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Abstract

THz, the electromagnetic spectrum lying between millimeter waves and optics, is
nowadays widely utilized in the applications such as material inspection, medicine,
explosives detection and astronomy. Although optical and photonic based systems
for generating THz waves can fully cover the upper band of the THz spectrum (from
several THz to far infrared), they are inefficient at lower frequency bands i.e., mm-
waves, and at the same time inappropriately bulky for portable applications. In
contrast, recent progress in solid states electronics in conjunction with aggressive
scaling of devices are promising to facilitate the future availability of THz systems
realized as compact and cheap all-electronic solutions. THz microelectronics is an
increasingly relevant field of activities, therefore.

Without concerning about the challenges in the design and fabrication of such
devices, their performance needs to be characterized with systems faster than the
device itself; therefore, we face with limitations. Recently, the measurement
bandwidth of microwave network analyzers equipped with extension modules has
extended beyond 1 THz. However, their calibration is a challenging task and
performing a full band measurement, due to a need for waveguide components,
considerably increases the cost and time of measurement. Systematic errors in system
calibration due to lack of precise models for devices at THz frequencies are also
remarkable drawbacks of this approach. An eligible alternative for these systems is
the use of electrooptic and photoconductive sampling which rely on optical and
photonic approaches. These techniques with the help of femtosecond pulse lasers
provide a very broadband measurement system far beyond today’s electronic devices
bandwidth without suffering from the challenges of the electronic approach. In
particular electrooptic sampling with non-contact probing can also perform useful
high resolution near field scanning of devices.

The aim of this thesis is to demonstrate the electrooptic sampling for the
characterization of mm-wave and THz electronic devices. To this end, an extremely
broadband (microwave to THz) device, which is a 65-nm CMOS nonlinear
transmission line (NLTL), is used as the device under test. Before showing the
measurement results for this device, the advances in THz electronics as well as their
common the characterization techniques are reviewed. For the characterization, a
rather compact EOS experimental setup featured with a large dynamic range, high
sensitivity and high spatial resolution is presented. In the measurement phase, it is
shown that what challenges in particular for the characterization of a nonlinear
device we may face to and which scenarios can be used to overcome them. The
relative jitter in EOS, known as the most prohibiting factor for achieving a high
measurement bandwidth, is resolved with a novel synchronization technique called
Laser Master Laser Slave (LM-LS). This is achieved by feeding the DUT with a
microwave signal which is generated from the comb harmonics of the femtosecond
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laser. Since the signal is sampled by the laser itself, EOS provides a fully coherent
heterodyne detection which helps to significantly increase the detection bandwidth
of the system from 50 GHz up to 300 GHz which is presently restricted by the DUT
fabrication technology i.e. the 65-nm CMOS. Furthermore, it is shown that for
nonlinear devices, measurement with EOS can outperform traditional microwave
network analyzer measurements and in particular it can detect hidden features like
conversion losses which may not be observed by electronic techniques. In the end by
performing photoconductive measurements for the DUT, a good comparison
between electrooptic and photoconductive sampling in terms of their detection
bandwidth and image resolution is demonstrated.

I



Zusammenfassung

THz, das elektromagnetische Spektrum, das zwischen Millimeterwellen und Optik
liegt, ist weit verbreitet in Anwendungsgebieten wie Materialinspektion, Medizin,
Entdeckung von Sprengstoffen und Astronomie. Obwohl auf Optik und Photonik
basierende Systeme fiir Generation von Terahertz-wellen die oberen Bandbreit des
THz-Spektrums vollig abdecken koennen, sind sie ineffizient in den unteren
Frequenzbandern, wie etwa dem mm-Wellenbereich, und gleichzeitig sind ihre
Grofien ungeeignet fiir tragbare Anwendungen. Im Gegensatz dazu versprechen die
aktuellen Fortschritte in der Festkorper Elektronik in Verbindung mit einer
aggressiven Skalierung von Bauelement, die zukiinftige Verfiigbarkeit von THz
Systemen, als kompakte und preiswert voll-elektronische Losungen. Daher ist die
THz Mikroelektronik ein zunehmend relevantes Arbeitsfeld.

Unabhdngig von den Herausforderungen in Design und Fabrikation von THz
Komponenten, miissen deren Leistungsfihigkeit mit Hilfe von Instrumenten
charakterisiert werden, die schneller sind als die Komponente selbst, daher st6{3t man
hier an Grenzen. Die aktuellen Messbandbreiten von Mikrowellen-
Netzwerkanalysatoren, die mit Erweiterungsmodulen ausgestatten worden sind,
gehen bereits iiber 1 THz Hinaus. Jedoch ist ihre Kalibrierung aufwendig und
Messungen {iiber die volle Bandbreite erhohen, wegen der Notwendigkeit von
Wellenleiterkomponenten, wesentlich die Kosten und den Zeitaufwand. Die
systematischen Fehler in der Kalibrierung der Systeme, auf Grund des Mangels an
prazisen Modellen fiir Komponenten im THz Frequenzbereich, sind ebenfalls ein
bedeutender Nachteil dieses Ansatzes. Eine gute Alternative fiir diese Systeme ist
elektrooptisches oder photokonduktives Abtasten, welche nicht elektronisch arbeiten
sondern optik- und photonik-basiert sind. Diese Techniken stellen mit Hilfe von
Femtosekunden-Lasern Breitbandsmesssysteme zur Verfiigung, welche die
Bandbreite der heutigen elektronischen Messgerdte bei weiten tibertreffen, ohne
durch die Herausforderungen von elektronischen Ansdtzen beschrankt zu werden.
Insbesondere durch das elektrooptische Abtasten mit Hilfe von kontaktlosen Probern
konnen wertvolle, hochauflosunge Nahfeld-Scans von Komponenten durchgefiihrt.

Das Ziel dieser Dissertation ist die Charakterisierung von mm-Wellen und THz
Komponenten mit Hilfe des elektrooptischen Abtastens zu demonstrieren. Zu diesem
Zweck wird eine extrem breitbandige (von Mikrowellen bis zu THz) Komponenten,
eine 65-nm CMOS nichtlineare Diodenleitung, als DUT genutzt. Bevor die
Messungsergebnisse fiir das Gerat gezeigt werden, werden sowohl die Fortschritte in
der THz-Elektronik als auch deren haufigsten Charakterisierungsmethoden
vorgestellt. Der fiir die Charakterisierung verwendete relativ. kompakte
elektrooptische Aufbau, welcher eine grofse Dynamik, hohe Sensitivitdt und hohe
rdaumliche Auflosung aufweist, darauf folgend prasentiert. Der anschlieffende
Abschnitt beschreibt die Messungen und zeigt mit welche Herausforderungen,
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insbesondere bei der Charakterisierung von nichtlinearem Komponenten, man
konfrontieren wird und welche Szenarios als Losung genutzt werden konnen. Der
relative Jitter im elektrooptischen Abtasten, der meist am starksten einschrankende
Faktor fiir die Erreichung hoher Messbandbreiten, wird mit Hilfe einer neuartige
Synchronisationstechnik, dem sogenannt Laser Master Laser Slave (LM-LS),
entgegengewirkt. Dies ist durch die Versorgung des DUT mit Mikrowellensignal, die
aus dem Harmonik-Kamm des Femtosekunden-Lasers generiert wird, erreicht. Da
das Mikrowellensignal mit dem gleichen Laser abgetastet wird, erhoht das voll
koharente, elektrooptische Abtasten die Detektionsbandbreit von zuvor 50 GHz auf
bis zu 300 GHz, was die derzeitige Grenze auf Grund der DUT
Fabrikationstechnologie (65-nm CMOS) ist. Ausserdem wird gezeigt, dass
elektrooptisches Abtasten fiir nichtlineare Komponenten die traditionelle
Mikrowellenmessmethoden  iibertreffen = kann. Insbesondere detektiert
elektrooptisches Abtasten versteckte Eigenschaften, wie Umwandlungsverlusten, die
nicht mit elektronischen Messungen beobachtet werden konnen. AbschliefSend
demonstrieren die Messungen mit einem Photokonduktivdetektor eine gute
Vergleichbarkeit von elektrooptischen und photokonduktiven Abtasten,
insbesondere in Bezug auf Detektionsbandbreit und Bildauflosung.
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1. Introduction

THz waves with the electromagnetic spectrum lying between microwave and optics
are nowadays widely used in many applications such as material inspection,
explosive detection, medicine and astronomy. This interest has motivated scientists
to explore new methods for generation and detection of THz waves. THz waves can
be generated with different techniques, and more conventional ways are based on
optics and photonic. The wuse of femtosecond laser in conjunction with
photoconductive antennas to emitting THz waves and quantum cascade lasers are
examples. These methods suffer from drawbacks such as the need for costly and
bulky instruments like lasers or cryogenic cooling systems which make them
inappropriate for portable applications. Alternatively, electronic approaches for
realizing THz systems have great advantages as illustrate compact and cheap
solutions for future availability of THz waves. Despite these outstanding advantages,
it is extremely challenging to push electronic devices to operate at very high
frequencies of THz. Fortunately recent development in electronic technology and
scaling has opened new doors in this field. Recently THz electronic devices have
been made using ultrafast Schottky diodes with the cut-off frequency in a range of
tens of THz or ultrafast transistors such as InP-HEMT whose fmax lies in THz range.
On the other side, targeting THz waves with electronics has also made significant
progress in the development of mm-waves devices and expanded the high frequency
market.

By increasing the speed of electronic devices towards THz range, their
characterization poses new challenges as we need instruments faster than the devices
under test (DUTs). In a worst case scenario, if one makes a device faster than the
conventional instruments, he/she should look for another characterization
alternative. The good news is that newly fabricated high speed devices can also be
utilized in instrumentation, as recently have been demonstrated by Schottky diode

based extended modules [1] in network analyzers. This has extended their
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Chapter 1. Introduction

measurement bandwidth beyond 1 THz which covers more than the required
bandwidth of the most today’s ultrafast electronics. Although this is very favorable,
these kinds of instruments are in their infancy and need improvement. Notably, since
at THz frequencies it is extremely difficult to precisely model device contact probes
and calibration kits, systematic errors in measurements can be increased. Another
drawback of using these instruments is the high cost of setup components and time
consuming measurements. This can be imagined for a full-band measurement of an
ultra-broadband device, as with this approach one needs to perform band-to-band
measurements by changing waveguide sets and performing several times of
calibrations.

In contrast to the electronic systems, the photonics and optical approaches
such as photoconductive (PC) probing and Electrooptic Sampling (EOS) offer an
ultra-broadband measurement bandwidth from DC to several THz. These systems
also require much less calibration of the setups during measurements which lead to
having fewer errors. Also in comparison to electronic approach, they present
interesting features such as near field sensing and imaging with the use of a
contactless positionable probe. In particular, EOS using an electrooptic (EO) crystal
probe with very high spatial resolution and almost a flat frequency response in the
detection is a superior solution for ultrafast electronic devices characterization. These
unique properties of EOS are the motivation to use it in this thesis.

The history of EOS refers to 1983 where Valdmanis et al. [2] for the first time
introduced it using the picosecond lasers. It was more development after the
invention and the use of the femtosecond pulse lasers in the 90 s which highly
extended the measurement bandwidth of EOS for the purpose of ultrafast electronic
characterization. It can be assumed that a typical 100 fs of laser pulse-width
theoretically guarantees measurement bandwidth up to 10 THz which is much
beyond the operating frequency of today’s electronics. In other words, since the 90 s,
EOS as an ultrafast optical approach is capable to measure THz devices. However,
there were not such devices available at that period of time. The recent progress in
increasing the operating frequency of electronic devices towards THz can be a strong
convincing reason to use this high speed technique for their characterization.

The main objective of this work is to characterize an all-electronic THz device
which is designed based on Nonlinear Transmission Line (NLTL), in the framework
of ULTRA project [3]. This device acting as a harmonic generator can be used for
frequency up/down-conversion in a superheterodyne transceiver for the applications
such as mm-wave or THz spectroscopy. The device was designed by Philips [4] as
our project partner and fabricated using the 65-nm CMOS technology at TSMC® [5].
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Chapter 1. Introduction

Since in this work both DUT and characterization methods are important,
before demonstrating results, the state-of-the-art in THz electronics and their
common ways of characterization are reviewed. In follow-up, the principle and
theory of NLTL as an ultra-broadband THz DUT is also introduced and theoretically
described. Since this device is theoretically designed to operate from microwave to
THz, therefore, an ultra-broadband characterization system like EOS is required. On
the other hand, the device itself can also be used to figure out the limitations of the
EQOS in terms of measurement bandwidth.

Most of the previous works have shown a very broadband EOS for the
characterization of passive components in the pump-probe regime and only a few
attempts have been made for active nonlinear components. This work, by
differentiating between EOS for passive and actives components, highlights why
reaching an ultrahigh-bandwidth in the latter is much challenging than another. In
contrast to pump-probe EOS for passive components such as transmission lines, in
CW excitation of nonlinear devices, we may lose most of the potential of system
bandwidth due to facing with jitter and more specifically, at higher frequencies the
signal to noise degrades drastically. Resolving these challenges, which for years has
remained as the major prohibiting factor in EOS, is targeted in this work.
Accordingly, the most critical part of jitter which is relative jitter between the source
and the sampling laser pulse is studied and finally with a novel approach fully
resolved. It can be said that this solution, called laser master laser slave (LM-LS)
configuration, for the first time is introduced here for the integration with EOS. This
scheme makes the system fully coherent and allows recovering an ultra-broad

measurement bandwidth.






2. THz Waves and THz Electronics

2.1 THz waves and their applications

The term “THz” refers to a range of the electromagnetic spectrum which is located
between millimeter wave and infrared optics. The availability of this part of the
spectrum has made attractions to use it in spectroscopy and future ultra-broadband
communication systems. For example, the non-ionizing imaging and scanning of the
human body is highly demanded for both security and medical diagnosis and THz is
a real solution for that. Biological studies, remote sensing, aerospace discovery,
material inspection, explosives detection and imaging of industrial products have
nowadays become a very common application of THz waves [6]-[8]. In recent years,
the so-called THz-gap has been bridged by pushing the gap from both the
microwaves and the optics sides. Today, the question is not how to generate THz, but
how to realize THz emitters or detectors in a compact, easy to use and cost-effective
commercial manner. In this regard, many techniques for generating and detecting
THz waves have been introduced. In the following sections of this chapter, as an
introduction, common solid state and photonic approaches of the generating and
detecting THz waves is shortly reviewed which persuades us to move forward to the
electronic schemes.
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Figure 2.1 The electromagnetic spectrum highlighted for THz



Chapter 2. THz Waves and THz Electronics

2.2 Photonic and optical based THz

The term “THz gap” is a reminder that THz was hard to achieve or may only be
generated at low power, but this has proven not to be the case nowadays as the
amount of radiated power can vary in a very broad range from microwatts to
MWatts. In this regard, while low power systems are appropriate for lab-scale
applications such as material inspection and imaging, remote sensing and future
communication systems based on THz require very high power solutions to
compensate the path losses. In general, based on the amount of emitted power and
the application, THz generators can be classified into three categories as follows
e Very high power THz, with nearly 1 MW which can be generated by
Gyrotrons [9]-[11], klystrons or traveling wave tubes (TWTs)[7], [8], [12] and
usually they work at lower THz bands towards mm-waves.
e High power THz with emitting several Watts which can be generated with
the aid of free electron lasers [10],[13].
¢ Medium and low power THz (less than tens of milli-Watts) which can be
generated using laser and solid states.
In the following sections more common methods of generating THz are
explained.

2.2.1 Photoconductive pulse THz emitter

This method is more convenient and relatively easy which is mostly used in the time
domain spectroscopy (TDS)[8] systems. The mechanism of generating THz waves is
as follows: a femtosecond laser pulse illuminates a photoconductive Auston switch
[14] which is deposited on a relatively fast semiconductor substrate like GaAs. The
absorbed photons of the laser generate carriers including electron and holes which
are accelerated by the bias voltage applied to the electrodes as shown in Figure 2.2.
The semiconductor response to the optical pulse of the laser matters as for example,
shorter the carrier lifetime generates a shorter THz pulse and the emitter efficiency
can be affected by the mobility of the carriers. With a photoconductive emitter,
depending on the emitter and the laser pulse width, several THz [15] of bandwidth
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Figure 2.2 (a) Photoconductive THz emission, (b) optical rectification and (c) photo-carrier
mixing



2.2. Photonic and optical based THz

can be achieved. A major drawback of this scheme is a very low conversion efficiency
of the optical energy to THz and typically pumping a photoconductive emitter with 1
Watt of the optical power will generate only sub-milli-Watt of the THz power.

2.2.2 Optical rectification

In this technique, a nonlinear optical crystal like LiNbOs can be used to generate THz
waves based on the second order nonlinear polarization effect [16], determined by
p = x(E)E where

X(E) = x1+ x2E + x3E* + - (2.1)

is the material susceptibility. The THz waves can be generated by optical mixing of
two different wavelengths of CW lasers or the intrinsic spectrum of a single
temtosecond (fs) pulse [17], [18]. In the latter, each wave component in the spectrum
band of A4, due to the nonlinearity of the medium, mixes with the rest resulting in
new photon generation in the THz range. More clearly, two wavelengths A1 and A2
with the offset frequency of Aw= wi-wz, which lies in the THz range are mix with each
other to generate a THz signal. The method of optical rectification is known as the
most broadband THz wave generation scheme ever. However, the amount of the
emitted power is limited by the very small electrooptic coefficient of the crystal.
Figure 2.2 (b) shows a very simple schematic of this scheme.

2.2.3 Photo-carrier mixing

Comparable to the optical rectification, this scheme in principle also needs two
wavelengths to generate a beat frequency at THz range. Despite this similarity, it
uses a different mechanism of photonic mixing usually using two CW lasers as
shown in Figure 2.2 (c). Assuming two laser beams at optical frequencies of
w; and w, , the mixed signal can be derived as:

|E1| cos(wqt) X |E,| cos(w,t)

=L EyIE;l[cos[(w; — wp) €] + [cos[(w; + w,) ] @2)
while the beat frequency of Aw = w; — w, lies in the THz frequency range and the
sum of the frequencies remains in the optical range much beyond the optical
frequency used. The latter term is rejected by the low pass filtering of the photo

mixer.
2.2.4 Quantum Cascade Laser (QCL)

QCLs are solid-state sources of THz frequencies based on band gap engineering
which was introduced at Bell labs in 1994 [19]. They can generate average power
levels much greater than one mWatt [20], [21], very advantageous in imaging and
scanning. The main drawback of this method is the complexity of the semiconductor
heterostructure and usually the need for a cryogenic temperature to have an efficient
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Chapter 2. THz Waves and THz Electronics

performance. To build up a QCL, the bandgap structure of semiconductor material
must be reengineered. For example, for GaAs, which has a bandgap at infrared (800
nm), inter-sub-band gaps or in other words, quantum wells are required. This can be
realized by placing thin periodic layers of materials such as AlGaAs in a form of
super-lattice composition. The thickness of the layers tunes the emitted wavelength.
Figure 2.3 shows the mechanism of THz wave radiation in a QCL [22] [23].

quantum well
Electron
tunnel
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0 | >
' TH_z ppoton
emission
[ =
a) QCL structure b) Sub band THz radiation

Figure 2.3 Schematic of multilayer structure for generation of quantum wells in a quantum
cascade laser (a) and (b) mechanism of THz wave radiation from sub-bands.

2.3 Electronic THz sources

A drawback of most of the techniques presented before is that they operate in lab-
scale and may need expensive and bulky lasers or cryogenic cooling systems. On the
contrary, the electronic approach is an alternative which can make the availability of
THz waves in a cheap, compact and massive industrial solution. In this approach,
people from the microwave side are attempting to increase the performance of the
electronic devices to make them operational at THz range as recently several devices
and systems have been demonstrated. Despite a huge interest, unfortunately, this
approach suffers from certain technology limitations. Although the aggressive
scaling can help to increase the speed of the devices, it is still limited by the carrier
drift-velocity saturation and reduces the tolerance of devices in power handling. For
example, even a very low power applied at the gate of a field effect device, which has
only tens of nanometer length can harm it. However, these limitations should not be
disappointing as researchers have found several ways to improve them.

Since the scope of this work is to characterize THz electronic devices, recent
advances in THz electronics are significantly important for us. Therefore, in the next
sections of this chapter, the literature is reviewed in this regard.



2.3. Electronic THz sources

2.3.1 Narrowband THz wave generation

Direct oscillation at THz frequencies

One way of generating THz waves is to make a direct oscillation at THz frequencies
by applying a DC bias to a Resonant Tunneling Diode (RTD) [24]. Looking at I-V
curves of a typical RTD depicted in Figure 2.4, the negative differential resistance is
identified as the origin of this oscillation. Unfortunately, the efficiency of this scheme
is very low and only a very small portion of the power at THz range can be radiated.
In [25] the main reason for this low power efficiency is attributed to the narrow
voltage range in the negative resistance area (see Figure 2.4) which makes the output
power defined by P= AIXAV small. Moreover, the semiconductor used must be

Current
A

Negative
resistance

Al

AV > Voltage

Figure 2.4 I-V curve of a typical resonance tunneling diode

engineered carefully to be operational at the THz frequencies.

Frequency multipliers (diode only)

Another scheme which is more conventional is the use of frequency multiplication. In
this approach, a microwave signal drives a circuit which includes a chain of
frequency multipliers and finally generates THz wave as schematically shown in
Figure 2.5. The multiplier element can be an ultrafast diode e.g. a Schottky, and for

%-x2+ X3 —1X2[~ > PIX3 [ | F| ™

Microwave

Figure 2.5 A typical diode based all-electronic THz transmitter with Schottky diode
multiplier chain. Inspired from RPG ®.
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achieving higher power at the output, the signal may be amplified in the primary
stages using ultrafast transistors such as III/V heterojunction bipolar transistor (HBT),
HEMT or metamorphic HEMT (mHEMT).

Diodes can operate at very high frequencies and have already commercially
been adapted to THz systems [26], [27]. IMPATT (IMPact ionization Avalanche
Transit-Time) diode, Gunn diode, RTD (resonant tunneling diodes) and SBD
(Schottky barrier diodes) are widely used in these kinds of technologies. The major
drawback of using diodes in a frequency multiplier is their passive upconversion
(mixing) mechanism, as they exhibit no gain. This shortage results in a very large
conversion loss as with pumping power of hundreds of milli-Watts a THz signal with
only a few microwatts can be achieved [8], [28]. If such a multiplier is being used for
down conversion of a receiving signal, due to the lack of having a low noise amplifier
(LNA) at THz frequencies in the first stage, the signal to noise ratio (SNR)
dramatically degrades. Moreover, designing Schottky diode based multipliers at
frequencies above 2 THz is a challenge due to the size of the chip and the waveguide
dimension in reaching sufficient matching [28]. Figure 2.6 shows layout and scanning
electron microscope (SEM) image of a THz multiplier.

Combined frequency multipliers

Since pure diode based THz wave generation suffers from having no gain and large
conversion losses, the attempt in this approach is made to compensate this shortage
with the use of ultrafast transistors in the primary or intermediate stages of the
multiplier chain. To this end, increasing the speed of the transistors as high as
possible is helpful in making them operational at mm-wave or even THz frequencies,
where the power for a diode in a multiplier circuit becomes the bottleneck. This
requires a significant increase of some key characteristic such as the unit current gain
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Figure 2.6 Layout (left) and SEM image (right ) of a 2.7 THz frequency tripler chip.
Reproduced with permission from [28].
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2.3. Electronic THz sources

cut-off frequency (fr) and the maximum frequency of oscillation (fmax) of a transistor.

m

As a rule of thumb in a field effect transistor fr~ ch
gs

both the mobility (u) of the semiconductor carriers to enhance g,, as well as d

can be increased by increasing

reducing the gate length to reduce the device size and achieving a smaller Cy5. A
technique to achieve a fmax greater than 1THz was addressed in [29] which is
performed by using InP- HEMT structure.
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Figure 2.7. An InP HBT device (left) and prospective fmax (right) of this technology.
Reproduced with permission from [29]and [33].

Similarly, the bandwidth of Bipolar Junction Transistors (BJTs) has been
subjected for improvement. Exclusively with SiGe HBT technology fma> 860 GHz
[30]-[32] and even 1 THz has been achieved [33] as shown in Figure 2.7. This is
resulted from band diagram of SiGe which allows electrons emitted from emitter
passing very quickly through base and collector depletion layers. A scaling
technology roadmap with fmax = 2.8 THz with InP HBT technology, called 3 THz
generation is also addressed in [34].
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Figure 2.8 Road map of transistor technology for both fr and fuex[35]
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Figure 2.9. A viewgraph of a LNA operating at 600 GHz and its frequency response.
Reproduced with permission from [38].

All of the utilized technologies in the field of THz electronics are pushing to
demonstrate a higher profile. The diagrams depicted in Figure 2.8 shows the state-of-
the-art increase of fr and fmax based on the used technologies [35].

For a transistor used as an amplifier, the operation frequency is much smaller!
than fmax and fr, and hence it is very challenging to have an amplifier at mm-wave or
THz frequencies. Despite this fact, recent mm-wave and THz amplifiers such as a 25
dB of gain at 325 GHz [36], more than 16 dB at 460 GHz [37], and interestingly an
LNA with 12 dB of gain at 600 GHz [38]-[41] using 35-nm mHEMT, were
demonstrated by the Fraunhofer Institute [42] in Germany as the cutting edge
technology of actively generating THz waves (see Figure 2.9).

2.3.2 NLTL for ultra-broadband THz wave generation

Another interesting approach for all-electronic THz is to use nonlinear transmission
lines (NLTLs). An NLTL, in general, is a synthetic microwave (mm-wave)
transmission line which can be realized by periodically loading of nonlinear elements
such as varactors on a host transmission line e.g., a coplanar waveguide (CPW) as
shown in Figure 2.10. By feeding a CW microwave signal to this structure, the
nonlinear functionality of varactors distorts the signal and hence, helps to generate
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Figure 2.10. A schematic of (a) CPW based NLTL and (b) its circuit model

1 Usually, 10 times smaller than fr
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2.4. A short theory of NLTL and its THz range design considerations

harmonics.

In contrast to the diode based passive approach, which generally generate
only few harmonics with rather high losses, this scheme can generate all sequential
harmonics frequencies from the fundamental to THz with a higher efficiency [44]. As
a demonstration, all-electronic THz spectroscopy system based on NLTL in GaAs
technology with a bandwidth larger than 1 THz was addressed in [45] (see
Figure 2.11 ). Based on application and the required bandwidth, an NLTL module
can be fabricated with different technologies such as CMOS [4], [46], [47], HBT or
HEMT [48], [49] which is a significant advantage for integration with MMICs. As
NLTL is an ultra-broadband DUT which is suitable for EOS measurement, it is
described in more detail in the following sections.
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Figure 2.11 All-electronic GaAs NLTL based THz transceiver for spectroscopy. The NLTL
is integrated with a silicon lens antenna. Reproduced with permission from [45].

2.4 A short theory of NLTL and its THz range design considerations

Since both the host transmission line and incorporated varactor are key elements in
an NLTL design, their effect on the overall performance of the final device, in
particular, at high frequencies is theoretically described as follows.

2.4.1 Selection of varactors

A varactor is a voltage controlled capacitance which can be realized using a PN
junction. By applying a variable reverse bias voltage to the junction, it modulates the
length of depletion region, and changes the junction capacitance according to
C(V) =€A/t(V), where ¢ is the permittivity of the semiconductor used, t is the
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voltage dependent variable length of depletion region and A is cross section area of
the junction respectively.

AC
inversion accumulation
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-type bulk T
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a) MOS structure b) MOS capacitance vs. Vs voltage

Figure 2.12 (a ) A structure and schematic diagram of a MOS varactor and (b) capacitance
variation as a function of bias voltage. Figure adapted by author from [51].

It is notable that any diode with reverse bias can be used but for ultra-high
speed and THz applications, Schottky and resonant tunneling diodes (RTD) in III-IV
technology are preferred. The latter can also amplify the signal by its negative
differential resistance. Another alternative, which is more convenient for designers
and rather cheaper in the technology, is CMOS varactor. A broad range of
application from a multi-gigahertz voltage controlled oscillators (VCOs) to millimeter
wave NLTLs [4], [46] have been addressed using these kinds of varactors. Also, the
scaling of CMOS technology has made new varactors which are more attractive for
ultrafast designers [50].

Since CMOS varactor is frequently mentioned in this work, at this point it is
good to describe its principle of work and functionality. To this end, Figure 2.12
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Figure 2.13 A MOS varactor configuration without inversion of the carriers. Figure
adapted by author from [51].
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portrays a typical MOS capacitance [51] in which the gate and bulk are connected to
the applied bias voltage. Insulators, including silicon dioxide layer, with a thickness
of tox, and a part of n-type bulk silicon (with a thickness of tap.), are sandwiched
between these electrodes.

For this MOS varactor, the capacitance varies with voltage principally in three
regimes of operation so-called, inversion, depletion and accumulation as shown in
Figure 2.12 (b). In the inversion state, where V< V1, the minority carriers from the
bulk are attracted by the bias of the gate to the lower plate of the silicon dioxide layer
and since Cs= 0, the Ci only takes part of the structure capacitance. In this case, the
capacitance is maxima. By increasing the voltage to the range of Vi<V< Vs !, the
junction operates in the depletion mode and the capacitance decreases due to
enhancing the depletion region length of t 4. and the total capacitance yields:

c - _Gita (2.3)
total Ci + Cd
For V > Vis the majority carriers of the bulk again attract to the lower plate and
accumulation takes place which again increases the capacitance to Ci value.

To achieve a monotonic response of the varactor to the applied voltage, some
manipulation for controlling the inversion state is required. Figure 2.13 shows a kind
of MOS varactor designed for this goal in which the source and gate are connected,
and the inversion has been minimized by doping the bulk semiconductor.
Theoretically, the transfer function of these kinds of varactors for 130-nm CMOS is a
hyperbolic tangent function given by:

V-V (2.4)
V1 )

and depending on technology, the parameters can change. For instance, typical

values for IBM 8RF 130-nm technology are Vo=0, Vi=0.5V, and Ci1 =0.75 Co [52]. It is

noteworthy to state that by scaling of CMOS, this mathematical model of varactors

becomes more inaccurate due to additional parasitic effects.

C(V) = C0+C1tanh(

2.4.2 Left and right handed NLTLs

NLTL can be classified in either right or left handed design based on the arrangement
of varactors on the host transmission line. As shown in Figure 2.14 (a), a typical right
handed NLTL (RH-NLTL) can be illustrated by placing varactors in shunt branches
of the circuit ladder along microwave transmission line. This kind of NLTL is more
conventional and can be used for pulse shaping or as a distributed phase shifter.

In contrast to RH-NLTL, a dual design is called left-handed (LH-NLTL). In
this configuration, varactors are incorporated in series branches of the transmission
line ladder as depicted in Figure 2.14 (b). The term “left handed” is chosen since it
behaves with anomalous dispersion and negative refractive index. In an LH-NLTL,
the group and phase velocity are in the opposite direction and this property is useful

1 Vs stands for flat band voltage.
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Figure 2.14 Schematic of (a) left handed and (b) right handed NLTL

for designing meta-materials and phase shifters [52]-[56]. In harmonic generation
application of NLTLs, in comparison to RH-NLTL, it gives higher harmonic
conversion efficiency with a shorter length as reported in [55] and shown in
Figure 2.15. This gain is achieved at the expense of larger phase mismatch. Despite
this significant advantage, integration of series varactors (diodes) with planar
transmission lines (e.g. CPW) is cumbersome as one would need to connect both ends
of the varactors (diodes) to the signal line. This configuration necessitates making a
bi-planar signal line that may increase losses at high frequencies. Since dealing with
LH-NLTL is too far from the scope of this work and our DUT is an RH-NLTL device,
for simplicity hereafter the term “NLTL” only refers to an RH-NLTL.
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Figure 2.15 A comparison of conversion efficiency between right and left handed NLTLs.
Reproduced with permission from [56].

2.4.3 The host microwave transmission line

Any microwave or mm-wave transmission line such as microstrip line, slot line and
CPW can be used as a host structure for an NLTL design. Amongst all, CPW is more
16
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convenient for design because of its quasi TEM broadband performance, more
accurate design models, less parasitic effects and radiation losses, as well as a good
compatibility with MIMICs [58]. Beside all of these advantages, it can also be
fabricated with a simpler process by only one substrate side metallization which
makes it appropriate for on-wafer probing.

2.4.4 NLTL Circuit model, dispersion and characteristics impedance

The Periodic structure of an NLTL and the “T” circuit model of its unit cell are shown
in Figure 2.16. Neglecting parasitic inductance and resistance of varactor, it adds up a
parallel capacitance Cv to the unloaded line capacitance Co at each unit cell.
Assuming N sections of this unit cell to forms a final NLTL, therefore, the network

C Rl CO]: Cv

Figure 2.16 Transmission line model of (a) an NLTL and (b) an NLTL unit cell including
varactor as a lumped element,(c) lossless LC equivalent circuit NLTL and (d) unit cell

ABCD transfer matrix results in a straight forward formulation for the behavior of
the structure [49], [59]. Accordingly, for an arbitrary section number n, the ABCD
matrix is given by:

(Vn) _ (A B) (Vn+1) (2.5)
I C D/ \Ipi1
On the other hand, from the circuit theory, the ABDC matrix of a unit cell shown in

Figure 2.16 (c), which is a transmission line With the length of d connected to a shunt

capacitance with normalized admittance of b = T y1e1ds
0 o8
(A B) _ cos ]sm (l ) s5  Jsing (2.6)
C D .. 0 b 1 6 6
jsinz cos jsin 5 Cos7

where 6 = kd and k is the propagatlon constant of the unloaded transmission line.
Propagation constant of the unit cell due to added shunt capacitance of Cv (see

Figure 2.16 (d)) is modified to y= a+jp and therefore,
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@ﬂ:lmw“ 2.7)
In In+1e_yd
By comparing to Eq. (2.5) we have
(Vn) _ (A B) (Vn+1) _ Vnrre??
Iy C D/\In1 L7 (2.8)
or
(Vn) _ (A — e B ) (Vn+1>
In C D —e ) \Inyy (2.9)

2¥d — (A + D)e?® = 0. Since in a reciprocal

and for a nontrivial solution, AD — BC + e
network, which is a case here for a unit cell, AD — BC = 0, therefore, with substituting

Eq. (2.6) in this equation

A+D b
cosh(yd) = — = cos(kd) — Esin(kd) (2.10)

This equation, so-called dispersion relation, shows the relation between the NLTL
and the unloaded transmission line propagation constants. Assuming no losses for
the network (a=0), Eq. (2.10) leads to

cos(Bd) = cos(kd) — gsin(kd) (2.11)

On the other side, if one considers varactors as lumped elements which locally add
up a voltage dependent capacitance to the line, in a very simple approach, phase

velocity and consequently delay per-section yield

1

VL(Co+ G (7))’
which shows a voltage dependency for the wave velocity and phase. Consequently,

Vi T =L(Co + C,(V)) (2.12)

from the transmission line theory [59], the characteristics impedance of NLTL can be

’ L
VA = [— 2.13
NLTL Co + C,(V) (2.13)

To get a feeling of the overall impedance for the NLTL, the average value of the

calculated as

varactor capacitance can be used as

L e,m)

Cavg = Co + VooV, (2.14)

where Vi and Vi indicate the highest and lowest voltage levels of the propagating

signal, respectively.
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2.4.5 Bandwidth consideration

NLTL! is a lowpass structure, and its bandwidth can be drastically limited by the
technology and design. The cutoff frequency of a varactor which is a key factor in
achieving the highest frequency of the design is given by:

_ 1
N ZﬂTdCd

fa

where 1;andC; are the diode (varactor) series resistance and capacitance

(2.15)

respectively. Albeit faster devices are favorable, selection of technologies such as
CMOS can make a tradeoff between cost and performance of the NLTL. Recent
progress in the high speed CMOS varactors [46] shows a cutoff frequency more than
500 GHz. However, it is still far below a multi-THz cutoff frequency of GaAs
Schottky diodes [45],[60]. Therefore, implementing an NLTL with Schottky diodes
strongly enhances its operational bandwidth, as van der Weide [61] in 1994
addressed an electrical pulse as short as 450 fs with this approach. Another obstacle
for an NLTL to reach its highest bandwidth arises from its periodic nature. Although
the distributed network of an NLTL in comparison to resonate matching networks
exhibits much more broadband behavior [48], [60] , its periodic structures can also
limit its bandwidth by the structure Bragg frequency. The term “Bragg frequency”
was suggested due to the similarity of NLTL periodic structure to periodic lattice
structures which can be characterized with X-ray. The Bragg resonant frequency [48]
of an NLTL can be defined as

1

fs = n\/L—C—A,,g (2.16)

which is a frequency at which the structure signal transmission (S21) reduces to zero.
In other words, at Bragg frequency, the impedance of NLTL exhibits a short circuit
behavior and beyond this frequency, the wave cannot propagate on the structure in a

normal way. The NLTL impedance with respect to the Bragg frequency [60] is given

by
L ’ w?
ZO = \/; X |1 _a)_BZ (217)

2.4.6 Common applications of NLTL

There are lots of applications for NLTLs such as pulse compression [50], [51], soliton

and high power shock waves generation [52], [53], pulse amplification [54], phase

1 RH-NLTL since LH-NLTL is a high pass structure.
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Chapter 2. THz Waves and THz Electronics

shifter [55], [56], frequency selectors [55], [57], and high-speed measurement systems
with sub picosecond resolution [49]. The latter has recently been demonstrated by
Anritsu® for the development of a network analyzer extension module [53], [58]. In
the following section, the mechanism of NLTL for pulse shaping and soliton

generation is described.
Shock wave generation

Shortly before, in Eq. (2.12) we saw that varactors impose a voltage-dependent phase
velocity for the traveling signal on NLTL. This unique property of NLTL is a key
factor for pulse compression or shock wave generation. The mechanism is as follows:
for a pulse which is propagating on an NLTL, the peak can travel slower (faster) than
its trough, and consequently its fall (rise) time steepens. For a signal which is
propagating on NLTL, at each section (unit cell) it receives a phase shift and step by
step becomes sharper in the edge as shown in Figure 2.17. It is worth to mention that
to enhance the Bragg frequency and achieve a shorter fall (rise) time; large
characteristics impedance for the host transmission line is required. Implementing
CPW with very high characteristics impedance with CMOS faces with technological
limitations and become unfeasible. For this reason, usually typical impedance values
between 75-100 € [44], [60] are acceptable. One drawback of having large impedance
for the host transmission line is its large intrinsic inductance which implicitly
produces conductive dissipations and hence, reduces the NLTL power handling
efficiency.

It should be pointed out that although for a high impedance host transmission
line, we have a mismatch with a 50 Q loads, this can be compensated by the
capacitance of varactor itself. In other words, a part of the large inductance of the
unloaded line vanishes by the varactors capacitances.

Signal level (V)
N

section 1 section 2 section n

* ........ Kez ............. K _Jen)l
> Time (s)

Figure 2.17 NLTL as a pulse compressor for shock wave generation. The pulse by passing
through the NLTL periodic sections becomes sharper in fall time (On > On-1>..>01). Figure
adapted by author from [48].
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2.4. A short theory of NLTL and its THz range design considerations

Theoretically, increasing the number of periodic sections N of an NLTL results
in sharper pulse, however, the skin-effect and radiation losses of CPW also hamper
this goal by decaying the amplitude of the propagating signal. Having in mind that
the radiation loss of a CPW at frequencies close to 1 THz can increase with a rate of
10 dB/mm [62], therefore the longer the line larger the decay of the voltage and
consequently resulting in less swing range for the varactor capacitances. The
dissipation due to the parasitic resistance of varactors can also act in the same way
[49]. A trade of scenario, therefore, for a designer should be incorporating many
high-performance small devices at short intervals and reducing losses by shortening
the length of NLTL. Ideally, a well-designed NLTL can only be limited in bandwidth
by the fundamental properties of the utilized varactor time constant shown in Eq.
(2.15) and the Bragg frequency.

Soliton generation

The functionality and behavior of an NLTL can be expressed by its fundamental

di
¢-->
A—%
o > Z
Time elapse (A7) ™,
y
(a) > Z
d>
. “t (‘ ------ )
Time elapse (Af) ™,
s\
> Z
> Z
Time Time
(c) elapse elapse
.................... y\
>Z
Lossy NLTL

Figure 2.18 Soliton wave generation and propagation on an NLTL. (a) the speed of soliton
depends on its amplitude, (b) mechanism showing how a soliton is generated from an input
pulse and (c) traveling of a soliton on a lossy line. Reproduced with permission from [70].
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characteristics including dispersion (attributed to the periodicity of unit cells) and
nonlinearity of varactors. The dispersion and nonlinearity play contrary roles. For a
propagating wave on an NLTL, dispersion broadens the pulse while the nonlinearity
compresses. At the balance between these two effects, the final behavior of the
system can be identified. Much below the Bragg frequency!, NLTL shows small
dispersion which makes it appropriate for shockwave generation [60]. This regime of
operation has the highest attraction for us as our DUT is accordingly designed. By
approaching to the Bragg frequency, the NLTL behaves very dispersive and becomes
suitable for soliton generation [48], [60], [63]-[68], in which the energy of the input
pulse can be distributed over one or few decomposed pulses, resulting in a very high
amplitude pulse. Nahata et al. [69] have investigated on amplification of very short
pulses using NLTL whit this approach. An electrical soliton [70], similar to optical
frequency solitons in fiber optics, is an interaction between dispersion and
nonlinearity, as sketched in Figure 2.18. If there is no loss for an NLTL, the amplitude
of soliton can be increased orders of magnitude larger than that for the input pulse.

2.5 THz detectors and sensors

So far, common ways of generating THz waves have been mentioned, but on the
other side, the detection of THz waves with a good and highly sensitive detector
which can compensate the lack of the power of the emitter, is highly demanded.
Interestingly, many THz generators can also be utilized as detectors. However, some
changes might be needed. Photoconductive Auston switch, integrated with a THz
antenna for time domain spectroscopy (TDS) of THz detection is a good example. In
comparison to the GaAs based emitter, here the semiconductor used, must be faster
in response to the optical pulse. For this reason, materials such as low temperature
grown GaAs (Lt- GaAs), which in contrast to intrinsic GaAs indicates much less
carrier lifetime, can be used. Zheng et al. [21], with this scheme, have demonstrated
electrical transient as short as 360 fs corresponding to 1.25 THz of 3-dB bandwidth,
and a carrier lifetime of 150 fs, as well as 7% quantum efficiency.

Detecting of THz signals by means of electronics has also attracted attention.
Fortunately, since the electronic detection of THz wave works in a low power regime
[6], the power handling challenge which was already mentioned in this chapter, is
not a crucial issue. However, the new challenge here is noise reduction and
sensitivity improvement.

EOS working in a heterodyne system is another scheme of detecting of THz
waves. In this technique an electrooptic crystal senses the THz electric field based on
the Pockels effect. As will be seen later on, in next chapters of this work, this method
is highly broadband which is fully applicable for the wultrafast electronic
characterization.

1For f < f—BTZagg
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2.5. THz detectors and sensors

A category of THz detectors, which is a bit far from this work, are temperature
based components like Bolometer [71]-[73], Golay cell and thermopiles. These
detectors principally absorb THz wavelengths according to black body radiation and
convert it to an electric signal. Although these THz sensors have been widely used in
THz imaging, because of their incoherent and slow response, they are inappropriate
for heterodyne applications.
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3. Characterization of mm-Wave and
THz Devices

In the previous chapter, the state-of-the-art electronic generation of THz waves and
more specifically NLTL approach were mentioned. Regardless of the difficulties in
making THz devices, their characterization is the next challenging issue as it requires
very high-speed instrumentation. In the range of mm-wave and THz, two main
characterization methods including electronics and photonics are used which are
discussed in this chapter.

3.1 Common electronic instrumentation

Electronic based measurement systems such as spectrum analyzer, network
analyzers and sampling oscilloscope are widely used for the characterization of high
speed devices. For the latter, there is a limitation in the temporal resolution and
spectrum analyzers only measure the power of a signal without giving information
about the phase. In contrast, Vector Network Analyzers (VNNAs) are capable of
measuring both the amplitude and phase of the signal. In microwaves and millimeter
wave, the S-parameters using transmission and reflection of a signal (see Figure 3.1)
are used for the full characterization of a multiport device and in this regard VNAs

> b

3 /\/_)t S; _. /\[_) 2
AN ()= 5@
12

b1<_f\).— < .<—(\/ az

Figure 3.1 S-parameters of a two-port network where a and b show the incident and
reflected voltages at a port respectively.
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Chapter 3. Characterization of mm-Wave and THz Devices

are perhaps the most appropriate electronic measurement solution. The phase
information of the S-parameters helps to figure out the behavior of devices in terms
of time delay and the phase (group) velocity. VNAs are also applicable for the
characterization of passive devices such as RF cables, filters, isolators, attenuator,
connectors, adaptors, antennas and active devices like power amplifiers and mixers.
To date, most of modern VNAs can characterize devices in a frequency range
up to 70 GHz [1], [74], [75]. The problem emerges when a DUT works at higher
frequencies where we need faster internal components inside the instruments.

14

| noonaasse -
. v SRRRese

Figure 3.2 VDI THz extension modules for network analyzers. Reproduced with
permission from [26].

Recently, a large enhancement in the measurement bandwidth of VNAs has been
achieved by equipping them with extension modules. These modules have pushed
VNAs to work in the lower THz frequency bands (Upper bands of the mm-waves) by
mixing and upconverting the frequency of the source using harmonic mixers.
Recently Agilent® Technologies in cooperation with Virginia Diodes [26]
VDI® have demonstrated a new extension module operational up to 1.1 THz [1], [26],
[76]. Other competitor vendors like Radiometer Physics (RPG®) [27] and OML® [77]
are also demonstrating relevant products. A view of VNA extension module and
block diagram showing its operation is depicted in Figure 3.2 and Figure 3.3
respectively. As shown in the block diagram, two harmonic mixers with identical
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Figure 3.3 Schematic diagram of VDI extension modules. Figure adapted by author from [76].
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3.1. Common electronic instrumentation

functionalities are used to upconvert the signal of the generator in the transmitter
side, and simultaneously downconvert the RF response of the DUT in the receiver.
The system is configured as a heterodyne detector with RF, LO and IF and the signal
is finally translated to an IF for signal processing and S-parameters analysis. In the
following sections the features and functionalities of the extension modules from
Virginia diodes®, combined with a VNA from Agilent® as a cutting edge technology
in the THz electronic characterization, are introduced.

Table 3.1 Standard waveguide bands for mm-wave and THz range. Source from [78].

Military name IEEE name Frequency range (GHz)
WR-15 WM-3759 50-75
WR-12 WM-3099 60-90
WR-10 WM-2540 75-110
WR-08 WM-2032 90-140
WR-06 WM-1651 110-170
WR-05 WM-1295 140220
WR-04 WM-1092 170-260
WR-03 WM-864 220-330
WR-02 WM-570 330-500
WR-1.5 WM-380 500-750
WR-1.0 WM-250 750-1100

Figure 3.4 . A THz probe for wafer test. Reproduced with permission from [79].
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3.1.1 Measurement bandwidth of the system

Measurement bandwidth of this combination has exceeded 1 THz. Although this is
an enormous achievement in the electronic bandwidth, for a full-band measurement
in the THz range, a set of banded waveguides as listed in Table 3.1 [76], as well as

their relevant components, are required.
3.1.2 Cost efficiency

The need of banded waveguide for an ultra-broadband measurement makes the
system extremely expensive and at the same time measurement with such systems is
a time-consuming procedure. Moreover, this can also bring errors in the
measurements due to replacing setup components from one measurement band to
another. Also, for the case of on-wafer probing, additional finances for the band
limited THz probes, precise probe positioners, and probe stations [78], [80] needs to
be considered (see Figure 3.4 and Figure 3.5).

3.1.3 On-wafer measurement

Measurement in wafer-level and before dicing is very important for testing tape outs
without consuming time and money for packaging prototyped. These kinds of
measurements are now electronically, up to 1.1 THz is feasible using VDI® extension

C) (6)

Figure 3.5 View graph of Cascade Microtech ® wafer probes for different frequency bands
from microwave to THz. (a) coaxial to CPW transition, (b) waveguide to CPW, (c)
waveguide mechanics for THz probes up to 1.1 THz , (d) tips for a and b and (E) Tips for
C. Figure adapted by author from [78].

28



3.1. Common electronic instrumentation

modules and various wafer probes (see Figure 3.5) for instance from Cascade
Microtech® [78] or GGB® [80]. These probes are contact probes which are applicable
only for a port based measurements and the risk of damage due to mechanical
deformation or strain is high. Moreover, achieving a precise calibration for
measurement is also a challenge.

3.1.4 Measurement of nonlinear devices

Since the s-parameters can only determine linear performance of devices, Agilent
Technologies®, in contrast, have recently introduced X-parameters for nonlinear
VNA (NVNA) measurements. X-parameters are being used to assess the
performance of nonlinear devices in both small and large signal regime. DUT can be
an amplifier which is working at a saturated 1 dB gain compression point, an NLTL
or any other nonlinear component. Basically, in an NVNA, S-parameters are
measured over harmonics of the signal and hence the X- parameters can be extracted.

3.1.5 Dynamic range

To measure a weak signal at THz frequency with high accuracy and without hitting
the noise level, a high dynamic range measurement system is required. VDI® [81]
has addressed manufacturing of high dynamic range transceivers applied in their
extension modules. However, the dynamic range decreases with increasing the
frequency with a slope of more than 80 dB over the system full band (see Figure 3.6).

3.1.6 Magnitude and Phase stability

Other important parameters in the VNA measurement are the magnitude and phase
stability. These factors are strongly affected by increasing the temperature, jitter or
noise of the system. With this respect, Table 3.2 summarizes the specification of
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Figure 3.6 Dynamic range of VDI® extension modules over waveguide bands. The
measured bandwidth for the dynamic range is 10 Hz. Reproduced with permission from
[81].

29



Chapter 3. Characterization of mm-Wave and THz Devices

VDI® extension modules. Despite a good magnitude stability (less than 1 dB over the
full band), the phase drifts from 2 to 15 degrees. The main reason of this can be
attributed to increasing jitter due to increasing the frequency or harmonic number as
the jitter at nt harmonic is n times larger than that at the first harmonic.

Regardless of the additional phase drift by temperature, this instability can
decrease the accuracy of measurements by bringing more than 4% errors which
cannot be resolved by averaging. This phase noise degrades the image quality in
imaging applications of the extension modules

Table 3.2 VDI ® Vector Network Analyzer (VNA) extenders for different bands and their specifications. Source [26]

Wavesuid WR WR WR WR WR WR  WR WR WR WR WR WR
aveguide 15 12 10 8.0 6.5 5.1 43 34 2.8 22 15 1.0
110-  140-  170-  220- 260- 325 500-
Frequency band (GHz) 50-70 60-90 75-110 90-140 170 20 260 330 400 500 750 750-1100
Dynamic Range (BW=10Hz,dB,typ) 120 120 120 120 120 120 115 115 100 100 100 60
Dynamic Range 100 100 100 100 00 100 100 100 80 80 80 40
(BW=10Hz,dB,min)
Magnitude Stability (+dB) 015 0.15 0.15 015 025 025 03 03 05 05 08 1
Phase Stability (+deg) 2 2 2 2 4 4 6 6 8 8 10 15
Test Port Power
(dBm, standard/high powes) 613 6/10 6/10 0 0 % 6 9 16 17 25 35
Test Port Input Limi
est Port Input Limit 1620 1620  16/20 1620 920 920 313 413  -10/13  -10/13  -19/13 20/13

(dBm,saturation/damage)

° |
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Figure 3.7 The effect of mechanical E and H misalignment on waveguide measurement.
Reproduced with permission from[84].
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3.2. NLTL based network analyzer

3.1.7 Other measurement challenges

Although mm-wave and THz range measurement using VNAs is an attractive state-
of-the-art technique, but since it is in its infancy, there is a need for improvement. De-
embedding of measurements is a big challenge as there is no precise and verified
model for fixtures at THz frequencies [82], [83]. Also a small disorientation of E and
H plane due to mechanical displacement and misalignment of the waveguide
flanges[84] can influence measurements by changing the waveguide electrical length
as shown in Figure 3.7. This can bring systematic errors to the measurements which
cannot easily be eliminated [82], [83]. In addition, by replacing the waveguide
components which is unavoidable for a full-band measurement, any other change
such as moving cables can destabilize the phase of the measurement and deteriorate
its repeatability. It needs to be highlighted here that most of these challenges are
attributed to the nature of electronic measurement systems and not necessarily the
instruments.

3.2 NLTL based network analyzer

Basically fast electronic components, which can generate millimeter or THz wave,
may also be applied for detection. Accordingly, high performance Schottky diode
harmonic mixers have been used in both transmitter and receiver side of VDI® VNA
extension modules. NLTL also can be considered as an alternative and elegant
approach. In comparison to diode based mixer systems, it takes advantage of
generating all harmonics?!, with higher conversion efficiency.

An NLTL can be used as a core element in an ultrafast sampling oscilloscope
[85] due to generating a short fall (rise) time sampling pulse. In 1993 Shakouri et al.
[86], [87] and later on others [88]-[93] introduced prototypes of active mm-wave and
THz probes based on NLTL sampling bridges. Figure 3.8 shows one of these probes
with typical measurement results demonstrating a sub picosecond temporal
resolution with 3 dB bandwidth of 516 GHz [88].

In this broadband VNA, one of the NLTLs, upconverts the RF signal from the
VNA signal generator and delivers a sequence of harmonics up to THz range to a
DUT via a broadband directional sampler circuit. A sampling bridge including pair
of Schottky diodes and hold capacitance is used to mix the transmitted (reflected)
signal from the DUT with a signal which has already been generated by another
identical NLTL driven by a local oscillator (LO) at fio= fretfir. The superheterodyne
system can finally translate the response of the DUT to an IF and hence, measured by
baseband circuitry and oscilloscope. Obviously, in this system both RF and LO must
be synchronized together, for example with a 10 MHz reference trigger. As a
commercially update of available instruments base on NLTL, recently Anritsu® [94]
has introduced a new VNA working up to 110 GHz. This instrument is principally

1 As far as power allows us.
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Figure 3.8 An NLTL based VNA probe. (a) The probe, (b) circuit diagram of the probe
including NLTL sampling bridges and a measurement data up to 516 and (c) broadband
directional coupler for the probe. Reproduced by permission of the Institution of Engineering
& Technology [90].

working based on the equivalent time sampling also known as under sampling! and
its schematic diagram is shown in Figure 3.9. In this diagram, the LO works at a
frequency much lower the RF signal given to the DUT. The LO drives NLTL and the
output generated sharp pulse is then used as a time-gating to downconvert the RF
signal to an IF. The Shorter the pulse width results in broader the measurement

bandwidth and higher the efficiency.

3.3 Photonic instrumentation

As mentioned earlier, electronic instruments due to lowpass behavior of internal
electronics have a limited bandwidth. In contrast, optics with a highpass behavior

1 Also called harmonic sampling or super-Nyquist sampling.
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Figure 3.9 A schematic diagram of NLTL based network analyzer working up to 110 GHz
from Anritsu®. Reproduced with permission from [94].

can be combined with photonics for ultrafast device characterization. In this regards,
two common photonic based methods, including photoconductive (PC) detection
and electrooptic sampling (EOS), which have shown the most attraction in literature
and are relevant to the scope of this work are explained.

3.3.1 Photoconductive (PC) probing

One of the photonic approaches in the characterization of ultrafast devices is PC
probing which operates based on gating with the use of an Auston [95] switch. A
very short laser pulse opens the gate, by hitting the switch, and samples the signal
arrived at the gate position. The short duration of the laser pulse guarantees ultra-
wide bandwidth of the measurement system, but for optimum performance the
semiconductor of the switch should be fast enough to respond to the laser pulse.

A faster response of a PC probe can be achieved by the semiconductor shorter
carrier life time and higher mobility. Many people in semiconductor material
engineering have tried to improve the impulse response of photoconductive switches
[96]-[105]. Picosecond time resolution using Silicon on sapphire was reported in
[106], [107] and more attractively sub-picosecond resolution with LT-GaAs as one of
the fastest materials ever, was achieved [98], [108]-[110]. This material is very
suitable for THz PC antenna applications as was used to detect beyond 60 THz
bandwidth in free space TDS [111].

The PC sampling of THz devices can be performed in two different ways
including contact and non-contact-probing. In contact probing, PC sampling gates
can be integrated with DUT [105] in a monolithic design or used as an external
contact probe [112] to touch DUTs. For the purpose of mm-wave and THz range
characterization, another PC switch as a source of a short pulse should also be
implemented in the same way. Therefore, in this approach, a pair of switches for
generating and detecting the pulse is required. To realize such a system, the
semiconductor has to be photoconductive. For example silicon based switches are not
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recommended due to having indirect bandgap and suffering from slowness due to
long carrier lifetime of the used semiconductor.

In contrast, GaAs (LT-GAAs) is a well-known semiconductor for this
application as for example the S-parameters measurements with GaAs based PC
probing of active devices has been addressed in [104], [113]-[124]. If incorporating PC
switches on the same wafer which holds DUT is not possible, an interface like
bonding wiring can be used. However, this additional fixture can influence the
measurements. Figure 3.10 shows a typical contact PC probing setup in which
switches PCi, PCz, PCs and PCs are connected to a DUT. A femtosecond laser
activates the PCi which is connected to a DC bias and hence, a THz pulse launches on
the host transmission line of the DUT. The PC: also samples this pulse as the DUT
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Figure 3.10 Contact photoconductive probing for mm-wave and THz device characterization
(a) schematic diagram of a HBT transistor as DUT integrated with 4 photoconductive
switches. Input pulse for device is generated by switch PC1. (b) The sampled input signal at
PCzand (c) the transmitted pulse sampled at PCas.. Reproduced with permission from [120].
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input port. This switch is used for Si1 measurement for the reflected wave from the
DUT by a proper time windowing. To measure Sz, the pulse passing through the
DUT can be sampled by either PCs or PCs at the time of arrival. Because the setup
operates in the time domain, by proper time windowing, multiple reflections from
the sampled signal in a post process can be eliminated. This is an interesting
advantage of the time domain systems over the frequency domain measurements as
the latter needs directional couplers to distinguish between transmitted and reflected
signals. Moreover, time-gating at any switch in this coherent detection can be
performed by controlling the time delay between source and sampler with a precise
linear stage. Despite these advantages, one major drawback of contact PC probing is
the invasiveness of the probes on the DUT. However, by computational methods and
de-embedding it can also be minimized.

Another type of PC probing is contactless in which the PC is mounted on a
positionable support and can measure the internal nodes of devices. Richard. K. Lai
et al. [101], [125] have fabricated a low noise and high sensitivity PC probe and its
SEM! picture is shown in Figure 3.11.This probe is pigtailed with an optical fiber.
Waechter et al. [126] and recently Nagel et. al [127], [128] have introduced PC probes
as THz detectors. In Chapter 10 experimental results for mm-wave measurements of
an NLTL performed by such a commercial PC probe are demonstrated.
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Figure 3.11 Scanned electron microscopy of a contactless fiber-mounted epitaxial lift-off LT-
GaAs photoconductive probe and its measurements for different laser powers and
modulation frequencies “(a) 2 mW and 1 kHz, (b) 200 uW and 10 kHz, and (c) 2 mW and
50 kHz". Reproduced with permission from [125].

1 Scanning Electron Microscope
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Chapter 3. Characterization of mm-Wave and THz Devices

3.3.2 Electrooptic Sampling (EOS)

EOS is also an interesting photonic method for the ultrafast device characterization.
A very simple schematic of this superior technique is shown in Figure 3.12. This
typical setup which works in the pump-probe mechanism, in which, the PC probe
launches a short pulse on a transmission line, and the EO crystal probe detects the
pulse using the Pockels! effect. The probing laser beam, which is reflected from a
high reflection coating at the bottom facet of the EO crystal, is modulated by this
electric pulse and therefore, can be used for field detection. EOS with ultra-
broadband measurement bandwidth is a promising method to assess the
performance of very broadband electronic devices much beyond that for the
electronics instrumentation. With a nonmetallic and contactless probe, it also takes
advantage over the PC probing due to handling larger bandwidth and less
invasiveness to DUTs.

Since EOS is the main measurement method used in this work, at this time it is
necessary to review the state-of-the-art in this field.

Passive vs. active devices characterization

Since DUT can impact differences in achieving the highest measurement bandwidth
of the systems, before explaining the achievement in the literature, it is necessary to
draw a distinction between EOS used for the characterization of passive vs. active
devices.

Most reputed literature has focused on the characterization of passive devices
such as transmission lines in the pump-probe scheme. In this regime, a mm-wave
(THz), similar to a case that was mentioned in PC contact probing, can be generated
by transient response of a DC biased Auston PC switch to a femtosecond laser pulse.
The generated short electrical pulse travels on the transmission line, and hence its
coherent measurement at different positions on the line can be carried out using an
EO probe (see Figure 3.12). In other words, the pulse response of transmission lines
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Figure 3.12 EOS characterization of passive devices (CPW). Schematic of the simplified
setup (left) and measurement results beyond 1 THz (right). Reproduced with permission
from [133].

1 The Pockels effect is described in detail in next chapter.
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3.3. Photonic instrumentation

can be measured for the analysis such as the line dispersion and attenuation.

The story for EOS measurement of active devices [129]-[133] is not as straight
forward as that for passives. For an active device, such a short pulse with an
uncalibrated power, not only may harm the device but also can lead us to a wrong
understanding of the device performance. Because the response of a nonlinear
system to a short pulse is not meaningful, therefore, CW feeding and the frequency
domain measurement of the device is more appropriate. This is exactly a case for
NLTL measurements and hence, EOS with such a capability is an appropriate
technique for its characterization. However, at higher frequencies smaller signal to
noise ratio and increased jitter may cause challenges.

Advances in EOS at a glance

Following to this short description of passive and active characterization, now it is a
time to explain what has been so far achieved in the literature of EOS measurements.
In 1983 the first idea of EOS was introduced by Valdmanis [2], [134], [135] and
later on Kolner et al. [136] shown preliminary results. Since that time several groups
have tried to improve EOS capability. In 1986 Rodwell et al. [129] introduced direct
(internal) EOS in contrast to external probing. The availability of the femtosecond
laser in the 1990s in conjunction with improvement in semiconductor scaling gave an
opportunity to demonstrate EOS for larger bandwidths than before. Frankel and
others [62], [109], [113], [115], [134] [137]-[141] beside study of the probe
invasiveness have shown a quantitative bandwidth of their setups in both pulse and
CW excitation of circuits. They measured a large bandwidth by applying thinner EO
crystals for the probe and utilizing high-speed DUTs (both passive and active). With
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Figure 3.13. EOS Measurement of harmonics of a CW excited GaAs NLTL up to 150 GHz
above noise level. The fundamental is at 6.31 with 25 dBm of power. Reproduced with
permission from [133].
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this regards, in 1996 they addressed a bandwidth of 100 GHz for active devices and
700 GHz for passives [140].

Similarly, Heiliger [142], Pfeifer and others [107], [133], [143] also reported
photoconductive generation of the pulse in CPWs and demonstrated ultra-broad
bandwidth of EOS for the passive characterization. Gibony et al. [144] have
performed measurements on NLTL structure to demonstrate large measurement
bandwidth of EOS in CW mode of circuit excitation and has introduced the effect of
jitter in their measurement. Pfeifer et al. in 1996 measured a GaAs NLTL up to 150
GHz [133] as shown in Figure 3.13. They also introduced microwave master and laser
slave synchronization technique for EOS. To the best of our knowledge, this
measurement to date is the highest measurement bandwidth for CW excited circuits.
Regarding improving in EO probe performances, Whitaker and others [145]-[151]
developed different optical fiber pigtailed LiTaOs and GaAs probes for freely
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Figure 3.14. An EO probe integrated with a photoconductive THz emitter used for the
characterization of mm-wave devices. (a) the setup and schematic of probe ,(b) a
photograph of the probe and (c) S-parameter measurement of a HEMT transistor.
Reproduced with permission from [156].
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positioning of the measurements and reported improvement in sensitivity but at the
expense of a reduction in the bandwidth. Chandani [152] also introduced his fiber
base GaAs probe. A low-invasive probe was introduced by Lee et al. [149] and in
2008 Meignien et al. [153] introduced a two port EOS capable of distinguishing
between the forward or reverse traveling directions of signals on transmission lines.
To our knowledge since the end of the 1990s, no significant changes in EOS setups in
terms of bandwidth enhancement or jitter reduction has been addressed, but many
groups over the world have demonstrated measurements of different devices which
cannot be scaled in a unique format for a meaningful comparison. It is notable to say
that limitations of EOS in the CW mode of excitation still is an open issue and
perhaps the most challenging topic in EOS for THz range measurements, which from
our point of view is Jitter, has not been resolved. Later on, in the experimental
results, solutions for reducing jitter in EOS will be presented.

On wafer probing

Near field sensing of devices is useful for the device characterization and imaging.
Although the near field sensing with microwave resonator probes can be used for
material and circuit characterization, they are inefficient at millimeter waves and
THz frequencies. At these very high frequencies, electronic probing can be performed
only with contact probes at circuit ports and as it was mentioned before in this
chapter, they are expensive, and have other drawbacks. Alternatively, the photonic
PC (noncontact) probing and EOS can be used. The latter, which is more relevant to
this work, was frequently reported by several groups such as Pfeifer et al. [107] and
Young et al. [154]. They separately demonstrated near field mapping of antennas and
resonators, however, not at THz but microwaves and lower mm-wave frequencies.
Interestingly, Nagatsuma et al. [155], [156] in 2002, by combining PC and EOS ,
introduced a photonic measurement probe integrated with an optical based VNA for
on-wafer device characterization. In this configuration the PC switch generates a
short pulse and after propagating trough DUT, EO probe performs the sampling.
This probe and the demonstrated results for a HEMT transistor, as well as a
comparison to the electronic VNA measurement are portrayed in Figure 3.14.

Internal EOS

In general, there are two different ways of EOS called external and internal or direct
and indirect [157] which are schematically shown in Figure 3.15. In contrast to
external EOS, in internal EOS, the substrate of DUT itself is used as an EO sensor and
therefore it takes advantage of being noninvasive to DUTs. Interestingly, in [158]-
[162] this outstanding property of direct EOS can be used to investigate on
invasiveness! of the external EOS probes.

! Invasiveness of probes is described in detail in next chapter.
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Despite this big advantage, the direct method suffers from several

disadvantages as follows:

It necessitates using EO substrate for DUTs. This drawback excludes
silicon based circuits to be measured. However, it privileges GaAs
based devices.

Characterization of DUTs in the Pump-probe system needs two
different wavelengths for pump and probe as shown in Figure 3.15. In
this case, the wavelength of the pump beam must be smaller than the
bandgap of GaAs (850 nm) to be able to generate carriers in the
substrate, while at the same time the probe must be tuned to a
wavelength larger than this bandgap. Two different wavelengths from
a single laser source can be obtained using nonlinear optics at the cost
of more complexities.

The last but not least disadvantage of internal EOS is that the laser has
to be reflected from the metallic parts of the DUT and the field at the
gaps cannot be measured properly. It should be noted that this is a
contrast to the external probing in which a high reflection dielectric
layer at the bottom facet of the probe is used. Also, the accuracy of
measurements can be affected by the Fabry-Pérot etalon resonance of
the substrate for the probe beam.

Far Field Sensing

Mostly in this chapter the focus was on EOS for near field detecting and device
characterization, in which electrooptic probe approaches devices. It is noteworthy to
mention that EOS can also be used for far field measurements like in a TDS. In
contrast to near filed, it detects the field component of a plane wave which is
transmitted from an antenna.
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4. Electrooptic Sampling Theory

As discussed in the previous chapter, electrooptic sampling (EOS) using femtosecond
laser (fsL) offers a very broadband measurement system for the electronic devices
characterization. In such a system, the near field of active or passive electronic
components can be detected and sampled by an fsL pulse based on electrooptic the
Pockels effect inside the EO crystal. Since the attention is paid to characterization of
ultra-broadband mm- wave and THz devices, and the ultra-short laser pulse has
given this capability to EOS, briefly the mechanism of femtosecond laser pulse
generation and more in detail the principles of electrooptic effect and EOS are
described in the following sections.

4.1 Ti: Sapphire femtosecond pulsed laser

The Solid state ultra-short pulse laser using Ti: Sapphire crystals was for the first time
introduced in 1986 [163] and was improved in the last decades. Nowadays the
technology is affordable to generate pulses less than 6 fs with milli-Watts of power to
hundreds of femtosecond with several watts [163]. Since this short pulse determines
the bandwidth of EQS, its mechanism of generation in principle is described. It
should be pointed out that the explanation of the femtosecond laser in this chapter is
only dedicated to the case of MIRA Ti: Sapphire laser used in our EOS system and

Pump laser
(Green)

Output:

Figure 4.1 A very simplified schematic of a laser cavity for ultra-short pulse emission with
passive mode locking.
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necessarily should not be extrapolated to any other fsL.
As depicted in Figure 4.1, to generate a femtosecond pulse a cavity with a gain

media is needed. Gain media inside the cavity is required to compensate losses, and
to have a non-damping resonance for the optical beam. Ti: Sapphire (Ti** :Al:Os) is a
crystal which is commercially available and has been used as gain medium for fsLs.
The crystal is mechanically very stable and can tolerate very high temperature up to
2040°C. It can absorb photons at 400-600 nm and perform the florescence
amplification from 680 nm-1100 nm with a maximum intensity peak at 800 nm [164].
In the absence of the pump laser (normal condition), atoms of the crystal are
stabilized in their low energy state and by absorbing photons from a pump laser,
they get excited to energetic state and stimulate or emit light. Under this
circumstance, they amplify the light instead of absorption and therefore the gain
medium is formed. The mirrors are used for the cavity bouncing and a birefringence
filter (BRF)! can restrict the wavelength of operation. A pair of prisms! inside the
cavity can be used to compensate group velocity dispersion of ultra-short pulse as it
passes through optical components. The laser runs in the CW mode and longitudinal
modes start lasing when the cavity length becomes exactly an integral number of the
emitted light half-wavelength i.e. L=nA/2, where L is the half-length of the cavity.
Since # is not strictly defined, many different wavelengths can resonate coherently as
modes of the cavity. In the mode-locked state, a short pulse of the light bounces back
and forth inside the cavity and a small fraction of the light escapes from the output
coupler which is in principle a partially transparent mirror (see Figure 4.1). The
cavity round trip length 2L defines the laser repetition rate given by: f= ¢/2L where ¢
is the velocity of light in the free space. For the Mira laser the nominal repetition rate
is around 76 MHz that can be tuned in the range of +1 MHz by changing the cavity
length with the internal mirrors. It is worth to notify that the repetition rates up to 77
GHz with few millimeter cavity length is achievable with ND:YVOs laser [165].
Whenever the modes are fully locked, a very short pulse starts to emit.

The mode locking mechanism can be implemented in both passive and active
ways, but the active mode locking usually generates longer pulse width and needs
external electronic circuitry and synchronization [163]. In this way, the optical shutter
is controlled by electronics and opens up at the arrival time of the pulse to the gain
medium and closes again. The timing between electronic and the optical pulse must
be precisely matched to have a short pulse [163]. In other words, the modulating
frequency must be accurately set equal to the laser repetition rate. Since the length of

the cavity can slightly vary with the temperature, the electronic precise follow-up

1 Not shown in Figure 4.1.
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4.1. Ti: Sapphire femtosecond pulsed laser

compensation system like a PLL has to be implemented. Without facing with
complexity and challenges of active mode locking, alternatively, passive mode lock
using a so-called “saturable absorber” in the cavity can be obtained which also takes
advantage of generating shorter pulse [163]. In this case, the key of the shutter is in
the hand of the pulse itself that can open whenever arrives, no matter sooner or later
than its expected arrival time. This authority is given by a saturable absorption key
feature which indicates that the losses of the material used can adapt to the intensity
of the incident light. Since in the pulse mode, the peak power is much larger than
that for CW mode, the material opens the gate to the peak power to pass and
attenuates the CW. Some materials such as organic dyes show this property but
unfortunately they are very wavelength dependent, generally are in liquid form and
must frequently be refreshed by flowing. The MIRA system [164] has resolved this
problem by another approach using the combination of nonlinear Kerr lens effect
inside the crystal, and slitting the light. With the Kerr lens effect, the beam diameter
in mode-locked becomes smaller than that in CW state due to larger peak power.
Therefore, using a slit (see Figure 4.1) the CW can be blocked while the mode locked
pulse passes freely. Figure 4.2 shows how the Kerr lens effect makes Self-focusing
inside Ti: Sapphire crystal. The refractive index of crystal varies spatially with the
light intensity profile making a gradient index (GRIN) lens according to the

following equation

n(l) = ng+ny X1 4.1)

where n and I are the optical refractive index and the light intensity respectively.
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Figure 4.2 Nonlinear Kerr effect (Kerr lens) plus slit to form a mode locked ultra-short
laser pulse.
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Notably, Kerr lens is formed only at the center of beam profile inside the Ti: Sapphire
crystal due to extreme intensity of the light.

4.2 Electrooptic effect and electrooptic crystals

Besides fsL, EO crystal which samples electric field is another key component in the
EOS. Before demonstrating that how optical beam and electric field interact with each
other in EO crystals, it is necessary to explain the electromagnetic waves propagation
in anisotropic media [167], [168].

For an isotropic dielectric material exposed to an electromagnetic wave,
D= EOE + P where P is polarization vector defined by P= o )(E and x= &r-1 is the
electric susceptibility or equally D = gy, E. The permittivity ¢ in isotropic materials
is a scalar; therefore D and E are parallel vectors. The refractive index n = ¢ also
remains constant and independent of the applied electric field. In contrast, some EO
crystals are anisotropic and at optical frequencies show nonlinear polarization
behavior. This property can be reflected as crystal birefringence, in which the
refractive index by discriminating between polarization components let them travel
with different velocities. Any birefringence crystal at least has one extra-ordinary
mode in which the pair vectors (D, E) as well as wave vector K and ray vector
(pointing) S are not parallel as shown in Figure 4.3. Based on the number of
extraordinary axels, an EO crystal can be uniaxial or biaxial. The optical refraction

index of an EO crystal can be expressed by an index ellipsoid determined by

S

S:

Figure 4.3 A biaxial EO crystal field and wave vector components. There are two
extraordinary axes Si and Sz. Figure adapted by author from [167].
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x2 y2 ZZ
S t=t+t== 1 (4.2)
ng ny ng

where X, Y and Z are crystal principal axes. As shown in Figure 4.4, special cases of

biaxial are isotropic, with no extraordinary axis (n, = n, = n,), and uniaxial when

having one extraordinary (n, =n, ) and two ordinary n, =n, = n, axis. In an EO

crystal both n, and n, vary with respect to applied external electric field according to

n(E)=ny+a,.E+ %a2E2+... (4.3)

The second term of the right hand is known as the Pockels effect which is a

linear variation of refractive index resulted from the second order nonlinear polarization
vector of P = o ()(15 + )(ZE E + -++) [167]. The Pockels effect is the basis of electrooptic
sampling and modulation of the optical laser beam. The 3 term in Eq. (4.3 )

Nz

Nz

Figure 4.4 Index ellipsoid for (left) an isotropic material and (right) a uniaxial crystal

represents the nonlinear Kerr effect and higher orders are neglected. In particular the
Kerr effect is applicable in optical mixing to up (down) convert and generate
harmonics of optical wavelengths (frequencies) and self-focusing (Kerr lens) for
generating femtosecond pulse that was already explained.

In case when X, Y and Z are not in the same direction of principal axes of the
crystal, index ellipsoid can be expressed by

2 2 2

x? y? z yz Xz _Xy
S+ =St+t5+t2=5+25+25=1 (4.4)
ny n; ng ny ng Ng

where ni= X, n>='Y and ns= Z are principal axes. Assuming the applying an external
electric field of E = E,% + E,j + E,Z to the crystal, the Pockels effect adds up the
differential terms of
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1
A=
A(niz)z ryp Tz T3
1 1 T2 Ti3 E
A(r1_2)3 =| I3y I3y I3z EX 45)
A(L)4 g1 T4y Ty3 Ey )
“12 sy TIsy TIs3 z
A(n_z)S Fg1 Tg2 T3
1
A3)s

to the unbiased refractive index, where rj [pm/V] are EO coefficients of a 6x3 matrix
which is a simplified form of EO tensor due to zero symmetrical elements. To better
understanding the EO effect, it is better to illustrate an example for the case of LiTaOs
crystal. To this end, Figure 4.5 shows an X-cut LiTaOs which is a 3m! uniaxial crystal
and its differential refractive index is expressed by

1
A(n—l)z
1
A(n_z)z / 0 —T22 7‘13\
0 T T
142 22 13 E
A(ns) | 0 0 133 | Ex
11 0o n o |\ (4.6)
A(—) 51 E
714 51 0 0 z
A(n_s)z —T22 0 0
1
A(n—6)2

where n; = n, = n, = 2.176 are ordinary , n; = n, = 2.180 is extraordinary axis and
initial values n, =ng =ng =0, while EO coefficients are 13 =1y3 =7.5133 =
33.0,15; = 20.0 and r,, = 1.0, all in [pm/V] [169], [170]. By applying an external
electric field in the Z direction, therefore E, = E,, = 0 whereas E, # 0, and finally the
index ellipsoid in Eq. (4.4) yields

1 2 1 2 1 2
(ﬁ + r3E;)x + (ﬁ + r3E,)y” + (ﬁ +1r33E,)z° =1 4.7)

o o e
The deviation of refractive indexes including A(1/n,)* = ry3E, and A(1/n,)* =
r33E, is very small in comparison with their initial values and according to the

3
approximation of An = — (n?) .A(%)2 the new refractive indexes yields
1 . 1
Nop = (no - Eno r13Ez) and Ne1 = (ne _Er33Ez) (4-8)

In a real condition, if an optical beam with polarization in the XZ plane (see
Figure 4.5), expressed by E;, = E, e'®t( % + Z) travels through the crystal in the Y

direction, the phase of the X and Z field components changes according to

1 Crystal symmetry axis
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= Ejel@t-ka g 4 F el@t-ksy)z 4.9)
where k, = 27;”" and k, = 27;”2 are wave numbers for the ordinary and extraordinary

axis respectively ( see the ellipsoid in Figure 4.5). The difference in the X and Z
components velocities, determines an elliptical polarization state for the output
optical beam and at the output of the crystal (Y= L), where L is the crystal length,
differential phase retardation can be expressed by I' = (k,, — k;,)[, and finally

r= 2nl(nx (Ez) - nz(Ez))

27l 1 1

= Tﬂ [(no - 571037'13Ez)' (ne - 5"e37”33Ez)] (4.10)
27l 1 .

= Tn [(no-ne) — > (ne37”33 - no37"13)Ez]

=TI, + AT

where Iy shows the crystal background (intrinsic) birefringence and AI' represents
differential retardation due to the applied electric field. This property is used as the
basis of EOS.

E:

Eopt.

Optical beam

crystla index
ellipsoid

Figure 4.5 Schematic of an X-Cut LitaOs crystal and its EO modulation. X and Y are
ordinary axes and Z is extraordinary.

4.2.1 Linearity of electrooptic

The electric field induced modulation and demodulation of an optical beam is the
basis of EOS and therefore, a linear response to the electric field is mandatory. Based
on the Pockels effect, in an EO crystal, the electric filed can modulate an optical beam
in three different ways including: amplitude modulation (AM), phase modulation
(PM) and polarization state modulation (PSM). Due to having a simple mechanism of
detection, PSM or in other words, intensity modulation is preferred [171]. This is
schematically shown in Figure 4.6. The input polarizer (A/2 plate) is required to rotate
the input laser beam polarization and align it with the angle O to the crystal index
ellipsoid axis. Immediately after the half wavelength plate, there are two orthogonal
polarization components aligned in the direction of n. and n. of the crystal. By
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passing the optical beam trough the crystal, these two components have a phase
difference according to (4.10). Also, the optical intensities at the crystal input and

Vm cos(wt)

linear Optical elliptical

polarization i polarization "
S AP ‘Pl Yol -
FS-Laser l \/ / %aﬂ w \ W \.
N2 wollaston

N4 )
polarizer = ana|yzer prism

Figure 4.6 The mechanism of EO intensity modulation and detection

output are given by

Iin < |Ex(0)|? +|E,(0)|*=2|E, |?
! (4.11)
Loyt & |Ex(l)|2 +|Ez(l)|2=2|E0|2 sinzg

yields a transmission factor of ‘2= sin?Z which is plotted in Figure 4.7. To have a

in 2
linear approximation of the function, a phase bias at the operating point I, = %is
needed which can be realized either by applying a voltage (electric field) bias or
optical bias using a A/4 plate as the latter is shown in Figure 4.6. The orthogonal
polarization components of the modulated laser beam which contain the information
of interest can be separated by a Wollaston prism and hence, be detected by a pair of
balanced photodiodes. The photodiodes are configured in a differential way which
reduces the laser amplitude noise and at the same time gives 3 dB of gain [15].

A

.2
100 / sin (')
/ \ intensity out (low)
50 \/ time

Vir/2

Transmission %

Applied voltag'e

modulating
— voltage (vin)

Figure 4.7 Transmission functions of the intensity modulator used in EOS. To have
linearity the optimum operating point is biasing at 50% transmission. Figure adapted by
author from [170].
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Assuming the applied modulating electric field given by E, = E,;;sin w,,t , according
to Eq. (4.10),
[ =T, +Al =§+ [,,Sin w,,t
while (4.12)
L = _%(ne3r33 — No°T13)Eny

and for small values of I;; < 1, the transmission factor yields

N |-

Toue _ iy g ~ 2[14T,,Sin Wy, t] (4.13)

which indicates that the intensity of the laser is linearly proportional to the applied

electric field.

4.2.2 Crystal selection for EOS sampling of mm- wave and THz devices

For EOS, depending on the application one can use an EO crystal such as ZnTe,
LiTaOs, LiNbOs, Ga As, GaP, KD*P and KTP. By choosing a crystal and depending on
its orientation, X, Y or Z components of the electric field vector can be detected. For
example, LiTaOs and LiNbQO:s are sensitive to the tangential field components (Ex and
Ey in Figure 4.8) while BSO [154] is sensitive to the normal component (Ez). Therefore,
to measure all components, it is necessary to use either two different crystals as
shown in Figure 4.8 or rotate the probe to an orientation which can sense the desired
tield component. The latter solution needs significant changes in the arrangement of

Detector
Laserjpulse

THz Pulse

Figure 4.8 Schematic diagram of an EOS setup for near field sensing of ultrafast devices.
The EO probe with two crystals is used to detect tangential component of electric field Ex
by LiTaOs and normal component of Ez by BSO.
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experimental EOS setup and detecting all field components with a same setup van be
very time-consuming.

In our setup, it has been targeted to characterize ultrafast devices which are
usually CPW based circuits (see Figure 4.8). Since CPW slot width (the distance
between signal and ground lines) is very small' for our DUTs, the tangential x-
component of the electric field has a very high intensity. Moreover, this electric field
component can be precisely calibrated as we have the CPW slot width and its applied
voltage. At the same time, the EO crystal firstly needs to be transparent at our optical
wavelength (800 nm). Secondly, it should have a large electrooptic coefficient and
thirdly, be very less invasive to the electric field of DUTs. Based on these
considerations, finding a crystal which fulfills all our requirement seems to be
impossible or at least difficult. With this regards, LiTaO:s is a well-qualified crystal for
all of the above requirements except the invasiveness. Also, it has a high mechanical
stability, high temperature tolerance and a high phonon resonances at 6.3 THz [172]
which is far beyond our operation frequencies. Therefore, a compromise was made to
use this crystal in the setup.

Electrooptic Probe Invasiveness on DUTs

LiTaOs probe can invade DUTs by perturbing of their near field. The reason is the
high permittivity (e= 41-43) [173] of the material which capacitively loads DUTs. If
one insists on selecting LiTaOs, he/she should choose a probe with a small footprint
in comparison to DUTs. This helps to maximally reduce the probe invasiveness. In
our measurement setup, size of DUTs are on the order of tens of micrometer and
therefore, a probe with the size of focused laser spot (= 10 um diameter) can be an
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Figure 4.9 Network analyzer measured S-parameters of a circuit invaded by an external
EQ probe as a function of probe distance to the circuit. The behavior of the circuit almost
remains unchanged over the measured frequencies showing negligible invasion of the probe
on the DUT. A reason for that is very small footprint of the LiTaOs crystal. Reproduced
with permission from [160].

1 Tens of micrometer
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4.2. Electrooptic effect and electrooptic crystals

optimum choice. Due to extreme difficulties in cutting and handling the material
such small footprint is hard to be feasible. On the other hand, the thicker the probe
gives larger the signal and therefore, it is required to come to a tradeoff between the
probe invasiveness and sensitivity.

A number of researchers have tried to formulate the LiTaOs invasiveness in
different ways. For example, in [160] the comparative results of network analyzer S-
parameters measurement and direct! EOS measurements in the presence of an
external LiTaOs probe over a microwave circuit was demonstrated as shown in
Figure 4.9. This experiment shows almost no influence on the overall performance of
the circuits i.e., shift in the resonance or the characteristic impedance of the device.
However, local field perturbation is unavoidable. About 10% of invasiveness was
also addressed by Frankel et al. [174]. Nevertheless, this cannot be extrapolated to
other cases if one does not consider the comparative size of DUTs and probes. The
work in [159] with direct EOS, has demonstrated an optimum low invasive distance
for the external probes from DUT. However, their results might be influenced by the
Fabry-Pérot etalon resonance [175] of an established cavity consisting of the lower
facet of the probe and surface of DUT. Despite the above suggestions, it is necessary
to emphasize that finding a formulation for invasiveness of probe is not trivial and
results of one study necessarily cannot be used to another investigation as it is a case
study which strongly depends on the size of probes, the geometry of DUTs and the
frequency of operation.

Organic and Polymer Electrooptic Crystals

Some recent work such as [176]-[178] have focused on the organic electrooptic
materials to reduce the probe invasiveness. An example is ionic salt crystal (DAST)
which has a large electrooptic coefficient and at the same time very low permittivity.
Despite this advantages, unfortunately, this material shows large nonlinearity and
static birefringence [179]. Moreover, it can be dissolved in water content and needs a
full control of humidity around the setup [172]. Also, the EO Polymers reported in
[180]-[183] are good candidates for noninvasive broadband detection [172] due to
having a low relative permittivity ( & between 2-4) and no vibrational phonon
resonance. Unfortunately, there are also other drawbacks for these kinds of EO
materials. For instance, they may need to be poled to remove their centro-symmetry.
Furthermore, suppression of the cross polarization to make them sensitive to only
one field component and degradation with response to the temperature [172], [182]
might also be a big challenge of using them. For comparison, several common
crystals are listed in Table 4.1.

1 Direct and indirect EOS were described in previous chapter
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Chapter 4. Electrooptic Sampling Theory

Table 4.1 A comparison between few EO polymers and inorganic crystals commonly used as
EQOS probe materials. Source from [172]

. Wavelength A Refractive index Electrf)(?ptlc Flgure: of
Material (am) (e coefficient n3xrij Er merit
rij (pm/V) (n3xrij)/ex
LiTaO:s 633 2.180 33 340 43 7.9
BSO 633 2.54 5.0 82 56 1.5
GaAs 900 3.60 1.1 51 13.2 3.9
PBLG 800 1.58 1.5 6.0 2.13 2.8
LD3 800 1.577 13.2 52 2.6 20

Phase matching considerations

In THz detection, the mismatch between the optical and THz beam velocities inside
the EO crystal can degrade signal detection. Therefore, in order to increase SNR,
constructive overlap between the optical and THz wave is necessary. A factor which

KTHz

EO Crystal EO Crystal

Kopti

Optical path

Longituidonal modulation Transversal modulation

Figure 4.10 Depending on the application of an EO crystal; it can modulate both
longitudinal and transversal electric field. LiTaOs is commonly used for transversal
detection and ZnTe is proper for longitudinal.

determines this mismatch is defined by the coherent length, which is a length that the
phase difference between the optical group velocity and the THz wave phase velocity
yields /2. The coherent length is mathematically given by

c
lc (Wryz) =
wTHZ|n0pt— eff(wo) — NTHz (wTHz)l
where (4.14)
OMopt
Nopt —eff = Noptic (wo) - Aopt T Aopt
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4.2. Electrooptic effect and electrooptic crystals

where c is the velocity of light in free space, n is the refractive index, wo is the optical
and wru: is THz frequency respectively. This parameter can strongly limit the
detection bandwidth of THz waves. From Eq. (4.10), apparently, larger the length of
the crystal linearly increases the phase retardation and the detected signal, but prior
to that the coherent length which is frequency dependent already restricts this
enhancement.

To achieve the largest possible bandwidth, the crystal thickness should be
carefully adapted to the coherent length. From Eq. (4.14), at 1 THz, the coherent
length is calculated as 50 um for LiTaOs and 1 mm for ZnTe. At the first glance, this
result may convince us to use ZnTe instead of LiTaOs, but it should be noticed that
the coherent length is defined only for the longitudinal and not the transversal mode
of EO detection (see Figure 4.10) which is a case in our EOS setup. Therefore,
fortunately, the issue of the coherence length does not play a significant role. Even if
one considers the coherent length, our typical 25-50 um thick crystal still fulfills our
required bandwidth.

Crystal figure of merit

As already mentioned, a crystal with a larger EO coefficient for higher sensitivity,
and with a low permittivity for low invasiveness is favorable. Based on this criterion,
a figure of merit (FOM) was defined for few common crystals as summarized in
Table 4.1. It shows that LiTaOs is the best choice in inorganic crystals in this regard. It
should be mentioned that the sensitivity of 340 in this table is only valid for the PM
method of detection in which only one polarization component is used, but for the
PSM which is usually used in EOS, having two polarization components degrades
this factor to 262 as reported in [184].

It can be argued that the situation even becomes worse if one refers to the
exact retardation formulas for the sensitivity of An in Table 4.2. It shows that its

Table 4.2 A comparison between most typical EO inorganic crystals commonly used in
EQOS. Source from [169], [172], [184].

A Ref. Electrooptic Sensitivit FOM Detection Coupling
Xtal Symmetry (am) index coeff. (rij) An ¥ &r [172] mode factor (T)
(optical) [pm/V] (n3xrij)/ex from air
1
2180 33 2 (e T
. ne=2.180, r33=33, 4 ransver- o
LiTaOs 3m 633 ho=2.180 =75 ;ger) 43 3.0 sal 26%
= T =131
Longitud-
1m3 ]
GaAs Bm 900  n=3.60 ri=1.1 T 3.9 inal or 43%
n’r,,) =51 Transve-
sal
L (ndr,, + usually
ZnTe 43m 633 n=2.99 =43 2o 10 115 longitud- 48%
n’ry,) =115

inal

sensitivity decreases by a factor of 2 and reaches to 131. Nevertheless, it still remains
on the top of the table for its high sensitivity. Unfortunately, due to the high

53



Chapter 4. Electrooptic Sampling Theory

permittivity and hence, less coupling factor! of LiTaOs, it degrades based on the
defined figure of merit and ZnTe dominates. For more understanding of this issue a
short selection guide for commonly used EO crystals is summarized in Table 4.2.

Crystal electromagnetic coupling efficiency

Another important factor in selecting of an EO crystal is the electromagnetic coupling
factor. It is defined by the transparency of the material for THz waves. The reflection
of the incoming THz wave at the material-air boundary hampers its detection by the
crystal. The transmission (T) and reflection (R) for the electric field of a THz wave
from medium 1 to medium 2 (see Figure 4.11) at their interface are given by

where ni is the refractive index of the medium i at THz frequencies. Apparently, the

R=|22,T=14+R=|
+n,

ng

2nq

I (4.15)

n;+n;

higher the permittivity (n2>n1) of the crystal, the less the electromagnetic coupling
we have. The coupling form air (ni= 1) to some well-known crystals are listed in
Table 4.2 which shows that LiTaOs is the worst candidate in this regard. Since
Eq.(4.15) is known for a plane wave at far field, one may argue about its validity for
the case of near field, but the finite element simulation using Ansys® HFSS of a real
structure including our DUT and a crystal with dimensions of 1000x1000x50
um3which is placed 5 um above the DUT (see Figure 4.12), roughly confirms our
estimation. The calculated tangential electric field inside a 50 pm thick crystal shows
an aqverage coupling factor of 15% for LiTaOs and 39% for ZnTe in comparison to
100% of free space (see Figure 4.13).

N1

R

Figure 4.11 Reflection of THz waves and the electromagnetic coupling between two mediums.

! Coupling factor is explained in next sub-section.
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»

" 60 pm width CPW

0 200 400 (um)

Figure 4.12 DUT structure in the presence of a 50um thick EO crystal. (Top) side
view and (bottom) overall view
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— Air
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Figure 4.13 The simulated tangential electric field as a function of vertical distance from
the CPW structure @ 200 GHz in air, ZnTe, and LiTaOs.
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5. Electrooptic Setup

To carry out the ultra-broadband characterization of the electronic circuits, an EOS
system with the following features was built up:

e Ultra-wideband measurement bandwidth, potentially from DC to THz, based
on electrooptic sampling with a femtosecond laser source.

e Contactless EO probing for internal chip characterization without the need for
having dedicated contact pads or ports.

e Freely positionable probe to allow near field mapping of DUTs.

The setup was first equipped with an optical fiber pigtailed EO crystal, but after
facing challenges that are explained later in this chapter, it was reconfigured to a so-
called non-pigtailed approach. In the following section, the probe and setup, as well
as their functionalities are demonstrated.

5.1 Schematic diagram of the setup

As shown in Figure 5.1 a femtosecond laser beam is divided into two beams with a
beam splitter. One beam is used as a probe beam and another as a synchronization
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Figure 5.1 Schematic diagram of the EOS setup (left) and detail of the EO probe tip (right)
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Chapter 5. Electrooptic Setup

beam for heterodyne detection. Obviously, synchronization of a heterodyne system is
very critical, therefore, in EOS, the laser as sampler should be synchronized with the
sampled signal of DUTs. Since the laser is an optical system and DUT is driven by a
microwave generator, hence, a component for conversion of the optical to an electric
signal is required. This can be achieved using a PC Auston switch which is
specifically designed to operate at microwave frequencies. The PC switch plays the
role of a harmonic mixer that mixes the microwave frequency with the higher
harmonics of the laser repetition rate. Assuming the laser repetition frequency of fi
(typically 75 MHz) and f» as the microwave frequency, the output frequency of photo
switch mixer is Af = f,, —n X f;, where n is the laser harmonic number (see
Figure 5.1). This offset frequency Af can easily be adjusted in the range of kHz or
MHz and used as external trigger signal for the lock-in amplifier. This offset
frequency can be stabilized at a reference frequency f: (usually between 10 kHz to 100
kHz) (not shown in Figure 5.1)! from an external signal generator using a PLL
system. While the laser is synchronized to the microwave generator, the probe beam
samples the signal of DUT with an electrooptic crystal based on the Pockels effect
which was explained in the previous chapter. The reflected laser beam from a highly
reflective (HR) coating at the bottom facet of the LiTaOs crystal (see Figure 5.1 -right)
which is modulated by the electric field of DUT is then separated from the incident
beam by another beam splitter. This beam hence, by passing through a A/4 plate and
a Wollaston prism is prepared for the intensity detection with the aid of electronics
including a pair of balanced photodiodes, a low noise current amplifier and either a
lock-in amplifier or a data acquisition. The delay stage provides a time delay between
the sampling laser beam and the sampled signal. The grating pair in the setup is used
for dispersion compensation of the fiber-based EO probe which is explained later in
this chapter. To understand the system characteristics in the following sections, key
components of the setup are described in detail.

5.1.1 The pigtailed electrooptic probe

The most crucial component of the system is the EO probe, consisting of a fiber
coupled LiTaOs crystal [150], [152] which samples the electric field from DUTs. The
amplitude and phase of the DUT electric field can thereby be detected from the
modulation of the optical polarization state of the reflected laser beam. As mentioned
in the previous chapter, LiTaOs is advantageous over other crystals and its
application has frequently been addressed [113], [115], [133]. Nevertheless, it is not
the best choice due to its high invasiveness®. The crystal has a 50 um (25 um)
thickness and is placed on a 0.9 mmx0.9 mm fused silica support. This combination,
hence, is glued to a GRIN lens which is pigtailed with a 780-HP Nufern [185] fiber.
This allows an efficient optical coupling and focus of the probe laser beam at a
diameter less than 10 um at the probe tip. The pigtailed optical fiber, shown in

1 See MM-LS in Chapter 7 for detail.
2 See Chapter 4.
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Glass tube, Ienglh;?is mm,
diameter=2 mm

Figure 5.2 The fiber pigtailed EO probe with 50 um thick crystal and the detail of the tip.

Figure 5.2, provides flexible maneuver and positioning of the probe in the setup.
Since passing the femtosecond laser pulse trough this fiber faces dispersion, a
dispersion compensation unit consisting of a grating pair is integrated with the setup.
This combination provides a laser pulse width < 200 fs at the probe tip where the
THz signal is detected and theoretically ensures a detection bandwidth up to 5 THz
(~ 1/ 200 fs). For comparison, without this compensation, a 2.5 m length fiber would
deliver broader than 5ps laser pulses, which theoretically limits the system
bandwidth to frequencies below 200 GHz.

5.1.2 The photoconductive switch

A typical Auston [95] PC switch is made of a semiconductor substrate (or a
photoconductive thin film on a substrate), on which metallic electrodes are deposited
in a form of a 50 Q) microstrip line. By Illumination of laser beam on the gap between
two electrodes of microstrip transmission line, the semiconductor absorbs photons
and generates an enormous number of electron and hole pairs. The number of
generated carriers, evidently, depends on the semiconductor material quantum
efficiency and the laser beam power. As long as these charge carriers are alive, the
switch is turning on and conducting (low resistance state), otherwise it remains in
off-state (high resistance). Using this mechanism, the harmonics of the laser

Photoconductive
switch

f—s ,

Z Beos2m{f,, —nfiit

Acos(Zmfi,t)
f,%
lager pulse traln
—||_|L Z 5(t = nTy)
— =

T

Figure 5.3 Harmonic mixing of a microwave signal and laser pulse.
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repetition rate can mix with a microwave signal which is fed to the switch as shown
in Figure 5.3. As the switch has to efficiently work at the microwave (6-20 GHz)
frequencies, high frequency considerations must be taken into account. For this
reason, the switch operation in off and on states needs to be characterized.

The current density of the switch in both on and off cases can be described by

J=Jctja (.1)

where,

oD
je=0.E and jz= Frin —jweE (5.2)

are conduction and displacement current densities respectively. Also, for n and p

carriers the conductivity is

0 =0y + 0, = qUan + qUpp (5.3)

where p is the mobility and q is the electron charge quanta. In off-state, ji is
dominated because of the capacitive coupling and by illuminating the switch (on-
state), the conduction current rapidly increases due to existing of the carriers, and
this state lasts until carriers recombine. A detailed balance of photoconductive switch
dimensions and the carrier lifetime (i.e. material choice) is needed to deliver a high
efficiency and a good on/off ratio. In our design, intrinsic GaAs with a carrier lifetime
of the order of 10 to 10 s was used. This is sufficiently short, in comparison to the

!

weaq Jase|

silver paint

J

0.1mm air gap

RT/Duroid 6010

(a) (b)

Figure 5.4 The photoconductive switch using intrinsic GaAs (er=10.9) substrate and
deposited by a gold layer with thickness of 250nm 50 (2 transmission line. (a) Two port and
three port configuration, (b) the cross section of the switch which is embedded in RT/Duroid

6010 (er=10.2, h=1.29mm) substrate.

60



5.1. Schematic diagram of the setup

laser repetition period' 1.3x10® and long compared with the microwave signal
period 1.67x107"° (f= 6 GHz). At first sight, it seems that, with this characteristic, the
switch is not fast enough, however, in reality, the carrier lifetime is shorter than that
for the theoretical values due to metal to semiconductor transitions and surface
recombination.

The dimensions of the photoconductive switch are chosen to maximize the
photoconductive switch efficiency. Assuming driving the photoconductive switch
with 0 dBm microwave signal power, for a gap length of g= 50 um, an average
electron transit time of the order of 7, =~ ﬁ =2.9x107is estimated [170].

In theory, the response of switch to the femtosecond pulse is exponential with
decay equal to the total carrier lifetime (i.e., the average for the material). The switch
mixes the femtosecond pulse with microwave signal (Vrr) and hence, the output
signal yields V;p = Vgr X g(t), where g(t) is the time gating function in response to
the femtosecond laser pulse. A worst case scenario can be calculated using a
recombination carrier lifetime ofz, =105 close to the period of the laser Ti=1.33x10*s,

but two order of magnitude longer than the microwave signal period. Even with this
long decay time, the short rise time g(t) enables sampling of the microwave signal
resulting in a kHz range beat frequency (see Figure 5.3). Evidently, for sampling
higher frequencies, e.g. at mm-wave, it is therefore, crucial to design an appropriate
switch with a high presence of surface and doping induced bulk recombination sites
to reduce the effective carrier lifetime [186]. As discussed in Chapter 3, Lt-GaAs
carrier lifetimes is down to few hundreds of fs [98]. However, this drastically can
decrease the photoconductive switch efficiency due to much smaller mobility.

~ ® e ~
o " :
v ~ ;-l- ¥
~ r ~ ;-;:-'_.—Thh _+
~ A 10um gap
Thru -
transmission line Photoconductive
switch

(@) (b)

Figure 5.5 (a) Fabricated photoconductive switch mounted on substrate plus a test 50 (2
transmission line, (b) a micrograph of a 10 um-gap of the switch. The gap is simple and not
interdigitated.

1 Repetition frequency of the laser f=76 MHz
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Our photoconductive switch was realized by deposition of a gold microstrip
lines with 50 Q) characteristics impedance on a 6x6 mm? GaAs piece of wafer and
hence with silver paint connected to 50 Q line on a 5 cm x5 cm RT/Duroid 6010 (&=
10.2, h= 1.27mm) substrate. This combination allows mounting the switch on
standard optical mounts in the setup. Figure 5.4 shows the design strategies and
cross section of the embedded photoconductive switch. A thin layer (0.1 mm) of air
between GaAs and RT/Duroid 6010, as surface roughness, has been taken into
account for impedance calculations of the microstrip line. Several configurations of
switches with different gap lengths were fabricated, and only one sample is shown in
Figure 5.5.

From the circuit model, in off-state, the switch acts as a series capacitance (for
the gap) and two shunt capacitance from the metal edges to the back ground plane
side of the microstrip line. The gap size plays a significantly important role in
particular in off-state. The larger the gap, the less the coupling capacitance and hence,
the larger isolation of the switch in off-state we have. In on-state, the switch acts like
a conductor and the gap size, as well as the laser beam power intensity govern the
amount of absorbed photons. The coupling in both states for different switches is
given in Table 5.1. From these results, it can be seen that a 3-port 20 um gap switch
has the highest isolation in off-state, but in on-state also it might have a low value of
the coupling because of a mismatch caused by the loading of a stub on the 3¢ port of
the switch. The next highest insertion loss (4 dB) in off-state is given for 50 um gap,
realized with a two-port switch.

A successful operation of PC switches could be demonstrated after several
photoconductive switch optimization cycles. The quality and stability of the output

Table 5.1 Experimental results of different photo switches

. High f requfency High Low frequency test Low frequency
Photo switch test insertion
frequency test 10 kHz, 1V p-p test 10 kHz,
loss (dB) (off-
(on-state) (off-state) 1Vp-p(on-state)
state)
50 Q
transmission line
. A A A
( RT/Duroid 6010 05 N N N
substrate)
Harmonic Current amplifier
5um gap switch - 16 unachievable Current amplifier output 8 Vp-p,
2 port ’ or difficult to  output less than 2 mV (distorted
achieve waveform)
20 um gap switch 24 NA NA NA
-2 port
20 pm gap 3-port 9,5 NA NA NA
Clear o Current amplifier
S0 pm gap 4,0 difference Current amplifier output 20 Vp-p,

switch- 2-port output less than 2 mV

signal saturated

Note: Gain of current amplifier is 105 V/I
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5.1. Schematic diagram of the setup

signal (Af) of the 50 um gap two-port PC switch were measured using a spectrum
analyzer and the result is shown in Figure 5.6. It can be seen that at Af= 30 kHz the
spectrum of the signal is narrow and approximately 60 dB above the noise level. The
sideband level at the 2"d harmonic is a measure of the signal deviation from an ideal
sine wave which is -35 dB lower than the peak value.

Figure 5.7 also shows the DC test of different switches vs. the bias voltage
using Keithley® 4200 semiconductor characterization system. It reveals that the
50 pm-gap switch in on- state has almost 4 orders of magnitude gain at 1 V bias
voltage and has the highest isolation in off-state.
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Figure 5.6 Spectrum of Af achieved from mixing a 6 GHz signal with the laser pulses. The
photoconductive mixing switch has 50um-gap.

5.1.3 Wafer probe station and the EOS setup mechanics

The EOS system was implemented with high precision motorized stages and a
manual wafer probe station, in order to allow:

e The flexible and reproducible exchange of different DUTs with a vacuum
chuck

e A rotary stage to change the orientation of dies on wafer depending on the
position of microwave probe positioner which feeds the DUTs.

e A microwave probe station consisting of a Cascade Microtech® GSG (ground-
signal-ground) probes and probe positioner for microwave feeding of circuits.

e A DC micro probe and probe positioner to bias the wafer (applicable when
devices are driven by a built-in oscillators or biased transistors).

63



Chapter 5. Electrooptic Setup

e Motorized XYZ stages with submicron resolution and traveling range of 20 cm
to allow the on-wafer scanning of signals (mapping and precisely reproducible
positioning on the circuit)

e Very high resolution objective and camera capable of distinguishing 3 um size
object at 3 cm of the working distance with a good field of view which enables

10°

4 ——50 umon
10 —— 50 um off
—— 20 um Off
\<‘t_€103 — 5 um off
5
S 107 5

10" 4

10° . T . T

Bias (V)

Figure 5.7 DC test of 5 um, 20 um, and 50 um-gap 2-port switches in off-state and for a 50
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um-gap switch in on-state

zoom on small devices and precise positioning of microwave GS5G and EO
probe to contact DUTs.
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Figure 5.8 Touching 30 um=30 um bonding pads with the microwave GSG probe and the
resulted IV curve from the DC test of the contact.



5.1. Schematic diagram of the setup

5.1.4 Microwave probe

To feed the microwave signal to our DUTs, a microwave GSG probe is used. The
probe is from Cascade Microtech® [78] with 75 um pitch. The possibility of touching
tiny (30 um x 30 um) bonding pads with this probe was also examined using the
Keithley 4200 series semiconductor characterization system. This was performed by
applying 1V DC bias to the device and limiting the current to 100 pA. Figure 5.8
shows a view of the probe tip in contact with a DUT and the demonstrated result of
this test. The incremental response of the current to voltage ensures a successful
contact to the small bonding pads.

5.1.5 Grating pair for optical fiber dispersion compensation

As mentioned earlier in this chapter, the EO probe is pigtailed with an optical fiber.
The fiber dispersion can broaden the femtosecond laser pulse and hence, its

! EO probe

—_—

Microwave

Y
GSG probe

Figure 5.9 A close up view of the EO probe over the wafer

compensation is necessary. According to Sellmeier equations, refractive index of an
optical material such as optical fiber can be expressed [187] by

2( /1) —1=2 Al + AZ + A3

" e mEtr_mte_s? (5-4)
where A, B, i=1, 2, 3 are constants and A is the optical wavelength. The second order
of the phase function ¢(w) derivative, which contains most dispersion of the fiber, is

given by

0%pp A 0°n
dw?  2mc? )2

l=0"l (5.5)
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normal to grating output pulse

surface

normal to facet P

diffraction beam

input pulse

X=0

Figure 5.10. Grating for dispersion compensation. (left) principle of operation and (right)
mechanism of dispersion compensation . Figure adapted by author from [187].

where L is the length of the optical fiber and @;" is its group velocity dispersion
(GVD) per unit length. Higher order dispersion components, in this case, are not
considered as they are rather small and cannot be compensated by a grating pair, but
with a pair of prisms. For a normal dispersive material like glass, GVD is positive
and can be equalized or at least minimized with a negative dispersion value from the
grating pair. The compensation can be achieved by tuning the distance between a
grating pair which is mounted immediately before a fiber coupler in the setup (see
the schematic of Figure 5.1), which provides coupling of the optical beam from free
space to the fiber. The grating compensation dispersion can be calculated from
grating equations, and the beam path geometry shown in Figure 5.10. For a
diffraction grating

d[sin(y) + sin(6 —y)] = ma (5.6)

where v is the incident angle with respect to the normal direction to the grating
surface, O is the angle between the incident and the refracted beam and m is an integer
indicating the refraction order [187], [188]. From the geometry

- dp, 14 cos(6)

= = = 5.7
p=PABQ =c Jw cos(y — 0) 67
and using
4
azqoc; 1 m213 mA . z "
da? = ‘Em[ - (g~ sn») l xD=0ch ©8)

where @;"" is the grating GVD and D is the distance between the pair. The final cost
function of the system which must be minimized is @;,.,; = @zl + @z D [187]. The
Nufern® fiber has GVD of @ = 40.8 fs?/mm, and for length of fiber L= 2.5 m, the
grating parameters of m= 1, d= 833.33 nm (1200 groove/mm), A= 800 nm and y= 26°
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the @; = 1303 fs?/mm. Accordingly, an optimum distance of D= 7.8 cm between the
grating pair was calculated. The optical auto-correlator measured pulse at the end of
tiber, where the probe is placed, was 150 fs and a deviation of 25 fs from the initial
laser pulse width of 125 fs was observed and it is still much shorter than what we

need.
5.2 Challenges using fiber-pigtailed probe
Using the pigtailed-probe in the setup, we may face with the following challenges.

5.2.1 Glass birefringence inside the fiber

A drawback using a pigtailed EO probe is the birefringence property of the glass
(inside the fiber) which causes rotation of the laser beam polarization. Any change in
the beam polarization state, caused by the strain or bending of the fiber, misaligns the
optical polarization to the crystal axis and can degrade the detected signal or
saturates the low noise amplifiers. Therefore, it must be compensated either by using
a role of fiber as reported in [163] or rotating of incoming polarization by a A/2 plate
in a motorized or manual way.

5.2.2 Low Optical damage threshold

Another drawback of using a pigtailed-probe is the use of optical glue in the probe
assembly as an adhesive for connecting fiber to the GRIN lens. This glue can be
burned out by increasing the optical power more than 30 mW or even with a lower
power in a longer exposure time. It was experienced that after a certain time, the
sensitivity of the probe degrades due to the absorbing of the optical power in the
glue. Finding this problem was not a trivial as the checking of the optical beam at the
tip of the probe was not possible due to HR coating at the probe tip. Also, as
degradation of the reflected beam from the probe tip caused by losing coupling into
the fiber could mislead us to increase the input optical power which was harmful to

laser spot W

Figure 5.11 View of the EO probe from the bottom facet. (left) burned optical glue and
blocking the laser beam and (right) an operational probe.

67



Chapter 5. Electrooptic Setup

the probe. Evidently, Figure 5.11 shows the damage of the probe glue which was
experienced in our setup by slightly increasing the power from the threshold (30 mw)
to get a better reflected beam. The probe was killed; however, due to a large damage
threshold of the LiTaO:s crystal, fortunately, the probe was reusable. These drawbacks
convinced us to use the EO crystal with another probe assembly, so-called non-
pigtailed probe which is demonstrated in next section.

5.3 Modification of setup and using non-pigtailed probe

By the optical damage of the pigtailed-probe, the setup was modified to free space
detection approach, and its schematic diagram is shown in Figure 5.12. In contrast to
the previous approach, in this setup, a single mode polarization maintaining (PM)
fiber is used which is not glued to the EO crystal. Similar to the pigtailed probe, this
approach provides freely positioning laser beam for the XZY stages which enables
scanning of DUTs. The fiber has minimum dispersion at our laser 800 nm
wavelength, and its PM property ensures stable polarization which is necessary for
EOS. The beam from the fiber is coupled out with another fiber coupler, and the
collimated beam again fully stabilized in polarization using a polarizer plate. This
optical beam is given to a A/2 plate to align beam polarization with respect to EO
crystal probe orientation. With the aid of a spherical lens with the focal length of
25 mm, this beam is then focused to the upper facet of the GRIN lens. The GRIN lens
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Figure 5.12 Schematic diagram of the free space setup. The fiber is just used to bring laser
on the stages and not connected to the EO probe. Reproduced with permission from [189].

68



5.3. Modification of setup and using non-pigtailed probe

transfers a smaller laser spot image (5 um diameter) from the upper facet to the lower
facet, where the crystal is glued enabling high spatial resolution for scanning. The
camera vision of wafer is provided via a dichroic mirror. A view of this setup is
shown in Figure 5.13. This configuration of the probe assembly has resolved
problems of the pigtailed-probe because it has:

- higher damage threshold as the fiber is not glued to the probe. This allows
using much more laser power which can increases the SNR for the detection.

- stabilized beam polarization due to the use of PM fiber which ensures freely
scanning of the wafer without concerning of the polarization misalignment.

Nevertheless, there are also minor disadvantages such as:

- more complexity of the setup and requirement of additional optical
components to focus the laser beam in a diameter <10 pm.

- the vision of the DUTs via a dichroic mirror which can make confusion with
reflected images. However, this can be resolved by mounting the camera in
oblique view with less visibility of the spot beam.

5.3.1 Non-pigtailed probe assembly

The new assembled probe similar to the pigtailed one consists of a LiTaOs crystal
with dimensions of 900 umx 900 pmx 50 pm mounted on a 500 pum-thick fused silica
which is glued to a GRIN lens. The GRIN lens then is placed inside an Eppendorf,
and all this combination is mounted on rotation stage (see Figure 5.13). Unlike the
pigtailed-probe, in this case, fiber is not directly connected to the probe assembly as
described shortly before (the description for Figure 5.12). The rest of the probe
functionality is similar to the pigtailed one.

Figure 5.13 The assembled non-pigtailed probe (left) and a view of the setup (right). The red
arrows show the optical path.
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Chapter 5. Electrooptic Setup

5.3.2 Examination of different crystals as probe tip

As discussed in Chapter 4, ZnTe is a crystal with theoretical minimum invasiveness
for EOS. Its real functionality is compared with X and Z cut LiTaOs. The Z-cut LiTaOs
crystal has smaller electro optic coefficient than that for X-cut (1 vs. 20). The setup
was first calibrated by a low frequency electric field measured on a 3 mm-gap slot
line with the applied voltage of 150 V modulated by 15 kHz lock-in oscillator. In this

Table 5.2 EOS at kHz range frequencies with different crystals
Equivalent detected

Crystal thiclft?e,z:a(lpm) Detec(t;ciljlgnal signal for a
50 um- thick crystal
LiTaOs (x-cut) 50 65.1 65.1
LiTaOs (z-cut), on Imm fuses
silica, HR coated on the bottom 30 7.5 12.5
side
ZnTe <110> on 0.5mm fuses 20 4 10

silica no coating

experiment, unlike LiTaOs, the ZnTe crystal contains no high-reflective (HR) coating
at the bottom facet; therefore, it is required to measure the signal at the reflecting
metallic edges. The results are summarized in Table 5.2 which confirms that the X-cut
LiTaOs is the most sensitive crystal and the good electromagnetic coupling for the
ZnTe plays a minor role. This is a good affirmative experiment for the right selection
of LiTaO3 crystal in our experimental setup.

Table 5.3 Summary of setup synchronization mechanisms

All data @10 kHz

. . Software monitoring and control Hardware ( PLL)
mixing frequency

+600 mV with a ratio

Actuator Input +600 mV with a ratio of 150 Hz/mV of 150 Hz/mV
Accuracy +200 Hz +20 Hz
M .
easur?ment with Yes Yes
Lockin-Amp.
PR No, but overn%ght measurement possible as Yes, but still bound to
lock-in follows frequency asynch.

5.3.3 Synchronization of the setup

The setup was synchronized for long time measurements. The frequency drift of the
Af signal® in the range of few kHz during several hours was observed. This frequency
drift is very slow which can be compensated in two different ways. One method is to
use a soft controlled PLL system including monitoring of the frequency drift by a

1 Resulted from the mixing of microwave signal and the laser pulse.
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5.3. Modification of setup and using non-pigtailed probe

lock-in amplifier and synthesizing its proportional error signal by a Keithley® which
is controlled by the LabVIEW software. This voltage is then given to the laser cavity
mode-lock-starter-butterfly to follow-up the Af deviations. This method is only
applicable for the case of having slow jitter. Another method of synchronization is
hard PLL controlling, by which much faster jitter can be compensated. In Table 5.3 a
comparison of these two methods is reported.

5.3.4 Setup calibration

The probe detected signal was calibrated using a 3mm-gap slot line, and the
measurement results are given in Table 5.4. The setup shows an excellent sensitivity
of 1.3 V/m and a large dynamic range of more than 80 dB. The dynamic range can
even be increased from the upper side to half voltage of the crystal but the detection
is limited by the sensitivity on the lower side.

Table 5.4 Specification of the calibrated setup

Electric field Detected EOS signal Comments
115 kV/m 150 mV Maximum observed signal
333 V/m 434 pv 1V applied on the slot line
1,3 V/m 1,7 pv Minimum detectable signal @ 1s
integration
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6. EOS Measurement of a 65-nm CMOS
NLTL

In the previous chapter, the EOS setup featured with a very good sensitivity and a
large dynamic range was demonstrated. Since the main objective of this work within
the ULTRA project is to characterize an integrated fully electronic THz (mm-wave)
transceiver based on NLTL, therefore, the devices output signal is subjected to
broadband EOS measurements.

6.1 DUT

As shown in Chapter 2, NLTL is an interesting approach of generating millimeter
and THz waves. It was also emphasized that these kinds of devices are difficult to be
characterized with electronic instrumentation due to their ultra-broad band behavior.
In contrary, they are very suitable for EOS measurements.

Tx
Antenna

Oscillator |

(CO— Ty

1 Amplifier  NLTL |

Transmitter

\

e mm— Balun/ /Sample
T T _’L_diﬁerentiator/‘

Oscillator  Amplifier Rx
Antenna

Y

Sampling

Bridge _|

Receiver

Substrate

IFy

Figure 6.1. A diagram of Aleph THz transceiver for spectroscopy. Reproduced with
permission from [46].
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Chapter 6. EOS Measurement of a 65-nm CMOS NLTL

6.1.1 All-electronic CMOS NLTL based transceiver

In the framework of ULTRA project our partners from Philips® designed a 65-nm
CMOS NLTL [46], [190] as a pilot for fully electronic generation and detection of the
THz waves with the silicon technology. This module hence can be used in imaging

=

Figure 6.2 A close-up view of Aleph transmitter

and spectroscopy for material inspection and medical applications. A general block
diagram of the system, as well as a close-up view of the transceiver module is shown
in Figure 6.1 and Figure 6.2 respectively. In the transmitter, a microwave signal from
an on-chip oscillator is first amplified and then compressed in the fall (rise) time by
an NLTL. The extreme wide-band signal hence is emitted by a broadband antenna.
Ina reflection setup, if we put a sample in the path of this wave, some of the

On-chip loads Microwave
GSG probe

o

50 Q term. T

Quasi-open
(bonding pad)

Figure 6.3 A micrograph of the die including NLTL and other devices
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6.1. DUT

frequencies can be absorbed by the sample (due to resonances of its molecular
structure) and the rest are reflected to the receiver antenna. To sample the signal, a
superheterodyne mechanism is required; therefore, an integrated oscillator in the
receiver generates a microwave signal with an offset frequency of Af with respect to
the transmitter oscillator. Similar to the transmitter, the receiver NLTL also generates
a short pulse from this signal which is then used to drive a diode bridge for time
gating of the received signal. The detected IF signal is later on processed by a DSP to
figure out the finger print of the sample or material. A full operation and detail of the
circuitry of the transceiver are beyond the scope of this work and the focus will be on
the characterization of the NLTL as the broadband hart of the systems. Therefore, the
NLTL design and performance is shortly demonstrated in the following sections.

6.1.2 The 65-nm CMOS NLTL

A micrograph of the chip is shown in Figure 6.3. It consists of different devices
including NLTLs with open and 50 (2 load terminations as well as calibrating devices
including on-chip load, short and open (LSO) terminations. A simplified layout of the
NLTL is shown in Figure 6.4 which is a grounded CPW host structure with 190
periodic sections, each of which consists of a shunt CMOS varactor.

The structure was designed in Philips simulations were performed using
Cadence Spectre®. Figure 6.5 shows the schematic diagram of this design. For
simulation of these kinds of structures, there is a lack of existing single software!
which can perform both the electromagnetic simulation as well as having a well
verified library of components (such as CMOS varactors) at mm-wave and THz

NLTL: TOP view

Input signal at around 6 GHz is injected with a probe on the left
and Output signal is measured with a probe on the right

_ 7.1 mm - - E
| L
[Th) “': g

wsg ‘ i
1 o o | ;Iﬂ'z—'g
tws 2

W,
| Dielectric

37 um

Wy

GCPW-like structure : :
GND width wg=10 um <> =varicap connection

GND-to-signal width wsg=20 um .
Signal width ws=3 um Cross setion

Si Substrate

Figure 6.4 Top and cross section view of the NLTL lay out. The figure adapted by author
from the ULTRA project internal reports.

1 At the time of writing this dissertation.
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Chapter 6. EOS Measurement of a 65-nm CMOS NLTL

Figure 6.5. Schematic diagram of the NLTL periodic sections. Reproduced with permission
from [190].

frequencies. Since the Cadence Spectre® is incapable of carrying out full-wave
electromagnetic simulations for the transmission lines; therefore, the host CPW was
simulated with IE3D® software and imported as a block into the Cadense Spectre®,
and hence, combined with varactors to form an NLTL unit cell as shown in the
schematic of Figure 6.5. The full schematic diagram of the design consists of 190
NLTL unit cells. The host passive CPW has a characteristic impedance of 82 €, but
the complete NLTL, by loading varactors, will show 50 Q and therefore, it is matched
to a microwave signal generator impedance.

.'I — -Vin —\Vout

l 10 S N P
1 -~Simulation

=
2
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5 | S 10
B 1 v g
8 \ g 20
3 5

-2 | g 30

3 °©
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-4 l ................... = -50

0 50 100 150 200 6 18 30 42 54 66 78 90 102 114 126 138 150 162

Time (ps) Frequency (GHz)

Figure 6.6. The NLTL simulation and microwave probing measurements results. The left
side shows simulation in the time domain and how NLTL sharpens the fall time of the input
signal. The input is a 6 GHz with 18 dBm of power signal. Reproduced with permission
from [190].

The peak voltage of the generator before source impedance of 50 Q) is set to 4
V; hence at the input of the line, after 50 () impedance of the voltage source, the peak
is 2 V. The input is a sine wave whose frequency can vary from 6 GHz to 10 GHz
and even go higher. The inductance of varactors, due to its negligible effect was
excluded from the simulations. Figure 6.6 show the time and frequency domain
simulation results of the NLTL as well as microwave contact probing measurements.
The microwave signal by passing through each NLTL section is getting sharper in the
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6.2. EOS measurements

fall time and forms a quasi shock wave!, or in other words, generating harmonics. It is
notable to mention that, reaching THz frequencies by CMOS is very optimistic and
the lack of having precise models for the CMOS varactors at mm-wave and THz
frequencies may lead us to inaccurate result.

6.2 EOS measurements

The NLTL was characterized by the EOS setup and the following measurements

were performed.

6.2.1 Longitudinal scan

A 50 Q) terminated NLTL was fed by 18 dBm power of a microwave signal at 10 GHz,
and the device output signal is measured. The IF? signal is set to 10 kHz therefore, up
to 24" harmonic which is limited by the lock-in input frequency range (i.e. 240 kHz
lock-in bandwidth ) can be measured. The 24" harmonic or in other words, 240 kHz
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Figure 6.7 Measurement at the beginning, middle and end of a 7.1 mm long NLTL

signal at the lock-in is a true translation of 240 GHz from the DUT. One may select
this IF at a lower frequency to enable scanning more harmonics with the lock-in, but
the flicker noise from the laser, for the IF below 10 kHz, hampers this achievement.
The result of this scan for the beginning, middle and end of the NLTL, as well as the
shot noise level of the system are shown in Figure 6.7. The error bars in the graph
reveal a large standard deviation or decrease of SNR by increasing the harmonic
number (frequency). The highest field for the first harmonic is located at the beginning
of the line (close to generator and microwave GSG probe) and by approaching the
end, conversion of this power to higher harmonics can be seen. However, at some
harmonics, the signal at the beginning of the line is stronger than that at the middle
or end. With the observed large amount of deviation (error bars) the signal falls into

1 See NLTL in Chapter 2.
2 Af from the photoconductive switch of the setup shown in Chapter 5.
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Chapter 6. EOS Measurement of a 65-nm CMOS NLTL

the shot noise level. The shot noise for a balanced photo diode detector can be
calculated from [191] given by

“’SN = J2 x 2ql, A/NHz

where @ , B, q and Io are average RMS current of the shot noise, measurement
bandwidth, elementary charge and current of each photodiode respectively. The
factor 2 in both sides of the equation represents the current for two balanced
photodiodes in the setup!. The current of each photo diode is measured at 450 pA
and taking into account the current amplifier gain of G= 10° hence, the shot noise
equivalent voltage at lock-in yields Vgpot noise = 10° X 24/qly = 1.7 X 1077 V/VHz and
based on setup calibration data, it is translated to an electric field equal to 0.13 V/m.

6.2.2 Transversal scan

At the end of the line, where the load is located, transversal sampling scan was
performed in incremental steps of 10 um, while the probe tip was placed 10 pum
above the DUT. With an acceptable SNR, the measurements were limited up to 10*
harmonics (100 GHz). As depicted in Figure 6.8, a remarkable asymmetry in the
electric field distribution around the signal line is observed. For harmonics more than
4™, the signal peak shifts from the right side to the left side which can be interpreted
as frequency dependent field distribution on the NLTL. Notably, even far at 400 pm
lateral distance from the NLTL signal line, the signal still can be detected. This is
resulted from the small distance between neighboring devices on the wafer die which
induces crosstalk. A guess for the field asymmetry was attributed to the asymmetric
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Figure 6.8 Transversal scan of a 50 Q terminated NLTL (left) and the mechanism of the
scan (right). Hi , where i=1,2,3,...is an indication for harmonic number i. The reference
position (0) is the center of CPW (signal line).

1 See the schematic of the setup in Chapter 5
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Figure 6.9 Transversal scan of an on-wafer linear transmission line (LTL) with identical
dimensions to the host CPW of the NLTL. Hi , where i=1,2,3,...is an indication for
harmonic number i. The reference position (0) shows the signal line of the CPW.

arrangement of varactors to one side of the CPW signal line, but our measurement
for a symmetric design also shows this field asymmetry. Alternatively, a suggestion
was to check the influence of vias which are incorporated on a CPW for feeding
varactors. For this reason, a linear CPW line on the chip with identical design to the
NLTL but including no varactors and vias, was subjected to scan. The results of these
measurements are shown in Figure 6.9. Evidently, in contrast to the NLTL
measurements, the field distribution is symmetric around the signal line, and
apparently, there is no signal for the harmonics as it has to be. This field distribution
intensifies our guess that the field asymmetry can be caused by the vias with a length
of about 10 um which is comparable to the CPW structure dimensions (signal strip
width of w= 3 um and slot s= 20 um). These vias with vertical current distribution
can change field distribution of CPW and consequently perturb the line propagation
modes.

6.2.3 Vertical scan

To investigate on the strength of the DUT, the vertical scan (in the z-direction) at the
end of the NLTL was performed. In these measurements, the EO probe tip was lifted
up in 5 um steps and the detected signal amplitude was measured. Figure 6.10
depicts results of this vertical scan. The graph shows the measurement in a linear (left
axis) and log scale (right axis) at the 10 GHz fundamental. An evanescent field decay
of approximately 20 dB/50 um can be observed.
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Figure 6.10 Vertical scan of the NLTL performed by lifting up the EO probe tip from the
NLTL in 5um steps. The graph shows the actual measurement in linear (left axis) scale and
normalized in log scale (right axis)@10 GHz. The measured data are normalized to the
maximum detected signal @ 5u distance of the EO probe from the device.

6.3 Simulation of a linear transmission line structure

As it was shown in Figure 6.7, for the 10 GHz fundamental, the highest detected
electric field! at a perpendicular Z distance of = 5 um from the DUT is around 4800
V/m which is seen at the beginning of the line. On the other side, the NLTL CPW slot
width is 20 um and by applying a 16 dBm power microwave signal, considering a 50

1000Hm 10apm

Figure 6.11 Top view of the simulated LTL including vias and LiTaOs crystal placed at a
level of 5um above the structure

! Tangential component of the field between signal and ground line of the NLTL CPW
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6.3. Simulation of a linear transmission line structure

Q) impedance for the NLTL, the expected RMS voltage is 1.41 V. With a rough
calculation, this leads to E= 1.411/20 um= 70.5 kV/m which is about 15 times larger
than our measured value. To investigate this issue, and figure out if there is any
frequency dependency for the radiated electric field of the device, passive structure!
of the NLTL was simulated with the finite element based ANSYS-HFSS®
electromagnetic simulator.

6.3.1 The simulated structure

This structure, which here is called LTL?, is a CPW with vias just like the NLTL, but
excluding the varactors. The simulation also takes into account real measurement

Figure 6.12 The cross section of the simulated structure and vias configuration. W5=20
um, WG=10 um, S=3 um, h=10 um and the distance between two sequential vias is
100 pm.

Figure 6.13 Total (tangential + normal) radiated electric field from the structure. Inside
the crystal the field is much weaker than that in outside due to the high permittivity of the
crystal and less electromagnetic coupling from the air.

1 CPW including no varactor but vias
2 Linear Transmission Line
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Chapter 6. EOS Measurement of a 65-nm CMOS NLTL

conditions in presence of the detecting LiTaOs probe which is held above the device.
The structure is consisting of:

e A CPW transmission line with dimensions identical to the fabricated NLTL:
e.g., WG=10 pm, S= 3 pum, WS=20 um, h= 10 um except a shorter length of
1 mm instead of actual 7.1 mm which is chosen to reduce the simulation run
time.

e A LiTaOs electro-optic crystal with =41 and tand=0.00001 is placed 5 um
above the structure to include the invasiveness of the probe in the simulation.

e Vias with the identical dimension of the fabricated NLTL but in larger
intervals to simplify the structure and to reduce the simulation run time as
well. The distance between two vias is 100 um, and there is a gap at the end of
each via (close to the back ground plane of the CPW) to represent the vacant
position of varactors.

e The simulation is performed with a finite ground plane.

Figure 6.11 and Figure 6.12 show the top view and the cross section of the simulated

structure respectively.

6.3.2 The simulation results

A full-wave analysis of the structure at 10, 50, 90, 130, 170 and 210 GHz was
performed using ANSYS-HFSS®. Assuming a fundamental frequency at 10 GHz, this
simulation shows the behavior of the structure at 5t, 9th, 13th 17t and 21st harmonics.
The applied voltage at the lumped input port for all harmonics is set to 1V.
Figure 6.13 shows the simulated radiated electric field of the structure. It can be seen
that due to the large permittivity of the LiTaOs (e= 41) crystal, the penetrated field
inside the crystal is much weaker than that in air. This fact reveals that the field
attenuation inside the crystal must seriously be considered while compared with the
measurement results.

A simulated tangential electric field (Ey) of the structure is also shown in
Figure 6.14. The scan is in the Y direction (the coordination of Figure 6.13). At each Y
position, the field is integrated and averaged over 50 um electro-optic LiTaOs crystal
thickness in the Z direction. It can be observed that except at 130 GHz which might
be a resonance frequency for the structure, the electric field for the higher frequencies
is larger than that at the fundamental frequency.

An explanation for this observation can be attributed to the radiation or
antenna effect of the structure. In other words, for the smaller wavelengths, the
structure tends to be a bigger antenna. For example, the wavelength inside the crystal

with & = 41 at f= 210 GHz yields A, = %ﬁ = 223 um while the lateral size of the

structure, which is the distance between two outer edges of the CPW ground strips,
is 63 um. This size is larger than A, /4, which is a size of monopole antenna.
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Figure 6.14 Simulated tangential (Y component) electric field inside electro-optic LiTaOs
crystal placed 5pm above the structure.

In Figure 6.15, a comparative simulation is shown for the structure in the
absence! of LiTaO:s crystal. It can be observed that the field in air is roughly one order
of magnitude larger than that inside the LiTaOs crystal. This is also shown in dB scale
in Figure 6.16 showing approximately a 20 dB weaker field inside the crystal than the
radiated field in air. Excluding this attenuation factor for the field inside the crystal,
the behavior looks pretty similar except a little deviation at 90 GHz which might be
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Figure 6.15 Simulated tangential electric field for the structure in the absence of LiTaOs
crystal

1 The crystal is replaced by air.
83



Chapter 6. EOS Measurement of a 65-nm CMOS NLTL

] —a— Air
" /\-\ﬂ_ﬁ/

210

'
o
P |

15
220 4
25 ] /\\/

-30 T T T
0 50 100 150 200

Normalized Electric Field [dB]

Frequency [GHz]
Figure 6.16 The electric field attenuation as a function of frequency inside a 50 um thick
LiTaOs crystal which is placed 5um above the structure. Air refers to the case for the
absence of the crystal.

caused by an unknown structure resonance. Based on these simulation results one
order of magnitude weaker electro-optic signal from the roughly calculated electric
tield is expected as seen in the measurements.

6.4 Comparison between simulation and measurements

6.4.1 Transversal scan

Figure 6.17 shows comparison between simulation of the averaged electric field
inside a 50 um thick electro-optic LiTaOs crystal and the EOS measurements at the
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Figure 6.17 Simulation of the averaged electric field inside a 50 um thick electro-optic
LiTaOs crystal placed 5 um above the NLTL and compared with the recorded EO
measurements @ 10 GHz.
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10 GHz fundamental. The comparison demonstrates nearly a good agreement
between the simulation and the measurement inside! the structure region. However,
outside the structure the deviation is large. This can be attributed to crosstalk from
the neighboring devices on the wafer. Moreover, it must be notified that each
measurement point is the average of the electric field inside the laser beam size
(approximately 15 um) and this was fully considered and adapted in the simulation
results.

6.4.2 Vertical scan

The diagram of Figure 6.18 shows a simulated vertical scan of the evanescent electric
tield inside the LiTaOs crystal at 5%, 9th, 13t 17t and 21t harmonics of the 10 GHz
fundamental frequency. The scan range is from 5 to 50 pum along the Z-direction. The
simulation reveals a decay of approximately 30 dB for the evanescent electric field
inside the LiTaOs crystal at 10 GHz. This decay varies slightly for the higher
harmonics due to more radiation from the structure, as already discussed. A
comparison between measurements of Figure 6.10 and these simulation results
shows 10 dB of less decay for the measurement which can be caused by the crosstalk
of other structures on the wafer which are not included in this simulation.

6.5 Measurement of an NLTL terminated with an on-chip antenna

Within the ULTRA project, two different solutions for implementing an antenna
integrated with an NLTL were planned. One approach was to use a monolithic
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Figure 6.18 Simulated vertical scan of the evanescent electric field inside the LiTaOs crystal
@ 5%, 9™ 13, 17" and 21" harmonics of a 10 GHz fundamental frequency.

1 The term “Inside structure” refers to the lateral distance between outer edges of two ground strips.
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Chapter 6. EOS Measurement of a 65-nm CMOS NLTL

solution where the antenna is integrated with an NLTL on a single CMOS chip and
therefore, inter-chip connections, which are usually the challenging issues at high
frequencies, can thereby be avoided. On the other side, the on-chip antenna needs a
large area on the CMOS chip, and dramatically increases the cost of fabrication.
Therefore, a solution using an external Vivaldi antenna (see Figure 6.2) was
scheduled separately and integrated with NLTL chip via an inter-chip connect.

The monolithic antenna solution, the so-called extremely wideband (EWB)
wine shaped slot antenna on a 725 um thick low resistivity silicon (10 Q=cm)
substrate was analyzed in [192] and its micrograph is shown in Figure 6.19. This
antenna features omnidirectional radiation patterns over the operation frequency
range [4], however, its radiation suffer from high losses and unwanted substrate
modes in the silicon substrate. As the output power of the NLTL at higher
frequencies is very small, therefore, an antenna with an improved performance is
required. This was a reason that Vivaldi off-chip antenna was preferred in the final
fabrication of the transmitter.

Nevertheless, EOS measurements for the monolithic antenna were also
performed. The intention for choosing this antenna is not to measure its radiation
pattern or efficiency, but to detect larger radiating field of the NLTL at higher
frequencies and increase SNR. Accordingly, the results are also demonstrated in
Figure 6.19. The intensity of the detected electric field over the antenna at 10 GHz
(main harmonic) is 6 times larger than that for the NLTL terminated with a 50 Q on-
chip load. This is a convincing reason that in the next measurements, most of the
results are performed for this device. Moreover, it can be seen that after the 12
harmonic (120 GHz) the signal hits the shot noise floor.
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Figure 6.19 The On-chip antenna (left) and its measured electric field (right) up to 240 GHz.
Error bars show standard deviation.
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7 . Measurement Challenges, Errors, and
Jitter

In the previous chapter, primary measurements of the NLTL with the EOS were
shown. In this chapter, first EOS results are compared with electronic measurements
and then it is tried to figure out the errors and challenges. Jitter in the system is
studied, and synchronization techniques to explore solutions in reducing the
measurement errors are explained.

7.1 Measurement errors and challenges

EOS measurement results can contain unforeseen artifacts and errors and hence,
there is a need for their verification. While the errors and challenges are recognized,
one can look for solutions to enhance the EOS setup performance. To this end, it is
good to take a closer look at the NLTL measurement results firstly.

7.1.1 Comparison of EOS with electronic microwave measurements

Figure 7.1 shows a micrograph of a two-port NLTL under measurement with GSG
microwave probes. In this mechanism, one GSG coaxial to coplanar probe feeds the
NLTL at the input port, and the output signal is collected by another probe and

hence, given to a microwave spectrum analyzer. There is a difference between this

Microwave

Bonding pad for microwave measurement GSG probe

/

50 Ohm term.

Load on-chip loads
Quasi open

Figure 7.1 A micrograph showing how two GSG probes can measure the signal of the
NLTL. The terminated line is used for the EOS and single port microwave measurements.
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Chapter 7. Measurement Challenges, Errors, and Jitter

microwave approach and EOS as in this probing, we detects the output power of an
NLTL with a matched and calibrated GSG probe while the EOS measures the
evanescent electric field from a 50 () terminated NLTL. For the EOS, firstly, the
evanescent field distribution over the line as a function of frequency has to be known.
This was investigated by simulation as shown in the previous chapter that radiation
at higher frequencies can gain from the structure antenna effect. Although this is
important, it does not significantly influence harmonic measurements as it gives a
maximum 4 dB of gain at 21t harmonics in comparison to the fundamental.
Therefore, all power calculations are performed by neglecting this effect. Secondly,
unlike microwave probing, the EOS does not discriminate between the transmitted
and the reflected wave in case of having a mismatch on the NLTL at a specific
frequency. To quantify this impact, further measurements of the signal propagation
along the line with the investigation of the standing wave contributions inside the
NLTL is necessary. This is explained in detail in Chapter 9. Despite these differences,
both microwave and EOS collected data can anyhow be compared by considering a
fully impedance matched NLTL, and converting the tangential electric field
component to its equivalent voltage and power on the CPW structure.

Since the microwave measurements’ were performed at 6 GHz input
fundamental frequency with 16 dBm of power, therefore, the EOS also carried out for
the harmonics of this frequency. It is notable to say that to overcome the cable losses
and deliver the proper amount of power to the input port of the NLTL; it was
necessary to amplify the microwave signal.

Figure 7.2 depicts the EOS measurement at the end of a 50 Q) terminated line
in comparison to the microwave GSG probing up to the 30" harmonic (180 GHz). A

10 —O— Electrooptic sampling for a Terminated NLTL

—@— Microwave measurement for a Two-port NLTL

NLTL signal [dBm]
I
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Figure 7.2 A comparison between electronic microwave measurement of an open line for the
microwave probing and an EO sampling for a 50 € terminated line up to the 30" harmonic
(180 GHz) of a fundamental Input signal @6 GHz and 16 dBm of power.

1From ULTRA project partners
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7.1. Measurement errors and challenges

good agreement between these two measurement methods until the 5" harmonic
(30 GHz) can be observed and after this point deviation increases with increasing the
frequency. For a meaningful comparison of the results, this issue has to be resolved
in further investigations.

7.1.2 Self-reference detection using spectrum analyzer vs. lock-in amplifier

Since a large deviation between EOS and microwave measurements, in particular for
harmonics higher than 5% was observed, it is tried to investigate on the
downconverted signal of the NLTL i.e., after photodiode detection in the setup.
Instead of using a lock-in amplifier, this signal is measured by a baseband (kHz
range) HP35665A spectrum analyzer. This instrument is featured by a large dynamic

Laserl’\ rligh Pas fiter Spectrum analyzer
beam

:
Input

Triggere)
Figure 7.3 Schematic diagram of spectrum analyzer detection setup. The signal also is used

1

Balanced photodiode
detection and
amplification

as trigger to form self-reference detection.

range of more than 100 dB and a bandwidth up to 100.2 kHz. Figure 7.3 depicts a
schematic of the modified detection scheme using the spectrum analyzer in the setup.
In this configuration first the output signal of the balanced detector!, used in the EOS
measurement setup, is given to an analog Butterworth highpass filter with a cutoff

Figure 7.4 Downconverted replica of the NLTL output signal. The device is driven @
10 GHz with 18 dBm of power. The compression of the signal rise time demonstrates the
functionality of the NLTL.

1 For more detail of detection, see full schematic of the setup in Chapter 5.
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Figure 7.5 Measurement of NLTLs with three different detection methods including
microwave probing, auto reference EOS with a spectrum analyzer, and EOS with a lock-in
amplifier. The NLTLs are fed by 18 dBm @10 GHz fundamental. After the 5 harmonic the

lock-in measurements deviates from the other methods.

frequency of f= 3.5 kHz and 48 dB/decade roll-off. The filter strongly blocks the DC
background signal and the flicker noise, enabling to use an IF smaller than 10 kHz(
typically 5 kHz). This allows envisaging more harmonics on full span 102.4 kHz
bandwidth of the spectrum analyzer. This signal, after amplification of 20-40 dB is
given to both the input channel and the external trigger of the spectrum analyzer to
have a so-called self-reference detection scheme.

This down converted NLTL signal also on the oscilloscope as depicted in
Figure 7.4 shows a amplitude of 3.3 Vpp. A compression in the rise time (faster the
slew rate) of the sine wave is resulted from the voltage-dependent wave velocity on
the NLTL, caused by varactors. The sine wave deformation, including the time
compression, the deceleration of positive peaks and acceleration of negative peaks,
are interpreted as the generation of higher harmonics in the frequency domain.

Figure 7.5 compares three different measurement methods used within this
project including microwave probing, EOS with lock-in amplifier detection, and EOS
with spectrum analyzer. To draw a conclusion, the measurement for the lock-in
reveals the same behavior observed in the previous measurements, and there is again
a big deviation between this approach and the other methods for the frequencies
nearly above 60 GHz (6" harmonic of the fundamental 10 GHz and higher).
Furthermore, the graph also reveals that in a measurement up to 200 GHz, the other
two measurement methods are also in a very good agreement. However, after 110
GHz (11 harmonic) no electronic measurement was available at the time of
measurement. Due to this fact, the reason for the measurement deviation can be
attributed to the working procedure of the lock-in amplifier. The lock-in detection
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7.1. Measurement errors and challenges

error can also be increased by the system timing jitter which increases with the

harmonic number.
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Figure 7.6 Measurement of the NLTL downconverted signal with a baseband spectrum
analyzer. After 20" harmonic (equal to 200 GHz at the RF level) the measurement hits the
system noise level. There is an artefact at 88 kHz due to an oscillation of the high gain

baseband current amplifier.
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Figure 7.7 The spectrum of the output signal of the baseband current amplifier without
any input signal (@node 1 in Figure 7.3). Oscillations from the amplifier are observed at
40, 88 and 108 kHz.
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Chapter 7. Measurement Challenges, Errors, and Jitter

Although due to system timing jitter the measurement with the spectrum analyzer is
more reliable and fits better to the microwave probing, unfortunately, its bandwidth
is limited by the noise level. The noise level drastically increases due to the
significantly larger measurement bandwidth of the spectrum analyzer. In this
scheme, the bandwidth is 102.4 kHz and compared to the lock-in BWlioeckin=10 Hz
(for TC'=100 ms), 40 dB of the higher noise level can be expected according to

N, BW.
Spec.Analyser — ZOIOg( Spec.Analyser )
Nlock—in BWlock—in

This relative noise is calibrated at the level of -35dBm and shown in
Figure 7.5. The increase of the noise level deteriorates the sensitivity and dynamic
range of this method and strongly limits the system detection bandwidth. This
situation can apparently be seen from Figure 7.5 as at 200 GHz (20* harmonic) and
beyond, the signal goes under the level of the noise floor. The spectrum of the
detected signal is also depicted in Figure 7.6. This time, to view all harmonic on full
span of the spectrum analyzer, the reference signal which corresponded to the
fundamental is set to 5 kHz. The observed peak at 88 kHz assumed to be an artifact.
To prove this, the output of the current amplifier is measured by another wideband
spectrum analyzer (Advantest R3131A) while the NLTL is disconnected from the
microwave generator and there is no reference signal. The result is shown in
Figure 7.7, and at 40 kHz, 88 kHz, and 108 kHz we have oscillations of the current
amplifier. The peak at 108 kHz fortunately, is out of the measurement range of the
baseband HP35665A spectrum analyzer. Notably, the oscillation at 40 kHz is small in
comparison to signal and hence, dissolves into the measurement signal.
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Figure 7.8 A sketch to illustrate measurement of a jittery signal with the lock-in

amplifier

I Time-constant
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7.1. Measurement errors and challenges

7.1.3 Investigation on errors in lock-in measurements

The observed error with the lock-in amplifier detection can be caused by the timing
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Figure 7.9 Frequency drifts of the detected signal due to the timing jitter. The higher
harmonics are shifted downwards during 3 seconds of the scan time of the spectrum
analyzer. Evidently, at 52 kHz, which is the theoretical position of 4" harmonic of 13 kHz
fundamental, no signal exists.

jitter between the microwave signal and the femtosecond laser pulse. In Figure 7.8
the mechanism of measurement signal with lock-in amplifier is sketched assuming
that the signal is jittery. In this situation, the lock-in amplifier detects the signal with
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Figure 7.10 The averaged NLTL down converted signal. [itter broadens the spectrum at
higher harmonics.
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Chapter 7. Measurement Challenges, Errors, and Jitter

some random phase which deteriorates the true sample value, especially by
integration or averaging. In a worst case, the random phase shift becomes
comparable with the period of the signal. Therefore, the lock-in detection results in a
zero mean value averaging.

7.1.4 Jitter in the frequency domain

To investigate this hypothesis, measurements of the downconverted NLTL
harmonics within a 3 second scan period were performed by the Advantest R3131A
spectrum analyzer as depicted in Figure 7.9. To reduce the laser flicker noise, the
reference baseband signal! frequency was increased and set to an arbitrary value of
13 kHz. It can be seen that at 52 kHz, which theoretically equals the 4 harmonic of
the 13 kHz fundamental, no signal exists, but instead, the real 4" harmonic is shifted
5 kHz downwards. This frequency shift occurs during the 3 second of the spectrum
analyzer scan time and shows the timing jitter of the signal. This circumstance for
measurements with the lock-in amplifier (with detection bandwidth of 10 Hz) is
extremely critical and causes large errors as demonstrated before. Furthermore,
Figure 7.10 shows 100 averages of the signal recorded with the baseband HP35665A
spectrum analyzer, to investigate the influence of jitter on signal averaging. As it can
be seen, during averaging time the shift of the frequency for higher harmonics also
broadens the harmonic bandwidth.

7.1.5 Jitter in the time domain

Figure 7.11 shows one period of a Schmidt triggered 10 kHz down converted
fundamental 10 GHz signal on the oscilloscope depicting 7 picosecond of time jitter.

fundamental cycle=100ps

Figure 7.11 The timing jitter of the IF beat frequency (10 kHz) resulted from mixing of the
laser repetition rate and a 10 GHz signal with a photoconductive switch. The yellow arrows
show the RF translation of the signal. Approximately 7% of jitter in comparison to 100 ps
period is observed.

! The signal at node 2 in Figure 7.3 which is a downconverted signal of the NLTL.
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7.1. Measurement errors and challenges

This jitter is accumulated during one scan cycle (100 ps) of the oscilloscope. Since the
signal is a true baseband replica of the microwave fundamental at 10 GHz, its
equivalent RF time scale is shown in picosecond on the oscilloscope. For the higher
harmonics this amount of jitter is multiplied by the harmonic number and becomes
very comparable to the period of the signal resulting in larger measurement errors.
This kind of jitter, which is a disharmony between the microwave signal and the laser
repetition rate, is the dominant source of the errors as was also previously reported
in [193]. A significant effort is required to resolve fast-variant jitter to enable high
sensitivity lock-in detection over the full bandwidth of the EOS system. Later on, in
this and next chapter this challenge is more demonstrated in detail.

7.1.6 Characterization of the lock-in amplifier errors

To characterize other probable errors in harmonic measurements with the lock-in
amplifier, measurements using a so-called clean and almost jitter-free square wave!
signal with the amplitude of 50 mV at 3 kHz were carried out. The resulted data in
comparison with spectrum analyzer measurement is shown in Figure 7.12. The
diagram reveals a good agreement between these two methods up to the 21¢
harmonic, and for even harmonics after 22, a difference of approximately 10 dB
appears. Apart from this no significant deviation between measurements with the
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Figure 7.12 Comparison between lock-in amplifier and the spectrum analyzer
measurement to characterize the lock-in malfunctioning. The input signal is a clean and
almost jitter-free reference square wave at 3 kHz. There is a good agreement at most
harmonics. However, after 66 kHz (22" harmonic) there is a 10 dB of difference at -80
dBV signal level.

1 From a commercial signal generator
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Chapter 7. Measurement Challenges, Errors, and Jitter

lock-in amplifier and spectrum analyzer is observed. From this test it can be
concluded that the errors are resulted from the jitter of the downconverted NLTL
signal and not the lock-in response malfunctioning.

7.2 Synchronization techniques

In the previous sections, it was mentioned that jitter in the system can drastically
reduce the EOS measurement bandwidth. It was also noticed that whenever the
signal is jittery, the lock-in as a narrowband detector measures with large errors, in
particular at the higher harmonics. In the following sections, common techniques to
minimize jitter in the system are explained and in the end, a novel method which
significantly improves the EOS performance of is introduced.

7.2.1 Free-running EOS system

In this case, no synchronization mechanism is used, and the system is running freely.
For low-frequency microwave measurements and depending on the generator and
laser phase noise, this system can be used, however, by increasing the frequency and
in particular for the case of NLTL, where measurement at harmonics is needed, its
performance significantly degrades. If the signal is too jittery, the lock-in cannot lock
and due to frequency shift it hampers the efficient averaging of the signal.

7.2.2 Microwave Master- Laser Slave (MM-LS)

In this scheme, as schematically shown in Figure 7.13, using a photo switch, the
reference Af (beat signal between the microwave fm and a harmonic of the laser
repetition rate fr) is given to a PLL system and lock with an external reference IF ( f:).
The error signal from the phase detector of the PLL is then given to a motor which
rotates butterfly inside the laser cavity. This rotation slightly changes the laser cavity
length by making an angle between the laser path and the butterfly rod axis. This

L Pump laser
Mirror
Butterfly ;ganrgigle cavity length
) 7
f_) Ti:Sapphire goltgluetr
oo | Femtosecond laser cavity
PLL Af fi
|
% é photo f
r|_>|-£ gg’;ﬁar @ fr switch m

Figure 7.13 Schematic diagram of MM-LS synchronization
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variation of the cavity length pushes the repetition rate of the laser to follow-up the
microwave frequency synthesizer. Another approach of controlling the cavity length
can be realized by mounting the laser output coupler on a linear piezo stage as
addressed in [131]. However, this approach is more complicated and needs a high
voltage control unit for the piezo. Since the system is electromechanical, it is slow
and fails to fully follow-up a jitter faster than the system reaction time. Furthermore,
ripples from a laser noise on the reference signal of the photoconductive switch can
make overshooting of the system or unlock after a certain time. It is worth to mention
here, that the error signal of the PLL instead of driving piezo controller can also be
given to the butterfly vibrator of the femtosecond laser cavity.

7.2.3 Laser Master- Microwave Slave (LM-MS)

An alternative to the MM-LS synchronization is to lock the microwave synthesizer to
the laser repetition rate by configuring the laser as a master oscillator and the

Microwave synthesizer

10 MHz
Laser = +38 2 Mz PLL

76 MHz I:
+5

Figure 7.14 Schematic diagram of the LM-MS synchronization system

LEX. Ref RF out @

microwave synthesizer as the slave (LM-MS) which was reported in [145]. In this
scheme the external reference signal (trigger) for the microwave synthesizer is
derived from the laser repetition rate.

To illustrate an example, for the laser repetition rate tuned at 76 MHz, by
dividing it to 38 using a programmable pre-scaler and additionally multiplying by a
factor of 5 with a PLL, a 10 MHz reference signal can be achieved. This configuration

=% Ty

¢ Division integer select

%10 BATA SELT FOR PROCRANNG

Figure 7.15 The pre-scaler circuit board used in the LM-MS configuration.
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is shown in Figure 7.14. As our microwave synthesizer from Rohde & Schwarz can be
synchronized with an external reference between 1-20 MHz in 1 MHz steps, our
setup did not need the PLL stage. Therefore using a pre-scaler shown in Figure 7.15
with the division ratio of 19, the system can be locked at a 4 MHz (76:19) reference.
To evaluate its functionality, the photo switch output signal (@10 kHz) was
monitored while the system stayed synchronized and a frequency stability drift of
14 Hz was measured for several hours. Under these circumstances, the NLTL
measurement performed again and compared with the free-running results as shown
in Figure 7.16. Although the synchronized signal has a gain, of 7 dB for instance at
the 8" harmonic, a large deviation still we have with the real microwave
measurements values and hence, it cannot fulfill our requirements as a
synchronization system.

7.2.4 Laser Master- Laser Slave (LM-LS)

This method which to the best of our knowledge is the newest introduced in EOS,
uses the laser as both source and sampler. Since this technique is quite novel and

very efficient in comparison to other methods, it is explained in detail in next chapter.
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Figure 7.16 A comparisons between NLTL measurements with LM-MS synchronized
setup (locked) and free-running with lock-in (unlocked: locked with jitter) signal. Despite
less jitter, no significant gain with the LM-LS is achieved.
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8. Laser Master-Laser Slave

Synchronization

In the previous chapter, common techniques of EOS synchronization and especially
two conventional methods called Laser LM-MS and MM-LS were described and it

A Femto second Balanced A| Femto second Balanced

Laser detector Laser detector
tol ¢ ]
Synchronization B B!
clr(:|try "'In vin
A _Lock-in amp /®— R Lock-in amp
g Ref Microwave IF 50kHz EQ
probe from IFin probe
OUt a m 18SEr Ut ey a @@
Microwave Gen. DUT RF+IF DUT

mm FElectrical signal
mm Laser path
M: mirror
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(a) MM-LS DUT. device under test (b) LM-LS
WP:Wollaston prism
EO: electrooptic
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Figure 8.1 Electrooptic sampling (a) a conventional MM-LS (LM-Ms) setup with PLL
synchronization, (b) the LM-LS setup with a synchronization technique, whereby the laser
itself generates the microwave signal directly, without a PLL loop, and (c) a detailed
schematic of the LM-LS setup with the mechanism of generating microwave signal from
laser to drive DUT. Reproduced with permission from [200].
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Chapter 8. Laser Master-Laser Slave Synchronization

was shown that they have insignificant gains in the detection of the NLTL signal at
higher harmonics. For the MM-LS, it was emphasized that the electromechanical
system of the laser which is controlled by a PLL is slow and cannot follow-up fast
variation of a jittery signal. On the other hand, our measurement with the LM-MS
did not show a significant change in comparison to free-running. With this regard,
exploring a better and robust solution, capable of coping with the both slow and fast
jitter is favorable. In this chapter, a new approach to resolving this long lasting
problem in EOS is presented. With this approach, the relative jitter between the
sampled electric signal and the sampling optical pulse is eliminated. The presented
system is applicable in the characterizing of active (passive) mm-wave and THz
circuits while they are under real operation e.g., with CW excitation.

8.1 Mechanism of LM-LS synchronization

To highlight the differences of LM-LS in comparison with this method, a simplified
schematic diagram of MM-LS setup is portrayed in Figure 8.1 (a). In this system, the
ultrafast DUT is driven by an external microwave signal generator and the EO probe
samples the electric field of the circuit. As experimentally shown in Chapter 7, due to
the slowness of the PLL synchronization system, the relative time jitter between
microwave generator and the femtosecond laser pulse restricts the system
measurement bandwidth. In the previous chapter, it was also mentioned that the
presence of the jitter broadens the IF signal peaks in the frequency domain and
hence, resulting in larger variation of the signal in comparison to a lock-in
measurement bandwidth. This problem is a big challenge for the NLTL
measurements and in particular hampers detection of the most attractive and
valuable data at higher harmonics. One can imagine that 1% of jitter at the
fundamental can be linearly enhanced to n% at n* harmonic.

Alternatively, a new synchronization mechanism, so-called LM-LS is proposed
here and the schematic of the setup is shown in Figure 8.1 (b). In contrast to the MM-
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Figure 8.2 The microwave cavity filter and its frequency response. Figure from the device
datasheet.
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8.1. Mechanism of LM-LS synchronization

LS or LM-MS, here the laser itself provides a microwave signal to be fed to the DUT.
Accordingly, as seen in detail in Figure 8.1 (c), a beam of the femtosecond laser pulse
turns on a fast photodiode (with a BW.aa= 3 GHz) and generates a comb of
harmonics from the laser pulse repetition rate (typically 75 MHz). By choosing a
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Figure 8.3 Phase noise for the laser generated signal (left) and Rohde & SFM 100 low phase
noise signal generator (right).

harmonic typically close to 10 GHz and after amplification, it is then fed to the DUT.
A significant advantage of this approach is that the PLL loop can fully be eliminated.
To separate the 10 GHz harmonic from the comb, a rather sharp tuned microwave
cavity filter with a quality factor of Q=200 is used. As shown in the frequency
response of Figure 8.2, this filter is capable of selecting the 134t harmonic of a typical
75 MHz laser repetition rate and rejects the lower and upper harmonics (f.+75 MHz)
with approximately 55 dB of attenuation. Since by tuning the laser cavity length, the
pulse repetition rate can precisely! be adjusted in the range of 75-76 MHz, therefore,
it is possible to use an arbitrarily tuned filter and flexibly shift the desired harmonic
to the filter center frequency. The level of this laser generated microwave signal,
immediately after the filter, was measured at -55 dBm using a Tektronix 2755P
spectrum analyzer. The signal hence was amplified to a desired level with the aid of
an LNA and a chain of cascaded microwave amplifiers. As shown in Figure 8.3, the
phase noise of this signal is very low and comparable to a signal from an SMF100A
signal generator with -120 dBc phase noise. This signal is then delivered to the NLTL
at the level of 18 dBm (see Figure 8.1 (c)). It is notable to emphasis that in the LM-LS
setup both path lengths along the circuit excitation and sampling in the setup can
easily be optimized to reduce the influence of their relative arrival time. The major
drawback of this method can be linked to the narrowband tunability of the cavity
filter which hampers selecting other frequencies for DUTs. For example, if one
decides to feed DUTs at 15 GHz, he/she needs another cavity filter.

1 With 1 Hz resolution
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Chapter 8. Laser Master-Laser Slave Synchronization

8.2 Providing the IF signal for superheterodyne LM-LS

Since the input microwave signal (RF) of the NLTL and the sampling laser harmonic
(LO) of the EOS both are identical in the frequency, for a heterodyne detection an
external IF is required. This IF signal can be brought into the setup by the following
approaches.

8.2.1 The use of amplitude modulator

Although in THz TDS!, usually, amplitude modulation is used to make an IF, for our
measurements and scanning signal at harmonics, the story is different. In the LM-LS,
AM modulation can be applied to both the optical and electrical paths of the setup
shown in Figure 8.1 (c). In the former, to modulate the laser beam, one can either use
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Figure 8.4 The measured signal of the photo diode after mechanical chopping of the optical
beam in front . The side bands makes AM inapropriate for the NLTL input.

a mechanical chopper or an electrooptic modulator immediately before the

Figure 8.5 A PIN diode microwave AM modulator for X-band and the spectrum of its
output signal. The sideband level is approximately -16dBc.

1 Time domain spectroscopy
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8.2. Providing the IF signal for superheterodyne LM-LS

photodiode. A mechanical chopper was used, and the spectrum of the electrical
signal after the photodiode at=76 MHz and 228 MHz, which are the main and the
third harmonics of the laser repetition rate respectively, are measured as shown in
Figure 8.4. Apparently, it can be seen that chopping of the beam creates lots of
sidebands around the carrier frequency. If one feeds 134" harmonic of this signal to
the NLTL, due to the nonlinearity and intermodulation effects, its response will
contain a huge number of spurious sidebands. Detection of such a signal will not
show the real response of the NLTL. Filtering a carrier from the side bands is also
impractical as the filter needs to be extremely sharp with a very high quality factor
(Q). Instead of optical chopping, AM can also be performed directly on the
microwave 10 GHz signal using a PIN diode. Although this method generates a
signal with much fewer sidebands (see Figure 8.5), but still AM and multi-tone input
of the NLTL is problematic

8.2.2 The use of IQ modulator

Finally, it was decided to use an IQ modulator and place it before the NLTL as
shown in Figure 8.1 (c). This IQ modulator, by mixing the external IF and the 10 GHz
RF, provides one IF offset. The schematic diagram and mathematical expression of
the mixing is shown in Figure 8.6. Although the IQ modulator also generates AM
side bands, it can be controlled and minimized by tuning both the amplitude and
phase of the IF (I and Q) signal. Accordingly, in our experiment, the 24 and higher
sidebands were eliminated and at the same time the first sideband level reduced
around 32 dB below the carrier as depicted in Figure 8.7. In the following sections,
the impact of these sidebands in the NLTL output signal which may produce artifacts
and errors in the measurements is studied.

Q sin (oet)
COS (Cwt)
@ sin (wwt)
90 deg.
hybrid Cos ((wnr+ (.u.;)t)
coupler
i COS (@wt) ~
I

€0s (w-t)

Figure 8.6 1Q modulator as frequency translator. Side bands can be minimized by adjusting
the phase of I and Q IF signals and their DC offset level.
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Chapter 8. Laser Master-Laser Slave Synchronization

The effect of AM side bands on the NLTL signal

The operation of an NLTL as a nonlinear function for any arbitrary x input signal can
mathematically be expressed with a Taylor series as

f&) =) axi 81)
i=0
Since the NLTL is a passive! voltage controlled phase shifter, assuming losses as a
constant, the influence of sidebands can be studied under the assumption of a
lossless system. In this case, from the energy conservation theory, the amount of
input and output power are equal but with the different spectrum. Therefore,

poul = pin - pf(x) = px (82)

where Pry is the sum of power for a nonlinear function shown on of the left side of

0 Carrier
-10
] SBL=r32 dBc
=20
T ] Sideband
m
B, =30
1Y
) A
o v
-50
-60 I
v T T T 1
10.0288 10.0289 10.0290 10.0291 10.0292
Freq.[GHZz]

Figure 8.7 The 10 GHz signal at the output of the IQ modulator and before injecting into
the NLTL. the IQ modulator beside a shift of IF=50 kHz generates a sideband which also has
one IF space from the carrier. The level of sideband, after optimization is reduced to -32dBc.

Reproduced with permission from [200].

Eq. (8.1) and Px is the power of a single carrier signal applied to the input? of the
device. Hence,

x = Acos(w,t)

1 (8.3)
Proy =P =Pc =5 |A]?

and for a case of carrier plus a single sideband (C+SSB) with a modulation depth of m
defined by

1 Has no gain
2 The initial phase for simplicity is set to zero.
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8.2. Providing the IF signal for superheterodyne LM-LS

Acos(w.t) + mcos[(w, + wpy)t] (8.4)

X Ax

while x and Ax are the carrier and sideband respectively, the input power spectrum
is superimposed as

1 1
PX+Ax:Px+PAx:§|A|2+E|m|2 (8.5)
Provided that the modulation index ”Ax—x” = % « land from Eq. (8.1) and Eq. (8.4), the
NLTL output for C+SSB can be approximated by

f(x +Ax) = Z a;(x + Ax)* =z a;xt(1+ Ax—x)i
i=0 i=0
~ Z ax'(l+i—) = Z a;x" + z a;idxxt~1
i=0 - x i=0 i=1 (8.6)
=f(x) + z a;iAxxtt
i=1
Af(x)

as f(x) reflects the only harmonics of the carrier with a spectrum at (w., 2w., 3w, ...),

where

Af (x) = mcos[(wy, + we)t] Z a;i[Acos(w.t)] (8.7)
i=1
represents the impact of sidebands. The spectrum of Ar(x) contains (wet wm, 2wekwm,

3wetwm,...) frequencies, which means that only the first sideband of each carrier
(harmonic) needs to be taken into account and the rest are almost suppressed. In
terms of the output power spectrum from Eq. (8.6),

Prexvax) = Froo + Parco (8.8)
and with substituting Eq. (8.2),
Pout = Pin = +Pf(x+Ax) = Pyypx = Py + Pay (8.9)

and from Eq. (8.2), Eq. (8.3) and Eq. (8.5) it follows:

1 (8.10)
Prpxy = Pax = > |m|?

These results demonstrate that for a significantly small modulation index of m, the
power of all the sidebands at the output of the NLTL equals the input sideband
power and whenever the power of the sidebands in comparison to the carrier are
small, the effect of sidebands at the NLTL output is negligible.
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Chapter 8. Laser Master-Laser Slave Synchronization

8.3 Measurements with LM-LS

With the setup synchronized with the LM-LS method, the following measurements

were performed.

8.3.1 Harmonic measurement

In this experiments with manual optimization (try and error) of the IQ modulator
parameters, such as IF levels and phase as well as DC offset, a C+SSB signal with RF

sideband level ofspr,, =20log(%y=-324B, or equally ™ ~0025 was achieved (see
¢ A ¢ A

Figure 8.1 (c) and Figure 8.7 ). This SBL fulfills the requirement for the above
mathematical assumption and hence, allows us neglecting the sideband effects in the
NLTL downconverted electrooptic signal.

Using the LM-LS method, the drift frequency of IF= 10 kHz was measured at
+3 Hz (or 3x10+) and strongly stabilized down to only a few mHz by increasing the IF
to 50 kHz (drift of the order of 107). This stability enhancement is a consequence of a
reduction of the laser flicker noise which decreases with increasing the offset
frequency. The results of measurements for the 65-nm CMOS NLTL are shown in
Figure 8.8 demonstrating that by increasing the harmonic number a significant gain
in comparison to conventional methods and free-running! was achieved. This gain is
resulted from having a larger SNR which enables a measurement up to a bandwidth
of 300 GHz (30* harmonic). To the best of our knowledge, this is the highest achieved

e et 2 entrss —s=— Free running
10 4 —e— Synchronized
—a— Noise level

B
S

-50 4

-60 4

-70 4

Normalized NLTL signal level [dB]

-80 4

T T T T T T
50 100 150 200 250 300

Freq. [GHz]

Figure 8.8 Measured signal of the on-chip antenna connected to the NLTL with the LM-LS
setup and using lock-in amplifier up to 30 harmonic (300 GHz). The injected signal is
18dBm at 10 GHz. Due to decreasing jitter allows for detecting the higher harmonics with a
larger SNR. The system sensitivity is restricted by shot noise level which was measured and
calculated in[200]and [201].

1 “Free-running”, here refers to a state that we have jitter but the lock-in still can follow the signal and
very similar to MM-LS or LM-MS methods.
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8.3. Measurements with LM-LS

bandwidth to date for EOS of electronic devices in CW mode of excitation!. One
should note that this bandwidth is mostly limited by the functionality of the DUT
and not by the setup itself as in CMOS technology achieving a signal beyond this
frequency is an extremely big challenge.

Having compared with the previous synchronization methods, the LM-MS
configuration, in which an external trigger of the microwave generator is obtained
from the laser repetition rate by frequency multiplication and division, is also
investigated. Using this method, a frequency drift at IF= 10 kHz was measured at
+25 Hz. Theoretically in comparison with +3 Hz drift at 10 kHz for LM-LS, SNR

decreases by a factor of —ZOIOg[ M} :_QOIOg[ EJ:_Q.Z 4p and is measured at -15
3

LM~-LS
dB for the 15" harmonic. On the other side, this frequency drifts increases linearly
proportional to the harmonic number and therefore, at 30" harmonic reaches to 750
Hz. According to the discussion in the previous chapter, since lock-in bandwidth is
set at 10 Hz, the higher harmonics are measured with much less accuracy resulting in
large deviation for the harmonics greater than 5*. Therefore, EOS must be strongly
stabilized against jitter for harmonic measurements. This is crucial as the phase noise
at the harmonics increases by a factor of20log(n), where n is the harmonic number

and even a small drift can cause a large error at higher harmonics.
8.3.2 Longitudinal scan and the effect of relative jitter

In general, three sources of jitter including jitter from the laser, from the microwave
source and the relative jitter between these two sources cause errors in the EOS
measurements. Since the latter can be eliminated by the LM-LS, the mathematical
description of its influence on the detected signal is explained as follows: Suppose
that EOS performs measurement of a microwave signal with angular frequency w on
an NLTL (or LTL) at position A shown in Figure 8.9. A superposition? of the forward

Reflected Laser beam

)
.
TL>X

EO probe

7

Rk I
Vin (™ T TVaracators coe T Z

1

Figure 8.9 Schematic diagram of the NLTL under EOS measurements. The device is a
65nm CMOS NLTL with the length of 7.1 mm (X) and width of 63 um (Y). Position A
shows a typical measurement point. The probe not to be scaled with the device.

! In pulsed pump-probe EOS the bandwidth is much larger.
2 Although super position is valid only for linear systems, small signals for the NLTL at higher
harmonics can be approximated with a linear assumption.
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(Ve)and reflected (V;) signal from the load Z. , seen by the EO probe, is given
by V = V¢ + 1}, where
Ve = |Al cos(wt + ¢m(t)) (8.11)

and ¢,,, is the random phase noise of the microwave generator. Correspondingly for
the reflected signal

V. = |T||A] cos(wt + ¢ (t + T) + Po) (8.12)
where T’ is the complex reflection coefficient from Zt and t represents one roundtrip
time delay between point A and the load for this reflected signal, whereas o
indicates the integrated phase shift of the reflected signal during this delay T plus a
phase of I'. For EOS detection in the frequency domain, a sampling CW harmonic of
the laser repetition rate, with an offset frequency of w;r given by

Sy = |B|cos((w + wip)t + ¢, (t)) (8.13)
where ¢,is the phase noise from the laser, mixes with the microwave signal resulting
n:
S = Sl XV

= leOS(CUIFt +¢ (1) - ¢m(t))
+ kycos(wipt + ¢ (t) — P (t 4+ 7) — o) (8.14)
+ kscos((w + wip)t + ¢ (£) + (D)) .
+ kycos((w + wp)t + ¢y (£) + P (t+T) + o)

where ki, k2, ks, ks are constants. The baseband detection electronics rejects the high-
frequency terms and the IF signal yields:

Sipr = k1C05(w1Ft + ¢ (t) — ¢m(t))
+ kycos(wipt + ¢y () — P (t +7) — ) (8.15)

This equation reveals the important role of relative jitter (A¢ = ¢; — ¢,,) in the
measurements. In particular, for a free-running EOS (FREOS), in which an external
microwave generator drives the DUT, uncorrelated variation of ¢,, and ¢, with
respect to each other, distorts the phase of the signal. In contrast in LM-LS, due to the
coherency between the laser and the microwave signal, random phase in the first
term of Eq. (8.15) is suppressed as A¢(t,0) = ¢, (t) — ¢;(t) = 0 and only a relative
phase shift at time 7 i.e, Ap(t) = ¢; (t) — ¢ (t + 1), influences the signal.

A proof of this hypothesis is experimentally shown by scanning the NLTL
over a long time and observing the accumulated timing jitter. For this reason, a scan
is longitudinally’ performed for 5 mm out of a 7.1 mm-long NLTL at 20 GHz (second
harmonics of its input fundamental) in both LM-LS and FREOS regimes. As depicted
in Figure 8.10, much less signal distortion and a clear dip (resulted from the
interference of the forward and backward signals) at 2.7 mm from the load can be

! In the x direction from the load to generator
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8.3. Measurements with LM-LS

observed for the case of the LM-LS. Evidently, since the reflected signal for the
FREQOS arrives after the delay time of t to point A, accumulation of a large random
phase given in Eq. (8.15) leads to a much shorter coherence length for the interference
pattern. Based on these facts the LM-LS, due to its strongly minimized jitter

capability is a valuable method for ultrahigh bandwidth electrooptic analysis of
active mm-wave and THz circuits.
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Figure 8.10 Longitudinal scanning of the NLTL at the second harmonic (20 GHz)
measured with both LM-LS and FREOS. The NLTL is 7.1 mm long and terminated by an
on-chip antenna. The scan range is 5 mm which starts from the terminating load Z. (on-
chip antenna) toward the generator (see Figure 8.9). Each scan step is 50 um and the
depicted signal is an average of 4 scans. A dip at 2.7 mm in LM-LS can clearly be seen due
to significantly reduce of the relative jitter.
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9. Optical Network Analysis

Measurements

In Chapter 3, recent advances in electronic network analyzer extension modules for
the characterization of ultrafast electronic devices up to 1.1 THz were explained. It
was also mentioned about the drawbacks of this approach such challenging
calibration [83], and alternatively, EOS was introduced. At this time, it is good to
stress on the use of this approach for mm-wave network analysis. Although, some
work such as [130], [154], [195]-[197] have demonstrated EOS for S-parameter
measurements of transmission lines and passive structures, only few attention [133]
have been paid to nonlinear and active devices. In this chapter, NLTL measurements
and capabilities of EOS in measuring S-parameters, standing waves, effective
permittivity, as well as dispersion are demonstrated.

It is necessary to mention that in contrast to works such as [97] and [140],
instead of using a photoconductive pulse, here, the CW excitation of the devices is
used for the characterization of active or nonlinear devices.. Because, the response of
a nonlinear system to a short pulse and hence, using convolution, will not lead us to
a meaningful interpretation of the system behavior. Also, the response of a nonlinear
system strongly depends on the level of the applied signal to DUT and working in
small or large signal regimes must be considered. This concept is also valid for
electronic network analyzers as recently the large signal measurements in nonlinear
systems have been presented with X-parameters instead of S-parameters [198]. The
good thing is that in our EOS measurements at the signal harmonics can be
performed by filtering each harmonic with a lock-in amplifier or the Fourier
transformation without concerning about the complex mathematical analysis of the
nonlinear system.

9.1 Device under test

Two NLTLs including a single-port device with on-chip 50 Q2 load terminated, and a
two-port device so called quasi-open, were subjected to the measurements (see
Figure 9.1). Both these lines, excluding their bonding pads have a length of 7.1 mm
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Chapter 9. Optical Network Analysis Measurements

and contain uniformly incorporated 190 varactors. Also, on-chip calibration loads
including short, open and 50 (), which are connected to bonding pads! were
characterized for further use in measurement analysis.

9.2 Scanning of the NLTLs

The DUTs are fed with a 10 GHz signal at 18 dBm of power in a fully coherent LM-
LS? configuration. Each of the NLTLs was longitudinally scanned with the EO probe
up to 5 mm from the load (L= 0) towards generator in 50 um steps (in total 100
points). The rest 2.1 mm of the line which is close to the input pads could not be
scanned due to mechanical prohibition of the GSG microwave probe housing for the
EO probe (see GSG probe in Figure 9.1). The scanning procedure is as follows: the EO
probe is held at 5 um above the NLTL at load (L= 0) and we start to detect the signal
at all harmonics up to 30*. By ending of this measurement, the probe is moved to the
next step (50 um towards generator) and this procedure repeats until reaching the
end of scan range. At each scanning position; harmonics of the signal were measured
50 times with a lock-in time constant of 50 ms (BW= 20 Hz) and 6 recorded scan was
finally averaged. As every scan takes approximately 500 minutes, and during this
time the laser deviates with time jitter, this multiple scanning and the averaging
uniformly distributes jitter over the scanned samples.

For a CPW structured device, the electric field represents the voltage,
provided that the line is long enough and contains no discontinuity. This is already a
case for the NLTL.. The voltage can even be precisely calculated from the integrating
of the field tangential component over the CPW slot, i.e., according toV = [ Edl .

On-chip loads Microwave
GSG probe

7

50 Q term. T

Quasi-open
(honding pad)

Figure 9.1 A micrograph of on-chip 50 Q and quasi open (bonding pad) terminated
NLTLs. On-chip loads including short, 5002, and open terminations are connected to the
bonding pads.

! Jdentical to the NLTL bonding pads
2 See Chapter 8 for full description.
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Since EOS is a time-resolved measurement system, the measured pattern of
the voltage can be attributed to either a traveling or standing wave. Therefore, a
method for their discrimination is required. For this reason, the distinctive properties
of standing waves are theoretically described as follows.

Properties of a standing wave

From the transmission line theory [59], the voltage of lossless line terminated with
impedance Z. is given by

) , 9.1
V(2) = Vy max(e 97+ TP O

where Vi ;4 is the maximum amplitude of the input wave and I'= IT'le’® is the load
reflection coefficient. Without losing generality, by setting 6= 0, and therefore, I'= IT'I,
the amplitude and phase of a voltage standing wave are given by

V(2)| = meax\/l + 2|T|cos2Bz + |T'|?
tan(fz) (9.2)
— tan-1
2V(z) = tan (VSWR
14T — IV(2)|max
-1 [V(@lmin
pattern of a standing wave at a value of VSWR= 10 for a 1 Vp signal is shown in

Figure 9.2. This shows that: firstly, the distance between two minima (or maxima)

where VSWR = . To give an illustration, the magnitude and phase

always equals one A¢/2, where Ag is the guide wavelength and secondly, the phase
wrap, or in other words, sharp variation of the phase always coincides with the
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Figure 9.2 The magnitude and phase pattern of a standing wave on a transmission line.
Blue: the forward signal, Black: the standing wave magnitude superimposed from the
forward and backward waves due to load mismatch for VSWR=10 and the red curve shows
the phase of standing wave.  and x are the wave propagation constant and the distance on
the line respectively.
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minimums of the magnitude. These two properties are independent from the VSWR
value and can be used to differentiate between a standing wave and a traveling one.

9.3 Measurement results

A comparative result for the scanning of both NLTLs at the fundamental frequency
of 10 GHz (first harmonic) is shown in Figure 9.3. It should be notified that in this
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Figure 9.3 EOS longitudinal scanned magnitude and phase for the first harmonic of the
NLTL signal. (H-R1, H-Ph1) for 50 Q and (H-R2, H-Ph2) for the quasi-open line.

graph each data set! independently from the other was normalized to its maximum
values. Apparently, it can be found that for both lines the magnitude and phase
patterns are very similar in shape and more importantly, from a sharp fall in the
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Figure 9.4 Network analyzer measured returned loss of a 50 Q and quasi open (bonding
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phase which is coincide with the minimum of the magnitude we infer that the
pattern is a standing wave.

From the 50 Q) terminated line pattern, VSWR is measured at M =142,
while, network analyzer measurement at the input port of this line at 10 GHz
indicates a VSWR= 2 (or S;; = —10 dB) (see Figure 9.4). To investigate on this large
difference, first we need to characterize the performance of the 50 Q) terminating load
by a microwave network analyzer. The returned loss of this load, in comparison to
on-chip short and open measurements is depicted in Figure 9.5.

For the on-chip 50 Q) load, a VSWR<1.2, including 2 dB of power dissipation
for its 40 pmx40 pm bonding pads [46], was measured which turns out that the origin
of the large VSWR in EOS of the 50 () terminated NLTL cannot be attributed to
imperfection of the terminating load or pads, but the NLTL itself.

An additional proof of this statement is shown in Figure 9.4 as the measured
return loss at the input port of the quasi-open NLTL at 10 GHz also shows S;; =
—10 dB which is close to the value for the 50 () terminated lines. This line was also
subjected to two-port microwave measurements in which a 10 GHz signal with
18.5 dBm of power is fed at input port (port 1) and the signal measured at the output
port (port 2) with another microwave GSG! probe. With this experiment, 6 dB of
losses S;; ® —6 dB is observed which is mostly due to the conversion losses from the
fundamental to harmonics due to the nonlinearity of the NLTL. This reveals that for
the NLTL, even with an ideal-open termination, after one round-trip of signal, faces
12 dB of losses resulting in S;; = —12dB (VSWR=1.67) at the input port. This
interesting result exhibits an advantage of EOS over microwave network analyzer
measurement as the conversion losses in the latter can be confused with a good load
matching. More interestingly, in Figure 9.3, for the quasi-open line, VSWR was
measured at 7.69, which shows a better matching for the NLTL to this load than that

210 4
o
-20 4
2 —— Short
»n —— Open
.30 4 —— 50 ohm
-40 4
T T T T
6 10 12 14
Freq. [GHz]

Figure 9.5 Network analyzer measured returned loss for on-chip 50 Q, short and open loads

1 See Chapter 7.
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with 50 Q) termination. This may not be surprising if one takes into account that the
load is a bonding pad and not a perfect open. Another reason for high VSWR of both
lines may be attributed to the NLTL varactors. As mentioned in Chapter 2, the
varactor capacitance of each periodic section is a function of its receiving voltage.
Accordingly, by approaching the end of the line, due to losses, the varactors receive
less voltage and consequently, their periodic section capacitance and impedance
deviates from its designed value of 50 Q. In other words, after a certain length, the
impedance of the NLTL section, for example at nth stage, tends to mismatch with its
previous stage (section n-1). Therefore, to have a good matching between the NLTL
sections over its full length, losses, as long as possible must be reduced. The Ohmic
and skin effect losses of the NLTL can be minimized by shortening its length or
reducing the distance between varactors [44], but the conversion losses as the aim of
NLTL design, are needed. Hence, always the amount of mismatch inside the NLTL,
especially for the fundamental, has to be tolerated. A strategy to face with such a
challenge is to reduce the number of periodic sections, but this also degrades the
performance of the NLTL leading to less fall (rise) time compression [44]. To draw a
conclusion, one as a designer should find a tradeoff to optimize the NLTL length. It is
also necessary to mention that the performance of NLTL in generating harmonics
strongly relies on its response to the fundamental and its optimization is highly
recommended.
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Figure 9.6 EOS measured magnitude of standing waves for the first 5 harmonics of the 50
Q terminated NLTL, H-Ri indicates the magnitude for the harmonic number i, where
=1,2,3,..
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9.3.1 VSWR for the higher harmonics

As mentioned earlier in this chapter, the line scan was also carried out for higher
harmonics up to 30%. Figure 9.6 and Figure 9.7 show the magnitude and Figure 9.8
and Figure 9.9 depict the phase patterns of the standing wave for the 50 () terminated
NLTL and the quasi-open line up to 5% harmonics (10-50 GHz). The variation of the
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Figure 9.7 EOS measured magnitude of standing waves for the first 5 harmonics of the
quasi-open terminated NLTL. H-Ri indicates the magnitude for the harmonic number i,
where 1=1, 2, 3,..

local maxima and minima values in the magnitude patterns, which is more visible at
2nd and the higher harmonics, reveals a variant VSWR over the scanned length. This
non-uniformity of VSWR may also be attributed to the internal mismatch caused by
the different biasing of varactors by both the attenuated traveling wave, and the
standing waves at the fundamental frequency.

Also at 24 harmonic, 3 minima for the quasi-open line and 2 minima for the 50
Q) terminated one can be observed. One less minimum for the 50 Q lines, closer to
generator, shows less standing wave at the beginning of this line. This reveals that
unlike the fundamental (see Figure 9.3), 2 and the higher harmonics can be
discriminated for these two lines. The response of the lines to the fundamental and
higher harmonics needs to be differentiated, because, the fundamental is a high
power pump signal and needs to be considered in a large signal regime while the
harmonics are in small signal regime.
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Chapter 9. Optical Network Analysis Measurements

Taking into account a conversion loss of 6 dB for the signal reaching the end of the
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Figure 9.8 Phase of standing waves for the first 5 harmonics of the 50 (2 terminated NLTL.
H-Phij indicates the phase for the harmonic number j, where j=1,2,3,..

line, the reflected wave biases varactor differently from the forward wave and
therefore it sees different impedance. Accordingly, the standing wave pattern should

be corrected as
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Figure 9.9 EOS measured phase of standing waves for the first 5 harmonics of the quasi-
open terminated NLTL. H-Phij indicates the phase for harmonic number j, where j=1,2,3,..
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9.3. Measurement results

V(2) = Vg maxe 72+ I'e™"r?)
Yr = ar +jbBr
Vr = Gy +j.8r

(9.3)

while vyt and yr are large signal forward and backward propagation constants
including losses respectively. This can make distortions in the standing wave
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Figure 9.10 Fourier transform of cos (£V(z)) for the 50 Q terminated NLTL. The spatial
frequency not to be confused with the operation frequency of the circuit. Hi, refers to
harmonic number i.
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Figure 9.11 Fourier transform of cos (£V(z)) for the quasi-open terminated NLTL. The

spatial frequency not to be confused with the operation frequency of the circuit. Hi, refers to
harmonic number 1.
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Chapter 9. Optical Network Analysis Measurements

patterns. In contrary, for the higher harmonics, as they have much less power, the
system tends to operate in the small signal regime and the general linear standing
wave assumption leads to a good approximation. However, the fundamental
standing wave also influences the standing wave at the higher harmonics by
providing a bias voltage for varactors.

The distortion in the phase diagrams in Figure 9.8 and Figure 9.9,
demonstrates nonlinear variation caused by the NLTL periodic sections as voltage
controlled phase shifters. Also the coinciding sharp falls of the phase with the
minima of the corresponding magnitudes confirm that the patterns are standing
wave.

9.3.2 NLTL dispersion

The transmission lines dispersion can considerably impact the performance of an
NLTL by broadening fall (rise) time of its propagating wave. Since the wavelength
determines the wave propagating constant (3) and the effective permittivity (eex) of
the line, dispersion can be analyzed from the measured wavelength Ag at each
harmonic, where i=1, 2, 3, ... is the harmonic number.

It was already mentioned that the interval between two sequential voltage
minima, or two phase wraps of a standing wave pattern, equals one Ag/2 (see
Figure 9.2). This value also is an indication for the main period of a pattern.
Unfortunately, due to fluctuations of the measured patterns at the higher harmonics,
this period cannot be precisely measured either from the magnitude or the phase.
One possible solution is to apply the Fourier transform to these patterns and find
peaks corresponding to the main spatial frequency of the pattern. Alternatively, a
cosine (sine) function of a fluctuated phase pattern, gives more visible peaks. This is
mathematically true as from (9.2) the phase 2V (z) is periodic with a period of m
corresponding to z = A,;/2 and hence,cos(£V(z)) also has the same period. The
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Figure 9.12 Refractive index and guide wavelength as a function of frequency at
harmonics of a 10 GHz signal for both 50 2 and quasi-open terminated NLTLs.
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9.3. Measurement results

Fourier transform of this function for both lines is depicted in Figure 9.10 and
Figure 9.11, while the horizontal axis shows an arbitrary spatial frequency. For each
harmonic, one needs to find the position of the main peak and translate it to the
wavelength. For the quasi-open line, the main peak for the second harmonic appears
at the spatial frequency of f= 0.00125 and referring to Figure 9.9, it corresponds to the
actual Agz=3.78 mm on the line and consequently Ag can be found by reading their
relative peak positions.

The result is shown in Figure 9.12 demonstrating both Ag and effective

. . Agi . )
refractive index ngsr(f) = /& (fesr = Ai as a function of frequency. For the quasi-
go

open and the 50 Q-terminated lines, up to 14" and 17* harmonics were detected
respectively and detection of the higher harmonics was hampered due to low SNR
and the fewer samples per cycle. The sample per cycle determines spatial resolution
with respect to the signal wavelength. For example, one cycle for the 2°¢ harmonic
contains 75 measurement samples while the 17% harmonic contains only 12.
Furthermore, Figure 9.12 shows that the refractive index of the NLTL is not a linear
function of frequency and varies between 2.4 to 4.4. This variation is attributed to the
CMOS varactor capacitance response. Moreover, the refractive index of 3.96 at 20
GHz (24 harmonic) represents relative permittivity of 15.68 which is 3.73 times larger
than the eret= 4.2 for the SiO: substrate! of the host CPW. This is not surprising as the
varactors can synthetically increase the capacitance of the line in response to the
voltage. Evidently, from simulations [46] the host LTL was designed with the
characteristics impedance of Z; = 82 () having a capacitance of Crri=2.93 fF per each
NLTL section. By applying a voltage with Vpp= 5.3 V (or 18.5 dBm of power), each
varactor adds up C= 6.1 fF average capacitance to the section as depicted in
Figure 9.13, and therefore, the ultimate equivalent capacitance of each periodic

section is Cniri= Crri+Cyv=9.03 pF. Since the inductance L of the line did not change in
ErNLTL _ Cnitr _ 9.03

both cases, it can be said that =
€rITL CrTL 2.93

= 3.08 which approaches the

measured value of 3.73.

L/2 LTL L/2 LTL
— —
CLTLJ/ p:

C

R

Figure 9.13. Circuit model of one NLTL periodic section.

1 See Chapter 7
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1 0. Photoconductive Probing vs. EOS

In Chapter 3, noncontact photoconductive (PC) probing, as a photonic approach for
the application of ultrafast devices characterization was introduced. Also, some work
[101], [125] which show the wideband detection of this scheme for measurement with
the pulse excitation of circuits in the pump-probe detection system were also addressed.
For the case of CW exited regime, to the best of our knowledge no work has been
reported in near field PC probing. However, Loffler et al. [131] used PC antenna for
free-space detection in a CW regime and Wachter et al. [126] demonstrated near field
sensing for a frequency selective surface (FSS) at THz range in a pump-probe TDS. In
this chapter PC probing experimental results and a comparison with EOS are
demonstrated.

10.1 The photoconductive probe and the setup

A commercial [199] THz near field probe fabricated by deposition of gold on a Lt-
GaAs substrate is used for PC measurements. As shown in Figure 10.1, several
designs for the probe, including High Resolution (HR), High Resolution and
Sensitivity (HRS), and High Sensitivity (HS) can be considered. Since dimensions of
our DUT is very small (tens of um), rather a large tip size of both HRS and HS
excludes them from a high spatial resolution measurement. Therefore, the HR probe
is selected at the expense of losing sensitivity. In comparison to HR, HS and HSR are

VU1

Figure 10.1 The THz near field probe and 3 tip geometry designs. Figure adapted by
author from [199].
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Chapter 10. Photoconductive Probing vs. EOS

good options for far field detection as reported in [131]. The specifications of the HR
and HS probes are given in Table 10.1, and a micrograph of the HR tip is shown in
Figure 10.2. In this probe structure, the metallic tip senses the induced near electric
tield of devices and PC gate which is placed =140 um far from the tip collects the
current. This current as the response of device hence is amplified by a baseband
trans-impedance (current) amplifier and then is given to a 2 MHz bandwidth lock-in
amplifier. Except for the detection mechanism, the rest of the setup is similar to that
in the EOS shown in Chapter 5.

Figure 10.2 (a) A micrograph of the HR probe tip and (b) the tip in a larger field of view

Table 10.1 Specifications of the PC probe. Source from [199].

THz PC probe type > HR HS
Maximum spatial resolution 3 um 100 pm
Photoconductive gap size at tip 1.5 pm 3 um
Dark current @ 1V Bias <0.5nA <0.4nA
Photocurrent >1pA >0.6 A
Excitation wavelength (nm) 700 - 860 700- 860
Optical excitation power (mW) <4 <4

10.2 Measurement results

The HR probe was mounted in a setup which is schematically shown in Figure 10.3

= Flectrical signal

A Femtosecond mm | gser path
(== Laser M: mirror
*‘ DUT: device under test
BS:beam splitter
o[ "
Microwave
from Laser n
LM-LS <—E]
( ) 76 MHz BS
PC -
switch &
Current amp.
10 GHz+IF %\/\‘\

DUT

Figure 10.3 A very simplified schematic of the PC probing setup
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10.2. Measurement results

and the following measurements were performed.
10.2.1 Harmonic scan

In a very similar way to the EOS measurements, PC probing is performed on the on-
chip antenna (which terminates the NLTL) up to 300 GHz, and comparative results
are shown in Figure 10.4. Apparently, it can be seen that in PC probing, by increasing
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Figure 10.4 Comparison between PC and EOS probing for an NLTL up to 300 GHz

the frequency the signal level reduces which due to small SNR in the measurements.
Three main sources of the measurement errors can be enumerated as: Firstly, the PC
probe signal is noisier than that in EOS due to lack of balanced detector which

—e— Gain=10"5
—&— Gain=10"7

10 4
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Figure 10.5 Frequency response of the current amplifier for different gains
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Chapter 10. Photoconductive Probing vs. EOS

suppresses laser amplitude noise. Secondly, for this measurements, one needs a
current amplifier gain of G= 107 (140 dB) which is two orders of magnitude larger
than G=10° (100 dB) for the EOS. This high gain introduces larger input impedance
for the trans-impedance amplifier which in conjunction with the loaded capacitance
of the probe and its connected cable makes a low pass filter with frequency response
shown in Figure 10.5. Assuming downconversion of the fundamental 10 GHz signal
at an IF= 50 kHz, the IF= 1500 kHz represents 30" harmonic which is approximately
22 dB attenuated by the amplifier response. This attenuation can significantly
decrease the SNR. The third reason may be attributed to the frequency response of
the PC probe at RF which is unknown to us. Unfortunately, characterization data for
the probe at these low frequencies was neither available from the manufacturer nor
possible to create with our setups.

10.2.2 Transversal scan

The NLTL was scanned in transversal direction' and the comparative results with the
EOS are shown in Figure 10.6. It can be seen that unlike the EOS, the PC probing is
unable to detect a dip at the center of the scan. The reason is that the EO probe is only
sensitive to the tangential components of the electric field?> whereas the PC probe
detects a superposition of all components. For this reason in contrast to the PC
probing which cannot precisely distinguish between field components, EOS is a

vector based detection system.

10.2.3 Longitudinal scan

Similar to EOS demonstrated in previous chapters, 5 mm out of 7.1 mm full length of
the NLTL was longitudinally scanned and measured up to 3 harmonic (60 GHz) of a

1000 4 CPW centre /

2.5x10°

2.0x10°

-3
1.5x10™ | H3

1.0x10° - .><~\

5.0x10"

Signal (arb.)

Electric field [V/m]

0.0
T
-100 -75 -50 -25 0 25 50 75 100

Position[pm]
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Figure 10.6 Transversal scan of the NLTL by the EOS (left) and PC probing (right)

1 See Chapter 6 for the geometry of DUT.
2 The electric field between signal and ground strips of the CPW line
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10.2. Measurement results

20 GHz fundamental in free-running! regime. The result of this measurement is
depicted in Figure 10.7 which in comparison to EOS shows much less amplitude
resolution, as well as very less sensitivity to the phase variations of the signal. This
can be caused by the far field antenna effect detection of the probe due to long
electrodes of the PC probe. This theory is examined by vertically departing of the
probe from the wafer and antenna in few centimeters. Surprisingly, it is observed
that the signal at lower harmonics still can be detected. This also reveals another
advantage of EOS for near field probing due to less affecting by crosstalk.

10.2.4 Field mapping

Near filed mapping is a very interesting feature of PC and EOS measurements. To
demonstrate this feature, both measurements for a 20 GHz fundamental are shown in

0
o
5 5
=
=]
=
c 10 -
2 @
E 5
% -15 4 8
£ N
o -20
g 20 E
s o
N 25
©
€
=
o -30
z
-35 Ly T T T T T -200
0 1 2 3 4 5
Distance from the load [mm]
(a)
1.6x10° 160 -
1.4x10° / / J— :g
106 -
3
1.2x10 / - ’\
- —_— 53
2 1ox10° Ha - T
& ——H3 °
3 4 £
9 8.0x10 = 0 o~
° o / \J
- n
- -4 ©
g 6.0x10° £ & A
B 40x10*
L — 4 _ .
2.0x10° — T " /§
N\ —_— \
0.0 -160

0 1 2 3 4 5 o 1 2 3 4 5

Position from load (mm) Position from load (mm)

(b) (©)

Figure 10.7 Comparison between EOS and PC probing for longitudinal scan of the NLTL
terminated with an on- chip antenna. (a) EOS amplitude and phase measurement at 20
GHz in free-running mode, (b),(c) amplitude and phase of PC probing for the first 3
harmonics of the 20 GHz fundamental.

!In this case “free-running” means lock-in can lock with reference signal but there is no LM-LS
synchronization. At first three harmonics the signal can be precisely detected in the free-running
mode.
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Chapter 10. Photoconductive Probing vs. EOS

Figure 10.8. Evidently, it can be realized that EOS shows much better amplitude and
phase resolution than that for the PC probing. In particular, for the case of CW excited
circuit and with having radiation of the device from near to the far field, as the case
of this on-chip antenna, the PC probe is incapable to discriminate between the near
and far field. Although, such a probe at THz frequencies in time gated pump-probe
has shown capability for the near field detection [126], in our microwave CW
measurements the electrode arms of the probe, acting as a short antenna, and hence,
significantly degrade the measurement spatial resolution. In other words, the
detection of the probe is strongly dependent on the structure under test and its

Amplitude (arb.) Phaze (deg)

(d)

Figure 10.8 Field mapping of the on-chip antenna connected to the NLTL at 20 GHz
fundamental. (a) EOS amplitude, (b) EOS phase, (c) PC amplitude, (d) PC phase and (d)
a micrograph of the antenna.
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10.2. Measurement results

mechanism of radiation. More precisely speaking, likewise [126] as long as the
structure has a confined electric field and the detection mechanism is time gated ( e.g.
the pump-probe), the probe is a good candidate for near field detection, otherwise its
performance is much weaker than an EO probe. On the other side, invasiveness of
the probe due to the inductance of the metallic electrodes and mutual coupling to
DUTs can potentially be high. Based on the above experimental results EOS which
has already shown high resolution vectorial measurements is preferred.
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1 1. Conclusion

The work presented here is divided into two main parts. In the first part consisting of
Chapter 2, THz waves and their application are presented. Common ways of
generating and detecting THz waves and the necessity for cheap and compact
sources are described. The recent advances in the electronics as a demanded solution
for low and medium power THz applications are reviewed in general and it has been
more focused on the NLTL approach as a broadband THz source in detail.

The second part of this thesis comprehensively describes challenges and
limitations in the characterization of THz device with electronic instrumentation. By
concentrating on a typical state-of-the-art system, consisting of a modern network
analyzer equipped with THz extension modules, capable of measuring frequencies
beyond 1 THz, the performance and challenges of this approach is demonstrated.
Main drawbacks of these systems such as having high complexity and cost as well as
limitation in frequency band measurements are demonstrated. It is emphasized that
systematic errors in electronic measurement system caused by degrees of uncertainty
in calibrations and lack of precise models for devices in particular at the high
frequencies of THz can degrade their achieved results. As an alternative, the photonic
and optical characterization methods such as EOS and PC probing are introduced
which in comparison to the electronic approach are capable of detecting several or
even tens of THz bandwidth, much far beyond today’s electronic devices operational
frequency range. Additionally two common methods of EOS including internal and
external sampling with their advantages and disadvantages are also reviewed, and it
is mentioned that due to ease of use and implementing, as well as freedom in
selecting devices more applicability, the external EOS probing is preferred for on-
wafer measurements.

Following-up with the EOS, in Chapter 4 its theory and principle of operation
are described in detail and based on results published in the literature, and our
simulation, it is demonstrated that how a suitable electrooptic crystal for the
application of THz circuit characterization can be selected. As a useful evaluation
criterion, the invasiveness of the most commonly used electrooptic crystals in
probing of the near field of the devices is compared.
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Chapter 11. Conclusion

In Chapter 5, an EOS setup consisting of a freely positionable EO probe
mounted on an XYZ stage, a rotary wafer station and a very high resolution vision
system for DUTs is introduced. The setup is specified with properties such as having
a very good sensitivity and a large dynamic range, as well as an ultra-broadband
measurement bandwidth.

Since as the first plan of the experimental setup, a fiber pigtailed EO probe
was used, challenges of using this probe in measurements are explained and finally,
it was decided to evolve the setup to non-pigtailed solution. This approach, has
resolved drawbacks of the former plan while retained its advantages.

To assess the measurement setup bandwidth and its capabilities, it is
necessary to have an ultra-broadband electronic DUT. By a flashback to Chapter 2
and recognizing NLTL as a broadband THz electronic source, it was decided to use
such a device which was fabricated in 65-nm CMOS technology and provided by our
ULTRA project partners. For detection of the highest frequency radiated from this
device and characterize the device functionalities, different known synchronization
techniques such as LM-MS and MM-LS are tried.

During this exploration, and by facing with prohibiting challenges such as
jitter in the system, the initial setup was able to measure only at first 5 harmonics of
the NLTL signal without having a large deviation from the real values measured by
on-wafer microwave probing technique. By analyzing the results, hidden sources of
the measurement errors are figured out. Following this procedure, by replacing the
lock-in amplifier in the setup with a low-frequency spectrum analyzer and self-
referencing method, up to 200 GHz (20" harmonic of a 10 GHz input signal ) for the
NLTL was detected.

The influence of jitter in measurements is comprehensively investigated.
Amongst the three kinds of jitter including jitter from the laser as a sampling pulse,
jitter from the microwave generator as a signal source, and relative jitter between
these two, the latter is distinguished as the main source of the measurement errors
and studied in detail. It is demonstrated that the other types of jitter which are
caused by the instruments used, can be slightly optimized by choosing the IF signal
in the heterodyne system far from the DC. Looking for a solution to resolve the
relative jitter, finally, a novel solution called laser master- laser slave (LM-LS) is
introduced. In this technique, which in EOS for the first time is presented in this
work, the femtosecond pulse of the laser with the help of photodiode generates a
microwave signal which is then fed to the DUT. At the same time the laser pulse
samples with the sampling EO probe. Due to the full coherency of this detection, the
amount of jitter in the system is extremely reduced that enables to measure the NLTL
up to 300 GHz (30* harmonic of the input 10 GHz fundamental). This achievement is
not only far beyond 50 GHz that the preliminary measured with other conventional
synchronization techniques, but also can be demonstrated as a very good record for
CMOS semiconductor technology measurement bandwidth.
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Chapter 11. Conclusion

Moreover, with the help of experimental results, advantages of EOS over
electronic measurement approach are demonstrated. It is shown that EOS can carry
out continuous ultra-broadband measurements without the need for change in the
setup components during measurements, or deal with sophisticated calibrations.
EOS is also capable of measuring the near field mapping of devices as a useful tool
for detecting their malfunctioning. In this work, this feature is demonstrated by
scanning of the NLTL in all longitudinal, transversal, vertical and two dimensional
schemes. Interestingly, the longitudinal scan can also be used for measurement of the
S-parameters, VSWR, and the internal behaviors of the NLTL. It is also demonstrated
that unlike a linear transmission system, a unique VSWR number cannot be defined
for the NLTL as the varactors are voltage dependent and response to a signal which
varies over the scan range. This is an interesting result which may not be achieved by
microwave probing. Also, internal features of devices like high conversion losses can
be confused with a good matching at the input port for the case microwave a
network analyzer, while EOS scanning can distinguish them. Transversal EOS scan
also can demonstrate near field effects such asymmetry of the field distribution for
the NLTL or non-desired modes.

In the last chapter of this work, a so-called near field photoconductive probe is
used as an alternative for EOS to detect the NLTL signal. In comparison with EOS, it
is demonstrated that in the photoconductive probing the SNR can be smaller than
that in EOS as is shown for the scanning of the NLTL harmonics. Not only RF, but
also the effect of baseband electronic in the measurement such as using a very high
gain current amplifier is studied. This shows that after downconversion of the NLTL
signal, detecting the higher harmonics can be hampered by loading the amplifier
with the capacitance of cables and hence, acting as a lowpass filter. It is also
mentioned that EOS by detecting all harmonics with almost a flat response takes
advantages over PC probing which can be influenced by the frequency response of
the photoconductive antennas used. For the case of NLTL characterization which
needs CW excitation, it is concluded that the PC near field probe can also detect the
far field with its metallic arms and drastically affect the measurements. Evidently,
from near field mapping, it is figured out that EOS shows better phase and amplitude
sensitivity, a better spatial resolution and good vectorial detection performance;
therefore, it is preferred over the photoconductive probing method.
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THz waves, with the electromagnetic spectrum between
millimeter-waves and optics, are nowadays widely used in applications such as
material inspection, medicine, astronomy and etc. Optical based systems for
generating THz waves are usually bulky and inefficient at the frequencies below 1THz.
Alternatively, all-electronics THz approach is promising to facilitate the future
availability of THz waves in cheap, compact and industrial solutions. A milestone in
reaching this goal is the characterization of devices, and therefore, electrooptic
sampling (EOS) is a superior solution. EOS, in comparison to the electronic
characterization approaches offers a much broadband and faster measurement system
with reduced systematic errors from system calibrations. Moreover, non-contact near-
field probing allows for producing high resolution images of devices.

The aim of this work is to demonstrate EOS for the characterization of mm-wave
and THz electronic devices. Accordingly, an experimental setup, featured with a large
dynamic range, high sensitivity, and high spatial resolution for imaging is introduced. A
65-nm CMOS Nonlinear Transmission Line (NLTL) is then chosen as a broadband device
under test. In the preliminary measurement phase, jitter of the system is recognized as
the major prohibiting factor in achieving a full measurement bandwidth for the device.
As a solution, a fully coherent synchronization technique, called Laser Master Laser
Slave (LM-LS) is used which extremely enhances the system detection bandwidth from
50 GHz up to 300 GHz, restricted by the device fabrication technology i.e., the CMOS. It
is also shown that EOS non-contact probing of nonlinear devices can detect features
which may not be seen by electronic measurement instrumentation at device ports. In
the end, results of photoconductive probing are compared with EOS in terms of
detection bandwidth and image resolution.
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