would decrease or increase the res-
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Figure 4.25: The electric field distribution along the main scheme components (a) total magnitude,

(b) the normal field component to the resonator surface.
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Figure 4.27: Fabrication tolerances of resonator thickness.
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Figure 4.28: Tuning the mm-wave coupling.

onance frequency respectively. This will overcome the manufacturing tolerances for such
electrically small and physically small (at the mm-wave range) resonator.

4.6.3. The designing and manufacturing of the integrated up-conversion scheme

Another attractive feature for the proposed scheme is that it can be easily integrated as
a single block as presented in Fig. 4.29. This is extremely suitable for CubeSat and
spacecraft applications. The structure consists of seven main blocks as follows (from
down to up): bottom metal cover, optical housing, bottom cavity, Si substrate with a
microstrip, upper cavity, rod extension, and upper metal cover. The brown parts are the
top and bottom metallic components machined by Computer Numerical Control (CNC)
and they act as a cover for the scheme. They are housing the WRS metallic waveguide as
well to be easily connected later to the antenna as illustrated in the side view of Fig. 4.29.

The metallic ring is connected to a rod extension made of metal too (all in orange)
which is controlled by piezo provided by SmartAct [158] and placed above the upper
metal block. To achieve the required precise tuning, the piezo is used to move the ring up
or down with a precision of 4 nm which corresponds to a frequency shift on the order of
tens of MHz.

Regarding the optical coupling, the optical signal is coming from a laser and is fo-
cused using a GRIN lens to a Chemical Vapor Deposition (CVD) diamond prism (in
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Figure 4.29: Overview of the integrated system.

green), then the side-band optical signal is coupled out using another GRIN lens. Both
the prism and the two GRIN lenses are glued in the same optical housing which is made
of Aluminum. The whole optical housing is controlled by another piezo to ensure good
optical coupling, the piezo is omitted in the pictures for simplicity. While the GRIN lenses
are standard GRIN2915 that are commercially available in Thorlabs [104], the prism is
designed specifically for this system to have a better optical coupling and also because the
standard prisms would be bulky for this small resonator and would affect the mm-wave
coupling.

Then the parts in gray are Si micro-machined and gold-plated (except the substrate).
They act as the cavity (holder) for the resonator and house the microstrip and WRS5 tran-
sitions too as presented in Fig. 4.30. The hole in the upper cavity is for letting the moving
metallic ring pass up or down to arrive to the resonator. Moreover, it is bigger than the ring
which allows horizontal movements for the ring using the 3-axis piezo to ensure a good
alignment between the ring and the dielectric resonator which compensates misalignment
in the placement of the resonator in the micro-machined holder.

The disk resonator is manufactured mechanically with high-precision single-point di-
amond turning from single LiNbOj crystalline in Resonant Optics group at University of
Otago [159]. Then it is glued with wax onto a brass rod as in Fig. 4.31(a) to be pol-
ished carefully for smoothing the optical surface and have high optical Q-factor in order
of 10®. Such brass rod can be easily heated up to 100°C for melting the wax and preparing
resonator for the pick-and-place in the micro-machined cavity.

Five prism prototypes (Fig. 4.31(b)) made of CVD diamond are manufactured with
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Figure 4.30: Signals coupling of the up-conversion scheme, left is mm-wave coupling only, right
is both mm-wave and optical.

a shape of isosceles trapezoid by the Applied Diamond Inc. [160]. They have a thin
thickness of about 200 um which is small enough to not affect the microwave coupling
for this tiny metal-enclosed resonator but at the same time large enough to have all power
from the optical signal contained inside it. It has also a relatively small long-side of about
800 um and angle of 64° which are designed for the optical coupling between the two
GRIN lenses in the integrated scheme.

The metallic ring which has a radius close to the resonator one is manufactured using
CNC-machining as shown in Fig. 4.31(c). The extra part of the ring is the rod extension
which is used to enhance the mechanical stability and enable the ring to be connected to
the 3-axis piezo.

Micrographs of the manufactured bottom micro-machined cavity attached to the bot-
tom CNC-machined metal cover are shown in Fig. 4.32(a) for two cases, without and with
the upper cavity. It illustrates also how the microstrip substrate (where the microstrip line
and the two WRS transitions are printed) lies on this bottom cavity. All blocks and metal-
lic ring are manufactured in Nano-Rennes (Rennes University) [161].

The upper micro-machined cavity attached to the upper metal cover is presented in
Fig. 4.32(b), before and after the addition of the metallic ring. It depicts the rule of the
hole in the upper cavity which the metallic ring would pass through it towards and out-
wards the resonator for tuning purposes. Finally, Fig. 4.32(c) shows the overall integrated
system after including the upper/lower metallic covers to the upper/lower Si-cavities and
the microstrip substrate.
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Figure 4.31: Photo and micrograph of the manufactured (a) LiNbO3 disk resonator, (b) CVD
diamond prism, and (c) metallic ring with its rod extension.
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Figure 4.32: Micrograph of the manufactured integrated system (a) bottom part, (b) upper part,
and (c) whole system.
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4.7. Conclusions and principal remarks

A nonlinear up-conversion radio astronomy receiver is introduced, it is based on up-
converting the microwave (or mm-wave or even THz) radiation into the optical domain
where standard devices are widely available. This is performed by exciting WGMs for
both microwave and optical input signals inside a nonlinear material. This receiver can
work efficiently at room temperature without the need for bulky and high-cost cryogenic
cooling and it can be easily scaled to cover any desired frequency from microwave up to
THz.

A study of the photonic efficiency estimation for the system has been briefly dis-
cussed which is a key parameter for such receivers. This is followed by possible tech-
niques for maximizing it which is mainly achieved by enhancing the modes overlapping
while satisfying the phase-matching condition between the two input signals. A metal-
covered WGM resonator has been proposed with an enhancement of the photonic effi-
ciency around 5000 times compared to the corresponding standard dielectric ones. The
proper design for the microwave coupling scheme for such proposed resonator is dis-
cussed.

Several DRA designs are given for the direct radiation coupling to the resonator with-
out using any extra interfaces which enhances the performance of the system and reduces
both cost and size. Higher gain DRAs are achieved by either a single antenna working
at higher-order modes or by changing dielectric shape or by configuring a DRA array
fed by a novel feeding technique based on standing-wave excitation. This novel feeding
technique eliminates the use of power dividers or quarter-wave transformers to keep the
low losses feature of the DRA and have a high radiation efficiency. All three antenna
alternatives provide high gain of about 9 dBi, 11 dBi, and 15 dBi for the single rectangle,
single-pyramidal horn, and a 3 X 3 rectangle array respectively. The rectangle element
and array antennas are 3D manufactured and the measured results show a good matching
compared to the simulated ones with a measured peak gain of about 15 dBi for the array.

Additionally, in this chapter, an integrated 183 GHz radiometer working at room tem-
perature for earth observation applications on CubeSat satellites is presented. Eliminating
the need of using a cryostat makes a payload compact, low weight, and extends satellite
mission lifetime. By engineering a micro-machined mm-wave cavity that maximizes the
modal overlap and fulfilling the phase-matching and energy conservation conditions, the
system has a predicted high photonic efficiency  ~ 1072, This is surpassing the state-
of-the-art by around three orders of magnitude in this frequency range. The microwave
coupling is performed using a microstrip line printed in a Si substrate which has two
transitions to standard WRS metallic waveguides which makes the whole system ready
to integrate to any mm-wave antennas with a metallic waveguide end. A CVD diamond
prism and two GRIN lenses are used for the optical coupling.

The tolerance study for each of the dominant system parameters is done which shows
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that the microwave frequency resonance is shifted around 2 GHz in case a tolerance of
about 5 um or 2 um occurs for the resonator radius or thickness respectively. A metallic
rod with a ring-ended connected to a piezo is designed to shift up or down the resonance
by moving it upwards or downwards to the resonator respectively. this enables the sys-
tem to be tuned over a very wide band (183 GHz + 22 GHz) with fine-tuning on the order
of tens of MHz. With this mechanism, the complexity of the manufacturing process is
reduced and both fabrication and alignment tolerances are completely compensated. The
resonator, diamond prism, micro-machined Si cavities, microstrip substrate with transi-
tions, and CNC-machined metallic covers are manufactured and under assembling process
to be ready for the measurements.
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5. FINAL CONCLUSIONS AND FUTURE LINES

5.1. Conclusions

The contributions in this thesis are:

e UWB circularly-polarized feed systems (antennas+baluns) for VLBI and Earth ob-
servation direct radio astronomy receivers.

e High-directivity UWB THz antenna arrays with high radiated power for down-
converter heterodyne receiver and studies of the metal losses for THz planar an-
tennas.

e Up-converter WGM-based receiver working at room temperature with high pho-
tonic efficiency, high-gain DRAs for its microwave coupling, and integrated mm-
wave scheme for CubeSat applications.

In the first part, associated with the Chapter 2, two UWB circularly-polarized antenna
feed solutions for covering the VLBI requirements are proposed to cover the frequency
range from 2 GHz to 14 GHz. Firstly the conical log spiral antenna for single CP. Sec-
ondly, an array of four spirals that is based on a four-elements array for dual CP opera-
tions which is called DYQSA. The proper designs for the balun and four-baluns system
are provided to excite the two proposed antennas respectively. A summary of the design-
ing steps is discussed with the possible procedures to overcome the fabrication challenge,
especially at such relatively high frequencies. The antennas are 3D manufactured and the
measurements show a high level of similarity to the simulated ones. These feeds provide
three new attractive characteristics compared to the state-of-the-art feeds: a direct sin-
gle/dual circular polarization in contrast to single/dual linear polarization which avoids
the use of additional analog hardware or digital software for linear-to-circular polariza-
tion converting. Secondly, stable radiation patterns and beamwidths over a UWB with
the easy adaptation to different radio telescopes. Thirdly, the constant with an almost
real input impedance of the antenna due to its self-complementary geometry (which is
beneficial for the other receiver components such as LNA and/or balun). All the previ-
ous conclusions make the proposed antennas beneficial not only as radio astronomy feeds
but for many other UWB applications that require such tricky performance. Addition-
ally, the single CP single-element antenna is redesigned for the CryoRad low-frequency
future Earth observation radiometer. The simulation results demonstrate its ability for
efficiently-covering all system requirements in the required band from 400 MHz to 2 GHz
with low weight and compact solution compared to other standards feeds.

With respect to the second part (Chapter 3), three UWB planar antenna arrays based
an bow-ties and photomixers are presented, each of them is laying on a dielectric lens
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forming an AE THz source. These AEs cover different frequency ranges from 50 GHz
to 0.5 THz, from 100 GHz to 1 THz, and from 200 GHz to 2 THz. Several commercial
extended-hemispherical Si lenses are tested which demonstrate the significant influences
of the lens dimensions on the antenna performance. These compact arrays have elec-
trically small element-spacing to ensure constructive interference between them which
avoid the out-of-focus problem. They are called Chessboard arrays following the result-
ing shape of this high-density element-distribution. A proof-of-concept array is manufac-
tured showing the details of the complete assembly of the AE and measurements setup.
The measured THz radiated power outperforms other integrated THz sources working at
the same range which are based on the same concept of combining photomixers and self-
complementary antennas. The proposed antenna sources have several advantages such as
high directivity, compact, ease of integration, relatively high radiated power, tunable, and
low cost, in addition to operating at room temperature. This makes it a good candidate as
a local oscillator in radio astronomy heterodyne receivers as well as a directed CW source
for several THz applications transmitters that require these advantages.

Additionally, in the same second part, studies for the metal losses of planar THz an-
tennas based on the common assumption of the gold characteristics and the actual mea-
sured gold alloy characteristic are performed. These studies demonstrate that, unlike the
conclusion that can be derived from the gold characteristic assumption, the metal losses
have dominant and very strong effects on the antenna gain (which in turn would affect
its radiated power). This especially occurs at lower frequencies where the skin depth of
the manufactured metal alloy goes greater than its thickness. These high loss levels can
be enhanced either by using thicker metal (larger than the metal skin depth for whole
frequency band) or by changing the antenna topology, the trade-off between these two
solutions are investigated. Such studies are interesting for avoiding the huge losses from
the metal which if it is correctly considered, can significantly enhance the radiated THz
of the antennas.

In the third part and in contrast to the cooled radio astronomy receivers presented in
Chapter 2, Chapter 4 presents a non-standard radio astronomy receiver based on the non-
linear up-conversion of the microwave radiation into optical domain using WGM. The re-
ceiver can be easily scaled to be used in different frequency bands (microwave, mm-wave
or THz). A novel metal-enclosed WGM resonator and microwave coupling scheme are
proposed which enable the receiver to have a photonic efficiency that significantly outper-
forms other up-conversion WGM systems. This is achieved by dramatically decreasing
the mode volume of the microwave and pushing it towards the rim of the resonator to
enhance the overlap between the microwave and optical signals. Three high-gain DRAs
in single-element and array configurations are proposed for the direct coupling of the mi-
crowave radiation to the metal-enclosed resonator. Two of them are 3D manufactured
showing excellent measured results close to the simulated ones.

Also, in this third part, a practical application for the proposed high photonic effi-
ciency receiver is discussed. A complete integrated opto-electronic up-conversion sys-
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tem for CubeSat satellite radiometer has been proposed for 183 GHz water vapor profile
measurements and weather forecasting. The proposed receiver has four main attractive
features, firstly, it operates without cryogenic cooling which decreases the satellite cost,
weight, and volume with a significant increase in the satellite mission lifetime. Secondly,
it has a very high photonic efficiency that outperforms other mm-wave up-conversion
schemes. Thirdly, it is fully integrated which makes it convenient for the satellite envi-
ronment. Fourthly, it has the ability to have a refined tuning over a wide frequency range
which completely compensates both fabrication and alignment tolerances.

Finally, it is worth noting here that the development of this Ph.D. dissertation work
has directly or indirectly led to the publication of 11 JCR journal papers (7 in Q1 and 3
in Q2), 2 invited papers, and 33 conference papers. The list of contributions is detailed in
"published and submitted content" and "other publications" sections at the beginning of
this thesis.

5.2. Future lines

From the first part and related to VGOS radio telescope feed, the reduction of the aver-
aged DYQSA array efficient from 65% in simulations to 50% in the measurements needs
further investigation to elucidate the reasons behind this degradation. Following the ex-
cellent measured results of the proposed conical log-spiral element which presents a high
total aperture efficiency of about 70%, the degradation for DYQSA may be due to mis-
alignment issues. Especially that the misalignment between the elements will cause a
phase mismatch between one turn of the spiral and its corresponding turn in the other
antenna for the same polarization and this will affect the symmetry of the patterns. Also,
the antenna can be over-designed at the lower band (increase the largest diameter) to
enhance the behavior of the feed at the lower frequencies. This will only increase the
feed size without affecting its manufacturing/alignment complexity. Finally, related to
CryoRad radio telescope feed, the extensive studies which performed for VGOS, should
done here including the analysis of the whole receiver system once the feed are integrated
with the radio telescope. Then the same should be repeated but by using multiple feeds
to achieve the requested complete ground swath width with the required resolution and
efficiency. Although that the multiple feeds configuration achieve the application require-
ments, primarily studies show that there is a limit with the inter-element spacing as at
higher frequencies as the array radiating elements (which are the small arms close to the
top small diameter) have large separation above 14 due to the much bigger size of the
large diameter. This in its turns would result in sidelobes at the higher frequencies. This
can be avoided by dividing the full band to two smaller bands from 400 MHz to 900 MHz
and from 900 MHz to 2 GHz and use an array of multiple feed for covering each sub-band.
Finally, the manufacturing and measurements of the antenna should be performed.

Regarding the second part, although the proposed THz Chessboard array provides
very high directivity of about 30 dBi which enables it to have a high measured radiated
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THz power of 60 uW at 150 GHz, it is remarked that there is a big room for enhancement
from five main factors, in case higher THz power is needed by doing one or a combination
of these options:

e Extending the array to larger number of elements which is an easy and straightfor-
ward solution as the design procedure and manufacturing/alignment setup would
kept the same.

e Using better micro-positioners or high-accuracy piezoelectric to reach higher align-
ment accuracy and increase the illumination efficiency of the photomixers array.

e Relaxing the lens size restriction and allowing the testing/use of lenses with larger
diameters.

e Fabricating a non-standard microlens array that is corresponding to the exact de-
signed pitch size (for example, 227 um instead of this modified pitch of 300 um).

e Over-designing the array at the higher frequency end to have stable properties at the
high-frequency end.

Additionally, for the metal losses study and following what is done for square spiral and
log-spiral antennas, further investigations should be done to extend the study to different
standard planar THz antenna typologies such as bow-tie and log-periodic antennas. Also,
to have a fair comparison between the four antennas, the aperture efficiency should be
estimated for each case in which both the antenna gain (in turn, the losses) and the physical
size are considered.

For the third part, as discussed before, both pyramidal horn DRA single-element and
the rectangle array based on standing-wave feeding could enhance the antenna gain. Pos-
sible main extensions for the work are to design an array based on the same feeding
method but using the pyramidal horn DRA element instead of the standard rectangle one,
extend the array to larger number of elements, and scale the design to mm-wave range.
Actually, due to the mentioned advantages of such proposed DRAs and their low losses,
compact size, and low cost, an array based on an adjusted version of the proposed pyra-
midal horn is recently implemented within a project funded by Huawei to be used for
5G base station antennas (it is omitted in the thesis as the focus here in the radio astron-
omy applications) Regarding the up-conversion satellite receiver, although the proposed
receiver provides an integrated scheme with a metallic waveguide front-end to be able to
use any standard mm-wave antennas, DRA array working at mm-wave range with high
gain would be a better solution. This is because such a solution avoids the use of the
metallic waveguide to microstrip transitions and achieves a direct coupling for the ra-
diation to the system. Also, the BW of the up-conversion scheme can be increased by
applying selective optical coupling techniques or by using an array of resonators working
at different resonances. Additionally, the whole system can be easily adapted from the
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mm-wave to work at THz range (above 1 THz) in which it would outperform the state-
of-the-art LNAs and mixers working at cryogenic cooling (below 120 K) even when the
system is working at room temperature.
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