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multipliers and imaging

Robin Dahlbéck
Chalmers University of Technology
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Sweden

Abstract

The utilisation of the THz spectrum ( 0.3-10 THz ) is hampered by fundamental difficulties
in generating power at these frequencies. Applications within such diverse fields as radio
astronomy, security imaging, life sciences, high data rate communications and production
monitoring could benefit significantly from compact, high power THz signal sources operating
at room temperature. This thesis reports on the design and fabrication aspects of varactor
diode based waveguide enclosed grid frequency multipliers. The goal of this work has been
to design, fabricate and characterise high power varactor grid frequency multipliers, enabling
increased power handling capabilities and output power of future THz frequency multipliers.
This approach is expected to offer excellent frequency and power scalability for THz signal
sources.

A tunable 240 - 290 GHz 72 element grid HBV frequency tripler is presented together with
measurement data. With an output power of 35 mW at 247 GHz this is the highest frequency
of operation reported to date for waveguide enclosed grid frequency multipliers. Furthermore,
a 128 Schottky diode frequency doubler grid is presented, with a measured peak output power
of 0.25 W at 183 GHz. With a peak conversion efficiency of 23 % it is the most efficient
waveguide enclosed grid multiplier reported to date. A modelling approach using parallel sets
of cascaded unit cells has been successfully developed as well as a full 3D simulation for grid
frequency multipliers.

Two application examples that could benefit from future high power THz sources are also
presented. The first one is a 346 GHz imaging system using an imaging algorithm based on
the Born approximation to produce images with a sub wavelength pixel size of 0.1 x 0.1 mm?.
The second application example is a FMCW radar transceiver operating at 340 GHz, packaged
into a compact modular system designed for array integration.

Keywords: 2D-grid, Array, FMCW, Frequency multipliers, Grid, Heterostructure Barrier Var-
actors (HBVs), Millimeter wave, Varactors, Radars, Schottky diodes, sub-millimetre waves,
THz imaging, THz sources, Quasi-optical.
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Chapter 1

Introduction

The Terahertz (THz) region is one of the last unconquered parts of the electromagnetic
spectrum. The difficulty of using this part of the spectrum comes from the fact that the
frequency is very high in electronic terms but at the same time very low in the optical
perspective; the terahertz gap is squeezed in between microwaves and visible light. The
Terahertz region of the electromagnetic spectrum is generally defined as 300 Gigahertz
(GHz) (A = 1 mm; photon energy = 1.2 meV) to 10 THz (A = 0.03 mm; photon
energy = 41 meV'). When approaching the Terahertz region from the electronics side
devices are hampered by the transit times of electrons in the materials. Similarly
challenging is to lower the frequency of optical devices, a THz laser based on an energy
transition would require a transition energy of the same order as the room temperature
lattice vibrations in the material. Significant research effort is put into overcoming these
limitations and ultimately bridging the terahertz gap.

Research on THz technology, was initiated by J. C. Bose who during the 1890’s
created the forerunner to modern diode detectors with his 60 GHz galena receiver [1].
The development of THz electronics has long been led by the radioastronomy commu-
nity, but is nowadays finding its way into a broader range of applications, e.g., medical
research [2], production monitoring [3], spectroscopy [4-11], non-invasive inspection
[12, 13] and security applications [14-17]. Common for all those fields is the lack of
compact, efficient and affordable signal sources and detectors.

In this work two semiconductor devices are used to construct signal sources in
the form of frequency multipliers, the Schottky diode and the Heterostructure Bar-
rier Varactor (HBV) diode. A Schottky diode is formed at the interface of a metal-
semiconductor contact. The Schottky diode has a long heritage within the electronics
community, the first experimental results were presented 1874 by Braun [20]. Applica-
tions of the metal-semiconductor rectifier followed during the coming years but it was
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Figure 1.1: Output power levels for state-of-the-art sources, solid-state devices, in the THz
frequency range [18, 19]. The term THz-gap is often used to describe the lack of powerful
sources at THz frequencies.

not until 1931 when Willson [21] formulated the transport theory of semiconductors
based on the band theory of solids that a theoretical foundation started to form. In
1938 Schottky [22] proposed that the potential barrier could arise form space charges in
the semiconductor and in 1942 Bethe [23] presented what was to become the thermionic
emission model describing the dominant carrier transport mechanism in the Schottky
diode. Semiconductor heterojunctions, the fundamental building block of HBV varac-
tors were proposed in 1951 by Shockley and Gubanov [24, 25]. In 1989 Kollberg and
Rydberg [26] proposed the Quantum-barrier-varactor diode that later became known
as the HBV diode.

Todays power generation devices operating in the THz spectrum can be categorised
into two main groups, electronics based devices and photonics based devices. The elec-
tronics based devices can further be subdivided into semiconductor devices and vacuum
devices. The work presented here falls into the first category, in which its distinctive
characteristics are that power is generated in a semiconductor, typically a diode or a
transistor, and the circuit is designed using methods common for the microwave elec-
tronics community. Vacuum devices utilise the interaction of a relativistic electron
beam with a slow wave structure to generate or amplify THz radiation [27]. A pho-
tonics based device could be a semiconductor crystal where the THz generation comes

4



from photo mixing, or a quantum cascade laser (QCL) [18, 19] One of the main advan-
tages of electronics based sources is that they can operate at room temperature without
cryogenic coolers or bulky high vacuum systems, a feature that is highly desirable in
many applications.

While signal sources for driving single channel receivers exist throughout the THz
range, applications such as three dimensional (3D) Radio Detection and Ranging
(RADAR) [14], Paper E, communication links [28], Nuclear Magnetic Resonance spec-
troscopy (NMR) [29], research setups and imaging systems, like the one featured in
Paper D, call for an increasing amount of input power. Traditionally, this problem has
been addressed either by increasing the number of devices used on the multiplier chip
or by a waveguide-based power combination of several multipliers. However, today’s
high power Gallium Nitride (GaN) amplifiers operating in the millimetre wave region
are providing more input power than traditional approaches can efficiently handle. The
use of two dimensional (2D)-grid power combined frequency multipliers is a potential
solution due to their high power handling capacity. In particular the first stage in
a THz multiplier chain needs to handle high input powers, a fact that is illustrated
in Figure 1.2. High power multipliers are needed when the frequency is too high to

Frequency: 100 GHz 300 GHz 600 GHz 1800 GHz
15 % 10 % 2._5:’/0
| 0 I/, \\
3 X3 —
Power: 2 000 mW 300 mW 30 mW 0.75 mW
Frequency: 100 GHz 200 GHz 400 GHz 1200 GHz
25 % 20 % 2.5%
/, \\
| ,
’ ; \ X3 /,
Power: 2 000 mW 500 mW 100 mW 2.5 mW

Figure 1.2: Schematic showing two examples of the power budget for cascaded frequency
multipliers:2D grid power combined frequency multipliers may be an alternative for the first
stages (red circle) in a high power THz source.
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use amplifiers; today that breakpoint is at approximately 100 GHz. Combined with
the recent advancements in GaN amplifier technology around 100 GHz, [30-32| , the
settings are well suited to develop a high power frequency multiplier delivering record
power levels at 200 GHz to 300 GHz.

The highest output power and efficiency among frequency multipliers used today
is found in diode based passive designs; a summary of current state of the art perfor-
mance can be found in Figure 1.1. Monolithic Microwave Integrated Circuit (MMIC)
transistor technology has in recent years been making its way into the lower part of
of the THz region [33]. However for the highest frequencies and highest power lev-
els diode based multipliers still hold a dominant position. Most commonly used are
Gallium Arsenide (GaAs) Schottky-diode multipliers and Indium Gallium Arsenide
(InGaAs)/Indium Aluminum Arsenide (InAlAs) HBV-diode multipliers.

To achieve higher power levels in the traditional planar design of frequency multi-
pliers two main routes exist. The first one is to add more diodes in series or parallel on
the chip, a method that works well up to around 50 diodes [18, 34]. As the number of
diodes increases, so does the loss and complexity in the matching network. The other
path is to use a waveguide split and combine network to power combine many multi-
plier circuits [18, 35-38]. This method also works well for a small number of chips but
as the number of circuits increase the split and combine losses becomes dominant. The
use of planar grids offers an advantage for networks with many diodes (> 50), since the
split and combine loss is independent of the number of devices [39]. Thus, the power
handling capacity scales proportionally to the number of devices in the grid. A number
of examples of free space operating 2D array frequency multipliers exist see e.g. [40-45].
Quasi-optical frequency multipliers with fewer active elements exist, see for example
[46-48]. The downside of free space arrays is that the input and output coupling needs
to be done quasi-optically using focusing elements, which leads to a bulky system.
Waveguide embedded 2D grids are far less developed, [49, 50|, Paper A and B, but
offer a compact unit compatible with existing waveguide based systems. Waveguide
embedded 2D grid multipliers promise high output power, efficient power combining of
a large number of devices and reliability through graceful degradation [39, 51].



Chapter 2

Background of varactor grid frequency multipliers
and THz imaging

The field of varactor frequency multipliers has a long heritage and detailed textbooks
covering the topics were available as early as the 1960s, e.g. [52] by P. Penfield and R.
P. Rafuse. The development of varactor frequency multipliers is still an active research
topic and B.L Diamond’s observation from 1963 still holds true;

In the past few years the application of the semiconductor capacitor diode
(varactor) to frequency multiplication has received considerable attention. B.L
Diamond, 1963 [53]

Frequency multipliers at THz and millimetre wave frequencies can be realised in a
great number of ways. This thesis will focus on two terminal semiconductor device
based multipliers, with special emphasis on two designs based on HBV diodes [26] and
Schottky diodes. In general, semiconductor diodes can operate as frequency multipliers
either by modulation of the nonlinear bias dependent depletion region capacitance,
under reverse bias, or by modulation of the non linear forward conduction, during
forward bias. Varistor and varactor mode operation each dominate at the respective
boundaries of the diode’s bias region but a combination of the two nonlinear effects
may be used as well.

The main advantage of a varactor frequency multiplier is the high conversion ef-
ficiency, in theory 100 % for a lossless varactor [54]. Resistive multipliers have the
advantage of a less reactive matching network leading to a greater operating band-
width [55] but suffer form an inherently lower conversion efficiency. The theoretical
limit of conversion efficiency from a resistive multiplier is 1/ nfnult, where 7, is the
multiplication factor [56].
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IMAGING

2.1 Varactor frequency multipliers

The simplest varactor model introduced in [57] and drawn in Figure 2.1 contains only
a voltage dependent capacitance in series with a constant parasitic resistance. The key

Rs C

o MW——Jf—

v

Figure 2.1: Uhlir’s varactor model containing the voltage dependent capacitance in series with
a parasitic resistance.

to varactor multiplier operation is that the capacitance of the diode varies with the
applied voltage. When driven, commonly referred to as pumped, by a signal source of
frequency f, harmonics of the input frequency, fnxp, will be generated [58, 59]. An
upper limit of the attainable performance of a varactor multiplier can be related to the
dynamic cutoff frequency which relates the magnitude of the elastance modulation to
the parasitic series resistance, Ry:

Smaa: — szn
== -7 2.1

The dynamic cutoff frequency is a useful figure of merit when comparing varactor
candidates for a multiplier design. It is also commonly used to evaluate tradeoffs when
designing the epitaxial structure or layout of a varactor diode.

When using a single Schottky diode a voltage dependent differential elastance
S=1/C, where C is the capacitance, curve of the "Schottky shape" in Figure 2.2 is
obtained. For varactor operation the diode is direct current (DC)-biased somewhere in
between the reverse breakdown voltage and forward conductance threshold, typically
around Vgp/2. HBV diodes and other varactors with a symmetric elastance modula-
tion function exhibit the behaviour illustrated by the "HBV line" in Figure 2.2 where
the elastance is an even function around the zero bias point. If a varactor with an even
elastance function and an odd conduction current function is operated around its point
of symmetry only odd harmonics of the pump frequency will be generated.

The fundamental principle of varactor operation is that the width of the depletion
region, and thus the capacitance can be changed by biasing the diode. To understand
the origin of the capacitance modulation the physical construction of the devices need
to be studied. HBV diodes utilises semiconductor heterojunctions to form a potential
barrier. The devices are grown epitaxially with symmetric layers of moderately n-doped
low band-gap materials (modulation layers) with an undoped high band gap material
(barrier) sandwiched in between. The two heterojunctions connecting the barrier and
the undoped barrier itself prevents electron transport through the epitaxial stack. Due
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HBV

A\

Figure 2.2: Typical differential elastance curves as a function of bias voltage for Schottky and
HBV varactors.

to the symmetry and the epitaxial fabrication technique multiple layers can be stacked
to increase the breakdown voltage of the structure. The epitaxial structure used in this
work is outlined in Table 2.1. The spacers surrounding the barrier layers are added to
stop dopants from the modulation layers from diffusing into the barrier during material
growth. In the epitaxial stack presented the barrier height is improved through the
addition of a thin pseudomorphic Aluminum Arsenide (AlAs) layer in the centre of the
barrier [60].

Table 2.1: The epitaxial structure of the HBV diodes used in this work. For the three barrier
devices used the layer sequence 3 to 8 is repeated three times.

Rep No Layer Thickness (nm) Material Doping (cm™3)

22 Contact 400 Ing 53Gag.arAs > 1077

21 Modulation 250 In0_53Ga0,47As 1017 (Ndop)
x3 8 Spacer 5 Ing 53Gag47As  Undoped
x3 7 Barrier 5 Ing 50GagagAs Undoped
x3 6 Barrier 3 AlAs Undoped
x3 5 Barrier 5 Ing.50Gag4gAs  Undoped
x3 4 Spacer 5 Ing 53Gag 47As  Undoped
x3 3 Modulation 250 In0.53Ga0.47As 1017 (Ndop)

2 Buffer 1000 Ing 53GagarAs > 101°

1 Spacer 100 Ing 53Gag47As  Undoped

0 Substrate InP SI

For the general understanding of the device physics the barrier can be assumed to be
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homogeneous, the conduction band diagram of such device is sketched in Figure 2.3 (a).
The barrier can be viewed as the plate separation in a parallel plate capacitor. When
the HBYV is biased, Figure 2.3 (¢) the modulation layer of one side of the barrier will be
depleted, effectively widening the charge free region, therefore decreasing the junction
capacitance. The differential capacitance of an HBV diode can be calculated as

A 1
Cupy(V)= =7 —— (2.2)
Na+a+8
25d|Vd|
W= —— 2.3
N (2.3)

where A is the device area, N is the number of barriers, b is the barrier thickness,
s is the spacer thickness, w the depletion layer width, 4 and ¢ is the permittivity
of the depletion layer and barrier respectively, Vy is the bias voltage, Ci,q. is the
doping concentration in the modulation layer and g is the elementary charge. The
model is valid as long as the breakdown field in the semiconductor is not exceeded
or the depletion layer does not punch through the full modulation layer. However, to
calculate the maximum capacitance occurring at zero bias charge screening effects need
to be included, C},q. is therefore given by
A 1
Cmax = X b 95 . 9L~
NEITE I

€d

kT&d
Lp=4/—— 2.
p=1lax, (2.5)

where Ly is the Debye length, k is Boltzmann’s constant and 7" is the device tempera-
ture.

A Schottky diode is made by bringing a metal into contact with a semiconductor
[61]. When the metal comes into contact with the semiconductor the fermi energy level
of the semiconductor will align with that of the metal and thus produce a potential
barrier. This is illustrated in Figure 2.3 (b), where the conduction band of a n-type
Schottky diode is sketched. In order to align the fermi levels electrons need to flow
from the semiconductor to the metal to create a electrostatic potential, compensating
for the original difference in fermi levels. It is this net charge of electrons that create
the potential barrier and at the same time the electron vacancies in the semiconductor
will create an area with a positive net charge. The width of this electron depleted
region, denoted w in Figure 2.3, can be changed by biasing the varactor. Similarly
as for the HBV diode the junction capacitance of a Schottky diode is bias dependent
through modulation of the depletion layer thickness:

eqdA eaN
CSchottky(Vd) = d = A\/ 4=a’Yb (26)

(2.4)

w(Va) 2[Yei — (KT/q) = Va)l

10
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@ HBV () Schottky diode

<>
b
© _ Schottky diode
HBV biased (@) reverse biased
Vb
,,,,,,,,,,,,,,,,,,,,,,,
b w

Figure 2.3: Conduction band diagram for an unbiased HBV diode (a), an unbiased Schottky
diode (b), a biased HBV diode (c) and a reverse biased Schottky diode (d).

for bias voltages ranging to from the 1)y;/2 to the reverse breakdown voltage, where
1p; is the built in potential of the Schottky contact.

As the design work proceeds more and more elements are usually added to the model
to improve the accuracy of the simulation. The shape of a varactor’s capacitance curve
is directly coupled to the semiconductor design used and varactor optimisation is a
topic in itself [62]. In [63] the effect of the shape of the elastance curve, coupled to
different epitaxial structures, upon multiplier efficiency for symmetric varactors was
investigated.

2.1.1 Varactors modelling

Even though the ideal varactor models in Figure 2.1 serve as a good starting point
for a multiplier design, parasitic effects needs to be included to accurately predict the
performance of a THz frequency multiplier. A more elaborate varactor diode model
is presented in Figure 2.4. It includes the voltage dependent capacitance, the voltage
and temperature dependent conduction current, and two parasitic elements. A good
approximation for the charge dependent voltage over the particular HBV diode used
in this work is the cubic varactor model, Equation (2.7), suggested by [64].
Q3
VHBV(Q) = Smin@ + (Smaac - Smin)(ﬁT) (27)

max

Where Vi py is the voltage across the varactor as a function of the stored charge Q.
Smaz and Sy, the varactor’s maximum and minimum elastance, ¢, the maximum

11
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charge and § a fitting parameter. For more accurate Harmonic Balance simulations
the charge dependent voltage is usually calculated by the quasi-static HBV model

B bQ  sQ . Q? 4T ~1Ql/(2LaAeNy)
Visv(@) =N (ebA T oed T (@) (2qu5dA2 T (1 o ))>
(2.3)

where L, is the Debye length from Equation (2.5) [65]. The semi physical model is
useful due to the coupling to device parameters. For temperatures up to approximately
room temperature thermionic emission is the dominant current transport mechanism in
the HBVs used in this work [66]. The following empirical model is used for simulations:

I(By) = A-a-T? Sinh (Eb) e~ (2.9)
Eq
The electric field in the barrier Ej, can be calculate by applying Gauss’ Law, @ = Fyeq,
to Equation (2.8). Ey, a, and ¢, are fitting parameters that need to be extracted from
measurements.

A good approximation of the junction capacitance of a uniformly doped Schottky
diode can be derived from Equation (2.6) if the thermal voltage V; = kT'/q is neglected
[67]:

&

Cschottky(Va) ~ (2.10)

where Cjo is the zero bias junction capacitance. Current transport in n-type Schottky
diodes is dominated by electron majority carriers. For the high mobility GaAs Schot-
tky diodes in this work thermionic emission over the barrier is the major transport
mechanism followed by quantum mechanical tunnelling through the barrier. These
two processes are described in [68]. A widely used model combining these two effects
is:

I(Va) = I (eiqvé’z%i) 1) (2.11)
Vo(Va) = Vi — Rs % [ (2.12)

where I is the saturation current that is obtained from measurements by extrapolating
a log-linear plot to V; = 0, n is the ideality factor that is n & 1 if the tunnelling current
can be neglected, I it the current through the diode and R; is the series resistance [61].
The parasitic series resistance in both HBV and Schottky diodes has three main
contributions:
e Bulk resistivity in the modulation layers, where the extension of the depletion
region is voltage dependent, and the buried contact/buffer layer.

e Contact resistance.

e Ohmic losses in the connecting air-bridges which are frequency dependent due to
the skin effect.

12



2.1. VARACTOR FREQUENCY MULTIPLIERS

The parasitic series inductance for originates mainly from the air-bridges, see Figure 2.5
for the geometry of a typical planar HBV diode.

At high frequencies and high powers the finite electron velocity in the semiconductor
material will influence the performance through current saturation effects [69]. High
power levels will also increase the conduction current, acting as a parasitic varistor in
parallel with the varactor. If the drive level exceeds the varactor’s reverse breakdown
voltage the conduction current will increase rapidly leading to an effective decrease
in conversion efficiency, since resistive harmonic generation is far less effective than
reactive. Another problem with high power levels is the self heating of the diode which
also degrades performance [70].

Iv,T)
L R(V,f)

Q)

Figure 2.4: A varactor model including a voltage and temperature dependent conduction
current, voltage and frequency dependent series resistance along with a parasitic inductance.

2.1.2 Varactor multiplier matching

By optimising the source and load impedances at the input and desired harmonic fre-
quency a large portion of the input power can be converted to the output frequency,
ideally 100% for a lossless varactor without parasitic elements. The source and load
impedances are generated by filter structures at the in and output, see Figure 2.6 for a
two-port transmission line representation of a single HBV diode frequency multiplier.
Since both input and output circuits interact, the impedances in a final design are often
based on a number of compromises; typically the impedance presented to the varactor
at the input frequency has a greater effect on final performance. Besides the pump
frequency and the desired output harmonic it may be necessary to terminate other
harmonics with suitable impedances, referred to as idler circuits [53]. An example
would be if a single non-symmetric varactor is to be used as a frequency tripler the
second harmonic idler and possibly also the fourth harmonic idler would need to be
terminated with proper idler circuits. Similarly for an HBV diode operating as a quin-
tupler, where the performance is greatly improved if the third harmonic is terminated
in a reactive idler circuit [63].

13
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Figure 2.5: Picture showing a typical HBV diode consisting of two three-barrier mesa stacks
contacted by air bridges at the top and a buried buffer layer in-between at the bottom.

Za

Input

Output
filter filter ZL Pm

Ps

3

Figure 2.6: Two port models of a shunt mounted HBV diode together with input and output
filters. The pump frequency is injected through the source at the left side and the power
generated at the desired harmonic frequency is absorbed in the load at the output.

2.2 Grid frequency multipliers

Quasi-optically coupled frequency multipliers, e.g. [71], have existed before quasi-
optical power combining of microwave devices became a research topic [72]. The nam-
ing convention within the field is somewhat confusing, the terms quasi-optical power
combining, grid power combining, 2D-grid power combining, array power combining or
even grid array power combining are sometimes used interchangeably. Systems coupled
together by the optics and free space propagating waves are more often referred to as
quasi-optical and arrays, while waveguide embedded structures more often are called
grids. See Figure 2.7 and Figure 2.8 for examples of the concepts. Most frequency mul-
tiplier grids presented so far have been designed for free space operation, sometimes
also referred to as open structures, where the input and output signals are coupled to

14



2.2. GRID FREQUENCY MULTIPLIERS

the circuit quasi-optically. This is done by either illuminating the array in the far field
of an antenna where the incident field can be well approximated by a plane wave. Or
by using focusing optics and thereby provide a Gaussian shaped power density across
the target array. The modelling of free-space arrays is more developed than for the
waveguide embedded arrays and experimental data exists to verify, cf. [73-75]. How-
ever many experiments with free space arrays have been performed by illuminating the
array in the far field of a high power source e.g a free-electron laser. By doing so the
plane wave illumination condition assumed in the unit cell modelling is fulfilled but
only a small fraction of the pump source output power couples to the the array, so even
though the array conversion efficiency is quite good the overall system efficiency is very
low. It is generally hard to provide an even illumination without suffering from large
spillover losses. Also, the downside of free space arrays is that the total setup becomes
bulky and less flexible compared to a waveguide packaged component. In addition, the
electronics community is used to standardised waveguide interfaces between compo-
nents, rendering open quasi optical solutions impractical for applied system design. A
summary of relevant grid frequency multipliers is given in Table 2.2.

Input filter Optional heat spreader

Diode- and antenna grid
Figure 2.7: A conceptual sketch of a waveguide enclosed grid frequency multiplier.

One of the main motivations for building 2D arrays of frequency multipliers is to
increase the power handling capacity of the assembled frequency multiplier. The tra-
ditional circuit design methods struggle when the number of diodes in the multiplier
circuit becomes too many to easily match the multiplier, this typically happens be-
tween ten and fifty diodes. In a grid of frequency multipliers an arbitrary grid size
of m x n frequency multipliers can be chosen without affecting the power combining
loss, however the advantage in terms of power handling compared to traditional power
combined designs increases as the total number of devices increases [39].

As mentioned above, one of the advantages of packaging grids in waveguides is
that it enables integration into systems by means of standardised waveguide interfaces,
operating with the Hig mode. This also makes characterisation of the components
easier since calorimetric power meters can be coupled to the waveguide interface thus
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Multiplier array
Input fi

Figure 2.8: A conceptual sketch of a free space array frequency multiplier.

eliminating the need to estimate optical coupling losses. However, when packaging an
array in a waveguide the uniform plane wave excitation assumed in unit cell modelling
does not hold true. In a fundamental mode H10 waveguide mode, also known as TE10
(H10) waveguide the e-field varies as sin(z), and the power density as sin?(x), with
a constant phase along the broad waveguide dimension. The work in this thesis and
previous work within the field, [49, 50], are using a fundamental mode waveguide at the
input frequency which then becomes over-moded at the desired harmonic. The uneven
power distribution means that the elements of a symmetric uniform array will receive
different input powers depending on their position in the array, an issue that is further
discussed in Section 3.2.

2.3 Imaging applications

Millimetre wave and THz imaging has been applied in a large number of applications
including biology and medicine [78-85], non invasive imaging [12, 13| and security
screening [16, 17, 86]. There are three main reason for the interest in applying THz
and millimetre waves in imaging applications. Most dielectric materials are transparent
in this frequency range making common packaging materials and clothing transparent,
a fact that is utilised in security screening applications. Polar molecules e.g water
show strong absorption due to vibrational and rotational modes resonating with the
wave, which makes sample investigation systems very sensitive to differences in water
content. The wavelength range 1 mm to 0.1 mm offers a reasonable resolution given
the two mentioned advantages.
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Table 2.2: Summary of relevant grid frequency multipliers presented to date. X2 repre-
sents a frequency doubler and X3 a frequency tripler.

Type Output Eff. @QP,,0e Nr. devices Ref
X3 abrupt varactors? 40 mW @ 15 GHz 14 % 16 [73]
X2 Schottky! P 500 mW @ 66 GHz 10 % 760 [75]
X2 BNN fp 2.1 W @ 66 GHz 75 % 1760 [74]
X3 SQBVf P 5 W @ 66 GHz 2% 3100 [76]
X2 Schottky“ 100 pW@ 290 GHz 0.14 % 7 [77]
X2 Schottky“ 24 mW @Q 1 THz 0.05 % 144 [44]
X3 MQBVWP 148 mW @ 90 GHz 1.8 % 2602 [50]
X2 Schottky™P 410 mW @ 65.8 GHz 5 % 98 [50]
X3 HBVVY 684 mW @ 93 GHz 10 % 196 [49]
X3 HBVVY 35 mW @ 247 GHz 3.9 % 72 A

X2 Schottky™ 0.25 W @ 183 GHz 19 % 128 B

& Estimation from available information

f Far field measurement with a plane wave excitation
P Pulsed measurement

4 Quasi-optical focused measurement system

¥ Waveguide enclosed

For sample investigation at close range the transmission or reflection properties are
often of interest, as in the example in Paper D. The properties of the sample are then
calculated from the perturbation of the amplitude and phase of the incident field and
reconstruction algorithms are often used. Stand-off imaging used for such applications
as security screening and packet inspection often use Frequency Modulated Continu-
ous Wave (FMCW) radars for the image acquisition. An FMCW radar transmits a
frequency sweep and determines the down-range distance to the target by the mixing
product of the transmitted and received signal. The intermediate frequency revealing

the range is given by
2KR

Jir = — (2.13)

where K (Hz/s) is the chirp rate, R (m) the target range and ¢ (m/s) the speed of
light. The theoretical limit for the down range resolution is determined by the sweep

bandwidth as c

A, = — 2.14
= (214)
where Ay (Hz) is the chirp bandwidth [87]. The high bandwidth achievable in the
lower THz region combined with atmospheric absorption windows makes these systems
attractive. The cross range resolution is limited by diffraction, thus it is coupled to the
size of the main reflector in the optical focusing system.
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Different approaches exist to couple the transmitted radio frequency (RF) signal
into the optics and extracting the reflected signal to the receiver. In Figure 2.9 two
common approaches are shown. The first one uses a beamsplitter to enable physical
separation of the transmitter and receiver module. This is needed since the optics only
has one focal point on the electronic side of the system without the beamsplitter. The
second approach uses a transceiver module like the one presented in Paper E. Since
the transmitted signal (Tx) and received signal (Rx) share the same antenna feed and
polarisation only one focused point is needed in the system. More advanced schemes
also exists one being an approach where an orthomode transducer (OMT) is used to
combine the Tx and Rx signals to the same antenna feed but with orthogonal linear
polarisations. A reflecting grating polariser converter then converts the Tx signal from
linear to circular polarisation. When the circularly polarised radar beam reflects on
the target the rotation will turn. Thus, when the reflected signal reaches the grating
polariser it will convert into the linear polarisation of the receiver [87].

Beamsplitter Main reflector

Figure 2.9: Two different stand off imaging system setups. a) Uses a beamsplitter to combine
the Tx and Rx beam paths. b) Uses a transceiver module where the Tx and Rx channel has
the same polarisation from the feed.
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Chapter 3

Modelling and design of waveguide enclosed
frequency multiplier grids

This chapter provides an overview of the modelling approaches used in this work. The
first part outlines the cascaded unit cell approach that was used for initial design of the
grid presented in Paper A. This is then followed by a description of how several sets of
cascaded unit cells can be paralleled to account for the excitation present in waveguide
enclosed 2D-grids. Paralleled sets of cascaded unit cells were successfully applied in the
design of the frequency doubler in Paper B. The two mentioned approaches are useful
during the design process due to their low computational cost, thereby enabling fast
iterations. The down side of unit cell modelling is the symmetries assumed which makes
the model fully valid only for infinite grids with plane wave excitation. To account for
these effects a full 3D modelling approach was developed in Paper C. This model is
useful for design verification and advanced failure and yield modelling. Altogether these
three modelling approaches provides an attractive method for the design of waveguide
enclosed grid frequency multipliers.

The end of this chapter provides complementary information about the design of
the frequency multipliers in Paper A and B. Furthermore the concept of using a shim
system for the mounting of the frequency multipliers is explained and exemplified by
an in-depth description of the shims used in Paper B. Important aspects of mechanics
design for millimetre and THz electronics are also discussed. Finally the matching
network used for free space tests of the HBV frequency tripler grid is described.
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3.1 Cascaded unit cells

The most common approach when designing large grids of identical elements is to model
the device using the unit cell approach. When doing so, periodic electric and magnetic
boundary conditions are enforced on the borders of the symmetric cells, assuming an
infinite array of identical elements operating in phase. In this way the computational
burden can be reduced to solving a single cell. In reality no grids are infinite in size
but the method has proven useful even for relatively small grids.

Simpler unit cell structures can with good accuracy be approximated using the
induced electromagnetic force (EMF) method, described in [88, 89], which is a devel-
opment of the work by Eisenhart and Khan [90]. This approach has the advantage
that a lumped element model with analytical expressions relating to the the unit cell
dimensions can be created. For the initial design work this can be a very useful tool
to find a good starting point for more precise 3D electro magnetical (EM) simulations,
that later can replace the EMF model. For more complex geometries where the basic
assumptions in the EMF method become too complex, a full wave commercial 3D EM
field solver may be used directly to create the unit cell model.

A grid multiplier array usually consists of a number of components that can be
approximated using the unit cell approach, such as the input filter, the active array
and the output filter. It was shown in [91] that several grids containing unit cell models
could be cascaded using transmission line theory [92]. By applying that approach,
well known transmission line techniques can be applied when designing the input and
output matching networks. As an example a plate with a predetermined thickness that
is inserted in the path of the propagating wave will act as a transmission line with a
wave impedance determined by the permittivity, assuming lossless and nonmagnetic
materials, of the material and electrical length determined by the thickness.

Care must be taken when modelling cascaded grids since the model does not include
evanescent coupling between the grids, this effect is further described in Section 3.4 and
Paper C. In practice this means for example that two metallic filter surfaces cannot be
modelled separately and then be put into the transmission line model right next to each
other, since the evanescent field coupling that occurs between the filters is not included
in the transmission line model. Metallic patterns such as antennae and filters must
also be modelled with the correct dielectric backing, which later can be de-embedded,
in order to correctly account for the added capacitance in gaps, for instance.

The cascaded unit cell modelling approach enables the use of different sized unit
cells in cascade and individual elements can be represented either by approximate
lumped component models or by more exact numerical simulation files. The thickness
of substrates and air-gaps can also easily be used as tuning parameters in the model;
an example of a typical transmission line model of a grid multiplier being shown in Fig-
ure 3.1. The model in Figure 3.1 is usually solved using a Harmonic Balance simulator
to evaluate the expected frequency multiplier performance.
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INPUT MATCHING ANTENNA GOUPLED
ELEMENT HBV GRID OUTPUT FILTER

InP A InP O "

n Ir n Quartz to
BP WR-03

Z|§ filter
L o o o O o o o o
GRID SUBSTRATE FILTER SUBSTRATE

Figure 3.1: An example of a complete multiplier setup as a transmission line model for har-
monic balance simulations.

3.2 Grids enclosed in a waveguide cavity

One of the main practical differences when using the unit cell approach to model grids
in waveguides compared to TEM environments is that the wave impedance seen on the
two plane wave ports is frequency dependent while in a free space environment only
the electrical phase length is frequency dependent. The wave impedance of the Hig
mode in a rectangular waveguide is known to be [93, 94]:

Z,
Ly = S (3.1)

5
!
Where f, is the cutoff frequency for the mode, f is the frequency and

Zo = |22 ~ 3770 (3.2)
€0

is the characteristic impedance in vacuum. From Equation (3.1) it is clear that as
the frequency increases the wave impedance in the waveguide will approach that of a
free space propagating wave. It also means that for a grid multiplier in a waveguide
environment the fundamental frequency and the generated harmonic frequency will
experience different wave impedances. The impedance difference between the fun-
damental frequency and the harmonic frequency will be less if the wave propagates
through, for example, a dielectric matching plate with high permitivity.

3.3 Paralleled sets of cascaded unit cells

The grid multipliers presented in this thesis are both placed in a rectangular waveguide
with a Hyg input and output mode. As a consequence the unit cells in the grid will be
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pumped with different input powers. In order to model this effect a modelling approach
with paralleled sets of cascaded unit cells was developed. Since the columns of the grid
are aligned with the E-field of the Hjy input mode the input power is assumed to be
constant among the cells in a column. As a first approximation of the input power
to each cell a relative power density was calculated based on the cross section area
occupied by each unit cell and the Hiyp mode power density. On the input side the
pump power for a unit cell in column col,, is calculated as

colp m/n )
PAVA colp,—1-w/n st (l’) dx
Pcell(COln) = o . fﬂ' S;nlg(x) . (33)
0

where col,, is the number of the column, P4y 4 is the total available power, m is the
number or rows in the grid and n the number of columns in the grid. The input phase
is assumed to be equal to all unit cells. Simulations presented in Paper C validates
that the two above assumptions are a good approximation for the input power.

n=12
coln= 1 2 3 4 5 6|7 8 9 10 11 12
gruopopofofoyyppofopoypd
pinininin Dinininin
grofrorpoeyp i ufofofopo
AT H%ﬂTH\H i
e Bl antamndla ™o
INRPZ' BRI B ERBIIERERANEE!
ntedntplodotolnlaoln \ﬂ\ I
INZERER'EBY RS LEEEE {
pAnl ol nemd o tpintnlnlnNa
vftoraftiguyopnyoiofugu
plnlefnapinaouninlolodd
E-field lines Symmetry line rectangular waveguide wall

Figure 3.2: A schematic of six by twelve unit cells in a rectangular waveguide. The E-field
distribution and two lines indicating the field orientation of the H10 mode are also plotted.
The numbering scheme used to calculate the input power is also displayed.

To account for the difference in conversion efficiency and output phase a set of equal
chains of cascaded unit cells are simulated with input powers according to the above
assumptions. The outputs from the different sets are then coupled to a common load
by power combiners in the simulation software, thus their relative phases are accounted
for; a schematic of the setup is drawn in Figure 3.3. A further simplification used is
the electrical symmetry line drawn in Figure 3.2, whereby only half of the columns
need to be included. In total one cell from each column on either side of the symmetry
line is simulated, which is illustrated in Figure 3.3. In this way both the difference in
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conversion efficiency caused by the varying input power and the difference in output
phase caused by the input power dependent average capacitance are accounted for.
The passive embedding network is equal for all the unit cells and it is assumed that
the output H10 mode must have an equal phase plane at the grid surface similar to the
input mode. In Paper A this method is denoted vector summed efficiency. The same
paper also describes an alternative summation denoted scalar summed efficiency where
the output powers from the unit cell sets are simply summed. The scalar summed
efficiency is thus calculated as:

n
Zl Pout,unit cell col n =M

Pava

Ef ficiencyscatar = 100 (3.4)

where P,yt unit cell col n 1S the output power from a unit cell in column n. The differ-
ence between these two methods shows that the output phase plays an important role
in coupling to the output mode.

coly @

AN
> []=
/

Figure 3.3: A schematic illustration of paralleled sets of cascaded unit cells. Each set of

COIn/2 @

cascaded unit cells is driven with the input power calculated above. The outputs are the
summed using either the scalar or vector approach. Note that only one unit cell from half of
the columns are simulated due to the assumed symmetries.

3.4 Full 3D modelling with a large number of nonlinear devices

The two modelling methods presented above are both computationally effective and
therefore suitable for the iterative work of designing a frequency multiplier. Pa-
pers A and B confirm that good results can be achieved with the presented methods but
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also that more work is needed. Even though the conversion efficiency simulation fol-
lowed the measured data well at the peak output power the frequency response showed
a resonant behaviour and the envelope of the output power was slightly shifted down
in frequency. There are many potential sources of these discrepancies that the unit
cell models are unable to detect, examples being substrate modes, near field coupling
between the grids and higher order mode excitations caused by the mounting pockets.

Output waveguide \>
oy

Input waveguide Waveguide taper

HBV grid and filter stack
Input match

Figure 3.4: Full 3D simulation model volume, the complete waveguide cavity and all diode
ports are included in the simulation. part of the waveguide has been removed to show the
internal parts

Therefore a full 3D model was developed in Paper C for the design in Paper A. In
the full 3D model the complete linear electromagnetic environment is simulated in a
finite element frequency domain solver. Ports are placed in the simulation model at
the waveguide input and output and at all diode positions. The s-parameter matrix is
then imported to Harmonic Balance simulation software and a model with non linear-
devices attached to all diode ports is created. A schematic of this simulation model is
shown in Figure 3.4.

Paper C showed that this approach better predicted the response as a function of
frequency than the unit cell models. In Figure 3.5 and Figure 3.6 field plots from the
model is shown. In order to generate the plots the full 3D problem was solved according
to the above description, using the quasi static HBV model from Equation (2.8). The
current and voltages on the varactor ports in the harmonic balance simulation were
then imported to the 3D EM solver as as excitation sources and the resulting fields were
plotted on the mesh. The input tone behaves as expected, only a small fraction of the
power passes the bandpass filter and reflects on the taper. If the phase of propagating
third harmonic is changed a standing wav pattern can be noticed on the output. This
is interpreted as higher order modes reflecting off the taper.
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Figure 3.5: Example of field plots from the full 3D simulation, the input tone is plotted a)
A cut through the entire simulation volume from above. b) Plot from the same view of the

area next to the HBV grid. The arrow indicates the direction of signal propagation. From
the data generated for Paper C.
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Figure 3.6: Example of field plots from the full 3D simulation, the output third harmonic
is plotted a) A cut through the entire simulation volume from above, in two versions with
different phase of the propagating wave. This reveals what seems to be higher order modes
reflecting off the taper. b) Plot from the same view of the area next to the HBV grid. The
arrow indicates the direction of the desired signal propagation, some of the third harmonic
power is propagating towards the input. From the data generated for Paper C.
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3.5 Design of a 249 GHz HBYV frequency tripler grid

The design of any type of frequency multiplier is an iterative process. Many interactions
exist between different design parameters and a number of tradeoffs need to be balanced
against each other. Typical input parameters for a design may include input and output
frequency, bandwidth, output power and conversion efficiency. In this design, presented
in Paper A, HBV diodes based on the epi-stack design from [95] were used. It was also
desirable to build an array that could be tested both in free space operation as well as
in a waveguide cavity, the motivation for this being to gain experience in both types
of design.

The unit cell size chosen for this design is 211 pm which gives a 12 by 6 element
2D grid if mounted in a standard WR-10 waveguide. A WR-10 waveguide was chosen
on the input side since this meant that no additional input waveguide taper had to be
manufactured, which made testing easier.

The compromise in the waveguide case was to use a unit cell large enough to receive
sufficient power for efficient varactor frequency multiplication but at the same time
small enough not to excite higher order modes. Given the unit cell dimensions and the
available input power an HBV varactor optimised to operate with 20 mW input power
at 83 GHz was designed. With the epitaxial material used this resulted in the 30 pm?,
two mesa, six barrier HBV varactor shown in Figure 2.5.

A dipole-like antenna structure was chosen for the antenna array after many iter-
ations between a Finite Element Frequency Domain solver, used to simulate the unit
cell, and a Harmonic Balance circuit solver, used to simulate the entire multiplier cir-
cuit. A lumped element model of the unit cell was produced using the induced EMF
method, and both models can be seen in Figure 3.7.

Antenna and 4&

HBV diode
(e o+ Ho
75 pH|
Front Back i 211 pm
[ Z; o
Substrate

Figure 3.7: An analytical two-port transmission line model, from the induced EMF method,

together with the equivalent unit cell used for FEM modelling. The yellow part of the unit-cell
represents the antenna metal structure, where the HBV varactor is positioned in the centre.

The module’s simulated scalar- and vector conversion efficiencies are plotted in Fig-
ure 3.8 together with the simulated conversion efficiencies for the individual columns.
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Column numbering starts from the central symmetry line and moves out towards the
edge, an illustration can be found in Paper A, Figure 3.

12 T T

10|

vector

Conversion efficiency (%)
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Input power (mW)

Figure 3.8: Simulated conversion efficiency for the six columns as a function of input power,
for which column f is not visible due to a conversion efficiency close to zero. The calculated
vector summed efficiency and scalar summed efficiency are also plotted. All data are for 247
GHz output frequency with the design tuned for 500 mW of input power.

3.5.1 Filters and matching elements for waveguide cavity operation

To realise the embedding network needed for optimum frequency multiplier operation
a combination of dielectric matching slabs and a bandpass filter was used. Since both
the input frequency and the third harmonic propagate in the same environment all
matching elements except the last quartz slab at the output affect the varactor embed-
ding impedance on both harmonics. It can therefore be hard to separate the effect of
the different components in the matching network, presented in Figure 3.9, but some
general properties will be outlined.

Starting from the input side of the multiplier a piece of InP substrate is used
to match the input signal and thereby maximise the power transfer to the diodes.
To create the filter needed for efficient multiplier operation a dielectric backed metal
surface with a periodic metal pattern was used, commonly referred to as a frequency
selective surface. The design of frequency selective surfaces, or filters, is well covered in
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Figure 3.9: A complete unit cell transmission line model of the frequency tripler 2D array.
The schematic at the top describes the functional blocks and the bottom version of the same
circuit provides details about the electrical properties.

Wave impedance [Q]
Material 83 GHz 249 GHz Free space

Air 536 388 377
InP 109 107 105
Quartz 208 195 193

Table 3.1: Hjp wave impedance in a WR-10 waveguide filled with a dielectric at the two
critical frequencies in the design and complementary data for a free space propagating wave.
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the literature [96]. An important aspect when designing a filter is to consider the wave
impedances on both sides, which depend on whether a dielectric support substrate
is used or not. A summary of the wave impedances in a WR-10, H;y, waveguide
environment for the materials used is given in Table 3.1 for reference. The filter resonant
frequencies will also be affected by the surrounding wave impedances, i.e. the resonant
frequency for a planar periodic filter mounted in a Hyg mode waveguide will differ from
the same filter resonant frequency in free space operation. The design used here employs
a Rhombic aperture bandpass filter fabricated on a quartz substrate at the output to
pass the third harmonic and reflect the first harmonic. The output filter together with
the multiplier grid substrate serves many purposes, see Figure 3.10, namely:
e Acts as a back-short at the input frequency; The substrate roundtrip phase plus
the reflection phase of the filter at f; should add to 0 (or n x 27).
e Matches the output frequency, f3, with minimum loss.
e Transfers the propagating f3 to the output waveguide impedance; the quartz sub-
strate acts as a A\/4 transformer between the InP array substrate and the air filled
WR-10 waveguide.

e Transfers heat from the array to the metal waveguide block.

HBV array surface

N

InP Quartz
substrate substrate
180°
f1 :
Input f, > reflection
phase
= Outputfy ~ ———pp
. 90°
f3. »

A

Bandpass filter surface

Figure 3.10: Cross-sectional view of the cascaded multiplier elements. From left to right:
the 2D HBV grid on a InP substrate followed by the bandpass filter structure on a quartz
substrate. The properties are described by two rows explaining the function, one for the input
frequency, f1 and one for the third harmonic frequency fs.

Since the filter also serves as a heat-sink to the array the thermal properties of the
dielectric chosen for the filter need to be considered, especially for the high power ap-
plication 2D grids we are aiming for. Here quartz was chosen since thermal simulations
predict that the InP substrate of the device array in itself would provide sufficient heat
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dissipation for the given application, and the impedance of the quartz substrate is close
to the geometric mean of the air filled waveguide and the InP varactor substrate at the
third harmonic, making it suitable as a A\/4 output impedance transformer.

3.6 Design of a 184 GHz Schottky diode frequency doubler grid

The Schottky doubler presented in Paper B was designed to fit a 8 by 16 grid of square
unit cells in a standard WR-10 waveguide, resulting in 160 pm by 160 pm unit cells,
see Figure 3.11. The topology of the frequency doubler is similar to that for the HBV
tripler, one set of the cascaded transmission line model used can be found in Paper B.
A dielectric slab is used as an input match and simultaneously stops the generated
second harmonic from propagating towards the input. The varactor grid is stacked on
top of the filter grid, a filter that presents a first order high-pass function. Dipole-like
antenna elements are used to couple the input and output wave to the grid and thus a
serial bias scheme was the simplest to implement. This meant that the eight varactors
in one column were connected to bias distribution lines running along the long side of
the array; a fabricated chip is shown in Figure 4.7.

Antenna and 160 ym
Schottky diode

O
GaA Back
1;5

pm
O

o
Front

50 160 ym

—nu'ir-|-<|-|*—|l-

[e;

s
Teum'SD - gybstrate

Figure 3.11: Varactor grid cell model together with lump component approximations derived
using the induced-EMF method.

The design was aiming to achieve peak conversion efficiency with 1 W of input
power at 92 GHz pump frequency. The simulated vector summed conversion efficiency
as a function of output frequency is plotted in Figure 3.12. With 1 W of input power
the simulated 3 dB bandwidth is 7.5 %. Similarly, a number of conversion efficiencies
at 184 GHz output frequency are plotted as a function of input power in Figure 3.13.
The naming convention of the columns follows that of the HBV tripler, where column
a is the one closest to the central symmetry line, b is one step further out, etc.

To achieve a compact implementation a module based on three 3 mm thick shims
was designed. In the first shim the input matching substrate is mounted, the second
shim houses the varactor grid, filter and bias network. A stepped output taper was
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chosen to transform the output second harmonic from the input WR-10 to the output
WR-5.1 waveguide interface. The use of a stepped instead of linear taper greatly
reduces the length of the output transformer, thus making it possible to fit it into the
third 3 mm thick shim. An exploded view of the shim system and all the internal
components is given in Figure 3.14.
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Figure 3.12: Simulated vector summed conversion efficiency for the complete module as a
function of output frequency for different input powers.

3.7 Waveguide cavity design

The most common way of realising multipliers and other THz circuits is by what
is commonly referred to as E-plane split blocks. A waveguide block machined in this
fashion typically consists of two milled halves where the waveguide has been split along
the E-field symmetry plane, for the Hig mode standard rectangular waveguide with
a 2:1 ratio between the walls, which means that the two halves will have a quadratic
cut. Since no surface currents flow across this plane on the waveguide wall the method
is rather insensitive against poor electrical connection between the waveguide halves.
Conventional THz circuits are typically mounted in one of the waveguide block halves
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Figure 3.13: Simulated conversion efficiency for the eight columns as a function of input power.
The calculated vector summed efficiency and scalar summed efficiency are also plotted. All
data are for 184 GHz output frequency.

and couple to the propagating wave in the waveguide by E or H field probes. When
mounting such circuits all work can be done in one of the halves and then the other
half of the waveguide can be attached.

The fabrication of waveguide packaged components becomes increasingly difficult
at frequency approaching the terahertz region. One of the main reasons for this is that
the waveguide dimensions shrink to the order of hundreds of micrometers making it
hard to machine with sufficient precision and surface finish even when using modern
computer controlled mills. Assembling such circuits with high yield requires precision
in the micrometer range.

For quasi-optical components designed to couple directly to the propagating wave
the E-plane split block manufacturing technique described earlier becomes problematic.
If all components are mounted in one half of an E-plane split block extreme care must be
taken when mounting the other waveguide half or the arrays will be shattered. Another
problem is the poor thermal contact since there is no natural way of thermally attaching
the waveguide to the multiplier chip. One approach could be to apply the waveguide
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split in an another plane, such as in [49], but at frequencies in the THz range such a
waveguide split can cause large ohmic losses and degrades efficiency.

In this work a shim system has been used instead, where the different parts are
mounted in interchangeable shims. Since the shims are relatively thin, tooling exists
to machine the shims from the direction of the propagating wave, making machining
easier. Figure 3.14 shows an exploded view of the shim system used for the Schottky
doubler. After the parts are inserted in the shim a thermal glue is applied in the round
corner pockets and along the short side of the array, securing the assembled package
in the shim and enhancing thermal conduction.

Input match mounting pocket Bias pin R

(hidden)

Output taper

Input shim

Grid and filter pocket Grid mounting shim

Figure 3.14: Exploded view of the shim system used for the X2 frequency multiplier.

3.8 Filters and matching elements for free space operation of
the HBV frequency tripler grid

For free space operation a simpler matching circuit made for plane wave operation
is designed. It is based on two available commercial bandpass filters fabricated as a
copper foil. One filter has its centre frequency at the 83 GHz input tone and the other
at the 249 GHz output harmonic. Since no simulation data was available for the filters
the matching strategy is to have a setup where the distance between the filters and
the array can be varied, thereby finding the positions where the output filter acts as
a back-short for the input harmonic and the input filter reflects the part of the third
harmonic that propagates in the wrong direction. The full varactor substrate thickness
of 635um is used in the matching circuit that can be seen in Figure 3.15
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3.8. FILTERS AND MATCHING ELEMENTS FOR FREE SPACE OPERATION OF
THE HBV FREQUENCY TRIPLER GRID
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Figure 3.15: A complete unit cell transmission line model of the free space operating frequency

tripler 2D array. Two-position adjustable bandpass filters are used to tune the circuit.
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Chapter 4

Fabrication and characterisation of varactor grid
frequency multipliers

Fabrication and characterisation are both important steps in the development of state
of the art circuits. This chapter explains the fabrication steps employed in the pro-
duction of the varactor grids in Paper A and B. The standard III-V processing is
described in detail for the HBV grid and more briefly for the Schottky grid since many
of the fabrication steps are similar. Finally the measurement methods used for RF
characterisation will be discussed.

4.1 Varactor grid fabrication

This section outlines the fabrication steps used to produce the HBV grids by means of
a series of pictures. All the main process steps are covered, for a detailed process plan
see Appendix A. The renderings in Figure 4.1 to Figure 4.4 explain the process steps
with focus on a cross section of one unit cell at the chip, with the exception of the last
where the cross section cut is removed and the unit cell is displayed from above. The
fabrication was done on two chips with the dimensions 19 mm by 19 mm. Each chip
contained twenty 6 by 12 unit-cell 2D grids suited for WR-10 waveguide mounting and
two 33 by 33 arrays for free space tests. The 6 x 12 2D grids were then sawn into
2.54 mm x 1.27 mm dies and lapped to 200 um thickness resulting in arrays such as
the one shown in Figure 4.5. A scanning electron microscope picture of a part of the
array is also shown in Figure 4.6.

The fabrication of the Schottky varactors is similar to the HBV varactor fabrication
described above, with the exception of the Schottky contact deposition and different
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etch steps. A photograph of a finished chip and a SEM picture of a unit cell is shown
in Figure 4.7 and Figure 4.8 respectively.

~ E

Figure 4.1: Left: Patterning with photoresist followed by contact metal deposition. Note the
negative slope of the photoresist that enables lift-off of the excess metal. Right: Finished

contacts after lift off and removal of the photoresist.

4.2 Filter fabrication and substrate thinning

Two different fabrication approaches have been used for the filters, e-beam evaporation
and electroplating. The steps employed for the circuit fabrication are thus identical to
the contact patterning steps in Figure 4.1 and circuit patterning step in Figure 4.3.
Since the substrates of both the varactor grids and the filters are used as trans-
mission lines the final thickness of every part is important. The filters and grids are
fabricated on substrates with thicknesses ranging from 380 pm to 630 pm, thus the
final components need to be diced into small chips with the correct dimensions and
lapped to the correct thickness. Dicing and lapping was done in the same way for
both varactor grids and filters. First, dicing trenches were cut on the device side of
the sample down to a depth corresponding to the final thickness of the chips. This
was done using a CNC dicing saw equipped with a 50 pm wide dicing blade. Then the
chips were attached to a lapping chuck using a crystal wax with a melting temperature
of 70° C. The chips were then hand lapped to the correct thickness with the help of a
flat glass plate and 3 pm calcinated silicon carbide abrasive powder dissolved in water.
Warm acetone was then used to dissolve the wax and release the finished chips.
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Figure 4.2: Left: Finished mesas after dry etch. The dry etch is anisotropic, thus the top
contacts are sufficient to protect the mesa. Right: Patterning with photoresist followed by
wet etching to remove excess buffer layer. The parts of the buffer layer that is used to connect
the mesas are protected by the photoresist. Note the undercut beneath the resist edge, an
effect created by the isotropic wet etch.

Figure 4.3: Left: Patterning of PGMI photoresist used to support the air-bridges. This is
followed by sputtering of a gold seed-layer used to enable electroplating of the bridges and
circuit pattern. Right: Patterning with thick photoresist and electroplating of air-bridges and
circuit pattern.
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Figure 4.4: Partial view of a finished unit cell after removal of the photo resist and excess
seed layer.

Figure 4.5: Photograph of a manufactured 6 x 12 HBV grid.
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EHT = 2.00 kv Signal A = InLens Date :12 Nov 2012
WD =101 mm Photo No. = 1419 Time :11:44:33

Figure 4.6: Scanning electron microscope picture of a part of one of the HBV grids. Note the
four two-mesa air-bridge contacted HBV varactor diodes.

4.3 Waveguide measurement setup

To characterise the grid multipliers two measurement systems were assembled. For the
tripler grid in Paper A a measurement setup built around two GaN power amplifier
was built, a block diagram is shown in Figure 4.9. The power amplifier is fed through
a chain consisting of a microwave synthesiser, a x6 frequency multiplier, two amplifiers
where the last one was changed depending on the measured frequency band and an
isolator. On the output of the amplifier a circulator is attached to isolate the power
amplifier from the sometimes highly reflective multiplier device under test (DUT). The
return port of the circulator is simultaneously used to measure the reflected power,
while the forward power is measured with a calibrated diode detector through the
directional coupler. The output power from the DUT is measured by a calorimetric
power sensor through a WR-03 to WR-10 waveguide taper. The first taper is used to
create a single mode H;py output from the frequency multiplier while the second taper
matches the output of the multiplier to the WR-10 input of the power detector. The
short section of WR-03 waveguide between the tapers also serves as a 170 GHz high-
pass filter, effectively blocking any pump frequency signal from reaching the output
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Figure 4.7: Photograph of a fabricated Schottky varactor grid. Note the bias distribution
lines running along the top and bottom sides of the substrate. A unit cell is also marked with
a black rectangle.
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Figure 4.8: A magnified SEM view of three varactor diodes and unit cells.
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power detector. A photograph of the setup can be seen in aper A, Figure 7.

Te measurement system used to characterise the doubler in Paper B is presented
in Figure 4.10 with a photograph and a block diagram. The main difference between
the other system is the use of a different power amplifier.

Since the power amplifiers are driven into saturation, harmonics could potentially
be generated and incorrectly interpreted as an output signal from the multiplier. To
test this the multiplier grid was replaced by a dummy InP chip while the amplifier was
operated under the same conditions as during the actual tests. The harmonic content
was not measurable or << 1% of the measured output power from the multiplier.
Another potential source of error are output signals from the multiplier at higher
frequencies than the desired harmonic since the detector is sensitive well up into visible
light frequencies. For the multipliers measured here the third and second harmonic
respectively are the desired output signals but some power may also be generated
at higher harmonics, however this has not yet been investigated. Infrared radiation,
originating from chip heating during measurements, has been excluded as an error
source by comparative measurements with IR-absorbing material in the waveguide.

Figure 4.9: A block diagram and photo of the measurement setup used to characterise the
tripler grid in Paper A. From Paper A.
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Figure 4.10: Photograph and block diagram of the measurement setup used to characterise
the doubler grid in Paper B.

4.4 Free space measurement setup

A measurement setup built to test the larger 33 x 33 array under free space conditions
is shown in Figure 4.11. The output from the power amplifier (83 GHz 500 mW)
is transmitted through a corrugated horn and then focused by two off-axis parabolic
mirrors onto the HBV 2D array. Surrounding the array are the two bandpass filters
described in Section 3.8 mounted on linear adjustment stages enabling the distance
between the filters and the array to be varied. The output power is sampled by a
diode detector mounted on a three axis micrometer stage. By moving the stage the
output beam was sampled in the E- and H-plane at various distances from the array.
The output from the multiplier 2D array has a Gaussian power distribution, just as
expected. By fitting a Gaussian beam to the measured data and then integrating the
power in the fitted beam the total output power can be estimated to be 0.6 mW. This
yields a very low conversion efficiency, approximately 0.1 %, that is explained by the
fact that the input beam power density is Gaussian shaped and covers the 1089 HBV
diode 2D array with approximately 90 % spillover efficiency. Thus the power delivered
to the individual varactors is low, explaining the low conversion efficiency.
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Figure 4.11: Photograph of the free space test setup, the 2D array under test is mounted in
the white plastic holder in the left part of the image. The input power radiated from the
horn antenna in the upper right part of the picture is focused to the array by two parabolic
mirrors. Surrounding the array are the two adjustable filter holders. The diode detector used
to sample the output power can be seen on the three axis adjustable stage.
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Chapter 5

Imaging applications

In conjunction with the development of grid frequency multipliers, imaging applications
that could benefit from high power sources have been researched. Two application
examples are included, one aiming at sample investigation at close range and one
where a capable FMCW radar chain has been packaged in mechanics enabling imaging
array integration.

5.1 A System for THz Imaging of Low-Contrast Samples

In Paper D a THz imaging system built for biological sample investigation is presented.
Samples exhibiting high water contents of thicknesses up to 200 pum can be scanned
for contrasts in the dielectric properties. An image reconstruction algorithm based
on the Born approximation is used to reconstruct the complex permittivity of the
sample in the imaging region. The reconstruction algorithm used creates imaging
voxels, three dimensional pixels, of 0.1 mm x 0.1 mm (approximately 1/10 of the free
space wavelength) in the planar direction, and the whole thickness of the sample is
assumed to have the same properties within the voxel.

To illustrate the performance of the imaging system an imaged leaf, from Paper D,
together with measured raw amplitude data and reconstructed complex permittivity is
shown in Figure 5.1. Biological samples often have a high concentration of water which
means that they are very lossy at THz frequencies. This is the main reason for the
200 pm sample thickness limit of the imaging system. The leaf used in this example
was rather dry, thus making it possible to image a slightly thicker sample with good
results. With more input power, which is the goal of the work in this thesis, thicker
samples with higher moisture content could be imaged. Another route towards a more
dynamic range is to increase the sensitivity in the receiver chain.
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Figure 5.1: The leaf being imaged is shown in (a). The measured amplitude (unprocessed
data) is shown in (b) and the real and imaginary parts of the contrast in relative permittivity
are shown in (¢) and (d). From Paper D.

By having more power available at THz frequencies, the applicability of THz imag-
ing would be widened, allowing for more diverse geometries and materials to be scanned
with increased dynamic range. These power requirements at THz frequencies could be
met by the inherent power combining nature of 2D grids of frequency multipliers. Grids,
such as the ones featured in this report, could be utilised as a pump source at sub-
mm (over 300 GHz) frequencies or as cascaded arrays to produce high power at THz
frequencies. Thus imaging setups similar to that presented here could be constructed,
with a higher dynamic range and at even higher frequencies could be possible.
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The goal is to use the system to scan histopathological cancer samples and determine
the tumour boundary. THz radiation is particularly suitable for this due to the higher
absorption of the water retentive cancerous tissue. However the acquisition of test
samples having an appropriate thickness has so far been problematic.

5.2 Integration of a 340 GHz radar-array transceiver module

In Paper E a novel integration scheme enabling FMCW radar array construction is
presented. A state of the art RF chain is integrated in modularised mechanics enabling
the construction of one or two dimensional arrays. Sixteen modules will be produced for
the European "Concealed Object Stand-Off Real-Time Imaging for Security" project,
intended to serve as a technology demonstrator for stand-off radar imaging for security
applications. Each module represents a pixel-channel in the imaging system and a
mechanical scanner is used to sweep the focused pixels over the target, thereby creating
an image. Since the imaging radar uses a mechanical system to scan over the target each
extra transceiver chain will reduce the number of positions needed in the mechanical
scanner to create an image, thus decreasing the image capture time. The relatively high
output over the transmit band and good receiver sensitivity enables short integration
times for each measurement and thereby allows fast mechanical scanning of the focused
beam.

In Figure 5.2 the top halves of the blocks have been removed to show the internal
features not visible in Paper E. In the first module the X8 MMIC is mounted together
with a waveguide probe and an experimental bias PCB used to fine tune the perfor-
mance of the X8 chip. The second module houses the 170 GHz Schottky doubler and
its supporting bias circuits. The third module contains all parts of the transceiver
circuit, input and output hybrid couplers, two Schottky transceiver chips, supporting
IF electronics and the output waveguide flange. In the bottom PCB lid of all three
modules the bias distribution network is routed.
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Figure 5.2: The transceiver chain waveguide blocks with the upper halves removed.
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Chapter 6

Conclusions and future outlook

The two presented grid frequency multiplier modules deliver state-of-the-art perfor-
mance in terms of operating frequency, output power and conversion efficiency for
comparable technology. Paralleled sets of cascaded unit cells have proven to be a com-
putationally efficient and reliable design method. However, to fully analyse a particular
design, a full 3D model together with a complete analysis of all nonlinear elements is
needed. Alternatively, it is possible that additional complements to the unit cell mod-
elling approach could achieve the same result. Even though the full 3D simulation offers
the best prediction of the multiplier modules performance so far, limitations still exist,
e.g. the accuracy of the nonlinear models and the ability to model losses in metals and
dielectrics properly. Slight tilts of the mounted components or uneven thicknesses of
the substrates caused by the processing are hard to incorporate in the simulation.

A problem noted during the measurements is the spurious response as a function
of frequency, this is most evident in Paper B. What seems to be the same phenomena
can also be observed in previously published work [50]. Thera are many possible
explanations to the frequency response seen, among them:

e The excitation of substrate modes due to the dimensions of the substrate or the
circuit pattern on it.

e The waveguide cavity has sharp steps and pockets that could launch unwanted
modes or even cause a leak of RF energy.

e Trapped modes within the structure [97].

e Even though great care has been taken to thin the substrates to an even thickness
all substrates seems to have a slope of a few microns. This could be enough to
launch substrate modes.

e It is hard to mount with a precision of a few microns, misalignments or tilts in the
mounting could cause a resonant behaviour.
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e A varactor column is only a few unit cells high, there is a possibility for resonances
along the column.

Increasing the conversion efficiency of grid frequency multipliers is an other impor-
tant research topic, some of the commonly proposed solutions are summarised below:

e Even out the conversion efficiency by tapering the size of the diodes, i.e. use
different diode sizes in different positions of the grid.

e Taper the size of the unit cells to create a grid with non-uniform unit cells.

e Even out the input power by using a corrugated waveguide structure that supports
a TEM wave.

e Excite the waveguide structure with a composition of modes, like in [98].

Energy launched into other modes than the H10 is hard to transform to a single H10
mode output. The diode size affects the diode impedance and thus the output phase
of the generated harmonic. An even conversion efficiency among different sized diodes
may therefor not couple to the output mode in phase. Different sized unit cells may
cause the same problem.

During fabrication of waveguide embedded frequency multipliers it is essential that
the thickness of the substrates used as transmission lines can be controlled down to the
micrometer scale. Similarly important is that the components can be mounted with
high precision and without unintentional tilt that may otherwise launch unwanted
modes or cause other problems. A potential solution to the sensitivity in thickness and
mounting tolerances could be to use epitaxial transfer to silicon in order to get access
to the micro machining toolbox. Waveguides and matching structures could then be
lithographically defined with very high precision.

There are many ways forward in the field of 2D frequency multiplier arrays, one
of the most important being straight forward design methods. If a unified, accurate,
design method could be outlined the technology has a great potential to provide the
high power THz sources of the future.

Imaging applications are advancing rapidly, to a large extent driven by the increas-
ing availability of THz sources and detectors. As sources and receivers become more
compact and affordable the number of applications will likely rise. Quasi-optical mixer
arrays have been demonstrated previously [99]. A future development of the 2D-grid
frequency multipliers could be to implement a similar transceiver structure as presented
in Paper E and originally presented in [100]. This could enable a new generation of
high power THz radar transceivers.
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pp- 361-370, April 2012.

Contributions: I developed and assembled the imaging system with custom built RF
and hardware components. Performed measurements and co-wrote the paper.
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HBYV grid process plan

This document outlines the steps used in the processing of HBV grids.

Process control steps

microscope

in situ deposition monitoring

alfa stepper profile meter, height measurements

scanning electron microscopy

parameter analyzer

coplanar probe measurements with parameter analyser 1/V, C/V
manual thickness monitor

QEEOQ®E >

1. Cleave chips

Use scriber to cleave 19 mm by 19 mm chips from the 3" wafer.

2. Clean chips

Acetone, Methanol, Isopropanol  60°C for 20 min
O2 plasma strip 100 W for 2 min
Blow dry with N4!

3. Mesa photolithography patterning

Spin resist AZ5214 4000 rpm for 30 s

Soft bake 110°C for 60 s on hot plate
Edge bead exposure 6 mW /cm2 for 60 s
Develop AZ351B:DI (1:5) for 60 s
Rinse chip in DI and blow dry with Ng

Pattern exposure 6 mW /cm2 for 6 s
Reversal bake 125°C for 60 s on hot plate
Flood exposure 6 mW /cm2 for 60 s
Develop AZ351B:DI (1:5) for 25 s
Rinse chip in DI and blow dry with Ng‘

Ash 90 W O3 plasma for 20 s

4. Evaporate ohmic contacts
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Removal of native oxide
Blow dry with N2

HCIL:DI (1:100) for 30 s

E-beam evaporating contact metals ~ 10/50/150/200 nm Ni/Ge/Au/Ti evaporation® 4

5. Lift-off

Acetone, Methanol, Isopropanol
Ultrasound acetone bath

Blow dry with N!

Height®

Clean chip from resist remnants
Acetone

Isopropanol

DI

Blow dry with N‘;’c

6. Rapid thermal anneal

60°C for 20 min
60°C

approx. 400 nm

Remover 1165 40 % US @ 60°C for 20 min
60°C

recirculating

autodusch

320°C heat cycle for 2 min4.¢

7. Dry etch mesas

Methane ICP etching4:¢:&
In-situ monitoring

measure final step height
Acetone, Methanol, Isopropanol®
Clean with resist stripper4
Isopropanol, DI4

Polymer removal®

8. Post - wet etch

endpoint detection with laser interferometer
Ary/Hp/CHy 5/10/5 scem

RF:150 W, ICP:500 W

process pressure 5 mTorr

60°C for 10 min
Remover 1165 40 % US @ 60°C for 10 min

NF3 RF: 30 W, ICP: 300 W, 80 mTorr for 15 min

Measure step height before
Wet etch
Measure step height after

H2S04:H202:DI (1:4:200) for 1 min 30 sec

Rinse in DI, blow dry with No4.¢>D

9. Metrology

I/V probe test diodes
SEM verification of etch depth

10. Isolation patterning
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Spin resist AZ1512

Soft bake

Edge bead exposure

Develop

Rinse in DI, blow dry with Ng
Pattern exposure

Develop

Rinse in DI, blow dry with No
Ash

Hard bake photoresist
Measure resist step height

4000 rpm for 30 s

100°C for 60 s on hot plate
6 mW /cm2 for 60 s

30 s

6 mW/cm2 for 9 s
20 s

90 W Oz plasma for 20 s
120°C for 30 min in oven

11. Isolation etching
Wet etch H3PO4:H202:DI (1:1:25) for 10 min
Rinse in DI, blow dry with No#4:C
Measure step height of etched + resist
Remove photoresist Remover 1165 40 % US @ 60°C for 20 min
Acetone, Methanol, Isopropanol 60°C for 10 min
Blow dry with N
Measure step height of etch
12. Air bridge support patterning
Put on green tape and spin resist PMGI SF15 30 sec @ 4000 rpm (30 sec 500 rpm ramp)
Soft bake 160°C for 13 min on hot plate
Remove edges with scalpel
Expose pattern DUV for 7 min
Develop PMGI101 for 90 sec
Rinse in DI, blow dry with No
Measure step height of resist
Ash4 50 W Oz plasma for 1 min
13. Sputter Au seed layer for electroplating
High power sputtering to remove TiOx  RF: 250 W, Ar for 1 min
Sputter seed layer? Ti/Au 10/100 nm
14. Patterning for electroplating with positive thick photoresist
Spin adhesion promotor HDMS
Spin resist AZ4533 3000 rpm for 30 s
Soft bake 90°C for 115 s on hot plate
Edge bead exposure 6 mW /cm?2 for 3 min
Develop 1 min
Rinse in DI, blow dry with Ng
Pattern exposure 6 mW /cm2 for 15 s
Develop 1 min
Rinse in DI, blow dry with Np4
Ash4 90 W O2 plasma for 20 s
Measure step height of resist
15. Electroplating of airbridges and circuit pattern
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Electroplating with 0.5 A/dm? with chip on green tape4:¢:&

Measure thickness several times during plating

approx. 10 min

Remove photoresist cold Acetone for 10 s
Blow dry with N2
Ash4 100 W O3 plasma for 2 min
16. Remove Au seed layer and photoresist residues
Ion beam milling (IBM) Ar at 110°, 20 mA, 500 V, for 25 min total
Ash4 100 W O3 plasma for 2 min
Remove photoresist Remover 1165 40 % US @ 60°C for 45 min
Isopropanol recirculating
DI automatic rinse with quick drain
Blow dry with No4.D-E.G
17. Patterning with positive thick photoresist for post-etching
Spin adhesion promotor HDMS
Spin resist AZ4533 3000 rpm for 30 s
Soft bake 190°C for 115 s on hot plate
Edge bead exposure 6 mW /cm2 for 3 min
Develop 1 min
Rinse in DI, blow dry with No
Pattern exposure 6 mW /cm2 for 15 s
Develop 1 min
Rinse in DI, blow dry with Ng
18. Post-etching of InP for high isolation

70

Wet etch HCI:DI (1:1) for 2 min
Rinse in DI, blow dry with No4:C
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