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bstract T

Abstract

This PhD dissertation presents and analyses various room-temperature circuits for Terahertz detection
and generation implemented in CMOS 65nm bulk and 28nm FDSOI throughout the course of the
thesis. The work discusses the methodology of design and feasibility of fully-integrated focal-plane
arrays of detectors in CMOS technologies as potential commercial solutions for various THz
applications.

The interesting characteristics of the Terahertz portion (300GHz-3THz) of the Electromagnetic
spectrum incite plenty of applications ranging from safe and non-invasive medical imaging (cancer
detection, dental imaging, pharmaceutical and other), security screening and chemical detection,
safety inspection and quality control, astronomy, ultra-high data-rate communications and many
others.

However, this region of the Electromagnetic spectrum has been dubbed the THz-Gap due to the lack
of commercial sources and detectors. Classical THz-systems, therefore, have been explicitly
dominated by expensive technologies that suffer from low-integration levels and high operational
costs. Consequently, current THz-products have been limited to single or few pixels only with raster-
scanning techniques to produce single THz image-frames. Therefore, and contrary to the current state-
of-the-art, developing such applications with commercial viability will require portability and high
integration-levels, video-rate speeds, low power-consumptions as well as room-temperature operation.
Reasonably, Silicon-based technologies that are the core of the vast majority of commercial and high-
end electronic products seem to be a tempting solution to bring this THz-Gap.

The investigations of this PhD thesis evolve from the theoretical analysis to the optimisation of naked
detectors implemented in various technology nodes and illumination topologies, up to the
implementation of a 1 k-pixel video imager that includes on-chip signal multiplexing, amplification
and processing. Terahertz source design based on 5-push harmonic oscillators is discussed and aimed
at attaining the highest frequencies possible in CMQOS. Terahertz imaging systems are also discussed
in the context of their corresponding applications, link budgets and feasibility.



Terahertz Circuits and Systems in CMOS- A Thesis by Hani Sherry

Thesis Contributions

This thesis is based on a series of personal original contributions as well as co-designed circuits. Some
of the work appears in the published literature and other are pending characterisation. The thesis has
involved both design and measurements. The circuit characterisation was carried out at the University
of Wuppertal labs. | was involved in chip packaging and wire-bonding, lens-gluing, electrical and
optical setup preparations, and measurement of the designed circuits.

Regarding circuit design, | have designed and taped-out a variety of circuits. The contributions could
be summed up as follows:

Chapters 2 and 3:

A thorough analysis of terahertz detectors and their figures of merit are presented. The
analysis involves various parameters necessary for the optimisation of the responsivities and
noise equivalent powers of the naked detectors.

A detailed noise analysis of Terahertz direct detectors is discussed

Gate-chopped and output-chopped detectors for noise reduction are suggested.
Technology-based comparison for efficient Terahertz detection is presented with respect to
bulk, partially depleted, and fully depleted CMQOS process technologies.

Various Illumination topologies were implemented, measured and analysed.

The design and measurements of broadband source-driven differential NMOS detectors were
done together with Richard Al Hadi.

Optimised Terahertz direct detectors were implemented in 65nm Bulk CMOS. | have carried
out a detailed impedance analysis across various detector sizes and detection topologies, and
antennas were designed by Dr. Janusz Grzyb to match the corresponding impedances. |
carried out detectors’ characterisation across various frequencies of operation, modulation
frequencies, and gate biasing.

Common-well differential field effect detector

First trial of FDSOI direct detectors was designed and measured. The design was not
optimised as RF models were not available at the time of design. Measurements of three
detectors were carried out across frequencies of operation, modulation frequencies, as well as
body and gate biasing. The noise levels were compared between 65nm bulk and 28nm FDSOI
for the same device sizes.

Detectors with output combining were presented

Novel circuits for dual polarisation detection were presented with prospects in polarisation
diverse imaging and in heterodyne imaging.

Chapters 4:

I have designed the pixels of the 1kpixel video camera including the in-pixel electronics in
schematics and layout level



Thesis Contributions

e | have packaged, set up, programmed an FPGA, and measured the camera chip for the initial
publication at the ISSCC2012 with the assistance of several colleagues

Chapters 5:

e | have designed in 65nm bulk CMOS two 5 push ring oscillators for 600GHz and 900GHz

output frequencies

e | have designed a heterodyne detector utilizing the 600GHz ring oscillator as an LO

e | have designed a modified Wilkinson power combiner, combining two of the 600GHz
oscillators with novel concept of mutual locking

Chapters 6:

e | present imaging results of several imaging techniques for single pixel and multi-pixel
imaging of some of the detectors | have designed
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Chapter I- Introduction

Chapter I- Introduction

ver since the discovery of Electromagnetism around the mid-18" century, succeeded by the

derivation of the four famous Maxwell’s equations, and our view to the universe has been

revolutionized. Even our perception of our very existence has leaped forward dramatically.
What our eyes see are but tiny portions of the vastness of the EM spectrum. The ability to access
spectra beyond the visible light has ignited the endless technological booms, and scientists and
engineers teamed up to devise apparatuses that could either sense or produce at will specific bands of
this radiation.

The beauty of the EM spectrum is that it conveys various transverse characteristics across its breadth,
based on interactions and behaviours within the media in which the waves propagate. This variety of
characteristics instigate distinct and diverse interests leading to multiple applications from
communication to imaging and sensing as well as fundamental scientific research.

106 107 108 10° 10 10™ 10% 10%3 10% 10% 10 107 10 10 10%° Frequency
[Hz]

Figure 1-1: The Terahertz place within the Electromagnetic spectrum

Amongst the most compelling and scientifically-stimulating regimes of the EM spectrum is the
Terahertz region. As the name suggests, this region conveys waves oscillating at rates on the order of
10" oscillations per second, equivalent to sub-millimetres in wavelength. The engineering society
likes to loosely identify the Terahertz-region as where any frequencies run from 300GHz up to
30THz, where 300GHz is equivalent to almost 1mm of wavelength. Figure 1-1 shows the location of
the terahertz regime within the Electromagnetic spectrum. Effectively, in comparison to millimetre-
waves and micro-waves the wavelengths are far shorter, yet longer than infra-red and visible light.

What rouse research within this regime are the voluminous applications that need to or could be
supported within the frequency range. The key to understanding this vastness of applications, as will
be demonstrated shortly, lie within the intrinsic characteristics of this portion of the EM spectrum.
Multiple interactions with matter exist within this bandwidth, and many chemical, biological,
molecular, and physical structures exhibit unique fingerprints and rotational modes at specific
frequencies within the THz domain.

Beyond the interactions there lie more explicit behavioural specificities [1], [2]. THz radiation is
characterised by high absorption peaks for oxygen molecules and polar liquids such as water [3], [4],
[5]. However, THz radiation penetrates many non-dielectric materials, such as fabric, foam, plastic
amongst many[6], [7], [8], whilst they are almost totally reflected by metals. An additional
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characteristic is derived from the photon-energy levels of the Terahertz rays. At 1THz, the radiation
has a photon energy level of 4.1meV, as opposed to the MeV levels at XRays.

The combination of these characteristics has therefore brewed the variety of applications that have
established heightened activities in the recent decade [9]. The application space of the Terahertz
regime is widening as more interested groups are joining the research efforts. These applications span
over a wide range of fields that may seem disconnected in modalities and characteristics. However all
of these applications are linked by the characteristics of the Terahertz band itself. Categorically, these
applications either fall within the imaging, material characterisation, or the communication fields. We
define below sets and subsets of interesting applications that have either been already identified or
that have potential prospects.

1.1. THz Applications

Imaging Applications

Probably the first application-space that comes to the minds of all persons involved or aware of the T-
Rays is Terahertz imaging for security screening. It has effectively turned into the most sought-after
application. Full-body scanners have been an interest for highly sensitive facilities and public spaces,
such as airports, governmental compounds, or open space festivals. Originally, security screening was
either based on metal-detectors, X-Ray back-scatter imagers, or millimetre-wave passive and/or active
imagers. Comparatively, Terahertz radiation is safe relative to X-Rays due to the much lower photon
energy that is believed to cause no damage to living tissues through ionization. Therefore, THz
radiation seems promising for airport non-invasive full-body security scanners [10], [11], [12].

Chemical characterisation and drug screening and identification is also possible, either for human-
carried substances or for scanners of parcels and mail [13] and that is due to the intrinsic
characteristics of certain chemicals that exhibit specific reflectivity, absorption, and refractive
signatures [14], [15], [20].

Another set of applications lie within the domain of safety of public, industrial spaces, and private
households. These applications take the form of detection of gases such as Hydrogen cyanide and
Ammonia, or sensing the air quality within a closed space. As Terahertz rays can penetrate non-
dielectric materials, applications extend to non-destructive quality control and inspection of hidden
defects, non-uniformity and cracks [16], [17]. Figure 1-2 is an example of detection of hidden objects
and the revelation of cracks that are unseen to the naked eye.
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Figure 1-2: Terahertz image using a 65nm CMOS SOI detector revealing hidden objects and foam
inner cracks unseen by visible light [18].

Medical and biomedical imaging is also one of the most promising fields that have been undergoing
extensive research in the recent years. The primary benefit arises from the safe energy-levels of the
radiation as well as the much higher spectral resolution contrary to mm-wave and microwave
imaging. Spectroscopic imaging is capable of revealing and analysing various biological and chemical
conditions. THz imaging has been applied to analyse breast-tumours [19], [20], skin hydration and
skin cancer [21], [22], [23], [24], liver cancer [3], [25], and colon cancer as shown in Figure 1-3.
Terahertz radiation was used to monitor wounds healing [26]. A catalogue of optical properties of
tissues exposed to THz pulsed radiation was developed by Fitzgerald and Berry et al. [27], [28]. It
was also shown that THz radiation could benefit in dental imaging [29], [30], [31] to identify and
monitor tooth-decay and development of carries. Furthermore, the application space extends to the
pharmaceutical industries and the analysis of tablets and chemicals through productions [30], [32].

(@ (b)

Figure 1-3: (a) THz image of excised colon tissue showing healthy tissue in green and cancerous tissue
in dark red (fake colours). (b) Imaging performed by THz system from Teraview [33]
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THz Communications

Communications has been deemed one of the exciting opportunities in the near and mid future. In
fact, the demand for high data rates is ever-increasing and is running shoulder by shoulder with the
technological advancement and the globalisation of industry as well as knowledge and expertise. As
the traditional communication spectra are congested, the Terahertz regime is a widely unlicensed
spectrum by the wireless regulation bodies around the globe [34], [35], [36]. Communication over a
THz carrier frequency could solve the lack of available spectrum, as well as the wide bandwidth could
lead to utterly high data-rates [37], [38], [39], [40], [41]. However, as signal attenuation is high and
power levels are low then communication links necessitate highly-directive systems leading to point-
to-point communications within short ranges. Yet, this may come for the benefit of securing the short
range links where confidential information could be relayed fast and securely.

1.2. State of the Art in THz Detection and Generation

Terahertz Detectors

Despite the appealing abundance of applications the Terahertz domain, bringing those potentialities
into realization is a different story. The Terahertz band lies right in the middle of the two converging
technologies, the optical and the electronic realms. Both technological-realms do not intertwine, and
are literally separated by the terahertz band. As a limiting consequence, the existence of detectors and
sources has never made it to large-scale manufacturing nor was transformed to commercially-driven
applications. Of course, most of the applications demonstrated above are of a commercial or wide-
scale taste. Therefore, the science and engineering world dubbed it the Terahertz-Gap, as it serves a
challenging frontier to be bridged with novel concepts and innovative technologies.

However, THz detectors and sources do exist. Traditionally, radio astronomy was the main
application-space beyond 300 GHz where mixers have been developed based on Schottky diodes.
Much advancement has been attained in the recent decades up to the very recent days. Schottky
diodes were initially designed with I11-V compounds, with impressive performances [42], [43], [44],
[45]. Even focal plane arrays existed especially for radio astronomy with cryogenically cooled devices
[46], [47]. However these technologies are expensive in terms of manufacturability, mass-production,
as well as packaging where wave-guides are essential for signal coupling.

Besides the Schottky-based detectors there exist thermal-sensing based detectors, namely bolometers
and micro-bolometers [48], [49]. These technologies exhibit very good performance levels and they
excel in passive imaging. Other types of detectors are based on Josephson junctions [50][51] with
stacking abilities in 2D arrays[52]. Other existent solutions are based on Golay cells [47], pyro-
electric detectors [42], bolometers, micro and nano-bolometers [54], [55].

A few companies in the millimetre-wave and sub millimetre-wave domain started to exist recently,
such as Teraview [33], QMC [56], NEC [57], TRAYCER [58], TeraOptronics [59], and Virginia
Diodes [60]. However, as mentioned above, all of these technologies either are expensive to
manufacture, bulky and power consuming, or require cooling. Additionally, an impediment common
to all of these solutions is their incompatibility with the conventional and mainstream
microelectronics. There has long been a consensus amongst the technical and commercial
communities that utilising Silicon based technologies are the most commercially viable for consumer-
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like technologies for what processes bring in terms of maturity, integration level and performance,
and most importantly yield and mass-production capabilities. Indeed, with the impediments of the
above mentioned technologies, silicon-based very large scale integration (VLSI) seems to be the most
attractive ones of all. Furthermore, the high-frequency capabilities of silicon technologies steadily
improve through scaling, which enables high integration levels and low power consumptions at higher
frequencies. However, their low fr/f,, are still a limiting factor for terahertz applications where
transistors do not exhibit any gain beyond these frequencies.

There have been recent outcomes on Silicon based Schottky mixers with promising results. Schottky
detectors in HBTs with performances mainly enhanced by the advanced scaling of the technology
with .« values reaching 500GHz [61], [62]. CMOS based Schottky detectors have also appeared in
the recent years [63], [64], [65]. However, all of these technologies are active-sensor based, as the
sensitivities are not high enough for passive imaging.

Coherent THz imaging in CMOS was also demonstrated with spatial LO-supply [66], [67] or by
supplying the local oscillators externally and utilising a harmonic of the fundamental. A great deal of
recent work, however, focused on developing room-temperature direct detectors. Direct detectors
exhibit wide bandwidths and are extremely feasible for array realisation, essentially due to the ultra-
low power consumption as well as the minimal pixel-space required. Basically, there is no need for
LO synthesis and routing for pixel detectors, which is also attractive because THz LO generation is
quite difficult. However, since direct detectors are less sensitive they must operate over a wide RF
bandwidth, making the design of an effective coupling antenna assigned to each detector a very
important and potentially challenging activity.

Krekels et al. have first demonstrated detectors in GaAs HEMT technologies [68]. Dyakonov and
Shur have explained the response as a non-resonant response to plasma-wave excitation of a 2D
electron-gas [69]. Knap et al. then later exposed Silicon FETs to terahertz radiation in [70], [71].
Direct detection in FETs was later explained by means of non-quasi static analysis as a distributed
resistive self-mixing process in a non-biased field effect transistor [72], [73].

Further work on CMOS direct detector emerged in the last two years with more research groups
joining the efforts [47], [74], [75], [76]. Designs of direct detectors in 250nm CMQOS followed [73]
with on chip antennas and amplifiers. Then, designs in 130nm CMOS for broadband detection [77], as
well as designs in 65nm CMOS bulk and SOI was demonstrated with various packaging techniques
[18], [78], [79]. Most recently, we demonstrated large-scale integration by a 1kpixel CMOS camera
for THz imaging [80], [81] . A THz staring imager with readout electronics was also presented in
[82]. This background study demonstrates the increased activity on design using Silicon technologies
with researchers aiming for further large-scale integration.

It is essential to mention the two main imaging techniques: active imaging and passive imaging.
Passive imaging relies on the sensing of the black-body radiation of the object under test. All matter
in this universe emits radiation based on the intrinsic temperature of the body, and the brightness at a
specific frequency follows the Rayleigh-Jeans approximation [83]. There exists a variety of
radiometers that are capable of sensing passively [48], [49], [84], [85]. However, CMOS-based
detectors fall short on the sensitivity for passive imaging, especially with the fact that no low-noise
amplifiers exist beyond the technology speed limits. Therefore, active imaging is, thus far, the only
possible technique for CMOS based detectors. This includes a THz source illuminating the object
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under test. Then, the THz detectors are used to collect the information either in transmission-mode,
where the signals penetrate through the object, or in reflection-mode, where the signals bounce off it.

Terahertz Sources

On the matter of Terahertz sources, there exists a variety of solutions based on high frequency Gunn,
IMPATT and Tunnel diodes, quantum cascade lasers, femto-second lasers, backward wave
oscillators, traveling wave tubes, Photo-mixer sources [50] [86] [87]. All of these solutions are not
feasible for high integration and are power-hungry.

For Silicon-based or MMIC based sources, we can distinguish two main types of THz sources:
multiplier-based sources where a lower frequency is fed into the inputs of a multiplier chain, or
oscillator-based sources.

For multiplier based sources, earlier work by Moussessian demonstrated a grid of frequency doublers,
reaching very high output powers on the order of 24mW at 1THz, using Schottky diodes, and
consuming around 47W [88] . Other Schottky barrier multiplier chains were demonstrated recently
[78], [89], [90]. SiGe HBT technologies with frequencies at 325GHz [91] and 825GHz full-
transceiver solutions based on BiCMOS technologies [62] were presented. Of course these design
benefit from the high fi/f..x of the technologies. There are also non Silicon based technologies with
frequencies reaching 1.5THz [42], [92], [93]. CMOS designs also exist at the lower end of the THz
region, [94], [95] with traveling wave frequency multipliers attaining 6.6dBm output power at
240GHz within a 220-275GHz range.

As for the oscillators, two types exists: fundamental oscillators that oscillate and transmit frequencies
below the technology limit where the transistors exhibit power gain; the second type is harmonic
oscillators, where a fundamental frequency oscillating below f/f,. is normally tuned out and a higher
order harmonic is extracted from the oscillator core.

A 300GHz fundamental oscillator was designed in 65nm CMOS bulk technology [96]. A 324GHz
frequency generator in 90nm digital CMOS with 4GHz tuning range under 1V supply voltage by
using a linear superposition method was designed [97].

Fundamental colpitts at 165GHz in a SiGe bipolar technology with an output power of -15dBm were
recently shown in [98]. Triple push oscillators with 3™ harmonic power-combining were demonstrated
with a 482GHz oscillator generating 0.16 mW in a 65nm CMOS process [99]. Then, a lens integrated
triple push oscillator with mutual coupling and power combining was demonstrated at 288GHz in
[100]. Coupled oscillator design have shown potential for increasing output power for THz oscillators
[101] with 0.46mW power at 320GHz and 0.76mW at 290GHz. A broadband 480GHz passive
frequency doubler in 65-nm Bulk CMOS with 0.23mW output power was also recently presented
[102].

In the author’s view, the lower end of the THz domain holds higher potential for the near future, with
sources of higher integration levels employing power combining may be deemed beneficial for all
silicon solutions.
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1.3. Purpose of this Thesis

The primary aim is to investigate possibilities of more adequate terahertz systems for the various
application fields that have been demonstrated above. It is essential here to define “adequate™ as
potential replacement-systems that would provide added benefits for the specific application(s) in
terms of cost, size, power consumption, ease of use, and sensitivity. And as the entire engineering
world is based on employing intelligent trade-offs, it will be apparent hereafter that the subtleties of
various parameters serve as added dimensions of choice for the Terahertz engineers and scientists. For
instance, airport Terahertz systems for security screening would require the sensitivity levels be as
high as possible, with frame rates that would not impede the huge flows of passengers. On the other
hand, applications in the fields of quality control may require less stringent analysis-time.

The main focus of this thesis is centred on designing circuits and systems based on CMOS process-
technologies. CMOS has always been the favoured candidate for high-yield low-cost mass-
production. The maturity of CMOS technologies in terms of theory, design, manufacturing,
characterisation, and packaging has been pivotal to bridging the major technological advancements of
our recent decades with daily life customers. However, at ultra-high frequencies, CMOS technologies
confront their fundamental barriers where performance begins to roll-off drastically.

Traditionally, engineers look upon the fi/f.., limits as their design edges. These limitations will be
sufficiently explained in the next chapters; however it is important to note at this point that all the
work that will be presented hereafter is based on circuit-design beyond the traditional fi/f. limits of
various technologies. It is what we can term as “The Unexplored Regimes of CMOS” for the
detection-end and “The Squeezing of CMOS” for the source-end. Through non-quasi-static analysis
we will soon explain how CMOS transistors could yet be operated at THz frequencies even though
the transistors are effectively attenuating the signals. It has only been a few years since researchers
have started looking into CMOS performance within the Terahertz domain, thus this thesis could
serve as part of the collective efforts being invested in developing the yet infant state of the art.

The discussions will develop an understanding of single pixel design comprising merely of an antenna
and a THz mixer. Analysis of various process technology choices, packaging options, detector
topologies and dimensioning, antenna structures, noise performances, as well as readout choices will
be presented. Eventually, building on the understanding of naked detector performances this thesis
investigates possibilities of multiple element cameras with higher levels of integration.

On the other hand, this thesis explores capabilities of frequency synthesis within the region of
Terahertz using Silicon solutions. This is aimed at the penultimate target of an all-Silicon solution for
THz-systems; a much needed breakthrough for widening the margins of THz applications. By all
means, since the main focus of this work is design in CMOS, or in a more generalized aim, in Silicon
technologies, it is thus wise to identify the possibilities of commercialisation and industrialization of
any potential solutions in Silicon. Given the fact that the current THz market is a niche one, any
concepts hereafter are either to perturb and replace already existent industries, or to create and
establish markets that have not existed at all.



m Terahertz Circuits and Systems in CMOS- A Thesis by Hani Sherry

1.4. Organization of this Thesis

This thesis is organised in the following manner: chapter 2 demonstrates the theory of THz mixing,
starting from the quasi-static modelling that is valid for low frequencies, on towards the non-quasi-
static analysis valid for the high frequency domain. The basic detector building-blocks and circuits
will then be presented, along with the relevant figures of merit related to THz direct-detectors.

In chapter 3, the theory from chapter 2 is expanded to discuss methodologies of efficient THz-
detectors design. This will include an in-depth analysis of the different aspects of the design from
technology comparisons, packaging techniques as well as the intrinsic device characteristics.
Afterwards, implemented and characterised THz detectors in 65nm bulk CMOS and 28nm FDSOI
will be presented. These include the design and measurements of various test structures including
single-pixel detectors, multiple output detectors, as well as polarisation-diverse detectors.

Chapter 4 presents the world’s first 1kpixel THz video camera designed and implemented in 65nm
CMOS bulk technology from STMicroelectonics. Camera and detector characterisation results will be
presented. This chapter serves as a demonstration of the viability of CMOS technologies for Terahertz
direct detectors.

Chapter 5 speaks about Terahertz frequency generation in 65nm CMOS. A 5push ring oscillator
design and implementation will be presented. The ring oscillator is used a local oscillator for an
integrated heterodyne mixer, which will also be presented in this chapter.

Terahertz imaging systems and setups from single pixel to multi-pixel setups will be presented in
chapter 6. This chapter discusses the feasibility of terahertz system design requirements in terms of
link-budgets, in view of the sensitivities of the available CMOS Terahertz technologies.

A global conclusion of the work is discussed in chapter 7 with a summary of this work and future
prospects.
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Chapter II- Theory of Terahertz Detection Using
CMOS Technologies

erahertz detection in field effect transistors could be explained by non-quasi static transistor

behaviour. In this chapter the theory of mixing using field effect transistors (FETS) is

explained. This theory has first been developed by [72], [73], and an expansion with respect to
different detector topologies will be presented here and in the next chapter. First, the low frequency
relations based on quasi-static analysis will be derived. Then, the analysis will be extended to the
Terahertz regime by employing non-quasi-static analysis. Afterwards, various circuit schematics for
both direct and heterodyne/homodyne detection that could be designed according to the derived
theory will be shown. Finally, the various figures of merit relevant to THz direct detectors with their
corresponding measurement setups and techniques will be explained.

The theory described in this chapter will serve as the essential basis for the next chapter on design
methodologies, where design optimization and implementation will be inspired by analysis of the
various parameters presented here.

2.1. Theory of Terahertz Mixing in CMOS

This section discusses in detail the theory of Terahertz mixing using Field Effect Transistors (FET).
First, the square-law equations from quasi-static analysis that hold for low frequencies such as radio
frequencies (RF) and microwave frequencies are extracted. Then, this analysis is transported to higher
frequencies based on non-quasi static (NQS) analysis of the transistors. A partial differential equation
(PDE) that governs the step-wise distribution of the voltages along the channel will be derived. The
analogy between the NQS model that we will present here and the over-damped plasma wave
dynamics described in literature by [69], [103]. Accordingly, we will demonstrate the various detector
topologies and the figures of merit.

2.1.1. Quasi-Static Analysis

At low frequencies of operation the electrical behaviour of field effect transistors is mathematically
described according to the well-known quasi-static modelling. The lower frequencies are defined to
be the range well-below the transient frequency f; of the transistors. In this case, the finite charging
time within the inversion layer is not considered. In other words, the voltage variations at the device
terminals are slow enough for the charges to follow instantaneously within the device, and at any
position. This is in contrast with the behaviour of the FET at higher frequencies such as the Terahertz
spectrum. Therefore, a FET in its quasi-static operation can be described by different mathematical
models based on the biasing conditions that place the FET in specific operation regimes. Following,
the drain to source time-dependant current ipg (t) = Ips + igs(t) in relation with the gate to source
biasing voltage vss (t) = Vgs + vys(t) and the drain to source voltage vpg (t) = Vps + vg4s(t) in a
common source configuration that effectively defines the three regimes of operation will be presented.
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In the sub-threshold region, a drain to source current ipg (t) can be related to the gate to source
biasing by an exponential relation according to (1)

] vGs—VTH
ips (t) = Ipge ™T 1)

Where

o V= ];—T, is the thermal voltage

e n=1+ CC—"’ with C,; being the depletion capacitance, and C,, the oxide capacitance

o [pisthe current when Vg = Viy

In the ohmic (linear) region, the current ipg (t) can be described by a quadratic relation as in (2)

ips (©) = % 4t Cox (Vs (6) Vps (8) - Vg vps (8) -2 @

And in the saturation region, the current ips (t) can be described by (3)

, 1w
ips (1) = 5 7 M Cox [(Ves () = Vru)? (1 + Avps) | ©)
These equations reveal the exponential and quadratic relations related to the time harmonics, vy (t)

and vy, (t). Observing the case of the linear region with its corresponding quadratic relationship one
can deduce the analogy with the following trigonometric relation (4)

Acos(a) * B cos(b) = % [cos(a + b) + cos(a — b)] (4)

This relation is the core of what is known as signal mixing or signal multiplication. Signal mixing
leads to frequency translation by creating cross-modulation products as the sums and differences of
two harmonics that are mixed together. In other words if two different time-harmonics cosa and
cosb are applied at the proper terminals of mixer, say an FET-based mixer, two intermediate
frequencies (IF) should appear at the output at the sums and differences of the a and b tones. This is
the concept of a heterodyne receiver, and its block diagram is shown in Figure 2-1. In this case a radio
frequency (RF) of frequency f1 is mixed with a local oscillator (LO) of frequency f,, thus creating an
IF at f; + f, and f; — f». A homodyne receiver is a special case of the heterodyne receiver, and is
realised by applying a local oscillator frequency f, equal to the received RF f;. Then, the IF is at DC
and at the double of the frequency. The benefit of a heterodyne receiver is the preservation of the
phase information. This information could be utilised for the design of RADAR imagers or 3D
imagers through the extraction of the intensity and the depth of an image. However, the design of
heterodyne and homodyne mixers imposes difficulties and will be noted and discussed later on.
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Figure 2-1: Block diagram of a heterodyne detection (coherent) system

On the other hand, one single tone could also be fed into the mixer. To create cross-modulation
products in this case, this input frequency should be provided to both input ports of the mixer. This
could be realized by RF-short-circuiting both terminals of the mixer via an external coupling capacitor
Ceoupling: Then, a zero-1F appears also at the output, similar to homodyne-reception yet with only one
input frequency. This is called direct-detection or incoherent detection and its block diagram is shown
in Figure 2-2. It first appeared in 1981 for RF frequencies [104], and was employed later on in several
direct detection systems [105], [106], [107],[108].

Antenna

Zero
LNA —
oot > — psp

Coupling

Figure 2-2: Block diagram of a direct power detection (incoherent) system

On the circuit level, both topologies benefit from the non-linearities that an FET channel exhibits, as
described in (1)-(3). For instance, to realise an RF direct detector, and considering the triode or Ohmic
region, one should apply a DC gate bias voltage Vg larger than V4, and an input time-harmonic
radio frequency vgr(t), giving a gate-source voltage of

vgs(t) = Vg + vgp(t) (5)
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By connecting a gate-to-drain external coupling capacitor as in Figure 2-3, in analogy with Figure 2-2,
the drain’s AC potential is tied to the gate’s ac potential at high frequencies, v 4(t) = vgp(t), Whilst
the DC bias is constrained to the gate and blocked from the drain end. This is equivalent to a high-
pass filter. This leads to a time-harmonic appearing at the drain end which is equal to vgg(t), and
referenced to an AC-ground at the source-end.

C_coulplmg Ve .
Ve 'D
gli
S
Vgate

Figure 2-3: Direct detection circuit using FET

Dividing ips (t) by vps(t) gives the time-dependant channel conductance gpg (t)

ips(t) _ W
gos (t) = ;ZZ—(“)) = — 1 Cox (vgs (t) - VTH‘V% (6)

Substituting for vpg(t) and v (t) gives

i t w
gps (t) = ;1:;_(“)) = — 1 Cox (Vs + Vgr - VTH‘V%F) (7
Knowing that
ips () = gps (Dps () = T 1 qcu(t) vps () (8)

where qcy(t) = Cpr(ves(t) — V) is the quasi-statically time-varying charge-density along the
inversion-layer. Substituting for the RF time-harmonic gives

ips (t) = gps (t) vps (t) = gps (t) vgr (1) 9)

ips (8) = % H Cox [% + vrr () (Vs — VTH)] (10)

Considering a sinusoidal time-harmonic and substituting for the drain-source current relation for the
Ohmic-region will be:

URF(t) = VRF sin wt (11)

, w (VgrF sin wt)? .

ips (t) = TH Cox % + (Vrr sinwt) (Vs — VTH)] (12)
) w 14sin(wt)] . W .

ips (t) = TH Cox Vir [%] T U Cox Vrrsinwt (Vgs — Vry) (13)

eventually leading to the square-law relation of the generated drain-source DC current with respect to
the square of the incident RF voltage
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w V3
IDS=TﬂCox %OC Prp (14)

and the output DC voltage which is proportional to the power of the detected radio frequency

Ips _ V&r
Gps 4(Vg—VrH)

Vps = X Pgp (15)
This brings the analysis to a very interesting point which defines the basis of all the design
methodologies and decisions for THz detectors to be presented afterwards.

In the forthcoming section this analysis will be exported to the Terahertz frequencies regime by
employing a non-quasi static analysis. From that point on, the figures of merit for THz detection and
their corresponding methods of characterisation will become apparent. The theoretical description will
be broadened to an in-depth analysis and design methodology for single and multiple pixel THz
detectors in chapter 3. The analysis will convey an electrical and electromagnetic understanding, and
the constraints will be met with corresponding design techniques.
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2.1.2. Non-Quasi-Static (NQS) Analysis

VRr

Figure 2-4: Non-quasi static channel of a FET [79]

Extending the previous analysis towards the THz-regime requires accounting for the inertia of the
charge carriers, therefore, the previous approximation breaks down and non-quasi-static effects based
on carrier transport equations should be used. The signal oscillations are faster than the charge
distribution within the channel, and therefore the charges do not have enough time to cross the entire
channel. Accordingly, the channel could be modelled non-quasi-statically and is divided into

infinitesimal segments comprised of the unitary channel conductance, g,(v), with a position

G(v(nAx,t))
Ax

gate-to-channel capacitance C,, is divided into unitary Ax segments, C,, where C,, = WC,,Ax.

dependant conductivity, G(v(nAx, t)), where g, (v) = per Ax segmentation. Similarly, the

Consequently, g, is controlled by the position dependent voltage v(nAx,t) which is provided by
corresponding gate-capacitance segment, C,. Therefore, these infinitesimal segments resemble the
mixer topology represented in Figure 2-3, where the segmented conductance g, is modulated by a
time-harmonic signal coupled through the C,, portion of the gate-channel capacitance. The entire
transistor is, thus, viewed as N tiny transistors in series, equipped intrinsically with their gate-drain
coupling capacitors.

Furthermore, employing the Kirchoff’s Current Law (KCL) at the infinitesimal junctions in Figure
2-4 gives the following current relations:

lgn-1+lgn = lgyn (16)

d(vn
gn—l(vn—l - vn) - gn(vn - vn+1) = Cn% (17)

Thus, for unitary segments, a PDE could be deduced

a av(x,t av(x,t
6w ) Z2B] = Cpw ZED (18)

Wherein, for strong inversion, one would substitute for



Chapter II- Theory of Terahertz Detection Using CMOS Technologies

Gw(x,t)) = pCoxW (v(x,t) = Vry) (19)
giving the PDE that governs the position and time dependant voltage along the FET channel

) v (x,t v (xt
Ix [ll w(x, ) = Vry) v;); | = % (20)

This partial differential equation could only be solved numerically, and it has been solved in[109].
The boundary conditions were set as:

17(0, t) = VRF sin wt + VGS (21)
U(L, t) = VGS (22)

where the gate-drain AC potential is well-tied together either via the external coupling capacitor Cy4
for lower frequencies, or intrinsically via the C,, segmented-capacitors for higher frequencies. The
solutions have shown that only a small portion of the channel, close to the drain-terminal where the
gate-drain excitation takes place, exhibits signal propagation. The damping of the signal is
exponential, and the remaining portion of the channel towards the source-end is composed of
distributed parallel gate-channel capacitances and distributed series channel-resistances.

From the above formulation one would deduce the following:

e Mixing at Terahertz frequencies is possible due to the distributed nature of the channel,
allowing distributed resistive self-mixing.

e The signals do not need to propagate entirely through the channel, and only a portion of
the channel in the proximity of the coupling nodes is responsible for the mixing.
Meaning, even lower technology nodes are capable of Terahertz detection.

e The un-modulated section of the channel where the signals could not propagate acts as an
unused noise portion of the detector. Therefore, higher technology nodes with shorter
channel length lead to lower thermal noise levels, in addition to the reduced detector
parasitic capacitances that could enhance the detector efficiency.

In analogy with the case for over-damped plasma-wave dynamics (non-resonant case) presented by
Dyakonov and Shur [69][110], the following PDE can be observed

c'dv(xt) _ 0 v (x)
T e ot E[G‘“(x) 6x] (23)

which resembles the non-quasi-static modelling of distributed resistive self-mixing within the
transistor.

aa—x [G (U (x, t)) 2 va(;c,t)] = CoxW 2 va(zc,t) (24)

Therefore, and in contrast with the plasma-based explanation, this NQS modelling explains the
mixing process from circuit theory arising from the intrinsic segmentation of the FET transistor.
However, this model assumes a gradual channel approximation of the Poisson equation. It also
assumes uniform carrier density, drift velocity and potential profiles along the channel, and the
absence of hot-carrier effects. Therefore, the validity of the PDE model is gradually lost at higher
frequencies if smaller transistors and larger field gradients are used. Accordingly, more accurate
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modelling for deep-submicron structures should employ the Boltzmann’s transport equation or the
Wigner-Boltzmann [111].

2.2. Circuits Schematics for Terahertz Detection
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Figure 2-5: (a-c) Terahertz heterodyne detection topologies using passive FETs in common-mode and
(d) Terahertz direct detection topologies using passive FETs in common-mode [72] .

Building upon the above derived theory of Terahertz mixing, one could design a variety of Terahertz
detection circuits that operate at room temperature. These circuits range from direct detection (zero IF
output) through self-mixing of the incident THz radiation, homodyne detection (zero IF output) where
two sources of the same frequency are used, or heterodyne detection (low IF output) where two
sources with different frequencies are used to produce an output IF at the difference frequency. For
heterodyning, usually one of them is an on-chip or off-chip local oscillator or both frequencies are
provided spatially in the case of heterodyne detection.

2.2.1. Single-ended THz detectors for Heterodyne and Direct Detection:

Resorting back to the original transistor models for an FET in the Ohmic region, the drain to source
current with respect to the gate to source and drain to source time harmonics is expressed by (2)

ips(®) = 2 1 Cor (v65(8) V() - Vs vps(6) =225 2)

From this relation there exist four different resistive circuit topologies shown in Figure 2-5 that create
cross-modulation products. For the resistive mode, where the transistor is unbiased at its drain, the
following could be observed:
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Hetero/Homodyne detection:

e The first term of (2), v4s(t) vps(t), shows that the RF could be applied to the gate-source
terminals and the LO to the drain-source, or vice-versa, and the circuit is shown in Figure
2-5.a

2
e The last term of (2), % shows that sum of the RF and the LO could be applied to the
drain-source terminals, as shown in Figure 2-5.b

Direct detection and hetero/homodyne detection:

e Utilizing the first term of (2), vgs(t) vps(t), shows that direct detection could only be
attained by using an external coupling capacitor to create an AC short-circuit between the
gate and the drain terminals. Then, the RF (and another LO in the case of
hetero/homodyne detection) could be applied to the gate-source or the drain-source
terminals, and the circuit is shown in Figure 2-5.c,d. However, as explained in section
2.2.2, the non-quasi static transistor modelling reveals that the intrinsic transistor oxide
capacitance is responsible for tying the gate to the drain, to act as an AC short-circuit.
Yet, the external capacitor creates a better AC-shunt at lower frequencies for broadband
detection.

Direct detection circuits are favoured for their ultra-low power consumption due to the unbiased
transistors as well as the fact that no local oscillators are needed. The operation is normally at room
temperature, and no cooling is required to attain good sensitivities. They also exhibit ultra-wide
bandwidth properties. However their sensitivities are inferior to homodyne and heterodyne detectors.
Besides, as the output is at DC the system is hit by the very high 1/f noise of the readout circuitry.

Detector Chopping:
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Figure 2-6: FET detector chopping to reduce 1/f noise (a) at the gate and (b) at the output.

One method to overcome the 1/f noise is to pulse or amplitude-modulate the source frequency at a
frequency fcnop Which consequently shifts the output DC voltage by Af.,, away from the pink-noise
levels. Of course this depends on the availability of the equipment allowing electronic chopping at the
source-end. Otherwise, on/off modulation could be employed at the gate of the transistors as shown in
Figure 2-6.a with a LOW/HIGH switched biasing levels ranging between, for example, Vjq:e =
0.3V up to 0.4V where the transistor is in the detection mode, at a switch rate of f 5, at 1-kHz. In
this case, the effective gate bias would be Vgyerqge = 0.35V where the transistor is in the detection
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mode, and a 1-kHz signal will always exist at the output node of the detector without a THz input
power. In the presence of the THz input power, an offset voltage would appear atop the 1-kHz signal,
proportional to the input power. The chopping could also be employed at the output of the detector as
in Figure 2-6.b, yet this induces switching-noise into the readout chain. Both chopping techniques will
translate the 1/f noise of the detector by the chopping rate, yet will help avoid the 1/f noise of the
readout chain. This method could be designed as part of a chopped instrumentation amplifier at the
detector output.

The same concepts described here could also be used in the presence of a modulated input THz signal.
In this case, further low-frequency mixing takes place within the transistor, and the signal appears at
the sums and differences of the mixed modulation frequencies.

2.2.2. Differential gate-drain coupled THz detectors (Direct Detection):

Figure 2-7 shows a schematic diagram of a differential square-law detector circuit based on NFET
transistors with non-biased (cold) channels with coupling supplied to the gates of the transistors. The
gates of the differential NFET pair T1/T2 are provided with the received terahertz signal from the
THz balanced antenna. The received signals at both nodes are 180 degrees out of phase and their
amplitude is half of the total signal voltage, each.
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Figure 2-7: Differential THz direct detector based with the signals fed through the gate

A gate-bias voltage V. is also applied through the antenna. Since the common mode voltage
Veommon fOrms a virtual ground, half of the input signal appears as a time varying v,,(t) gate-source
voltage across each transistor. Two large MOS coupling capacitors C1/C2 are used to tie the drain
potentials of the transistors to their respective gates at terahertz frequencies.

Effectively, as described in the non-quasi static analysis, the intrinsic gate oxide capacitances play the
role of the coupling capacitors. Hence, the v,4(t) voltage across the channel shifts simultaneously
with the v,s(t) — modulated channel conductance over a period of the terahertz wave, thus
generating a dc current by square-law detection. Two quarter-wave long transmission-line stubs L
are used to extract the generated DC signal to the on-chip or off-chip amplifier without disturbing the
terahertz signal at the drain nodes.

This differential circuit topology necessitates the implementation of the external capacitors for better
RF coupling. This means it is space consuming and more difficult in terms of layout implementation
to insure proper signal propagation and coupling especially at THz frequencies where any
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modification of the signal leads is a significant modification of both the impedance levels and the
signal properties.

This topology also exhibits a narrow-band performance due to the transmission line stubs at the
outputs, which could be seen as a benefit for frequency-selective applications or an impediment for
applications with spectroscopic characteristics.

2.2.3. Differential source coupled THz detectors (Direct Detection):
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Figure 2-8: Differential THz direct detector based with the signals fed through the source. (a)
Differential structure of the FET broadband THz resistive self-mixer (b) with the virtual ground shown.

Contrary to the gate-driven approach, there exists a more favourable circuit topology for THz
detection with much wider bandwidth characteristics. Figure 2-8 shows a differential circuit schematic
square-law terahertz detector based on signal coupling through the transistors sources. In contrast to
the gate-drain coupling approach presented above, the RF power from the antenna is provided to the
source terminals of the two NMOS transistors Tl and T2 in the present design. The gate and drain
terminals of the transistors are connected together, thus creating virtual grounds for the RF voltage.

In this balanced configuration, half of the RF signal generated by the antenna appears as a vy,(t)
voltage across the gate-source junctions of each transistor and contributes to the distributed self-
mixing process in the channel. The rectified output current or voltage is extracted from the shared
drain node. This configuration eliminates the need for quarter-wave stubs and coupling capacitors,
which are necessary in the gate-driven detector design in order to tie the RF potential of the gate and
drain together and to provide isolation of the output port from the antenna. Hence, a wider operating
bandwidth can be obtained with the source-driven detector than with the gate-driven one.
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2.3. Characterization of Terahertz Detectors

2.3.1. Figures of Merit

Direct THz power detectors performance is characterised by the responsivity Rv and the noise
equivalent power NEP. These figures of merit could be presented as the optical or the electrical
responsivities. The ideal electrical Responsivity and NEP of a THz detector assume a 100% coupling
efficiency and a total impedance-match. The current Responsivity Ri is expressed in [A/W] and
voltage Responsivity Rv is expressed in [V/W].

The voltage electrical-responsivity and current electrical-responsivity (R, and $R;, respectively) of the
detector are measures of how much output voltage or current a detector is capable of generating from
a certain input power. These electrical responsivities are calculated from the detected output voltage
divided by the available power to a pixel as follows:

R, = o (25)
lout
R; = Pi (26)

The noise-equivalent power is a measure of input power of the detectors where the SNR reaches
unity; i.e. defining the detectors power-sensitivity. The voltage-referred electrical noise-equivalent
power (NEP) is then derived from the measured detector noise voltage variance divided by the voltage
responsivity, R:

Iz
NEP, = {%_ =3

T @)

In the case of cold-FETs, the noise voltage is theoretically dominated by thermal noise arising from
the channel resistance. The thermal noise is calculated from the well-known Johnson-Nyquist noise
relationship with the Rayleigh-Jeans approximation #2 = 4kzTBR, where k is the Boltzmann
constant kp = 1.3806488 x 10723 m2kgs 2 K~!, T is the temperature in Kelvin, B is the
bandwidth in Hertz, R is the resistance in Ohms. Accordingly, the voltage noise equivalent power
could be estimated to be

3 —
NEPV _ V4kTBR — 4 kT(i;gS VrH) (28)
Ry RZ,(*)uCox

Similarly, the current noise equivalent power could be calculated from the measured noise current and
the calculated current responsivity as follows:

, [
NEP, = N3 (29)
4kTB
NEP; = Y& (30)



Chapter II- Theory of Terahertz Detection Using CMOS Technologies

However, the estimation of the noise equivalent power based only on the thermal noise is not
complete, as it does not account for the 1/f flicker-noise arising from the mixing-process itself within
the FET. The next chapters will thoroughly discuss the issue of noise. The noise analysis will show
that at certain input power-levels and output loading conditions the THz detector is capable of
generating enough voltage to sustain a self-bias even within cold-FETSs, and in return increasing the
flicker-noise levels. Also it will show high 1/f noise levels exist in the FETs with relatively high 1/f
knees means that the performance is highly dependent on the modulation frequency of the transmitted
THz frequencies.

On the other hand, the responsivities and noise-equivalent powers defined here assume a 100%
efficiency of power reception; i.e. the electrical figures of merit. This is a measure that allows
differentiating between the optical and the electrical responsivity and noise-equivalent power, where
the optical figures of merit are more realistically application oriented. The optical measures
characterise the actual performance of the system. In return, an optimum is attained for a performance
that equates the optical responsivity to the electrical responsivity. This basically means attaining
highest electrical performances is fundamentally based on the detection circuit design; however,
attaining the highest overall performance requires the best possible power harvesting (antenna
coupling efficiency) and signal delivery to the detectors as well as minimum signal losses. Hereafter,
a consistent co-design between the electrical and optical chains is of utter necessity, and we will be
expanded in the following sections.

Defining the Detector input power:

Following the above discussions, the available power received per pixel should be quantified to
calculate the detector’s optical FOMs. Here we elaborate; the optical responsivity therefore is based
on the received power at the antenna/air interface. For a diverging beam from a point source located at
a distance R from detector antenna, the received power P, can be calculated using the Friis
Transmission Equation:

A
P. =P, Gy 2 (31)
Where P, is the total transmitted power in Watts, G, is the gain of the transmit antenna, A,z is the

effective area of the receive-antenna, R is the distance in metres separating the receiver from the
source.

To estimate the electrical FOMs, the actual power received at the detector input needs to be
quantified. Further parameters should be included. As this link comprises of antennas at both ends of
the chain, polarization and alignment of antennas and impedance mismatches as well as signal
damping are included as follows:

A
4TR

2
Praee = Pe Do(6,00) D(6,,9,) (=) e (1= LI (A= L) Ippi? 1-R)  (32)

Where:

e D.(6:,9,) is the transmitting antenna directivity as a function of the antenna
misalignment defined by vertical 8, and horizontal @, tilts with respect to the bore-site

e D.(6,,0,) is the receiving antenna directivity as a function of the antenna misalignment
defined by vertical 8, and horizontal @,. tilts with respect to the bore-site
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e Aisthe wavelength in metres

e Risthe distance from the source to the detector in metres

e (2R js the distance-dependant damping factor based on the a absorption coefficient
and the distance R separating the receiver and the detector

e I} and I} are the transmitting and receiving antennas reflection coefficients, respectively,
derived from the antenna-detector impedance mismatch

e R is the Fresnel reflection coefficient at the air-silicon interface

e p; and p, are the polarisation vectors of the transmitting and receiving antennas,
respectively

This equation highlights the importance of antenna alignment, polarization and impedance match to
attain a higher received power at the detector input relative to the power available at the antenna/air
interface. However, for optical responsivity measures, the received power should be quantified
according to (31) as it is a true measure of the operating system.

The effective area of the receive-antenna could be accounted for as the physical area of the detector in
an FPA arrangement without silicon lenses, based on the assumption that neighbouring pixels share
the received power spills at their apertures and therefore will only receive as much as their physical
areas, as explained in [109]. Applying the same logic to a lens supported detector, i.e. the physical
area of the hemisphere projected onto the direction normal to the propagation direction of the incident
wave, we get an A, equivalent to mR?, where R is the radius of the collecting aperture. This result
overestimates the real effective area but it gives an upper boundary of the calculated responsivity and
is based on the assumption that real effective area of the aperture antenna is never larger than its
physical area. The receive-antenna gain is calculated as follows:

4TA,
G = —34 (33)
The directivity could also be simulated using commercial full-wave 3D Electromagnetic simulators
such as HFSS or EM-Pro or estimated based on [112]. Plus, the directivity should be measured using
a well-defined and precise antenna measurement setup, as explained in [81].

As for the lens-equipped detector, if the lens is not AR coated, a minimum of 30 % of the incident
power is reflected back, using the Fresnel equation:

R =[]’ (34)

n+1

Voltage Dynamic Range

Another important measure defining the detector performance is the output voltage dynamic range.
This is defined by the maximum output voltage (related to the maximum responsivity) divided by the
noise-floor voltage. This could be reported in dBV, and it defines the output levels to be quantized for
imaging, and it largely assists the design of the analogue circuitry. Also, a wider voltage dynamic
range directly impacts the image quality and contrast
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2.3.2. Measurement Configurations
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Figure 2-9: Free-space characterization setup for a pixel by means of lock-in techniques. The path-
loss is calculated according to Friis transmission equation. In the case of a multi-pixel camera, the ROC is
off and the terahertz source is modulated (non-video mode).

2.3.2.1.  Single-pixel detector (direct detectors) characterisation
THz direct detectors are characterized in a free space measurement setup as shown in Figure 2-9. In
this case, pixels are characterized by means of lock-in techniques in accordance with the Friis
transmission equation. Should a multi-pixel camera be used, the readout controller (ROC) is switched
off and the pixel under test is permanently selected. Otherwise, in a single pixel setup the pixel is
powered up. The detector and source should be placed in their corresponding far-fields for the Friis
equation to be valid, and should be aligned for maximum power reception.

The challenge arises from the fact that the R, calculation requires accurate knowledge of the pixel
input power P,,. Therefore, this method requires accurate specifications of the source antenna gain,
the receiver directivity and further requires precision alignment in the far-field of the high-gain
receiver antenna. For instance, in the case of high-gain receiver antenna the far-field could be at a
distance of 1m. Once Py, is known, the responsivity and the NEP can be derived from DC
measurements of the output signal V,,: and spot noise Vyy measured at the chopping frequency.

Figure 2-9 illustrates a typical measurement setup used to characterize a standalone pixel in non-video
mode. It comprises of the following electronic and mechanical equipment:

o A frequency synthesizer could be AM or pulse modulated with a frequency-tuneable
square-wave. The purpose of the AM modulation is to facilitate detection in the presence
of a DC-offset and a 1/f -noise floor.

e A frequency multiplier that multiplies the signals provided by the synthesizer.
Commercial THz sources use diagonal horn antennas to couple and radiate the THz
waves

e An absolute-power calorimeter at the wave-guide port of the source antenna to calibrate
the source output power at the various source frequencies.
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e A spectrum analyser or a lock-in amplifier read and visualize the pixel output voltage and
the spot-noise at the modulation frequency. The lock-in amplifier requires a reference
signal from the frequency synthesiser.

e Tuneable voltage supplies for the detectors.

o External low-noise voltage amplifiers for voltage-mode readout or current amplifiers for
current-mode readout. The amplification factor should be deducted from the measured
output voltage or current levels when calculating the figures of merit.

e Mechanical positioning motors and axis for detector/source alignment.

Figure 2-10: Photograph of a VDI source at 0.65THz equipped with a diagonal horn antenna
illuminating a CMOS THz detector in free-space [60].

Figure 2-10 shows an optical photograph of a typical measurement setup comprising of a 0.65THz
source from VDI [60] equipped with a diagonal-horn antenna, and a CMOS THz detector array
mounted on a FR4 PCB board.

Such a measurement setup is useful for the characterisation of single pixel, either in a standalone
detector topology or within a matrix of detectors. In this case, however, when a matrix is operated in
video-mode it is essential to also characterise the entire matrix performance where switching-noise
and on-chip amplification account to the majority of the overall performance. Note that in this
measurement the NEP depends on the chopping frequency for a non-flat noise power spectral density.
Therefore, the total NEP which is the integral of the NEP over the video bandwidth is a more relevant
parameter in video-mode.

2.3.2.2.  Multi-pixel camera characterisation in video-mode

In the case of a multiple pixel matrix the non-video mode of characterisation is not a relevant
representation of the camera in operation as switching noise should be accounted for. A direct method
of camera characterization at video-rates is shown in Figure 2-11. A continuous-wave (CW) source
illuminates the camera. In this case, the source is not modulated. The idea of this setup is to squeeze
the output power from the THz-source into the camera aperture. This method requires the use of
plastic lenses that are transparent to THz radiation and exhibit low losses. The terahertz beam is
focused onto the silicon lens in order to ensure that all the available source power is projected onto the
Si-lens aperture. The impinging source power should also be measured with an absolute-power
calorimeter after the PTFE lens and in front of the camera module to account for the losses after the
optical chain. The beam normally splits over some of the pixels of the FPA. Overall, the camera
responsivity R, can be calculated as the sum of the array response divided by the total available input
power as
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n pixels i
R _ 2:pixelzl Vpixel 35
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In this video-mode, the source is running continuously and the noise is integrated over the full video
bandwidth BW. The NEP, o7y, is calculated from the measured total RMS image noise Vy, toraL
divided by the camera responsivity as

VhToTAL (36)

NEPv,TOTAL = R
v,TOTAL

Note, that the NEP, 974, presents an average over more than one pixel, and therefore, includes pixel-
to-pixel variations. The NEP per vHz can be calculated from the analog video bandwidth (BW) of the

_ NEPyr0TAL
camera module as NEP = —w

which is not the actual case with the frequency dependant 1/f- noise.

. However, this supposes a flat noise power spectral density
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Figure 2-11: Video camera characterization setup. The setup is adjusted to squeeze the emitted
radiation onto the FPA at an angle that counter-effects the lens field of view.

2.4. Chapter Conclusions

In this chapter the quasi-static and non-quasi static equations that explain Terahertz mixing in FETSs
were derived. Various mixer topologies for direct and heterodyne mixing in CMOS were then
presented in single-ended and differential output topologies. ldeas for detector chopping were
presented to reduce the effect of 1/f noise in the detectors at lower frequencies.

Figures of merit for direct detection with a demonstration of different measurement techniques were
presented for single pixel and multi-pixel FPA imagers. The next chapter will be an expansion of this
one, with an in depth analysis of the design, optimisation, and operation of THz direct detectors
according to the EM and Electrical parameters.
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Chapter 11I- Design Methodologies for Efficient
Terahertz Detection in CMOS

n view of the theory of detection and the various circuit realisations as well as the figures of merit

discussed in chapter 2, this chapter discusses design techniques for efficient THz direct detection.

This design philosophy entails both efficient THz radiation coupling to the detectors and efficient
THz mixing and readout.

Efficient radiation coupling necessitates the knowledge of the entire quasi-optical chain, including
radiation polarization, beam-form, antenna/lens reflections, antenna gain, substrate and metal loss
mechanisms, as well as antenna/detector impedance match.

Efficient detector mixing requires insight into the electrical properties of the MOS detectors, substrate
losses, parasitics, detector noise model, as well as output impedance and readout schemes. However,
various parameters mutually influence one another, as will be seen soon. Therefore, the need for
electrical and electromagnetic co-design reveals itself for the Terahertz designers, and will be
presented in the following section.

This chapter is dedicated to explaining the design methodology of single pixel Terahertz direct
detectors in CMOS based on resistive mixing. A theoretical investigation backed by implemented and
characterised designs in various technology nodes, packaging topologies and measurements boundary
conditions have led to a thorough understanding of the detection principles and constraints. This
amounts to a profound set of parameters guiding the design methodology.

Implementation details and results for THz detectors in 65nm Bulk CMOS and 28nm FDSOI CMOS
will be shown in two subsections subsequently. Eventually, the resultants of these investigations will
converge into a generic methodology for Terahertz receiver design, and will lay grounds for the
design of multi-pixel Terahertz focal-plane array (FPA) imagers that will be shown in Chapter 1V.



Chapter llI- Design Methodologies for Efficient Terahertz Detection in CMOS

3.1. Terahertz Mixer Design

A typical Terahertz detection circuit is shown in Figure 3-1. It comprises of the three main levels: the
THz Antenna, the THz mixer, and the output loading and analogue/digital readout. All levels are
interrelated at the electrical and quasi-optical levels. Design of multi-pixel THz cameras require
further levels, and will be discussed in chapter 4.

THz Antenna THz Mixer Output Loading

"= === = - j*= == -

|
!
Impedance’
Matching

Vinze

cout__ ROUt

Figure 3-1: Terahertz detector basic building blocks

DC and RF characteristics

The main aim is to maximize R, and minimize NEP. However, It is hard to define a unique set of
R, and NEP values defining the detector performance. Both quantities are frequency dependant and
multiple parameters influence one another. The transistor sizing and impedance matching will be
discussed hereafter in view of the various parameters. They will be presented as per simulations using
the PDK’s non-quasi static models based on PSP models.

The major design considerations could be arranged in the following categories:

o Complex-conjugate impedance matching at the antenna-detector interface: This varies
according to the transistor sizing and the detector topology (Detector topologies: source
coupled or gate-drain coupled topology; differential or single ended detection).

e Antenna efficiency and gain: The efficiency is an EM requirement as it defines the ability
to couple the Electromagnetic radiation and transform it to an electrical current. The gain
on the other hand defines the directivity and efficiency of the antenna.
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e The load impedance at the detector output (Ro. and C,y) with respect to the detector
mode of operation, the voltage readout or current readout. The output loading impacts the
theoretical responsivities that vary in the three distinct biasing regions of the FETs. For
instance, the sub-threshold region with voltage-mode readout favours high load
impedance due to the high channel resistivity. Capacitive loading has a degrading
influence on the high-frequency output signals in case of chopping.

e The THz signal power level: This varies from the minimum detectable levels up to the
saturation levels of the THz-detector.

e Transistor dimensioning: The current responsivity increases proportionally to the
transistor W and inverse-proportionally to the transistor L. The voltage responsivity,
however, increases with the increase of the detector input impedance defined by
shrinkage of both W and L. Yet, the combination of W and L comes at the cost of varying
the noise performance in both level and nature. The NEP is proportional to vL and
inversely proportional to VW, but at the same is inversely proportional to the input
impedance, as shown in equation (33). High transistor responsivity could potentially self-
bias the cold FETs, and therefore flicker noise becomes considerable. Furthermore,
device dimensioning should be considered in view of the feasible antenna design, as
impedance requirements could become stringent or unrealistic.

¢ Output voltage levels: this sets the voltage dynamic range. Naked detectors with off-chip
detectors could yield ultra-low noise levels and sighal measurement sensitivity. However
this sensitivity is impacted by the readout minimum readable signal, and thus a strong
enough detector output is necessary to result in a decent voltage dynamic range.

These challenges are analysed and detailed afterwards. However, it is essential to note that any
realistic design is always challenged by the system-level requirements as well as the available
equipment. As explained earlier, sources are limited in power and therefore increasing detector
sensitivity is essential to harvest as most as possible of these available signals.

3.1.1. Device Dimensioning and Detector Operation Mode

Equation 13 represents the output current relation with the input power when operating the detector in
current-mode, that is to say when the detector is shorted at the output. I, is directly proportional to
the transistor physical width, W, the carrier mobility, u, and inversely proportional to the transistor
channel length, L.

145 is also proportional to the power of the RF signal, which is equivalent to the square of the voltage
drop across the detector generated by this RF signal. The RF signal power is fixed, and is merely
defined by the link-budget and the coupling efficiency, as will be detailed later. However, the voltage
drop across the detector is proportional to the square-root of the signal power multiplied by the input
impedance, and could only be increased with the increase of the input impedance from Ohm’s-law

Vrr = \/PRF X Zin,detector (37)

From this relation we can conclude two important factors that impact the output current. First, to
increase I, the detector input impedance should be increased to create a larger Vg, however this
should be attained in view of the W/L proportionality, as described above. The designer should take
into account the fact that decreasing both W and L lead to a higher input impedance, yet I, also
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requires W to be increased. Therefore, the designer should maintain the shortest channel length
possible, with a mutually designed input-impedance versus channel width design trade-off.

Second, it is not enough to design for high detector input impedance regardless of the antenna
impedance. The input impedance of the transistors is defined by the detection topology and its device
dimensions, and is related to the intrinsic capacitive elements at the junctions and oxide as well as the
bias-dependant channel resistance. For a maximum power transfer from the source, defined here by
the antenna, to the load, defined by the detector, the source complex impedance should be equal to the
complex conjugate of the load complex impedance. This is also understood from transmission-line
theory, where the reflection coefficient I is zero only when:

Zinantenna = kan,detector (38)
Where:

Zin getector 1S the input impendance of the detector

Zin antenna 1S the input impedance of the antenna

And * denotes the complex conjugate of the input impedance of the detector; leading to I' = 0, given
by

F _ Zin,detector_zin,antenna (39)

Zin,detector+Zin,antenna

Therefore, any antenna/detector mismatch would create reflections at their plane of discontinuity, and
a portion of the signal will be reflected back to be dissipated in or re-radiated by the antenna.

To conclude this section on current mode detector operation, the device input impedance should be
increased to attain a higher voltage drop created by the received THz signal. At the same time, the
antenna should be designed to form a complex-conjugate match to the detector input impedance. Of
course one would assume that the highest detector input impedance would create the largest voltage
drop, however this sets unreasonable antenna impedance requirements. Therefore the device
dimensioning comes hand-in-hand with the feasible antenna design, as will be discussed in the
following section.

Accordingly, the maximum power delivered to the FET at total impedance match is calculated to be

Pinantenna = mvrzf (40)
On the other hand, equation 14 presents a different behaviour for the voltage mode of operation of the
Terahertz detector. By voltage-mode a high output-impedance that creates the largest output voltage
signal, optimally an open-circuit, is assumed. In this case, the device width and length, W and L,
respectively, cancel out from the numerator and denominator. The output voltage Vj is therefore only
proportional to the input voltage drop v, which is related directly to the impinging input power. As
discussed above, this voltage drop is increased by increasing the input impedance of the detector.
Here, though, the decrease of the channel width W is favourable alongside the decrease in the channel
length L, contrary to the operation in current-mode. Therefore, whichever the device minimum
dimensions allowed by the technology should be used to ascertain highest output voltage drops, in
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ideal conditions. For example, in 65nm bulk CMOS technologies the smallest FETs are 300nm wide
and 60nm long, and in 28nm FDSOI CMOS technologies the smallest FETs are 200nm wide and
28nm long for shortest channels; and 80nm wide by 60nm long for narrowest channels.
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Figure 3-2: Simulated time-domain voltage swing at the differential ports of a source driven
Terahertz detector in 65nm CMOS. The plots correspond to (a) matched and (b) mismatched
1pm/0.06pm detectors, and (c) matched and (d) mismatched 0.3pm/0.06pum detectors. The input power is
set at 10nW for a 650GHz input frequency.

As in current-mode, the antenna impedance should exhibit a complex conjugate match to the detector
input impedance to allow maximum power transfer. Matching is also gate-bias dependant, as the input
impedances of the detectors largely vary as the channel is created.

Investigating the input impedances of the smallest FETs reveals extremely high resistive and
capacitive impedance levels; setting utterly stringent requirements for antenna/detector impedance
matching. This does not mean that these detector sizes are unfavourable, but rather a comparative
study of the feasible antenna design with respect to the different sizes is required to dimension the
detectors.

Figure 3-2 shows the voltage swing at both ports of source driven differential NFET THz circuits of
various dimensions in 65nm bulk CMOS. The figure shows that smaller detectors create a larger
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voltage drop at the inputs when the impedance is totally matched, and of course is attenuated due to
reflections when mismatched. The wider detector exhibits a lower voltage at its input.
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Figure 3-3: (a) Optimum R;, and X;, at Vgs=0.4V and the corresponding (b) Rv at Vgs=0.15V and
NEP at V55=0.3V based on harmonic balance simulations of source driven Terahertz detector of
1pm/0.06pm dimensions at 1-kHz chopping frequency. The input power is set at 10nW.
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Figure 3-4: (a) Optimum R;, and X;, versus frequency at Vgs=0.4V and the corresponding (b) Rv at
Vs=0.2V and NEP at V¢s=0.3V based on harmonic balance simulations of source driven Terahertz
detector of 0.3 pm/0.06 pm dimensions at 1-kHz chopping frequency. The input power is set at 10nW.

Optimizing detector Rv and NEP over a wide frequency range requires appropriate broadband match
between antenna and detector devices to attain efficient RF signal transfer. The ideal antenna should
be inductive in nature and must present high input impedance for both real and imaginary parts in
order to match the parasitic capacitances and the channel resistance of the MOSFET in the sub-
threshold and weak-inversion operation mode.

Figure 3-3 shows a simulation of various frequency-dependant optimum impedance levels required to
attain the maximum electrical Rvs and lowest electrical NEPs for a differential NFET pair driven
from the sources, with device dimensions of 1um wide and 60nm long and a gate bias of 0.4V. This
plot shows that high impedance required to attain the lowest NEPs required, and as expected, these
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impedances roll-off as the frequency of operation is increased. The capacitive parasitics within the
intrinsic device start to decrease with the increase in frequency. This plot also shows that the PSP
model-based results show a drop in mixing efficiency as the source frequency increases.

On the other hand, Figure 3-4 shows the same simulation of optimum impedances but with a device of
300nm width and 60nm length. As expected by the theoretical modelling, the impedance required is
much higher compared to the wider devices, which of course is more challenging for the antenna
design. Another observation here, which also aligns with the theory derived in chapter two, is related
to the simulated values of the Rvs and NEPs for totally matched detector. Detectors with smaller
dimensions exhibit much higher input impedances, and in return, much larger voltage drops at their
inputs. Therefore, the theoretical Rv and NEP of the W/L=300nm/60nm devices is much higher than
those of the W/L=1um/60um. Both Figure 3-3 and Figure 3-4 reveal that the detectors of smaller sizes

attain higher Rvs and smaller NEPs, going down to 5pW /VHz.
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Figure 3-5: (a) Simulated S11 at frequency=650GHz with an antenna impedance of Z,,=153+j787Q
versus gate bias from 0V to 1V, and the corresponding (b) v and NEP versus Vgs based on harmonic
balance simulations of a source driven Terahertz detector of 1pm/0.06pm dimensions at 1-kHz chopping
frequency. The RV =13.5kV/W and NEPmin:Y.SpW/\/Hz. (c) and (d) show the balanced ports’ voltages.
The input power is set at 10nW for a 650GHz input frequency.
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Figure 3-5.a shows a Smith-Chart with simulated S11 plots at 650GHz for an NFET based differential
resistive mixer of W/L=1um/60nm with respect to the gate bias of the transistors. The detector’s
simulated input impedance is Z;;=150-j800Q when the transistors are biased at 0.25V. The antenna is
thus designed to match one bias point, and the detector is therefore mismatched at different gate
voltages. Therefore deciding on the impedance levels to be matched per frequency is inspired by the
detector operation region. The highest attained Rv is 13.5kV/W for this device and the minimum NEP
at 1kHz chopping is 7.5pW /~/Hz, shown in Figure 3-5.b. The variations of the input voltage at the
positive and negative ports of the differential detector are shown in Figure 3-5.c,d. They show that the
out of phase voltages decrease in amplitude as the gate voltage is changed from the optimum bias
where the impedance matching was done.
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Figure 3-6: (a) Simulated S11 at frequency=650GHz with an antenna impedance of Z,,=405+j2200
versus a gate bias from 0V to 1V, and the corresponding (b) Rv and NEP versus Vgs based on harmonic
balance simulations of a source driven Terahertz detector of 0.3um/0.06pm dimensions at 1kHz chopping
frequency. Rvmax =50kV/W and NEP ;;=5pW/VHz. (c) and (d) show the balanced ports’ voltages. The
input power is set at 10nW for a 650GHz input frequency.

Figure 3-6.a shows a Smith-Chart with simulated S11 plots at 650GHz for an NFET based differential
resistive mixer of W/L=0.3um/60nm with respect to the gate bias of the transistors. The detector’s
input impedance is Z;;=405-j2200Q2 when the transistors are biased at 0.25V. The antenna is thus
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designed to match one bias point, and the detector is therefore mismatched at different gate voltages.
One observes here the high capacitive element that needs to be tuned out to attain the best NEP
numbers, as opposed to the impedance levels of the wider device. The highest attained Rv is 50kV/W
for this device and the minimum NEP at 1kHz chopping is 5pW /+/Hz, shown in Figure 3-6.b, and
these figures are far better than those for the wider device. The voltage variations at the differential
input ports of the device are shown in Figure 3-6¢,d and are higher than those in Figure 3-5.¢,d due to
the higher input impedance of the device. Both simulations are performed with the same input power

level of 10nW and a 100% antenna efficiency is assumed.
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Figure 3-7: (a) Simulated S11 at frequency=650GHz with an antenna impedance of Z,,;=360+j360Q
and the corresponding (b) Rv and NEP versus Vgs based on harmonic balance simulations of a source
driven Terahertz detector of 0.3um/0.06pm dimensions at 1kHz chopping frequency. The Rvmax
=5.5kV/W and NEP,;,=14pW/v/Hz. (c) and (d) show the balanced ports’ voltages. The input power is set
at 10nW for a 650GHz input frequency.

The same conditions for a detector with 2um gate length and 200nm gate width were also simulated.
As expected the impedance levels are even lower. The detector input impedance at 0.4V is Z;;=100j-
3800 which is an even further relaxed requirement on the antenna side.

It is essential to mention a remark on the design of high impedance detectors such as detectors of
minimum size in a specific technology. The fact that a total match is difficult to attain does not mean
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the detector is not a feasible choice. Simulations show that even when the detector is quite
mismatched it could still be competitive to wider or longer detectors of relaxed input impendence.

Figure 3-7.a shows S11 simulations of the same detector topology with NFETs of 300nm gate width
and 60nm gate length. The real maximum Rv could be attained with an input impedance of
Ziy=400+j2200€2, and is 50kV/W. Of course this is a very high impedance value and is deemed
unfeasible for the antenna design. However if the detector is designed with an antenna impedance of
Zii=450+j450Q, which is a much feasible value, the detector would still exhibit a good responsivity of
5.5kV/W and an NEP of 14pW /+/Hz. The alignment of NEP minima and v maxima can be
achieved by proper transistor sizing for some predefined chopping frequency and load impedance.

3.1.2. Output Impedance Dependence

Having decided on the device sizing and the corresponding input impedance matching, another
parameter that influences the output voltage level is the output impedance. The limited load
impedance at the detector output (Roy) is primarily responsible for the responsivity attenuation in the
sub-threshold region (high channel resistance) and the responsivity rises in the weak inversion regime,
as shown in Figure 3-8. The maximum responsivity (Rvmax) With the corresponding location of the
operation point defined by gate-source voltage (Vgs) is a function of both load impedance and device
channel length. This is utterly important when designing the readout integrated circuits to ascertain
the output signals are not degraded by improper loading.
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Figure 3-8: Simulated Rv with respect to R, Variations for (a) an impedance matched
0.3um/0.06pum FET pair in differential source-coupling mode and (b) an impedance matched 1pm/0.06pm
device. The input power is fixed at 100nW and the frequency=650GHz.

NEP minima and the corresponding Rv maxima, however, do not necessarily closely coincide with
the location of Rv. 0N the Vs axis. They are a result of the interrelation of the device channel noise
and the drain response to gate bias. In the sub-threshold region, NEP follows the close-to-exponential
Vgs dependence of the channel resistance. It is important to emphasize that the high voltage
responsivity achievable by providing the appropriately high output resistance does not necessarily
improves NEP because the equivalent voltage noise spectral density at the output also increases. This
is shown in Figure 3-9, where the NEP values remain unchanged with the varying output impedance.
Even though the NEP remains unchanged, it is important to develop a high Rv. Higher output levels
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relax the requirements of the readout circuitry and increases the voltage dynamic range. The effect of
the responsivity on the noise level is discussed in the following section on noise analysis.
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Figure 3-9: Simulated NEP with respect to R .4 Variations for (a) an impedance matched

0.3um/0.06pm FET pair in differential source-coupling mode and (b) an impedance matched 1pum/0.06pm
device. The input power is fixed at 100nW and the frequency=650GHz.

3.1.3. Input Power Dependence
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Figure 3-10: Simulated voltage responsivity of detectors with respect to detector input power for (a)

an impedance matched 0.3um/0.06pum FET pair in differential source-coupling mode and (b) an
impedance matched 1pum/0.06pum device. The chopping frequency is fixed at 1kHz and the
frequency=650GHz.

The THz mixer dependence on input power level defines the minimum detectable power, the detector
linearity, as well as the saturation level. Unfortunately measurements for THz detector linearity have
not been validated yet. Simulations of the detector responsivity and the impact on the noise equivalent
power have been simulated. Figure 3-10.a,b show the simulated responsivities of 0.3um/0.06um
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devices and 1um/0.06um devices, respectively. The graphs show that whilst the smaller devices attain
much higher responsivities compared to the bigger devices they saturate faster. For example,
comparing a 10uW input power for both devices shows that the responsivity of the smaller device is
degraded significantly compared to the wider device. This is owed to the saturation of the device.

At this point the benefit of differential transistors becomes apparent. As the signal power received is
divided in half and balanced between both nodes of the differential transistors, the working input
dynamic range is enlarged. However, as will be seen afterwards, as the noise contributors are
effectively doubled the sensitivity may be reduced for lower input power levels.
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Figure 3-11: Simulated NEP of detectors with respect to detector input power for (a) an impedance
matched 0.3um/0.06pm FET pair in differential source-coupling mode and (b) an impedance matched
1pm/0.06pum device. The chopping frequency is fixed at 1kHz and the frequency=650GHz.

The dependence of the noise on the input power is also evident in Figure 3-11. The combination of the
detector responsivity saturation along with the increased noise level could even deteriorate the NEP
values at a faster rate, as the NEP is linked to both parameters. A few-fold of NEP increase appears
for both device sizes due to the increase in input power. The next subsection describes the reasons
behind the increase in noise with respect to input power and the detector responsivity.

3.1.4. Noise Analysis, Temperature and Modulation Frequency Dependence
The main noise contributors in a cold-FET based direct detection circuitry are [113]:

1) Johnson-Nyquist noise or Thermal noise from the gate-bias dependant channel
resistance. Employing the Rayleigh-Jeans approximation, the relationship of the noise
power variance is as follows: 72 = 4kTBR

2) Flicker noise arising from the trapping and de-trapping of electrons with a power
spectral density proportional to 1/f [114], [115]

Flicker noise may become a considerable part of the overall device noise even in cold-biased FETs
[116][117][118]. The flicker noise level depends on the device sizing, chopping frequency, and the
input signal power level. The explanation emerges from the following. The mixing process generates
a DC voltage within the transistor, which in return modulates the channel. This creates a fluctuation in



Terahertz Circuits and Systems in CMOS- A Thesis by Hani Sherry

the non-quasi-static channel conductance and the DC mixing product generates a small current within
the transistor. Therefore, flicker noise starts to exist. Recall that this conductance is only partially
involved in the mixing process, as per the non-linear RC-ladder channel-modelling described in the
previous chapter. Therefore, any slight variation in this conductance may be significant. Furthermore,
as this flicker noise is dependent on the internal self-bias from this DC-noise, it is thus apparent that
the larger this DC voltage the higher the flicker noise-level.

Several factors will impact this DC-level increase, and in return the flicker-noise increase. Assume a
zero-1F output, i.e. the output signal is at DC and is not chopped at all. Primarily, it is the efficiently-
delivered power to the transistor that directly increases this flicker noise. As the power increases, the
converted THz to DC increases, quantified by the electrical responsivity.

Figure 3-12.a demonstrates this behaviour. This simulation relates to a 1um/0.06pum source-fed
differential detector that is perfectly matched at a gate bias of 0.4V. At a 1Hz noise frequency, the
flicker noise level increases a 1000 times across power levels from P;,=1pW to P;, =100nW, with the
largest input power leading to a noise level around 6pV/VHz. It is valid to note that these power levels
resemble the realistic levels available at the mixer ports. For an input power of OW the flicker noise is
reduced drastically and is almost insignificant, therefore revealing the direct linkage of the power
level to the flicker noise.
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Figure 3-12: Output flicker noise voltage of 1pm/0.06pum detectors with respect to detector input
power (a) at 1Hz and (b) at 1kHz

A well-known technique to reduce the effect of the flicker noise is to modulate and operate the
transistors at higher frequencies beyond the 1/f-knee. For instance, Figure 3-12.b shows the effect of
chopping at 1-kHz, where the entire flicker-noise levels are reduced around a 100 times across the
same input powers as in Figure 3-12.a.

The 1/f noise was simulated at a gate voltage of 0.15V for a 1um/0.06um differential detector, with
respect to input power and chopping frequencies. The simulations are shown in Figure 3-13 and they
reveal the roll-off of flicker noise as the chopping frequency increases. Therefore, chopping at higher
frequencies will have a direct impact on the NEP levels as the noise levels vary accordingly.
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Figure 3-13: 1/f Noise of 1um/0.06pm differential detectors over various noise-frequencies with
respect to input power variations

The flicker noise of the same device was also simulated across the gate bias with respect to varying
chopping frequencies and with an input power of 1nW and is shown in Figure 3-14. This plot shows
that flicker noise increases around the highest responsivity regions and could be visualised by the
humps in the curves. Again this due to the larger DC voltage generated by the device.
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Figure 3-14: 1/f Noise of 1um/0.06pm differential detectors with an input power of 1nW over various
noise-frequencies
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Figure 3-15: (a) Thermal noise voltage for a 1um/0.06pm versus gate bias and at 1Hz, 100Hz, and
1kHz noise frequencies. (b) Thermal noise voltage for M1, M2, and M3 versus gate bias and at 1kHz. M1:
Differential Terahertz Mixer with 1pm/0.06pm each NFET. M2: Differential Terahertz Mixer with
0.3pm/0.06pm each NFET. M3: Differential Terahertz Mixer with 1pm/0.2pm each NFET.

On the other hand thermal noise is the other noise contributor. Thermal noise, or Johnson-Nyquist
noise, is white-noise; so it is frequency independent. In fact, it is rather bandwidth dependant and
since a 1Hz bandwidth is assumed the Rayleigh-Jean’s approximation is employed and the power-
spectral density is equivalent to 72 = 4kTBR [119].

For the same detector of 1um/0.06um transistors, the thermal noise contribution of a single transistor
of the differential pair is shown in Figure 3-15.a. This plot shows that the thermal noise peaks at
0.3uV/VHz at the sub-threshold and threshold region and starts to roll off with gate bias. The roll-off
is based on the modulation of the channel resistance which decreases with gate-bias, and in return,
thermal noise decreases.

Figure 3-15.b compares the thermal noise levels with respect to three different detector sizes. The
thermal noise behaviour with respect to gate bias varies due to the different channel modulation in
different transistor sizes. One observation for instance shows that transistor M2 of 0.3um/0.06um
dimensions has a worse on-resistance compared to longer and wider transistors. The channel exhibits
higher resistance with smaller devices, and therefore a higher thermal noise is expected. For instance,
for a Vgs =0.2V the thermal noise of a 0.3um/0.06um device is more than twice that for a lum/0.2um
device. This is due to the fact that smaller transistors require a larger potential at the gate to open the
channel.
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But how does this flicker noise compare to the thermal noise of the transistors and how much does it
contribute to the total noise? A comparison with the flicker noise levels in Figure 3-16a-c reveals that
the flicker noise is significantly higher than the thermal noise at low chopping frequencies and when
the input power levels are sufficient to generate this type of noise.

At 1-Hz, the 1/f noise is even higher than the channel thermal noise, and that has a direct impact on
the NEP. Therefore, the impact on the total noise becomes apparent. Only chopping at around 1-kHz
and beyond reduces the flicker noise with respect to the thermal noise, however this flicker
contribution is still significant. The total noise level decreases substantially when chopping at 1-kHz,
with the thermal noise becoming the dominant factor. The figure shows that the total noise curves lose
their humps around the sub-threshold and threshold regions as the flicker noise is reduced.
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Figure 3-17.a-c compare the total noise levels per device size with respect to chopping frequency. The
comparison shows that smaller transistors exhibit much higher flicker noise levels at lower chopping
frequencies than larger transistors. The wider and longer devices are more immune to flicker noise.
The total noise of the three different FET sizes is shown in Figure 3-18.a and Figure 3-18.b. These
plots clearly show that the smallest devices exhibit the highest noise contributions mainly due to the
higher mixing efficiency that generates a larger DC voltage leading to higher flicker noise.

As the chopping frequency increases the total noise level of each device tends to be only comprised of
the thermal noise of the channel. In other words, for a THz mixer that is foreseen to operate at low
chopping frequencies, wider and longer devices are favoured. If chopping is readily available, smaller
devices are the better option. Of course, this should be decided in view of the impedance matching
and the expected overall system performance as discussed in the previous and the upcoming sections.

This analysis has a direct implication on the NEPs of concern. To elaborate more on this, simulation
results for a 1um/0.06pum large device reveal that even a few-fold increase in NEP may be possible
whilst increasing the input power from 1nW to 100nW and chopping at appropriately low frequency.
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Figure 3-18: Comparison of total Noise for M1, M2 and M3 at (a) 1Hz and (b) 1kHz

Increasing the device length is, therefore, advantageous for low chopping frequencies and high input
power levels at the detector, for example devices with W/L=1/0.2um. For high chopping frequencies
and low input power levels, however, short transistors should be comparable or even outperforming.
Therefore, sizing is necessarily done in view of the foreseen input power level, chopping frequency,
and load conditions to result in the optimum DC performance.
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Figure 3-19: (a) Rv and (b) NEP versus chopping frequencies: 1pm/0.06pum NFET pair in differential
source-coupling mode. Pin=100nW, Rout=100M£, Frequency=650GHz.

Simulations of v and NEP versus chopping frequencies are shown in Figure 3-19. It clearly shows
that the NEPs could be substantially improved when operating the detector at higher modulation
frequencies. Whilst the responsivity remains unchanged in the case of purely resistive loads, the
responsivities could drastically be degraded should cables be used for readout. Capacitive shunting
will thus degrade the output signal at higher frequencies and impacts the NEP. However, the noise
levels could still roll off faster than the responsivity levels.
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All these findings are important to keep in mind when sizing the transistors in view of the NEP minima
and Rvmaxima alignment. It is noteworthy at this level that the chopping frequency is not only important
for the devices’ intrinsic 1/f-noise, but also for the readout circuitry noise. It will be more apparent in
the next chapters when we discuss multipixel camera design.

3.1.5. Layout Techniques

(b)

Figure 3-20 : (a) Layout of two separate NFETs operated differentially, (b) and layout of single
double fingered transistors operated differentially through the sources (drains).

A few layout tricks to enhance the noise performance and the mixing efficiency of source-driven
differential NFET Terahertz detectors is suggested here. The concept is based on utilizing a single
dual-fingered NFET as a differential detector rather than two separate NFET, as shown in Figure
3-20a,b. In layout view, a double fingered 2um wide transistor is drawn with a 1um wide transistor
equipped with two drain contacts and a source contact (or vice versa). Therefore, the 2 drains/sources
are used as differential ports for the Terahertz mixer core. The top view of the differential THz
detector is shown in Figure 3-21. The balanced signals are coupled to both drain contacts of the
transistor, and the output signal is extracted from the common source.

G

Figure 3-21: Double fingered differential THz NFET detector layout



Chapter llI- Design Methodologies for Efficient Terahertz Detection in CMOS

A cross-sectional view of this differential transistor is shown in Figure 3-22. The effective differential
pair created by the single transistor share a common well at the source, and therefore a better ac-
ground is created across the gate and the source, enhancing the broadband behaviour.

Figure 3-22: Cross-section of double fingered differential THz NFET detector

Additionally, the junction capacitances at the source are reduced and there is no need to route two

individual sources externally as they are intrinsically connected, thus reducing noise and enhancing
the efficiency.

3.2. CMOS Technologies Comparison

3.2.1. Circuit Level Comparison
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Figure 3-23: (a) CMOS bulk and (b) CMOS SOl cross-section demonstrating intrinsic parasitics [79].

To be able to compare the detector performance in bulk and partially depleted Silicon on insulator
(SOI) CMOS, the device intrinsic parasitics should be analysed. Figure 3-23 shows cross-sections of
NMOS transistors in (a) bulk CMOS and (b) both partially depleted SOI. The silicon on insulator
exhibits a strong isolation of the active device from the silicon substrate, essentially suppressing the
parasitic elements Cjq, and Cy, through the creation of a box underneath the devices.
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(€)) (b)

Figure 3-24: 5x3 test arrays of THz detector test structures. (a) 65nm CMOS SOI chip [18] and (b)
65nm CMOS bulk chip [78], [79].

In bulk CMOS these parasitic capacitances tend to shunt part of the coupled THz signals to the
substrate. Thus, it can be seen that SOI transistors will perform more efficiently than bulk due to the
reduction of these junction capacitances. This has been analysed [79] and SOI detectors proved to
outperform those of the bulk technology for the following circuits shown in Figure 3-24. The signal to
noise ratio at the output of the detectors of the same gate-driven topology with dimension of
1um/60nm NFETSs at the same distance are compared in Figure 3-25. It reveals that the SOI detector
has a higher SNR compared to the Bulk detector. It shows that the silicon lens increases the SNR as
compared to front-side illumination.

80 !¢ A SNR SOl Lens
® SNR SOl no Lens
v SNRBulk Lens

60| m  SNR Bulk no Lens|

0 0.2 0.4 0.6 0.8 1
Vgs [V]

Figure 3-25: SNR comparison at a distance of 10cm for gate-drain driven detectors implemented in
CMOS Bulk and SOI, with and without a Silicon Lens.

Besides, bulk transistors require isolation wells with reverse biased diodes to avoid cross talk, latch-
up and signal leakage. It is important to distinguish between the performance of isolated and non-
isolated transistors in terms mixing efficiency. Isolating the wells create huge capacitive diodes with
their corresponding series resistances. We believe that isolating the wells could potentially degrade
the signal detection by increasing the junction capacitances.
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With the interest of implementing fully integrated readout analogue or digital circuitry within the
focal-plane arrays, the utilization of SOI technologies saves in circuit area, increases the efficiency of
mixing, reduces in power consumption as well as the noise generated by digital elements that are a
major concern for THz detectors [120], [121], [122], [123].

Further transistor enhancement could be attained by utilising fully depleted devices and further scaled
technologies. FDSOI technologies are quite expensive in comparison to lower technology nodes. But
such technologies are quite attractive and promising with the fact that heavy investments at foundries
are developing these technologies into maturity [124], [125], [126], [127]. FDSOI technologies
exhibit excellent device isolation from the substrate and from neighbouring transistors and removes
the history effect in PDSOI transistors. The drain-to-source capacitances are also reduced as the
transistors are ultra-thin. Besides, smaller transistors with gate lengths of 22nm offer higher input
impedances and therefore will have higher responsivitites.

One of the drawbacks thus far is the low-resistivity substrates used for the wafers. In essence this is
needed for back-body biasing; feature made possible by creating an ultra-thin buried oxide, as well as
deep trenches around the transistors. Therefore to be able to control the body levels, the substrates
should exhibit low resistivity levels. However, benefits in terms of back-body control will be
discussed in the following sections.

FDSOI and PDSOI are especially attractive in multi-pixel THz design, where multiple noisy digital
and analogue elements comprised of switches, amplifiers, decoders and other, induce considerably
more noise into the detection and readout chain. However the process fabrication cost is much higher
than bulk CMOS technologies.

3.2.2. Antenna Level Comparison

Efficiency

—Bulk, multi-layer

---High resistivity, multi-layer

1 | 1 1 | Il 1
08 08 09 09 1 1.05 11
THz

Figure 3-26: Radiation efficiency of the proposed antenna on a semi-infinite silicon substrate. The
chip thickness is 150pum and the silicon resistivity is assumed to be 15 Qcm and infinity for a bulk and
high-resistivity substrate, correspondingly. The antenna is realized as a multi-layer thick metal geometry
[128].

The other difficulties arise from devising appropriate antenna topology to provide the highest
radiation efficiency on a silicon substrate with its layout fully compatible with complex digital CMOS
design rules. The antenna should also deliver reasonable optical quality; known to be challenging for
substrate-based antennas.
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Choosing a wire-type antenna with no direct proximity to GND planes (floating wires) may be
favourable for Ohmic loss minimization at THz frequencies when compared to standard micro-strip or
slot antennas with small cross-sections of the radiating slots that induce high Ohmic loss [128]. The
other remedy to minimize the overall loss of the radiating element may be the application of a high-
resistivity substrate as shown in Figure 3-26. However, high-resistivity silicon is considerably more
expensive than standard bulk and not fully compatible with the mainstream bulk CMOS technology.
Therefore, standard bulk CMOS process is attractive, but low resistivity will lead to additional
conduction losses in the substrate.

3.2.3. Passives in CMOS Technologies

As the main aim here is full integration of THz-systems on chip, it is essential to investigate the
capabilities of designing the THz antennas on-chip along with the transmission lines for both sources
and detectors. It is rather important to understand the characteristics and limitations of passives design
for THz detection as much as it is for the detection principle itself.

3.2.3.1.  Characteristics, Loss Mechanisms and Design

In spite of the considerably improved raw performance of silicon devices, there exist some important
challenges in using silicon at mm-wave frequencies and beyond. The downscaling process of CMOS
nodes goes in parallel with the vertical shrinkage of the back-end-of-the-line (BEOL) and a decrease
of the metal and the dielectric thickness, as well as the metal pitch in order to increase the integration
density. This, in turn, leads to increased Ohmic loss of passive structures, and possibly magnified
influence of the substrate loss on the transmission line propagation. As it is known, with the increase
in frequency, skin effects are much more significant and could no longer be neglected. The Skin depth

in [m] is given by &
2
S L
21 fpopy
Where

e p is the bulk resisitivity [Q2.m]

o fisthe frequency in [Hz]

e |y is the permeability constant in [H/m] and is equal to 4 = x107'
e, is the relative permeability and is approximately equal to 1.

Figure 3-27 shows a plot of the skin depth &; for Copper, Gold, and Aluminum with respect to
frequency from 300GHz up to 1.8THz. This reveals that the waves are much confined to the surface
of the metals and do not penetrate more than 60nm from the surface of Copper lines. This effectively
increases the losses of the transmission lines.
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Figure 3-27: Skin depth versus frequency for Copper, Gold, and Aluminium lines.

Another important limitation related to the BEOL vertical shrinkage is that it imposes very
challenging layout design rules in terms of the available metal densities; not much relevant in many
other technologies. The CMP process steps used for metal deposition desire a very high level of
wafer-uniformity which is only made possible when the underlying metal layer densities are
homogeneous all over the wafer.

3.2.3.2.  Antenna Design

Within the design constraints for designing passive elements described in the previous section, the
main challenges to confront are mainly related to the antenna detector-matching, and the antenna
radiation efficiency. The BEOL of CMOS technologies are relatively thin in height, therefore a
ground plane necessary for patch antennas would be very close to the antenna if designed at a top
metal. Therefore, folded dipole antennas as well as ring antennas were chosen and designed. Given
the high dielectric constant in Silicon, the radiation therefore develops through the silicon, and the
best illumination is through the back of the die.

An optimum match between detector and antenna for maximum conversion efficiency allows the
detector to operate close to its maximum responsivity over a wide frequency range. As shown in
section 3.1.1, the detectors exhibit high and complex input impedance at their inputs. Impedance
levels are even as high as 1kQ or beyond for some transistor sizes). The input impedance of the
MOSFET is defined by its intrinsic and extrinsic parasitic capacitances and the resistance of the
channel in the corresponding operation mode. This impedance is bias dependant. In the sub-threshold
regime the channel resistance is much higher than the weak or strong inversion regimes. The antennas
have been co-designed with the detectors and several illumination topologies were investigated [78],
[128], [129]. The ring antennas are comprised of two magnetically coupled semi rings connected at
the zero H field. All the wiring is routed underneath these regions. The length of each wire is
approximately a wavelength in Silicon, for a centre frequency, and the width of the antenna helps
expand the bandwidth. Therefore, each semi ring is a half wavelength long. The feed lines with the
antenna both define the differential input impedance of the antenna, which as described above is made
to complex-conjugate match the detectors at the centre frequency.
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3.2.3.3.  Hlumination Topologies, Packaging and Loss Mechanisms:
The various losses would include reflective losses due to the discontinuities at the air/silicon/metal
interface creating a mismatched dielectric level. Ohmic losses, as discussed above, are very high at
THz frequencies, as the skin effect means that the THz current created on the THz antenna restricts
them to travel very close to the surface. This also depends on the back-end of the line (BEOL) stack
available from process design-kit (PDK), where advanced nodes such as 65nm CMOS and beyond
provide at least 7 metal layers with top thick metals, and 28nm FDSOI provides a10 metal stack.

Antennas  CMOS Chip Antennas Flipped CMOS Chip
Wire-bonds \/

\

Bumps

Metallic Ground Plane Metallic Ground Plane
(@ (b)

s~—___ Silicon

Wire-bonds CMOS Chip
(©

Figure 3-28: Packaging techniques: (a) front side illumination, (b) back-side illumination, and (c)
back-side illumination through Silicon-lens.

Additionally, the internal reflections within a Silicon dice lead to substrate-modes. Therefore,
technologies with different substrate resistivity offer varying performances. Utilization of 65nm
CMOS Silicon-on-insulator (CMOS SOI) leads to higher bulk-resistivities on the order of 3kQ.cm,
compared to low resistivity Bulk CMOS, which is on the order of 15Q.cm. However, there exists a
trade-off in this case, as the high resistivity Silicon serves as a damper for the reflected waves, but
should not totally damp the original THz waves propagating through the substrate medium. One
solution, therefore, that works for both SOl and Bulk CMOS is to thin the substrate from typical
values of 750um down to 100-150um. Furthermore, at THz frequencies, and as the wavelengths are
quite short compared to RF and Microwaves, on-chip THz radiators utilizing the top metal layers
efficiently develop their beams from the back-side of the chip, i.e. through the Silicon substrate.

Therefore, one would develop two different packaging and illumination topologies: Front-side
illumination and Back-side illumination, as shown in Figure 3-28. Front-side illumination is the least
favoured of two in terms of antenna efficiency, as explained above where substrate modes are
dominant. However, straightforward wire-bonding techniques could easily be employed. Back-side
illumination, on the other hand, enhances the antenna efficiency by reducing the substrate-modes. To
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further enhance the coupling efficiency, a high resistivity Silicon lens could be attached at the back-
side of the Silicon die, which both decreases the substrate-modes and guides the rays onto the

corresponding pixel aperture. A comparison based on HFSS simulations across frequency of the three
topologies is shown in Figure 3-29.
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Figure 3-29: Simulated antenna efficiency in different illumination topologies: Back-side

illumination, front-side illumination, and back-side through semi-infinite substrate illumination
mimicking a Silicon lens [78].

Another important parameter directly impacting the coupling efficiency is the antenna alignment with
source. The source/receive antennas should be aligned at their bore-site at horizontal and vertical axis,
their azimuthal tilts, as well as the polarization (be it vertical or horizontal). Any mismatches would

effectively lead to considerable power loss, and could be quantified according to the Friis
transmission equation.
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3.3. Detectors in 65nm Bulk

3.3.1. Circuit Design and Implementation

In this section the design, implementation and characterisation of various Terahertz detectors in a
65nm CMOS bulk technology from STMicroelectronics are presented. The designed chips are
comprised of 4x4 pixels of different detector and antenna test structures. The test structures where co-
designed between the antennas and the detectors of different sizes and impedances following the
aforementioned methodology of efficient Terahertz detection in FETs in the previous sections.
Following thorough analysis of the detectors in different operating conditions and topologies, the
antennas were co-designed with Dr. Janusz Grzyb [129].

As described before, impedance matching at the frequencies of interest is the key to efficient
detection. Impedance matching can be done in between the antenna and the detector via passive
transmission-lines. Various matching structures were analysed and eventually it was to include the
matching elements as intrinsic parts of the antenna. Therefore, the modifications on the feed-lines and
antenna diameters and thicknesses have been chosen to match detectors of various sizes, at different
bias points and frequencies. The transistor PDK models include metal one, therefore the antennas
have been designed down to metal one that defines the input ports of the detectors.

The dice micrograph and a pixel micrograph are presented in Figure 3-30. The chip total size is
880um x880um, and the pixel pitch is 160pmx160um. The chip is ESD protected and fulfils the
design rules of the process. A global ground plane extending over the full BEOL is laid-out across the
chip. Openings within the ground plane are designed to accommodate the antennas and detectors.
These openings include passive and active layers blocking with a carefully adjusted opening size to
allow minimal interference with the evanescent waves.
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Figure 3-30: (a) Die micrograph of implemented THz- detector test-structures in 65nm bulk CMOS
and (b) image of a single pixel.

The circuits are based on the differentially fed through their sources NFET detectors. The detectors
are formed by using a double-finger NMOS, as described in section 3.1.5. The gate bias and the signal
outputs are routed vertically, and run through a hollow section of the antenna within the zero-field
regions, at the H-plane. Each four detectors on the die are gate-biased from a separate biasing pad.
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The pixels to be powered up at once are chosen in a manner to be as furthest possible from one
another, to enable the examination of neighbour pixel effects such as coupling. The detectors are not
isolated from the substrates, as there are no active circuits on the die. It was intended to study the
effect of the isolation created underneath the transistors, as it is believed they may deteriorate the
detector efficiency due to the added capacitive and resistive parasitics of the diodes created
underneath the terminals and the channel.
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Figure 3-31: (a) Schematic and (b) photograph of packaging of CMOS chip with a 3mm diameter
Silicon hyper-hemispherical lens.

The chip i thinned down to 150um to increase the signal efficiency and was glued from the backside
using low-shrinkage UV-cured epoxy to a 3mm diameter Silicon hyper-hemispherical lens without
AR-coating. The chip was then wire-bonded to a low-cost FR4 PCB as shown in Figure 3-31. The
chip was aligned to the centre of the lens with B3 being the centre pixel. Therefore, all other pixels are
off-axis and their performances are thus sub-optimal.

In the next section, characterisation results of a few selected pixels are presented. As mentioned
above, the off-axis pixels are suboptimal due to the reduced received power arising from reflections at
the Silicon-air interface. Therefore, the actual performance of these pixels is believed to be better.
Measuring them properly requires separate packaging per pixel, where the pixel would be placed
exactly in the centre of the lens. Further improvements would be to use anti-reflective coating to the
lens.
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3.3.2. Measured Results and Analysis

Table 1 presents a list of the measured pixels with their corresponding parameters including the pixel
name, device dimensions, and targeted frequency. In this section the measurement results of some
selected pixels will be presented and then correlated to the simulated data. This correlation will enable
the study the validity of the quasi-static/non-quasi-static analysis that this work is based on. It is worth
to mention that the targeted frequency is related to the detectors’ best simulated impedances; therefore
as frequencies diverge away from the targeted frequency the detector/antenna impedance match starts
to degrade. As for the case of broadband matching, a trade-off in the impedance match is employed to
enable a wider band of operation.

Pixel name Transistor characteristics Targeted frequency
A2 NFET diff. pair, common well, W/L=1um/0.06um 850GHz
A3 NFET diff. pair, common well, W/L=1um/0.06pum 650GHz
A4 NFET diff. pair, common well, W/L=1um/0.2um 650GHz
B4 NFET diff. pair, common well, W/L=1um/0.2um 800GHz-1THz
C3 NFET diff. pair, common well, W/L=0.3um/0.06um 675GHz

Table 1: List of measured test structures in 65nm bulk CMOS technology

The detectors were measured in free-space. A frequency-tuneable power source operating from
650GHz up to 1.1THz and equipped with a diagonal horn antenna was used to illuminate the detector
at a distance R.
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Figure 3-32: Extrapolated gain of transmit antenna based on two points provided by the
manufacturer, and calculated receive antenna gain with a lens diameter of 3mm based on the theoretical
effective area calculation.
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The source antenna has a frequency dependant gain and two points are provided by the manufacturer.
An extrapolated plot of the Tx antenna gain is shown in Figure 3-32. The detector antenna gain is
shown on the same plot. The directivity has been estimated based on the effective area of the antenna
considering the lens solid angle to be the aperture.
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Figure 3-33: (a) Calibrated total source output power and (b) calculated received power at a distance
of 13,5cm across frequency.

The source power with respect to the bandwidth of operation is shown in Figure 3-33. The source
transmits a maximum power of 10.9uW at 856GHz. This power was calibrated using an Ericsson
power-meter across the indicated frequency range. According to these transmitted power values,
Figure 3-33.b represents the received power at a distance of 13.5cm as calculated using the Friis
transmission equation including the directivity values in Figure 3-32. These received power levels
will be used hereafter for all detectors characterised at a distance of 13.5cm. Some detectors were
measured at different distances, and will be denoted accordingly.

First, the noise measurements will be demonstrated. Then, the measurements of the selected pixel will
be presented individually.
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Noise measurements:

The spot-noise at various frequencies was measured for the three different detector sizes with respect
to the variations in gate bias. The noise was measured using an Agilent spectrum analyser by
connecting the output of a specific detector to a low-noise voltage amplifier with an amplification
factor of 60dBV. The amplifier has an input impedance of around 1TQ and an output impedance in
the MQ range. The input impedance of the spectrum analyser is 50€, thus creating a mismatch at the
input. The effective amplification was measured to be 300X by applying a sinusoid and measuring the
amplified signal on the spectrum analyser. This noise measurement does not include the device under
source illumination. Therefore, the noise plots presented here represent only the device thermal noise
along with the low noise amplifier noise including its 1/f noise.
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Figure 3-34: Measured output noise-voltage for various detector sizes and over different chopping
frequencies

The output noise of a detector with 1um/0.06um device-dimensions and that of a 1um/0.2um device
are shown in Figure 3-34 with respect to gate bias, at 200-Hz, 1-kHz and 5-kHz. As expected, the
noise at lower frequencies is much higher than that a higher frequencies as the flicker noise is quite
significant. It is worth nothing though that this flicker noise component arises from both the amplifier
stage and the intrinsic NFET flicker noise. However, the detector flicker noise level is much lower
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since there is no signal applied. As the frequency increases, the major noise contributor is the detector
thermal noise which is frequency independent. The measured noise plots align well with the simulated
values shown in section 3.1.4, with the exception of the additional injected noise from the external
amplifiers.

A comparison between the device sizes in Figure 3-34 shows that the output noise maxima are shifted
with respect to the gate bias, yet the noise values are approximately the same at higher chopping
frequencies. This is due to the varying channel modulation and, consequently, channel conductance.
At very low chopping frequencies, longer and wider devices are more immune to flicker noise in
comparison with shorter and narrower devices.

Pixels Characterisation:
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Figure 3-35: Free-space measurement setup example used for the detectors’ characterization.

The pixels presented hereafter are measured and characterised in free space as shown in Figure 3-35
and the responsivities and noise equivalent powers are calculated as described in chapter 2. For
instance, for a source frequency of 856GHz the source transmits a total power of 10.9uW with an
antenna gain of 26dBi. The path loss at a distance of 13.5cm is -73dB, thus the received power at the

lens interface is 0.135uW. The gain of the receive antenna is calculated from G, = ‘m:—jff to be
28.6dBi with an effective antenna area of A, = mR* = 7.07E~° m? for a lens radius of 1.5mm.

Below, measurements of each pixel will be presented and analysed with respect to their frequency and
DC characteristics. The pixels have been measured at slightly different distances as the data has been
collected in different times.
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Pixel A2:
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Figure 3-36: Frequency characteristics of pixel A2 where (a) Rv maxima and their corresponding
NEPs and (b) NEP minima and their corresponding Rvs. (c) Simulated antenna impedance. (d) Simulated
Electrical Bv maxima and NEP minima using the simulated antenna impedances. This antenna has been
designed for a peak at 850GHz with a device of W/L=1um/0,06pm. The frequency plot matches the
intended design based on simulations using the PDK. The Rv max is 570V/W Vgs = 0.23V, and the
NEP i is 40pw/VHz at Vs = 0.47V at 825GHz. The measurements were performed in the far-field of the
Tx and Rx antennas, at a distance of at D=13.5cm. the 3dB bandwidth spans between 770GHz and
930GHz.

Figure 3-36.a-d show the characterisation results of pixel A2. Pixel A2 is designed for a centre
frequency of 850GHz. The device has a W/L=1um/0.06um. The maximum responsivity at a gate bias
of Vgs = 0.23V with its corresponding NEP, and the minimum NEP at Vgs = 0.47V with its
corresponding responsivity are shown in Figure 3-36.a and Figure 3-36.b respectively.

The RVpax is 570V/W at Vs = 0.23V, and the NEP,, is 40pW /VHz at Vs = 0,47V at 825GHz. The
measurements were performed in the far-field of the Tx and Rx antennas, at a distance of R=13.5cm
and a source modulation frequency of 1kHz. The NEP was extracted from the measured noise shown
in Figure 3-34. Antenna impedances versus frequency were simulated using HFSS, and are plotted in
Figure 3-36.c. Using these impedance numbers, the responsivity and noise equivalent power were
simulated and are shown in Figure 3-36.d. The measured frequency characteristics of pixel A2 present
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a good level of correlation with the simulations using the PDK, with the peak responsivity and
minimum NEP at 850GHz and the 3dB bandwidth spanning between 770GHz and 930GHz.
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Figure 3-37: Frequency characteristics of pixel A3 at R=14,5¢cm showing the (a) maximum Rvs and
(b) their corresponding NEPs frequency characteristics with respect to chopping frequency. (d) Minimum
NEPs and (c) their corresponding Rvs across source frequency and with respect to chopping frequency.
Key values: Rv =1450V/W and NEP=318pW/\Hz @200Hz, at Vs =0.19V. Rv =650/W and
NEP=20pW/VHz at Vg5 =0.45V

Pixel A3 was measured at a distance of 14.5cm from the source. The responsivity measurements were
done at 200Hz, 1-kHz, and 5-kHz source modulation frequency, and the noise measurements were
extracted accordingly. Figure 3-37.a represents the maximum responsivity measured at a gate bias of
0.19V across various frequencies and Figure 3-37.b represents the NEP at the same gate bias.

The minimum NEP with its corresponding responsivity was measured at a gate bias of 0.45V for the
same source frequency range. The responsivity peaks at a source frequency of 724-GHz and is found
to be around Rv=1450V/W at a chopping frequency of 200-Hz, and is reduced to 1200V/W at a
chopping of 1-kHz and above. The variation in responsivity is due to the capacitive loading of the
detectors, as the capacitive cables filter shunts the signals with the increase in frequency. However,
the much higher noise level at 200Hz makes it worse in terms of NEP, even though the responsivity is
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higher. This is apparent also at the region of minimum NEP shown in Figure 3-37.c and Figure
3-37.d, where the NEP, at a gate bias of 0.45V is 20pW at a chopping frequency of 200Hz and

14pW /v Hz at a chopping frequency of 5-kHz.

These are the best values recorded thus far in literature for CMOS based detectors and are as good as
or better than the current state of the art THz direct detectors[130]. The frequency characteristics
show a 3dB-bandwidth ranging from 650-GHz up to 850-GHz.
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Figure 3-38: Pixel A3 at R=14.5cm versus
gate bias at 856 GHz at (a) 200Hz (b) 1kHz and
(b) 5kHz chopping frequency
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The responsivity and NEP at a frequency of 856GHz was also measured across the different operation
regions of the transistors, at 200Hz, 1kHz, and 5kHz and are shown in Figure 3-38. This frequency is
not that of the maximum responsivity and NEP. However, the plots show the transistor behaviour
when matched properly for an increase in responsivity at the regions of minimum NEPs. These plots
also show that for a proper readout circuitry design, chopping at higher frequencies may be deemed
favourable as the 1/f-noise of the circuitry could play performance-changing role.
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Figure 3-39: A4 pixel measured at R=14.5cm showing the (a) maximum Rvs and (b) their
corresponding NEPs frequency characteristics with respect to chopping frequency. (d) Minimum NEPs
and (c) their corresponding Rvs across source frequency and with respect to chopping frequency.

This pixel is equipped with the same ring antenna utilised for pixel A3, yet with a differential NFET
pair of wider transistors, with 1um/0.2um dimensions, each. The antenna is designed to match the
60nm wide transistors; therefore this antenna is mismatched to the 200nm wide transistors. Figure
3-39 shows the measured maximum responsivities and their corresponding NEPs, as well as the
minimum NEPs with their corresponding Rvs. The measurements were carried out at a distance of
R=14.5cm, over a frequency range of 650GHz up to 1.05THz, with chopping frequencies of 200Hz,
1kHz and 5kHz. In comparison with pixel A2, it is obvious that the maximum Rvs and minimum
NEPs are deteriorated across the spectrum and at all chopping frequencies.

It is also visible how the NEPs at the maximum Rvs are widely dependant on the chopping
frequencies, and likewise behaves the Rvs at minimum NEPs. The Rv peaks at a frequency of
724GHz with a chopping frequency of 200Hz and a value of 1100V/W, and the NEP minimum is also
at 724GHz but for a chopping frequency of 5kHz, and a value of 35pW/vHz. This is interesting
because we know that the Rv deterioration with respect to chopping frequency is only due to the
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capacitive loading of the device, therefore, with proper termination at the output the Rv essentially
should remain constant.

It can be observed that the Rv maxima shift their bias-positioning with respect to chopping
frequencies. This is mainly due to the frequency-dependant match of the detector channel with the
output loading. As the modulation frequency increases, the detector match at the output is deteriorated
at its high-impedance at the sub-threshold regime with respect to the decreasing load-impedance due
to the capacitive-effects. However, even though the Rv decreases significantly, the enhancement in
the noise performance counters and betters the NEP values. We can deduce the benefit of chopping at
higher frequencies, primarily to reduce the 1/f-noise of both the detector and the readout electronics.
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Figure 3-40 Pixel B4 measured at R=14.5cm and 1kHz chopping frequency, showing the (a)
maximum Rvs and their corresponding NEPs frequency characteristics with respect to chopping
frequency; (b) minimum NEPs and their corresponding Rvs. Responsivities and NEP DC characteristics
at 856GHz source frequency at (c) 200Hz and (d) 1kHz chopping frequencies.

This pixel is equipped with an antenna matched to offer a bandwidth between 800GHz and 1THz.
However the matching favours a detector of 1um/0.06pum dimensions, which is presented in pixel B3.
Unfortunately B3 is not characterised yet, thus B4 shall provide a suboptimal performance as to what
this antenna is capable of delivering.
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Figure 3-40 shows the measured responsivities and NEPs at a distance of 14.5cm with respect to a
sweep of transmitted frequency. At 1-kHz, the responsivity peaks at 822GHz with a value of 960V/W
and the NEP minimum is 26pW/~Hz at the same frequency. The 3dB bandwidth spans from 650GHz

to 960GHz.
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Figure 3-41 pixel C3 measured at 14.5cm and 1kHz chopping frequency, showing responsivities and
NEP DC characteristics at 1kHz chopping frequencies for (a) 698GHz source frequency at (b) 724GHz

source frequencies.
(c) Maximum Rvs and their corresponding NEP at 1kHz; (b) minimum NEPs and their corresponding Rv

at 1kHz.

This pixel was measured at a distance of 14.5cm. It is equipped with an antenna designed to match
best at 675GHz for a differential NFET pair of 0.3um/0.06um device dimensions. Figure 3-41a and b
present the responsivity and NEP at 1kHz chopping with respect to gate bias at transmission
frequencies of 698GHz and 724GHz respectively.

The responsivity peaks at 724GHz and attains a value of 1850V/W and a responsivity of 1650V/W at
a frequency of 698GHz. The frequency characteristics are shown in Figure 3-41c and d, and show a
3dB bandwidth between 650GHz and 750GHz. The minimum NEP attained is at 724GHz, dipping to
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15pW/VHz. This could be enhanced even further by chopping at 5kHz or beyond, and the NEP values
are expected to dip even further below pixel A3.

Figure 3-42 shows the chopping frequency influence. At 200Hz, the max Rv reaches 2240V/W, and
therefore we can observe that if we attain this responsivity at a higher chopping frequency, the NEP
minima could be even further enhanced.
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Figure 3-42: Pixel C3 measured at 14.5cm for 200Hz and 1kHz chopping frequencies. (a)
Measurement of maximum Rvs (b) and their corresponding NEPs.
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3.4. Detectors in 28nm FDSOI

In this section the design and characterisation of single-pixel THz detectors implemented in a 28nm
fully-depleted silicon-on-insulator CMOS technology is presented.

3.4.1. Circuit Design and Implementation

The intention of this design is to test the capabilities of THz detection in the recently available 28nm
FDSOI technology. At the time of design, no RF models of the transistors were yet available, and thus
a complete co-design between the detectors and the antennas was not possible.

It is essential to mention a few notes on the antenna design. The antennas are ring antennas based on
the reported antennas in the previous sections on bulk CMOS. The technology backend in the FDSOI
technology is comprised of a 10metal stack. Therefore the antennas needed to be resized to include
the entire metal stack, to comply with the metal-density uniformity across the chip imposed by the
process rules. However, as the transistors are fully isolated from the substrates, protection diodes were
obligatory to protect the transistors’ terminals during the CMP process. Creating antenna-diodes at the
RF path is surely not favoured as they will act as parasitic capacitances that will deteriorate the signals
arriving from the antenna ports.

Several techniques including creating metals loops were employed, but diodes were still required to
be placed. Thus, protection diodes at the antenna DC bias that runs across the zero-intensity fields
were placed. The antenna metal loops at the feed-lines need to be further optimised in the future to
include their inductive effects, which by all means could be in the benefit of countering the capacitive
impedances of the detectors.

Figure 3-43: FDSOI chip micrograph

Additionally, as the tight CMP design rules were stringent at the time, as the technology is dedicated
for pure digital design. Therefore, the design of antennas has included un-wanted fillers in the
proximity of the antennas near-fields. Especially, an un-favoured filling of silicided poly-silicon
within a region close to the antennas is single out as a main influence. EM simulations of the antennas
with and without the poly-Silicon fillers have shown that the antenna efficiency have been degraded
from 60-70% down to 10-15%. It is thus evident that further optimisation is vital, and thus the results
that will be presented hereon are suboptimal due to the EM-influence. A solution to this problem is to
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connect localized poly-silicon fillers to the antenna, and EM simulations show an improvement of
efficiency back to 50%. These optimised antennas are not included in this thesis.

Rout

Figure 3-44: FDSOI pixel circuit design

The circuit has included a variety of detector sizes from the smallest detector sizes that include the
highest input impedance, to detector sizes of the same dimensions used in the bulk CMOS design
presented in the previous section. The chip micrograph is shown in Figure 3-43 with dimensions of
1.05mmx1.05mm and a pixel pitch of 150umx150um. All the detectors differentially fed through the
sources, are biased by a single gate bias pad and a single pixel schematic is shown in Figure 3-44. The
bodies of all detectors are controlled by another pad, and the mechanism is shown in Figure 3-45. The
body bias acts as contact to the second gate with the buried oxide being thicker than the first gate
oxide. Therefore, the gate bias modulates the threshold voltage of the transistor.

Isolation Body Bias

Bulk

Figure 3-45: FDSOI transistor cross-section showing body access

As discussed in chapter 2, the FDSOI technology offers better isolation of the transistors from the
noisy bulk. In our specific case, the full isolation from the substrate effectively enhances the noise
performance and increasing the signal coupling efficiency to the detector channel due to the decreased
parasitic effects underneath the terminals’ junctions.

Various applications for the body bias are foreseen, such as modifying the operation regime of the
transistors, or performing reset mechanisms of the detectors in the case of multi-pixel designs.
However, no direct impact on the THz performance of the detectors via modifying the body voltage-
level is yet observed.
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3.4.2. Measured Results

Table 2 presents a list of the measured pixels with their corresponding parameters including the pixel
name, device dimensions, and targeted frequency. All transistors were measured in free space at a
distance of R=15cm using the same methods utilized in the previous section on 65nm bulk CMOS
design.

Pixel Name Transistor Characteristics Targeted Frequency

C1 Fully Depleted NFET, common 850GHz
well, W/L=1um/0.06um

C2 Fully Depleted NFET, common 850GHz
well, W/L=1pm/0.03um

D2 Fully Depleted NFET, common Broadband: 600-1000GHz
well, W/L=0.08m/0.06um

Table 2: list of measured pixels with their characterisitcs

The noise measurements will be presented next, and the pixel characterisation results will be
subsequently demonstrated and discussed.

Noise measurements:

The noise voltage was measured at 1-kHz for the three different detector sizes, 1/0.06um, 1/0.03um,
and 0.08um/0.06um. The measured plots versus the gate bias are shown in Figure 3-46. The
measurements show the difference in the noise behaviour or the transistors with the change of the
detector dimensions. As discussed in section 3.4.3, the increase of the noise around the sub-threshold
regions is due to the increased flicker noise that adds on top of the white thermal noise. However the
flicker noise seen here is mainly due to the off-chip low noise amplifier as no signal is provided tot eh
THz detectors. These noise measurements will be used hereafter for the calculation of the NEP of the
detectors.
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Figure 3-46: Output noise voltage at 1kHz for various detector sizes

Pixel C1:

Figure 3-47 shows two plots of the responsivity and NEP at 856GHz and a 1-kHz chopping for pixel
C1 at a body bias of 0V and 1.5V. For a body bias of 0V, the maximum responsivity is 460V/W at a
gate bias of 0.23V, and the minimum NEP is 37pW/VHz at a gate bias of 0.42V. When biasing the
body at 1.5V, the threshold voltage moves downwards, and the entire behaviour of the detector shifts
with respect gate bias. Then, the maximum responsivity is also 460V/W but is located at a gate bias of
0.09V, and the minimum NEP is also 37pW/\Hz at Vs =0.33V.
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Figure 3-47 Pixel C1 measured at 856GHz and a 1kHz chopping frequency. (a) Responsivity and
NEP measurements across gate bias and a body bias of 0V (b) and a body bias of 1.5V

Sweeping through the body bias and modifying the gate bias accordingly to locate the maximum
responsivity shows that the Rv max is always constant. This is shown in Figure 3-48 where the RV .«
is always 460V/W with its corresponding NEP being 175pW/\Hz. This NEP value is not the
minimum NEP, but rather the NEP at the specific maximum Rv. As we can see, biasing the body at a
higher voltage would end up with a detector attaining a high Rv at a zero gate voltage bias.
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Figure 3-48: Pixel C1 measurements show (a) the shift of the maximum Rv of 460V/W across the gate
bias corresponding NEP of 175pW/\Hz, with respect to the body bias sweep (b) which remains fixed
across body bias.

Pixel C2:

We perform the same measurement methodology employed for C1, and apply it to pixel C2. This
pixel is designed with the minimum transistor gate length of 22nm. The maximum measured
responsivity at 1kHz for a frequency of 856Ghz is 450V/W for a body bias of 0V, 0.75V, and 1.5V.
the minimum measured NEP is 45pW/Hz.
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Figure 3-49: Pixel C2 (a) Rv and (b) NEP, both measured across gate bias at 1kHz, a distance of
15cm, at 856 GHz source frequency, at 0V, 0.75V, and 1.5V body biases.

The frequency response of the detector at 1kHz at a body bias of 0V and 1.5V are shown in Figure
3-50. Once again, the body bias shows minimal RF impact, yet the Rv maximas and NEP minimas
shift over gate bias-level according to the body bias-level.
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Figure 3-50: Pixel C2, (a) maximum Rv and (b) minimum NEP, measured at a 1kHz chopping
frequency, a distance of 15cm, at 0V and 1.5V body bias, across various source frequencies
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Pixel D2:

Pixel D2 is the smallest detector width available by the technology. Even though the detector attains
high input impedance, the noise levels are significantly higher than the other transistors presented
before. It is essential, however, to observe the eventual behaviour when the transistors are properly
matched to the antennas. Figure 3-51 presents the SRv and NEP of the detector at 856GHz, 1kHz
chopping frequency, with respect to the biasing voltage. The detector peaks at around 0.3V, with an
RVmax=D80V/W. However, the responsivity rolls off drastically in the sub-threshold domain, and this
is believed to be due to the output loading conditions in view of the utterly high impedance levels in
the sub-threshold domain.
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Figure 3-51: Pixel D2 Rv and NEP measured at 15cm, a 1kHz chopping frequency, at 856GHz, and
Vbody =0V.

A frequency sweep for the same detector was performed and is shown in Figure 3-52 for body biasing
at OV and 1.5V. The antenna used here is designed for a broad bandwidth, which can be observed
over the entire measured spectrum. The 3dB bandwidth spans from 650GHz up to 1THz.
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Figure 3-52: (a) Rv maxima and (b) NEP minima at a distance of 15cm and 1kHz chopping
frequency, across frequency
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3.4.3. Analysis and Comparison

It is rather worthwhile comparing the measured noise levels of two devices of the same dimensions in
the two different technologies we have presented in this work, 65nm bulk CMOS and 28nm FDSOI
CMOS. We do not have measured data yet for detectors of the same size equipped with the same
antennas, even-though the hardware includes a few variations that have similar antennas.

Figure 3-53 compares the measured noise voltage of two differential detectors in 65nm bulk CMOS
and in 28nm FDSOI CMOS technologies, with dimensions of 1um/0.06um each. The measurements
were carried out at 1-kHz spot frequency and are amplified by 1000X using an external high
impedance low noise amplifier. The FDSOI measured results show lower noise levels compared to the
bulk CMOS, especially at the regions of interest defined between 0.2 and 0.4V. With the proper
antenna matching to the detectors the responsivity could be further enhanced and therefore the NEP
could benefit from both by the lower noise levels and the increased responsivity.
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Figure 3-53: Comparison of noise from differential lum/0.06um transistors in 65nm Bulk and 28nm
FDSOI
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3.5. Circuits for Dual Polarization THz Detection

Novel ideas for mm-Wave and THz detection based on polarization diverse antennas are proposed
here. This technique requires the usage of two THz sources that emit at orthogonal antenna
polarizations. In the case of commercially available sources such as VDI sources, the radiation is
transmitted via diagonal horns. Diagonal horns, due to their geometry, spill part of the power from the
cross to the co polarization [131], [132]. Therefore, this radiation could be still utilized rather than
being lost.

The main applications of such as system are shown in Figure 3-54, and are summed up as follows:

e Polarization diverse imaging could potentially present different information about the
object under test. Thus, a system implemented as in Figure 3-54.a effectively leads to
two different outputs corresponding to the received power at its corresponding
polarization.

¢ Homodyne and heterodyne mixing could be enabled within the same pixels and without
the implementation of on-chip local oscillators. The radiation received at the
orthogonal (cross and co) polarizations could exhibit the same or different frequencies.
As the signals excited the antenna at different polarizations, as in Figure 3-54.b.

e In current mode operation of THz mixers, the outputs of the mixers could be combined
for a higher overall responsivity of the system. This is only beneficial in the case where
the source exhibits a power spill over its co-polarization.
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Zero |F_cross IF+
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Figure 3-54: Block diagram of (a) polarization diverse THz mixer and (b) polarization diverse
heterodyne mixer

3.5.1. Circuit Design and Implementation

Polarization diverse antennas and their detectors were implemented in a 65nm CMOS bulk
technology. The antennas were designed by Dr. Janusz Grzyb following analysis and discussions on
the concept. | have designed the circuitry and the entire chip. The circuit is comprised of two sets of
differential source driven NFETS, as shown in Figure 3-55, with 1um wide and 60nm long low V1 low
power RF transistors. Each pair is connected via its sources to one polarization port of the antenna.
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The outputs of the transistors and the corresponding gate biases are routed diagonally, as shown in
Figure 3-55.b. Measurements of these detectors have not been carried out yet at the time of writing
this thesis.
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Figure 3-55: Chip micrograph of test structures with dual polarization antennas and detectors

The realised circuit schematic is shown in Figure 3-56 where the RF feeds are connected to the same
antenna, receiving from a different polarisation, and the outputs are routed separately.
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Figure 3-56: Schematic of dual polarisation circuit and antenna.
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3.6. Circuits with Output Combining

Another detector topology is proposed with multiple Terahertz detectors with output combining. The
topology is shown in Figure 3-57. The circuit generally comprises of N detectors equipped with their
individual antennas and connected in parallel at their corresponding outputs. This topology increases
the antenna effective area leading to a higher power coupling. Two main benefits arise from such a
topology:

1. Field of View and Power Harvesting: In the case of single pixel imagers, increasing the
antenna aperture allows for more efficient energy coupling. When using a Silicon
hyper-hemispherical lens, each antenna would be looking towards a different angle
according to its position with respect to the centre pixel. Therefore, the single pixel
imager will be less sensitive to setup misalignments.

2. Noise Levels: connecting multiple cold transistors in parallel leads to a reduced
effective channel resistance. As the noise at higher chopping frequencies is dominated
the thermal noise, this topology effectively reduces the thermal noise level especially at
the sub-threshold and weak-inversion regions.

T

Figure 3-57: Circuit schematic of 4 pixels combined at their outputs

The performance is studied in the two different modes of operation, the current-mode and the
voltage-mode. In the case of the voltage mode of operation, the voltages appearing from each detector
do not add in parallel, and the highest voltage potential will dominate. Therefore, even as the power is
effectively NX Pin getector, Where Piq getector 1S the power received by a single element, the output voltage
remains Vougetector- 1hUS, the Responsivity decreases subsequently by N times. On the other hand,
when operated in current-mode, the currents add in parallel and thus the Responsivity would remain
unchanged. The NEP, on the other hand, is dependent on the number of elements. Taking for instance
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four pixels in parallel with a channel resistance of Rg, leads to an effective resistance of Reg= Rcp/4.
The expression for the channel-resistance dependant thermal noise is 4kTBR.

3.6.1. Circuit Design and Implementation

A 4 element output combined circuit has been designed in CMOS 65nm bulk technology from
STMicroelectronics. The circuit micrograph with the corresponding Virtuoso layout view is shown in
Figure 3-58. The circuit comprises of 4 cold (unbiased) NFETs of 1um/0,06um gate width and length,
respectively. A single element has a pitch of 100um, and thus a total collecting physical aperture of

400pumx400um is attained. The circuit has not been fully characterised at the time of writing this
report.

(@) (b)

Figure 3-58: (a) Layout view and (b) implemented micrograph of 4 pixels combined at their outputs
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3.7. Chapter Conclusions

In this chapter a detailed analysis of the design of Terahertz direct detectors was presented. This
investigation is developed with respect to various electrical and electromagnetic parameters. Circuit
analysis and EM analysis were examined in various CMOS technologies.

From the derived analysis and the implemented circuitry, we can conclude the following for voltage-
mode FET THz power detectors:

e Technologies with substrate isolation provide higher mixing efficiency and better noise
levels. Higher resistivity substrates enhance the antenna efficiency and using high resistivity
Silicon lenses at the back-side of the chips is favoured for reducing substrate modes and for
focal-plane array operation.

e Detectors with high input impedance will created the larger voltage drops at their input ports.
Smallest FET sizes will create the highest input impedances.

e Complex conjugate matching to the antennas is necessary to properly deliver the received
power.

o Despite the fact that smallest detectors will create the largest signals at their input ports,
detector sizing is done in view of the power levels anticipated as well as the available
chopping frequency and loading conditions.

e Large input powers, when efficiently delivered to well-matched transistors, increase the
detector’s internal flicker noise. Flicker noise could become substantial at certain detector
sizes and power levels.

o Flicker noise is reduced by chopping at higher frequencies, or by resizing the transistors.

e Higher input powers also saturate smaller devices in a faster fashion.

e Output impedance varies the output signal, with high impedances favoured for a larger signal
when the detectors are operated within their sub-threshold regions.

e Correlating the measured detectors to the simulated antennas and detectors using PSP model
have revealed a good level of agreement. This reveals that the non-quasi static theory may
suffice in explaining the behaviour as well as in designing the circuits.

Accordingly, a variety of test structures were designed and measured in CMOS 65nm bulk and 28nm
FDSOI. Record NEPs as low as 14pW/~Hz were attained and record responsivities for non-amplified
detectors of beyond 2kV/W. The low NEP values were reached due to the high responsivity levels,
whilst maintaining low noise levels.

The THz detectors designed in a 28nm FDSOI technology were not optimised following the
optimisation methodology described in this chapter, as there were no RF models available at the time
of design. Instead, antennas were ported from 65nm Bulk CMOS that were presented in this chapter,
and modified to fit the design rules of the 28nm FDSOI technology. However, the measured noise
level at 1-kHz for a 1um/60nm device show that the FDSOI detectors enjoy a lower noise level by a
factor of 2 at certain biasing conditions. Furthermore, the FDSOI technology offers very small
detectors of very high input impedances. It is thus expected that properly designing antennas in
FDSOI will potentially lead to a much more enhanced NEP and responsivity values.

Therefore, these results do not imply that FDSOI is inferior to Bulk CMOS.
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Below is a performance summary of the measured detectors.

Table 3: Performance summary of measured detectors in 65nm Bulk CMOS and in 28nm FDSOI. All
detectors are differentially fed source-coupled NFETSs. Detectors designed in bulk CMOS were optimised
in terms of impedance. (*) FDSOI designs are not optimised, and thus the performance shown here is
suboptimal. The FDSOI circuits are measured with a 0V body bias. Changing the body bias only modifies
the V1 and thus the gate-bias dependent curves only shift according to the threshold voltage shift.

Designed Measured
. Maximum Minimum
CMOS Technology : Antenna Optimum "
. Pixel Responsivity NEP
& Detector Size Frequency | Frequency [VIW] W/ \/Hz]
65nm Bulk 650- 1460 19p
A3 750GHz 724GHz @ Vs =0.19V @ Vs =0.45V
W/L=1um/0.06um @200Hz @200Hz
=2 1200 19p
= 724GHz @ Vs =0.27V @ Vs =047V
= @1kHz @1kHz
=
@ 1180 14p
c 724GHz @ Vs =0.29V @ Vgs =05V
g @5kHz @5kHz
Q.
£
E
2 65nm Bulk B4 800GHz- 960 27p
£ 1THz 822GHz @ Vs =0.15V @ Vs =045V
8- W/L=1um/0.2um @1kHz @1kHz
65nm Bulk 650- 1860 15p
C3 750GHz 124GHz @ Vgs =0.27V @ Vs =0.5V
W/L=0.3um/0.06pum @1kHz @1kHz
© 28nm FDSOI (*) 460 35p
o C1 850GHz 856GHz @ Vs =0.23V @ Vs =0.44V
o W/L=1um/0.06pum @1kHz @1kHz
(6]
Q.
EZ 28nm FDSOI (*) 430 39%p
S E C2 850GHz 856GHz @ Vs =0.14V @ Vs =0.4V
3= W/L=1um/0.03um @1kHz @1kHz
E=
g 28nm FDSOI (*) Broadband: 590 66p
z D2 600- 856GHz @ Vs =0.23V @ Vs =0.55V
2 W/L=0.08um/0.06um 1000GHz @1kHz @1KkHz
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Chapter IV- Design of a 1kpixel Terahertz Video
Camera in 65nm Bulk CMOS

he main driving interest for the heightened research in THz detection in CMOS is the large-

scale benefits that these technologies provide. The niche Terahertz industry must be presented

with alternatives that all other technologies suffer from: high levels of integration. For
instance, 65nm CMOS is a mature industrial technology with well modelled analogue and digital
building blocks. Ultimately, almost all low cost high-end consumer electronics are Silicon based.
Thus, to foremost utilize CMOS capabilities for Terahertz imaging would logically mean to integrate
as many pixels as possible and carry out as much signal processing on a single chip. Of course this
has to come in view of maintaining competitive power consumption levels and sensitivities. There is
no doubt in the capabilities of integration in CMOS, and the downscaling of the technology means
that orders of magnitude could be saved on area. But will that at all cope with tough requirements of
the Terahertz imaging-chain?

4.1. Multi-Pixel Challenges and Design Methodology

The main design challenges to face are related to a myriad of limitations. Primarily, the limited source
power is what sets the major constraints, contrary to the single pixel topology where most of the
source power is utilized for the detector at the other end of the imaging chain. In the multi-pixel case,
the source power has to be divided at best by the number of pixels available. For example, for a
typical source power of 10uW for a source at 1THz illuminating a camera of 1024 pixels each pixel
receives a maximum of 10nW. Of course this is the upper end of signal reception, should the entire
source power is squeezed onto the FPA and coupling efficiency be 100%, which is never the case.

Proper antenna design is therefore crucial. Compact pixel pitch for dense focal plane array (FPA)
arrangements with low mutual coupling is important, and the FPA should be simulated with as many
pixels available as possible. Beam aberrations for the lens off-axis pixel locations and antenna
impedance variations in the presence of reflections from the Si-air lens interface should be considered.

On the other hand, for on-chip amplifiers and signal processing to be able to operate and extract the
signals from the corresponding noise-floor of the detector circuitry, the output voltage per detector
should be large enough and the noise floor should be low. A margin for imaging defined by the
imaging dynamic range should also be wide enough to produce high quality images. This essentially
is guided by a proper Rv and NEP design, in view of the available resources such as source power.

Additionally, all the design constraints analysed in Chapters 2 and 3 are commonly valid in the case
of multi-pixel design, with more crucial requirements since the tolerance is much stringent compared
to single pixel systems.

It is a true quasi-optical and electronic challenge to be addressed adequately. In this regards, a set of
design approaches to tackle the above defined challenges is concluded. The lower sensitivity of direct
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detectors comes for the benefit of wider operational bandwidth. Broadband match between antenna
and high input impedance detector for maximum responsivity and minimum NEP according to the
methodology demonstrated in Chapter 3 should be employed to achieve the system requirements. As
discussed also before, radiation coupling-efficiency is enhanced on high resistivity substrates such as
CMOS 65nm SOI technologies. However, for more commercial process technologies such as 65nm
bulk CMOQOS the radiation efficiency is enhanced by thinning the substrate and gluing the Silicon die at
the back of a high resistivity Silicon lens. Antenna design should provide rotationally symmetric
Gaussian-like radiation patterns for all pixels; ring antennas demonstrated in chapter 3 are therefore
highly favourable.

On the electronic-end, in pixel integration capacitors should be utilized for SNR improvement, as the
detectors should operate with zero-IF outputs. In return, in-pixel amplification to lift the output signal
voltage levels is also essential, and offset compensation circuitry should be designed to account for
pixel amplification offsets. Then, each pixel differential output signal should be selected and
amplified in series, to be digitized by an Analogue to digital converter, off or on chip. For
Row/column addressing, decoder circuits need to work with a global shutter circuit to define the
integration/reset timing for each imaging frame.

According to the aforementioned challenges and requirements, a 1kpixel camera for terahertz imaging
with the necessary on-chip electronics was designed. The chip is equipped with a Silicon hyper-
hemispherical lens of high resistivity and will be described in detail in the subsequent sections.
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4.2. Design and Implementation of a Multi-Pixel THz Camera
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Figure 4-1: 1kpixel THz camera block diagram [80], [111]

A block diagram of the implemented camera operating at zero-IF (DC) is shown in Figure 4-1. As the
diagram demonstrates, the imager follows a global shutter readout scheme. All pixels are controlled
globally within each imaging-frame to integrate the signals and then reset. The core of each pixel
comprises a wire ring antenna feeding a cold (non-biased) differential NMOS distributed resistive
mixer; as outlined in detail in Section 2. The mixing transistors produce output voltages as per their
input THz power and the charges are accumulated across an integration capacitor C;,; connected
between the output node of the mixer and the antenna DC node.

For offset compensation purposes, each detector in the array is equipped with a complementary in-
pixel blind reference circuit. The offset compensation is an exact copy of the THz detector, yet not
connected to the THz antenna ports. Instead, its sources are only connected to the DC level of the
antenna, which also sets the DC level of the sources of the detector. This is analogous to the visible
imagers that are normally equipped with a blind pixel for off-set compensation.
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The difference between both the detector and the blind-reference outputs is processed by a
consecutive amplifying stage consisting of a differential transistor pair with an active load. This in-
pixel amplification carried out via the in-pixel differential amplifiers exhibit a 50dB open-loop gain.
The differential amplifier is comprised of high performance low power RF PMQOS transistors of
dimensions of 100um/1um with 10 fingers each. Whereas the row select switch is also a PMOS
transistor of 10pm/1um W/L and 10 fingers each. Pixels of the same column share the same active
loads.

Contrary to conventional visible light CMOS image sensors that normally utilize a photo-diode
detector and require a separate reset transistor, the detector transistors themselves can be used to reset
the accumulated charges at the integration capacitor; thus reducing the number of required circuit
elements. All pixels are reset at the end of each frame.

The basic detector circuitry in the array operates fully in parallel (zero-biased detectors) but in order
to achieve an overall low power operation, only the readout of a single row is biased up at-a-time by a
5bit row encoder and the differential pairs of the mentioned amplifying stages pairs in each column
share a common active load. Next, a digitally controlled multiplexer selects a single pixel out of the
row that is further buffered by a unity-gain amplifier and transferred to the input of an external 16-bit
ADC. The fixed pattern noise is thus far treated externally by capturing a single dark frame before the
camera operation.

The following section describes in detail the camera circuit design in a 65-nm CMOS process
technology from STMuicroelectronics in detail. This includes the RF CMOS circuit design of the
detector front-end as well as the readout circuitry, which both are in line with all the industrial CMOS
design rules. My main contribution was in the design of the pixels of the camera. Later on, | have
worked on packaging, setting up and measuring the camera performance.

4.2.1. Pixel Design and Readout Integrated Circuit

The design of the pixels follows the reasoning set in the previous chapters. We have decided to opt for
the source-driven differential NFETs due to the broadband behaviour that was explained in the
previous chapter. At the detector front-end, the differential NFETS have been designed alongside with
the antenna design to provide a complex conjugate match at the frequencies of operation. We targeted
a BW extending roughly from 700GHz to 1THz with a centre frequency of 850GHz. A single
transistor is a 1um wide low-power and low-threshold RF NMOS transistors with a minimum gate
length of 60nm. The transistor-pair share a common well, with a common source in the middle, as
explained in the previous chapter. The well was isolated from the substrate to reduce the injected
noise from the analogue and digital core that are continuously running. As noted before, silicon on
insulator technologies are believed to offer further enhancement of this design as the transistors will
be immune to any noise fluctuations.

As the camera is intended to operate with no lock-in techniques, the mixers should present a zero-IF
output. Therefore, capacitors are placed at the outputs of each detector to hold the output signals, and
integrate them for SNR enhancement. HB simulations have shown that capacitors of the size of
around 100pF are needed to integrate within a frame rate of 25fps, over a time of 40ms. However, this
is physically impossible to fit within our pixel pitch. Therefore, only 8pF was possible to integrate.
We have used four poly-capacitors, placed in parallel to maximise the capacitor value, arriving at the
8pF total capacitance. It is important to note here that it is well known that poly-capacitors may be
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disadvantageous due to their 1/f noise arising from the poly-silicon. This type of capacitors was used
because it offered a larger capacitance value and was easier to integrate at the time. In the future,
further enhancement would be to use multiple metal-oxide-metal capacitors, as well as CMIM
capacitors in parallel and atop of each other, as they are designed on different metal layers.

Ring Anntenna THz Mixer Circuit Global Reset
{common circuit)

NI1:| vdd
Vant RF+ ng Vgate ngEt
o = Vbias
RF- 1
p— Mﬂ

int

Figure 4-2: Global reset circuitry [111]

In terms of the in-pixel integration, amplification and readout circuit design, the key challenge is to
achieve low power consumption levels whilst processing the detected signals with the minimum
added noise. Passive pixel sensors, therefore, would be preferred, but the signal from the detector
circuit is too small. As explained in the previous chapter, in voltage mode readout the detectors need
to be terminated by a high output impedance. Therefore we require a trans-conductance stage. We
have investigated several options regarding the ROIC. The original idea was to design sample and
hold network followed by an amplifying stage. This idea was ruled out due to three main factors:

e The injected noise from the switches will degrade the overall system noise level
especially before the signals are amplified

e The increase in power consumption due to the use of more switching circuits. For
more noise immune sample and hold networks the power consumption is even much
higher

e The area penalty due to the integration of more circuitry per pixel.

An active pixel circuit, therefore, provides better noise immunity and in-pixel amplification. In order
to lower the average power consumption per pixel, only the in-pixel amplifiers of a single row are
activated at a time, as will be seen in the following chapter on the complete readout chain.

Therefore, as described above, the readout circuit scheme here uses the NMOS detector transistor
itself to reset the accumulated charges of the integration capacitor reducing the number of required in-
pixel circuit elements. This is beneficial in reducing also the number of unwanted noisy elements
connected to the detection node. The detector is seen as a current source in parallel with both the
channel conductance and the integration capacitor. The channel conductance is controlled by the
NFET gate bias. Therefore, the transistor channel itself could operate as a mixer or as a short circuit.

This concept is explained in Figure 4-3. At any gate bias ranging from zero up to around 0.7-0.8V the
detector is in the mixing mode. In other words, the detector is efficient in detecting the THz signals
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and produces an output voltage as per the theoretical explanation in chapter 2. Physically, this is due
to the non-linearity of the channel created within the transistor. When the gate is biased at 1.2V the
channel in the transistor is completely open and is conducting, and the responsivity is almost zero.
This could be seen in the plots in chapter 3 for single pixel detectors. This phenomenon could be
exploited in our benefit for the integration and then discharge of the signals. Therefore, we designed a
reset/integrate global shutter, shown in Figure 4-3, that provides a bias to all pixels setting them in the
specified operation mode. This global shutter comprises of an NMOS and a PMOS transistors. During
the integrate mode, the PMOS transistor supplies the detector bias of interest, for example 0.3V, when
presented with a low voltage at its gate. During the reset mode, the NMOS transistor supplies a 1.2V
when a high voltage is supplied to its gate.

Reset/Integrate global control  THz detector

- (0-0.8V) i
- Vbias Integrate zero-IF
RF+ | Output
ST ’
‘ ’_4 Vbiasé ;VbiasD—[:
Low o- L
RE-
Reset/integrate global control ~ THzdetector
’ (1.2V) L
Vreset g RESET

| RF+

High o~ F

Figure 4-3: Integrate and reset scheme

Figure 4-4 shows the circuit schematic of the active part of a pixel circuit. The row select signal is
being shared amongst a row of pixels, whereas the Col signal is shared among a pixel column. The
detector transistor M1 is followed by a readout transistor pair M3/M4 acting as a differential pair with
an attached offset compensation circuitry (blind reference pixel).
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Figure 4-4: single pixel schematic

The blind reference pixel circuit is not connected to an antenna, and therefore, is used to produce a
reference potential at one of the branches of the differential pair stage operated in open-loop. The gate
bias of the transistor pair M3/M4 is provided by V... This voltage is applied either through the active
pixel or through the blind reference pixel. In the case of M3, this bias voltage is further applied
through the common node of the antenna.
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Figure 4-5: Single pixel layout and optical micrograph

The layout view and the physical design of a single pixel with its corresponding on-chip antenna are
shown in Figure 4-5. The ring antenna is realized in the 7-layer copper back-end-of-the-line (BEOL)
and designed to provide broadband operation while feeding a high-resistivity silicon hyper-
hemispherical lens through the backside of a 150um thick 15Q.cm bulk silicon substrate. The 32x32
FPA exhibits a 80um pitch. All highly doped active cells considerably interfering with radiating fields
are selectively blocked to reduce incurred conductive losses. These blocking amounts to 55% of the
pixel area (fill factor).

The differential amplifier, the current source, the offset-compensation circuit as well as the integration
capacitors are all placed underneath the ground plane, as shown in Figure 4-5. This is important to
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isolate the active circuitry from the THz radiation, and to maintain the blindness of the offset-
compensation circuit. The outputs are connected to output busses as shown in the layout view, and run
on metal 5 of the stack to reduce the lines resistivity, and were routed underneath the global ground
plane. The NFET detectors are placed in the middle of the antenna, and are fed differentially through
the antenna feeds, as shown in the figure. The PDK models of the transistors are valid up to metal one
of the transistors; therefore, the EM simulations of the antennas include the feed-lines down to metal
one. The feed line structures play an important role in matching the impedances of the detectors.

The symmetry provided by the pixel layout improves a rotational symmetry of radiation patterns. All
required low-frequency routing into the pixel centre is realized along the antennas zero-field intensity
(H-plane). The simulated antenna radiation efficiency is 70-77% from 0.8-1THz on a semi-infinite Si
substrate. The antenna configuration has a low cross-coupling of -25dB among all pixels in the array,
even in the absence of anti-reflection coating [128].
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Figure 4-6: Digital control of the 1kpixel camera [111]

Figure 4-6 shows the block diagram of the digital selection unit. The row and column selection is
realized by using 5-bit addresses for row and column selection. Two auxiliary enable signals switch
decoders off during the charging period of the integration capacitors. A single row is biased up at-a-
time and the differential pairs in each column share a common active load (M6-M7) providing a
simulated open-loop gain of 50dB per pixel. A digitally controlled multiplexer selects a single pixel to
be further buffered by a unity-gain amplifier. This readout scheme was controlled externally by an
FPGA and enables parallel operation of 1024 pixels, while the readout circuitry activates only a single
row (32elements).



Chapter IV- Design of a 1kpixel Terahertz Video Camera in 65nm Bulk CMOS

4.2.2. Circuit Implementation in Bulk CMOS 65nm
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Figure 4-7: Chip micrograph of the 1kpixel camera implemented in 65nm Bulk CMOS [80], [111]

The chip was fabricated in a 65nm bulk CMOS technology from STMicroelectronics. The array
micrograph is presented in Figure 4-7. The die size is 2.9x2.9 mm? including wire-bond pads. The
chip layout includes the full metal stack (thick multi-layer metal structures) with dummy fillers to be
compliant with an industrially qualified CMOS process technology.

The 32x32 on-chip antennas on the FPA chip, exhibiting an 80pum pixel pitch, feed a commercially
available hyper-hemispherical silicon lens (15mm in diameter) through the backside of the silicon die
as shown in Figure 4-8. The chip is aligned with the lens centre and both are fixed together using a
low-shrinkage UV epoxy. No AR coating was applied at the lens aperture. The lens extension length
(L) is 2.75mm, which in combination with the die thickness of 150um, results in an overall L/R ratio
of 0.366; being slightly below the elliptical position. The overall assembly shows an experimentally
verified filed-of-view of about +23 degrees, and residual reflection loss of around 2 dB at the lens
aperture/air interface [111].
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Figure 4-8: Chip-Lens assembly and demonstration of THz rays projected onto the CMOS FPA.

4.2.3. Packaging and System Implementation

To demonstrate low-power and low-cost packaging solutions for handheld applications, the lens-
supported FPA chip was wire-bonded onto a low-cost FR4 PCB providing a substantial cost benefit
over standard waveguide based THz technologies. The camera is configured for plug & play operation
through a regular USB port.

fE6000DHNY

Figure 4-9: Lens and chip assembly and wire-bonding [80]

The terahertz camera, shown in Figure 4-9 and Figure 4-10 is packaged in a 5x5x5cm® metal box to
demonstrate low-power and low-cost packaging solutions for handheld applications. It is connected to
the data acquisition board via a single 8wires RJ45 cable. It consists of a silicon lens attached to the
chip back-side, a readout controller (ROC) implemented in a complex programmable logic control
device (CPLD) driven by a clock generator (CLK), a low noise variable gain amplifier (VGA) and a
regulated power supply.
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Figure 4-10: THz camera in plug and play operation

The analogue output of the compact THz camera was sampled with up to 2MSPS by an external 16-
bit ADC and was sent to a computer via a USB link to be displayed on a screen. The developed
software by Richard Al Hadi [111] displays a three dimensional graphic in real time of the streamed
data as shown in the demonstration setup Figure 4-10. It enables basic image processing of the video
stream starting with a dark calibration frame for fixed pattern noise reduction.

4.2.4. Timing Schemes

As mentioned earlier, the integration time is reduced due to the reduction in the capacitor size. This
results in a faster capacitor charge up, leaving plenty of time for readout. This could be exploited in
our benefit, though, to operate the camera at a higher speed. Concepts of correlated double sampling,
for instance, could be employed by running the camera at double speed.
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Figure 4-11: recorded video output as well as the control signals

Figure 4-11 shows a measured snapshot of the output signals across various pixels within one row.
The figure also shows the row triggers that switch the readout to the next row. The trigger is
synchronised to the clock, and repeats itself every 32 clocks, equivalent to 32 pixels. This mechanism
repeats itself 32times (32 rows and 32 columns), after which a reset signal arrives. This timing
structure was implemented and coded in VHDL on an FPGA that accordingly supplies all the
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necessary biases and switching commands to the silicon chip. The video output also includes fixed
patter noise, which is removed afterwards in software by subtracting a dark-image from all the
upcoming active frames.

4.25. Camera and Detector Characterisation

A more conservative theoretical upper limit (40.2-44.2dBi) in the following A calculation is used,
assuming the lens physical aperture to be the collecting area. The directivity was also measured and
calculated according to [112]. The measured directivity was 41.75dBi at 856GHz, and was repeated
across 650-1028GHz. The measured directivity was found to be 39.5-43.5dBi, which is 0.75dB lower
than the theoretical calculations.

The path-loss at a 1-meter distance is between -88.5 and -93dB for a frequency range from 650-
1028GHz. The received power is calculated as explained in chapter 2. The source power was
calibrated using an Ericsson power metre, and was found to range between 1.7-11.2uW . The
directivity of the source antenna was presented in chapter 3. The received input power per pixel varies
between -50 to -42dBm according to the Friis transmission formula.

The Rv and NEP were measured at various detector bias points and chopping frequencies across the
entire 650-1028GHz frequency band and are shown in Figure 4-12. This was carried out by selecting
a single pixel by software externally, and chopping the source. These figures include a 5-dB VGA
gain implemented off-chip. In fact, without the VGA gain, the responsivities and NEPs would still
include the in-pixel amplification. At a 5-kHz chopping frequency, the minimum NEP is 100pW/\Hz
at a Vbias =1.25V and the maximum Rv is 140kV/W. The Rv includes the 5-dB gain of the camera
module and the in-pixel amplification. The NEP includes thermal detector noise, flicker noise,
additional noise from the in-pixel differential stage, the active load and current sources, however, they
are not representative of the camera in operation.
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Figure 4-12: Single pixel responsivity and NEP at 856 GHz with respect to chopping frequency [111]

From 0.65THz up to 1.1THz the maximum Rv and the minimum NEP are presented in Figure 4-13
and Figure 4-14 and for different chopping frequencies, respectively. These two figures show a 3-dB
bandwidth of at least 170GHz from 790-960GHz. The pixels are expected to still operate beyond
1THz. However, the measured frequency band is limited by the available measurement equipment.
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Figure 4-13: Maximum Ryv of a single pixel across the spectrum with respect to chopping frequencies
[111]

The noise performance of this imager could be further improved by correlated double sampling
(CDS), which substantially reduces correlated low-frequency noise of the imager. The imager would
support such measurements; however, this is currently not implemented in the readout controller
software. Further camera measurements in video-mode which is a relevant figure for the real
operation of the camera, as well as antenna measurements were provided in [111].
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Figure 4-14: Minimum NEP of a single pixel across the spectrum with respect to chopping
frequencies [111]

4.2.6. Noise Analysis

To examine the nature of the noise contributors in this design and for the sake of comparison with the
previously-presented standalone-detectors, small-signal noise analysis has been performed with and
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without the read-out integrated-circuitry (ROIC). The simulations have been carried out at various
chopping frequencies, differential-amplifier biases, as well as varying source input-power levels.

Chopping at higher frequencies moves the signal away from the 1/f noise of the ROIC. Furthermore,
the results at a 1kHz modulation-frequency including the ROIC reveal that the major noise
contributors are the readout switches which account to almost 98% of the generated noise when the
responsivity is not at its highest, and are of thermal nature in the order of 20fV?%/\Hz seen at each
branch of the differential output. The remaining added noise is dominated by the active-loads and the
current source (in the order of 0.1 fV¥+Hz, whereas the thermal-noise contributed by the THz
detector is highly bias-dependant and accounts to merely 0.01% of the total noise within the regions
of low responsivity, but then rises to around 60% of the noise contribution when biased for high
responsivity. This is consistent with the measured results of the standalone-detector. Additionally, the
blind-reference circuit merely contributes to thermal noise as there is no signal present, yet the
thermal-noise level is similar that of the THz-detector according to the various biasing conditions as
explained above.

These results explain why the measured NEP of the camera-chip including the on-chip readout
circuitry is higher than those of the previously published results of standalone-detectors.

4.3. Chapter Conclusions

This chapter has presented the design, implementation and characterisation of a 1kpixel THz video
camera. This camera is a world’s first and it demonstrates the feasibility of multi-pixel FPA design for
Terahertz imaging in CMOS technologies.

The camera pixels include a THz ring antenna designed with a differential source-fed FET detector,
using the methodology demonstrated in the previous chapter. The differential detectors are comprised
of a single double-fingered NFET operated differentially. The detectors are isolated from the substrate
to avoid noise leakage from the digital and analogue core. Integration capacitors, differential
amplifiers, blind reference pixels and row-select switches acting as current sources were all integrated
in a single pixel.

The full camera chip includes a digital core comprised of multiplexers that was designed by Dr. Yan
Zhao. Active loads and readout switches with an on-chip op-amp were designed by Richard Al Hadi.
The antennas were designed by Janusz Grzyb, with impedances and operation conditions provided by
me. | have worked on the full design of the pixels of the camera.

This camera operates in video mode with frame rates exceeding 25fps up to 500fps. Responsivity and
NEP were measured for single pixels with the readout circuitry switched off. Total camera
responsivity and NEP were also measured for the camera in full operation over the full video
bandwidth.

Further optimisations are believed to enhance the performance of the camera. Employing the design
methodology shown in chapter 3 will bring about an important sensitivity improvement to the detector
intrinsic performance. Therefore, the readout circuitry should manage to maintain the lowest noise
levels possible to not deteriorate the excellent detector performances.

More integration is also possible, with the chance to implement the ADCs on chip, with possible }; A
modulators and noise cancellation techniques.



Chapter V- Terahertz Frequency Synthesis in CMOS Technologies

Chapter V- Terahertz Frequency Synthesis in
CMOS Technologies

frequency synthesis using Silicon technologies. Frequency multipliers or frequency

oscillators are the core topologies employed. This chapter presents a 5push ring oscillator
aimed at increasing the frequency of operation as much as possible. It is important to relate to the
original triple push oscillators mentioned recently in the literature [99]. The main aim here is to design
harmonic oscillators with as high fundamental frequencies as possible, in view of maintaining
oscillation and producing sufficient power. Then with the benefit of the ring structure, efficiently
combine the fifth harmonics in phase and provide them to an antenna or to a heterodyne mixer.

Q s described in the introduction of this thesis, there has been recent activity in the domain of

5.1. Five-Element Ring Oscillator Design at 600GHz and 900GHz in 65nm CMOS

5.1.1. Circuit Design and Implementation

The idea is based on the synthesis of a fundamental frequency below the technology limits and then
efficiently extracting higher order harmonics. In this case, a 5-push ring oscillator was proposed. The
schematic of the oscillator is depicted in Figure 5-1. Five low V1 low-power RF GOL1 transistors are
connected gate to drain respectively, and their sources share a common ground. The gates and drains
are connected via inductors Ly The transistors input impedance is capacitive and the transistor
dimensioning and biasing conditions set the impedance level. Together with the inductor
interconnects the ring-chain could be designed to oscillate at a fundamental frequency set by the
parasitics of the transistors. However, to attain oscillation, the Barkhausen criterion should be
satisfied, and that is by creating a phase-shift of 360degrees along the ring-chain. Consequently, each
elements would exhibit a phase-shift contribution of 360/5=72degrees.



Terahertz Circuits and Systems in CMOS- A Thesis by Hani Sherry

Antenna

Voo Y

L vias Lou
,_Mi

-— 5th Harmonic

Ld Ld Ld Ld Ld
Lg Lg Lg Lg Lg
T1 i) T3 T4 T5

Figure 5-1: 5push circuit schematic with inductors

Analysing the various phase-shifts of the fundamental and its corresponding harmonics reveal that
harmonics of the same order, including the fundamental, are out of phase, except the n*5™ harmonics.
For instance, the fundamental appearing at each branch node of the ring-chain would have a phase of
m * @ +n *360°/5, where n spans from 0 to 4 is the element number, m spans from 1 to 5 is the
harmonic number, and ¢ is the initial phase of the fundamental oscillating frequency.

Similarly, the 2™ harmonic would have phases 2 * (¢ + n * 72°) at each n™ node, and so on for the
3" 4™ 6" harmonics, etc... The 5" harmonic, though, will appear at each node with phases of
5% (@ +n*360/5°), which means the 5" harmonics of the fundamental oscillating frequency
appear to be in phase at the output nodes, whilst all other harmonics are out of phase. As a result, one
could efficiently combine the outputs of the 5™ harmonics, whilst the lower harmonics would be
filtered intrinsically due to phase destruction.

In this case, power combining could be realized by extracting these frequencies using high frequency
filters tuned to the 5™ frequency component, denoted as L in Figure 5-1, which also serves as a output
matching network for the ring oscillator.
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Figure 5-2: 5push circuit schematic with Microstrip lines

Physical realisation on-chip is not possible with real inductors due to the ultra-high frequencies and
the size/quality-factor requirements. Furthermore, an exact phase shift of 360/5=72degrees is required
between all branches; otherwise the ring-chain might not enter into oscillation. Therefore, we decided
to realize the inductive interconnects by micro-strip transmission lines utilizing the lower two thin
metals m1 and m2 for the ground shield, and the thick top metal M6 for signal propagation. CPW
lines are much favourable for signal purity and higher propagation efficiency (quasi-TEM
propagation), however for layout purposes constrained by the proximity of the oscillator elements
micro-strip-based transmission lines have been designed, as shown in Figure 5-2.

@ (b)

Figure 5-3 (a) 650GHz oscillator element (b) 900GHz oscillator element

For a fundamental oscillation of 120GHz producing a 5" harmonic at 600GHz, each of the five
oscillator transistor elements is comprised of two transistors in parallel with a width of W=10um, a
length of L=60nm, and 20 fingers, each, shown in Figure 5-3. a.

For a fundamental oscillation at 180GHz, and a 5™ harmonic at 900GHz, each of the five oscillator
transistor elements is comprised of two transistors in parallel with a width of W=6um, a length of
L=60nm, and 10 fingers, each, shown in Figure 5-3. b. The transistors are accessed from both ends of



m Terahertz Circuits and Systems in CMOS- A Thesis by Hani Sherry

the gates, and the sources are tied to the ground plane that surrounds the transistors with a strap of
body contacts surrounding each element.

THz Antenna
S6SC121P9 ﬁ

(@) (b)

Figure 5-4: (a,b) Layout of 600GHz ring oscillator with an on-chip ring antenna

sesciairs Ly

THz Antenna

(@) (b)

Figure 5-5: (a,b) Layout of 900GHz ring oscillator with an on-chip ring antenna

The micro-strip lines Ly and Ly have an impedance of 77Q and an inductance of around 20pH each.
The implemented micro-strip lines were designed using the thick top metal 7 with a width of 1.5um

and Lg has a length of 40um and L has a length of 35um. The output is extracted via a 50Q line using
metal 6 of a width of 3um.
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Figure 5-6: (a,b) 650GHz oscillator core

The layout realization is shown in Figure 5-4 for a 560GHz oscillator and Figure 5-5 for a 900GHz
oscillator. The oscillator core is shown in Figure 5-6 and occupies a size of 80umx60um.

5.1.2. Oscillator Simulations and Measurements
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Figure 5-7: S11 plot for the 650GHz oscillator core

Figure 5-7 presents an S11 plot for the 650GHz oscillator core along the oscillator ring-patch when
terminated with a 50Q. The oscillator shows a positive S11 at 120GHz when a termination port is
placed at the oscillator ring-path. Figure 5-8 shows the HB-simulated output power across the
spectrum from the oscillator with the inclusion of the designed micro-strip lines. The simulation
suggests a -20dBm power at 600GHz at a VDD of 1.3V, with a tuning range of 5GHz, and a power
consumption of 100mW at 1.3V.
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Figure 5-8: Harmonic balance simulation of the 600GHz oscillator
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Figure 5-9 (a)5" harmonic simulated output power (b) and fundamental output power

Figure 5-9.a,b suggest that the power combining did not entirely succeed in suppressing the 1%
harmonic due to the transmission lines sizing and phase mismatch, and further optimisation steps need
to be employed. As VDD increases, the synthesized frequency starts to decrease and the generated
power increases. This Figure shows a tuning range of around 1GHz at the fundamental, corresponding
to 5GHz at the 5™ harmonic.

Figure 5-10 shows the time domain output signals at various VDD biases for the 600GHz oscillator.
The signal has been deteriorated due to the presence of a high 1% harmonic signal. This figure shows
that the amplitude of the synthesized signal is increased as the VDD is increased, mainly due to the
enhanced non-linearities within the devices.

Attempts to measure the power sources were carried out. The total output power was measured using
a power-metre equipped with a horn antenna with a lower cut off frequency of 300GHz to ensure the
lower harmonics including the fundamental were suppressed. The total measured power was between
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5 to 9 microwatts, however it was difficult to separate this measured power from any thermal power
generated by the circuitry as this level approaches the sensitivity of the power meter (around 1
microwatt). Attempts to identify the frequency of oscillation using a sub-harmonic receiver equipped
with a receiving horn antenna were not successful because the 5" harmonic of the designed sources lie
outside the sensitive bands of the measurement equipment.
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Figure 5-10: time domain of the output signals for the 600GHz oscillator

As a conclusion of this subsection, the design of 5push ring oscillators could lead to higher
synthesized frequencies in comparison to all other solutions for frequency generation. However, this
circuit offers little flexibility in terms of layout design, which makes it challenging to design multi-
band oscillators.

Besides, the complexity of the passive-elements design leads to a number of design trade-offs that in
return result in the reduction in output power or the increase in the power levels of other harmonics, as
in the case described above. On the other hand, the increased number of elements in the oscillator
increases the risk of detuning the circuit due to process variations. Further analysis for various process
corners will be employed in the future.
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5.2. Power Combining Schemes

As the output powers of harmonic oscillators in CMOS at Terahertz frequencies are limited to sub
milli-Watt levels, it is thus essential to employ power-combining networks of multiple oscillators.
Various power combining schemes exist in the state of the art, from spatial power-combining [133], to
active and passive power combining [89], [134], [135].

We investigated passive power combining schemes based on microwave techniques. Figure 5-11
shows the basic block-diagram of a power-combining network where multiple oscillator elements are
connected to the combiner-network producing a single output, ideally with a total output power of
N*Psc.

Power Combiner

Figure 5-11: Power combining networks

However, the efficiency of power combiners is never 100%. The traveling signals are attenuated on
the lossy transmission-lines especially as the frequencies increase, as explained in chapter 3. Plus, the
impedance mismatch between the various oscillators and combiners, as well as the varying loading
conditions of oscillators will increase the insertion loss per element. Additionally, the signals from
each oscillator core have to be in-phase and must oscillate at the same frequency to add up efficiently,
which is normally not the case. Each oscillator has different start up conditions and may suffer from
wobbling signals and phase-noise.

Consequently, all oscillator cores have to be phase and frequency locked, either by injecting a stable
signal from a strong core-oscillator, or by mutually locking the adjacent oscillators to be combined, to
have a stable and efficiently combined output. In fact, the low quality factor of the lines comes at the
benefit of facilitating the locking of oscillators.
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Figure 5-12: Power combining and mutual locking

Mutual locking of harmonic ring oscillators can be attained either at their fundamental frequencies or
their corresponding 5™ harmonics [136], [137]. Figure 5-12.a shows the block diagram of a mutually-
locked power combiner scheme. Mutual locking of the chain of ring oscillators is attained by
magnetically coupling part of the signals on the fundamental path of the oscillator. Luckily, the
geometrical layout of the 5-element ring oscillators is of pentagonal shape, as shown in Figure 5-6,
which allows for stacking of multiple oscillators back-to-back; thus mutually locking each other.
Besides, the low quality factor of the transmission lines aids the frequency and phase pulling of the
oscillators. Effectively, oscillators in frequency-proximity will pull each other towards a balanced
state in phase and frequency. The drawback of this technique is the fact that the magnetic coupling
when the lines are placed in each other’s proximity will modify the lines’ impedances and thus
unbalance the oscillator fundamental path.

Similarly, Figure 5-13 shows an injection-locking scheme with a strong oscillator is injecting its
signal into the oscillators, magnetically, whilst the oscillators are mutually dragging each other. The
benefit of this scheme is the idea that the output could be controlled and steered in phase and
frequency by controlling the injecting oscillator. Thus, steerable arrays could be designed utilizing
this scheme.
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Figure 5-13: Power combining and injection locking

Regarding the passive power-combining methods, various power combiners exist for a long time.
However, for lower frequencies around the RF and Microwave bands, such combiners could not be
implemented on Silicon due to the huge area they require. On the other hand, due to the low power
levels of Silicon-based sources described in this chapter, it is impossible to employ passive power
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combining off-chip. Therefore the benefit of Terahertz frequencies arises from the fact that the
wavelengths are quire short, relative to Microwaves and RF. Therefore combiners such as Wilkinson
combiners are feasible for on-chip implementation.

combined -

Figure 5-14: Power combining using Wilkinson combiners and fundamental mutual-locking

Figure 5-14 shows a schematic of a Wilkinson power combiner. Here, we include the technique of
mutual locking through magnetic coupling as discussed above. The efficiency of the combiner here is
increased with the increase of the mutual locking of oscillators.

Figure 5-15 shows an interesting method of locking on the harmonics of the oscillators, described
in1982 [138]. This technique exploits the fact that a Wilkinson combiner is designed with a balancing
resistor connecting the combining/dividing ports. Performing an Odd/Even analysis shows that for a
minimum insertion of the signal from port 2 to port 3 and vice-versa, the termination resistor should
be equal to twice the characteristic impedance of the line:

combined -

R<2Z,

Figure 5-15: Power combining using Wilkinson combiners and harmonic mutual-locking through
termination-resistor mismatch

However, if the resistor value is modified, for instance decreased below 2 x Z,, or increased beyond, a
portion of the odd signal will be injected from one port into the other. If the resistor is sufficiently
reduced, the injected signals from one side into the other would effectively assist both oscillators to
mutually lock at a common frequency/phase level. One the other hand, the quarter-wave line at the
frequency of operation could be modified to enhance the signal injection. The benefit of this concept
is that the design is relaxed on the layout level, contrary to the design shown in Figure 5-14.
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Wilkinson Combiner Sparameters
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Figure 5-16: Simulated S-parameters of a 600GHz Wilkinson power combiner with a 58um quarter-
wave line showing ports 2 and 3 as the input ports and port 1 as the combined output port
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Figure 5-17: Simulated S-parameters of a 600GHz Wilkinson power combiner with a 40pm quarter-

wave line (shorter than required) showing ports 2 and 3 as the input ports and port 1 as the combined
output port

Furthermore, the previous subsection has shown that the implemented 5-push ring oscillators still
exhibit a strong fundamental at the output. Therefore, the proposed circuit enables utilizing the first
harmonic by re-injecting it from one oscillator into the other.

Simulations of the Wilkinson combiner are shown in Figure 5-16 and Figure 5-17. As mentioned
above, a 100Q resistor is necessary to damp the odd-modes of the combiner. A 90Q resistor is used in
the following simulations. For a quarter-wave line, the length of the micro-strip line was calculated to
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be 58um. Figure 5-16 shows around -25dB of signal insertion between both combining ports at
600GHz and -15dB at 120GHz. This plot shows that only a small portion of the fundamental leaks
from one combining port into the other.

Figure 5-18: 3-Dimensional view of implemented Wilkinson power-combiner. The combiner is
implemented on thick Metal-6 of a 7 metal back-end of a 65nm Bulk CMOS technology
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Figure 5-19: (a,b) Die micrograph of power combining circuit for ring oscillators using Wilkinson
combiners. The circuit occupies x mm2, and was design in a 65nm bulk CMOS process technology from
STMicroelectronics.

On the other hand, when the quarter-wave line is varied, the signal injection between the combining
ports is increased. Figure 5-17 shows the simulations of the same Wilkinson combiner, yet with a
40um quarter-wave line. This plot shows that S12 has increased up to -15dB at 600GHz and up to -
5dB at 120GHz. This means that the fundamental signal leaks into the other port and only a portion of
the 5™ harmonic at 600GHz leaks into the other port.
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This concept has been designed in a 65nm Bulk CMOS technology. The micro-strip Wilkinson
combiner layout is shown in Figure 5-18 and the die micrograph is shown in Figure 5-19. The
characteristic impedance of the micro-strip lines at the input and output ports of the combiner are
50Q, and the quarter-wave lines have an impedance of 70Q. The length of the quarter-wave lines was
chosen to be 40um to enhance signal injection between both combining ports. The microstrip lines
were designed using thick metal 6, and the ground shield is comprised of a mesh of metals 1 and 2.
The resistor value is 90Q. The 600GHz oscillator designed and presented in the previous section was
connected to the input ports of this Wilkinson combiner, and the output was connected to a ring
antenna tuned at 600GHz. Measurements of this structure will follow soon.
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5.3. Heterodyne Receiver Design in 65nm Bulk CMOS

One idea to increase the sensitivity of the THz detectors is to employ heterodyne techniques. A block
diagram of heterodyne receiver is shown in Figure 5-20. The Terahertz radiation is provided from an
antenna tuned to the frequency of choice, and is coupled to the THz mixer. A local oscillators is
simultaneously coupled to the mixer-core, and an intermediate frequency (IF out) is extracted and
amplified at the output.

Heterodyne detection also preserves both amplitude and phase information which could be exploited
for 3D-like imaging. However, heterodyning effectively comes at the cost of increased power
consumption and reduced detection bandwidth, contrary to direct detection circuits. Furthermore, the
difficulty of designing frequency synthesizers operating within the THz range in addition to the
challenge of injecting their signals into the mixing-chain means local-oscillators for heterodyne
receivers are utterly challenging to realise.

Antenna

LNA £ > Hose
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Figure 5-20: block diagram of heterodyne receiver

As shown in Figure 2-5 in chapter 2, various circuit topologies exist for heterodyne detection. We are
interested in devising methodologies for realising heterodyne receivers. Heterodyne receivers provide
much higher sensitivity levels than direct detectors. However, the main concern as discussed earlier is
both the efficient synthesis of a stable and powerful local oscillator to drive the mixer, as well as the
supply and distribution of these LO signals. Thus, this may seem utterly inappropriate for multi-pixel
design as the power consumption will be unreasonably high and the integration within chips will be
largely space consuming. However, some applications require only a single receiver or a few pixels,
whilst sensitivities might be more important for the system requirements. Furthermore, heterodyne
detectors are effectively at the heart of communication receivers. Therefore, it appears to be
interesting to develop heterodyne detectors for high sensitivity THz imaging and communication
using CMOS technologies.

Therefore, this section discusses various methods of implementing heterodyne mixers and of
supplying the LO signals, and will demonstrate an implemented heterodyne mixer in 65nm CMOS.

5.3.1.1. Supplying LO spatially

One method to realise heterodyne receivers is to supply the local oscillator spatially as shown in
Figure 5-21. In this case, two sources are required, and the illumination mechanism should be taken
into account. Active illumination with a second source operating at the same frequency as the first
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source, fry,=f o (homodyne detection), or with a slight shift in frequency, f o=Ffry, + Af (heterodyne
detection) enables this method of imaging.

Figure 5-21: Spatially supplied local oscillator and THz signals

Another novel method of providing the local oscillator spatially is based on the dual-polarisation
antennas discussed in chapter 3.5, where only one source is needed. In this case the LO and RF
comprise of the vertical and horizontal polarizations of a single source, respectively.

5.3.1.2. Supplying LO On-chip or Off-Chip

Having shown in this chapter that it is yet feasible to synthesize frequencies within the Terahertz
band, we have investigated the possibility of using the Ring-Oscillators as local-oscillators for
heterodyning. The small size of the oscillators serve as an attractive option for compact sized
heterodyne mixers.

oo i

Figure 5-22: Heterodyne mixing with differential outputs.

Figure 5-22 shows a method of supplying the local oscillator to the THz heterodyne mixer. An on-
chip or off-chip local oscillator provides the signals through the on-chip THz antenna at the zero-field
point. In this case, the THz signal coupled by the antenna is differential at the mixer terminals,
whereas the local oscillator signal splits at the antenna branch and arrives with the same phase at both
terminals of the mixer. The heterodyne mixer could be built with a differential output IF as shown in
Figure 5-22.
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Heterodyne
Mixer
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Figure 5-23: die micrograph of Terahertz heterodyne mixer

The THz mixing-core is a differential NMOS pair connected to a differential Ring-Antenna via their
sources, where each source received an opposite phase THz-signal. The gates are connected to a DC
bias-line. The local oscillator is provided through the antenna at the zero field intensity. The power
from the LO splits in between the branches, and pumps the transistors from both ends in phase, whilst
the THz radiation arrives through the antenna and balanced to the differential ports of the mixer. The
gate bias is provided separately. This circuit was implemented in a 65nm bulk CMOS technology and
the chip micrograph is shown in Figure 5-23. Two 1um/0.2um low V1 low power RF NMOS
transistors were designed for a differential output. A simulated time domain of the balanced output of
the mixer is shown in Figure 5-24.
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Figure 5-24: Time domain output of the heterodyne mixer



Chapter V- Terahertz Frequency Synthesis in CMOS Technologies

5.4. Chapter Conclusions

In this chapter implemented circuits for Terahertz frequency synthesis based on 5push ring oscillators
were presented. Two oscillators at 600GHz and 900GHz with on-chip antennas were presented. The
circuits are not measured yet. The concept relies on generating a high fundamental frequency in a 5
element ring chain by satisfying the Barkhausen criteria, then extracting 5™ order harmonics that add
in phase if properly combined. The design suffers from layout restrictions so that a complete phase
rotation is maintained in the chain designed hand in hand with the proper impedances of the lines. The
current source is not measured yet, but simulations show that a strong fundamental still exists, thus
decreasing the 5™ harmonic power by a few dBs. Yet, further optimisation is required and is believed
to attain better output power levels.

To overcome this impediment, power combiner circuits based on Wilkinson combiners was designed.
The Wilkinson combiner is designed in a manner to inject part of the odd modes from one input port
into the other. This is true for both the fundamental and the 5™ harmonics, with higher fundamental
return loss.

A heterodyne mixer using the ring oscillator as a local-oscillator was also presented. The LO provides
the signal through an on-chip antenna that splits the signal along the antenna metals. The LO signals
arrive in phase at both of the differential mixer ports, whilst the THz received signals arrive out of
phase at the ports. This design is beneficial for heterodyne-imaging for increased sensitivity, as well
as for RADAR-like phase imaging and communications.

The aim of this chapter was to explore possibilities of high-frequency synthesis. Even with the limited
output power, foresee future benefits from such circuits, especially in communication and in active
imaging are anticipated. With further optimisations in plans, as well as power combining techniques,
target full-system integration of Silicon detectors and sources will be targeted.
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Chapter VI- Terahertz Imaging Systems

fficient design and realisation of commercially viable Terahertz systems require sufficient

knowledge of both the application intended and the circuits supporting the application. As

discussed earlier, certain applications such as material characterisation require the best
sensitivity and dynamic range available, and they would require single pixel systems with wide
bandwidths (spectroscopic measurements) to analyse absorption/reflection signatures. Applications
such as security screening require a large number of pixels yet quick processing and narrow
bandwidth of operation could be tolerated.

As discussed in Chapters 2 and 3, THz detectors in CMOS technologies do not exhibit the required
sensitivity for passive imaging systems. That is due to the NEP levels of the current CMOS detectors
that are not low enough to detect the natural radiation of objects at ambient temperature. Therefore,
another important note to mention is that we are dealing with “Active Imaging” requiring active
illumination of the object under test from one or many Terahertz sources, as discussed in Chapter 4, as
opposed to “Passive Imaging” techniques. Active imaging could be conveyed either in “Reflection
Mode”, where the THz signals that bounce off an object-under-test are detected by the THz-detectors,
or in “Transmission Mode”, where the THz-radiation that penetrates and exits an object-under-test
are detected. Accordingly, we require the proper source/object/detector alignment that produces the
best images possible. In other words, the radiation from the THz-source should be guided properly
towards the imaging-plane and then projected onto the detectors’ collecting aperture with the highest
optical and electromagnetic efficiency possible. Amongst the parameters to be taken care of are the
polarizations of the sources and detectors antennas.

Moreover, as the commercially available sources are limited in power (few 10s or 100s of pWatts), it
is thus apparent that integrating N pixels at the detector-end would effectively mean division of the
available power, at best, by the number of receive elements N. This will be apparent shortly that the
power received is impacted by more than the number of elements as the coupling efficiency is further
deteriorated mainly by the detector array-geometry and by the system EM complexity. Recalling from
Chapter IV, multi-pixel systems have much higher NEP levels due to the added noise-contributors,
leading to a further degradation of the overall system efficiency. The dynamic range is impacted in
this case, and the circuit level should be designed with the link-budget estimated beforehand. A
solution would be to use multiple source-modules to increase the SNR, with a direct impact on cost.

It is essential to recall that terahertz systems are quasi-optical systems. It is essential to deal with
beams that have relatively good Gaussian field and power distributions. Effectively, Gaussian-Optics
could be employed when analysing and tracing the THz-beams; enabling the utilization of collimating
and reflecting tools such as lenses and parabolic mirrors.

Spatial resolution is a gained factor of the increase in frequency of operation due to the shorter
wavelengths compared to Microwaves and mmWaves. However, spatial resolution is not exactly the
wavelength of the utilized radiation, and is rather the diffraction-limited resolution, as explained in
Chapter 1, with the diffraction angle defined as:
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leading to a spot resolution dgp, at a distance R, of

Imaging in reflection-mode is particular challenging because of the known issues of specular
reflections. Direct detectors are more suited for transmission mode imaging because direct detectors
do not provide phase information nor distance information. Because of this, this camera is intended
for transmission mode imaging.

In this chapter, we demonstrate various system designs from single and multiple pixel designs. We
will first analyse the link-budget requirements of the various setups in view of feasible source-
detector design. Then, optical and electrical setups of each imaging-system will be demonstrated. We
will also consider stacking techniques for imaging of large objects. These analyses will therefore set
our reference boundary-conditions for our THz-systems’ performances.

6.1. Link Budget Estimations

The very heart of Terahertz system design lies within the estimation of the link budget. The core aim
is to maximize the SNR at the output of the imaging system whilst maintaining the highest sensitivity
possible, defined by a lower NEP. We have observed throughout this work that the regions of
maximum Rv and minimum NEP are not aligned. This has been explained to be as a result of the
reduced mixing efficiency within the regions of lower channel resistance. Whereas, this channel
resistance is the main noise contributor in terms of white Johnson noise, the noise thus decreases as
the transistor channel is opened further. Therefore, the NEP includes both the responsivity and noise
voltage factors.

The output signal to noise ratio for a direct detector is given by 44:

Pin

SNRour = NEP [fps

(44)

Where

e SNR,,; is the signal to noise ratio at the output of the detector

e P, isthe input power at the input of the detector

e NEP is the measured optical noise equivalent power of the detector

. \/% is the square root of the frame rate of the imaging system, where the frame rate is
the inverse of the integration time 7 in seconds.

This equation shows the interrelation between the system performance and the NEP. Going back to
the original definition of the NEP as the power level where SNR drops to unity at an integration time
of 1s, could also be revealed in this equation.

On the other hand, the responsivity sets the output voltage dynamic range. Even for a high imaging
SNR, the output dynamic range is important as it is directly related to the succeeding readout
electronics. This raises the question whether the THz detector should be operated at max Rv, min
NEP, or somewhere in between. It seems the answer is not directly obvious, but it is apparently
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application and system dependant. It may be deemed useless to design for low NEP, if the
corresponding Rv at the same bias point is very low and if the resultant output voltage is lower than
the sensitivity of the amplifying stage ahead. It also is dependent on how strong the input signal is
anticipated to be.

For instance, in cases where the input power is quite strong and the matching is properly adjusted
between the detector and antenna, the output voltage produced at the minimum NEP gate bias could
be sufficient for efficient signal amplification. In the case where the peak signals are still weak
enough to produce a sufficient output voltage, it may be essential to back off from the NEP minimum
bias voltage onwards to the regions of higher responsivity. Of course this should be done with the
certainty that the detector is still capable of detecting these week signals, again defined by the NEP at
that specific gate bias.

Therefore it is valid to separate the operation of the detectors between single and multiple pixel
systems. The devices could as well be dimensioned accordingly, with the readout electronics a
complementary part of the entire design.

6.2. Single Pixel Imaging Setup

Imaging by single-pixel systems is probably the easiest and most straight-forward in terms of system
complexity. Figure 6-1 shows the basic optical and electrical setups for single-pixel scanned-imaging
in transmission-mode. The main electrical components are a THz source, a THz detector, an AM or
Pulse modulator, voltage supplies, and a data acquisitions and processing system such as a computer.
An example of a terahertz source is the Schottky-diode based multiplier-chains provided by Virginia
Diodes [60] that feed to diagonal horn antennas. This type of multiplier chains typically have a
multiplicity in the order of 40-60X, therefore they are typically fed by a GHz-range frequency
synthesizer. The typical total radiated power is in the range of 1mW for narrow-band sources and 10s
of for wide-band sources ranging from 650-1000GHz. The diagonal horn is fed by waveguides, and
normally delivers nice Gaussian beams. Another option is to use the Silicon integrated-sources, as
discussed in Chapter 5, with total output powers ranging from 1-10 of uW.

The THz-source is fixed at one end of the setup and is used to illuminate the object in free-space. The
detector should be aligned with the source, and both source/detector antennas should be aligned
properly at boresight for maximum radiation coupling (including antenna polarization).
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Object scanned at
focal point

[THz-Source THz-Detector

Amplitude Data Acquisition and
YLDENCI Reference Processing

Signal

Figure 6-1: Single-pixel scanned-imaging setup

The THz source creates a diverging Gaussian beam, and to efficiently utilize the available radiated
power PTFE lenses are used to collect the radiated power and converge them onto a diffraction
limited spot, as shown in Figure 6-2. This spot is the exact location where the object will be placed to
be imaged. The THz-beam diverges from that point on, and another set of PTFE lenses will be used to
re-collect the radiation and project them on the aperture of the detector antenna.

(a) (b)

Figure 6-2: Photograph of (a) scanned imaging setup (b) with the corresponding plastic lenses

As mentioned above, the object to-be-imaged is placed at the focal-spot, and is scanned in the {X-Z}
direction. A cross-section of the imaging plane is shown in Figure 6-3. The focal-spot is the point
where the radiated power is squeezed onto the diffraction limit, and imaging at this spot provides with
the highest possible dynamic-range.
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Flastic lens footprint

The focal spot

Figure 6-3: Cross-section of focal-plane showing the focal-spot and the lens footprint

As the THz-radiation illuminates the receiver, the CMOS detector converts the received power
according to its characteristic R,, and the ouput voltage would range according to Vo= R, X P, ,
based on the bias-dependant voltage responsivity. The maximum output voltage would correspond to
the maximum power is received when there is total signal transmission through the focal-spot. The
minimum output voltage corresponds to the Noise-Spectral density at the frequency of operation, and
it equals No=NEP x fR,. Synchronously, the output voltage from the detector is digitized and
processed whilst the object is being scanned in the {X-Z} direction. As the output voltage levels
correspond to the various power levels transmitted through the imaged object, the THz-image will be
produced accordingly.

Imaging Results:

Here we present some of the imaging results that have been performed throughout this thesis. Figure
6-4 shows the first 1THz imaging results in CMOS using a source driven THz detector in CMOS
65nm bulk. The figure shows (a) an envelope with hidden objects (b) and an RFID card both scanned
in transmission mode at 1THz.[78]

I L L I 1 i
50 100 150 200 250 300

(@) (b)

Figure 6-4: (a) An envelope with hidden objects (b) and an RFID card both scanned in transmission
mode at 1THz
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(@) (b)

Figure 6-5: (a) Optical image and (b) 650GHz image of a semi-dried leaf hidden in an envelope

Figure 6-5 shows a 650GHz image of a semi-dried leaf that was hidden inside an envelope produced
by a gate-driven THz detector in 65nm CMOS SOI with a silicon lens [79]. The THz image shows the
regions of dried water and the regions where water still exist

W—

(@)

Figure 6-6: (a) Optical image and (b) 650GHz image of a crocs shoe with hidden metallic objects

Figure 6-6 shows the image of a crocs shoe with some metallic objects hidden inside [79] scanned
using a lens integrated NFET detector in 65nm SOl CMOS, operating at 650GHz. The THz image
shows very high quality results with details revealing the various application domains of THz
imaging, from quality control and inspection to security screening and other.

6.3. Multi-Pixel Imaging Setup

Active imaging at terahertz frequencies is commonly done by raster scanning with an image
acquisition time on the order of minutes. This section, however, demonstrates the camera operation in
video-mode, where video streams are recorded in real-time without the need for raster scanning and
source modulation. While raster scanning focuses a terahertz beam down to a diffraction limited spot
size, which transmits through the object and is then refocused onto a single detector element, this
camera requires optics which illuminate a large object plane simultaneously. This substantially
reduces the irradiance at the object and the image plane, reducing the available SNR per pixel. For
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this reason, a higher power 0-dBm x48-multiplier chain at 650-GHz was used for object illumination
in the following.

Object Placed anywhere within the
highlighted area in Parallel Beam

THz-Source THz-Detector

(no modulation) B .

Data Acquisition and
Processing

Figure 6-7: Multi-pixel imaging setup

Figure 6-5 shows the optical imaging setup used for transmission mode imaging with a single
terahertz source. In order to create a parallel Gaussian beam at the object plane, a 0-dBm 650-GHz
x48 multiplier source with a single-mode 25-dBi horn antenna was placed at the focal length of a
plano-convex spherical PTFE lens with an f-number of /2. The terahertz beam penetrates the object
and is re-focused by a fast PTFE lens (f/0.5).

The fast lens almost matches the field-of-view of about 23° of the camera module, such that the object
plane is projected onto the hyper-hemispherical silicon lens of the camera module. This basic imaging
setup was designed to demonstrate imaging in video mode at 25fps. A digital still frame recorded with
this setup is shown in Figure 6-8. It shows a picture of a metal wrench with a 6mm opening recorded
using the 1kpixel THz video presented in chapter 5.

(@ (b)

Figure 6-8: 650GHz still image from the 1kpixel camera demonstrated in chapter 4 [81]
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6.3.1. Stacking of multi-pixel camera modules:

Figure 6-9: Stacking of Multi-pixel imaging setups (modular approach)

One way to increase the imaging area and to utilize best the fact that CMOS imagers are relatively
cheap for mass production is to design modular THz multi-pixel imagers intended for stacking. Figure
6-6 shows a schematic of the proposed concept. It comprises stacked modules back to back to increase
area of the imaging plane. Each module is made of a THz source with a diverging beam, optical
lenses to create a parallel beam from the transmission end. From the detection end it is comprised of a
multi-pixel THz camera equipped with a silicon lens, and a correction lens to converge back the THz
radiation onto the camera, within its field of view.

Blind-Zones

Pixel-Resolution

Figure 6-10: Cross-section of stacked multi-pixel modules at the imaging plane. Blind zones exist due
to the physical footprint of the lenses.

This stacking of course creates blind zones as shown in Figure 6-7 due to the optical setup footprints.
However, this setup is still beneficial as the optical imaging area is enlarged. Blind areas could be
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corrected by mechanically moving the object or the complete setup twice, in X and Y directions.
However, for moving objects, these blind zones could be corrected in software.

It is important though to discuss this setup in terms of feasibility and cost. So far, as discussed in
chapter 4, sources are bulky and expensive. Therefore it is more cost efficient to invest in higher
power sources and increase the pixel count on the detector side, than creating stacks of detectors.

However, as research is on-going in terms of source design using Silicon technologies, this stacking
technique could prove worthwhile. In that case, the specifications of the integrated sources design
could be relatively relaxed at the expense of distributing the system over a larger number of modules
with lower pixel counts designed within the available power levels.

6.4. Chapter Conclusions

The aim of this chapter was to give an idea on how the designs of THz detectors and cameras
discussed in the previous chapters were utilized to produce THz images. This chapter has thus
presented techniques that were performed in lab for single pixel raster-scanned imaging as well as
multi-pixel imaging using focal-plane arrays. Imaging results from some of the detectors and from the
1k-pixel camera designed in CMOS 65nm were also presented.

The modular concept of CMOS-based THz cameras and sources which could lead to stacking of THz
detectors to increase the imaging area was also presented.
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Chapter VII- Conclusion and Prospects

This thesis has reviewed, contested, derived, and designed a variety of concepts regarding THz design
in CMOS. The realisation of various room-temperature THz apparatus based on CMOS FETs was
discussed in view of their numerous parameters.

Design of single pixel Terahertz detectors was examined in various technology nodes, namely 65nm
Bulk and SOI CMOS, and 28nm FDSOI. A wide field analyses was performed with respect to
enhancing the detectors performances defined by their noise equivalent powers and responsivities.
These figures of merit were shown in terms of their relation to the detector topology, device
dimensioning, anticipated power levels and chopping frequencies, load conditions, noise, technology
nodes and modelling, as well as the efficient electromagnetic design.

Initial trials in CMOS have tested the capabilities terahertz detection and were presented in this
manuscript. Then, the single pixel design methodology that was discussed in the previous chapters
was applied and optimised detectors lead to record performances with respect to Silicon based
detector state of the art, as well as existent commercial products. It is expected that detection of THz
in CMOS s still valid and should operate beyond the design and measured spectra that was restricted
by the available equipment at the time of designing these circuits. Designs and measurements beyond
1THz could follow soon.

The architecture of a fully integrated camera chip is a normal technological and scientific inclination
to make use of CMOS capabilities. Therefore, a 1k-pixel video camera for THz imaging was designed
and presented here; being a world first in terms of large integration in a commercially viable
technology. As naked THz detectors could reach very good performance levels, this invention tested
the viability of designing with full integration. The likelihood of commercializing THz solutions
based on CMOS relies on further industrial optimisations as well as proper fitting the solutions to
certain application spaces.

Essentially, THz sources remain a hurdle. Cutting down on the detector cost by migrating THz
solutions to Silicon technologies may be deemed insufficient should the source design lag behind
endlessly. This incited the investigation of CMOS based sources in the recent years. Therefore, ideas
of THz frequency synthesis were also discussed in this thesis. As the aim is to further stretch the
frequency of operation of the sources, | have suggested the 5-push oscillator as a solution to synthesis
tones beyond the technology limits. Even though the source power may be relatively low along with
certain layout-difficulties, the concept is promising as frequencies as high as 900GHz could be
reached. Full arrays of sources must be possible in CMOS as the sizes of these sources are very small
compared to the current waveguide-based art.

Therefore, power combining techniques were also discussed in this dissertation. Methods include
mutual and injection locking as well as a combination of both is discussed with respect to their
feasibility. One concept out of many was presented, including a modified Wilkinson combiner that
accommodates mutual locking within its inherent design.
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To expand on the benefit of source design, heterodyne mixers were also presented. These mixers aim
at increasing the imagers’ sensitivities as well as providing phase information necessary for 3D
imaging or RADAR-like imaging. In fact, the design of THz sources expands the application space
beyond imaging. Short range communications could be made possible with on-off keying as a
potential modulation technique. Communication can be seen as that with a THz carrier or that of an
increased communication bandwidth. THz communication could also be exploited for security
verification in communication systems where THz source/detector modules are used as hand-shake
security confirmation to start other RF or mm-wave systems. Spatial, frequency, and polarisation
diversity are examples of what THz short range and secure communication could employ,

Imaging results were shown with their relevant applications such security screening, safety inspection,
agricultural and pharmaceutical imaging, as well as quality control. To present a futuristic insight
regarding wide angle THz imaging, modular THz imagers were presented. These are comprised of
THz sources and detectors with their corresponding optics, and are designed to be stacked back to
back to enlarge the imaging area.

Terahertz system design in CMOS and Bi-CMOS technologies is starting to develop into its
feasibility. Scaling of the technologies is steadily promoted, and more is yet to come in terms of new
concepts and ideas as well as optimisation of the current solutions. Investigations of THz circuits on
flexible electronics may follow and camera chips that include multi-spectral detectors including
visible, infra-red and Terahertz sensors are other ideas of expanding the application space.

This collective worldwide effort may bring about technologies that could address new questions in
Science, and provide pathways to novel concepts, postulations and fundamentals.



References |k

References

[1] L. S. Rothman, “The evolution and impact of the HITRAN molecular spectroscopic database,”
Journal of Quantitative Spectroscopy Radiative Transfer, vol. 111, no. 11, pp. 1565-1567,
2010.

[2] L. S. Rothman, I. E. Gordon, A. Barbe, D. C. Benner, P. F. Bernath, M. Birk, V. Boudon, L. R.
Brown, A. Campargue, and J. P. Champion, “The HITRAN 2008 molecular spectroscopic
database,” Journal of Quantitative Spectroscopy and Radiative Transfer, vol. 110, no. 9-10,
pp. 533-572, 20009.

[3] M. Y. Sy, S. H. S. Huang, Y. W. Y. Wang, A. T. Ahuja, Y. Z. Y. Zhang, and E. Pickwell-
Macpherson, “Investigating the Role of Water Content on the Terahertz Properties of Rat
Liver Cirrhosis,” in Infrared Millimeter and Terahertz Waves (IRMMW-THz), 2010 35th
International Conference on(2010), 2010.

[4] Y .-S. Lee, Principles of Terahertz Science and Technology. Boston, MA: Springer US, 2009.

[5] J. Park, C. H. Kim, J. Lee, H.-S. Kang, C. Kim, B. Kim, and T. Joo, “Searching for new THz
science,” 2009 34th International Conference on Infrared, Millimeter, and Terahertz Waves,
pp. 1-2, Sep. 2009.

[6] D. M. Mittleman, R. Neelamani, R. G. Baraniuk, and M. C. Nuss, “Applications of terahertz
imaging,” in 2009 Conference on Lasers Electro Optics The Pacific Rim Conference on Lasers
and ElectroOptics, 2009, pp. 3-4.

[71 K. B. Cooper, R. J. Dengler, N. LIombart, T. Bryllert, G. Chattopadhyay, E. Schlecht, J. Gill,
C. Lee, A. Skalare, I. Mehdi, and P. H. Siegel, “Penetrating 3-D Imaging at 4- and 25-m Range
Using a Submillimeter-Wave Radar,” IEEE Transactions on Microwave Theory And
Techniques, vol. 56, no. 12, pp. 2771-2778, 2008.

[8] U. R. Pfeiffer, E. Ojefors, A. Lisauskas, and H. G. Roskos, “Opportunities for Silicon at
mmWave and Terahertz Frequencies ( invited ),” pp. 149-156, 2008.

[91 R. Courtland, “A Cheap Terahertz Camera,” IEEE Spectrum, 2012.
[10] E. Grossman and A.J. M. Nist, “Terahertz Imaging and Security Applications.”

[11] R. Doyle, B. Lyons, A. Lettington, T. McEnroe, J. Walshe, J. McNaboe, P. Curtin, and S.
Bleszynski, “Stand-off detection of hidden threat objects on personnel at checkpoints and in
public areas using active millimetre-wave imaging,” Proceedings of SPIE, vol. 5619, pp. 90—
97, 2004.

[12] M. C. Kemp, “Millimetre Wave and Terahertz Technology for the Detection of Concealed
Threats- A Review,” 2008 33rd International Conference on Infrared, Millimeter and
Terahertz Waves, vol. 6402, Sep. 2008.



Terahertz Circuits and Systems in CMOS- A Thesis by Hani Sherry

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

K. Kawase, A. Iwasaki, and T. Shibuya, “Terahertz spectral imaging for drug inspection,” in
CLEO 2011 Laser Science to Photonic Applications, 2011, pp. 1-3.

H. Zhong, A. Redo-Sanchez, and X.-C. Zhang, “Identification and classification of chemicals
using terahertz reflective spectroscopic focal-plane imaging system.,” Optics Express, vol. 14,
no. 20, pp. 9130-9141, 2006.

H.-B. L. H.-B. Liu, H. Z. H. Zhong, N. Karpowicz, Y. C. Y. Chen, and X.-C. Z. X.-C. Zhang,
“Terahertz Spectroscopy and Imaging for Defense and Security Applications,” Proceedings of
the IEEE, vol. 95, no. 8, pp. 1514-1527, 2007.

C. Krebs, S. Schneider, A. Hommes, and N. D, “Material scanner in the submillimetre-wave
region: configuration and signal processing,” in Society of PhotoOptical Instrumentation
Engineers SPIE Conference Series, 2008, vol. 7117.

B. Ferguson, S. W. S. Wang, D. Gray, D. Abbott, and X. C. Zhang, “Three dimensional
imaging using T-ray computed tomography,” in Lasers and ElectroOptics CLEO 02 Technical
Diges, 2002, vol. 74, pp. 44-45.

E. Ojefors, N. Baktash, Y. Zhao, R. Al-Hadi, H. Sherry, and U. R. Pfeiffer, “Terahertz imaging
detectors in a 65-nm CMOS SOI technology,” ESSCIRC 2010 Proceedings of the, pp. 486—
489, 2010.

M. El Shenawee, “Inverse Scattering Algorithms for Assessing Breast Tumor Margins using
Terahertz Waves,” pp. 1-27, 2012.

R. Sudo, A. Noda, K. Takagi, K. Fukui, K. Yamamoto, M. Tani, Y. Fukunaga, and N.
Miyoshi, “Pathological diagnosis of an experimental tumor using THz time-domain
spectroscopy,” in 2009 34th International Conference on Infrared Millimeter and Terahertz
Waves, 2009, pp. 9-10.

E. Pickwell, A. J. Fitzgerald, P. F. Taday, B. E. Cole, R. J. Pye, T. Ha, M. Pepper, and V. P.
Wallace, “Terahertz; imaging and spectroscopy of skin cancer,” Infrared and Millimeter
Waves Conference Digest of the 2004 Joint 29th International Conference on 2004 and 12th
International Conference on Terahertz Electronics 2004, 2004.

E. Pickwell, B. E. Cole, A. J. Fitzgerald, M. Pepper, and V. P. Wallace, “In vivo study of
human skin using pulsed terahertz radiation,” Physics in Medicine and Biology, vol. 49, no. 9,
pp. 1595-1607, 2004.

Z. D. Taylor, R. S. Singh, D. B. Bennett, P. Tewari, C. P. Kealey, N. Bajwa, M. O. Culjat, A.
Stojadinovic, H. Lee, J.-P. Hubschman, E. R. Brown, and W. S. Grundfest, “THz Medical
Imaging: in vivo Hydration Sensing,” IEEE Transactions on Terahertz Science and
Technology, vol. 1, no. 1, pp. 201-219, 2011.

J. Y. Suen, P. Tewari, Z. D. Taylor, W. S. Grundfest, H. Lee, E. R. Brown, M. O. Culjat, and
R. S. Singh, “Towards medical terahertz sensing of skin hydration.,” Studies In Health
Technology And Informatics, vol. 142, pp. 364-368, 2009.

C. H. Zhang, G. F. Zhao, B. B. Jin, Y. Y. Hou, J. Chen, and P. H. Wu, “Terahertz Imaging on
Subcutaneous Tissues and Liver Inflamed by Liver Cancer Cells.pdf,” Terahertz Science and
Technology, 2012.



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

References

A. P. Foulds, J. M. Chamberlain, and E. Berry, “Terahertz imaging of wound healing,” in 7th
IEEE High Frequency Postgraduate Student Colloquium, 2002.

A. J. Fitzgerald, E. Berry, N. N. Zinov’ev, S. Homer-Vanniasinkam, R. E. Miles, J. M.
Chamberlain, and M. A. Smith, “Catalogue of human tissue optical properties at terahertz
frequencies,” Journal of Biological Physics, vol. 29, no. 2, pp. 123-128, 2003.

E. Berry, A. J. Fitzgerald, N. N. Zinoviev, G. C. Walker, S. Homer-Vanniasinkam, C. D.
Sudworth, R. E. Miles, M. Chamberlain, and M. A. Smith, “Optical properties of tissue
measured using terahertz-pulsed imaging,” Proceedings of SPIE, vol. 5030, no. August 2003,
pp. 459-470, 2003.

J. W. Handley, “Time frequency analysis techniques in terahertz pulsed imaging,” University
of Leeds, 2003.

M. Schirmer, M. Fujio, M. Minami, J. Miura, T. Araki, and T. Yasui, “Biomedical applications
of a real-time terahertz color scanner,” Optics Express, vol. 1, no. 2, pp. 354-366, 2010.

N. N. Zinov’ev, A. F. Fitzgerald, S. M. Strafford, D. J. Wood, F. A. Carmichael, R. E. Miles,
M. A. Smith, and J. M. Chamberlain, “Identification of tooth decay using terahertz imaging
and spectroscopy,” in Twenty Seventh International Conference on Infrared and Millimeter
Waves, 2002.

K. Ajito, Y. Ueno, and H. Song, “Terahertz Chemical Imaging of Crystal Polymorphism for
Pharmaceutical Applications: A Review,” International journal of pharmaceutics, 2011.

“Teraview.” [Online]. Available: http://www.teraview.com/.

“United States Frequency Allocation as of October 2011,” 2011. [Online]. Available:
http://www.ntia.doc.gov/files/ntia/publications/spectrum_wall_chart_aug2011.pdf.

E. R. C. (ERC) within the E. C. of P. and T. Administrations, “THE EUROPEAN TABLE OF
FREQUENCY ALLOCATIONS AND UTILISATIONS COVERING THE FREQUENCY
RANGE 9 kHz TO 275 GHz,” 2004.

Roke Manor Reasearch Itd, “The UK Frequency Allocations,” 2004.

W. Cheng, L. Changxing, D. Xianjin, and X. Shiwei, “Terahertz communication based on high
order digital modulation,” 2011 International Conference on Infrared, Millimeter, and
Terahertz Waves, pp. 1-2, Oct. 2011.

P. D. Grant, S. R. Laframboise, R. Dudek, M. Graf, a. Bezinger, and H. C. Liu, “Terahertz free
space communications demonstration with quantum cascade laser and quantum well
photodetector,” Electronics Letters, vol. 45, no. 18, p. 952, 20009.

J. Federici and L. Moeller, “Review of terahertz and subterahertz wireless communications,”
Journal of Applied Physics, vol. 107, no. 11, 2010.

M. J. Fitch and R. Osiander, “Terahertz Waves for Communications and Sensing,” vol. 25, no.
4, 2004.

123



Terahertz Circuits and Systems in CMOS- A Thesis by Hani Sherry

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Z.Chen, Z. Y. Tan, Y. J. Han, R. Zhang, X. G. Guo, H. Li, J. C. Cao, and H. C. Liu, “Wireless
communication demonstration at 4.1 THz using quantum cascade laser and quantum well
photodetector,” Electronics Letters, vol. 47, no. 17, p. 1002, 2011.

F. Maiwald, F. Lewen, B. Vowinkel, W. Jabs, D. G. Paveljev, M. Winnewisser, and G.
Winnewisser, “Planar Schottky diode frequency multiplier for molecular spectroscopy up to
1.3 THz,” in IEEE Microwave And Guided Wave Letters, 1999, vol. 9, no. 5, pp. 198-200.

J. Ward, E. Schlecht, G. Chattopadhyay, A. Maestrini, J. Gill, F. Maiwald, H. Javadi, and I.
Mehdi, “Capability of THz sources based on Schottky diode frequency multiplier chains,” in
IEEE MTTS International Microwave Symposium Digest IEEE Cat No0O4CH37535, 2004, vol.
3, pp. 1587-1590.

A. Y. Tang, “Modelling of Terahertz Planar Schottky Diodes,” Chalmers University of
Technology Goeteborg, Sweden, 2011.

D. Porterfield, J. Hesler, T. Crowe, W. Bishop, and D. Woolard, “Integrated Terahertz
Transmit/Receive Modules,” in 33rd European Microwave Conference Proceedings IEEE Cat
No03EX723C, 2003, vol. 3, no. October, pp. 1319-1322.

P. F. Goldsmith, C. T. Hsieh, G. R. Huguenin, J. Kapitzky, and E. L. Moore, “Focal plane
imaging systems for millimeter wavelengths,” IEEE Transactions on Microwave Theory And
Techniques, vol. 41, no. 10, pp. 1664-1675, 1993.

A. Rogalski and F. Sizov, “Terahertz detectors and focal plane arrays,” OptoElectronics
Review, vol. 19, no. 3, pp. 346404, 2011.

A. Luukanen, L. Grénberg, P. Helisto, J. S. Penttila, H. Seppa, H. Sipola, C. R. Dietlein, and
E. N. Grossman, “Passive Euro-American terahertz camera (PEAT-CAM): passive indoor THz
imaging at video rates for security applications,” Proceedings of SPIE, vol. 6548, pp. 654808—
6548087, 2007.

E. Gerecht, D. G. D. Gu, L. Y. L. You, and K. S. Yngvesson, “A Passive Heterodyne Hot
Electron Bolometer Imager Operating at 850 GHz,” IEEE Transactions on Microwave Theory
And Techniques, vol. 56, no. 5, pp. 1083-1091, 2008.

S. Preu, G. H. Dohler, S. Malzer, L. J. Wang, and a. C. Gossard, “Tunable, continuous-wave
Terahertz photomixer sources and applications,” Journal of Applied Physics, vol. 109, no. 6, p.
061301, 2011.

X. Yin, B. W.-H. Ng, and D. Abbott, “Terahertz Imaging for Biomedical Applications,”
Springer, pp. 9-27, 2012.

B. Liu and M. J. Wengler, “Quasioptical 2-D Josephson junction arrays for THz oscillators,”
in Proceedings of 1993 Asia Pacific Microwave Conference APMC93, 1993, vol. 1.

F. Sizov, “THz radiation sensors,” OptoElectronics Review, vol. 18, no. 1, pp. 10-36, 2010.

B. S. Karasik, A. V Sergeev, and D. E. Prober, “Nanobolometers for THz Photon Detection,”
IEEE Transactions on Terahertz Science and Technology, vol. 1, no. 1, pp. 97-111, 2011.

B. S. Karasik and R. Cantor, “Optical NEP in Hot-Electron Nanobolometers,” arXiv, p. 7,
2010.



[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

References

“QMC Instruments.” [Online]. Available: http://www.terahertz.co.uk/.
“NEC.” [Online]. Available: http://www.nec.com/en/global/prod/terahertz.
“Traycer.” [Online]. Available: http://www.traycer.com/.

“Teraoptronics.” [Online]. Available: http://www.teraoptronics.com/.
“Virginia Diodes Itd.”

E. Ojefors, B. Heinemann, U. R. Pfeiffer, and S. Member, “Subharmonic 220- and 320-GHz
SiGe HBT Receiver Front-Ends,” IEEE Transactions on Microwave Theory And Techniques,
vol. 60, no. 5, pp. 1397-1404, 2012.

E. Qjefors, J. Grzyb, Y. Zhao, B. Heinemann, B. Tillack, and U. R. Pfeiffer, “A 820GHz SiGe
Chipset for Terahertz Active Imaging,” in 2011 IEEE International SolidState Circuits
Conference, 2011, pp. 416-417.

R. Han, Y. Zhang, Y. Kim, D. Y. Kim, H. Shichijo, and E. Afshari, “15.2 280GHz and
860GHz Image Sensors Using Schottky- Barrier Diodes in 0.13um Digital CMOS,”
International Solid-State Circuits Conference, vol. 46, no. 11, pp. 2011-2013, 2012.

E. S. E. Seok, D. S. D. Shim, C. M. C. Mao, R. H. R. Han, S. Sankaran, C. C. C. Cao, W.
Knap, and K. O. Kenneth, “Progress and Challenges Towards Terahertz CMOS Integrated
Circuits,” IEEE Journal of Solid State Circuits, vol. 45, no. 8, pp. 1554-1564, 2010.

K. O. Kenneth, “Sub-millimeter wave CMOS integrated circuits and systems,” in |IEEE
International Symposium on RadioFrequency Integration Technology, 2011, pp. 1-8.

U. R. Pfeiffer, E. Ojefors, A. Lisaukas, D. Glaab, H. G. Roskos, P. Institut, and J. W. Goethe-
universit, “A CMOS Focal-Plane Array for Heterodyne Terahertz Imaging,” IEEE Radio
Frequency Integrated Circuits Symposium, no. c, pp. 433-436, 20009.

D. Glaab, A. Lisauskas, S. Boppel, U. Pfeiffer, E. Ojefors, and H. G. Roskos, “Terahertz
heterodyne detection with silicon CMOS transistors,” in 2009 34th International Conference
on Infrared Millimeter and Terahertz Waves, 2009, vol. 96, no. 4, p. 042106.

H. G. Krekels, B. Schieck, and E. Menzel, “Power Detector with GaAs Field Effect
Transistors,” in 22nd European Microwave Conference 1992, 1992, vol. 1, no. 2, pp. 174-179.

M. L. Dyakonov and M. S. Shur, “Plasma Devices using ectronics : Novel Terahertz Devices
using Two Dimensional ELectron Fluid,” IEEE Transactions on Electron Devices, vol. 43, no.
10, pp. 1640-1645, 1996.

R. Tauk, F. Teppe, S. Boubanga, D. Coquillat, W. Knap, Y. M. Meziani, C. Gallon, F. Boeuf,
T. Skotnicki, C. Fenouillet-Beranger, D. K. Maude, S. Rumyantsev, and M. S. Shur, “Plasma
wave detection of terahertz radiation by silicon field effects transistors: Responsivity and noise
equivalent power,” Applied Physics Letters, vol. 89, no. 25, p. 253511, 2006.

F. Teppe, Y. Meziani, N. Dyakonova, J. Lusakowski, W. Knap, F. Boeuf, T. Skotnicki, D.
Maude, S. Rumyantsev, and M. S. Shur, “Detection of sub-Terahertz and Terahertz radiation
by plasma waves in silicon field effect transistors,” in Proceedings of IEEE Sensors, 2004, vol.
85, no. 4, p. 675.

125



Terahertz Circuits and Systems in CMOS- A Thesis by Hani Sherry

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

U. R. Pfeiffer, E. Ojefors, A. Lisauskas, D. Glaab, P. Institut, and J. W. G. Frankfurt, “A
CMOS Focal-Plane Array for Terahertz Imaging,” in IEEE Radio Frequency Integrated
Circuits Symposium, 2008, no. i, pp. 1-3.

E. Ojefors, U. R. Pfeiffer, S. Member, A. Lisauskas, H. G. Roskos, and E. Ojefors, “A 0.65
THz Focal-Plane Array in a Quarter-Micron CMOS Process Technology,” IEEE Journal of
Solid State Circuits, vol. 44, no. 7, pp. 1968-1976, 20009.

A. Abramovich, N. S. Kopeika, D. Rozban, and E. Farber, “Inexpensive detector for terahertz
imaging.,” Applied Optics, vol. 46, no. 29, pp. 72077211, 2007.

W. Stillman, F. Guarin, V. Y. Kachorovskii, N. Pala, S. Rumyantsev, M. S. Shur, and D.
Veksler, “Nanometer Scale Complementary Silicon MOSFETs as Detectors of Terahertz and
Sub-terahertz Radiation,” |IEEE Sensors, vol. 2, pp. 934-937, 2007.

W. Knap, F. Teppe, Y. Meziani, N. Dyakonova, J. Lusakowski, F. Boeuf, T. Skotnicki, D.
Maude, S. Rumyantsev, and M. S. Shur, “Plasma wave detection of sub-terahertz and terahertz
radiation by silicon field-effect transistors,” Applied Physics Letters, vol. 85, no. 4, p. 675,
2004,

F. Schuster, H. Videlier, A. Dupret, D. Coquillat, M. Sakowicz, J.-P. Rostaing, M.
Tchagaspanian, B. Giffard, and W. Knap, “A broadband THz imager in a low-cost CMOS
technology,” in 2011 IEEE International SolidState Circuits Conference, 2011, no. 11, pp. 42—
43.

R. Al Hadi, H. Sherry, J. Grzyb, N. Baktash, Y. Zhao, E. Ojefors, A. Kaiser, A. Cathelin, and
U. Pfeiffer, “A broadband 0.6 to 1THz CMOS imaging detector with an integrated lens,” in
IEEE MTT International Microwave Symposium, 2011.

H. Sherry, R. Al-Hadi, J. Grzyb, E. Ojefors, A. Cathelin, A. Kaiser, and U. R. Pfeiffer, “Lens-
integrated THz imaging arrays in 65nm CMOS technologies,” in 2011 IEEE Radio Frequency
Integrated Circuits Symposium, 2011, pp. 6-9.

H. Sherry, J. Grzyb, Y. Zhao, R. Al Hadi, A. Cathelin, A. Kaiser, and U. R. Pfeiffer, “A
1kPixel CMOS Camera Chip for 25fps Real-Time Terahertz Imaging Applications,” in
International Solid-State Circuits Conference, 2012, no. March 2011, pp. 252-254.

R. Al Hadi, H. Sherry, J. Grzyb, Y. Zhao, W. Forster, H. M. Keller, A. Cathelin, S. Member,
A. Kaiser, and U. R. Pfeiffer, “A 1 k-Pixel Video Camera for 0.7-1.1 Terahertz Imaging
Applications in 65-nm CMOS,” Solid-State Circuits, IEEE Journal of, vol. 47, no. 12, pp.
2999-3012, 2012.

S. Domingues, M. Perenzoni, D. Stoppa, A. D. Capobianco, and F. Sacchetto, “A CMOS THz
staring imager with in-pixel electronics,” in 2011 7th Conference on PhD Research in
Microelectronics and Electronics, 2011, pp. 81-84.

A. Vertiy, S. Ozbek, A. Pavlyuchenko, M. Tekbas, A. Kizilhan, H. Cetinkaya, A. Unal, and S.
Panin, “Passive radiometric imaging systems in millimeter wavelength range,” in IEEE
International Symposium on Antennas and Propagation, 2011, pp. 2111-2114.

H. Quast and T. Loffler, “Towards real-time active THz range imaging for security
applications,” in 2009 International Conference on Electromagnetics in Advanced
Applications, 2009.



[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

References

A. Luukanen, L. Gronberg, T. Haarnoja, P. Helisto, M. Leivo, A. Rautiainen, J. Penttila, J. E.
Bjarnason, C. R. Dietlein, and E. Grossman, “Passive broadband terahertz camera for stand-off
concealed threat identification using superconducting antenna-coupled microbolometers,” in
2008 38th European Microwave Conference, 2008, no. October, pp. 943-946.

W. Feng, “Review of terahertz semiconductor sources,” Journal of Semiconductors, vol. 33,
no. 3, p. 031001, Mar. 2012.

P. Shumyatsky and R. R. Alfano, “Terahertz sources.,” Journal of Biomedical Optics, vol. 16,
no. 3, 2011.

A. Moussessian, M. C. Wanke, Y. Li, J. Chiao, S. J. Allen, T. W. Crowe, S. Member, and D.
B. Rutledge, “A Terahertz Grid Frequency Doubler,” in IEEE Transactions on Microwave
Theory And Techniques, 1998, vol. 46, no. 11, pp. 1976-1981.

A. Maestrini, J. S. Ward, J. J. Gill, C. L. C. Lee, B. Thomas, R. H. Lin, G. Chattopadhyay, and
I. Mehdi, “A Frequency-Multiplied Source With More Than 1 mW of Power Across the 840-
900-GHz Band,” in IEEE Transactions on Microwave Theory And Techniques, 2010, vol. 58,
no. 7, pp. 1925-1932.

A. Maestrini, J. Ward, J. Gill, H. Javadi, E. Schlecht, G. Chattopadhyay, F. Maiwald, N. R.
Erickson, and I. Mehdi, “A 1.7-1.9 THz local oscillator source,” in IEEE Microwave and
Wireless Components Letters, 2004, vol. 14, no. 6, pp. 253-255.

E. Ojefors, B. Heinemann, and U. R. Pfeiffer, “A 325 GHz frequency multiplier chain in a
SiGe HBT technology,” in Radio Frequency Integrated Circuits Symposium RFIC 2010 IEEE,
2010, pp. 91-94.

G. Chattopadhyay, E. Schlecht, J. S. Ward, J. J. Gill, H. H. S. Javadi, F. Maiwald, and 1.
Mehdi, “An all-solid-state broad-band frequency multiplier chain at 1500 GHz,” in IEEE
Transactions on Microwave Theory And Techniques, 2004, vol. 52, no. 5, pp. 1538-1547.

M. Abbasi, R. Kozhuharov, C. Karnfelt, I. Angelov, I. Kallfass, A. Leuther, and H. Zirath,
“Single-Chip Frequency Multiplier Chains for Millimeter-Wave Signal Generation,” in IEEE
Transactions on Microwave Theory And Techniques, 2009, vol. 57, no. 12, pp. 3134-3142.

O. Momeni and E. Afshari, “A broadband mm-wave and terahertz traveling-wave frequency
multiplier on CMOS,” Solid-State Circuits, IEEE Journal of, vol. 46, no. 12, pp. 29662976,
2011.

O. Momeni and E. Afshari, “A 220-t0-275GHz traveling-wave frequency doubler with
6.6dBm Power at 244GHz in 65nm CMOS,” in 2011 IEEE International SolidState Circuits
Conference, 2011, pp. 286-288.

B. Razavi, “A 300-GHz Fundamental Oscillator in 65-nm CMOS Technology,” IEEE Journal
of Solid-State Circuits, vol. 46, no. 4, pp. 894-903, Apr. 2011.

D. Huang, S. Member, T. R. Larocca, M. F. Chang, L. Samoska, A. Fung, R. L. Campbell, and
M. Andrews, “Terahertz CMOS Frequency Generator Using Linear Superposition Technique,”
IEEE Journal of Solid State Circuits, vol. 43, no. 12, pp. 2730-2738, 2008.



Terahertz Circuits and Systems in CMOS- A Thesis by Hani Sherry

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

Y. Zhao, B. Heinemann, U. R. Pfeiffer, and A. T. Considerations, “Fundamental Mode
Colpitts VCOs at 115 and 165-GHz,” in IEEE Bipolar/BiCMOS Circuits and Technology
Meeting, 2011, pp. 115-118.

O. Momeni, S. Member, and E. Afshari, “High Power Terahertz and Millimeter-Wave
Oscillator Design: A Systematic Approach,” IEEE Journal of Solid State Circuits, vol. 46, no.
3, pp. 583-597, 2011.

Y. Zhao, J. Grzyb, and U. R. Pfeiffer, “A 288-GHz lens-integrated balanced triple-push source
in a 65-nm CMOS technology,” in 2012 Proceedings of the ESSCIRC, 2012, pp. 289-292.

Y. M. Tousi, O. Momeni, and E. Afshari, “A Novel CMOS High-Power Terahertz VCO Based
on Coupled Oscillators: Theory and Implementation,” IEEE Journal of Solid-State Circuits,
vol. 47, no. 12, pp. 3032-3042, Dec. 2012.

R. Han and E. Afshari, “A Broadband 480-GHz Passive Frequency Doubler in 65-nm Bulk
CMOS with 0.23mW Output Power,” in IEEE Radio Frequency Integrated Circuits
Symposium, 2012, pp. 4-7.

M. Shur, “Plasma wave terahertz electronics,” Electronics Letters, vol. 46, no. 26, p. S18,
2010.

R. Barrett, “Broadband RF power detector using FET,” US Patent 4,647,848, 1987.

M. M. Radmanesh, “State of the art S-Band Resistive FET Mixer Design,” IEEE MTT
International Microwave Symposium, pp. 1435-1438, 1994,

J. A. Garcia, M. L. De Fuente, J. M. Zamanillo, A. Mediavilla, A. Tazon, J. C. Pedro, and N.
B. Carvalho, “Intermodulation Distortion Analysis of FET Mixers under Multitone
Excitation.”

U. L. Rohde, A. K. Poddar, A. P. Almeida, and V. Ahmed, “Low Cost, Power-Efficient
Reconfigurable Passive FET Mixers,” in Canadian Conference on Electrical and Computer
Engineering, 2007, pp. 385-388.

S. Maas, “A GaAs MESFET mixer with very low intermodulation,” Microwave Theory and
Techniques, IEEE Transactions on, no. 8612951, pp. 425429, 1987.

E. Ojefors and U. Pfeiffer, “A 0.65 THz Focal-Plane Array in a Quarter-Micron CMOS
Process Technology,” IEEE Journal of Solid State Circuits, vol. 44, no. 7, pp. 1968-1976,
20009.

M. S. Shur, J. L. Hesler, and R. Weikle, “Terahertz detector utilizing two-dimensional
electronic fluid,” IEEE Electron Device Letters, vol. 19, no. 10, pp. 373-375, Oct. 1998.

R. Al Hadi, H. Sherry, J. Grzyb, Y. Zhao, W. Forster, H. M. Keller, A. Cathelin, A. Kaiser,
and U. R. Pfeiffer, “A 1 k-Pixel Video Camera for 0.7-1.1 Terahertz Imaging Applications in
65-nm CMOS,” Journal of solid states circuits, vol. 47, no. 12, pp. 1-14, 2012.

C.-T. T.C.-T. Tai and C. Pereira, “An approximate formula for calculating the directivity of an
antenna,” in IEEE Transactions on Antennas and Propagation, 1976, vol. 24, no. 2, pp. 235-
236.



[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

References

Y. K. Won Ko, “Analytical Analysis of noise figures in FET resistive mixers,” Electronic
Letters, vol. 35, no. 14, pp. 1169-1170, 1999.

F. N. Hooge, “1/F Noise Sources,” IEEE Transactions on Electron Devices, vol. 41, no. 11,
pp. 1926-1935, 1994.

H. Singh, R. Sarin, and S. Singh, “Analysis and modeling of 1/f noise in MOSFETsS for circuit
applications: The joint effect of channel length and conducting slab resistance,” Canadian
Journal on Electrical and Electronics Engineering, vol. 1, no. 6, pp. 116-121, 2010.

M. Margraf and G. Boeck, “1/f Noise Optimum for Field-Effect Transistors in Single-Ended
Resistive Mixers,” 33rd European Microwave Conference, 2003, pp. 1015-1017, Oct. 2003.

M. Margraf and G. Boeck, “Scaling of low-frequency noise in resistive FET mixers,”
Proceedings of the 2003 SBMO/IEEE MTT-S International Microwave and Optoelectronics
Conference - IMOC 2003. (Cat. No.03TH8678), vol. 2, pp. 873-876, 2003.

M. Margraf, G. Boeck, and S. Member, “Analysis and Modeling of Low-Frequency Noise in
Resistive FET Mixers,” IEEE Transactions on Microwave Theory and Technigues, vol. 52, no.
7, pp. 1709-1718, 2004.

D. M Pozar, “Microwave Engineering, 3rd,” JOHN WILEY SONS INC, p. 728, 2005.

F. Gianesello, D. Gloria, C. Raynaud, S. Montusclat, S. Boret, C. Clement, C. Tinella, P.
Benech, J. M. Fournier, and G. Dambrine, “State of the art 200 GHz passive components and
circuits integrated in advanced thin SOI CMOS technology on high resistivity substrate,” in
International SOI Conference Proceedings, 2006, vol. 1, no. Figure 5, pp. 137-138.

S. Cristoloveanu, “FDSOI Deyvices: Physics and Characterization.”

D. D. Kim, J. K. J. Kim, C. C. C. Cho, J. O. Plouchart, and R. Trzcinski, “65nm SOI CMOS
SoC Technology for Low-Power mmWave and RF Platform,” in 2008 IEEE Topical Meeting
on Silicon Monolithic Integrated Circuits in RF Systems, 2008.

J. Raskin, “SOI Technology: An opportunity for RF designers?,” 8th Diagnostics & Yield
Symposium, 20009.

C. Mazuré, R. Ferrant, B. Nguyen, W. Schwarzenbach, and C. Moulin, “FDSOI: From
substrate to devices and circuit applications,” in ESSCIRC 2010 Proceedings of the, 2010, pp.
45-51.

G. Shahidi, “FDSOI for low power CMOS,” SOI Conference, 2009 IEEE International, 2009.

G. G. Shahidi, “FDSOI for low power CMOS (invited),” in 2009 IEEE International SOI
Conference, 2009, pp. 1-2.

B. Doris, Y. H. Kim, B. P. Linder, M. Steen, V. Narayanan, D. Boyd, J. Rubino, L. Chang, J.
Sleight, A. Topol, E. Sikorski, L. Shi, L. Wong, K. Babich, Y. Zhang, P. Kirsch, J. Newbury,
J. F. Walker, R. Carruthers, C. D’Emic, P. Kozlowski, R. Jammy, K. W. Guarini, and M.
Leong, “High performance FDSOI CMOS technology with metal gate and high-k,” in Digest
of Technical Papers 2005 Symposium on VLSI Technology 2005, 2005, pp. 214-215.

129



Terahertz Circuits and Systems in CMOS- A Thesis by Hani Sherry

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

J. Grzyb, H. Sherry, Y. Zhao, R. Al-Hadi, A. Cathelin, A. Kaiser, and U. R. Pfeiffer, “Real-
time video rate imaging with a 1k-pixel THz CMOS focal plane array,” in SPIE 2012, 2012.

J. Grzyb, H. Sherry, A. Cathelin, A. Kaiser, and U. R. Pfeiffer, “On the co-design between on-
chip antennas and THz MOSFET direct detectors in CMOS technology,” in 2012 37th
International Conference on Infrared, Millimeter, and Terahertz Waves, 2012, pp. 1-3.

J. Grzyb, H. Sherry, A. Cathelin, A. Kaiser, and U. R. Pfeiffer, “Toward Low-NEP Room-
Temperature THz MOSFET Direct Detectors in CMOS Technology,” in International
Conference on Infrared Millimeter and Terahertz Waves, IRMMWTHz, 2013.

J. F. Johansson and N. D. Whyborn, “The diagonal horn as a sub-millimeter wave antenna,”
IEEE Transactions on Microwave Theory and Techniques, vol. 40, no. 5, pp. 795-800, May
1992.

C. H. Smith, H. X. H. Xu, J. Hesler, and N. S. Barker, “A comparison of the Gaussian
coupling efficiency for three types of terahertz horn antennas,” in 33rd International
Conference on Infrared Millimeter and Terahertz Waves, 2008, vol. 80, no. 11, p. 22903.

A. Niknejad, “mm-Wave Quadrature Spatial Power Combinig : A Proposal,” 2010.

J. Birkeland and T. Itoh, “An Injection Locking Method for Multiple FET Oscillators Suitable
for Active Phased Arrays and Quasi-Optical Power Combining,” in 20th European Microwave
Conference 1990, 1990, vol. 2.

M. R. Kuhn and E. M. Biebl, “Power combining by means of harmonic injection locking,” in
IEEE MTTS International Microwave Symposium Digest, 2004, vol. 1, pp. 91-94.

D. Shim, D. Koukis, D. J. Arenas, D. B. Tanner, E. Seok, J. E. Brewer, and K. K. O,
“Components for generating and phase locking 390-GHz signal in 45-nm CMOS,” 2012
Symposium on VLSI Circuits (VLSIC), pp. 10-11, Jun. 2012.

F. Friederich, G. Spickermann, A. Roggenbuck, A. Deninger, C. A. Weg, W. Von Spiegel, F.
Lison, P. H. Bolivar, and H. G. Roskos, “Hybrid Continuous-Wave Demodulating Multipixel
Terahertz Imaging Systems,” in IEEE Transactions on Microwave Theory And Techniques,
2010, vol. 58, no. 7, pp. 2022-2026.

A. M. Affandi, “Injection Locking and Combining of Multiple Gunn Oscillators using
Microstrip Circuits,” University of Kent, 1982.



Table of Figures

Table of Figures

Figure 1-1: The Terahertz place within the Electromagnetic SPeCtrum.........cccccvvvvevevveieveeiesennns 1
Figure 1-2: Terahertz image using a 65nm CMOS SOl detector revealing hidden objects and foam
inner cracks unseen by Visible light [18]. ......ccovoiiiiic e 3
Figure 1-3: (a) THz image of excised colon tissue showing healthy tissue in green and cancerous
tissue in dark red (fake colours). (b) Imaging performed by THz system from Teraview [33].............. 3
Figure 2-1: Block diagram of a heterodyne detection (coherent) System..........cccccevvvevvevevveinennnn, 11
Figure 2-2: Block diagram of a direct power detection (incoherent) SyStem .........c.ccocvvvrerennennen 11
Figure 2-3: Direct detection Circuit USING FET ........ccco i 12
Figure 2-4: Non-quasi static channel of @ FET [79] ......ccoviiiiiiiiiire e 14
Figure 2-5: (a-c) Terahertz heterodyne detection topologies using passive FETs in common-mode
and (d) Terahertz direct detection topologies using passive FETs in common-mode [72] .................. 16
Figure 2-6: FET detector chopping to reduce 1/f noise (a) at the gate and (b) at the output.......... 17
Figure 2-7: Differential THz direct detector based with the signals fed through the gate ............. 18

Figure 2-8: Differential THz direct detector based with the signals fed through the source. (a)
Differential structure of the FET broadband THz resistive self-mixer (b) with the virtual ground
] 11011 o PSSO 19

Figure 2-9: Free-space characterization setup for a pixel by means of lock-in techniques. The
path-loss is calculated according to Friis transmission equation. In the case of a multi-pixel camera,

the ROC is off and the terahertz source is modulated (NON-Video MOAE). .........ccevvevrerirerienieniesiene 23
Figure 2-10: Photograph of a VDI source at 0.65THz equipped with a diagonal horn antenna
illuminating a CMOS THz detector in free-space [60]........cccceveiieiiiie e 24
Figure 2-11: Video camera characterization setup. The setup is adjusted to squeeze the emitted
radiation onto the FPA at an angle that counter-effects the lens field of View. ........cccccoovvviiiiiicinn. 25
Figure 3-1: Terahertz detector basic building BIOCKS ...........ccceovieiiiiiiiiiie e, 27

Figure 3-2: Simulated time-domain voltage swing at the differential ports of a source driven
Terahertz detector in 65nm CMOS. The plots correspond to (a) matched and (b) mismatched
1um/0.06um detectors, and (c) matched and (d) mismatched 0.3um/0.06um detectors. The input
power is set at 10nW for a 650GHZ iNPUL FrEQUENCY. ......ccveiuiiiiiiieeiectecie et 30

Figure 3-3: (a) Optimum R;, and X;, at Vs=0.4V and the corresponding (b) Rv at Vs=0.15V and
NEP at Vgs=0.3V based on harmonic balance simulations of source driven Terahertz detector of
1um/0.06um dimensions at 1-kHz chopping frequency. The input power is set at 10nW. .................. 31

Figure 3-4: (a) Optimum R;, and X, versus frequency at Vs=0.4V and the corresponding (b) Rv
at Vs=0.2V and NEP at Vs=0.3V based on harmonic balance simulations of source driven Terahertz
detector of 0.3 um/0.06 um dimensions at 1-kHz chopping frequency. The input power is set at 10nW.

Figure 3-5: (a) Simulated S11 at frequency=650GHz with an antenna impedance of
Z,n=153+j787Q versus gate bias from 0V to 1V, and the corresponding (b) Rv and NEP versus Vgs
based on harmonic balance simulations of a source driven Terahertz detector of 1pum/0.06pm
dimensions at 1-kHz chopping frequency. The RV, =13.5kV/W and NEPmin:7.5pW/\/Hz. (¢) and (d)
show the balanced ports’ voltages. The input power is set at 10nW for a 650GHz input frequency. .. 32

131



Terahertz Circuits and Systems in CMOS- A Thesis by Hani Sherry

Figure 3-6: (a) Simulated S11 at frequency=650GHz with an antenna impedance of
Zn=405+j2200Q versus a gate bias from 0V to 1V, and the corresponding (b) v and NEP versus
Vs based on harmonic balance simulations of a source driven Terahertz detector of 0.3um/0.06pum
dimensions at 1kHz chopping frequency. Rvmax =50kV/W and NEP,,=5pW/VHz. (c) and (d) show
the balanced ports’ voltages. The input power is set at 10nW for a 650GHz input frequency............. 33

Figure 3-7: (a) Simulated S11 at frequency=650GHz with an antenna impedance of
Z,n=360+j360Q and the corresponding (b) Rv and NEP versus Vgs based on harmonic balance
simulations of a source driven Terahertz detector of 0.3um/0.06pum dimensions at 1kHz chopping
frequency. The Rvmax =5.5kV/W and NEP,;,=14pW/Hz. (c) and (d) show the balanced ports’
voltages. The input power is set at 10nW for a 650GHz input freqUENCY. .......cccccvvvveveieeve i, 34

Figure 3-8: Simulated Rv with respect to R, Variations for (a) an impedance matched
0.3um/0.06pm FET pair in differential source-coupling mode and (b) an impedance matched
1um/0.06pm device. The input power is fixed at 100nW and the frequency=650GHz. ...........c.cccoc.... 35

Figure 3-9: Simulated NEP with respect to Ry Variations for (a) an impedance matched
0.3um/0.06pum FET pair in differential source-coupling mode and (b) an impedance matched
1um/0.06pm device. The input power is fixed at 100nW and the frequency=650GHz. ............cccoc.... 36

Figure 3-10: Simulated voltage responsivity of detectors with respect to detector input power for
() an impedance matched 0.3um/0.06um FET pair in differential source-coupling mode and (b) an
impedance matched 1um/0.06pum device. The chopping frequency is fixed at 1kHz and the
TrEQUENCY=B50GHZ. ... bbb e ettt 36

Figure 3-11: Simulated NEP of detectors with respect to detector input power for (a) an
impedance matched 0.3um/0.06um FET pair in differential source-coupling mode and (b) an
impedance matched 1um/0.06um device. The chopping frequency is fixed at 1kHz and the

FrEQUENCYTB50GHZ. ... e st e b e b e st e be et e sbeera e besre e e e re e 37
Figure 3-12: Output flicker noise voltage of 1um/0.06um detectors with respect to detector input
power (8) at THZ and (D) @t LKHZ..........ooiiiiiieice s 38
Figure 3-13: 1/f Noise of 1um/0.06um differential detectors over various noise-frequencies with
reSPECt t0 INPUL POWET VANTATIONS ......c.viviitiieiieieieiieieet sttt ettt sb e nn e 39
Figure 3-14: 1/f Noise of 1um/0.06pum differential detectors with an input power of 1nW over
VariOUS NOISE-TTEOUENCIES. ... .cviitieie ettt s te ettt eere e be s be e st e s beeseesbesbeenbesbeereebesaeensete e 39

Figure 3-15: (a) Thermal noise voltage for a 1um/0.06um versus gate bias and at 1Hz, 100Hz, and
1kHz noise frequencies. (b) Thermal noise voltage for M1, M2, and M3 versus gate bias and at 1kHz.
M1: Differential Terahertz Mixer with 1pum/0.06um each NFET. M2: Differential Terahertz Mixer
with 0.3pum/0.06pm each NFET. M3: Differential Terahertz Mixer with 1um/0.2pum each NFET......40

Figure 3-16: Simulated noise contributors for Terahertz-mixer M1 formed of transistors T1 and
T2, with 1p/0,06pm each at (a) 1Hz, (b) 100Hz, and (c) 1kHz. T1 is one NFET transistor operated
differentially through the source. The source power is fixed at 10nW. The total noise corresponds to
the total noise of the mixer, and the flicker and thermal noise correspond to one of the transistors. ...41

Figure 3-17 : Simulated total noise at 1Hz, 100Hz and 1kHz for (a) Mixer M1 (b) Mixer M2 and
(c) Mixer M3. The source power is fixed at 10nW. M1, M2, and M3 are differential cold-NFET
mixers coupled through their sources, with device dimensions of TI1=1um/0.06um,

T2=0.3um/0.06pum, and T3=1um/0.2um, 1€SPECIVELY. ....ervirriieeriiiee e 42
Figure 3-18: Comparison of total Noise for M1, M2 and M3 at (a) 1Hz and (b) 1kHz................. 43
Figure 3-19: (a) Rv and (b) NEP versus chopping frequencies: 1um/0.06um NFET pair in

differential source-coupling mode. Pin=100nW, Rout=100MQ, Frequency=650GHz. ....................... 43

Figure 3-20 : (a) Layout of two separate NFETSs operated differentially, (b) and layout of single
double fingered transistors operated differentially through the sources (drains).........c.ccccovevererenne. 44



Table of Figures
Figure 3-21: Double fingered differential THz NFET detector layout............ccccovvviieveirenienenn, 44
Figure 3-22: Cross-section of double fingered differential THz NFET detector ............c.cccceveneee. 45
Figure 3-23: (a) CMOS bulk and (b) CMOS SOl cross-section demonstrating intrinsic parasitics
IS PR SOUROR PP PPN 45
Figure 3-24: 5x3 test arrays of THz detector test structures. (@) 65nm CMOS SOI chip [18] and
(b) 65NM CMOS bUlK Chip [78], [79]. eeoverreiieieiteiie sttt st s ne 46
Figure 3-25: SNR comparison at a distance of 10cm for gate-drain driven detectors implemented
in CMOS Bulk and SOI, with and without @ SIHHICON LENS. ......oocvvieeiiiiiie et 46

Figure 3-26: Radiation efficiency of the proposed antenna on a semi-infinite silicon substrate. The
chip thickness is 150pm and the silicon resistivity is assumed to be 15 Qcm and infinity for a bulk
and high-resistivity substrate, correspondingly. The antenna is realized as a multi-layer thick metal

GEOMELIY [L28]. ...ttt bbbt bt b ettt b e r e n e 47
Figure 3-27: Skin depth versus frequency for Copper, Gold, and Aluminium lines. ..................... 49
Figure 3-28: Packaging techniques: (a) front side illumination, (b) back-side illumination, and (c)

back-side illumination through SIlICON-1ENS. ..ot 50

Figure 3-29: Simulated antenna efficiency in different illumination topologies: Back-side
illumination, front-side illumination, and back-side through semi-infinite substrate illumination
MIMICKING @ STHCON 18NS [78]. ... 51

Figure 3-30: (a) Die micrograph of implemented THz- detector test-structures in 65nm bulk
CMOS and (b) image Of & SiNGIE PIXEL. .....ooveiiieiii s 52

Figure 3-31: (a) Schematic and (b) photograph of packaging of CMOS chip with a 3mm diameter
Silicon hyper-hemispheriCal IENS. ..........ocviiiiiec e st re e 53

Figure 3-32: Extrapolated gain of transmit antenna based on two points provided by the
manufacturer, and calculated receive antenna gain with a lens diameter of 3mm based on the
theoretical effective area CalCUIALION. ..........c.oovviiiie i ee e 54

Figure 3-33: (a) Calibrated total source output power and (b) calculated received power at a
distance of 13,5CM aCroSS fTEQUENCY. ...ccveiuiiiecie ettt sttt e st sre s te et sre e e e 55

Figure 3-34: Measured output noise-voltage for various detector sizes and over different chopping
L =To T g ToT TSRS 56

Figure 3-35: Free-space measurement setup example used for the detectors’ characterization..... 57

Figure 3-36: Frequency characteristics of pixel A2 where (a) Rv maxima and their corresponding
NEPs and (b) NEP minima and their corresponding Rvs. (c) Simulated antenna impedance. (d)
Simulated Electrical Rv maxima and NEP minima using the simulated antenna impedances. This
antenna has been designed for a peak at 850GHz with a device of W/L=1um/0,06um. The frequency
plot matches the intended design based on simulations using the PDK. The Rv max is 570V/W Vgs =
0.23V, and the NEP, is 40pw/\/HZ at Vgs = 0.47V at 825GHz. The measurements were performed in
the far-field of the Tx and Rx antennas, at a distance of at D=13.5cm. the 3dB bandwidth spans
between 770GHZ and 930GHZ. ........coveiiiiiiee et nes 58

Figure 3-37: Frequency characteristics of pixel A3 at R=14,5cm showing the (a) maximum Rvs
and (b) their corresponding NEPs frequency characteristics with respect to chopping frequency. (d)
Minimum NEPs and (c) their corresponding Rvs across source frequency and with respect to
chopping frequency. Key values: Rv =1450V/W and NEP=318pW/\Hz @200Hz, at Vgs =0.19V. Rv

=650/W and NEP=20pW/VHZ at Vigs Z0.45V .......coorverreirrerereeceseiesseessessessessiessssssssssssssss s sesnsens 59
Figure 3-38: Pixel A3 at R=14.5cm versus gate bias at 856GHz at (a) 200Hz (b) 1kHz and (b)
o1 Ao g o] o] o1 [T I =T [U1=] T YU 60

Figure 3-39: A4 pixel measured at R=14.5cm showing the (a) maximum $Rvs and (b) their
corresponding NEPs frequency characteristics with respect to chopping frequency. (d) Minimum

133



Terahertz Circuits and Systems in CMOS- A Thesis by Hani Sherry

NEPs and (c) their corresponding Rvs across source frequency and with respect to chopping
L =10 UL g o SR 61

Figure 3-40 Pixel B4 measured at R=14.5cm and 1kHz chopping frequency, showing the (a)
maximum $Rvs and their corresponding NEPs frequency characteristics with respect to chopping
frequency; (b) minimum NEPs and their corresponding Rvs. Responsivities and NEP DC
characteristics at 856GHz source frequency at (c) 200Hz and (d) 1kHz chopping frequencies........... 62

Figure 3-41 pixel C3 measured at 14.5cm and 1kHz chopping frequency, showing responsivities
and NEP DC characteristics at 1kHz chopping frequencies for (a) 698GHz source frequency at (b)
724GHz source frequencies. () Maximum Rvs and their corresponding NEP at 1kHz; (b) minimum

NEPs and their corresponding RV at LKHZ. .........cccoiiiiiiiiiic e e 63
Figure 3-42: Pixel C3 measured at 14.5cm for 200Hz and 1kHz chopping frequencies. (a)
Measurement of maximum Rvs (b) and their corresponding NEPS. ... 64
Figure 3-43: FDSOI Chip MICIOGraph ......c.coveiiiiiiiiisie et 65
Figure 3-44: FDSOI pixel CIrCUIt deSIgN ....cvooveiiiiiie et 66
Figure 3-45: FDSOI transistor cross-section showing body aCCesSS ...........ccereireiinenenerienienens 66
Figure 3-46: Output noise voltage at 1kHz for various detector SizeS .........ccccovvevevveieeieneeriennnnn, 68
Figure 3-47 Pixel C1 measured at 856GHz and a 1kHz chopping frequency. (a) Responsivity and
NEP measurements across gate bias and a body bias of OV (b) and a body bias of 1.5V .................. 68

Figure 3-48: Pixel C1 measurements show (a) the shift of the maximum Rv of 460V/W across the
gate bias corresponding NEP of 175pW/\Hz, with respect to the body bias sweep (b) which remains

FIXEA ACTOSS DOUY DIAS. ...ttt 69
Figure 3-49: Pixel C2 (a) Rv and (b) NEP, both measured across gate bias at 1kHz, a distance of
15cm, at 856GHz source frequency, at 0V, 0.75V, and 1.5V body biases. .........ccccceveviiviveveieciennene 69
Figure 3-50: Pixel C2, (a) maximum Rv and (b) minimum NEP, measured at a 1kHz chopping
frequency, a distance of 15cm, at OV and 1.5V body bias, across various source frequencies ............ 70
Figure 3-51: Pixel D2 Rv and NEP measured at 15cm, a 1kHz chopping frequency, at 856GHz,
AN Vigody OV 71
Figure 3-52: (a) Rv maxima and (b) NEP minima at a distance of 15cm and 1kHz chopping
FreqUENCY, ACI0SS TrEOUENCY ... .ccvviie ettt cte ettt ettt st e e re e be s te e st e s be e b e sbestaebesbeeteesbesneennesreans 71
Figure 3-53: Comparison of noise from differential 1um/0.06um transistors in 65nm Bulk and
28NM FDSON ...ttt bt bt bbbt E bRt be e nbe e nbe e naeennbeanes 72
Figure 3-54: Block diagram of (a) polarization diverse THz mixer and (b) polarization diverse
NETEIOTYNE IMIXE ...t bbbt b bbb bbb b bbb e 73
Figure 3-55: Chip micrograph of test structures with dual polarization antennas and detectors.... 74
Figure 3-56: Schematic of dual polarisation circuit and antenna. ...........ccocceveeeeveiecicse s, 74
Figure 3-57: Circuit schematic of 4 pixels combined at their OUEPULS..........cccoevviviiiinencncnene 75
Figure 3-58: (a) Layout view and (b) implemented micrograph of 4 pixels combined at their
(01011 01U PP TP PP PR TR 76
Figure 4-1: 1kpixel THz camera block diagram [80], [111] ....cocevviiiveiiiiiie e 81
Figure 4-2: Global reset CIrcUItry [111]...c.ccoiiiioiiiiiiie ettt s 83
Figure 4-3: Integrate and reSEt SCNEME.......ccuiiiiiiiiiirie e 84
Figure 4-4: single PiXel SCEMALIC.........ccviiiiieiieee e e 85
Figure 4-5: Single pixel layout and optical micrograph ..........cccceoviiiniiineicc e 85
Figure 4-6: Digital control of the 1kpixel camera [111]......cccooeiiiiiieiiieie e 86

Figure 4-7: Chip micrograph of the 1kpixel camera implemented in 65nm Bulk CMOS [80], [111]



Table of Figures

Figure 4-8: Chip-Lens assembly and demonstration of THz rays projected onto the CMOS FPA.

.............................................................................................................................................................. 88
Figure 4-9: Lens and chip assembly and wire-bonding [80] ........ccccceviiviiieiiiecic e, 88
Figure 4-10: THz camera in plug and play OPeration.............cccceeveviveveiesiiese e e 89
Figure 4-11: recorded video output as well as the control signals .............cccceoeviiiiiiniicnee 89
Figure 4-12: Single pixel responsivity and NEP at 856GHz with respect to chopping frequency

0 SO SSSSSRSRRR 90
Figure 4-13: Maximum ‘Rv of a single pixel across the spectrum with respect to chopping

L C=To TN g ol TSN 5 SRS 91
Figure 4-14: Minimum NEP of a single pixel across the spectrum with respect to chopping
TrEQUENCIES [LLL] .ot b bbbt b e bbbt nenen e 91
Figure 5-1: 5push circuit schematic With INAUCLOrS...........cccoiiviiiiiii i 94
Figure 5-2: 5push circuit schematic with Microstrip lines ... 95
Figure 5-3 (a) 650GHz oscillator element (b) 900GHz oscillator element ..........c.cccevveveiveiennenn, 95
Figure 5-4: (a,b) Layout of 600GHz ring oscillator with an on-chip ring antenna......................... 96
Figure 5-5: (a,b) Layout of 900GHz ring oscillator with an on-chip ring antenna......................... 96
Figure 5-6: (a,0) 650GHZ OSCIHIALOr COTE.......cceeiiitiiie e s re s 97
Figure 5-7: S11 plot for the 650GHZ 0SCIlAtor COMe.........cceiiiiiiiiiiiiise e 97
Figure 5-8: Harmonic balance simulation of the 600GHz oscillator.............ccccceveviviiiiieiiceenenn, 98
Figure 5-9 (a)5" harmonic simulated output power (b) and fundamental output power................ 98
Figure 5-10: time domain of the output signals for the 600GHz oscillator..............ccccoceverennennee. 99
Figure 5-11: Power combining NEIWOIKS ........c.coviiiiieiiiicii sttt 100
Figure 5-12: Power combining and mutual I0CKING ..........ccceieiiiiiiiinineeeceee s 101
Figure 5-13: Power combining and injection 10CKING ..........ccccooviiiiieii i 101

Figure 5-14: Power combining using Wilkinson combiners and fundamental mutual-locking ... 102
Figure 5-15: Power combining using Wilkinson combiners and harmonic mutual-locking through
termination-resistor MISMELCH ..........oiiiiiee e enes 102
Figure 5-16: Simulated S-parameters of a 600GHz Wilkinson power combiner with a 58um
quarter-wave line showing ports 2 and 3 as the input ports and port 1 as the combined output port . 103
Figure 5-17: Simulated S-parameters of a 600GHz Wilkinson power combiner with a 40um
quarter-wave line (shorter than required) showing ports 2 and 3 as the input ports and port 1 as the

(o0 a o1 g T=To IoTU | 101U L oo ] USROS 103
Figure 5-18: 3-Dimensional view of implemented Wilkinson power-combiner. The combiner is
implemented on thick Metal-6 of a 7 metal back-end of a 65nm Bulk CMOS technology................ 104

Figure 5-19: (a,b) Die micrograph of power combining circuit for ring oscillators using Wilkinson
combiners. The circuit occupies x mmz2, and was design in a 65nm bulk CMOS process technology

TrOM STMICIORIECIIONICS. ..ottt sttt e ettt enes 104
Figure 5-20: block diagram of heterodyne reCeIVEN ........ccovvvieiiiiiie e 106
Figure 5-21: Spatially supplied local oscillator and THz Signals..........c.ccoceveiiiniiiniiencncne 107
Figure 5-22: Heterodyne mixing with differential QUIPULS. ..........cccoveiiiiiii i 107
Figure 5-23: die micrograph of Terahertz heterodyne miXer ............ccocvevereieininine s 108
Figure 5-24: Time domain output of the heterodyne MiXer ..........ccocovoiieeiinieeienienee e 108
Figure 6-1: Single-pixel scanned-imaging SEIUD ........coveeererieiereee e 113
Figure 6-2: Photograph of (a) scanned imaging setup (b) with the corresponding plastic lenses 113
Figure 6-3: Cross-section of focal-plane showing the focal-spot and the lens footprint.............. 114

Figure 6-4: (a) An envelope with hidden objects (b) and an RFID card both scanned in
transmisSioN MOAE At LTHZ ..ottt e neeenes 114

135



Terahertz Circuits and Systems in CMOS- A Thesis by Hani Sherry

Figure 6-5: (a) Optical image and (b) 650GHz image of a semi-dried leaf hidden in an envelope

............................................................................................................................................................ 115
Figure 6-6: (a) Optical image and (b) 650GHz image of a crocs shoe with hidden metallic objects
............................................................................................................................................................ 115
Figure 6-7: Multi-pixel IMaging SEIUD........coveiiiiiiiiise s 116
Figure 6-8: 650GHz still image from the 1kpixel camera demonstrated in chapter 4 [81].......... 116
Figure 6-9: Stacking of Multi-pixel imaging setups (modular approach) ...........cccocvvrvicrennne. 117

Figure 6-10: Cross-section of stacked multi-pixel modules at the imaging plane. Blind zones exist
due to the physical footprint 0f the 18NSES........cciiiiicic e 117



Author’s Biography

Author’s Biography

Hani Sherry was born in 1985. He received the B.Sc. degree in computer and communication
engineering at the University of Balamand, Lebanon, in 2006. Then, he joined the School of Electrical
and Electronic Engineering at the University of Manchester, U.K., in 2007 where he completed the
M.Sc. in microwave and communication engineering. There, he fulfilled a research dissertation with
distinction on mm-wave noise characterization of HEMTs and MESFETSs aimed at future LNAs for
the square-kilometre array telescope project (SKA).

In 2008 he joined O2-Telefonica, London, as a radio engineer responsible for the East-London region
cell-planning and optimization. From December 2009 until December 2012, he was with
STMuicroelectronics, Crolles (France) as a Ph.D. candidate in mm-wave and THz integrated circuit
design in collaboration with the IHCT at the University of Wuppertal (Germany) and ISEN/IEMN,
Lille (France).

Since December 2012, he has been with STMicroelectronics as an RnD engineer working on THz and
mm-wave integrated circuits design in advanced CMQOS and BiCMOS technologies. He completed his
PhD degree (magna cum laude) in June 2013.

Hani Sherry is the recipient of the Jan Van Vessem Outstanding Paper Award at the ISSCC 2011. He
is also the co-recipient of the STMicroelectronics Technology Council Award in June 2012 on the
design of a 1kpixel CMOS THz video camera.

His research interests involve mm-wave and Terahertz integrated circuits and systems for imaging and
wireless communications. Dr. Sherry is a member of the IEEE, IET, the Lebanese Astronomy Group
(LAG), and UKSEDS.



