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Abstract
Circularly Polarized (CP) antennas are crucial elements in wireless communications, and for geospatial
applications such as Global Navigational Satellite Systems (GNSS), their Right-Hand Circular Polarization
(RHCP) is an essential property. External feeding networks are responsible for the CP of many antennas,
whose function is to excite two orthogonal modes (specific to that antenna) in quadrature phase – but the
method at which this is achieved ultimately depends on the type of antenna. Two examples of specific
feeding networks are: a) 4-port antennas (i.e. Dielectric Resonator Antennas (DRAs) and Printed
Quadrifilar Helical Antennas (PQHAs)) that require an incremental 90° phase delay fed to each port, and
b) intrinsically Linearly Polarized (LP) antennas arrays that are fed in relative quadrature phase to their
single ports (i.e. 2x2 array of sequentially rotated microstrip patch antennas).
This thesis explores the use of Low Temperature Co-fired Ceramics (LTCC) to highly miniaturize the
aforementioned antenna feeding networks into System-on-Package (SoP) solutions with Surface-Mount
Technology (SMT) and full 3-D shield features for GNSS frequencies. LTCC technology offers the
advantages of reimagining common lumped-element circuits based on passive Surface-Mount Devices
(SMDs) as extremely compact multi-layer structures.
Quadrature phase and signal division respective to each feeding network is realized as the combination
of various multi-layer lumped-element power splitters and 90°/180° hybrid couplers. In addition, standalone chips or dies of each circuit are presented, complementing this thesis as commercially viable products
suitable for wideband or dual-band applications over the GNSS spectrum. All circuits were fabricated using
14-layers of FerroA6M LTCC substrate with an 𝜀𝑟 = 5.7, tan 𝛿 =0.001, (from 1-2GHz) and a homogenous
layer thickness of 90µm.
Simulations were conducted with ANSYS’ High Frequency Structure Simulator (HFSS®) and
Keysight’s Advanced Design System (ADS®) which are in good agreement with measurements.
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Chapter 1
Introduction
Spectrum allocated to traditional satellite based navigation systems, such as the Global Positioning System
(GPS), are headed toward overwhelming levels of congestion due to a growing demand for mobile services
that encumber their narrow single-bands with high levels of interference [1]. With the expectation that
future electronic devices will adopt some form of navigational receivers, the Quality of Service (QoS)
provided by these systems will inevitably decline unless a solution is proposed to accommodate more users.
GNSS is a maturing technology that aims to address this issue by widening the limited spectrum. It
realizes a single navigational system as the summation of several preexisting systems, uniting their allocated
spectrum and operational satellites. The subsequent frequency range is instead dual-band with a much wider
spectrum than any single-band offered by an individual system. A wider distribution of users is achieved
through this larger bandwidth, thus leading to reduced interference and improved QoS. In addition to many
other benefits added by GNSS (Chapter 2), reusing dozens of existing satellites provides exceptional
coverage to obstructed environments burdened by limited Line of Sight (LoS) (i.e. tall buildings in urban
settings). Prior to GNSS, users were restricted to a single system such as GPS’ 30 satellites for example.
Although repurposing existing satellite infrastructure is a cost-effective solution for addressing the
sudden growth in navigational users, GNSS has yet to reach its full potential as some areas of the technology
remain undeveloped. For example, exclusive receivers must be designed to interface with GNSS’ unique
dual-band, introducing complex challenges toward the technology’s progress. Receivers typically consist
of many individual RF circuits, whose characteristics such as size, efficiency, and operational bandwidth
dictate the accuracy and integrity of geospatial services.
GNSS operates over a relatively “low” frequency spectrum, generally defined within the L-band (1GHz–
2GHz). Lower frequencies, and thus larger wavelengths, insinuates that distributed, or Transmission Line
(TL) based RF circuits are inherently large structures given their dependency on fractional lengths of the
carrier wavelength (i.e. 𝜆/4, 𝜆/2, etc.). It is important to emphasize that modern electronics is GNSS’ target
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application, whose fundamental goal is to push the limits of functionality without compromising physical
size. Distributed circuits are therefore problematic over this band given their bulky size, rendering them
incompatible with GNSS receivers. Alternatives which move away from wavelength dependency deserve
consideration, such as lumped-element circuits and innovative miniaturization technologies.
However, substituting distributed RF circuits with lumped-elements introduces a significant trade-off
between size and efficiency as these components are prone to higher loss from parasitic effects proportional
to their package size (i.e. 0402, 0603, etc.), equivalent series resistances, and the dielectric properties of
their host substrate [2]. In receiver design, Insertion Loss (IL) is related to Noise Figure (NF) or added
interference to the received signal; a crucial property that if poorly mitigated, will compromise the QoS
experienced by the user regardless of congestion. Signals transmitted by satellite systems are, in general,
significantly degraded by fading and multipath interference, leading to the reception of low powered signals
that are indistinguishable by the receiver’s demodulation stage if its noise floor becomes too high.
Requirements of small size and high efficiency warrants the conclusion that GNSS receivers must
exhibit very low IL, while simultaneously embodying some conflicting lossy lumped-element topology.
Exceptions to this contradiction do exist however and are realized through multi-layer System-on-Package
(SoP) technologies such as Low Temperature Co-fired Ceramics. Reactive lumped-elements in LTCC are
instead multi-layer TL based structures whose Quality-factors (Q-factors) are sufficiently high [3] [4] [5]
[6], and in most cases surpass the performance of SMT chips. High Q-factor leads to lower IL, which is
further reduced by the ideal dielectric properties of ceramics used in LTCC given the extremely low tan 𝛿
and stable 𝜀𝑟 that the material possesses over an ultra-wideband.
The overlying principle of this work is therefore achieving RF circuits compatible with dual-band GNSS
receivers by taking advantage of LTCC’s miniature and high Q properties. These RF circuits serve as key
elements for achieving the main thesis goal of developing feeding circuits that RHCP 4-port DRAs/PQHAs
and 1-port arrays of 4 LP antennas with appropriate GNSS receiver size and performance requirements.
Motivation for pursuing this work, along with contributions made to the field of Electrical Engineering, a
brief literature review, and an outline to the contents of this thesis are illustrated throughout this chapter.
2

1.1 Motivation & Challenges
Five leading factors are deemed responsible for motivating the development of two RHCP antenna feeds
in LTCC for GNSS receivers alongside their individual RF circuits. The design process prioritized the
following goals in order of appearance: a) miniaturization, b) efficiency, c) operational bandwidth, d)
mitigation of mutual coupling from internal/external sources, and e) commercialization.
As stated throughout the introduction, designs with small form factors and efficient performance dictate
the circuit’s applicability to GNSS applications, hence appointing these factors as the highest priority.
Operational bandwidth is a major design consideration too; however it differs based on the circuit’s
topology and is either wideband or dual-band. Both types are applicable to GNSS’ spectrum, though dualband is preferred as it provides inter-band and outer-band rejection from neighbouring interferers, whereas
wideband designs can only provide rejection to outer-band interferers. The spectrum occupied by and
surrounding GNSS is a highly sought after band as radio waves in the range of 300 – 3500MHz have the
ability to penetrate grander obstructions such as buildings and rugged terrain [1]. As a result, the FCC
allocates mobile, astronomical, aeronautical, and many other wireless applications to spectrum adjacent to
GNSS’ [7]. Operational bandwidths of the RF circuits should therefore exhibit a frequency range roughly
limited to that of GNSS’ in an effort to aid the receiver’s filter rejection to out of band interference.
Miniaturization suggests the realization of highly integrated designs with elements such as inductors
and capacitors placed in close proximity. This inevitably leads to mutual coupling internal to the structure
that could be detrimental to the circuit’s performance. Of course, external sources of coupling also exist in
practically any receiver, such as antenna radiation and high frequency switching found in active devices
(i.e. Low Noise Amplifier (LNA) transistors and Local Oscillators (LOs) for demodulation). Signals
propagate throughout the receiver as a result of these devices and have the ability to penetrate and disturb
any unshielded mediums/structures along their path.
Finally, it was recognized that the RF circuits designed for integration with the RHCP antenna feeds
hold significant value as stand-alone products and are considered to have huge potential as commercially
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viable products. Power splitters, quadrature couplers, and 180° couplers are widely used in the RF field and
present the opportunity of packaging these LTCC structures as Surface-Mountable Devices (SMDs). Wellknown companies like Mini-Circuits® already offer such LTCC modules, hence justifying their feasibility
to the market as a competitive product. A complimentary reason for commercialization was also due to the
collaborative nature of this thesis with Defense Research and Development Canada (DRDC), whose goal
is to provide the public sector with cutting-edge technologies. Satisfying the aforementioned goals however
requires a solution to many specific challenges, which in some cases were uncontrollable. Challenges that
revealed themselves throughout this work are summarized as follows:
a) Circuit Miniaturization
The realization of densely populated circuits that hold a high degree of miniaturization ultimately limits
the choice of topology and limits the effectiveness of the respective layout. A rudimentary example of
preferred selection would be implementing a circuit that requires the smallest number of lumpedelements. The second challenge, and arguably the most difficult, is the combination of these elements
within a tiny space, while simultaneously occupying the maximum amount of substrate “real-estate”.
In contrast to planar Printed Circuit Board (PCB) design, the multi-layer aspects of LTCC requires
meticulous consideration of component placement along all three axes, rather than just X- and Y-.
Though PCBs are capable of 3-D realization, they introduce higher losses and sizes compared to LTCC.
b) Mitigation of Noise Figure
Because NF is directly proportional to IL, circuits with the least number of components, in addition to
some high Q-factor realization of these multi-layer components, are the fundamental principles for
achieving an efficient performance. In a practical setting, the number of components (regardless of Qfactor and integration method) linearly scales with IL. Moreover, not every multi-layer inductor and
capacitor topology exhibits high Q-factors, hence limiting the choice of component selection when
formulating a design. Distributed circuits typically offer a much lower IL in comparison to any form of
lumped implementation, so the miniaturization must outweigh the difference in noise added.
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c) Adhering to GNSS’ Dual-Band Spectrum
Dual-band circuit design is innately a difficult process, demanding that two centre-frequencies and their
respective Fractional Bandwidths (FBWs) must be considered instead of just one. Significantly less
literature is available for dual-band topologies as opposed to single-band, which in the case of the
quadrature coupler presented in this thesis, led to a wideband trade-off that sacrifices inter-band
rejection in order to preserve a miniature size (details in Chapter 4).
d) Mitigation of Coupling and Parasitic Effects (Sensitivity)
Strong internal coupling between lumped-elements will create an overwhelming effect on a circuit’s
performance if neglected by poor layout techniques. Though this impacts sensitive circuits more so
than others, each LTCC design was subject to at least some revised layout as a result of detrimental
mutual coupling. Parasitics external to these circuits that derive from the overall receiver are mitigated
by sufficiently shielding the LTCC structures, which unfortunately augments an enormous trade-off
with size. A shield in close proximity to reactive components induces severe levels of shunt capacitive
parasitics that need to be mitigated by widening the gap between the shield and lumped-elements.
e) Packaging Circuits as SMT Products
Commercially viable circuits require some form of solderable termination on the Inputs/Outputs (I/Os)
for PCB applications. Castellation, sidewalls, and solder bumps are some methods used to package
LTCC structures [8], however the manufacturer contracted in this work (École de Technologie
Supérieure (ÉTS)) has limited experience in this field [9]. Unconventional solutions need to be realized
instead, such as shearing large vias down the centre at the edge of the structure to create vertical SMT
leads. However, via diameters associated with the LTCC structures in this case were limited to a fixed
range, introducing uncontrollable variation to the characteristic impedance of the I/Os.
f) Uncertainties Related to LTCC Manufacturing
As will be discussed in detail throughout this thesis, there is a high degree of uncertainty associated
with the reliability of ÉTS granted that it is an institution for academic research rather than an
established manufacturer. This has negative implications on several aspects of circuit design, forcing
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trade-offs with size and consistency in addition to the expectation of dissimilarities between simulations
and measured results. For example, smaller conductor widths (~50 - 75µm) are achieved via laser
ablation, whereas traditional screen printing techniques produce wider geometries (~125 - 150µm).
ÉTS prefers screen printing (details in Chapter 2) and avoids laser ablation due to inaccurate results in
the past [4] [6], ultimately leading to the realization of larger structures.

1.2 Research Contributions
The main objective of this work was to design passive 4-port GNSS antenna feeding circuits in LTCC
technology. Achieving tiny feeding structures consisted of developing and combining multiple RF
components, allowing the following work to be considered unique. All circuits were developed in LTCC
and feature designs that are fully shielded, SoP, surface-mountable, and miniaturized.
1. ‘Lumped’ Dual-Band Power Splitter
A novel two-way equal power splitter that covers the dual-band GNSS spectrum. This design is based
on the application of lumping transmission line theory (Chapter 2) to the traditional distributed
Wilkinson power splitter. The lumped-element realization augments a unique Low-Pass Filter (LPF)
effect – adding valuable upper-band interference rejection to GNSS receivers.
2. ‘LC Ladder’ Dual-Band Power Splitter
Another novel two-way equal power splitter operating over the dual-band GNSS spectrum but is instead
based on Inductor-Capacitor (LC) ladder resonators that duals as a Band-Pass Filter (BPF); a desirable
characteristic for both upper- and lower-band rejection. This topology exhibited uncontrollable
amounts of parasitic coupling and was therefore omitted from the feeding circuits – serving this thesis
instead as a sensitivity study to aid future research.
3. Cascaded Branch-Line 90° Wideband Hybrid Coupler
An original interpretation of the well-known cascaded Branch-Line coupler that covers the wideband
GNSS spectrum. This circuit is also based on the application of lumping transmission line theory to the
classic distributed topology.
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4. ‘Rat-Race’ 180° Wideband Hybrid Coupler
A redesign of an existing LTCC Rat-Race coupler that transitioned the original model to a
commercially viable product – with the addition of shielding and SMT features.
5. RHCP Feeding Circuits for 4-Port GNSS Antenna Applications
The novel combination of the circuits mentioned above to realize two miniaturized SoP GNSS antenna
feeding circuits that RHCP a single 4-port antenna or an array of four 1-port LP antennas (‘A’ or ‘B’).

1.3 Literature Review
This section reviews different academic literature or commercially available interpretations of circuits that
share the same topology to those developed in this work, serving also as comparative reference to certain
qualities or features. Namely, power splitters, -3dB 90º couplers, -3dB 180° couplers, and RHCP antenna
feeding networks tailored toward GNSS antennas are discussed. Overall circuit size, performance (i.e.
reflection coefficients, output isolation, phase delays, etc.), and operational bandwidths are the major topics
of discussion. Reviewing this literature served as inspiration for this thesis to improve preexisting designs,
while also obtaining a broader perspective of commonly used design methods. The contents provided in
this section assume the reader has a basic understanding of the aforementioned RF circuits.

1.3.1 Power Splitters in LTCC
The classic Wilkinson Power Splitter [10] can be argued as the basis for virtually any power splitter’s
theoretical derivation and design. In its basic two-way equal power splitting state, its purpose is to equally
divide an input signal into two isolated output signals with halved or -3dB amplitudes of the incident signal.
However, the irrelevant narrow single-band operation and bulky wavelength dependency of Wilkinson
splitters restricted its literal implementation into this work, but the fundamental principles of this topology
offered valuable insight to the design process presented later in Chapter 3. Instead, attention was given to
two-way power dividers related to dual-band or wideband operation in some form of lumped-element
realization using LTCC, which in almost every case derived from some form of a Wilkinson splitter.
Moreover, this work is interested in splitter-filter duality, hence this topic was also researched.
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Discussion begins with reviewing commercially available dies that can be purchased for realizing a
quick two-way power splitting GNSS solution. In other words, off the shelf SMT power splitters whose
operational bandwidth is at minimum 1165-1606MHz that can be soldered directly onto a PCB. After
ensuring due diligence, it is believed that the two wideband and Wilkinson derived splitters manufactured
by Mini-Circuits® and Anaren® shown in Figure 1.3-1 a) and b) respectively are, to the best of my
knowledge, the only purchasable power splitters suitable for GNSS’ spectrum that offer SMT and
miniaturized features desired by this work. Their respective electrical and physical characteristics can be
found in manufacturer datasheets: [11] [12], or seen by the key aspects summarized below in Table 1.3-1.

a)

b)

Figure 1.3-1: Commercially available LTCC power dividers suitable for GNSS and SMT applications.
a) Mini-Circuits® PN: SCG-2-242+ (Source: [11]) b) Anaren® PN: PD0922J5050D2HF (Source: [12])
Table 1.3-1: Key characteristics of commercially available LTCC power dividers from Figure 1.3-1.
All electric characteristics are typical values over the frequency range respective to the splitter type.

Electrical/Physical
Characteristics
Frequency Range
Insertion Loss
Output Isolation
Output Amplitude Unbalance
Output Phase Unbalance
Input Reflection Coefficients
Surface-Area Occupied
Fully Shielded?
SMT Method?
Isolation Resistor Required?

Mini-Circuits®
SCG-2-242+
1000-2400MHz
0.8dB
-15dB
0.1dB
1.5°
-16dB
2.5mm2
No
Sheared Vias
Yes, External

Anaren®
PD0922J5050D2HF
950-2150MHz
0.7dB
-12dB
0.1dB
1°
-11dB
2.63mm2
No
Flip-Chip
Yes, External

These splitters are quite similar in terms of size and performance, offering a good point of reference for
areas to improve on or to compete with. For example, ILs, output unbalances, and die volumes are superb,
however output isolation, input reflection coefficients, and layout features can be improved. In addition,
these dies do not offer any filtering behavior to their frequency response. They are also not fully-shielded
nor are they SoP, thus susceptible to noisy environments and the installation of a chip resistor onto some
PCB housing. Their effective volumes with a suggested external 0603 resistor are roughly doubled.
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A more academic approach in this review yielded only few designs with characteristics similar to those in
Table 1.3-1; but at higher frequencies whose schematics, layouts, and dies are shown in Figure 1.3-2.

a)

b)
Figure 1.3-2: Schematics (left), HFSS® models (middle), and fabricated dies (right) of single-band power splitters
developed in LTCC (Sources: [13] (a)), [14] (b))).

Both splitters apply lumped-element transmission line theory (Chapter 2) to dual-section [13] and singlesection [14] Wilkinson power splitters to realize their circuits with 26.4mm2/5.12mm2 surface-areas and
single-band FBW’s of 143%/9.2%. The size and electrical performance are very similar to those in Table
1.3-1, so topics of interest are instead their schematic realizations and SMT/shielding layout methods. A
common theme is the use of lumped-element Wilkinson topology realized by multi-layer spiral inductors,
parallel plate capacitors, and external resistors, while also showing absence of fully enveloping shields and
filter dualities. Though [14] introduces an interesting and rugged technique of castellating side-walls for
SMT realization and obtaining a wideband FBW–size tradeoff by cascading the Wilkinson splitter. In
contrast, [13] is the first SoP design seen as isolation resistors are mounted onto its die, while its size is
miniscule in comparison due to the lesser FBW due to its single-stage Wilkinson splitter derivation.
In summary, a literature review conducted for LTCC power splitters concludes that Table 1.3-1’s
electrical characteristics are good metrics for performance comparison, while appreciating that a splitter
featuring dual-band operation, SMT leads, 3-D shields, SoP dies with integrated isolation resistors, and
filtering would offer the consumer market and academia new and competitive standards.
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1.3.2 -3dB 90° Hybrid Couplers in LTCC
In contrast to the power splitter literature review, numerous designs and methods can be found for
realization of a quadrature, 90° hybrid, branch-line, directional, etc. coupler in LTCC. However, many
academic papers propose structures whose designs tradeoff wavelength dependency for performance,
subsequently offering inappropriate sizes for achieving thesis miniaturization goals (i.e. [15] [16]). With
details in Chapter 4, a conclusion was made on the impracticality of transforming dual-band operating
couplers to an LTCC environment. Hence, this review solely explores aspects of wideband topologies.
Again, at a commercial availability standpoint, only two SMT/GNSS appropriate couplers could be
found – also manufactured by Mini-Circuits®/Anaren® which are shown in Figure 1.3-3.

a)

b)

Figure 1.3-3: Commercially available LTCC -3dB 90° hybrid couplers suitable for GNSS and SMT applications.
a) Mini-Circuits® PN: QCN-19+ (Source: [17]) b) Anaren® PN: XC1400P-03S (Source: [18])
Table 1.3-2: Key characteristics of commercially available LTCC 90º couplers from Figure 1.3-3.
All electric characteristics are typical values over the frequency range respective to the coupler type.

Electrical/Physical
Characteristics
Frequency Range
Insertion Loss
Input Isolation
Input Amplitude Unbalance
Input Phase Unbalance
Input Reflection Coefficients
Occupied Surface-Area
Fully Shielded?
SMT Method?

Mini-Circuits®
QCN-19+
1100-1925MHz
0.4dB
-25dB
0.4dB
92°
-22dB
5.12mm2
No
Sheared Vias

Anaren®
XC1400P-03S
1200-1600MHz
0.1dB
-30dB
0.3dB
94°
-20.8dB
32.3mm2
Partially
Sheared Vias

Synonymous to a well-designed coupler, mitigation of amplitude and phase unbalances are of upmost
importance as demonstrated by Table 1.3-2’s characteristic summary of both chips in Figure 1.3-3.
Achieving a coupler that surpasses these unbalances (particularly the Mini-Circuits® chip) is very difficult,
so these parameters should be used for evaluating performance of the coupler proposed in Chapter 4.
Though both chips lack a full shield and was only partially realized by the Anaren® product.
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Figure 1.3-4 illustrates the schematics and HFSS® models of two 90º couplers selected from literature since
they were found to have the most favorable traits for achieving the goals outlined in this work.

a)

b)
Figure 1.3-4: Schematics (left) and HFSS® models (right) of single-band quadrature couplers developed in LTCC
(Sources: [19] (a)), [20] (b))).

Both coupler topologies derive from applying lumping TL theory to single-stages of the classic 4-port
‘Lange’ and ‘Branch-Line’ couplers in [10]. Figure 1.3-4 a) realizes the lumped equivalent Lange coupler
(or coupled-line coupler) as quasi-lumped elements over the S-band. That is, inductors 𝐿1 , 𝐿2 and capacitors
𝐶1 , 𝐶6 couple ports 1,2 and 3,4 by intertwining multi-layer spirals and rectangular plates [19] [21]. This
topology demonstrates an extremely miniaturized, broadband, complex, and fully-shielded LTCC die
measuring as 1.8mm x 1.9mm x 0.66mm and with a 66% FBW. In contrast, Figure 1.3-4 b) is the literal
interpretation of a lumped-element single-stage branch-line coupler, whose simplistic, unshielded layout
features dimensions of 4.4mm x 4.2mm x 0.8mm and a narrow 100MHz bandwidth for GPS applications.
It’s evident that none of these four LTCC quadrature couplers possess superiority over one another since
they possess strengths and weaknesses in specific areas of their performance or layout design. Though,
outlining the different schematic topologies and revealing their associated FBWs, form factors, and
complexities greatly benefited the selection of the quadrature coupler proposed in Chapter 4 of this thesis.
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1.3.3 -3dB 180° Hybrid Couplers
The final stand-alone circuit of interest explored in this work is the -3dB 180° hybrid coupler. This circuit
is commonly realized in LTCC as lumped-element equivalents of the classic ‘Rat-Race’/‘Ring Hybrid’,
‘Tapered coupled-line hybrid’, and ‘Waveguide Junction’/’Magic-T’ distributed topologies [10]. Since the
180° coupler shares identically desired characteristics of a 90° coupler (with the exception of a 180° phase
unbalance), a literature review will not be given. Furthermore, the realization of this coupler in LTCC was
a direct redesign of an existing Rat-Race coupler in accordance with requests of this thesis’ partner, DRDC.

1.3.4 GNSS Antenna Feeding Network ‘A’
In this literature review, attention is drawn toward existing methods that combined the -3dB 90°/180º
couplers above to realize an antenna feeding circuit for RHCPing 4-port DRA’s or PQHAs. The major
points of interest are the methods used to implement and connect these couplers, overall size implications,
antenna interface, stability of the sequential 90º phase shift, amplitude unbalances, and insertion losses. It
was relatively unexpected to discover the limited market and literature for realization of this network as a
SoP GNSS design. A single commercially available and sufficient SMT package from Mini-Circuits® with
PN: SCQ-4-1650+ [22] was found, as illustrated in Figure 1.3-5 below.

a)

b)

Figure 1.3-5: Commercially available Quadrifilar antenna feeding network suitable for GNSS and SMT applications.
a) Mini-Circuits® PN: SCQ-4-1650+ b) Sequential 90° phase unbalance c) Amplitude unbalance (Source: [22])

Since the network’s package above is PCB based, its partially shielded and SMT features don’t add too
much insight to realizing a layout in LTCC. However, it’s miniature size of 22.1 mm x 20.32 mm x 6.35
mm is sufficient for stating a surface-area reference point, while also demonstrating the ideal sequential 90º
phase shifts in Figure 1.3-5 b), amplitude unbalances in Figure 1.3-5 c), and other relevant characteristics
in its datasheet (i.e. IL, VSWR, isolation etc.) [22]. Notably, this network exhibits slightly high IL of 1.5dB.
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In academically available literature, and even papers published by DRDC [23] [24] [25], a similar
pattern is seen regarding the PCB based interpretation of this network. As opposed to the Mini-Circuits®
package, the standard technique is to realize the feed onto a single layer as a distributed-LTCC SMD hybrid,
then mount and interface either a DRA or PQHA onto the PCB’s opposing face. Specifically, Figure 1.3-6
examines the utilization of this technique, such that the illustrated networks RHCP DRAs [23] [24] and
PQHAs [25] [26] while the respective antenna could be seen by flipping the boards. In terms of feeding the
antenna’s actual ports, the typical methods are established with either PCB through vias [23] [26] or
aperture slots [24] [25] [10]. It can be seen from DRDC publications [23] [24] [25] that a miniaturization
effort was made by surface-mounting two -3dB 90º LTCC Anaren® couplers shown earlier [18], which
then feed into shrunken microstrip TL based -3dB 180º couplers. Even when disregarding lengths of TLs
that connect to ports, the smallest reported size is from Figure 1.3-6 c) whose surface area is 320mm2.
Alternatively, Figure 1.3-6 d) shows the more simplistic and traditional approach of feeding a PQHA with
meandered lines and Wilkinson power splitters.

a)

b)

c)

d)

Figure 1.3-6: GNSS antenna feeding network ‘A’ in planar DRA/PQHA GNSS applications.
a) & b) DRA feeds (Sources: [23] & [24]). c) & d) PQHA feeds (Sources: [25] & [26]).

Images of the most relevant literature above elude to the motivation behind transitioning the distributedLTCC SMD hybrid into a fully integrated and miniaturized SoP LTCC design. It’s clear that miniaturization
of this network is desired, thereby opening up PCB real-estate for remaining components in the GNSS
receiver (Figure 2.2-2). Hence, research was conducted to examine implementations of this exact network
but using LTCC technology. Surprisingly, and to the best of my knowledge, the only design of this antenna
feed in LTCC was published in 2019 [27] and is shown below in Figure 1.3-7.
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a)

b)

Figure 1.3-7: GNSS antenna feeding network ‘A’ in first ever LTCC PQHA GNSS applications.
a) Exploded view of PQHA, feed, and interface b) Exploded view of the feed’s LTCC layers (Source: [27] )

This design employs the same technique as previously described, such that the LTCC antenna feeding
network surface-mounts onto the underside of a PCB mounted PQHA. Operational frequency of the LTCC
network is 1200-1600MHz and occupies dimensions of 9.2mm x 8.4mm x 2.4mm. It covers most GNSS
satellite bands, while also exhibiting the smallest known size interpretation of this network; but suffers from
an undesirable ±10º sequential phase unbalance. Its layout is realized by meandering distributed balun and
-3dB 90º hybrid structures over 13-layers of ceramic. Despite being the only network of its kind in LTCC,
the design doesn’t offer too much insight for achieving this thesis’ goals since avoiding wavelength
dependent structures was deemed paramount, and employment of the redesigned Rat-Race coupler was
required as specified by DRDC. However, [27] provides a practical foundation for this network’s
transformation into LTCC as it successfully demonstrated miniaturization and antenna integration.
Moreover, this network is a great point of comparison for the circuit developed in this work in terms of size
improvement, but most importantly performance enhancement for the 90º sequential phase unbalance.
In summary, all known methods for realizing a sufficiently miniaturized GNSS RHCP single 4-port
antenna feeding network have been illustrated. This review has demonstrated the industry/academic
standard of mounting the network onto the underside of a PCB supported antenna and the key electrical
characteristics for achieving well circularly polarized antennas, i.e. the progressive 90º phase delays,
amplitude unbalances, and IL.
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1.3.5 GNSS Antenna Feeding Network ‘B’
A final literature review pertains to antenna feeding networks capable of RHCPing four 1-port LP antenna
arrays. Full coverage GNSS applications were excluded though since it was difficult to draw sources of
literature that offer insight to this very specific LP-RHCP GNSS array feed. Moreover, the exact application
is unknown for proprietary reasons, so this review instead examines commonly used antenna topologies,
feeds, and critical frequency response characteristics. The fundamental basis of this feed is detailed in [28]
and Chapter 2, such that four LP antennas are sequentially rotated then individually and singly-fed by this
network to generate an RHCP array.
Perhaps the most common understanding of this antenna configuration is the use of four sequentially
rotated LP fed microstrip patch antennas (i.e. microstrip line fed, aperture-coupled fed, coaxial fed, etc.)
[29], whose methods can be seen in [30] [31] [28]. Though within this literature review, a technique that
realizes the required quadrature phase shift through LTCC technology could not be found. Instead, almost
all planar/integrated arrays were created with distributed topologies like quarter-wave elements (i.e.
transformers and Wilkinson splitters) which inherently occuppy large amounts of areas. Figure 1.3-8
illustrates two 2x2 sequentially rotated patch arrays that are microstrip singly-fed by distributed networks.

a)

b)

Figure 1.3-8: Antenna feeding network ‘B’ in distributed 2x2 microstrip patch antenna array configurations.
a) (Source: [28]) b) (Source: [30])

Other than clear implications that current realizations of this network occupy large areas due to
wavelength dependency, several important electrical characteristics are worth noting. That is, equal antenna
distribution of quadrature phase and signal amplitude (unbalance) is extremely important in this array
configuration to mitigate CP qualities such as Axial Ratio (AR) and cross-polarization [29] [28].
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To conclude, the literature review has highlighted key electrical and physical characteristics of each standalone circuit or network that must be considered for high performance LTCC realization. With a wide
perspective gained for respective design methods, this thesis now shifts toward more specific material, as
listed in the following thesis structure.

1.4

Thesis Structure

Topics are presented in this thesis in an order that follows the design process of the GNSS antenna feeding
circuits. Chapter 2 is a slight exception, primarily serving as a detailed introduction to GNSS and LTCC.
The introductory material provides a high-level overview of both technologies in addition to relevant topics
such as: general requirements and schematic realization of the GNSS target application, generic LTCC
characteristics, multi-layer lumped-element TL structures used as LTCC building blocks, and a brief
guideline of all fabricated LTCC circuits. Chapter 2 concludes on the discussion of several case studies that
analyzes LTCC fabrication issues concerning the dielectric, electrical, and physical characteristics of the
materials/structures that encompass this technology.
Chapter 3 begins the feeding network design flow. This chapter presents the novel ‘Lumped’ and ‘LC
Ladder’ dual-band power splitters and their corresponding theories, design methods, simulations, measured
results, and concluding/contributing remarks. Chapters 4 and 5 share a similar organization but are tailored
instead to the -3dB 90° and 180° hybrid couplers respectively. Then, Chapter 6 presents the realization of
both GNSS antenna feeding structures through the collective use of the circuits proposed in Chapters 3-5.
The contents found in Chapter 6 mostly focus on the methods used to interconnect the individual RF
circuits, considerations for practical implementation of a SoP design, and the simulated/measured results.
An independent evaluation is made for each LTCC structure in Chapter 7, addressing the successes and
flaws that originated from their design which then concludes this thesis by proposing plans for future
research and development. Supplementary material regarding the LTCC fabrication process, relevant
materials and properties, measurement calibration techniques, characterizing the dielectric properties of
LTCC, and images of all circuits used throughout this thesis are provided in the Appendix.
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Chapter 2
GNSS & LTCC Technology
The purpose of this chapter is to give the reader a fundamental understanding of where the circuits presented
in this work are applied and the technologies used to realize them. A brief overview of GNSS, the target
application, will be given, in addition to the essential requirements of GNSS receivers and their
corresponding antenna/feeding structures. Afterward, the chapter transitions to a comprehensive review of
LTCC that introduces the technology, the unique utilization of multi-layer lumped element structures,
measurement setup, overview of the fabricated components, and a detailed post-fabrication analysis.
Appendices A, B, C, and D offer additional information regarding LTCC’s fabrication process, materials,
properties, and calibration techniques. It’s suggested the reader examine these appendices for a much
thorough understanding of LTCC technology and the relevant techniques employed throughout this work.

2.1

An Overview of GNSS

GNSS is a term used to describe a geo-spatial positioning receiver that collects data from multiple satellite
subsystems. The satellite subsystems belong to different countries referred to as “constellations” that
coexist in the L-band in addition to having their own set of specific centre-frequencies, bandwidths, signal
modulations, and areas of coverage. Table 2.1-1 links the constellations currently implemented in GNSS to
their respective countries and characteristics.
Table 2.1-1: Characteristic summary of all GNSS constellations.

Constellation

Country

Operational
Satellites

Area of
Coverage

Signal
Modulation

Signal
Polarization

Allocated
Spectrum

30

Global

CDMA

RHCP

L1, L2, L5

24

Global

CDMA/FDMA

RHCP

G1, G2, G3
E1, E5a, E5b,
E6
B1, B1-2, B2,
B3
L1C/A, L1S,
L2C, L5/S, L6

GLONASS

United
States
Russia

Galileo

EU/UK

22

Global

CDMA

RHCP

BeiDou

China

23

Global

CDMA

RHCP

QZSS

Japan

4

Regional

CDMA

RHCP

India

7

Regional

CDMA

RHCP

GPS

IRNSS/NAVIC
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L5

Operational frequency bands from each constellation share similarities that become more obvious when
noting the overlapping bands from the GNSS spectrum plot in Figure 2.1-1. GNSS takes advantage of the
densely populated spectrum and combines the constellation bands into a dual-band system with a lower
passband of 1164-1300MHz and an upper passband of 1559-1610MHz. It is worth noting though that the
GNSS bands used in this work were defined as 1165-1295MHz and 1560-1606MHz to align this research
with the interests of DRDC. Allocated frequency bands hold their own prefix to denote their designated
constellation which in most cases overlap. For example, GPS bands L1, L2, and L3 are denoted by the
prefix ‘L’ whereas GLONASS, Galileo, and Beidou bands are prefaced by letter’s ‘G’, ‘E’, and ‘B’
respectively. Bands such as L1C, L2C, L5S, etc. used by the Quasi-Zenith Satellite System (QZSS) simply
mean they occupy a portion of the spectrum inside the L1, L2, and L5 bands.

Figure 2.1-1: GNSS frequency spectrum allocation for GPS, GLONASS, and Galileo.
(Source: European Space Agency)

The information provided in Table 2.1-1 and Figure 2.1-1 suggest that preexisting geospatial receivers
are incompatible with GNSS’ spectrum and its multitude of requirements. Hence the motivation for
developing of a new receiver that is capable of capturing signal information from all constellations. In the
following sections, general requirements of a GNSS receiver and its associated components are illustrated.
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2.2

GNSS System Requirements

Although GNSS reuses existing technology, there is still a demand for developing wideband or dual-band
systems to realize an appropriate GNSS receiver capable of simultaneously capturing signal information
from all constellations. Figure 2.2-1 further emphasizes GNSS as a solution to cases of obstruction, but also
shows an overview of a simplified GNSS system. This includes both an antenna and receiver designed
specifically for receiving with GNSS satellite information.

Figure 2.2-1: System overview of a simplified GNSS communication system.
(Source: European Space Agency)

2.2.1 GNSS Receivers
GNSS antennas receive multiple satellite signals with power levels (𝑃𝑟 ) as weak as -130 dBm in direct LOS
and even as low -150 dBm in urban environments. This implies that a high-gain Low Noise Amplifier
(LNA) must be integrated into the receiver, in addition to filters for mitigating out-of-band and inter-band
interference. Figure 2.2-2 shows the block diagram of a typical GNSS receiver system, highlighting the use
of a wideband Band-Pass Filter (BPF), LNA, dual-band BPF, and an antenna specific feeding circuit.

Figure 2.2-2: Simplified block diagram of a GNSS receiver.
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Although the work presented in this thesis focuses on the antenna feeding circuits rather than the LNA
or filters, a brief description for the role of these components are given in the following text to give
perspective for broad requirements favored by a GNSS receiver that impacts the design of these feeds.
A focal requirement for a good and ‘clean’ receiver is to induce as little Insertion Loss (IL) as possible
in order to minimize the Noise Figure (NF) of the entire system. If the NF becomes too great, the receiver’s
noise floor blends together with the extremely low GNSS signals, causing the positioning information to
become indistinguishable from noise at the demodulation stage. Noise figure of a cascaded system is
calculated by the popular Friis NF formula in equation (2.2-1) below.

𝑁𝐹 = 𝑁𝐹1 +

𝑁𝐹2 − 1 𝑁𝐹3 − 1
𝑁𝐹𝑛 − 1
+
+ ⋯+
𝐺1
𝐺1 𝐺2
𝐺1 𝐺2 … 𝐺𝑛−1

(2.2-1)

Where, 𝑛 is the number of cascaded stages in the receiver with each stage holding some unique noise figure,
𝑁𝐹𝑛 and Gain, 𝐺𝑛 that contribute to the overall noise figure, 𝑁𝐹. NF for passive devices is equivalent to its
IL or negative gain (i.e. 𝑁𝐹𝑑𝐵 = 𝐺𝑑𝐵 = −𝐼𝐿𝑑𝐵 ), whereas active components (i.e. amplifiers) exhibit
positive gain and an independent NF equated by the ratio of input Signal-Noise Ratio (SNR) and output
SNR. For example, if the first receiver component is a filter with 0.5dB IL (-0.5dB gain) then 𝑁𝐹1 =0.5dB.
The wideband filter’s role in the first stage of the receiver is to suppress out of band interferers below
1165 MHz and above 1606 MHz. This filter is the simplest structure in the receiver that is expected to
introduce the lowest amount of insertion loss and noise to the system; therefore it must be placed before the
amplification stage. An LNA is then used to amplify the filtered baseband signal, which typically consists
of a 25-30 dB amplification. The high gain of this stage will inherently introduce little noise to the system
but is contingent on the magnitude of its 𝑆𝑁𝑅𝑖𝑛 /𝑆𝑁𝑅𝑜𝑢𝑡 . Finally, the amplified baseband signal is
processed by a dual-band filter to eliminate inter-band interferers and to realize dual-band signal reception.

2.2.2 GNSS Antennas
A number of characteristics define the performance and quality of a GNSS antenna such as polarization,
radiation pattern, bandwidth, and multipath suppression. Since the topic of this thesis primarily focuses on
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designing circuits that feed GNSS antennas, it is important to understand the system as a whole and include
the following discussion on the desired features of a GNSS antenna.
Polarization
A shared characteristic between all constellations in Table 2.1-1 is the requirement of RHCP signal
reception by the receiver that is transmitted by the satellites. RHCP antennas are characterized by their
ability to radiate two orthogonal electric field vectors differentiated by a negative quadrature phase shift.
In general, the antenna’s AR is a quantitative measurement of how well the antenna can receive
circularly polarized signals and is the ratio of the minor over the major axis vectors in the polarization
ellipse. An ideal GNSS antenna bears an AR = 0 over the upper-half of the elevation plane (θ = 0° to
180°) (i.e. perfect circle) but is acceptable when less than 3dB. GNSS antennas are ultimately CP by
their respective feeding network, implying the major influence a feeding structure has in mitigating AR.
Radiation Pattern
The radiation pattern for a receiving GNSS antenna is defined by its Half-Power Beamwidth (HPBW)
over θ = 0° to 180° and Front-To-Back Ratio (FBR). That is, the HPBW should encompass a majority
of the hemisphere above the Earth’s surface and ideally radiate omnidirectionally in this plane with little
gain roll-off. This ensures that the antenna has a maximum viewing angle and accepts as many visible
satellites in the horizon relative to the antenna as possible. Figure 2.2-3 a) and b) show the ideal and
typical gain pattern cuts desired by a GNSS antenna. Figure 2.2-3 c) shows the 3-D radiation pattern of
a typical GNSS microstrip patch antenna, where the large FBR is more noticeable.

a)

b)

c)

Figure 2.2-3: Gain/Radiation patterns of GNSS antennas a) Ideal/fictional gain pattern; HPBW = 180º b) Typical
gain pattern; HPBW ≅ 80-90° c) 3-D radiation pattern of a RHCP microstrip patch antenna with a large FBR.
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Operational Bandwidth
The lower- and upper-GNSS bands are defined as 1165-1295 MHz and 1560-1606 MHz with FBW’s
of 10.45% and 2.9% respectively, or a cumulative wideband FBW of 31.8% between 1165-1606 MHz.
A GNSS antenna can either assume a topology that is dual-band or wideband in nature to cover both
bands. Moreover, it should be understood that all other components in the receiver should operate in the
same spectrum, i.e. the antenna feeding network.
Multipath Rejection
GNSS antennas must have multipath rejection from ground or object reflections to prevent degradation
of positioning accuracy due to time-delayed signals. Reflected signals contain a large Left-Hand
Circularly Polarized (LHCP) component; therefore the quality of an antenna’s multipath rejection is
quantified by having a large Multipath Ratio (MPR). MPR is simply the ratio of the incident RHCP
component to the sum of reflected RHCP and LHCP components received by the antenna. Equations
(2.2-2) and (2.2-3) are used to calculate MPR for ground and vertical object reflections respectively.
𝑀𝑃𝑅 =

𝐸𝑅𝐻𝐶𝑃 (𝜃)
𝐸𝑅𝐻𝐶𝑃 (180° − 𝜃) + 𝐸𝐿𝐻𝐶𝑃 (180° − 𝜃)

(2.2-2)

𝐸𝑅𝐻𝐶𝑃 (𝜃)
𝐸𝑅𝐻𝐶𝑃 (𝜃) + 𝐸𝐿𝐻𝐶𝑃 (𝜃)

(2.2-3)

𝑀𝑃𝑅 =

Where, 𝐸𝑅𝐻𝐶𝑃 and 𝐸𝐿𝐻𝐶𝑃 are the electric field magnitudes of the RHCP and LHCP components received
by the GNSS antenna, respectively.
In general, ground reflections are mitigated by antennas with large FBR’s, whereas vertical object
reflections are reduced by antennas with lower ARs. Hence, an effective AR has been shown to be
dependent on the receiver’s elements, i.e. unbalances from the antenna feeding network. Analogous to NF,
ensuring a sufficient AR through the realization of the receiver is crucial to proper antenna CP and
suppression of multipath interference that would otherwise degrade a satellites QoS. In the next section, the
two antenna feeding networks of interest to this thesis are introduced, with emphasis given to low IL and
equal signal division or appropriate phase delays.
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2.2.3 Passive 4-Port GNSS Antenna Feeding Networks
Feeding circuits found in GNSS receivers ultimately depend on the type of application in conjunction with
the RHCP feeding requirements of the antenna in use. In this work, two passive feeding circuit topologies
are the fundamental objectives and were designed in LTCC to right-hand circularly GNSS antennas
belonging to DRDC; both of which are shown at a system level overview in Figure 2.2-4 and Figure 2.2-5
(denoted throughout this thesis as ‘A’ and ‘B’ respectively). Networks consist of individual -3dB 90°/180°
hybrid couplers and two-way equal power splitters that are interconnected for feed and phase requirements.
Both antenna feeding circuits share mutual requirements for having minimal insertion loss, reflection
loss, amplitude unbalance, phase unbalance, and isolation between antenna ports. Intrinsic to the nature of
couplers and power splitters, at least 3 dB of IL will be injected into the received signal for every component
in the path. For example, output port P5 in circuit ‘A’ from Figure 2.2-4 will see at least 6 dB IL from any
input since the received signal must travel through two hybrid couplers. Despite the intrinsic losses, further
IL must still be mitigated to reduce the receivers NF. The circuits should ideally have 0 dB/0°
amplitude/phase unbalance for mitigating antenna AR and high isolation between signal paths to ensure
equal power combining while maintaining the required phase delays on the antenna feeds for proper RHCP.
These requirements are ultimately controlled at a component level when individually selecting or designing
the hybrid couplers and power splitter.

Figure 2.2-4: Identical system level diagrams of the 4-port to 1-port GNSS antenna feeding network ‘A’ without
(left) and with (right) the 4-port RX target antenna configurations (DRA or PQHA) for illustrative exemplar.

23

Antenna feeding circuit ‘A’ from Figure 2.2-4 is a passive 4-port input to 1-port output system that
combines 4 receiver antenna inputs with a -90° sequential phase shift. The 0°, -90°, -180°, and -270° phase
relationship is required to circularly polarize certain 4-port antenna topologies such as DRAs and PQHAs.
The LTCC implementation of this circuit is intended to miniaturize the RHCP feeds from preexisting DRA
[23] [32] [24] and PQHA [26] [25] interpretations. Three hybrid couplers makeup this topology; two of
which are 90° couplers and the other a 180° coupler. The sequential phase difference is relative to P3.

Figure 2.2-5: Identical system level diagrams of the 4-port to 4-port GNSS antenna feeding circuit ‘B’ without (left)
and with (right) the four 1-port LP RX target antenna configuration (rotated patches) for illustrative exemplar.

As shown in Figure 2.2-5, feeding circuit ‘B’ is a passive 4-port input to 4-port output system that
converts an array of 4 LP GNSS antennas to 4 RHCP signal outputs. This particular structure contains four
two-way equal power splitters and four 90° hybrid couplers, resulting in 90° phase shift delays relative to
adjacently located antennas (i.e. antennas P1, P2 and P2, P3 are in quadrature phase). This single-fed
configuration can only be realized by angular orientation of these four antennas to produce orthogonal Efield vectors in conjunction with the supplied 90º phase differences, as fundamentally described in [33]. In
some wideband applications, this circuit is smaller in size rather than directly using 4 RHCP antennas in an
array; but is typically a tradeoff with bandwidth [34]. As such, the motivation for designing this structure
is to circularly polarize an array of four LP antennas while miniaturizing the overall size of their feeds.
To realize these feeds as miniaturized structures, we use LTCC as the integration and substrate medium
– as introduced in the next section that transitions this chapter to an introduction of LTCC technology.
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2.3

An Overview of LTCC

LTCC is a multi-layer thin-film ceramic substrate system intended for miniaturizing circuits, embedding
passive elements, and precisely removing substrate in specific areas to create exposed/internal cavities.
Embeddable elements include multi-layer capacitors, inductors, and printed resistors/dielectrics, but is not
limited to mounting packaged components (SMD, MMIC, flip-chip, etc.) onto external layers or within
exposed cavities for realizing SoP solutions.
Structures developed in LTCC consist of an arbitrary number of extremely thin vertically stacked
ceramic layers. The stack of ceramic is sintered at a “Low Temperature” below 1000°C and “Co-fired” with
multi-layer components to achieve a solid structure. Co-firing plays a key role in LTCC and is what defines
this technology as unique. When co-fired, the entire LTCC structure shrinks – including the ceramic stackup and printed components such as the conductors, resistors, and dielectrics (Appendix A and B).
Figure 2.3-1 shows a cross-sectional view of a generic 7-layer LTCC SoP design with horizontally
dashed lines indicating separate layers to showcase the ceramic stack-up. In this example, an exposed cavity
is shown on the upper-most layer with a bare die inserted and wire-bonded to the structure; a common
practice in LTCC to reduce wire-bond lengths thus suppressing inductive parasitic loading on the die’s
Input/Output’s (I/O). Blind/through vias that complete electrical connections between layers can also be
seen. Through vias extending continuously between the outer-most layers are commonly used for EM
shielding and thermal expulsion purposes whereas blind vias are key elements in designing multi-layer
circuits.
By offering so much design freedom, LTCC has inevitably made a significant contribution to the
miniaturization and performance of RF devices such as, embedded resonating cavities [10] [35], substrategrown Dielectric Resonator Antennas [36], SoP integration, and miniaturizing once wavelength/SMD
dependent topologies such as filters [6], hybrid couplers [20] [4], power splitters, and more.

25

Figure 2.3-1: Cross-section of a generic 7-layer LTCC structure.

Figure 2.3-2 is a detailed example of LTCC’s SoP capabilities in plain isometric view with cutouts
exposing contents of the embedded layers. In addition to the cavities, mounted components, and vias as
previously mentioned, an appreciation is gained for the freedom of design LTCC has to offer. Multi-layer
inductors/capacitors of varying topologies are shown both exposed and embedded, I/O’s are applied to the
structure through SMT tabs or flip-chip solder bumps, and dielectric, resistive, and conductive elements are
shown fully embedded or mounted onto external layers.

a)

b)

Figure 2.3-2: Typical SoP LTCC structures: a) Exploded view (Source: [9]) b) Isometric view (Source: [37]).
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2.3.1 LTCC Advantages & Disadvantages
Although this work was already focused on LTCC design to satisfy the interests of DRDC, it is still
important to outline its strengths and weaknesses. It has already been mentioned that LTCC excels in
realizing highly dense multi-layer SoP systems, however many more electrical and physical characteristics
of this technology may be highlighted, such as:
Low & Stable Dielectric Loss Tangent
The dielectric loss tangent, tan 𝛿 of LTCC substrates vary between 0.001 to 0.006 [9]; suggesting a
high quality factor, 𝑄 as the two are inversely proportional. Reactive multi-layer elements such as
inductors and capacitors greatly benefit from large 𝑄-factors, leading to elements that better represent
their respective ideal behavior and exhibit low loss.
Stable Dielectric Constant & High-Frequency Applicability
A challenge when designing wideband circuits is the volatility of a substrate’s relative dielectric
constant, 𝜀𝑟 since it is typically fixed to a certain value rather than compensated for its practical
variation over some function of frequency. LTCC however features consistent dielectric constants over
an ultra-wideband, thus mitigating the change in 𝜀𝑟 and improving the accuracy of high-frequency
designs. FerroA6M – the LTCC substrate used in this thesis – has an 𝜀𝑟 that only ranges between 5.7
to 6.1 over 1GHz and 100GHz, respectively.

Figure 2.3-3: Manufacturer’s characterization of Ferro A6M’s tan(𝛿) (green) and 𝜀𝑟 (red) [38].
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Other advantages worth noting include high thermal stability, hermeticity, solderability, and low thermal
coefficients [37]. Despite LTCC’s strengths, the technology, and most importantly the associated design
process, is not without drawbacks. Significant disadvantages of this technology consist of:
Manufacturing Inconsistencies & Design Uncertainties
LTCC fabrication with an educational lab rather than a commercially recognized foundry (i.e. ÉTS)
can produce unpredictable results, leading to differences between trace widths, via diameters, co-fired
resistor sizes, etc. in the design versus the fabricated circuits. Ceramic shrinkage for example is a crucial
aspect in LTCC manufacturing (Appendix A and B) which varies based on many factors. This includes
the structure’s conductor density, slight variations between ceramic batches from the same
manufacturer, experience of the fabricator, and many others. This can lead to unexpected measurements
since the simulated design does not accurately represent the fabricated circuit. In fact, it is
recommended that in order to obtain accurate measurements, two separate fabrications should be done;
one with the original shrinkage expectancies; and the second with the true dimensions obtained from
visual inspection of those in the first; inherently costing a redundant amount of time and money. Section
2.8 shows first-hand the challenges faced with fabricating accurately depicted LTCC circuits.
Mutual Coupling and Parasitics
Highly dense and miniature LTCC structures exhibit a plethora of unwanted parasitics between
components since they are so closely coupled by the thin stacks of ceramic layers and miniaturized
ambitions. Full-wave EM simulators that use fine meshes must be used to account for parasitic
coupling, which takes hours and sometimes days to evaluate a single iteration. Optimization is therefore
a meticulous process that requires design strategies in order to reduce simulation time. In some cases
(as shown throughout this thesis), coupling and parasitics can dominate the performance of a certain
circuit topology or layout, thereby restricting topology selections or complex designs.
The next two sections introduce the transformation of lumped-elements to multi-layer structures to take
advantage of LTCC’s 3-D abilities. Emphasis is placed on their responses to mutual coupling and parasitics.
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2.4

Lumped-Element Transmission Line Theory

Some stand-alone power splitters and hybrid couplers presented in Chapters 3-5 derive from distributed
transmission line circuits; structures whose size is directly proportional to the operational frequency’s
wavelength. Because these circuits operate in the L-band (specifically 1.165–1.606GHz with a wideband
centre frequency of approximately 1.4GHz), we can expect, for example, a quarter-wave transmission line
to occupy a length of at least 6.4cm. To put this into perspective, the entire LTCC sheet from Figure 2.7-1
spans 7.94cm x 7.94cm and is the maximum possible size that can be manufactured at ÉTS. This means
that a single quarter-wave TL would span more than half the total LTCC area. Transmission lines are
therefore unsuitable for our ambitions to miniaturize the GNSS feeding structures and a method to transform
the distributed circuits to some lumped-element equivalent is required.
Lumped-element transmission line theory is introduced in this thesis since it was the fundamental
concept applied to a majority of LTCC circuit topologies. The physical model of a microstrip TL with
length 𝐿, width 𝑤, thickness 𝑡, height ℎ above a ground plane, and dielectric with an 𝜀𝑟 can be realized as
an equivalent RF model that consists entirely of lumped-elements. Such elements may be characterized
with resistive (𝑅), inductive (𝐿𝑝 ), capacitive (𝐶𝑝 ), and conductive (𝐺) properties as shown in Figure 2.4-1.

a)

b)

Figure 2.4-1: a) Microstrip TL physical model b) Microstrip TL equivalent lumped-element RF model

The resistive and conductive properties are intrinsic to the conductor’s material which in our case is
silver and was assumed to be a lossless conductor, i.e. 𝑅 = 0 and 𝐺 = ∞. The remaining elements are
expressed in terms of per unit length. In addition, the shunt capacitor 𝐶𝑝 can be split into two capacitors
𝐶

( 2𝑝 ) on both sides of the series inductor 𝐿𝑝 , thus realizing the simplified lumped-element “𝜋-model” in
Figure 2.4-2.
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Figure 2.4-2: Microstrip TL equivalent lumped-element “𝜋-model”.

In order to determine the fixed values for the shunt capacitance and series inductance, we must consider the
geometry of the microstrip TL (i.e. its length, 𝐿 and width, 𝑤) and its effect on the component values per
unit length. In general, the design equations for the equivalent capacitance and inductance are given by
equations (2.4-1) and (2.4-2) [10]:

𝐶𝑝 =

𝐿
𝑍0 𝑉𝑝

(2.4-1)

𝐿𝑝 =

𝐿𝑍0
𝑉𝑝

(2.4-2)

Where, 𝑍0 is the characteristic impedance of the microstrip TL, and 𝑉𝑝 is the wave propagation velocity
inherent to the substrate defined by equation (2.4-3) expressed as a ratio with the speed of light, 𝑐 over the
effective dielectric constant, 𝜀𝑟,𝑒𝑓𝑓 . Note that 𝜀𝑟,𝑒𝑓𝑓 from equation (2.4-4) is conditional to the width and
𝑤

height ratio of the TL, i.e. ( ℎ ).
𝑉𝑝 =

𝜀𝑟 + 1 𝜀𝑟 − 1
+
2
2
𝜀𝑟,𝑒𝑓𝑓 =

(2.4-3)

√𝜀𝑟,𝑒𝑓𝑓
2

𝑤
+ 0.04 (1 − ( )) ,
ℎ
ℎ
√
[ 1 + 12 (𝑤 )
]

𝜀𝑟 + 1
+
2
{

𝑐

1

𝜀𝑟 − 1
ℎ
√
[2 1 + 12 (𝑤 )]
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,

𝑤
𝐼𝑓 ( ) > 1
ℎ

𝑤
𝐼𝑓 ( ) < 1
ℎ
(2.4-4)

2.5

Lumped-Element Microstrip Structures Library

Power splitters, hybrid couplers, and feeding networks consist entirely of lumped-elements, i.e. inductors
and capacitors. To miniaturize the elements and therefore the circuits, each of which were realized as multilayer microstrip structures that take advantage of LTCC’s 3D abilities. This section introduces the multilayer topologies used throughout this work and outlines the design equations and parasitics related to each.

2.5.1 Multi-Layer Rectangular Plate Capacitors
Perhaps the simplest and most common type of multi-layer structure is the Rectangular Parallel-Plate
Capacitor (RPPC). This capacitor can be manipulated in multi-layer environments (i.e. LTCC) to reduce its
surface area by overlapping capacitive plates on vertical layers in close proximity. Figure 2.5-1 shows an
example of a typical 6-layer RPPC designed for LTCC and its equivalent circuit.

Figure 2.5-1: 6-layer rectangular plate capacitor in LTCC and equivalent capacitance, 𝐶𝑒𝑞 .

Equivalent capacitors with value 𝐶 are formed between the overlapping plates and are equated by the classic
equation for a single parallel plate capacitor:
𝐶 = 𝜀𝑟 𝜀0

𝐴𝑐𝑎𝑝
𝑙𝑐𝑎𝑝 𝑤𝑐𝑎𝑝
= 𝜀𝑟 𝜀0
ℎ𝑐𝑎𝑝
ℎ𝑐𝑎𝑝

(2.5-1)

𝐹

Where, 𝜀0 = 8.854𝑥10−12 𝑚 (relative permittivity of a vacuum), 𝐴𝑐𝑎𝑝 = overlapping area of plates,
𝑙𝑐𝑎𝑝 /𝑤𝑐𝑎𝑝 = length/width of each plate and ℎ𝑐𝑎𝑝 = separation of parallel plates (~90µm in this work).
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It’s clear that the capacitor’s surface area is a direct tradeoff with the volume it occupies, given that the
equivalent capacitance is an 𝑛 − 1 multiple with the capacitance of a single plate where 𝑛 is the number of
parallel plates. That is, the equivalent capacitance of a multi-layer structure may be equated as:
𝐶𝑒𝑞 = 𝜀𝑟 𝜀0

𝑙𝑐𝑎𝑝 𝑤𝑐𝑎𝑝
(𝑛 − 1)
ℎ𝑐𝑎𝑝

(2.5-2)

It is worth noting that equations (2.5-1) and (2.5-2) can only provide an approximation to the expected
capacitance since they do not account for parasitic coupling between other elements or ground conductors
in a practical LTCC circuit. For example, if the capacitor lies above or below a ground plane separated by
some distance, i.e. ℎ𝑐𝑎𝑝 then a parasitic ground capacitor is coupled to the plate closest to ground. In
addition, if the capacitor’s positive node is closest to ground and the other is shunt then 𝐶𝑒𝑞 is an 𝑛 multiple
of 𝐶 rather than 𝑛 − 1, as illustrated by the example in Figure 2.5-2.

Figure 2.5-2: Effect on the equivalent capacitance of a 6-layer rectangular plate capacitor in LTCC when shunt and
placed close to a ground plane.

Given the extremely small thickness of each layer, these capacitors must be individually optimized while
in the LTCC structures using a full-wave simulator such as HFSS® to account for parasitics from the
common ground and neighboring elements. In general, shunt capacitors are greatly affected by capacitive
shunt parasitics, given that it has an additive influence on the element’s 𝐶𝑒𝑞 . It can be noted that the TL
feeds and vias induce series inductance (i.e. 𝐿𝑝 ) whose parasitic influence will become apparent further on.
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The multi-layer parallel plate capacitor is a good example to emphasize the presence of parasitic
coupling in LTCC circuit design since we can expect relatively uniform E-fields between overlapping
plates. Figure 2.5-3 shows a cross-sectional view of the 6-layer rectangular plate capacitor in Figure 2.5-1
where the E-field vectors and magnitudes are dominant and uniform between plates and lesser on the +/feeds. For the case when the same 6-layer capacitor is shunt and close to ground (Figure 2.5-4), the same
uniform E-field between plates is now also present between the plate closest to and with ground. Additional
parasitic fringing to ground can also be seen on the vias and feeds.

Figure 2.5-3: Cross-sectional view of a 6-layer rectangular plate capacitor’s E-field vectors and magnitudes.
(Refers to Figure 2.5-1)

Figure 2.5-4: Cross-sectional view of a shunt 6-layer rectangular plate capacitor’s E-field vectors and magnitudes
placed near a ground plane. (Refers to Figure 2.5-2).
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2.5.2 Multi-Layer Interdigital Capacitors
Microstrip interdigital capacitors are planar structures with capacitance between ports realized by fringing
between closely spaced “fingers”. Figure 2.5-5 shows a simple example of a planar interdigital capacitor
with 2.5 finger pairs where, 𝑤 = total width, 𝑤𝑡 = finger width, 𝐿 = length of overlapping finger region,
𝐺 = gap between fingers, and 𝐺𝑒 = gap at the end of the fingers.

Figure 2.5-5: Top view of a planar interdigital capacitor with 2.5 finger pairs.

Like the parallel plate topology, the capacitance between ports are in parallel, hence 𝐶𝑒𝑞 is just the sum
of all capacitors between the fingers of each port. However, in this work, a multi-layer technique was
employed to realize an interdigital-parallel plate hybrid capacitor where the structure in Figure 2.5-5 was
duplicated and mirrored along multiple layers as shown below in Figure 2.5-6.

Figure 2.5-6: Planar illustration of the interdigital capacitor’s mirrored multi-layer configuration.
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Figure 2.5-7: Isometric view of a 4-layer interdigital capacitor.

To extract 𝐶𝑒𝑞 from this topology, the overlapping area of each finger in addition to the surface area of
overlapping plates must be found and used in equations (2.5-1) and (2.5-2). This is rather complicated, with
mathematical details in [39], so Keysight’s ADS® interdigital capacitor library was used instead to
determine a first-order approximation. To reiterate the importance of including parasitics in LTCC design,
each component was then optimized in HFSS® to achieve the desired capacitance.

Figure 2.5-8: Cross-sectional view of a 4-layer interdigital capacitor’s E-field vectors and magnitudes.

Since both capacitors shown thus far are two-port structures, the intention behind using both may be
unclear. The interdigital capacitor was a key component in achieving low amplitude and phase unbalances
for the two power splitters presented in Chapter 3. This is because in comparison to the asymmetric RPPC,
the interdigital capacitor holds a higher degree of 3-D symmetry between ports and along the cross-sectional
Y-Z plane. Like the RPPC, this topology too is subject to inductive series parasitics inherent to the TL feeds
and vias. Magnetic field illustrations radiated by both capacitors are omitted due to their “fixed” nature.
That is, the lengths/widths of the feeds and diameters/heights of the vias were chosen to reflect minimal
layout design rule requirements to minimize size, hence their inductive parasitics are mostly fixed and
difficult to mitigate. This further emphasizes the significance of using full 3-D EM simulation software.
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2.5.3 Planar Meander Line Inductors
The same physical microstrip TL (i.e. 𝐿, 𝑤, 𝑡, ℎ) and equivalent “𝜋-model” introduced earlier in Figure
2.4-2 can be used to realize a TL as an equivalent inductor 𝐿𝑝 with some parasitic capacitance 𝐶𝑝 ; both of
which can be solved by equations (2.5-3) and (2.5-4) below [40]. In this case, we wish to solve the lumpedelements without knowing the TL’s 𝑍0 , hence equations (2.4-1) and (2.4-2) are not used.
5.98ℎ
)
0.8𝑤 + 𝑡

(2.5-3)

(𝜀𝑟 + 1.41)
5.98ℎ
ln (0.8𝑤 + 𝑡)

(2.5-4)

𝐿𝑝 (𝑛𝐻) = 2 ln (

𝐶𝑝 (𝑝𝐹) = 0.264

By simply bending a straight microstrip TL, or introducing discontinuities, the length can be substituted
with increased width while maintaining the desired TL inductance. These structures are referred to as planar
meander line inductors. A single-meander example in Figure 2.5-9 is shown, where the blue and red
conductors represent straight and discontinuous microstrip TLs respectively.

Figure 2.5-9: Planar illustration of a single-meander line inductor with 4 discontinuities.

Equations (2.5-3) and (2.5-4) are applied for every straight (blue) TL and the equivalent inductance is
the sum of the inductance inherent to each straight TL i.e. 𝐿𝑒𝑞 = 𝐿𝑝,1 + 𝐿𝑝,2 + 𝐿𝑝,3 . This method however
neglects the discontinuities, which in reality introduce additional inductance to 𝐿𝑒𝑞 and some parasitic
capacitance 𝐶𝑏 . Figure 2.5-10 illustrates the equivalent circuit model of a single discontinuity.
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Figure 2.5-10: Equivalent RF model of a microstrip TL discontinuity.

The two equivalent inductances (𝐿𝑏 ) cannot be ignored when evaluating 𝐿𝑒𝑞 of the meandered inductor.
For example, if the parasitic capacitance is ignored, then the equivalent inductance of the structure in Figure
2.5-9 with 4 bends is 𝐿𝑒𝑞 = 8𝐿𝑏 + 𝐿𝑝,1 + 𝐿𝑝,2 + 𝐿𝑝,3. However, this is only an approximation – the
structure must be optimized to account for the parasitic capacitance intrinsic to the TL “𝜋-model” and the
equivalent circuit of the bend for realizing an accurate model. Approximations for 𝐿𝑏 and 𝐶𝑏 are given by
the following equations [4] in terms of per unit length.

𝐿𝑏 (

𝑤

𝐹
𝐶𝑏 ( ) =
𝑚
{

𝑛𝐻
𝑤𝑙𝑖𝑛𝑒
) = 100ℎ (4√
− 4.21)
𝑚
ℎ

𝑤𝑙𝑖𝑛𝑒
− (1.83𝜀𝑟 − 2.25)
𝑤𝑙𝑖𝑛𝑒
ℎ
,
𝐼𝑓
<1
ℎ
𝑤
√ 𝑙𝑖𝑛𝑒
ℎ
𝑤
𝑤𝑙𝑖𝑛𝑒
(9.5𝜀𝑟 + 1.25) ,
𝐼𝑓
≥1
ℎ
ℎ

(2.5-5)

(14𝜀𝑟 + 12.5)

(2.5-6)

Like the interdigital capacitor, meander line inductors have a significant role in mitigating amplitude
and phase unbalance from the power splitter designs presented later in Chapter 3. Although the inductance
realized by these structures is low (especially in miniature LTCC circuits) and exhibit poor Q-factors [4]
their defining characteristic is the perfect degree of symmetry they hold between nodes, as demonstrated in
Figure 2.5-9.
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2.5.4 Multi-Layer Square Helical Inductors
The final structure that completes the lumped-element microstrip equivalent library is the Multi-Layer
Square Helical Inductor (MLSHI). A three-layer example of this inductor is illustrated in Figure 2.5-11,
with colors indicating the feeds (purple), traces on multiple layers that makeup windings (red, blue, green),
and blind vias (black) that electrically connect the multi-layer structure.

Figure 2.5-11: 3-layer square helical inductor example in LTCC.

MLSHIs can be approximated by assuming overlapping meandered inductors with the same
characteristics and design equations outlined in the previous section. As was the case with the discontinuous
bends though, the interconnecting vias between layers also introduce non-negligible parasitics to 𝐿𝑒𝑞 .
Figure 2.5-12 shows a simplified equivalent circuit model of some via above some ground plane:

Figure 2.5-12: Physical model of a typical blind via in LTCC and its equivalent circuit.
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Evidently, vias are not only inductive but are subject to parasitic shunt capacitors dictated by the
diameter of their pads (𝑑𝑝𝑎𝑑 ) labelled as 𝐶𝑝𝑎𝑑 . Equation (2.5-1) is used to determine 𝐶𝑝𝑎𝑑 since the pads
can be treated as plate capacitors at some height ℎ above ground with an overlapping surface area of 𝐴𝑐𝑎𝑝 =
𝑑𝑝𝑎𝑑 2

𝜋(

2

) . The inductance of the via is related to its diameter (𝑑𝑣𝑖𝑎 ) and height (ℎ𝑣𝑖𝑎 ) and can be

approximated by the following equation [41] which is valid for via heights less than 3% of the operational
wavelength, i.e. ℎ𝑣𝑖𝑎 < 0.03𝜆 (this condition holds true for all through/blind vias used in this work).

𝐿𝑣𝑖𝑎 =

2
𝑑
2
ℎ𝑣𝑖𝑎 + √( 𝑣𝑖𝑎
)
+ ℎ𝑣𝑖𝑎
2

µ0
ℎ ln
2𝜋 𝑣𝑖𝑎
[

𝑑𝑣𝑖𝑎
2
(

Where, µ0 = 1.257𝑥10−6

𝐻
𝑚

3 𝑑𝑣𝑖𝑎
𝑑𝑣𝑖𝑎 2
2
+ (
− √(
) + ℎ𝑣𝑖𝑎
)
2 2
2

(2.5-7)
]

)

is the absolute permeability of free space. For the remainder of this section,

the behavior and parasitics intrinsic to this inductor topology will be explored. First, by plotting the
magnetic field vectors and magnitudes (H-field) of the 3-layer MLSHI example in Figure 2.5-11 (and
neglecting the feeds), the inductive qualities of the entire structure can be visualized:

a)

b)

Figure 2.5-13: H-field demonstration of the 3-layer MLSHI in Figure 2.5-11.
a) 3-D view b) Cross-sectional front-view

As expected, vias exhibit inductive characteristics as proven by the H-field vectors present on the
surfaces of the two cylinders. From the cross-sectional view, it can also be seen that a dominating
inductance occurs over the region at which all three microstrip TLs overlap. This must be taken into
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consideration when designing MLSHIs, such that, 𝐿𝑒𝑞 of the structure is dominated by the overlapping
region as opposed to the areas with blank substrate in between. The second parasitic to note is the shunt
capacitor inherent to the via catch pads. It was shown earlier in Figure 2.5-4 that microstrip structures fringe
toward a closely spaced ground plane thus adding parasitic shunt capacitance. Therefore it is expected that
the winding closest to the ground plane from the MLSHI will also experience some parasitic coupling.
Figure 2.5-14 shows a cross-sectional front-view of the 3-layer MLSHI example’s E-field vectors and
magnitudes to demonstrate this.

Figure 2.5-14: Cross-sectional view of the 3-layer MLSHI in Figure 2.5-11 that demonstrates a typical E-field.

This chapter has presented every lumped-element microstrip structure used in this work along with basic
design equations and considerations necessary for approximating the components. Different parasitics of
each topology have also been outlined in order to emphasize their significant effect on a circuit’s expected
behavior. In the following chapters, the power splitters, hybrid couplers, and GNSS feeding circuits are
proposed and the advantageous use of these microstrip structures for miniaturization will become evident.
Note that MLSHIs will typically not be ‘square’, however the name better distinguishes itself from RPPC.
As will become more significant throughout this work, it should be noted that several pieces of literature
indicate that the number of MLSHIs windings is directly proportional to the inductor’s Q-factor [4] [5], and
that these inductor topologies were found to exhibit less than expected Q-factors in LTCC [4] [5] [6] [20].
All circuits developed in LTCC and in this work consist of the capacitors and inductors illustrated above.
An appreciation for their multi-layer characteristics leads this chapter into an introduction of the
measurement setup, fabricated LTCC components, and a post-fabrication quality check.
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2.6

Measurement Setup

The two most common types of microwave circuit measurement techniques were used in this work to
extract the scattering parameters from the LTCC circuits; Sub-Miniature Version A (SMA) connector
based, and Radio-Frequency (RF) probe based. Vector Network Analyzers (VNAs) were the instrument of
choice for SMA based measurements, whereas Performance Network Analyzers (PNAs) were used for RF
probe-based measurements. All measurements took place at the Royal Military College of Canada (RMCC).
The GNSS antenna feeding circuits were designed specifically as SMT components to be soldered onto
prototyping PCBs so that edge-mounted SMA connectors could be soldered to interface the LTCC feeding
structures with external antennas. In contrast, stand-alone circuits such as the power splitters and couplers
were designed with extremely small I/O’s that would prove incredibly difficult to solder, hence the need
for RF probe-based measurements. The following two sections give a brief overview of the two
measurement techniques, as well as the exact parts used during the measurement process.

2.6.1 SMA Based Measurements
Multiple board edge female SMA connectors in Figure 2.6-1 manufactured by Amphenol RF® with part
number: 132357-11 were used exclusively to characterize the antenna feeding circuits. Prototyping PCB’s
with soldered SMA connectors fed by 50Ω microstrip transmission lines were developed for each feeding
structure. Details on the prototyping PCB properties are given throughout Chapter 6. Keysight
Technologies® VNA with product number E5071C was used for all SMA based measurements.

Figure 2.6-1: Physical (left) and HFSS® modelled (right) board edge female SMA connectors.
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SMA connectors are typically rated to handle signals up to 18GHz but is an insignificant property since
the Devices Under Test (DUT) all operate in the L-band. Key properties that governed the choice of these
connectors were 50Ω impedance ratings and small flat-tab contact terminations. An unconventional 510µm
wide flat-tab contact termination for the signal conductor was chosen to reduce the complexity of the
prototype PCB designs rather than using a typical cylindrical contact termination that is relatively much
larger. The choice for this type of contact termination is justified in Chapter 6.
Preferably, RF probe based measurements would have been the desired method to characterize the
antenna feeding circuits to extract a much more accurate depiction of the stand-alone circuits and negate
the effect of the prototyping PCBs, transmission line feeds, and bulky SMA connectors. However, the
antenna feeding circuits have too many ports for RF probing to be cost-effective solutions and PCB
calibration methods were used instead (Appendix C). For example, the 8-port feeding circuit would require
8 RF probes, which can cost thousands of dollars per unit: hence the cheaper alternative of implementing
SMA connectors onto inexpensive prototyping PCBs. However, the stand-alone LTCC circuits have an
appropriate maximum of 4-ports – suitable for RF probe use, as discussed in the next section.

2.6.2 RF Probe Based Measurements
RF probes are incredibly small devices that land on the DUT rather than being soldered directly onto PCBs
in the case of SMA measurements. These probes were invented to address the micron sized I/O’s of
semiconductor devices in silicon wafers and to characterize ultra-high frequency miniature circuits up to
110GHz. The stand-alone circuits in this work share similar I/O dimensions with semiconductor devices,
hence the adoption of probe-based measurements in this work.
Probes have single-ended or differential tips that act as the contact terminations, with typical widths of
80µm. A single-ended probe tip is referred to as ‘Signal’ (S), whereas differential probe tips vary between
Ground-Signal-Ground (GSG), Ground-Signal (GS), Ground-Signal-Signal-Ground (GSSG), GroundSignal-Ground-Signal-Ground, etc. In this work, two sets of GSG probes were used: Cascade Microtech®
ACP40-A-GSG-500 (Figure 2.6-2 a)) and Picoprobe® 40A-GSG-500 (Figure 2.6-2 c)). The Microtech
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probe is a single landing device, whereas the Picroprobe is a two-in-one package with two individual GSG
probes that can be manually adjusted to change the separating distance between probes. Images of the
probes and their tips are shown in Figure 2.6-2 to demonstrate the different types of contact terminations.

a)

b)

c)

d)

Figure 2.6-2: RF-probes used in the measurement process.
a) Cascade Microtech® 500µm GSG probe and tip (b) c) Picoprobe® 500µm GSG dual-probe and tips (d)

The DUT must contain a specific landing pad and probe pitch to account for the type of RF probe. Pitch
is the centered distance between adjacent terminations for differential tips, which is 500µm for both probes
in Figure 2.6-2. Figure 2.6-3 a) demonstrates a typical landing pattern that would accommodate a GSG
probe with a 500µm pitch, and Figure 2.6-3 b) portrays the universal RF-probe landing pad implemented
into every stand-alone RF-probeable LTCC circuit proposed in this thesis.

a)

b)

Figure 2.6-3: a) Typical 500µm pitch GSG RF probe landing pad b) Universal 500µm GSG RF probe landing pad
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Because the contact terminations are so small and fragile, a special probing station is used to mount the
probe onto mechanical arms that can adjust the height, roll, and lateral position of the probe tip. Expensive
equipment can automatically align the probe tips to the DUT’s landing pads, however a manual probing
station was used in this work; specifically the Cascade Microtech® Summit 9000 shown in Figure 2.6-4 a).
Coaxial 50Ω cables are connected to each probe that interface the DUT with the PNA in Figure 2.6-4 c).

a)

b)

c)

d)

e)

f)

Figure 2.6-4: a) & b) Cascade Microtech® Summit 9000 probing station c) 4-Port PNA-X N5247A
d) 2-port RF-probe measurement e) 3-port RF-probe measurement f) 4-port RF-probe measurement
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2.7

Overview of Every Fabricated Component in LTCC

All LTCC circuits were designed and laid onto a 7.94cm x 7.94cm 14-layer FerroA6M stack-up shown by
the CAD drawing in Figure 2.7-1. Each ceramic layer thickness in the stack-up is identical – consisting of
127µm thick FerroA6M sheets. Excluding external component thicknesses, the pre-fired structure height is
1.778mm and is expected to shrink by 29.13% (1.26mm) once co-fired. The LTCC layout from Figure 2.7-1
shows semi-transparent shapes bearing different colours to differentiate the multi-layer co-fired conductors
and resistors. The layout consists of the following circuits cut into individual dies, with notes made for
components designed specifically to be measured by SMA connectors (SMT) or by RF probes (RF):
▪

3x 4-port to 1-port GNSS feeding circuits ‘A’ (SMT)

▪

2x 4-port to 4-port GNSS feeding circuits ‘B’ (SMT)

▪

2x 4-port to 5-port GNSS feeding circuits ‘C’ (SMT) – not discussed in this thesis.

▪

1x Through-Reflect-Line (TRL) calibration kit (RF)

▪

2x Microstrip Ring Resonators (1x 4GHz, 1x 5GHz) (RF)

▪

8x ‘LC Ladder’ power splitters (2x SMT, 4x RF, 2x ±1% RF)

▪

10x -3dB 180° rat-race couplers (4x SMT, 4x RF, 2x ±1% RF)

▪

10x ‘Lumped’ power splitters (4x SMT, 4x RF, 2x ±1% RF)

▪

8x ‘Parallel’ I/O -3dB 90° cascaded branch-line couplers (2x SMT, 4x RF, 2x ±1% RF)

▪

8x ‘Orthogonal’ I/O -3dB 90° cascaded branch-line couplers (2x SMT, 4x RF, 2x ±1% RF)

Three additional structures were added to the layout to study the co-firing effect and fabrication quality:
▪

1x cut plane – centred line of conductors, vias, and multi-layer printed resistors with varying
widths and diameters. When cut, this plane reveals a cross-section inside the ceramic.

▪

4x multi-layer printed resistors (2x 50Ω and 2x 100Ω) with different geometries. These
resistors are used to measure and compare the DC resistance tolerance across multiple layers.

▪

14x exposed circuit layers for measuring trace consistencies, widths, and gaps.
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Figure 2.7-1: Top view of the layout’s CAD drawing realized for LTCC fabrication.

Figure 2.7-2: Legend of the manufactured LTCC layout for navigating Figure 2.7-1.
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Multiple duplications of each circuit were included to the layout so that a comparative study could be
done to ensure repeatable measurements of identical structures. The motivation behind this was to indirectly
determine if the LTCC consistently shrunk throughout the structure. That is, if measured results varied
between adjacent structures that are equivalent, then it is likely that uneven shrinkage along the axes they
were placed had occurred. Further adding to this study, individual layers of some structures were also
replicated adjacent to each other and brought to the top and bottom layers for visual inspection – revealing
any uneven shrinkage under a microscope. Since every structure has a fully surrounding shield, this was
also an opportunity to measure conductor widths and gaps by visual observation. Section 2.8 addresses
these post-fabrication checks in detail.
What differentiates the components labelled on the layout as ‘RF’ and ‘SMT’ is the configuration of
their inputs and outputs. RF circuit I/O’s consist of Coplanar Waveguide (CPWG) feeds with 150µm wide
signal conductors separated by 200µm from the shield/ground conductor (Figure 2.6-3 b)). SMT circuit
I/O’s are similar but have 300µm diameter (unfired) vias at the end of the feeds and are cut down the centre
to realize the cross-section of the via as a solderable tab. The 300µm vias span 4-layers of the LTCC, thus
providing SMT leads with heights of roughly 360µm co-fired. Figure 2.7-3 demonstrates the two types of
I/O’s using the 3-D models of both the RF and SMT ‘Lumped’ power splitter (details of this splitter are
presented in Chapter 3). Figure 2.7-4 further illustrates the sheared vias used to realize SMT leads by using
the fabricated ‘Parallel’ -3dB 90° hybrid coupler as an example (details of this coupler in Chapter 4).

Figure 2.7-3: HFSS® LTCC models of RF (left) and SMT (right) packaged layouts.
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a)

b)

Figure 2.7-4: Photographs of a fabricated ‘Parallel’ -3dB 90° hybrid coupler with SMT leads (Chapter 4).
a) Bottom-view b) Isometric view focused on two I/Os.

It should be noted that all SMT circuits (including the GNSS antenna feeding networks but for other
reasons) were RF probed despite their intended mountable designs. This decision was made based on the
results of simulations conducted on every SMT structure mounted onto a PCB where only slight changes
to any circuit’s frequency response were observed. Costs were significantly reduced by doing so since PCBs
for each circuit did not have to be manufactured. The prototyping PCBs (shown in Chapter 7) were still
designed and are ready to be manufactured should future work wish to pursue this option.
Finally, for each stand-alone circuit, two duplicated RF probeable circuits were put onto the layout but
with a ±1% increase to the lengths and widths of every conductor relative to the nominal RF-probeable
circuit. These structures were implemented in the case that lateral shrinkage was an inaccurate depiction of
the modelled circuits and to also provide insight to a circuit’s behavior in response to uniform physical
changes. Figure 2.7-5 below shows two examples of ±1% circuits that were manufactured and tested.

Figure 2.7-5: ±1% fabricated LTCC circuits cut into dies and placed side-by-side.
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2.8

LTCC Fabrication Quality Check

Co-firing implications and experience of the manufacturer is closely tied to the outcome of LTCC’s
characteristics, which unfortunately in this case led to high levels of uncertainty in almost every aspect of
the research and development stage. The purpose of this section is to unveil the physical characteristics of
the fabricated LTCC and compare the findings to what was expected from the ideal designs. Pinpointing
the exact differences between the designed and fabricated layouts is crucial to identifying specific issues
that may be responsible for measurements that do not align well with simulations.
Sub-sections divide this part of the chapter into specific areas related to the fabricated LTCC’s quality.
We start by discussing some overall first impressions, objects that can be seen by the naked eye, and
highlighting some unexpected manufacturing issues that arose post co-firing. Afterward, individual subsections reveal and analyze internal elements that greatly influence circuit behavior. This includes via
properties, layer thicknesses, trace properties, relative dielectric constant, printed resistors, and more. Note
that 0402 (imperial) resistors may be visible in some pictures as they were used for size reference.

2.8.1 First Impressions
Defects were unfortunately prevalent during fabrication, resulting in several defected dies. Referring to the
layout CAD drawings in Figure 2.7-1 and Figure 2.7-2, all ports were internally short to ground for one
copy of both GNSS antenna feeding networks ‘B’ and ‘C’, as well as one copy of the -3dB 90º ‘Orthogonal’
SMT coupler. About 1/5 of the full LTCC sheet was rendered useless as a result, and only one copy of each
feeding network was fit for testing. These defected dies were all x-rayed to try and determine the source of
error, however the short could not be located. X-ray images are seen throughout later chapters.
Another immediate point of concern was the quality of cuts intended to separate circuits into individual
dies. A recent example is the ±1% circuits shown previously in Figure 2.7-5 where it’s clear the dies were
cut at an angle rather than square with their outline. There should be clearly defined edges but instead the
resulting structures have smooth or unevenly cut corners. Unfortunately, this occurrence was reported for
most dies and will become increasingly apparent throughout this thesis when more circuits are shown.
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Generic logos and text were printed alongside the main layout to view the print quality and to also push
the manufacturer’s limitations as shown in Figure 2.8-1. Widths and gaps between traces that create these
objects are well below the minimum screen printing DRC requirements given in Table 5.2-1. It is of interest
to see the printed outcome when widths and separation of conductors are smaller or closer than
recommended to provide insight for future projects that wish to utilize smaller structures.

Figure 2.8-1: Images of printed LTCC logos vs. CAD drawings.

Overall, the prints are quite good in terms of being able to distinguish entities or letters, however there
are finer issues worth highlighting. The first noticeable flaw is the presence of excess conductor that follows
a pattern of outlining a majority of the logos’ outer perimeter. Gaps between conductors are also much
smaller than expected and conductor widths are slightly larger; both of which even made an appearance on
prints that satisfied ÉTS’ DRC guidelines. It was revealed that logos were intentionally largened then laser
ablated post-fabrication to mediate the push on screen printing requirements. Unfortunately this
contradicted the screen printing case study despite explicitly requesting that laser ablation not be used for
the logos. Impartial laser removal led to the presence of extra conductor, though larger widths and smaller
gaps are the result of fabrication issues mentioned in the following sections.
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2.8.2 Internal Element Analysis Method
Before examining the properties of vias, layers, traces, etc., this section provides necessary context on the
method used to view LTCC elements that are buried within the ceramic. With the ability to look inside the
structure, many important observations and conclusions can be made.
Figure 2.8-2 below illustrates multiple images of the “cut-plane” – the primary method used to view
internal elements. As stated in the layout overview, the cut-plane is an assortment of multi-layer printed
resistors, traces, and vias centered along a line that was cut to reveal the cross-section of these components.
Their properties were carefully chosen to reflect the same physical aspects of those used to develop the
LTCC circuits. For example, the traces in Figure 2.8-2 are 150µm wide, and the vias have diameters of
150µm or 300µm (before co-firing); all of which are identical to those used in circuit development. Two
notable implementations are that traces were separated into staggered and overlapping configurations, and
the 300µm vias occupy 4-layers to resemble the SMT leads. On a high level, this cut-plane grants the ability
to determine how accurately layers were aligned and if there exists any warping between layers. In the
following sections, more specific qualities are drawn from this cut, revealing via properties such as
diameters and alignment, as well as thicknesses linked to traces, layers, and printed resistors.

a)
b)

c)

d)
Figure 2.8-2: Multiple views of the cut-plane. a) Isometric CAD drawing (not cut)
b) Fabricated top-view c) Fabricated cross-sectional view (wide) d) Fabricated cross-sectional view (narrow)
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2.8.3 Via Properties & Layer Alignment/Warping
Vias are fundamental components that permit the multi-layer aspects of LTCC technology. Hence, the first
and most important aspect for analysis is identifying their properties by examining the cut-plane. Both the
150µm and 300µm vias are of upmost importance here, such that 150µm vias are applied universally to
every LTCC circuit, whereas the 300µm vias are exclusively used to form SMT leads.
In Figure 2.8-3 are two cross-sectional images of stacked 14-layer 150µm diameter vias connected by
staggered (a)) and overlapping (b)) traces. It should be noted that shields in every circuit proposed in this
work consist of the exact same via-trace configuration as Figure 2.8-3 b). Immediately noticeable is the
extremely poor alignment of the stacked vias in addition to their erratically varying diameters. We should
expect to see vertical rectangles bearing widths equivalent to the co-fired 126.6µm diameter of these vias
(Appendix B). Instead, vias horizontally zig-zag over an area of ~200µm and exhibit unpredictable
diameters ranging between ~70µm – ~150µm. Layers are also misaligned in the X-Z direction as shown by
the x-rays in Figure 3.1-15 – suggesting that it’s practically impossible to accurately measure a via’s
diameter with this cut-plane. Still, regardless of layer alignment, these via diameters should be no larger
than 126.6µm – which appears to be a common violation given these cross-sections. Another crucial
observation is ceramic warping between vias. It’s evident that layers tend to bend near the upper- and lowerlayers and in areas closest to the vias (~50µm). Staggered and overlapping trace configurations are nearly
identical in terms of warpage, indicating that densely populated vias cause warping more so than traces.

a)

b)

Figure 2.8-3: Cross-sections of 14-layer 150µm vias near different trace configurations a) Staggered b) Overlapping
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Next is the analysis of 4-layer 300µm diameter vias, which to reiterate, serve as solderable leads for the
surface-mountable circuits. For perspective, these are the same vias implemented onto the coupler’s I/Os
in Figure 2.7-4 b). Because the SMT leads were created the same way as the cut-plane, the following
information should provide valuable insight to the feasibility of the SMT lead-via method.
Figure 2.8-4 illustrates two cross-sections of 4-layer 300µm vias connected by overlapping traces. The
difference between these two images is that Figure 2.8-4 a)’s vias are fully intact, whereas three layers of
vias are missing from Figure 2.8-4 b)’s stackup. Initially, the missing vias were disregarded as an anomaly,
however the problem reappeared in other SMT circuits. Constant recurrence ultimately led to detrimental
performance of many SMT measurements; particularly for the GNSS antenna feeding networks. The
significance of this issue led to a more comprehensive discussion presented later in Chapter 6.

a)

b)

Figure 2.8-4: Cross-sections of 4-layer 300µm vias.
a) 300µm vias fully intact b) 300µm vias with several layers missing

With regards to diameters and alignment, Figure 2.8-4 a) suggests slightly similar results obtained from
the 150µm vias. That is, co-fired diameters expected to be 252.9µm (Appendix B) range between ~220µm
– ~253µm but appear to better represent the expected value compared to the 150µm via findings.
Misalignment though was a continual flaw, where vias are stacked ~291µm over X-Y, and the varying
diameters are likely due to X-Z misalignment. There are also slight observations that can be made regarding
the amount of warping induced by these vias. Warpage on the upper- and lower-layers is still present but is
less than that of the 150µm vias, though warping closest to the vias remains unchanged. This is numerically
shown in Figure 2.8-4 a) where the substrate height is ~89µm in the center and increases to ~98µm near
the vias. It’s clear by comparing the 14-layer vias in Figure 2.8-3 and 4-layer vias in Figure 2.8-4 that
ceramic warpage is proportional to the number of stacked vias rather than their diameters.
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2.8.4 Printed Co-Fired Resistor Case Study
Also crucial to RF circuits are resistors, serving primarily as terminations or isolating elements between
power divider outputs. Their presence is seen in many circuits proposed in this work, hence drawing
considerable attention to comparing their ideal electrical and physical characteristics to those fabricated.
LTCC offers co-fired resistors in the form of printed and embeddable planar structures, whose features
are highly desirable given the fundamental thesis goals of developing fully shielded, miniaturized, and SoP
devices. Their low vertical form-factors and embeddability offer true realization of our thesis goals, thereby
eliminating the need for shield cut-outs on the top or bottom layers to create solderable pads (seen in
Chapters 3 and 6). A major drawback, however, is the egregious ±30-50% tolerances exhibited by these
resistors [9]. In the event of unexpected resistance, installing printed resistors internal to a structure can be
detrimental to a circuit’s performance since their presence is irreversible. The tolerance can be reduced to
±0.1% but only for external resistors by trimming the fired resistive paste via laser ablation during the posttreatment stage (Appendix A) – a redundancy that comes at an additional cost. To avoid paying extra and
risking poor results, it was decided that inexpensive SMT chip resistors with ±1% would be used instead.
Nonetheless, understanding the characteristics of co-fired resistors is valuable for future research.
Hence, this section outlines a brief case study that explored the DC characteristics of external and internal
printed resistors using 100Ω/□ resistive paste with part number FX87-101B. Figure 2.8-5 shows an image
of the manufactured resistors with multiple probing pads for measuring internal resistors. Two 50Ω and
two 100Ω resistors were manufactured with differing geometries that were duplicated onto 6 internal layers.

Figure 2.8-5: Fabricated co-fired resistors (left) and CAD drawing of designed co-fired resistors (right).
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Table 2.8-1: Measured resistances and tolerances of the 50Ω and 100Ω LTCC co-fired resistors.

Layer
1
2
3
4
5
6
7

50Ω_1
Res. (Ω)
34.8
31.7
33
32.4
31.5
34.4
33.7

50Ω_1
Tol. (%)
-30.4
-36.6
-34
-35.2
-37
-31.2
-32.6

50Ω_2
Res. (Ω)
37
30.5
31.4
34
31.4
33.9
34.3

50Ω_2
Tol. (%)
-26
-39
-37.2
-32
-37.2
-32.2
-31.4

100Ω_1
Res. (Ω)
69.2
59.2
62.7
65.2
62.6
66.5
63.6

100Ω_1
Tol. (%)
-30.8
-40.8
-37.3
-34.8
-37.4
-33.5
-36.4

100Ω_2
Res. (Ω)
57.2
51.7
54
56.9
51.4
60.6
55.5

100Ω_2
Tol. (%)
-42.8
-48.3
-46
-43.1
-48.6
-39.4
-44.5

Table 2.8-1 summarizes the measured resistances of the multi-layer 50Ω and 100Ω resistors. Overall,
the DC measurements align well with the expected ±30-50% tolerances amongst all four resistors, proving
rather discouraging for the viability of implementing buried co-fired resistors in future work. An observable
pattern common amongst all but the 100Ω_2 resistor is that the upper-most or external resistors (visible in
Figure 2.8-6) exhibit resistances closest to their intended designs. This indicates that in general, internal cofired resistors are expected to deviate more than that of externally printed resistors; a conclusion that does
not favor the desired fully shielded SoP goals.
The resistors were designed with minimum lengths or widths as outlined by ÉTS’ Design Rule Check
(DRC) [9]. Resistors 50Ω_1/100Ω_1 have minimum lengths of 1.015mm, whereas 50Ω_2/100Ω_2 have
minimum widths of 0.635mm. These dimensions correspond to the resistive paste that does not overlap
with the conductive pads (which are also designed at a minimum size) since the path of least resistance is
the pads edges. In terms of electrical performance these are the only dimensions that provide insight to the
manufacturing process. The average lengths and widths of the four resistors were measured from
microscopic images of the fired paste (Figure 2.8-6) and have been summarized below in Table 2.8-2.

Figure 2.8-6: Focused images of all four exposed co-fired printed resistors.
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Table 2.8-2: Designed vs. measured dimensions of the co-fired resistors in Figure 2.8-6 off the conductive pads.

Length x Width
(Off Pads)
Designed
Measured (Approx.)

50Ω_1|
(mm)
1.015 x 2.03
1.03 x 2.4

50Ω_2
(mm)
0.635 x 1.27
0.65 x 1.7

100Ω_1
(mm)
1.015 x 1.015
1.03 x 1.39

100Ω_2
(mm)
0.635 x 0.635
0.65 x 1.1

Careful inspection of the close-up images in Figure 2.8-6 reveals the application of resistive paste prior
to co-firing which can be seen shifted upwards from the desired location. The shift is insignificant in terms
of resistive performance as technically the paste’s length between the pads is still consistent, though it has
negative implications for structures where maintaining physical symmetry is key. During co-firing, the
paste spreads non-uniformly in all directions as seen in all four resistors. The unpredictable and largely
varying co-fired resistor widths in Table 2.8-2 indicate there is no clear pattern to the spread of paste which
if consistent, could be compensated for in future developments. The final two properties of interest are their
thicknesses and if they contribute to warping of the ceramic substrate. Figure 2.8-7 demonstrates layer
warpage on outer areas of the resistors that equalizes closer to their centers. The closer view in Figure 2.8-8
was measured, yielding relatively consistent layer thicknesses of 89µm – 98µm between the overlapping
resistors. Resistive paste thicknesses were also obtained, revealing steady results of 20µm – 25µm that are
in good agreement with the expected fired paste thickness of 25µm±2µm [42].

Figure 2.8-7: Cross-sectional images of multi-layer co-fired resistors printed near traces and vias.

Figure 2.8-8: Microscopic cross-sectional view of multi-layer co-fired resistors.
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2.8.5 Ceramic Layer & Conductor Thicknesses
The final topic in this thesis to utilize the cut-plane is a comparison between expected vs. measured
thicknesses of ceramic layers and traces. We should expect, as determined in Appendix B, 90µm and 6µm
– 9µm thicknesses for individual LTCC layers and conductors respectively. Images and measurements
shown in previous sections have eluded to the fact that these thicknesses are relatively inconsistent and tend
to lie within a range rather than hold a constant value. Figure 2.8-3 b), Figure 2.8-4 a), and Figure 2.8-8
provide enough information to conclusively state these ranges as well as an estimation of average values.
In general, ceramic layer widths have been shown to fall within the range of 87µm – 98µm depending
on the surrounding environment (i.e. vias, traces, and resistors). However, as demonstrated in the crosssections above, the volatility is unrefutably proportional to warping. Extreme cases of 98µm thicknesses
are predominantly located near tall vias and outer-most layers where deformation is greatest. In areas of
least warpage, layers roughly occupy 88µm – 92µm. This results in the expected 90µm thickness as an
average taken of the least deformed areas.
Conductors share a similar fate in terms of their widths being largely dictated by areas of distortion.
Labels to highlight conductor thickness measurements were excluded from previous figures to maintain
discerning images and are stated instead. Within areas of moderate to low warping, conductor thicknesses
were measured within the range of 5µm – 16µm, and with a mean value of 7µm. These results are in good
agreement with the expected 6µm – 9µm dimensions outlined in Appendix B. Along highly disfigured
areas, conductor thicknesses were recorded as great as 27µm, where Figure 2.8-3 b) represents the best
example of this worst case scenario which looks to be the result of conductive paste settling into small
pockets as a result of the ceramic sloping inward toward the vias.

2.8.6 Trace Consistencies, Widths, & Gaps
To study the response of trace properties to co-firing, we focus our attention to exposed layers of the standalone circuits presented in this work as shown in Figure 2.8-9. From these images, a discussion is brought
forth to highlight the printed consistency of their ideal geometries, trace widths, and trace-trace gaps.
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a)

b)

c)
Figure 2.8-9: Exposed layers of select circuits with 0402 (1mm x 0.5mm) resistors for size reference.
a) ‘Lumped’ power splitter layer (Chapter 3) b) 180º coupler layer (Chapter 5) c) 90º coupler layer (Chapter 4)
Table 2.8-3: Expected vs. measured trace widths and gaps from the exposed circuit layers in Figure 2.8-9.

Power
Splitter
𝑙𝐿1
𝑤𝐶1
𝑤𝐶2

𝑠𝑚𝑎𝑙𝑙

𝑤𝐿𝐺

Expected Measured
180º
Expected Measured
90º
Expected
(µm)
(µm)
Coupler
(µm)
(µm)
Coupler
(µm)
~1365
870
~880
1000
𝑙𝐶2
𝑤𝐶31
1361
~740
150
~158
1175
𝑡𝐿1
𝑙𝐿1
726
~261
125
~140
565
𝑡
𝑔
236
𝐿2
1
~155
210
~215
300
𝑑𝑉𝑖𝑎
𝑔2
235
58

Measured
(µm)
~1010
~1180
~490
~230

Upon careful inspection of the exposed layers in Figure 2.8-9, it is apparent that almost every trace or
printed conductor exhibits rounded edges and widths that vary. In Figure 2.8-9 c) for example several
smooth edges have been identified where they should be instead perfect corners. Moreover, this image
demonstrates the variance in conductor widths that are visible without having to make measurements.
Average trace widths and trace-trace gaps are also important metrics to consider. Measurements
obtained from Figure 2.8-9 and summarized in Table 2.8-3 indicate that trace widths typically display errors
of +5–10µm relative to their expected dimensions. Gaps between traces however supersede these errors by
a significant amount and as previously stated, was a consistently reported issue in the post-fabrication
check. An example that holds much significance later on in Chapter 3 is the gap: 𝑤𝐿𝐺 from Figure 2.8-9 a).
We see that the error is ~-80µm, where similar results were also reported from the gaps in Figure 2.8-9 c).
Considering human error, the trace width measurements may be a slight misrepresentation, however the
trace-trace gaps are undeniably much smaller than originally designed and anticipated.
To emphasize the recurrence of trace-trace gaps being reported as much smaller than expected, images
of two traces designed to be identical and printed on the same GNSS antenna feeding network ‘A’ die are
shown below in Figure 2.8-10. With the photographs bearing matching scales, it is easily distinguishable
that trace-trace gaps denoted as 𝑔1𝑎 , 𝑔2𝑏 , 𝑔3𝑎 and 𝑔1𝑏 , 𝑔2𝑏 , 𝑔3𝑏 for the left and right respectively are not
equivalent as intended. The image on the left exhibits much smaller trace-trace gaps than its counterpart on
the right (i.e. 𝑔1𝑎 < 𝑔1𝑏 , 𝑔2𝑎 < 𝑔2𝑏 , 𝑔3𝑎 < 𝑔3𝑏 ). A full view of the die can be seen from Figure 6.2-3 in
Chapter 6, where these discrepancies can be recognized even without a closer view.

Figure 2.8-10: Side-by-side comparison of two surface-mount resistor termination pads from GNSS antenna feeding
network ‘A’ printed on the same die.
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2.8.7 Relative Dielectric Constant
The final point of analysis conducted for the post-fabrication LTCC quality check was extracting and
comparing FerroA6M’s relative dielectric constant to the manufacturer’s characterization. Two Microstrip
Ring Resonators (MRRs) were fabricated for this purpose, whose theoretical and design details are
presented in Appendix D. Note that the following 𝜀𝑟 results were calculated by assuming trace widths that
are 10µm greater than expected while substrate layer thicknesses remained as the nominal 90µm. Table
2.8-4 summarizes the 𝜀𝑟 extracted from both ring resonators for three separate Self Resonant Frequency
(SRF) data points. Appendix D’s Figure D-2 plots the MRR’s simulated vs. measured results. Among the
six SRF points collected between the two MRRs, the average calculated 𝜀𝑟 is approximately 5.61. This
conclusion agrees well with FerroA6M’s manufacturer characterization of 𝜀𝑟 = 5.7±0.2.
Table 2.8-4: Calculated 𝜀𝑟 of FerroA6M with compensated trace widths and substrate heights.

Frequency
(GHz)
𝜀𝑟

4GHz MRR
n=1 n=2 n=3

5GHz MRR
n=1
n=2 n=3

3.94

7.88 11.71

4.86

9.77

14.62

5.53

5.53

5.68

5.62

5.65

5.64

2.8.8 LTCC Post-Fabrication Discussion
Many strengths and weaknesses of LTCC’s fabrication have been demonstrated in this section which
pertain to ÉTS’ capabilities rather than the technology as a whole. Curious about the flaws discovered in
the fabrication, a discussion was held with the technician to reveal the factors responsible for inconsistency:
1. Layer Misalignment
As demonstrated by the staggered vias unveiled by cross-sections, inaccurately positioned layers were the
result of equipment error during the collating stage as defined in Appendix A. According to the technician,
the manual stacker (Figure A-4 a)) was used which is supposed to produce very good alignment. However,
after stacking each layer, an adhesive tape backing must be manually removed. The technician believes
some sheets were stretched during the tape removal, thus resulting in layer misalignment.
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2. Trace Consistencies, Widths, and Gaps
Varying geometries, widths, and smoother edges are an occurrence that is common to LTCC and is not
necessarily a reflection on the foundry. Uneven oven temperatures, mesh quality, amount of conductor that
settled, etc. are all factors that contribute to unideal shapes. However, trace widths and trace-trace gaps
were found to be linked to manufacturing errors. During the creation of masks for conductive patterns, the
technician reported that paste spread (details in Appendix B) was unaccounted for in several layers and
areas of the stencils. This resulted in trace widths typically 5-10µm larger than expected, which also
contributed to the reduction in gaps between traces. Paste spread nominal to ÉTS is within the range of 1015µm. Moreover, the technician reported that laser ablation had to be used on multiple layers to correct
these issues, once again contradicting the intended method of avoiding laser ablation.
3. SMT Vias and Co-Fired Resistors
The technique of shearing 300µm vias as surface-mountable leads proved weak against extremely small
physical forces, as proven by the missing vias in Figure 2.8-4 b) and the discussion brought forth in Chapter
6. This work was the very first time ÉTS and I had attempted this method, hence the collective experience
on the associated fabrication was limited and the outcome was uncertain. In fact, the foundry suggested
they use this same technique on other students’ designs; however I conclude and suggest that other options
be explored instead. Co-fired resistors are also still in development; ÉTS is still experimenting with findings
such as these. Though it’s worth mentioning that warpage near buried resistors was confirmed by the
technician to be the result of the paste’s relatively larger thickness pushing against the ceramic layers.
Throughout the remainder of this thesis, simulations and measurements are expected to exhibit both
similarities and discrepancies given themes of inconsistencies and flaws. Regardless of ideal vs. fabricated
outcomes, an important conclusion to make is the proven level of credibility when associating specific
measurement issues to fabricated discrepancies throughout the following chapters. Moving forward, this
thesis now transitions into circuit design, theory, and transformations into a miniature LTCC environment;
all with the knowledge presented up to this point as fundamental stepping-stones. Chapter 7 continues this
discussion on fabrication issues and offers potential solutions for future work.
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Chapter 3
Dual-Band Power Splitters in LTCC
This chapter presents the novel design of two two-way equal power splitters developed in multi-layer LTCC
technology that operate over the lower- and upper-GNSS bands. As seen in Chapter 2, power splitters are
an integral part in assembling GNSS antenna feeding circuit ‘B’ and are the first component seen by the
antennas. Their role in the network is to equally split a signal into two isolated outputs. Hence, mitigating
the phase and amplitude unbalance in addition to providing isolation between both outputs are fundamental
to successfully realizing a high performance power divider for both stand-alone and GNSS applications.
While studying which splitter topology would be most suitable for the antenna feeds, it was decided that
splitters who shared characteristics with filters would significantly benefit the received signal integrity.
Splitter-filter hybrids would provide interference rejection in addition to the filters inherent to the GNSS
receiver. Therefore, two dual-band power splitter-filter hybrids are proposed in this chapter and are referred
to as ‘Lumped’ and ‘LC Ladder’ for clarity when referring to one or the other. The ‘Lumped’ splitter duals
as a low-pass filter whereas the ‘LC Ladder’ splitter duals as a band-pass filter. Respectively, these splitters
are suited for rejecting neighboring interferes situated along GNSS’ upper-band and outer-bands. Both
topologies are extremely miniaturized (thanks to the 3-D advantages provided by LTCC technology) and
packaged into fully-shielded surface-mountable devices. Although the splitters underlying purpose is to be
integrated with the feeding circuits, separate RF-probeable and SMT packages were also designed to
provide the option for stand-alone characterization and commercial viability.
This chapter is organized in a way that separates the ‘Lumped’ and ‘LC Ladder’ power splitters into
individual sub-sections. Their Wilkinson derived theories are outlined and validated in each, following
detailed discussions on the realization of compact designs in LTCC using Chapter 2’s multi-layer elements.
Models of both splitters designed in HFSS® are illustrated, whose simulations and layouts are compared
against measured results and observational analysis of the fabricated circuits.
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3.1

‘Lumped’ Dual-Band Power Splitter

The ‘Lumped’ dual-band power splitter originates from the work done in [43], which utilizes a dual-section
impedance transformer that is exceptionally matched to a system’s characteristic impedance 𝑍0 over two
designer specified centre-frequencies 𝑓𝑐,1 and 𝑓𝑐,2 . Each transformer consists of an ideal transmission line
with a respective impedance 𝑍 and length 𝑙 that are connected in series (Figure 3.1-1 a)). However, the
dual-section impedance transformer is unsuitable for two-way power dividing in its current 2-port state, so
the transformer is mirrored over an axis of symmetry with origins at the input port, 𝑃1 to realize a 3-port
splitter (Figure 3.1-1 b)). It must be emphasized now that maintaining symmetry between output ports, 𝑃2
and 𝑃3 is the most critical aspect in mitigating the amplitude and phase unbalance. The main challenge
when designing this circuit was realizing a circuit layout with perfect 3-D symmetry, which will become
more apparent when the LTCC structure is presented.

a)

b)

Figure 3.1-1: Dual-band impedance matching network composed of a dual-section impedance transformer
a) 2-port dual-section impedance transformer b) 3-port mirrored dual-section impedance transformer

For the circuit in Figure 3.1-1 b) to meet the design requirements of our dual-band splitter, it must also
provide isolation between output ports. By using the techniques employed in [44], isolation can be achieved
by shunting an RLC tank between outputs – realized as a complete circuit in Figure 3.1-2.
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Figure 3.1-2: Distributed/lumped schematic of the dual-band power splitter topology.

Perfect symmetry between outputs is still maintained despite the addition of a lumped isolation network.
Therefore, even- and odd-mode analysis can be used to determine the unknown TL parameters in the
distributed matching network and the RLC component values in the lumped isolation network. The next
two sections briefly cover the even- and odd-mode analysis used to extract these component values [43]
[44]. Once the unknowns in Figure 3.1-2 are solved, the next step is to transform the TLs to lumped-element
equivalent circuits. Finally, the fully lumped circuit can be transformed once again to lumped multi-layer
microstrip structures from the parts library in Chapter 2 (i.e. parallel plate capacitors, MLSHIs, etc.) for
LTCC miniaturization.

3.1.1 Even-Mode Analysis
Even-mode analysis is used to determine the transmission line parameters in each signal path for 𝑍1 , 𝑍2 , 𝑙1 ,
and 𝑙2 . During even-mode excitation, there are two incident signals at both output ports with equal
magnitude and phase, thus inducing perfect constructive wave interference and doubling the signal
magnitude at the input. Then, due to symmetry, just one of the signal paths may be analyzed as there will
be no current flow between output ports from either the shunt RLC tank or the short at the input. Figure
3.1-3 shows the equivalent circuit of the dual-band splitter in Figure 3.1-2 during even-mode analysis.
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Figure 3.1-3: Distributed/lumped schematic of the dual-band power splitter topology during even-mode excitation.

To begin even-mode analysis, it is well known that the ABCD matrix of any terminated transmission line
with an electrical length 𝜃 and characteristic impedance 𝑍𝑐 is given by the following equation [10]:

𝐴
[
𝐶

cos (𝜃) 𝑗𝑍𝑐 sin (𝜃)
𝐵
] = [𝑗𝑠𝑖𝑛(𝜃)
]
𝐷
cos (𝜃)
𝑍𝑐

(3.1-1)

Thus, for two transmission lines in series with independent length and impedance parameters, the ABCD
matrix for the circuit in Figure 3.1-3 becomes:

𝐴
[
𝐶

cos (𝜃1 ) 𝑗𝑍1 sin (𝜃1 ) cos (𝜃2 ) 𝑗𝑍2 sin (𝜃2 )
𝐵
] = [𝑗𝑠𝑖𝑛(𝜃1 )
] [𝑗𝑠𝑖𝑛(𝜃2 )
]
𝐷
cos (𝜃1 )
cos (𝜃2 )
𝑍𝑐
𝑍2

(3.1-2)

And, if both transmission lines share the same lengths such that 𝑙1 = 𝑙2 or 𝜃1 = 𝜃2 = 𝜃 then,

𝐴 = cos2 (𝜃) −

𝑍1 sin2 (𝜃)
𝑍2

(3.1-3)

𝐵 = 𝑗𝑐𝑜𝑠(𝜃)𝑠𝑖𝑛 (𝜃)(𝑍1 + 𝑍2 )

(3.1-4)

𝐶 = 𝑗𝑐𝑜𝑠(𝜃)sin (𝜃)(𝑍1 + 𝑍2 )

(3.1-5)

𝐷 = cos 2(𝜃) −

𝑍2 sin2(𝜃)
𝑍1

(3.1-6)

The input impedance can then be expressed in terms of the ABCD parameters, which is equal to 2𝑍0
during even-mode analysis as shown in Figure 3.1-3.
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𝑍𝑖𝑛 =

𝐴𝑍0 + 𝐵
= 2𝑍0
𝐶𝑍0 + 𝐷

(3.1-7)

Monzon in [43] algebraically solves equation (3.1-7) to obtain two equations and two unknowns for 𝑍1
and 𝑍2 , leading to the design equations as:
2𝑍02
𝑍1 =
𝑍2

𝑍2 = 𝑍0 √

1
1
+√ 2+2
2𝛼
4𝛼

(3.1-8)

(3.1-9)

Assuming that the transmission line lengths are equal,
𝑙1 = 𝑙2 =

𝑛𝜋
𝛽1 + 𝛽2

(3.1-10)

Such that,
𝑓𝑐,2 = 𝑚𝑓𝑐,1

𝛽=

2𝜋
𝜆

𝛼 = (tan(𝛽1 𝑙1 ))2

(3.1-11)

(3.1-12)

(3.1-13)

Where, 𝑚 is the centre-frequency ratio, 𝑛 is an arbitrary integer set to unity for applications when
1 < 𝑚 < 3, 𝛼 is a variable used for simplifying the transmission line impedance in equation (3.1-9), and 𝛽
is the wavenumber of the respective transmission lines.
In summary, these design equations are obtained by taking the splitter’s input impedance under evenmode analysis and solving for when it is matched or equal to 2𝑍0 for both centre frequencies 𝑓𝑐,1 and 𝑓𝑐,2 ,
and is the condition necessary for mitigating any reflection losses over two independent bands. By forcing
the length condition in equation (3.1-10), the impedance design equations form two poles in the reflection
coefficients at each centre frequency.
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3.1.2 Odd-Mode Analysis
Odd-mode analysis of the splitter in Figure 3.1-2 determines the design equations for the remaining lumpedelements shunt across both output ports that comprise the isolation network. Under odd-mode excitation,
there are two incident signals at both output ports 180° out of phase. Perfect deconstructive wave
interference occurs along the axis of symmetry, thus creating a voltage null or virtual ground seen by both
signal paths along this line. The resulting schematic during odd-mode analysis of the dual-band splitter is
shown below in Figure 3.1-4.

Figure 3.1-4: Distributed/lumped schematic of the dual-band power splitter topology during odd-mode excitation.
(Schematic Source: [44]).

The following odd-mode analysis is a concise summary of the work done in [44] which begins by
identifying that a transmission line’s input impedance when terminated by some load impedance 𝑍𝐿 can be
written by:

𝑍𝑖𝑛 = 𝑍𝑜

𝑍𝐿 + 𝑗𝑍0 tan (𝛽𝑙)
𝑍0 + 𝑗𝑍𝐿 tan (𝛽𝑙)

(3.1-14)

′
Since 𝑍𝐿 = 0 relative to 𝑍 ′ and 𝑍𝐿 = 𝑍′ relative to 𝑍𝑜𝑑𝑑
, the two respective impedances are determined by
′′
equations (3.1-15) and (3.1-16) below. Each impedance, including 𝑍𝑜𝑑𝑑
, must be solved for each centre

frequency. The following equations use 𝑓𝑐,1 as the exemplar:
𝑍𝑓′𝑐,1 = 𝑍1

0 + 𝑗𝑍1 tan (𝛽1 𝑙1 )
= 𝑗𝑍1 tan (𝛽1 𝑙1 )
𝑍1 + 0

′
𝑍𝑜𝑑𝑑,𝑓
𝑐,1

= 𝑍2

𝑍𝑓′𝑐,1 + 𝑗𝑍2 tan (𝛽1 𝑙2 )
𝑍2 + 𝑗𝑍𝑓′𝑐,1 tan (𝛽1 𝑙2 )
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(3.1-15)

(3.1-16)

𝑅 𝐿
2 2

′
By substituting 𝑍𝑓′𝑐,1 into 𝑍𝑜𝑑𝑑,𝑓
and accounting for the lumped components , , and 2𝐶, then 𝑍′′𝑜𝑑𝑑,𝑓𝑐,1 may
𝑐,1

be solved such that,
−1

𝑍′′𝑜𝑑𝑑,𝑓𝑐,1 = (

1
2
2
+ + 𝑗 (𝑤1 2𝐶 −
))
′
𝑍𝑜𝑑𝑑,𝑓
𝑅
𝑤
1𝐿
𝑐,1

(3.1-17)

Like even-mode analysis, the series transmission line impedance must be matched to the characteristic
impedance at Port 2. Thus, by forcing 𝑅 = 2𝑍0 and 𝑍′′𝑜𝑑𝑑,𝑓𝑐,1 = 𝑍0 and repeating the derivations from
equations (3.1-15)-(3.1-17) for 𝑓𝑐,2 , two equations and two unknowns are obtained for the shunt inductor
and capacitor with design equations given by,
𝐵
𝐴
−
𝑤1 𝑤2
𝐶=
2𝑤2 2𝑤1
𝑤1 − 𝑤2

(3.1-18)

2𝑤2 2𝑤1
−
𝑤
𝑤2
𝐿= 1
𝐵𝑤1 − 𝐴𝑤2

(3.1-19)

Where, 𝑤𝑥 = 2𝜋𝑓𝑐,𝑥 and terms 𝐴 and 𝐵 are used to simplify the design equations such that,
𝑝 = tan (𝛽1 𝑙1 )

(3.1-20)

𝑞 = tan (𝛽2 𝑙2 )

(3.1-21)

𝑍2 − 𝑍1 𝑝2
𝐴=
𝑍2 𝑝(𝑍1 + 𝑍2 )

(3.1-22)

𝑍2 − 𝑍1 𝑞 2
𝑍2 𝑞(𝑍1 + 𝑍2 )

(3.1-23)

𝐵=

3.1.3 Design Verification
Design equations (3.1-8), (3.1-9), (3.1-18), and (3.1-19) obtained from even- and odd-mode analysis from
the dual-band splitter in Figure 3.1-2, for 𝑍1 , 𝑍2 , 𝐶, and 𝐿 are evaluated in this section to construct an ideal
circuit in order to verify the accuracy of this theory and its applicability to this GNSS application. The
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lower- and upper-GNSS bands are characterized with centre-frequencies of 𝑓𝑐,1 = 1230MHz and 𝑓𝑐,2 =
1583MHz, in addition to a standard characteristic system impedance of 𝑍0 = 50Ω. To begin the ideal
design, the guided wavelengths inherent to the substrate were considered, such that:

𝜆1 =

𝑐
𝑓𝑐,1 √𝜀𝑟

=

𝑚
3.0𝑥108 ( 𝑠 )
1.23𝑥109 (𝐻𝑧)√4.3

≅ 0.11762 [𝑚]

𝑚
3.0𝑥108 ( )
𝑠 ≅ 0.0914[𝑚]
𝜆2 =
=
𝑓𝑐,2 √𝜀𝑟 1.583𝑥109 √4.3
𝑐

With corresponding wavenumbers,

𝛽1 =

2𝜋
𝑟𝑎𝑑
≅ 53.42 [
]
𝜆1
𝑚

𝛽2 =

2𝜋
𝑟𝑎𝑑
≅ 68.75 [
]
𝜆2
𝑚

The equivalent lengths for both transmission lines can now be solved, where 𝑛 = 1 since the frequency
𝑓

ratio 𝑚 = 𝑓𝑐,2 = 1.29 is within the boundary condition of 1 < 𝑚 < 3. Thus,
𝑐,1

𝑙1 = 𝑙2 =

𝑛𝜋
≅ 25.715 [𝑚𝑚]
𝛽1 + 𝛽2

Since it is most convenient to use the transmission line electrical lengths,

𝜃1 =

𝑙1
360° ≅ 78.706 [°]
𝜆1

𝜃2 =

𝑙2
360° ≅ 101.294 [°]
𝜆2

And subsequently, the transmission line impedance design equations are solved:
𝛼 = (tan(𝛽1 𝑙1 ))2 = 25.073 [𝑟𝑎𝑑]
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𝑍2 = 𝑍0 √

1
1
+ √ 2 + 2 = 59.88Ω
2𝛼
4𝛼

𝑍1 =

2𝑍02
= 83.5Ω
𝑍2

It is already known that 𝑅 = 2𝑍0 , so the remaining unknowns (𝐶 and 𝐿) for the isolation network are:
𝑝 = tan(𝛽1 𝑙1 ) = −𝑞 = 5.00725 [𝑟𝑎𝑑]

𝐴=

𝑍2 − 𝑍1 𝑝2
= −𝐵 = 0.048 [𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠]
𝑍2 𝑝(𝑍1 + 𝑍2 )
𝐵
𝐴
−
𝑤1 𝑤2
𝐶=
= 10.82 [𝑝𝐹]
2𝑤2 2𝑤1
𝑤1 − 𝑤2
2𝑤2 2𝑤1
−
𝑤
𝑤2
𝐿= 1
= 1.2 [𝑛𝐻]
𝐵𝑤1 − 𝐴𝑤2

The ideal values obtained from the even- and odd-mode analysis are summarized below in Table 3.1-1.
Table 3.1-1: Ideal component values and TL characteristics of the distributed ‘Lumped’ dual-band power splitter.

Component
𝑍1
𝑍2
𝑙1 = 𝑙2
𝑅 = 2𝑍0
𝐿
𝐶

Ideal Value
83.5 Ω
59.88 Ω
25.715 mm
100 Ω
1.2 nH
10.82 pF

With all the variables of the dual-band distributed/lumped splitter known, the circuit was created in
Keysight’s ADS® using ideal components for both the transmission lines and the shunt elements. The ideal
simulations are shown in the following figures; however the amplitude and phase unbalance plots are
omitted for concision since they are virtually zero.
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a)

b)

Figure 3.1-5: Ideal ADS® simulation results of the distributed/lumped dual-band splitter.
a) Reflection coefficients (red) and output isolation (black) b) Transmission coefficients (red/black)

From Figure 3.1-5, it is evident that the ideal simulation results are exceptional, thus validating the
design equations from [43] [44] and the topologies applicability to the dual-band GNSS application. As
expected, the reflection coefficients (S11) and output isolation (S23) have poles positioned exactly at each
centre-frequency. The splitter is well matched and provides good isolation between outputs across both
GNSS bands. Notably though, the isolation bands are narrow, especially for the lower GNSS band with a
larger FBW, which was an immediate concern when formulating the LTCC equivalent. Furthermore, the
transmission coefficients (S21 and S31) portray an equal split across both outputs with an expected -3dB
loss in each signal path. Given these desirable dual-band splitter properties, this topology was chosen as
the fundamental design for the ‘Lumped’ dual-band splitter. In order to miniaturize this circuit however,
the transmission lines must first be transformed to their lumped-element equivalent models using the
lumped-element transmission line theory from Chapter 2. The next section outlines the design process and
the final schematic of the ‘Lumped’ dual-band splitter after transformation.

71

3.1.4 Lumped Transformation
The ‘Lumped’ dual-band splitter owes its name based on the fact that it was transformed from the
distributed microstrip TL circuit in Figure 3.1-2 to an equivalent lumped-element circuit using transmission
line theory from Chapter 2 [10]. The shunt RLC tank isolation network already consists of lumped-elements
so only the lumped transformation of the two transmission lines must be done to realize a fully lumped
circuit. After applying lumped equivalency to the two transmission lines, the transformed splitter becomes
the circuit in Figure 3.1-6 below.

Figure 3.1-6: Lumped transformation of the distributed/lumped dual-band splitter (15 elements).

The circuit is further miniaturized by absorbing parallel capacitors, resulting in the final schematic of the
lumped dual-band splitter that consists of 12 components rather than the original 15.

Figure 3.1-7: Final circuit of the ‘Lumped’ dual-band splitter (12 elements) for LTCC realization.
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The capacitor at port 𝑃1 with value 𝐶1 has a significant role in the splitter’s operation. It is intentionally
situated along the axis of symmetry to minimize the phase and amplitude unbalance, and a low-pass filtering
element will be present in the circuit’s transmission coefficients because the capacitor is shunt. To show
this, and to also validate that the lumped equivalent circuit is similar to that of the distributed/lumped design,
the components in Table 3.1-2 were used to design and simulate the splitter in Figure 3.1-7 with ADS®.
The component values were solved (and optimized) using equations (2.4-1) and (2.4-2) from Chapter 2
with the known transmission line impedances and lengths from the even- and odd-mode analysis.
Table 3.1-2: Ideal component values of the ‘Lumped’ dual-band power splitter.

Component
𝐿1
𝐿2
𝐶1
𝐶2
𝑅
𝐿
𝐶

Ideal Value
9.36 nH
6.77 nH
2.82 pF
4.0 pF
100 Ω
1.6 nH
7.92 pF

a)

b)

Figure 3.1-8: Ideal ADS® simulation results of the fully lumped dual-band power splitter.
a) Reflection coefficients (red) and output isolation (black) b) Transmission coefficients (red/black)
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Following the lumped transformation, the reflection coefficients and output isolation still have poles
positioned at both centre-frequencies. The components in the isolation network have changed slightly,
however the S23 plot has not changed since the isolation network itself remains the same from the
fundamental distributed/lumped design. Other points to note is that reflections are higher compared to the
transmission line topology, and the low-pass filtering effect from the shunt capacitor at the input can now
be seen from Figure 3.1-8 b) – where the transmission coefficients plot has been extended over a wider
frequency to highlight the filtering. As previously stated, this topology benefits the GNSS feeding circuits
by rejecting outer-band frequencies greater than the upper GNSS band. The transmission coefficients for
both outputs are also equivalent and provide equal -3dB splitting. Hence, the axis of symmetry was
maintained throughout the lumped transformation, and again the phase and amplitude unbalances are
omitted since they are virtually zero.
Moving forward, the lumped dual-band power splitter in Figure 3.1-7 is the circuit of focus for LTCC
implementation. The topology’s performance has been validated given the exceptional match, isolation,
and filtering provided over the lower and upper GNSS bands. Since every component is now lumped, they
may be once again transformed to multi-layer microstrip equivalent elements.

3.1.5 LTCC Transformation
To obtain an LTCC structure that consists entirely of multi-layer microstrip elements, the location, shape,
size, and layer occupancy of each element must be simultaneously considered. As such, this section will
explain the overall design strategy and the methodical configuration of each component to realize the final
dual-band power splitter design in Figure 3.1-7 as a miniaturized LTCC structure. Figure 3.1-9 presents the
HFSS® models and fabricated dies of the 14-layer FerroA6M dual-band splitter with and without a shield.
The structure is characterized by unshielded and shielded dimensions of 4.74mm x 2.48mm x 1.28mm and
6.23mm x 3.9mm x 1.28mm respectively. Shields are shown as grey and transparent for the HFSS® models.
Fabricated and cut dies of the splitter are also shown for both the RF probeable and SMT packages.
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a)

b)

c)

d)

e)

f)

Figure 3.1-9: Multiple views of the ‘Lumped’ dual-band power splitter in LTCC.
a) Isometric unshielded model b) Isometric shielded model c) Top-view of RF-probeable model
d) Top-view of die e) Bottom view of SMT model f) Bottom view of SMT die
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The key to realizing the splitter as an LTCC structure was to divide and conquer, thus breaking the
circuit down into smaller segments and obtaining approximations for secluded sub-sections. First, it is
reasonable to assume based on even- and odd-mode analysis that the impedance matching/isolation
networks are relatively independent from one another, therefore these networks can be designed separately.
Within each network exists capacitors and inductors that must be transformed to some multi-layer
microstrip equivalent from the library in Chapter 2. To achieve this, the capacitors/inductors are designed
as independent structures in an isolated and unshielded environment to resemble the ideal values from Table
3.1-2. The type of multi-layer structure used to implement the transformation is crucial and ultimately
depends on the network the component of interest is found in. After obtaining an approximation for each
multi-layer component, the independent networks are formed by appropriately combining the lumpedelement microstrip structures. Separately, each network is optimized to account for parasitic coupling with
neighboring elements and shield, then pieced together in a fully shielded structure. Networks were then
optimized once again to account for new parasitics between each other. Figure 3.1-10 demonstrates how
the components were separated into the respective networks and as independent multi-layer structures.

Figure 3.1-10: ‘Lumped’ dual-band power splitter in LTCC (excluding shield) with colored labels that highlight
individual multi-layer microstrip structures and networks. Labels refer to Figure 3.1-7.
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Each component (and respective network) is now distinguishable as an independent entity and may be
directly correlated to the original schematic illustrated earlier in Figure 3.1-7. The circuit is even further
broken down into the individually designed multi-layer lumped-elements shown in Figure 3.1-11, with final
dimensions summarized in Table 3.1-3 (excluding the standard 0402 SMT resistor, 𝑅).

Figure 3.1-11: Individual lumped-element microstrip structures (with dimension labels) from the ‘Lumped’ dualband power splitter.
Table 3.1-3: Dimensions of the multi-layer lumped-element structures in the ‘Lumped’ dual-band power splitter.

Schematic Element Dimension
& Topology
Variable
𝑙𝐿1
𝐿1
MLSHI
𝑤𝐿1
𝑙𝐶1
𝐶1
RPPC
𝑤𝐶1
𝑙𝐶1,2
𝐶1 /2 + 𝐶2 /2
RPPC
𝑤𝐶1 ,2
𝑙𝐶2
𝐶2 /2
𝑤𝐶2 ,𝑏𝑖𝑔
RPPC
𝑤𝐶2,𝑠𝑚𝑎𝑙𝑙

Value
(µm)
1361
650
770
726
1570
750
988
774
236

# of
Layers
5

Schematic Element
& Topology
𝐿2
MLSHI

7

𝐿
Planar Meander

4
𝐶
MLIC

4

Dimension
Variable
𝑙𝐿2
𝑤𝐿2
𝑙𝐿
𝑤𝐿
𝑤𝐿𝐺
𝑙𝐶
𝑤𝐶
𝑤𝐶𝐺,1
𝑤𝐶𝐺,2

Value
(µm)
988
727
1577
1304
235
1489
1593
150
185

# of
Layers
6
1

6

All four multi-layer microstrip lumped-element topologies presented in Chapter 2 were used in this
design. The impedance matching network consists of multi-layer rectangular plate capacitors/square helical
inductors, whereas the isolation network is comprised of a single multi-layer interdigital capacitor and
meander line inductor. Most structures only occupy 10-layers (with the exception of the resistor,
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connections, and shield) which fails to take advantage of all 14-layers in the structure. Although the overall
size could be reduced by using the extra 4-layers, i.e. stacking more capacitive plates, the decision to use
only 10-layers was intentional. Such that, in the event that the multi-layer resistors yielded reasonable DC
tolerances from the case study in Chapter 2, future work would consist of removing the 4-layers by
embedding a printed resistor in the shield instead of using an externally soldered SMT component. In
addition, all ground vias are shunt to a common ground plane on the bottom face of the structure. This was
done to isolate the return current loops to the ground closest to the I/O feeds thus minimizing inductive
parasitics inherent to the through vias in the shield.
The impedance matching network was designed first, with the strategy of minimizing space occupied
by the components in 10-layers by overlapping structures. Simultaneously, it was known that physical
symmetry between outputs defines the splitter’s amplitude and phase unbalance. Hence, 𝐶1 ’s plates were
centred down the axis of symmetry whereas all other components in the network (𝐿1 , 𝐿2 ,

𝐶1
2

+

𝐶2
,
2

and

𝐶2
)
2

were mirrored on both sides of 𝐶1 . A multi-layer rectangular plate capacitor was used to create 𝐶1 since
this topology maintains a perfect degree of symmetry over all three axes when cut down the centre. This
capacitor also acted as the focal point for dictating the total width of the splitter, while being wide enough
to accommodate the isolation resistor. For example, 𝑙𝐿1 and 𝑙𝐶1,2 were optimization parameters that
increased proportionally to the feeds of 𝐶1 , while the widths of these elements remained fixed. The last
consideration for this network was designing the upper-half of the impedance matching network that is
closest to the isolation network and where 𝐿2 and 𝐶2 /2 overlap. Because 𝐶2 /2 is shunt and connects after
𝐿2 relative to the input, it was known that this connection would be awkward and would require a long, and
thus highly inductive ground via. Instead of introducing an additional via with parasitics, 𝐶2 /2 was flanged
so that it could be fed upwards by 𝐿2 while sharing the shunt via with 𝐶1 .
As discussed in Chapter 2, the purpose of implementing multi-layer interdigital capacitors and planar
meander line inductors is to achieve near perfect 3-D symmetry between two ports to minimize output
imbalances. These structures are exclusively used in isolation networks given the interconnection between
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two output ports. Rectangular plate capacitors and MLSHIs could theoretically be used instead if they were
doubled/halved respectively and mirrored along the axis of symmetry, however this option is impractical
due to the additional size implications and issues with satisfying ÉTS’s design rules. Instead, the
fundamental design strategy for realizing the isolation network was to overlap elements 𝑅, 𝐿, and 𝐶 by
connecting them with common through vias and enforcing 𝐿 and 𝐶 as interdigital and meander line
topologies. Since the width of 𝐶1 accommodates the resistor’s dimensions, the only consideration for 𝑅 was
to ensure that it was mounted in a position centered along the axis of symmetry. To ensure that 𝐿 was
balanced between outputs, it was designed with an odd-number of meanders (three) with the centre meander
situated along the axis. In contrast, 𝐶 must occupy an even-number of layers to achieve best symmetrical
properties since the stacked layers are mirrored copies. Because a design goal was to occupy ten of the
fourteen-layers, 𝐶 was realized as six-layers so that 𝐿 could be separated by two-layers rather than just one;
thereby mitigating coupling between the two elements. Dimensions of both 𝐿 and 𝐶 were also restricted to
the total width of the impedance matching network, hence why it was designed first. An additional blank
layer was also left in the isolation network so that 𝑅 could be printed and embedded there in future work.
Overall, the divide and conquer technique proved successful and greatly simplified the design process.
Combining the impedance matching and isolation networks however resulted in some variance to the
expected frequency response, whose effect dominated the isolation more so than the input VSWRs. As a
result, the layout was subject to minor modifications and a final optimization.

Figure 3.1-12: Summarized flow-chart of the ‘Lumped’ dual-band power splitter’s LTCC design process.

In the following section, design goals that regulated the final optimization are defined, alongside the
presentation of EM simulations and measured results of the ‘Lumped’ dual-band power splitter in LTCC.
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3.1.6 Design Goals, EM Simulations, & Measured Results
Table 3.1-4 summarizes the final optimization metrics applied in HFSS® to the fully integrated structure
where both networks are connected and fully shielded. Considering the requirements of the feeding
networks, emphasis was given to input VSWRs, isolation between outputs, and amplitude/phase unbalance.
After satisfying, and in most cases surpassing these conditions, the dual-band splitter was fabricated and
measured as outlined in this section. A summary of simulated and measured frequency responses are given
in Table 3.1-5 to reflect the RF-probe based measurements obtained in Figure 3.1-13.
Table 3.1-4: ‘Lumped’ dual-band power-splitter design goals.

Frequency
(MHz)

Reflection Coeff.
(S11)dB

Output Isolation
(S23)dB

Amplitude Unbalance
|(S21)dB – (S31)dB|

Phase Unbalance
|(S21)° – (S31)°|

1165-1295
1560-1606

≤ -15
≤ -15

≤ -15
≤ -15

± 0.3
± 0.3

±5
±5

Table 3.1-5: EM simulations vs. RF-probe based measurements of the ‘Lumped’ LTCC dual-band power splitter.

GNSS
Frequencies
(MHz)
1165-1295
1560-1606
1165-1295
1560-1606

EM Simulated (best, worst, typical)
Reflection
Insertion
Output Phase Output Amplitude
Coefficients
Losses
Unbalance
Unbalance
[-dB]
[+3dB]
[°]
[|dB|]
42, 21.4, 30.2
0.2, 0.3, 0.2
0.7, 1.8, 1.3
0, 0.1, 0.07
43.2, 22.5, 32.9 0.3, 0.5, 0.4
2.9, 3.1, 3
0, 0.09, 0.06
RF-Probe Based Measurement (best, worst, typical)
30, 19.8, 23.6
0.3, 0.6, 0.4
1.1, 5, 3
0.2, 0.4, 0.35
43.5, 19, 29.8
0.7, 0.9, 0.8
3.5, 3.7, 3.6
0.38, 0.44, 0.4

Output
Isolation
[-dB]
34.9, 9.1, 17.7
28.5, 17.8, 22.3
33.6, 10.5, 20.2
15.4, 11.6, 13.5

As previously stated in Chapter 2, identical copies of this splitter were manufactured and tested to
determine if shrinkage was consistent across the LTCC. In addition, dies matching Figure 3.1-9 were
equipped with SMT leads and ±1% increases to their packages. However, only the RF-probeable dies were
optimized, so they were used as reference for all simulations whereas measured results of the SMT and
±1% circuits shown in Figure 3.1-14 serve the purpose of providing insight to the splitter’s sensitivity to
layout changes. In summary, all dies were tested, however it was found that identical dies yielded very
similar results, hence implying consistent LTCC shrinkage. Thus, for brevity, only single die measurements
are presented. This same philosophy holds true for all other circuits in this thesis unless otherwise stated.
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a)

b)

c)

d)

e)

f)

Figure 3.1-13: EM simulations vs. measured results of the LTCC ‘Lumped’ splitter RF-probeable circuit.
a) Reflection coefficients b) Transmission coefficients (wide view) c) Transmission coefficients (narrow view)
d) Output isolation e) Output amplitude unbalance f) Output phase unbalance
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a)

b)

c)

d)

e)

f)

Figure 3.1-14: EM simulations vs. measured results of the LTCC ‘Lumped’ splitter SMT, +1%, and -1% circuits.
a) Reflection coefficients b) Transmission coefficients (wide view) c) Transmission coefficients (narrow view)
d) Output isolation e) Output amplitude unbalance f) Output phase unbalance
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Nominal measurements of the RF-probeable die in Figure 3.1-13 suggest very good agreement with
preliminary simulations. Several discrepancies are worth highlighting to aid in future research though,
particularly the upwards frequency shift to the upper-isolation band and the larger than expected
amplitude/phase unbalances. Thankfully, the post-fabrication check in Section 2.8 provides sufficient
information to confidently identify the underlying reasons for these findings.
It can be easily shown via ideal simulations that changes to either 𝐿 or 𝐶 in the isolation network
described in the following text will cause the bands to shift upwards and away from the two GNSS centerfrequencies. Recalling an exposed picture of the splitter’s single layer in Figure 2.8-9 a), the gap between
𝐿’s meanders (𝑤𝐿𝐺 ) was found to be much smaller than originally designed. This realization has lesser
inductance implications for 𝐿 given the smaller line lengths between meanders but is also related to the
distance between fingers from 𝐶’s interdigital topology. Because 𝐿 inherently has a lesser quality factor,
and 𝐶 is much larger and therefore much more affected, the isolation network is assumed to have undergone
an increase in capacitance and decrease in inductance, thereby leading to the upwards shift.
Output unbalances are also likely a result of findings from the fabrication check. Repetitive emphasis
has been given to symmetry and its importance to the unbalance characteristics of this splitter given its
reliance on even- and odd-mode conditions, which is mostly linked to layer misalignment as demonstrated
by the via cross-sections in Figure 2.8-3 and Figure 2.8-4. A minor reason that is likely also a factor is trace
width and geometry variations. Particularly for the impedance matching network, layer misalignment and
trace consistency suggest the structure is not a perfect mirror of itself along the axis of symmetry. A good
example of this is the 14-layer through vias on either side of the structure that connects the isolation
network. Misalignment of these tall vias can undoubtedly be shown to result in larger than expected output
unbalances. An X-ray was taken of the ‘Lumped’ splitter’s die to illustrate the misalignment of vias and is
shown in Figure 3.1-15 below. Solid black represents vias whereas semi-transparent black indicates the
presence of a trace. It is easily distinguishable that the layer misalignment creates significant asymmetric
characteristics along the axis of symmetry where almost every via stack-up is staggered.
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Figure 3.1-15: X-ray image of the ‘Lumped’ dual-band power splitter in LTCC to highlight asymmetric vias created
by layer misalignment.

Similar behavior can be linked to the SMT measurements in Figure 3.1-14 in terms of output unbalance
which likely increase as a result of the 300µm vias on ports 2 and 3 occupying different diameters. A final
observation to note is that the ±1% dies exhibit only minor frequency shifts over the reflection coefficients
and output isolation, implying that the topology is somewhat insensitive.
From a system-level perspective, this splitter exhibits and satisfies the many requirements desired by a
GNSS receiver. It may be concluded from Figure 3.1-13 that dual-band operation alongside low-pass
filtering is portrayed by this splitter. Insertion losses, amplitude/phase unbalances, and antenna input
VSWRs are more than satisfactory for our desired application. One improvement that can be made though
is to improve the lower-FBW of the isolation. In its current state, isolation is provided mostly over the
lower-band while it covers the entirety of the upper-band. This isn’t very significant when the splitter is
integrated within the receiver as isolation is provided also by the 90º couplers (Chapter 4), but it would be
a valuable improvement for stand-alone and commercially viable GNSS applications.
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3.1.7 Conclusions & Contributions
Throughout this section, a high performance and highly miniaturized power splitter LPF hybrid has been
demonstrated to excel in dual-band GNSS applications where upper-band interference rejection is an asset.
Miniaturization can be seen by the splitter’s miniscule dimensions of 6.23mm x 3.9mm x 1.28mm or its
overall surface-area of 24.3mm2. Practical implementation of this splitter has also been validated through
typical measurements of -23.6dB/-29.8dB reflection coefficients, 0.4dB/0.8dB IL, 3º/3.6º phase
unbalances, 0.35dB/0.4dB amplitude unbalances, and -20.2dB/-13.5dB output isolation across the lower/upper-GNSS bands respectively. Hence, thesis goals of stand-alone operation and integration feasibility
into GNSS antenna feeding network ‘B’ have been fulfilled.
In summary, a miniaturized LTCC power splitter with strong filtering dualities (𝑓𝑐 ≅ 1.75GHz), dualband behavior, a fully enveloping shield, SoP design, and SMT have been proven; a collection of features
that could not be identified through the industry nor in academia as indicated by the literature review in
Chapter 1. Thus, it may be concluded that the splitter proposed in this chapter is novel in nature and has
competitive features for stand-alone “chip” integration for a consumer market. Commercially available
power splitters from Chapter 1 [11] [12] cost roughly $4.00 and $1.50 respectively; thus, if mass production
is desired, these are the cost metrics per unit to beat or compete with.
Chapter 7 offers suggestions for fine-tuning the fabrication process in order to remedy the issues caused
by manufacturing discrepancies. Specific changes that can be made to the proposed layout for additional
miniaturization and performance are also included in this chapter.

Figure 3.1-16: ‘Lumped’ dual-band LTCC power splitter die compared to a Canadian dime.
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3.2

‘LC Ladder’ Dual-Band Power Splitter

The second dual-band power splitter (denoted as ‘LC Ladder’) is the LTCC interpretation of [45]; a fully
lumped two-way equal power divider based on frequency transformation of Inductor-Capacitor (LC) ladder
based circuits. As stated in Chapter 1, this splitter topology was not implemented into the GNSS antenna
feeding structures since it was found to be highly sensitive to parasitic coupling when transformed to the
LTCC domain. Instead, the goal was to experiment with different designs and fabricate the model that most
accurately represented an ideal dual-band splitter BPF hybrid and to study its sensitivity to parasitics. That
is, if measurements proved to be consistent with simulations, then the feasibility of this circuit topology
would be validated for future work.
Two separate ‘LC Ladder’ splitters were studied denoted as ‘Type 1’ and ‘Type 2’, with the respective
circuit schematics shown below in Figure 3.2-1 a) and b). In their current state, these circuits operate over
a single narrowband centre-frequency and must be frequency transformed to accommodate two centrefrequencies 𝑓𝑐,1 and 𝑓𝑐,2 . The ‘Type 1’ splitter theoretically performs slightly better than that of ‘Type 2’,
such that the FBW of ‘Type 1’ is 12.4% whereas the FBW of the latter is 10.9% [45]. Although both types
theoretically satisfy the GNSS bands, the obvious choice is to use ‘Type 1’ given its larger FBW. The
choice becomes less apparent however when considering the equivalent frequency transformations of these
circuits (Figure 3.2-2 a) and b)) and the implications of said circuits in LTCC.

a)

b)

Figure 3.2-1: ‘LC Ladder’ circuit schematics prior to frequency transformation. a) ‘Type 1’ b) ‘Type 2’
Source: [45]
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a)

b)

Figure 3.2-2: ‘LC Ladder’ circuit schematics after frequency transformation. a) ‘Type 1’ b) ‘Type 2’
Source: [45]

A frequency transformation applied to both splitter types reveals that the network of components
connected between outputs is the differentiating factor in terms of symmetry and thus ability to mitigate
output unbalances. That is, splitter ‘Type 1’ is asymmetric, whereas ‘Type 2’ is perfectly symmetric.
Elements 𝐿′1 and 𝐶1′ can be envisioned as stacked components centred down the axis of symmetry. However,
𝑅𝑖𝑛𝑡 can be halved and mirrored to both output ports and force ‘Type 1’ to be symmetrical, but only at the
expense of an additional resistor. Given the sensitivity of these circuits, 𝐿′1 was also doubled and mirrored
to mitigate coupling with capacitor 𝐶1′ for both types, thus resulting in the final schematics for LTCC
realization as shown in Figure 3.2-3.

a)

b)

Figure 3.2-3: Final ‘LC Ladder’ circuit schematics for LTCC realization. a) ‘Type 1’ b) ‘Type 2’
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Before identifying which splitter topology is most favorable for LTCC realization, it must be
emphasized that both topologies dual as BPFs over the wideband GNSS spectrum due to the shunt LC tank
at the input port that consists of 𝐿′1 and 𝐶1′ . Thus, both circuits are capable of satisfying the requirement of
dual-band power splitting and band-pass filtering. As will become apparent in the following sections, these
circuits have dissimilarities such that 𝐿′𝑖𝑛𝑡,1 ≠ 𝐿′𝑖𝑛𝑡,2 , 𝐶′𝑖𝑛𝑡,1 ≠ 𝐶′𝑖𝑛𝑡,2 , and 𝑅𝑖𝑛𝑡,1 ≠ 𝑅𝑖𝑛𝑡,2 .
By forcing symmetry to the ‘Type 1’ splitter (Figure 3.2-2 a)), amplitude and phase unbalance was
successfully mitigated. However, a new problem arose with large insertion losses due to the additional
resistor. EM simulations recorded IL of up to 1.2dB along both signal paths (negating the -3dB split),
resulting in the decision to focus on splitter ‘Type 2’ despite its lesser FBW. It should be mentioned that
both topologies were designed in LTCC, but only ‘Type 2’ was manufactured and reported in this thesis
for this reason. For insightful purposes, the analysis for extracting the design equations are presented in the
following sections for both circuit types. The analysis procedure is identical, such that even-/odd-mode
analysis is conducted on the original LC ladder circuits from Figure 3.2-1 to determine 𝐿1 , 𝐶1 , 𝐿𝑖𝑛𝑡 , and
𝑅𝑖𝑛𝑡 . Odd-mode analysis differs between these two circuits, such that some design equations for splitter
‘Type 2’ were derived independently rather than extracted from [45]. These parameters are used in the
frequency transformation to satisfy the design equations for approximating component values: 𝐿′1 , 𝐿′2 , 𝐿′𝑖𝑛𝑡 ,
′
𝐶1′ , 𝐶2′ , and 𝐶𝑖𝑛𝑡
.

Throughout this chapter, the design equations obtained from theoretical analysis are verified and a
comparison is drawn between the ideal frequency response of both circuit types. Moreover, the fabricated
‘Type 2’ LTCC model is illustrated, where the design strategy is presented for realizing the LTCC structure
using the 3-D lumped microstrip equivalent circuit library from Chapter 2. Lastly, the EM simulated results
of splitter ‘Type 2’ are compared against the measured results, and a conclusion is made on whether this
circuit can be successfully applied to GNSS applications.
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3.2.1 Even-Mode Analysis
Both ‘LC Ladder’ types from Figure 3.2-1 can be illustrated as an equivalent circuit under even-mode
excitation as shown in Figure 3.2-4 below. Splitter ‘Type 1’ does not satisfy even-mode requirements in its
current state since it is asymmetrical, however components 𝐿𝑖𝑛𝑡 and 𝑅𝑖𝑛𝑡 may be halved and mirrored on
both sides to replicate a symmetric plane. As explained in Section 3.1.1, the input terminal impedance
doubles, and no current flows between output branches, hence 𝑅𝑖𝑛𝑡 and 𝐿𝑖𝑛𝑡 are open circuit and can be
omitted.

Figure 3.2-4: Equivalent circuit of both ‘LC Ladder’ splitter types under even-mode excitation.
(Source: [45]).
𝑒
Minimum reflections occur when the even-mode input impedance 𝑍𝑖𝑛
is equal to 2 times the 50Ω

characteristic impedance 𝑍0 . For a single frequency 𝑓0,

𝑒
𝑍𝑖𝑛
= 2𝑍0 =

1

(3.2-1)

1
1
𝑗2𝐿1 + 1
𝑗𝐶1 + 𝑍0

Satisfying equation (3.2-1) is a choice that ultimately controls the inductance and capacitance of the
frequency transformed components. For example, the circuit is matched if 𝐿1 = 𝐶1 = 1, but were chosen
as 𝐿1 = 50 and 𝐶1 = 0.02 to obtain reasonably small inductances and capacitances. Note that these
parameters are unitless.
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3.2.2 Odd-Mode Analysis
Figure 3.2-5 a) and b) illustrates the equivalent circuits for splitter types ‘1’ and ‘2’ during odd-mode
excitation respectively. These circuits are not equivalent; therefore they are independently analyzed in this
section with separate design equations for each. During even-mode excitation, the axis of symmetry is
virtual ground – resulting in a shunt at the input port and between outputs.

a)

b)

Figure 3.2-5: Equivalent circuits of ‘LC Ladder’ splitter types under odd-mode excitation.
a) ‘Type 1’ (Source: [45]) b) ‘Type 2’
𝑜

𝑜

Again, reflections are minimal when the odd-mode impedances 𝑍𝑖𝑛1 and 𝑍𝑖𝑛2 are equal to the characteristic
impedance 𝑍0 for some frequency 𝑓0. For splitter ‘Type 1’, this condition is met when the following
equation is satisfied:
1

𝑜

𝑍𝑖𝑛1 = 𝑍0 =

1

1
𝑗𝐿𝑖𝑛𝑡,1 𝑅𝑖𝑛𝑡,1 + 1
+
𝑗𝐶1
2
2

=

1
2
𝑗𝐿𝑖𝑛𝑡,1 + 𝑅𝑖𝑛𝑡,1 + 𝑗𝐶1

(3.2-2)

Given that 𝐶1 = 0.02 was chosen during even-mode analysis, equation (3.2-2) was satisfied with parameter
values: 𝐿𝑖𝑛𝑡,1 = 𝐿1 = 50 and 𝑅𝑖𝑛𝑡,1 = 𝑍0 = 50Ω. Likewise, the impedance matching condition for splitter
‘Type 2’ was derived as equation (3.2-3) and was satisfied with parameter values: 𝐿𝑖𝑛𝑡,2 = 100 and 𝑅𝑖𝑛𝑡,2 =
2𝑍0 = 100Ω.
𝑜

𝑍𝑖𝑛2 = 𝑍0 =

1
𝑅𝑖𝑛𝑡,2
2

1
1
=
1
1
2
2
+ 𝑗𝐿
+ 1
+ 𝑗𝐿
+ 𝑗𝐶1
𝑅
𝑖𝑛𝑡,2
𝑖𝑛𝑡,2
𝑖𝑛𝑡,2
𝑗𝐶1
2
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(3.2-3)

3.2.3 Frequency Transformation
With all unknowns defined from even- and odd-mode analysis for the two circuits in Figure 3.2-1, the final
step is to determine the closed-form expressions of the undetermined parameters in the frequency
transformed splitters which are given in this section. Frequency transformation is defined by the following
equations in terms of angular frequencies (𝜔) with respect to GNSS center-frequencies 𝑓𝑐,1 =1230MHz,
and 𝑓𝑐,2 =1583MHz, that are applied to each reactive element in Figure 3.2-1:

𝜔′ =

1 𝜔 𝜔0
( − )
𝜔 𝜔0 𝜔

(3.2-4)

𝜔2 − 𝜔1
𝜔0

(3.2-5)

𝜔=

(3.2-6)

𝜔0 = √𝜔2 𝜔1

Finally, design equations (3.2-7) to (3.2-12) are algebraically determined in terms of 𝐿1 and 𝐶1 as closedform expressions for the unknown parameters of both splitter types. It is important to recognize that 𝐿𝑖𝑛𝑡,1 =
′
2𝐿𝑖𝑛𝑡,2 implied that conditions: 2𝐿′1 = 𝐿′𝑖𝑛𝑡,2 , 𝐶1′ /2 = 𝐶𝑖𝑛𝑡,2
, and 2𝑅𝑖𝑛𝑡,1 = 𝑅𝑖𝑛𝑡,2 must hold true.

𝐿′1 = 2𝐿′𝑖𝑛𝑡,1 =
𝐶1′ =

𝐿1 𝑓𝑐,2 − 𝑓𝑐,1
2𝜋 𝑓𝑐,2 𝑓𝑐,1

(3.2-7)

′
𝐶𝑖𝑛𝑡,1
1
1
=
2
2𝜋𝐿1 𝑓𝑐,2 − 𝑓𝑐,1

(3.2-8)

1
1
2𝜋𝐶1 𝑓𝑐,2 − 𝑓𝑐,1

(3.2-9)

𝐶1 𝑓𝑐,2 − 𝑓𝑐,1
2𝜋 𝑓𝑐,2 𝑓𝑐,1

(3.2-10)

𝐿𝑖𝑛𝑡,2 𝑓𝑐,2 − 𝑓𝑐,1
2𝜋 𝑓𝑐,2 𝑓𝑐,1

(3.2-11)

1
1
2𝜋𝐿𝑖𝑛𝑡,2 𝑓𝑐,2 − 𝑓𝑐,1

(3.2-12)

𝐿′2 =

𝐶2′ =
𝐿′𝑖𝑛𝑡,2 =
′
𝐶𝑖𝑛𝑡,2
=
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3.2.4 Design Verification
Design equations (3.2-7) to (3.2-12) from the previous section were evaluated in order to construct ideal
circuits for both splitter types. For concision, the calculations have been left out of this thesis, however the
component values are summarized in Table 3.2-1 below. No optimization was required; the values directly
obtained from these design equations were used to assemble the circuits in Figure 3.2-3. Ideal simulations
of the two splitters were conducted with ADS® and are illustrated in Figure 3.2-6; amplitude/phase
unbalance plots are absent since they are virtually zero.
Table 3.2-1: Ideal component values of ‘LC Ladder’ splitters ‘Type 1’ and ‘Type 2’.

Circuit Element
of ‘Type 1’
𝐿′1
𝐶1′
𝐿′2
𝐶2′
′
𝐿𝑖𝑛𝑡,1
′
𝐶𝑖𝑛𝑡,1
𝑅𝑖𝑛𝑡,1 = 𝑍0

Circuit Element
of ‘Type 2’
𝐿′1
𝐶1′
𝐿′2
𝐶2′
′
𝐿𝑖𝑛𝑡,2
′
𝐶𝑖𝑛𝑡,2
𝑅𝑖𝑛𝑡,2 = 2𝑍0

Value
1.45 nH
8.97 pF
22.5 nH
0.58 pF
1.45 nH
8.97 pF
50 Ω

a)

Value
1.45 nH
8.97 pF
22.5 nH
0.58 pF
2.9 nH
4.49 pF
100 Ω

b)

92

c)

d)

Figure 3.2-6: Ideal ADS® simulation results of both ‘LC Ladder’ splitter types.
a) Reflection coefficients (red)/output isolation (black) ‘Type 1’ b) Transmission coefficients (red/black) ‘Type 1’
c) Reflection coefficients (red)/output isolation (black) ‘Type 2’ d) Transmission coefficients (red/black) ‘Type 2’

Figure 3.2-6 validates the expected dual-band BPF hybrid power splitting characteristics of both circuit
types but performs worse than anticipated. In Figure 3.2-6 a) c), the operational FBWs are expected to be
12.4% and 10.9% for splitter ‘Type 1’ and ‘Type 2’ respectively. Instead, FBWs of 9.0% and 7.7% were
recorded even after applying multiple iterations of optimization. These simulations do however confirm the
expectation that ‘Type 1’ outperforms ‘Type 2’ relative to GNSS dual-band requirements; granted that S21
and S31 are identical between the two. Frequency span extends beyond the L-band in Figure 3.2-6 b)/d) to
highlight BPF duality whose lower- and upper- 3dB roll-offs occur at 1.09GHz and 1.79GHz respectively.
Compared to the ‘Lumped’ splitter, it has been verified that the ‘LC Ladder’ offers additional lower-band
interference rejection, but at the expense of increased return losses and coupling amongst outputs.

3.2.5 LTCC Transformation
It was previously mentioned that just splitter ‘Type 2’ was manufactured, so after confirming the splitter’s
2-D response in the previous section, the next logical step was to transform the lumped-elements from
Figure 3.2-3 b) to multi-layer microstrip elements from Chapter 2 for LTCC realization. Figure 3.2-7
presents the unshielded/shielded HFSS® models and fabricated dies of the RF-probeable and SMT
packaged ‘LC Ladder’ ‘Type 2’ splitters. The structures can be seen with dimensions of 2.49mm x 4.58mm
x 1.28mm and 3.56mm x 5.7mm x 1.28mm unshielded/shielded respectively, and with SMT 0402 resistors.
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a)

b)

c)

d)

e)

f)

Figure 3.2-7: Multiple views of the ‘Type 2 LC Ladder’ dual-band power splitter in LTCC.
a) Isometric unshielded model b) Isometric shielded model c) Top-view of shielded RF probeable model
d) Top-view of die e) Bottom view of SMT model f) Bottom view of SMT die

The LTCC design process was identical to that of the ‘Lumped’ splitter in the previous section. The
same divide and conquer technique from Figure 3.1-12 was used to isolate, design, and optimize individual
elements to realize a collection of separate impedance matching and isolation networks. Figure 3.2-8
highlights individual elements and networks, whose multi-layer properties are summarized in Table 3.2-2.
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a)

b)

Figure 3.2-8: a) ‘LC’ Ladder power splitter in LTCC (excluding shield) with highlighted elements.
b) Individual lumped-element microstrip structures found in the ‘LC Ladder’ splitter. Labels refer to Figure 3.2-3 b).
Table 3.2-2: Dimensions of the multi-layer lumped-element structures from the ‘LC Ladder’ splitter.

Schematic Element
& Topology
𝐶1′
RPPC
𝐶2′
RPPC
2𝐿′1
MLSHI
𝐿′2
MLSHI

Dimension Value
Variable
(µm)
𝑙𝐶1′
788
𝑤𝐶1′
900
𝑙𝐶2′
497
𝑤𝐶2′
630
𝑙𝐿′1
950
𝑤𝐿′1

950

𝑙𝐿′2
𝑤𝐿′2

650
1060

# of
Layers

Schematic Element
& Topology

Dimension
Variable
𝑙𝐶 ′
𝑖𝑛𝑡,2

4
6

′
𝐶𝑖𝑛𝑡,2

𝑤𝐶 ′

MLIC

𝑤𝐶𝐺1
𝑤𝐶𝐺2
𝑙𝐿′

1250
125
150
1100

𝑤𝐿′

1580

𝑖𝑛𝑡,2

𝑖𝑛𝑡,2

4

𝐿′𝑖𝑛𝑡,2
Planar Meander

5

Value
(µm)
1470

𝑖𝑛𝑡,2

𝑤𝐿𝐺

# of
Layers

8

1

165

The impedance matching network is shown to consist of a mirrored layout of MLSHIs (2𝐿′1 , 𝐿′2 ) and
RPPCs (𝐶1′ , 𝐶2′ ) along the axis of symmetry. Connected in series by large 14-layer through vias is the
isolation network; an identical layout to that of the ‘Lumped’ splitter’s (with the exception of two additional
interdigital capacitor plates and dimensional differences). It would be redundant to reexplain the layout
design process since the methods from the ‘Lumped’ splitter were reused. In addition, the optimization
goals in Table 3.1-4 were identical, hence a concise transition is made to presenting the simulated and
measured results of the RF-probeable and SMT/±1% dies as shown by Figure 3.2-9 and Figure 3.2-10 in
the following section. Specific to this splitter, Figure 3.2-9 plots measurements taken for two samples of
the duplicated RF-probeable die to discern the sensitive nature of this LC based topology.
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3.2.6 Design Goals, EM Simulations, & Measured Results

a)

b)

c)

d)

e)

f)

Figure 3.2-9: EM simulations vs. measured results of the LTCC ‘Type 2’ ‘LC Ladder’ Splitter RF-probeable circuit.
a) Reflection coefficients b) Transmission coefficients (wide view) c) Transmission coefficients (narrow view) d)
Output isolation e) Output amplitude unbalance f) Output phase unbalance
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a)

b)

c)

d)

e)

f)

Figure 3.2-10: EM simulations vs. measured results of the LTCC ‘Type 2’ ‘LC Ladder’ Splitter SMT, +1%, and -1%
circuits. a) Reflection coefficients b) Transmission coefficients (wide view) c) Transmission coefficients (narrow
view) d) Output isolation e) Output amplitude unbalance f) Output phase unbalance
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Unlike all other circuits in this thesis, duplicated ‘LC Ladder’ samples yielded considerable variation, hence
their inclusion into Figure 3.2-9 to emphasize the first sign of this splitter’s highly sensitive behavior. A
summary of simulated results is given in Table 3.2-3, which intentionally excludes the actual measurements
to prevent a misrepresentation of the circuit’s unstable frequency response.
Table 3.2-3: EM simulations of the ‘LC Ladder’ LTCC dual-band power splitter.

GNSS
Frequencies
(MHz)
1165-1295
1560-1606

EM Simulated (best, worst, typical)
Reflection
Insertion
Output Phase Output Amplitude
Coefficients
Losses
Unbalance
Unbalance
[-dB]
[+3dB]
[°]
[|dB|]
60, 13.6, 33.2
0.2, 0.6, 0.4
0.1, 1.5, 0.7
0, 0.08, 0.05
25.5, 17.8, 21.4 0.2, 0.5, 0.4
2.3, 2.6, 2.5
0.05, 0.13, 0.09

Output
Isolation
[-dB]
23.6, 6.4, 12.7
25.4, 15.1, 19.8

For both sets of measurements, a correlation can still be seen with the simulations despite the erroneous
results. Moreover, the transmission coefficients S21 and S31 exhibit the expected BPF dualities desired from
this splitter. Higher than expected IL is present, however this is a representation of the higher reflections
incurred onto S11, where it is particularly worse along the lower GNSS band as the VSWR pole is
consistently much higher than designed. It’s also clear that the dual-band reflection coefficients and output
isolation operate over relatively small FBWs that are unsuitable for full coverage over the GNSS spectrum.
Manufacturing this circuit with its poor dual-band coverage was ultimately a decision made during the
design process. Many different layouts with differing multi-layer structures and configurations were
designed, however none could be optimized to converge over the two GNSS center-frequencies for S11 and
S23. The splitter proposed in Figure 3.2-8 yielded the most reasonable results amongst all others, but even
so was subject to diverging optimizations or even the slightest changes to the layout. Prior to transforming
this circuit into an LTCC environment, its 2-D RF circuit was confirmed to be extremely susceptible to the
most insignificant changes. Because this circuit operates entirely based on resonating structures, any
deviation of LC ladder pairs (i.e. 2𝐿′1 , 𝐶1′ ) changes their resonance frequency, hence greatly affecting the
splitter’s overall response. Because S11’s lower band is consistently greater, it is likely that a deviation in
resonance is responsible. Research and development is still ongoing to realize a layout that induces minimal
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amounts of parasitic and mutual coupling in order to generate stable resonating structures, where factors on
suggestions for future work are offered in Chapter 7.
To further stress this splitter’s sensitivity, Figure 3.2-10 presents tangible evidence that the SMT or ±1%
dies experience a variation in results more significant than the same test conditions observed from the
‘Lumped’ splitter. Although this topology is also affected by asymmetry caused by layer misalignment, the
amplitude and phase unbalances are seen to drastically change more so than the previous splitter. Moreover,
it may be observed that the frequency shifts between the differently packaged dies and the RF-probeable
simulations are also much greater.

3.2.7 Conclusions & Contributions
Despite exhibiting unideal power splitting characteristics, this section has demonstrated the potential for
realizing a miniaturized, fully-shielded, SoP, and BPF dual-band power splitter design. With final
dimensions of 3.56mm x 5.7mm x 1.28mm and surface-area of 20.3mm2, its die is slightly less than the
24.3mm2 surface-area occupied by the ‘Lumped’ topology.
Motivation for developing this splitter was primarily the dual-band and BPF characteristics that greatly
benefit GNSS receivers granted its added upper- and lower-band interference rejection. No other splitter of
this size and features could be found in the consumer market nor in literature as indicated in Chapter 1.
Therefore, it is strongly recommended that Chapter 7’s suggestions be thoroughly examined to aid in the
future development and sensitivity mitigation of this specific topology.

Figure 3.2-11: ‘LC Ladder’ dual-band LTCC power splitter die compared to a Canadian dime.
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Chapter 4
Wideband Quadrature Couplers in LTCC
In this chapter, a novel -3dB hybrid quadrature coupler developed in multi-layer LTCC technology is
presented. Contrary to the dual-band power splitters, the 90° coupler’s operational bandwidth covers the
wideband GNSS spectrum defined by 1165MHz – 1606MHz. Successful operation of both GNSS antenna
feeding networks is largely dependent on the performance of this coupler, whose role is to equally combine
two incident antenna signals, differentiate their phase by 90°, then feed the processed signal to a single
output port. A critical requirement for achieving circular polarization is the 90° or quadrature phase delay
between two orthogonal electric field vectors, hence the significance of this circuit’s role to the feeds.
Rigorous amounts of research took place to select an appropriate quadrature coupler topology, which
primarily involved comparing the size vs. performance of dual-band and wideband 90° couplers. It was
concluded that in general, dual-band frequency responses outperformed wideband systems for GNSS
applications but were much more difficult to implement in LTCC. The major culprit to dual-band
complexities are due to the common technique of using quarter-wave open-circuit stubs [46] [47]. Since
the purpose of using LTCC is to minimize circuit size and wavelength dependency must be avoided, an
attempt was made to replace the stubs with equivalent LC tanks shunt to ground [10]. The major issue
however is that equivalent stub inductance is inversely proportional to the centre-frequency spacing
between the lower and upper GNSS bands [46] [47]. The 353MHz centre-frequency spacing is relatively
small and requires large inductors (up to 50nH) per stub to realize shunt LC tank stub equivalents. There is
no practical way of designing LTCC inductors this large without compromising size, hence dual-band
topologies were ultimately omitted from the design selection. Similar to the ‘Lumped’ dual-band power
splitter from Chapter 3, the quadrature coupler was instead realized as a transformation applied to all TLs
in a distributed Branch-Line coupler to obtain its lumped-element equivalent. A Branch-Line coupler was
chosen over Lange couplers given the more simplistic layout as described in [19] and [20]. Subsequently,
the coupler’s elements were miniaturized with Chapter 2’s multi-layer microstrip structures.
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The distributed coupler topology ultimately chosen for this work was the two-stage cascaded BranchLine coupler. “Two-stage” is simply a physical TL extension cascaded onto the commonly known 4-port
branch-line coupler [10] to widen its operational bandwidth. Although this circuit is trivial and well-known
in the RF community, the following design considerations were required for the successful LTCC design
of 90° hybrid couplers in GNSS applications:
Mitigating amplitude unbalance and 90° phase unbalance between input ports. Unequally fed signals
degrade the antenna’s AR and hinders their ability to effectively capture CP signals. For example, an
ideal RHCP antenna has an AR of 0dB; a condition met when two orthogonal E-field vectors are in
quadrature and possess equal magnitudes. Axial ratio increases (worsens) as the amplitudes of these
vectors begin to differ and as their phase delay diverges from 90°.
Ensuring symmetry between signal paths. Symmetrical characteristics define this coupler’s
performance in every aspect of its frequency response. This is undoubtedly the most important design
consideration for the coupler.
Mutual coupling between neighboring lumped-elements. Coupling will negatively affect the
amplitude/phase unbalance if improperly addressed.
Throughout this chapter, these design considerations are emphasized via cascaded branch-line theory,
verification of said principles, lumped-LTCC transformation, and a comparative discussion of the 3D
HFSS® model simulations to measured results of fabricated circuits. Achieving fundamental thesis goals
of fully-shielded and surface-mountable design is also a major topic of discussion, alongside a unique
application to one of the antenna feeding networks. That is, two different coupler designs of the same twostage cascaded branch-line topology are presented and are referred to as ‘Orthogonal’ and ‘Parallel’.
Orientation of I/O’s and terminations differentiate the couplers with these titles. The ‘Orthogonal’ design
is a more practical approach for stand-alone operation as an RF-probeable or SMD, whereas the ‘Parallel’
configuration was a technique used to further miniaturize the size of GNSS antenna feeding network ‘A’.
RF-probeable and SMT packages were fabricated for both couplers despite their intended applications.
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4.1

Cascaded Branch-Line Couplers

Cascaded Branch-Line couplers are wideband variations of the conventional 4-port distributed Branch-Line
quadrature coupler in Figure 4.1-1. The circuit’s composition is entirely TL based with 𝜆/4 lengths and
impedances relative to the characteristic impedance (𝑍0 or 𝑍0 /√2). Traditional Branch-Line couplers have
narrow operational bandwidths due to the 𝜆/4 limits imposed by the transmission lines [10] which is
unsuitable for our GNSS application. However, the circuit’s bandwidth can be improved by cascading the
coupler onto itself – effectively increasing the electrical length of the signal paths [10].

Figure 4.1-1: Distributed schematic of a conventional single-stage branch-line coupler.
(Source: [10]).

Figure 4.1-2: Distributed schematic of a two-stage cascaded branch-line coupler.
(Source: [48]).
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The circuit schematic of the two-stage cascaded branch-line coupler chosen for lumped/LTCC
transformation is shown above in Figure 4.1-2, where the TL impedances are usually characterized by 𝑍0 =
50Ω = 𝑍1 , 𝑍2 = (1 + √2)𝑍0 , 𝑍3 = √2𝑍0 , and wavelength 𝜆 evaluated at the wideband GNSS center
frequency of ~1.4GHz. Under ideal conditions and conventional TL impedances, the circuit’s frequency
response has a 35% 1dB amplitude unbalance band, a 40% 1.5:1 VSWR band, and a 50% ±10° phase
unbalance band [48]. Notably, this response is only slightly better than the required wideband GNSS FBW
of 31.35%, which is expected to degrade after experiencing a distributed-lumped transformation. Cascading
additional sections is a standard option used to improve FBW, but at the expense of tradeoffs with insertion
loss and size. Instead, bandwidth was widened by independently tuning the TL impedances while
maintaining the condition that 𝑍2 > 𝑍3 > 𝑍1 to theoretically improve the 1dB amplitude unbalance band
up to 55% and the 1.5:1 VSWR band to 58% [48].

4.2

Design Verification

To obtain a reference for expected results and to validate the chosen cascaded-branch line topology, this
section focuses on analyzing simulations of the ideal circuit from Figure 4.1-2 in ADS®. With TL
impedances tuned to: 𝑍1 = 34.83Ω, 𝑍2 = 108.85Ω, 𝑍3 = 40.52Ω, and uniform 𝜆/4 lengths, the ideal
model may be carried out to realize the following simulation results for reflection coefficients, transmission
coefficients, input isolation, quadrature phase unbalance, and amplitude unbalance.

a)

b)
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c)

d)

Figure 4.2-1: Ideal ADS® simulation results of the distributed two-stage cascaded branch-line coupler
a) Reflection coefficients (red/black) and input isolation (green) b) Transmission coefficients (red/black) c) 90°
phase unbalance d) Amplitude unbalance

The anticipated quadrature coupler is capable of operating over the GNSS spectrum as demonstrated by
the ideal simulation results in Figure 4.2-1. That is, across the upper- and lower-GNSS bands, the coupler
has less than -25dB reflection coefficients seen by both input ports (S22, S33), with identical behavior
associated with the isolation between input ports (S23) (Figure 4.2-1 a)). In addition, the quadrature phase
unbalance seen at the output (phase(S13)−phase(S12)−90°) does not exceed ±0.1° (Figure 4.2-1 c)), whereas
the amplitude unbalance between inputs (|S12−S13|) is less than 0.59dB (Figure 4.2-1 d)). These unbalance
results are exceptional, implying that this coupler is a suitable design for achieving RHCP since it will
introduce minimal negative effects on a GNSS antenna’s AR. With respect to insertion loss, the
transmission coefficients in Figure 4.2-1 b) exhibit less than 0.34dB loss across both GNSS bands, and thus
less noise to the overall system. An average -3dB split from both inputs is also evident from the transmission
coefficients. Of course these results are best-case as this is a fully distributed ideal simulation, however it
proves useful when comparing the ideal results to both the lumped-element equivalent circuit presented in
the next section, and even the final LTCC implementation.
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4.3

Lumped Transformation

With the distributed Branch-Line coupler’s performance validated, the next step was to shrink the circuit
by replacing each TL with the lumped-element “𝜋-model” from Figure 2.4-2. This method generates the
equivalent 21 lumped-element model in Figure 4.3-1 below. After absorbing parallel capacitors, the total
number of components is reduced to 13, thus realizing the final coupler circuit schematic ready for LTCC
transformation in Figure 4.3-2.

Figure 4.3-1: Lumped transformation of the distributed two-stage cascaded branch-line coupler (21 elements).

Figure 4.3-2: Final circuit of the two-stage cascaded branch-line coupler (13 elements).

Equations (2.4-1) and (2.4-2) are used to determine an approximation for the unknown component values
from Figure 4.3-2, which were then optimized and summarized in Table 4.3-1. Figure 4.3-3 shows the ideal
simulation results of the fully lumped branch-line coupler in order to draw a comparison with the distributed
circuit behavior from Figure 4.1-2 and to validate the lumped design.
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Table 4.3-1: Ideal component values of the lumped two-stage cascaded branch-line coupler.

Component
𝐿1
𝐿2
𝐿3
𝐶2 + 𝐶1
𝐶3 + 2𝐶1

Ideal Value
3.79 nH
11.87 nH
4.69 nH
4.40 pF
9.21 pF

a)

b)

c)

d)

Figure 4.3-3: Ideal ADS® simulation results of the lumped two-stage cascaded branch-line coupler.
a) Reflection coefficients (red/black) and input isolation (green) b) Transmission coefficients (red/black) c) Phase
unbalance -90° d) Amplitude unbalance
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There are noticeable differences between the lumped coupler in Figure 4.3-2 and its distributed origins
from Figure 4.1-2 through every aspect of the coupler’s performance. Reflections and isolation between
input ports is generally higher (Figure 4.3-3 a)), insertion losses are larger (Figure 4.3-3 b)), phase
unbalance peaks at approximately 1° over the lower-GNSS band (Figure 4.3-3 c)), and amplitude unbalance
reaches a maximum of 0.7dB (Figure 4.3-3 d)). Clearly these results are slightly worse than that of the
distributed equivalent, however it is nonetheless expected with lumped transformations. The lumped
topology still performs well across the GNSS bands; therefore it was selected as the foundation for the
LTCC transformation. The next section introduces the novel -3dB hybrid quadrature coupler implemented
in LTCC, which is fundamentally based on the fully lumped two-stage cascaded branch-line coupler in
Figure 4.3-2.

4.4

LTCC Transformation

In this section, the steps to realizing both ‘Orthogonal’ and ‘Parallel’ quadrature couplers in LTCC are
presented. First, the fully shielded, surface-mountable, and miniaturized designs are proposed, then the
LTCC design strategy is reviewed to address previously emphasized design considerations.
Figure 4.4-1 shows the ‘Orthogonal’ and ‘Parallel’ configurations through adjacent views of their
unshielded/shielded models and fabricated internal layers. Note that the multi-layer lumped-element
structures used in both I/O configurations are identical topologies that reside in the same positions but have
slightly dissimilar dimensions. Full structures (shields included) occupy 6.17mm x 3.64mm and 6.21mm x
3.58mm for ‘Orthogonal’ and ‘Parallel’ types respectively, sharing a height of 1.28mm (standard 14-layers
of FerroA6M height). Surface area varies due to the reverse layout of the four RPPCs feeding the I/Os, i.e.
their signal and ground nodes are swapped over even and odd layers. By using this technique, all four ports
remain on the bottom-layer after being rotated by 90°, while also introducing insignificant changes to
parasitics and coupling (Table 4.4-1). Notably, the ‘Orthogonal’ coupler was initially developed whereas
the slight change to the RPPCs feeding was added later to construct the ‘Parallel’ version. As such, only
one LTCC design strategy was required to develop both configurations – as discussed in the following.
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a)

b)

c)

d)

e)

f)

g)

h)

Figure 4.4-1: Multiple views of the ‘Orthogonal’ (left) and ‘Parallel’ (right) branch-line coupler models in HFSS®.
a) & b) Isometric unshielded c) & d) Isometric shielded e) & f) Top-view shielded g) & h) Bottom views of RFprobeable & SMT dies (both ‘Orthogonal’).
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a)

b)

Figure 4.4-2: a) ‘Orthogonal’ two-stage cascaded branch-line coupler in LTCC with coloured elements.
b) Individual lumped-element microstrip structures found in both ‘Orthogonal’ and ‘Parallel’ coupler topologies.
Table 4.4-1: Dimensions of the multi-layer lumped-element structures from the LTCC quadrature couplers.

Schematic Element
& Topology
𝐶2 + 𝐶1
RPPC
𝐿2
MLSHI
𝐿1
MLSHI
𝐿3
MLSHI
𝐶3 + 2𝐶1
RPPC

Dimension
Variable
𝑙𝐶21
𝑤𝐶21
𝑙𝐿2
𝑤𝐿2
𝑙𝐿1
𝑤𝐿1
𝑙𝐿3
𝑤𝐿3
𝑙𝐶31
𝑤𝐶31

‘Orthogonal’ Value
(µm)
874
600
1290
900
1175
787
654
1250
874
1000

‘Parallel’ Value
(µm)
850
600
1280
900
1175
809
665
1250
850
1000

# of Layers
Occupied
8
5
3
5
8

Strategic aspects of the layout design all originated from recognizing the importance of maintaining
symmetry along all three axes; followed by using divide and conquer to create simplified sub-circuits. Using
the X- and Y- axes defined in Figure 4.3-2 as reference, the circuit was separated into quadrants from Xand Y- to produce four identical circuits. Dividing the circuit into quarters clearly outlines the degree of
self-symmetry each element should possess to realize a structure that is symmetric along two axes. For
example, 𝐶2 + 𝐶1 and 𝐿1 can be asymmetrical while 𝐿2 must mirror over X-, 𝐶3 + 2𝐶1 over Y-, and 𝐿3 over
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X-/Y-. With the quarter circuit defined, each single element can now be isolated and designed using a
symmetry appropriate layout. Maintaining symmetry presents several complicated issues however, whose
intricacies are best explained by individually describing the capacitor, inductor, and circuit-level design
strategies:
4. Capacitor Designs
By observing the coupler’s schematic in Figure 4.3-2, it can be seen that capacitors 𝐶2 + 𝐶1 and 𝐶3 +
2𝐶1 must feed four nodes: one ground, two inductors, and one port. Previously shown RPPC designs
consisted of just two nodes, hence a layout different from this traditional method is required. Moreover,
symmetry has different implications for the design of both capacitors. Because 𝐶2 + 𝐶1 is unaffected
by the defined quarter circuit, its layout can be asymmetrical, whereas 𝐶3 + 2𝐶1 must be symmetrical;
but only along the Y- axis. Feeding inductors centered to X- (𝐿2 , 𝐿3 ) from these capacitors also
introduces a symmetrical break along X- (details discussed later), forcing the design of RPPCs with
three identical feeds rather than four. Two of the feeds share a common polarization to the incident
signal (labelled ‘+’ in Figure 4.4-3) while the third is shunt to ground. Figure 4.4-2 illustrates the
realization of the common feeds as vias and traces connected to the same plates as well as the standard
shunt connection. To conclude, the shared feeds of 𝐶2 + 𝐶1 were designed as orthogonal and
asymmetrical, where the same feeds on 𝐶3 + 2𝐶1 are instead on opposing ends in order to maintain the
capacitor’s symmetry along Y-.

Figure 4.4-3: Isometric views of the 90º coupler’s RPPCs to highlight the consideration given to symmetry.
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5. Inductor Designs
Symmetrical characteristics were the primary design consideration for individual inductor layouts,
though meticulous care was also given to the number of occupying layers and their position along Z(details later). It was previously mentioned that inductors 𝐿2 and 𝐿3 are asymmetric, which is the result
of using MLSHIs in an environment that requires symmetry along all three axes and between two nodes.
This uneven scenario is equivalent to the isolation networks from the splitters in Chapter 3, which was
solved by using planar meander line inductors between outputs. Unfortunately, the inductances from
Table 4.3-1 are too great to reuse this single-layer topology without accepting an enormous size
tradeoff. Instead, asymmetric MLSHIs were intentionally designed to satisfy inductance requirements,
but using a layout with a high degree of symmetry. This was achieved by realizing 𝐿2 and 𝐿3 as odd 5layer structures, such that layers 1,5/2,4 are mirrored equivalents, while centre layer 3 is selfsymmetrical along X-. Figure 4.4-4 demonstrates individual layers, showing MLSHIs that hold perfect
symmetry along the X- axis, but to a lesser degree down Y-. The same technique was used to design 𝐿1
but with 3-layers, however its self-symmetry is irrelevant as it resides in the quarter circuit.

a)

b)

Figure 4.4-4: Individual layers of MLSHIs 𝐿2 (a)) and 𝐿3 (b)) used in the 90° hybrid coupler design.

It is evident that for all three inductors, mirrored layers 1,5 and center layer 3 lack self-symmetry along
Y-. This holds more significance to 𝐿3 as further techniques during the circuit-level design in the next
point compensated for 𝐿1 and 𝐿2 .
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6. Circuit-Level Design
Similar to previous LTCC designs, the capacitors and inductors were isolated, designed, optimized,
then collectively assembled to realize the overall circuit schematic in Figure 4.3-2. Connecting the
capacitors was a trivial task since 𝐶2 + 𝐶1 ’s asymmetric properties grant the option to mirror its
structure anywhere in the four quadrants, while 𝐶3 + 2𝐶1’s two elements must be mirrored copies over
X- in addition to being perfectly centered down Y-. Moreover, both capacitor lengths are identical fixed
variables, such that optimization occurred over their widths. However, inductor layout introduced
several challenges with respect to the number of layers they occupied, their position along Z-, and the
symmetry they possessed over a circuit-level. It was discovered that mutual coupling between inductors
was prevalent in this circuit, resulting in erroneous behavior that particularly affected the 90° phase
unbalance and amplitude unbalance. Coupling was mitigated by forbidding adjacent inductive elements
to overlap or even share the same layers while still maintaining a moderate separating distance. This
resulted in a significant size-performance tradeoff, where 𝐿1 fills the 3-layers below the 5-layers that
𝐿2 and 𝐿3 occupy. Also, the structure occupies just 8 of the 14 available layers, however lateral size
was not reduced by occupying the blank 6-layers for the same reasons outlined for the splitter designs
in Chapter 3. Lack of self-symmetry over Y- exhibited by 𝐿1 and 𝐿2 was compensated by mirroring
their structures to mimic and reverse the direction of their windings. That is, 𝐿1 was mirrored over Ythen its original and mirror were copied again over X-, whereas 𝐿2 was mirrored just once over Y-.

Figure 4.4-5: Cross-sectional Z-plane views of the ‘Orthogonal’ two-stage cascaded branch-line coupler in LTCC.
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Figure 4.4-5 illustrates the two Z- planes of the final LTCC structure from Figure 4.4-2 to highlight the
circuit’s degree of symmetry. Over X-Z and relative to all ports, the circuit is perfectly symmetrical with
the slight exception of 𝐿3 (purple). The same holds true for Y-Z, though 𝐿2 (blue) also slightly breaks
symmetry along this plane while 𝐿1 does not since it has no self-symmetry requirements. Overall, the
coupler exhibits a high degree of symmetry despite its asymmetric characteristics which proved successful
in mitigating unbalance issues (details later).
After assembling the circuit’s full layout, the coupler was embedded by a fully surrounding shield.
Optimization of the element’s variables in Table 4.4-1 then took place in order to obtain the coupler’s
frequency response goals outlined below in Table 4.4-2. As previously stated, the widths of both capacitors
were fixed; an intentional technique employed that fixated the structure’s overall width while sufficiently
separating opposing 𝐿1 inductors. Inductor separation was further warranted by only optimizing the width
of 𝐿1 (𝑤𝐿1 ) and the lengths of 𝐿2 /𝐿3 (𝑙𝐿2 /𝑙𝐿3 ) while their opposing variable dimensions remain fixed.
Table 4.4-2: Frequency response design goals that directed the quadrature coupler’s final optimization.

4.5

Frequency
(MHz)

Reflection Coeff.
(S22)dB, (S33)dB

Input Isolation
(S23)dB

Amplitude Unbalance
|(S12)dB – (S13)dB|

90° Phase Unbalance
|(S12)° – (S13)°|

1165-1295
1560-1606

≤ -15
≤ -15

≤ -15
≤ -15

±1
±1

≤±5
≤±5

EM Simulations & Measured Results

Consistent with the approach from the previous chapter, measured results of the coupler’s frequency
response are illustrated in Figure 4.5-1 and Figure 4.5-2 for the RF-probeable die and SMT, +1%, -1% dies
respectively. Once again, the RF-probeable die is the point of reference for all measurements since it was
the only structure to be optimized whereas the SMT and ±1% die measurements are for diagnostic purposes.
Furthermore, multiple dies were measured and those that aligned closest with the RF-probeable die
simulations are presented, though there was very little deviation between identical dies. For brevity, the
‘parallel’ simulations and measurements are not presented as the structure’s response is nearly identical to
the ’orthogonal’ topology. Table 4.5-1 summarizes the RF-probeable die’s simulated and measured results.
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a)

b)

c)

d)

e)

f)

Figure 4.5-1: EM simulations vs. measured results of the LTCC ‘Orthogonal’ 90° coupler RF-probeable die.
a) Reflection coefficients b) Transmission coefficients c) 90° phase unbalance d) Amplitude unbalance
e) Isolation between inputs f) 90° phase unbalance and amplitude unbalance (narrow view)
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a)

b)

c)

d)

e)
Figure 4.5-2: EM simulations vs. measured results of the LTCC ‘Orthogonal’ 90° coupler SMT, +1%, and -1% dies.
a) Reflection coefficients b) Transmission coefficients c) 90° phase unbalances d) Amplitude unbalances
e) Isolation between inputs
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Table 4.5-1: EM simulations vs. RF-probe based measurements of the ‘Orthogonal’ LTCC quadrature coupler.

GNSS
Frequencies
(MHz)
1165-1295
1560-1606
1165-1295
1560-1606

EM Simulated (best, worst, typical)
Reflection
Insertion
90º Phase
Amplitude
Coefficients
Loss
Unbalance
Unbalance
[-dB]
[+3dB]
[°]
[|dB|]
26, 19.7, 23.1
0.1, 0.9, 0.4
90, 88.8, 89.5
0, 1.1, 0.76
29.4, 18.8, 23.7 0, 0.9, 0.55 90.5, 92.5, 91.4 0.3, 0.94, 0.63
RF-Probe Based Measurement (best, worst, typical)
24, 20.3, 22.1
0.1, 1, 0.55
90, 92.6, 91.2
0, 0.8, 0.43
35, 25, 30.7
0, 1.3, 0.73 92.1, 92.7, 92.3 0.8, 1.3, 1.08

Input
Isolation
[-dB]
24, 19.5, 21.9
27.6, 18.3, 22.6
20.9, 19.2, 20.1
45.5, 23.5, 31.6

Baseline measurements of the RF-probeable die from Figure 4.5-1 are in extremely good agreement
with almost every preliminary EM simulation. The only difference remotely worth highlighting is the
slightly increased IL along the coupled path indicated by S13 in Figure 4.5-1 b); which is the main
contributor to higher amplitude unbalance measurement along the upper-GNSS band. Reflection
coefficients between inputs should also be identical (as indicated by ideal simulations earlier in this
chapter), but we can see this same pattern from the EM simulations as a result of the overall structure
exhibiting somewhat asymmetric characteristics. Larger IL along the coupled path (S13) is certainly a result
of the inductors that couple these ports; however the definitive reason is unknown. A reasonable assumption
though is either due to varying trace widths or by lesser than expected quality factors exhibited by the
MLSHIs. It was shown in Figure 2.8-9 that trace widths and geometries vary, which has crucial implications
to the multi-layer windings that create the inductors in this circuit. In contrast, literature that utilized similar
inductor topologies consistently reported less than expected Q-factors [20] [6] [4] [5]; usually proportional
to the number of layers in said winding. Hence, this issue is likely to be resolved by improving the
fabrication process or by increasing the number of windings or layers occupied by the coupling inductors.
The SMT and ±1% die measurements provide interesting conclusions; particularly for the SMT package.
It was previously mentioned in Chapter 2 that one of the two SMT dies were internally short. A fabrication
issue is likely the reason for the erroneous measurements obtained from this coupler as the equivalent
shorted die was fabricated adjacent to the measured one. X-rays were taken of the defected die as illustrated
in Figure 4.5-3, however the internal short could not be located.
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Figure 4.5-3: X-rays of the internally short ‘Orthogonal’ 90º coupler SMT LTCC die.

4.6

Conclusions & Contributions

This chapter has presented a high performance, low profile, -3dB 90º wideband coupler completely
operational over both GNSS bands. The coupler features a reasonable degree of miniaturization with
dimensions of 8.2mm x 5.54mm x 1.28mm while also offering a fully-shielded structure, SoP design, and
is prepared for stand-alone surface mountable applications. With typical input reflection coefficients of 22.1dB/-30.7dB, 0.55dB/0.73dB IL, 91.2º/92.3º phase unbalance, 0.43dB/1.08dB amplitude unbalance, and
-20.1dB/-31.6dB isolation between inputs, this coupler’s response is competitive with even the most
favorable commercially available products. It is reasonable to then conclude that this design satisfies the
goals outlined in this thesis and is suitable for integration into GNSS antenna feeding network ‘A’ and ‘B’.
A product from Anaren® that acts as a point of comparison for the size, performance, and expected cost
of this coupler is XC1400P-03S [18]. The dimensions of this commercially available chip are 6.35mm x
5.08mm x 2.72mm, whose volume occupies 87.74mm3 vs. the lesser 58.15mm3 volume occupied by the
coupler proposed in this work. Notably, the Anaren® chip is not a fully-shielded device but its relevant
frequency response characteristics are of comparable stature [18]. Its price per unit is approximately $5.00,
which sets a cost to compete with if mass production is desired for the proposed design.

Figure 4.6-1: ‘Orthogonal’ (left) and ‘Parallel’ (right) 90º coupler LTCC dies compared to a Canadian dime.
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Chapter 5
Wideband 180° Coupler in LTCC
This chapter presents a wideband rat-race coupler developed in LTCC and is the final circuit required for
assembling GNSS antenna feeding network ‘A’. Fundamentally, the design of this -3dB 180° coupler is not
novel to this work; however the circuit was thoroughly redesigned and consisted of work considered to be
sufficient for inclusion into this thesis. Therefore, the circuit and the respective remodeling process are
presented throughout this chapter owing credit to origins in [4] [5]. Notable aspects belonging to the
redesign process included:
Substituting the original Dupont9K7 LTCC substrate with FerroA6M.
Increasing the total number of ceramic sheets in the structure from 7- to 14-layers.
Modifying layout to change the manufacturing technique from laser ablation to screen printing.
Installment of a full 3D shield that covers and embeds the circuit.
Implementing SMT tabs on the I/O ports for stand-alone solderable applications.
These modifications are entirely physical changes that will greatly alter the circuit’s frequency response
if blindly implemented. Hence, a comprehensive redesign of the existing LTCC wideband rat-race coupler
was conducted to realize a fully shielded, surface-mountable, and SoP device that covers the wideband
GNSS spectrum (1165MHz – 1606MHz). This circuit’s topology is based on using transmission line theory
(Chapter 2) and additional simplification techniques imposed in [4] to transform the well-known 4-port
distributed rat-race coupler (also referred to as a ring hybrid) [10] to an equivalent lumped-element
structure. Analogous to the quadrature coupler, this circuit’s function is to equally combine two incident
signals, differentiate their phase by 180°, then output the resulting signal through a single port. The 𝜆/2
phase delay is a crucial requirement for establishing RHCP in GNSS antenna feed ‘A’ from Figure 2.2-4.
Aside from the 180° phase unbalance, the remaining design considerations are identical to that of the
quadrature coupler presented in the previous chapter. That is, low amplitude unbalance, high input isolation,
low insertion loss, and a reasonable VSWR at the inputs are desired.
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5.1

Rat-Race Coupler Overview

Figure 5.1-1 b) illustrates the underlying circuit schematic that was transformed to LTCC for achieving the
-3dB 180° coupler. The circuit consists of just 8 elements: 4 inductors and 4 capacitors, where the schematic
is realized as a reduced (𝐶1 capacitors removed) lumped-element equivalent of the conventional planar ring
hybrid structure in Figure 5.1-1 a). Shunt capacitor 𝐶1 is extremely small and was removed as a result of
shunt capacitive parasitics in the remaining components compensating for its absence [4]. Its removal also
allowed for further miniaturization. From Figure 5.1-1 b), ports 𝑃1 and 𝑃4 are the inputs, 𝑃3 is an isolated
port terminated by a 50Ω load, 𝑃2 is the output, and 𝑃4 provides the 180° phase delay relative to 𝑃1 .

a)

b)

Figure 5.1-1: a) Typical 180° distributed ring hybrid or rat-race coupler (Source: [10]).
b) Equivalent lumped circuit implemented in LTCC (8 elements) (Source: [4]).

Centred to the distributed rat-race coupler is a microstrip ring that spans a circumference equal to 540°
𝜆

with a characteristic impedance of √2𝑍0 . The 4 separation between ports 𝑃1 , 𝑃3 and 𝑃4 , 𝑃3 create perfect
deconstructive wave interference at 𝑃3 , hence isolating that port. Furthermore, ports 𝑃1 , 𝑃2 are separated by
a signal path of

𝜆
4

whereas the distance between 𝑃4 and 𝑃2 is

3𝜆
,
4

thus creating a 180° phase difference

between input ports. By analyzing the planar structure with even- and odd-mode analysis, justification for
the TL’s impedance for matching and isolating inputs may be realized where details on this analysis are
available in [10].
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5.2

Redesign Challenges & Goals

The overall goal for redesigning the coupler was to preserve its original layout and achieve a similar or
improved frequency response to [4], while also fulfilling thesis design goals of realizing a fully-shielded,
surface-mountable, and SoP device. Simultaneously, it was desired that an increase to the overall structure’s
surface area be mitigated as the original layout is adequately miniaturized, whereas the opposite holds true
regarding the height increase because it is a direct result of doubling the number of substrate layers.
Swapping the original 7-layers of Dupont9K7 substrate with 14-layers of FerroA6M changes the relative
permittivity and layer thickness but is a necessary step so that a common ceramic and number of layers is
shared with all other circuits proposed in this work. Dupont9K7 has an 𝜀𝑟 = 7.1 and a fired layer thickness
of ℎ = 112µm (in this case), while FerroA6M’s 𝜀𝑟 = 5.7 and ℎ = 90µm (i.e. ∆𝜀𝑟 = −1.4 and ∆ℎ =
−22µ𝑚). Fortunately, the loss tangent and printed conductors between the two ceramics are identical (i.e.
tan(𝛿) = 0.001 and silver), so lesser or larger losses can be disassociated from this change.
For reasons discussed later, substituting the substrate caused only minor effects to the redesign, where
the major challenge was instead modifying the layout to satisfy the manufacturer’s screen printing Design
Rule Check (DRC) in order to disregard the use of laser ablation in the original fabrication. Replacing laser
ablation with screen printing is advantageous in terms of manufacturing consistencies but ultimately a
tradeoff with size, where Table 5.2-1 below summarizes the manufacturer’s minimum layout requirements
for both methods [9]. Justification for this decision was discussed earlier in Chapter 2.
Table 5.2-1: Minimum layout design rules for screen printing and laser ablated LTCC fabrication methods [9].

Fabrication
Method
Screen
Printing
Laser
Ablation

Trace Width
& Spacing
(µm)

Trace-Via
Spacing
(µm)

Via Diameter
(µm)

Center-Center
Via-Via Spacing
(µm)

Via Catch-Pad
Diameter
(µm)

125

205

150 (Punch)
126.6 (Fired)

450

210

75

75

∅ > 80

300

∅ + 20
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Figure 5.2-1: Marked up top-view of the original LTCC rat-race coupler in 7-layers of Dupont9K7 (Source: [4]).

Figure 5.2-1 addresses some of the coupler’s screen printing violations in the original design. Markups
highlight the infringing 100µm conductor widths used for ports, traces, and inductor windings, as well as
conductor-conductor gaps that are too small for fabrication. Qualitative observations can also be made from
the layout that aren’t necessarily violations but rather aspects that should be modified. This includes the
bulky square-shaped via catch-pads, 400µm wide rectangular shield perimeter, RF-probe landing pads on
the ports that differs from Figure 2.6-3, and the absence of a full shield indicated by the exposed top-layer.
The shield is also stitched with problematic 7-layer through vias (seen in Figure 5.3-1) since their via-via
gaps are mostly 300µm as opposed to the 450µm minimum requirement.
Adjusting these widths, gaps, geometries, etc. ultimately presents challenges with regards to optimizing
the lumped-elements to counteract changes to reactive element behavior, mutual coupling, and parasitics.
It was initially decided that the redesign’s inductors and capacitors would occupy the original number of
layers but this was a poor decision given that the coupler from Figure 5.2-1 is extremely dense. Optimizing
the elements was therefore a much more challenging task than it would have been if all 14-layers were
taken advantage of. Ultimately, these challenges were overcome by the details presented in the following
redesign process section.
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5.3

LTCC Redesign Process

Redesign began with the realization that optimization was an inevitable scenario, hence the initial step was
to individually lay out each lumped-element in its original form and parametrize their respective lengths
and widths as configurable variables. As is the case with all other dense multi-layer circuits, parameterizing
dimensions is a complicated task. Simultaneously adjusting lengths and widths of multiple elements in a
real-time optimizer can easily violate the manufacturer’s DRC, so dimensions were carefully defined as
codependent functions with upper- and lower-size limitations that coincide with Table 5.2-1.
Figure 5.3-1 presents side-by-side comparisons of the redesigned and original rat-race couplers in LTCC
through multiple views of their models. Figure 5.3-2 and Figure 5.3-3 define the individual microstrip based
elements that correspond to the circuit schematic in Figure 5.1-1, including labels to highlight the
parameterized dimensions belonging to each element. Using these figures as observational reference, the
modifications outlined in the following redesign process become appreciable.
1. Vias & Catch-Pad Geometries Modified
By comparing both designs, it is clear that all square via catch-pads were replaced with circular pads
whose fired diameters are 210µm. Relative to the square pads with lengths of 300µm, this globally
applied a surface area reduction of ~40%. All vias in the original design share a fired diameter of
137.5µm, which were replaced with fired diameters of 126.6µm. This is common amongst all LTCC
structures proposed in this work and corresponds to the specific requirement for punched holes in
FerroA6M – a condition necessary for avoiding laser ablated vias (details in Appendix A).
2. Traces Widened
All 100µm traces, whether implemented as inductor windings, ports, or feeds between elements, were
increased to 150µm – thus satisfying the minimum width requirement of 125µm. One exception was
made to the lines used in 𝐿2 /2, which were set to 125µm for reasons mentioned later. It should be noted
that going above the minimum design rule by 25µm led to a larger circuit, though the tradeoff with
mitigating potential manufacturing errors outweighed the consequential size increase.
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a)

b)

c)

d)

e)

f)

g)

h)

Figure 5.3-1: Multiple views of the redesigned (left) and original (right) rat-race couplers in LTCC.
a)/b) Isometric unshielded c)/d) Isometric shielded e)/f) Top-view shielded g)/h) Bottom view of RF/SMT dies
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a)

b)

Figure 5.3-2: Rat-race couplers in LTCC (excluding shield) with highlighted elements. a) Redesign b) Original

Figure 5.3-3: Individual lumped-element microstrip structures (with dimension labels) found in the rat-race coupler.
Table 5.3-1: Dimension comparison of the redesigned and original rat-race coupler lumped-elements.

Schematic Element
& Topology
𝐶2
RPPC
𝐿2 /2
MLSHI
𝐿1
MLSHI
𝐿3
MLSHI
2𝐶1
RPPC

Dimension
Variable
𝑙𝐶2
𝑤𝐶2
𝑙𝐿2
𝑤𝐿2
𝑡𝐿2
𝑡𝐿1 = 𝑡𝐿3
𝑙𝐿1
𝑤𝐿1
𝑙𝐿3
𝑤𝐿3
𝑙𝐶1,𝑏𝑖𝑔
𝑙𝐶1,𝑠𝑚𝑎𝑙𝑙
𝑤𝐶1

Redesigned Value
(µm)
870
455
1239
1023
125
150
590
1559
554
730
1195
345
947
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Original Value
(µm)
870
480
1207
1017
100
100
490
1580
540
630
1205
345
1050

Ratio
(%)
0
-5.2
+2.7
<+1
+25
+50
+20.4
-1.3
+2.6
+15.9
>-1
0
-9.8

# of Layers
Occupied
7
3

3
7

3

3. Conductor-Conductor & Via-Via Gaps Lengthened
Most conductor-conductor gaps were increased to >125µm, where a clear example of this can be seen
by the elongated microstrip lines extruding from both sides of the 𝐶2 capacitors. Increasing the length
of these lines solved the gap violations between the plates of 𝐶2 , and also widened the proximity
between all three inductors. The gap between 𝐿3 and the flanges of 2𝐶1 is an exception and is considered
to violate design rules since it is ~110µm. However, the 15µm error was approved by the LTCC
manufacturer since the gap is a negligible point violation, i.e. it occurs at corners rather than adjacent
edges. Likewise, all via-via gaps (particularly for the through vias in the shield) were distanced by
≥450µm (center-center), and GSG gaps between ports and the shield were increased to 200µm to form
the universal RF-probe landing pads common to all other circuits in this thesis.
4. Full Shield & SMT Features Added
Prior to shield alterations, the LTCC height was increased from the 7 Dupont9K7 to 14 FerroA6M layer
change (0.8mm to 1.28mm). Continuous ground planes were poured onto the 1st (bottom-most) and 14th
(top-most) layers. All four of the coupler’s ports and respective feeds were then extended to the bottom
layer and exposed by making rectangular cut-outs on the shield’s bottom plane. Next, 14-layer through
vias were stitched throughout each layer to connect the shield’s perimeter with opposing ground planes.
Widths of the rectangular pads were reduced from 400µm to 215µm to lessen the shield’s surface area.
Finally, the same SMT technique employed in previous chapters was also applied to the coupler’s SMT
topology, i.e. granting SMT leads to ports by terminating them with sheared 300µm diameter vias.
Screen printing, full shield, and stand-alone package requirements were met through the layout changes
above but presented modest effects to the coupler’s frequency response. These layout changes are, to a large
extent, fixed variables that are meant to barely meet design rules in order to miniaturize the structure.
Successfully maintaining the coupler’s original frequency response while satisfying the above is therefore
entirely dependent on lumped-element optimization to counteract the coupler’s adverse response to
changes. Optimization of the inductors and capacitors is the final redesign step; but prior to, the elements
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that deviated from expected behavior were first identified. It was anticipated that the expected behavior of
elements previously exposed (all but 2𝐶1) would deviate due to strong capacitive coupling from the uppermost ground plane added to the shield. Moreover, the substrate’s change in relative permittivity (∆𝜀𝑟 ) and
layer thickness (∆ℎ) directly affect the reactive elements; as suggested by equations (2.5-1) and (2.5-3)
which also implies all MLSHI effective inductances will decrease since their winding traces were increased.
Further analysis uncovered these expectations, initially showing that the 7-layers of blank substrate
separating the elements and upper ground plane was sufficiently large, leading to insignificant capacitive
coupling. In addition, equation (2.5-2) was applied to identical parallel plate capacitors on both FerroA6M
and Dupont9K7, which yielded a surprisingly low variation between the two capacitances. That is, ∆𝜀𝑟 =
−1.4 and ∆ℎ = −22µ𝑚 perfectly counteract one another, producing a miniscule change in capacitance of
<1%. Widening the MLSHI traces to 150µm did however cause a significant reduction to their effective
inductances, which addresses a previous statement defining the 𝐿2 /2 trace widths as 125µm – an exception
made to the universal 150µm change. Because 𝐿2 /2 is confined within the tight perimeter of 𝐶2 , 𝐿1 , and
𝐿3 , further increasing its width would require compensation of inductance by lengthening its windings
which in practice was too problematic in satisfying gap design rules.
Redesign was concluded by manually optimizing individual elements to generate a rough approximation
of the desired frequency response. Identifying behavioral reactions of each element guided the optimization
before using an automated solver to remedy finer errors from mutual coupling and parasitics. Table 5.3-1’s
comparison of the optimized dimensions to their original counterparts confirms expectations of inductors
being affected more so than capacitors. That is, all MLSHI windings were lengthened to increase their
effective inductances, whereas overlapping plate areas of capacitors 2𝐶1 and 𝐶2 underwent minor changes.
Table 5.3-2: Frequency response optimization goals that directed the redesign of the rat-race coupler.

Frequency
(MHz)

Reflection Coeff.
(S11)dB, (S44)dB

Input Isolation
(S41)dB

Amplitude Unbalance
|(S24)dB – (S21)dB|

180° Phase Unbalance
|(S24)° – (S21)°|

1165-1295
1560-1606

≤ -15
≤ -15

≤ -15
≤ -15

±1
±1

≤±5
≤±5
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5.4

EM Simulations & Measured Results

Once the optimization goals from Table 5.3-2 were satisfied and the performance of the original design was
improved, the coupler was set onto the layout and was fabricated adjacent to duplications of itself, SMT
packages, and ±1% size changes to its die. This section illustrates the measured results of the four different
dies as well as an EM simulation comparison between the original and redesigned rat-race couplers. Figure
5.4-1 compares the simulations of the original and redesigned couplers, while Figure 5.4-2 and Figure 5.4-3
show the measured results of the RF-probeable die and SMT/±1% dies respectively. Precedent with all
other chapters, the RF-probeable die’s EM simulations are the point of comparison as it was the only circuit
to undergo optimization. Table 5.4-1 below summarizes the simulated and measured results of the
redesigned, original, and RF-probeable coupler’s die.
Table 5.4-1: Numerical summary of the EM simulations and RF-probe measurements of the LTCC rat-race couplers.

GNSS
Frequencies
(MHz)
1165-1295
1560-1606
1165-1295
1560-1606
1165-1295
1560-1606

Redesign in FerroA6M – EM Simulated (best, worst, typical)
Reflection
Insertion
180º Phase
Amplitude
Coefficients
Loss
Unbalance
Unbalance
[-dB]
[+3dB]
[°]
[|dB|]
38.1, 21.7, 27.2
0, 0.4, 0.19
183, 183.4, 183.3
0, 0.37, 0.3
29.3, 17.8, 23.6
0, 0.3, 0.18
182.4, 182.7, 182.6 0.08, 0.2, 0.15
Original Design in Dupont9K7 – EM Simulated (best, worst, typical)
37.1, 17, 26.6
0.1, 0.4, 0.25
182, 182.2, 182
0, 0.27, 0.2
30.5, 16.4, 23.3
0, 0.5, 0.23
182, 182.6, 182.3
0.32, 0.48, 0.4
Measured (best, worst, typical)
47.7, 23.3, 31.9
0, 0.62, 0.24
181.6, 182.6, 182.1
0, 0.67, 0.23
29.3, 24.4, 26.7 0.1, 0.36, 0.23 181.5, 181.9, 181.6 0.1, 0.25, 0.18

Input
Isolation
[-dB]
34.5, 29.6, 31.4
29.8, 29.3, 29.5
31, 26.8, 28.6
25, 24.7, 24.9
33.8, 24.4, 29.4
37.2, 36.2, 36.8

It’s clear from Figure 5.4-1 that the existing rat-race coupler’s performance was successfully improved.
A comparison between the two designs draws a conclusion that the coupler’s response has an increased
favor toward the two GNSS bands. To highlight this, we can look at the new behavior over the bands of
interest. Typical reflection coefficients have improved, insertion losses are slightly lower and have been
optimized to reach a minima near the center-frequencies, and the isolation between inputs is stronger.
However, it can be seen that a slight ~1º trade-off with the 180º phase unbalance incurred, but measurements
proved to reverse this and surpass both simulation expectancies.
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a)

b)

c)

d)

e)

f)

Figure 5.4-1: Redesigned vs. original EM simulations of the LTCC 180° coupler RF-probeable circuit.
a) Reflection coeffs. b) Transmission coeffs. c) 180° phase unbalance d) Amplitude unbalance e) Input isolation
f) 180° phase unbalance and amplitude unbalance (narrow view)
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a)

b)

c)

d)

e)

f)

Figure 5.4-2 EM simulations vs. measured results of the LTCC 180° coupler RF-probeable circuit.
a) Reflection coeffs. b) Transmission coeffs. c) 180° phase unbalance d) Amplitude unbalance e) Input isolation
f) 180° phase unbalance and amplitude unbalance (narrow view)

129

a)

b)

c)

d)

e)

f)

Figure 5.4-3: EM simulations vs. measured results of the LTCC 180° coupler SMT, +1%, and -1% circuits.
a) Reflection coeffs. b) Transmission coeffs. c) 180° phase unbalance d) Amplitude unbalance e) Input isolation
f) 180° phase unbalance and amplitude unbalance (narrow view)
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For all measurements, including the SMT and ±1% packages, the results are in good agreement with the
RF-probe based HFSS® simulations. The differences are subtle, however there are some points worth
highlighting. A similarity can be seen with the 90º coupler from Chapter 4 regarding a slight increase to
insertion loss along the coupled path. The measured signal path from P4 → P2 (S24) is perfectly aligned with
simulations, whereas the coupled path from P1 → P2 (S21) exhibits ~0.2dB additional IL that is most evident
over the upper-GNSS band. In Chapter 4, it was determined that these losses are due to unexpected
inductance behavior (i.e. 𝐿1 ), attributed by either winding trace width variance or by the trend of MLSHIs
with a small number of windings exhibiting lower Q-factors. Another unexpected result can be seen by
observation of the VSWR inherent to port P4. Reflection coefficients recorded at this input largely vary on
both the RF-probeable or SMT/±1% dies; though this trend was consistent in the original design where it
was also reported [4]. Because all other frequency response characteristics align well with simulations, it’s
reasonable to conclude that this topology, die, layout, etc. is extremely insensitive to physical changes.

5.5

Conclusions & Contributions

In this chapter, an existing 7-layer Dupont9K7 ‘Rat-Race’ coupler [4] was successfully redesigned in 14layers of FerroA6M. Performance was shown to be an improvement from the original interpretation, while
features such as a full-shield and SMT were included. An increase to the coupler’s size was also mitigated,
where the original dimensions of 3.68mm x 3.94mm x 0.8mm are comparable to the redesigned dimensions
of 3.78mm x 3.97mm x 1.28mm (11.6mm3 vs. 19.2mm3). Typical measurements can be seen in Table 5.4-1,
proving to be sufficient for integration of this coupler into GNSS antenna feeding network ‘A’.

Figure 5.5-1: RF-probeable -3dB 180º LTCC coupler die compared to a Canadian dime.
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Chapter 6
GNSS Antenna Feeding Networks in LTCC
Completion of the fundamental and final thesis objectives are presented in this chapter. Specifically, the
LTCC realization of GNSS antenna feeding networks ‘A’ and ‘B’ are proposed, whose system level
diagrams were shown in Figure 2.2-4 and Figure 2.2-5 respectively. These are 5- and 8-port networks,
whose role in this thesis are to feed single 4-port antennas (DRAs, PQHAs, etc.) and an array of four singleport LP antennas (i.e. patches) respectively. Frequency response characteristics such as amplitude
unbalance and phase delays are therefore crucial, which are described in more detail in later sections.
Prototyping PCBs were manufactured to house each network given the larger number of ports in
comparison to the individual structures from previous chapters. 5- and 8-port devices present a challenge
for RF probe-based measurements, therefore prototyping PCBs with SMT leads, TLs, and SMA connectors
were designed for each to simplify the measurement process. Several techniques and strategies were
employed to successfully realize these PCBs, whose aspects are presented at the beginning of this chapter.
Achieving goals of miniaturization, full shields, SMT, and SoP primarily consisted of designing a layout
that interconnects the individual circuits proposed in Chapters 3-5 in a way specific to each feed. Feeds ‘A’
and ‘B’ greatly differ in terms of schematic, hence special considerations were applied to each layout.
Several high-level and fundamental design considerations shared between the two networks are addressed
in the following section, which also discusses fabrication issues that were detrimental to system-level
performance and original design expectancies.
After introducing layout techniques for realization of mutual design considerations for prototyping
PCBs and thesis goals, this chapter isolates the intricacies of both networks into two separate sections.
Layout design methods, HFSS® models, images of the fabricated circuits, EM simulations/measured
results, and a concluding summary related to each network are illustrated throughout these sections.
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6.1

Mutual Design Considerations

This section provides a high-level overview on the materials and factors that governed both GNSS antenna
feeding network designs in LTCC. Emphasis is placed on the LTCC’s system level interface with a PCB
environment (i.e. dielectric characteristics and stack-up), PCB layout techniques, and LTCC design
considerations such as interconnecting TLs between individual circuits, shielding, SoP, and terminations.

6.1.1 System Level Interface
Figure 6.1-1 shows a figurative cross-section of a FerroA6M LTCC structure mounted and soldered onto
an external SMA based prototyping PCB. The same technique of shearing a 300µm diameter via on the
LTCC circuit’s I/Os used throughout this work was also used in the feeding networks – as indicated by the
physical contact between the conductors on the LTCC and PCB. The chosen PCB dielectric is FR408HR:
a commercially available, inexpensive, and 4-layer substrate with a relatively sufficient 𝜀𝑟 and tan(𝛿) given
its low cost. Table 6.1-1 summarizes the key dielectric characteristics of FR408HR over the L-band.

Figure 6.1-1: Cross-section of a SMT LTCC structure mounted onto an external prototyping FR408HR PCB.
Table 6.1-1: Dielectric properties of FR408HR PCB substrate. (Source: [49])

Frequency
(MHz)
1000
1500
2000

Dielectric Constant
(𝜀𝑟 )
3.69
3.685
3.68
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Loss Tangent
(tan 𝛿)
0.0091
0.00915
0.0092

6.1.2 Prototyping PCB Layout Techniques
The primary reason FR408HR was chosen as the prototyping dielectric is due to its 4-layer properties. From
Figure 6.1-1, two identical layers of 6.7mil thick “Prepreg” substrate and one layer of 60mil “Core”
substrate can be seen in the PCB stack-up.
Continuous ground planes were poured onto both prepreg layers as well as the bottom most layer for
both prototyping PCBs. The copper plane on the uppermost prepreg layer results in a closely coupled
ground below the LTCC structure (6.7mil). This was done intentionally, as it effectively reduces the 50Ω
PCB TL widths that feed the SMA connectors by 10 times compared to a traditional 2-layer FR4 board,
resulting in a 50Ω TL width of just 320µm. This technique eliminated the need for tapering the PCB’s SMT
leads to a wider 50Ω dimension, allowing the use of TLs with fixed widths. Since the fired diameter of the
LTCC structure’s I/O vias are roughly 252.9µm, the 320µm TLs can be placed directly below the LTCC’s
SMT leads. To further ease the soldering process, the PCB TLs are terminated by a 400µm diameter circular
pad placed directly below the 360µm diameter via catch pad on the LTCC’s I/Os. Figure 6.1-2 below shows
an isometric view of the LTCC-PCB solderable I/O interface. As stated in Chapter 2, special SMA
connectors with 510µm terminations solder directly onto the PCB TLs to interface with the PNA/VNA.
Notably, all 50Ω PCB TL lengths were carefully designed to share a uniform electrical length. This was
done to ensure accurate VNA measurements by means of TRL calibration – details in Appendix C.

Figure 6.1-2: LTCC-PCB solderable I/O interface. HFSS® model on the left and real example on the right.
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6.1.3 LTCC Design Considerations for Antenna Feeding Networks
Although the circuits proposed in previous chapters are fully shielded, surface-mountable, and SoP
structures, obtaining the same features for the feeding networks requires additional steps and considerations.
Surrounding the networks in a full 3-D shield raises several questions regarding the LTCC layout. An
initial decision must be made on whether the shielding from the individual LTCC circuits should be
removed, or the original shielding remains and is extended by additional shielding to cover the TLs between
circuits. The first option would result in a much smaller structure as circuits could be in closer proximity
while satisfying design rules, whereas the second would lead to larger circuits with less parasitic influence.
The latter approach was taken for both feeding networks despite the size tradeoff; the preferable/smaller
option was found to have detrimental effects on the performance of each feed. Removing the embedded
shield and corresponding vias from each individual circuit leads to a reduction in shunt capacitive parasitics
loaded onto the circuit’s elements that were accounted for in previous optimizations. Moreover, spacing the
circuit’s close to one another leads to coupling between structures; primarily due to adjacent multi-layer
capacitors given the area and direction of their fringing fields. These effects change the frequency response
of individual circuits; while simultaneously on a system level, isolation between adjacent I/Os degrades.
This tradeoff can be defined as size versus time. That is, the frequency response and isolation can be
corrected by optimizing adjacent circuits without an embedded shield in close proximity, however this
would require an extreme amount of time to reoptimize Chapters 3-5. The time required to completely
redesign the circuits was not available, hence shields of both feeding networks were implemented as
extensions from the individual circuit’s shields, thereby increasing the LTCC structure’s overall size.
Regardless of the method, a full shield would surround the interconnecting TLs embedded within the
LTCC. In both networks, these TLs were designed as 50Ω asymmetric CPW microstrip lines. The coplanar
waveguide topology was implemented to reduce TL widths by controlling the gap to ground. It should be
noted that full-wave simulators reported the prototyping PCB’s 𝜀𝑟 had little to no effect on the
interconnected TL impedances, therefore proving the shield’s effectiveness.
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Another significant design consideration is the realization of the LTCC feeding networks as SoP
structures. SoP introduces two unique factors that were unaccounted for in Chapters 3-5. First, it can be
seen that every LTCC splitter or coupler from previous chapters have exposed I/O leads, though feeding
network schematics in Figure 2.2-4 and Figure 2.2-5 have ports that are connected between circuits rather
than feed to a measurement port. Because the TLs that create these internal connections must be embedded
within the shield, the 300µm diameter via for SMT cannot be used. Furthermore, the exposed I/Os are
affected by the FR408HR PCB, whereas the internal ports are not. As a result, there is a slight impedance
imbalance between the I/Os and the internal ports; a property that was not accounted for in the original
stand-alone circuit designs. Figure 6.1-3 shows an example of a surface-mountable I/O and an internal port
illustrated in a side-by-side comparison.

a)

b)

Figure 6.1-3: Comparison of surface-mountable and internal ports in the LTCC feeding networks.
a) Exposed I/O with SMT via b) Fully shielded internal port embedded in LTCC.

A crucial design consideration foreshadowed in the above is the positioning of the SMT I/Os and their
impact to the network’s LTCC layout. The SMT port interface in Figure 6.1-3 a) illustrates cut-outs in the
shield to accommodate soldering, which suggests that all SMT I/Os must be positioned along the edges of
the overall structure. Because the LTCC foundry doesn’t offer a popular SMT technique (which led to the
shearing of vias along the structure’s edges), placing the I/Os in a position other than the edges is a poor
decision in terms of practicality and design simplicity. An example of this deferred method would be
embedding the I/O then shunting it to an exposed layer with a via, resulting in a package similar to that of
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Ball Grid Array (BGA) and Quad Flat No-lead (QFN) topologies. Other than the added soldering
difficulties this would impose, there would also be uncontrollable effects on the impedance of the ports
since the vias are fixed to 150µm and 300µm to avoid laser ablation, as discussed in Appendix A-B. As a
result, when connecting the circuits from Chapters 3-5 to form the feeding networks, the orientation of the
individual circuits was limited, such that the input and output ports must always be positioned directly onto
the LTCC structure’s edges. This limitation will become more obvious when observing the LTCC models
of the two networks presented later in this chapter.
Finally, a true SoP requires the 50Ω resistors that terminate isolated ports from the 90° and 180° hybrid
couplers to be part of the overall structure rather than fed to terminations implemented on an external PCB.
The printed resistor case study presented in Chapter 2 highlights the ineffectiveness of embedded resistors,
and the unappealing costliness of laser trimming exposed resistors. Hence, the terminating method used is
identical to the isolation resistor in the power splitters and was reimplemented for both feeding networks.
That is, multiple 50Ω 0402 resistors were soldered onto the top LTCC layer, with feeds that interface with
the couplers. Notably, using SMT chip resistors as terminations introduces another impedance unbalance
between ports. Vertical extensions must be made by long vias to the upper-most layer in order to complete
the connection with a resistor’s solderable pads. Inductive loading inherent to the via’s extension were not
accounted for in the stand-alone circuit designs, hence the 90° and 180° hybrid couplers in both networks
were not properly optimized to be used in an interconnected SoP environment.
There are additional considerations associated with the two feeding networks; however, they pertain to
the individual LTCC structures rather than mutual overall factors. These topics are addressed in the
following sections, along with the proposed feeding networks in LTCC, prototyping environment,
simulated results, and measured results.
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6.1.4 SMT Measurement Challenges
Before transitioning this chapter into specifics of each antenna feeding network, there was a detrimental
discovery made while attempting to measure both structures. It was previously shown in Chapter 2’s Figure
2.8-4 that the 300µm via leads used in SMT applications were sometimes “absent” from the LTCC stackup which also revealed itself in these networks. After carefully soldering both antenna feeds onto their
respective prototyping PCB’s, a continuity check was done to ensure all solder joints made electrical
connections with their ports. However, the small force exerted onto the PCB while twisting the coaxial
cables onto the SMA connectors resulted in open circuits for almost every port. A closer examination, as
illustrated in Figure 6.1-4, revealed that the 300µm vias had “popped” out of the LTCC with little to no
external force. These images use GNSS antenna feeding network ‘A’’s solder joints as an example.

a)

b)

Figure 6.1-4: Wide a) and focused b) views of GNSS antenna feeding network ‘A’’s broken SMT I/O solder joints.

To emphasize the significance of this discovery, several preemptive measures were taken to ensure the
structure was properly mounted to reduce the probability of damaging leads. In order, the PCB reflow
process consisted of installing the SMA connectors, soldering the PCB-LTCC ground plane to tack and
connect the structures, individually soldering leads to their respective TLs, and checking for open or short
circuits. A post reflow check was performed a redundant amount of times, consistently indicating that all
ports were not short nor open circuit. The problem persisted even with antenna feed ‘B’, which was
ultimately removed from its prototyping PCB so that a closer examination of this issue could be seen.
Microscopic images of the damaged ports from feed ‘B’ were captured in Figure 6.1-5 below.
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a)

b)

c)

Figure 6.1-5: Bottom view of GNSS antenna feeding network ‘B’’s I/Os whose 300µm SMT via leads popped out.
a) & b) SMT I/Os with vias and partial traces missing c) SMT I/O with a hollow via.

It’s evident that our technique of placing 300µm vias at the edge of LTCC and shearing them to create
SMT leads is a poor solution for realizing surface-mount devices. The vias are extremely brittle and have
tendencies to damage the ports traces as demonstrated in Figure 6.1-5. Given that this work is the first time
both I and the LTCC foundry have attempted to make these types of SMT leads, the results are unsurprising,
but are extremely valuable for future developments or researchers attempting to do the same.
To try and determine the points of failure, the results were brought forth to the LTCC technician from
ÉTS leading to a conclusion on what should have been done instead to mitigate recurring issues. Three
suggestions were made: i) via catch-pads be installed on all four layers of the vias rather than just the top
and bottom layers (can be seen in Figure 6.1-2 a)), ii) cut the via’s 50µm away from the center toward the
die’s edge, and iii) stack the 300µm vias with one or two standard 150µm vias. All three suggestions
technically provide additional anchorage for the SMT leads with the ceramic. These suggestions are
relatively simple and trivial to design around, however the impedance changes on the ports would most
likely be much greater than that of the original design; requiring some sort of optimization metrics to take
place. Figure 6.1-6 below demonstrates a CAD drawing of the ‘Lumped’ splitter’s SMT I/O that was
remodeled to reflect these suggestions.
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Figure 6.1-6: CAD drawing of a revised SMT I/O for improved via anchorage to the ceramic.

Despite the discussion and suggestions, it is still uncertain what the next logical step to realizing a SMD
would be. That is, if this solution should be reattempted but reinforced with these recommendations, or if
some other form of castellation should be explored. Commercially available LTCC dies tend to use fully
penetrating through vias or side wall brazing to achieve SMT, so perhaps these two options might be of
more interest in future developments. However, these methods were originally deterred since they eliminate
a larger portion of a die’s shield.
With regards to the implications this discovery had for the antenna feeds presented in this work, SMA
based measurements were no longer an option given the extreme damage inflicted onto the dies and RFprobing was used instead. The primary reason for using SMA based measurements was to ease the process
of measuring 5- and 8-port devices with the 4-port RF-probeable setup. Probing feed ‘A’ was relatively
simple since a copy of the die with RF-probeable I/Os was fabricated as a contingency plan where the 5th
port was terminated by the dual-probe in Figure 2.6-2 b). Unfortunately, this was an accuracy trade-off, as
the PCB’s dielectric properties were not accounted for in the measurements. However, testing feed ‘B’
presented a much larger issue. Only 7 probes were available (falling short of the 8-port requirement), and
the only other die was internally short during fabrication (Chapter 2). After removing the die to observe the
vias in Figure 6.1-5, the circuit and its ports were extremely damaged. Three of the damaged ports were
unmeasurable, so they were terminated by 50Ω 0402 resistors while the other 5 were RF-probed.
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6.2

GNSS Antenna Feeding Network ‘A’

This section presents GNSS antenna feeding network ‘A’ in LTCC – the first of two feeding structures
developed in this work. Network A’s original schematic in Figure 2.2-4 is frequently referred to throughout
this section. The circuit consists of 4 inputs and a single output and of which, all four inputs feed to two
90° hybrid couplers which both feed a single 180° hybrid coupler. To reiterate previous discussion, this
circuit’s purpose is to feed a single GNSS antenna with 4 ports in a -90° sequential phase difference to
excite RHCP for 4-port antennas such as DRAs, PQHAs, etc.
Miniaturization was achieved by simply housing and connecting the arrangement of couplers and
reusing the stand-alone LTCC circuit’s in Chapters 4 and 5. Other design goals such as SoP, SMT, and full
shields were fundamentally realized by following the self-defined mutual design considerations outlined in
the previous section. Though designing the network in LTCC required the implementation of several
techniques specific to this network such as orientation of ports, TL design, and shield reduction.
The following sections introduce the final design of network ‘A’ in LTCC, and the methods used to
achieve its structure. In addition, the prototyping PCB designed specifically for this network that was used
to measure its performance will also be presented. Simulations and measured results of the network are
compared afterward and are followed by concluding remarks.

6.2.1 LTCC Layout Design & Fabrication
Most of the technical work has already been completed by isolating the designs for the two coupler’s that
makeup this network’s composition. All that remains is arranging the couplers to realize a structure that
adheres to the underlying goals of creating a miniaturized, SoP, surface-mountable, and fully shielded
device that is suitable for GNSS applications.
Figure 6.2-1 through Figure 6.2-4 illustrate multiple views of network ‘A’, including HFSS® models
and images of the fabricated die. A clear portrayal of the network can be seen through these images,
including a top view of the circuit’s model with the shield removed to indicate the 90°/180° couplers, SMT
I/O ports, TLs interconnecting the couplers, and surface-mounted 50Ω 0402 resistor terminations.
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Figure 6.2-1: Fully-shielded isometric HFSS® model of GNSS antenna feeding network ‘A’.

a)

b)

Figure 6.2-2: Top-views of GNSS antenna feeding circuit ‘A’ in LTCC
a) Unshielded HFSS® model (Port #’s refer to Figure 2.2-4) b) Exposed layer prior to collating and co-firing.

a)

b)

Figure 6.2-3: Top a) and bottom b) views of GNSS antenna feeding circuit ‘A’ cut into a SMT LTCC die.
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a)

b)

Figure 6.2-4: Top-view of GNSS antenna feeding circuit ‘A’ mounted onto an FR408HR prototyping board.
a) HFSS® model b) Photograph of feeding network soldered onto PCB with SMA connectors.

From the HFSS® models in the figures above, it’s evident that a very simple approach was taken to
design the layout. On the left-hand side, two 90° couplers from Chapter 4 are seen overlapping, such that
the through and coupled ports of the bottom and top couplers feed to TLs while their adjacent ports are
terminated by 0402 50Ω chip resistors. Shields of these two couplers were merged in order to reduce the
structure’s overall size and mitigate coupling between their independent structures while still maintaining
the original design from Chapter 4. Moreover, the ‘Parallel’ quadrature coupler makes its debut to take
advantage of its adjacent orientation of ports. Internal TLs labelled ‘TL1’ and ‘TL2’ from Figure 6.2-2 were
designed with 50Ω characteristic impedances and identical electrical lengths. The physical length of the
upwards meander on ‘TL2’ was the parametrization metric to match the line phase delays. As previously
stated, the TLs are CPWGs, but specific to this feed they are surrounded by vias stitched between the ground
planes to equalize the ground currents given the discontinuities introduced by the several meanders. These
TLs then connect the 90° couplers to the single 180° coupler from Chapter 5 at the 0° and 180° ports. A
50Ω chip resistor terminates the 180° coupler’s isolated port, thereby completing the schematic from Figure
2.2-4. Apart from the termination chip resistors, the layout is fully-shielded – such that all couplers and TLs
are embedded within a shield and has exposed I/O’s intended for SMT measurements.
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6.2.2 EM Simulations & Measured Results

a)

b)

c)

d)

e)

f)

Figure 6.2-5: EM simulations vs. measured results of the LTCC antenna feeding network ‘A’ RF-probeable circuit.
a) Reflection coefficients b) Transmission coefficients c) Output quadrature phase differences
d) Output amplitude unbalances e) Isolation between adjacent inputs f) Isolation between farthest inputs.
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Plots in Figure 6.3-4 portray the simulated vs. measured results of the antenna port reflection coefficients,
transmission coefficients/insertion losses, progress -90° phase delays (relative to P3 at -90º, -180º, and 270º), amplitude unbalances, isolation between physically adjacent ports (P1/P2, P2/P3, and P3/P4), and
isolation between ports at a maximum distance (P1/P3 and P2/P4). Overall, the simulated and measured
results are in very good agreement – as expected given the reuse of the two couplers previously shown to
have good correlation between simulations and measured results (Chapters 4 and 5).
For proper operation of this feeding network in particular, the crucial frequency response aspects are the
insertion losses, progressive phase unbalances, and amplitude unbalances. Ideally, all four inputs to the 4port antenna are equally fed in terms of signal amplitude but are differentiated by a sequential -90° phase
delay granted they have a large effect on the antenna’s AR and GNSS receiver’s NF. Table 6.2-1
summarizes the simulated and measured results, indicating a sufficiently performing feeding network for
right-hand circularly polarizing a single 4-port antenna. Near perfect quadrature phase was reported for all
four antenna ports across both GNSS bands, reaching a phase delay maximum of 2.1°, minimum of 0°, and
typical of 0.8° relative to ‘0º’ port P3. Amplitude unbalances and IL were found to be slightly higher in
terms of their max and mins, though acceptable for typical measurements. This observation was expected
however, given the findings from Chapters 4 and 5 that the coupled signal paths for both couplers incurred
slightly higher than expected IL. Reflection coefficients and isolation between adjacent or far inputs are
also well below the -15dB microwave standard for all best, worst, and typical case scenarios.
Table 6.2-1: EM simulations vs. RF-probe measurements of GNSS antenna feeding circuit ‘A’.

EM Simulated (best, worst, typical)
GNSS
Reflection
Insertion
Relative
Amplitude
Adjacent
Frequencies
Coefficients
Losses
-90° Phases
Unbalance
Isolations
(MHz)
[-dB]
[+6dB]
[°]
[|dB|]
[-dB]
1165-1295 31.1, 16.1, 22.5 0.1, 1.3, 0.7
90, 92.1, 91
0, 0.9, 0.5
32.3, 16, 22.1
1560-1606 32.5, 17.7, 23.3
0.4, 1.7, 1
92.7, 93.2, 93 0.6, 1.2, 0.9 33.2, 13.5, 22
RF-Probe Based Measurements (best, worst, typical)
1165-1295 23.2, 15.8, 18.8 0.1, 1.7, 0.8
90, 92.1, 91
0, 1.1, 0.57 34.4, 19.3, 24.6
1560-1606 47.1, 16.4, 23.9
0, 1.9, 1.1
90, 91.2, 90.6 1, 1.8, 1.4 29.6, 16.9, 24.1
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Far Input
Isolation
[-dB]
33, 31.2, 32
34, 31, 33
34, 26, 30
31, 26, 28.5

6.2.3 Conclusions & Contributions
By individually designing 90º/180º hybrid couplers in previous chapters, and interconnecting their ports
specific to Figure 2.2-4, a highly miniaturized and amply performing 4-port antenna feeding network for
GNSS applications has been demonstrated. Final dimensions of the fabricated die are 15.85mm x 10.74mm
x 1.28mm with a total volume of 217.9mm3. Granted that co-fired resistors were shown in Chapter 2 to be
impractical for internal use, it’s reasonable to conclude that the network’s structure is fully embedded within
a 3-D shield to the best of LTCC’s ability; such that all three couplers and interconnecting TLs are
sufficiently protected from external interference. In its current state, this die could be easily integrated with
an antenna since it’s a SoP design, where it could be surface-mounted onto the underside of a PQHA PCB
while sufficiently protecting itself from antenna back radiation or active circuitry in the receiver.
A comparison can be drawn with the form factor of the same antenna feeds from the literature review
in Chapter 1. It’s evident that the proposed design in this work is much smaller than most others, even when
taking into consideration the PCB TLs in planar topologies. Prior to this work, the smallest known design
of this feed (Figure 1.3-6 c)) consisted of two Anaren® 90º couplers [18] and a miniaturized TL based 180º
coupler occupying a surface area of ~320mm2 [25]. With this newly proposed design, the feeding networks
surface area was effectively reduced by nearly half (~170mm2). Up until September 2019, this design of
network ‘A’ was believed to be the first ever 4-port GNSS antenna feed developed in LTCC whose die
occupied the least known amount of volume; but was surpassed when [27] was published (Figure 1.3-7).
Hence, GNSS antenna feeding network ‘A’ as proposed in this chapter can be defined as the second of its
kind to ever be developed in LTCC technology. In addition, it occupies the second smallest known volume
of 217.9mm3, compared to [27]’s 185.5mm3. However, it may be concluded that this slight volume
difference is negligible given its fully-shielded features. Table 6.2-2 compares the size and performances
of the four best known feeds (Chapter 1), indicating that the proposed design’s key electrical characteristics
supersede every design of comparable stature. Therefore, this chapter has validated course for defining this
design as a completely novel and high-performing 4-port antenna feeding circuit for GNSS applications.
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Table 6.2-2: Performance/size comparison of the proposed and most competitive 4-port antenna feeding networks.

Reference
Proposed
Design
[22]
[25]
[27]

Frequency
Range
[MHz]
1165-1295
1560-1606
1150-1650
1150-1600
1200-1600

Insertion Amplitude
Losses Unbalance
[+6dB]
[|dB|]

Relative
-90° Phases
[°]

Size
(mm x mm x mm)

FullyShielded?

0.95

0.98

90.8

15.85 x 10.74 x 1.28

Yes

1.5
> 1.0
1.0

1.0
0.6
0.8

93.0
93.0
100

22.1 x 20.32 x 6.35
40 x 8 x 2.72
9.2 x 8.4 x 2.4

No
No
Partially

Any GNSS receiver utilizing a 4-port antenna will be given new advantages with the huge size reduction
and SoP design offered by this proposed network. More PCB real-estate is available for housing the rest of
the GNSS receivers circuit components, design/integration is simplified, and the BoM is significantly
reduced. Rather than designing multiple distributed circuits or footprints for several chips, only a simple
layout needs to be designed with trivial 50Ω TL feeds of equal length and a SMT landing for the die. In
addition, the only materials to purchase are three 0402 50Ω chip resistors which can be argued as the
cheapest components in the electronics market.
If desired to obtain recognition for the smallest single 4-port antenna feeding network, Chapter 7
provides suggestions for potential ways to further reduce the proposed network’s size, as well as increase
its performance.
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6.3

GNSS Antenna Feeding Network ‘B’

The final circuit developed with LTCC technology is presented in this section. Namely, GNSS antenna
feeding network ‘B’ is proposed, whose design is the final circuit necessary for satisfying the fundamental
thesis goals. Recalling the system level schematic from Figure 2.2-5, this 8-port network is more complex
than ‘A’, consisting of four input ports, output ports, power dividers, and -3dB 90º hybrid couplers. Instead
of targeting a single antenna application, this network feeds an array of four single-port LP antennas with
phase delays of 0º and 90º to provide RHCP over the GNSS spectrum. The network’s layout consists of the
‘Lumped’ dual-band power splitter from Chapter 3 and a slightly modified version of the ‘Orthogonal’
quadrature coupler from Chapter 4; as opposed to using the ‘Parallel’ 90º coupler and 180º ‘Rat-race’
coupler from Chapter 5 in feed ‘A’.
A unique aspect associated with this network’s frequency response is the strong low-pass filtering
augmented by the ‘Lumped’ dual-band power splitter’s duality. Because the signal path for each antenna
throughput is identical and injects a signal into at least one power splitter, upper-band interference rejection
is favorably injected to all four antennas. This behavior was demonstrated in Chapter 3’s Figure 3.1-13,
which will be evident once again later on but along the transmission coefficients respective to the network.
Familiar features such as miniaturization, SoP, SMT, and a 3-D shield were realized in this network by
utilizing the mutual design considerations defined earlier in this chapter. Although like the previous feed
the design method was to simply interconnect individual stand-alone circuits (i.e. splitters and couplers),
several challenges arose before these features could be properly implemented. Throughout this section,
brief conversation highlights these specific design and post-fabrication challenges. First, the LTCC layout
and prototyping PCB are shown, followed by simulated/measured results, and concluding remarks.

6.3.1 LTCC Layout Design & Fabrication
Figure 6.3-1 and Figure 6.3-2 illustrate shielded and unshielded HFSS® models of feeding network ‘B’
submitted for fabrication. Figure 6.3-2 includes multiple labels to identify the location of the four couplers,
four splitters, and eight 0402 chip resistors soldered onto the uppermost layer.
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a)

b)

Figure 6.3-1: Fully shielded views of GNSS feeding circuit ‘B’ HFSS® models in LTCC.
a) Isometric view b) Top-view

Figure 6.3-2: Unshielded top-view of GNSS antenna feeding circuit ‘B’ HFSS® model in LTCC.
Port #’s refer to Figure 2.2-5.

Ports P1 – P4 are defined as the inputs and ports P5 – P8 as the outputs (antenna ports) – all of which are
fitted with SMT leads and are placed along the die’s cut lines. Figure 6.3-2 illustrates the clearest example
of the network’s layout construction, where the four ‘Lumped’ power splitters can be seen in each corner
which individually feed two independent 90º couplers located along the X- and Y- axis centers. Each of any
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splitter’s outputs connect to either the 0º or 90º ports of separate quadrature couplers. Isolated coupler ports
and splitter isolation networks are terminated/equipped with SMT 50Ω/100Ω resistors respectively.
By observing ports P5 – P8, the orientation of these ports can be seen to resemble that of the ‘Parallel’
topology, whereas the coupler’s other three ports belong to the ‘Orthogonal’ definition. The major design
challenge with this network was choosing the most appropriate method of placing the eight individual
circuits. Because the network’s ports must lie along the die’s cut lines (as emphasized in Figure 6.1-2),
while also realizing elegant internal connections between the splitters and couplers (Figure 6.1-3), the best
option was found to flange the output ports on all four couplers. The drawback with this decision is simply
a performance trade-off granted that this issue was not foreseen when developing the quadrature coupler in
Chapter 4. That is, the quadrature coupler with three ‘Orthogonal’ and one ‘Parallel’ ports was not
optimized – ultimately leading to a lesser performance from the 90º coupler compared to its original.
The splitter-coupler connections consist of internal asymmetric CPWG TLs with 50Ω characteristic
impedances printed onto the structure’s 8th layer. Widths of these TLs are thinner than those used in feed
‘A’ and stitching vias were not used. To push miniaturization of the network, the individual circuits, and
consequently their shields, were placed in very close proximity to the lines. It is well known that a CPWG
in closer proximity to a ground conductor lessens the impedance of a microstrip TL [10], therefore the
widths were reduced to increase their impedances to counteract the closely spaced shields. Furthermore,
stitching vias were absent from the TL surroundings granted that the many vias outlining the shields provide
sufficient equalization of ground currents for the meander discontinuities. Stitching vias would have
required the circuits to be spaced further apart in order to satisfy via-via design rules.
Simplicity was an important aspect to the successful realization of this layout; however it took many
revisions and experimentation with different arrangements to reach this conclusion. I believe the design
takes on the simplest possible layout, given the fact that there are only two unique internal TLs – as indicated
by labels ‘TL1’ and ‘TL2’ from Figure 6.3-2. Their electrical lengths are equivalent, such that the ‘U’
meander length in ‘TL1’ was the optimization metric. This design condition implies that if the LTCC
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fabrication was perfect, then all four antennas would see the exact same signal paths since the TLs, couplers,
and splitters are simply mirrored copies of each other along four quadrants.
Figure 6.3-3 shows the SMA based prototyping PCB for mounting the die and measuring the network’s
8-port scattering parameters with the VNA. The PCB design too is relatively trivial, using the same SMT
I/O landing pattern and PCB microstrip TL characteristics defined earlier in Figure 6.1-2. PCB TLs labelled
in Figure 6.3-3 as ‘TL1’ and ‘TL2’ were designed to share equivalent electrical lengths and impedances with
feed ‘A’’s prototyping PCB so that the single calibration kit in Appendix C could be used for both PCBs.

a)

b)

Figure 6.3-3: Top-view of GNSS antenna feeding circuit ‘B’ mounted onto its FR408HR prototyping board.
a) HFSS® model b) Photograph of feeding network soldered onto PCB with SMA connectors.

As previously stated in Section 6.1.4, the challenges faced with the fragile SMT leads resulted in not
being able to use the prototyping PCB given the extreme damage inflicted onto the network’s ports (Figure
6.1-5). Because three of the most damaged ports were terminated by 0402 50Ω resistors, the remaining five
were RF-probed, and the adjacent die was internally short, the accuracy of the measured results presented
in the following section are uncertain. To help clarify the analysis, simulations and measured results were
split into separate plots which are presented in Figure 6.3-4 and Figure 6.3-5 respectively. Only a few
measurements were recorded since the die’s larger dimensions proved rather difficult to RF-probe, however
the signal paths are theoretically identical so sufficient insight to the circuit’s behavior is offered.
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6.3.2 EM Simulations & Measured Results

a)

b)

c)

d)

e)

f)

Figure 6.3-4: EM simulations of the LTCC antenna feeding network ‘B’ SMT circuit mounted onto FR408HR.
a) Reflection coefficients b) Transmission coefficients c) Quadrature phase outputs d) Output amplitude unbalances
e) Isolation between outputs f) Isolation between inputs
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a)

b)

c)

d)

Figure 6.3-5: EM simulations vs. RF-probed measurements of the LTCC antenna feeding network ‘B’ SMT circuit.
a) Reflection coefficients b) Transmission coefficients c) Quadrature phase outputs d) Output amplitude unbalances

Table 6.3-1 summarizes the simulated results from Figure 6.3-4 and does not include the measured results
from Figure 6.3-5. Crucial frequency response characteristics that define the performance of this network
are the transmission coefficients, IL, quadrature phase unbalances, and amplitude unbalances. Acceptable
behavior of these characteristics has been demonstrated from the network’s simulations in Table 6.3-1 and
Figure 6.3-4 for each identical signal path. Insertion loss, quadrature phase unbalances, and amplitude
unbalances across both GNSS bands exhibit typical values of 0.94dB, 87.4º, and 0.87dB respectively.
Moreover, reflection coefficients are sufficiently low at all antenna input ports, and the isolation between
outputs or inputs are all exceptional. Figure 6.3-4 b) also provides clear evidence that the ‘Lumped’
splitter’s LPF duality introduces a strong influence over the network’s upper-band interference rejection.
153

Table 6.3-1: EM simulations of GNSS antenna feeding circuit ‘B’.

GNSS
Frequencies
(MHz)
1165-1295
1560-1606

Reflection
Coefficients
[-dB]
29.6, 18.5, 24
40, 18.3, 27.5

EM Simulated (best, worst, typical)
Insertion
90° Output
Amplitude
Losses
Phase Delays
Unbalances
[+6dB]
[°]
[+dB]
0, 1.4, 0.77 89.3, 84.8, 87.1 0.2, 1.4, 0.77
0.2, 1.8, 1.1 87.1, 88.2, 87.6 0.3, 0.9, 0.97

Input
Isolation
[-dB]
63.2, 18.2, 38
52.3, 22.1, 40

Output
Isolation
[-dB]
82, 25.6, 40
71, 35.4, 55

Measured scattering parameters outlined in Figure 6.3-5 are insignificant in terms of numerical analysis
given the uncertainties previously discussed. However, these plots provide insightful information for
predicting the network’s actual response. Reflection coefficients recorded at ports P1, P2, and P4 from Figure
6.3-5 a) are a true testament to the uncertainties associated with these measurements. A signal incident to
either of these inputs should experience identical loading, though S11, S22, and S44 significantly vary from
one another and are in poor alignment with simulations; particularly across GNSS’ upper-band. Two pairs
of identical signal paths were measured (i.e. S51/S52, S84/S81) to also study the consistency of the splitter to
0º and 90º paths. From Figure 6.3-5 b), c), and d), an obvious correlation with simulated behavior can be
seen for the two pair’s. Respectively, the LPF effect is present along both transmission coefficients, phase
unbalances converge to 90º, and amplitude unbalances are minimal at both GNSS center-frequencies. The
relation between both pairs of signal paths are similar, however they aren’t perfectly identical as
intentionally designed and demonstrated by preliminary simulations. It’s reasonable to assume that this
unexpected behavior is attributed towards impedance changes from damaged ports/parasitic loading from
the ports terminated by 0402 chip resistors, fabricated defects/inconsistencies, and unconventional
measurement techniques.
Ideally, reliable measurements would be obtained from the ‘back up’ die via RF-probing such that an
eighth probe would be acquired (since the SMT leads are too fragile), however the internal short from xrays taken of this die in Figure 6.3-6 could not be located. In Chapter 4 it was found that the quadrature
coupler’s SMT die was defected but had no indication of any ports short to ground. This reinforces the
assumption that this die too could potentially be defected since both of network ‘B’’s dies fabricated
adjacent to each other.
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a)

b)

c)

d)

Figure 6.3-6: X-ray images of the internally short GNSS antenna feeding network ‘B’ die.
a) Wide top-view b) Via side-view c) Splitter top-view d) Splitter-coupler top-view

6.3.3 Conclusions & Contributions
Through the combination of LTCC technology, novel dual-band power splitters, and -3dB 90º couplers, a
highly miniaturized, fully shielded, and SoP antenna feeding network was proposed in this chapter.
Although reliable measurements were unobtainable, a promising display of a network capable of feeding
an array of four single-port LP antennas that is operational over the entire GNSS spectrum has been
demonstrated. To the best of my knowledge, and consideration of the literature review in Chapter 1, this is
the first and smallest network of its kind to be developed in LTCC with dimensions and volume of 20.36mm
x 23.29mm x 1.28mm and 606.9mm3 respectively. Moreover, its LPF duality and full shield offers a unique
degree of interference rejection that hasn’t been seen in feeds of comparable stature.
In conclusion, evidence has been shown to label this design as a novel contribution despite its ongoing
research and development. As such, a second fabrication run to mediate the aforementioned issues and
validate an appropriate response is suggested, with further recommendations outlined in Chapter 7 for future
improvements to this network’s performance and additional miniaturization of its layout.
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Chapter 7
Summary, Conclusions, & Suggestions for Future Work
7.1

Thesis Summary & Conclusions

This thesis has presented the methods, designs, and techniques associated with the realization of multiple
stand-alone RF circuits packaged into individual dies over GNSS’ spectrum. Moreover, the combination of
these circuits was demonstrated to realize two antenna feeding networks for RHCP GNSS applications.
The five fundamental thesis goals as defined in Chapter 1 were miniaturization, efficiency, operational
bandwidth, mitigation of coupling/parasitics, and commercialization. Provided the HFSS® models, images
of fabricated circuits, and measured results, it’s reasonable to conclude that all circuits proposed in this
work have, to a large degree, achieved these goals.
Chapter 2 presented the multi-layer microstrip structure lumped-element library that was used to create
each LTCC realization. Factors such as parasitics, coupling, and symmetrical properties were discussed to
highlight their significance in highly-dense and miniature structures. Their implications were demonstrated
regardless of the topology, while also showing the effects of fabrication inconsistencies outlined by the
analysis of post-fabricated LTCC. Chapters 3-5 leapt into the details associated with topology selection,
theoretical derivations, performance requirements, and EM simulations/measured results for novel standalone contributions to Electrical Engineering. This included highly miniaturized and fully shielded dualband LPF/BPF Wilkinson/LC Ladder two-way power splitters, two-stage cascaded Branch-Line couplers,
and a redesign of an existing Rat-Race coupler for better performance and commercialization potential.
Combination of their structures was then the result of Chapter 6, which presented two novel contributions
of fully shielded, SoP, SMT, and miniaturized antenna feeding networks for GNSS applications.
Many challenges arose through the use of LTCC technology whether it was layout realization, parasitic
or coupling compensation, or fabrication issues. A large effort was put into this thesis to identify these
concerns so that remedial suggestions could be made for future work to greatly benefit future researchers.
The following sections outline these recommendations for future LTCC/GNSS research and development.
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7.2

Suggestions for Future Work

Provided with the information obtained from the fabricated LTCC quality check in Chapter 2, measured
results of numerous dies with varying packages, and thorough discussions with the LTCC foundry, I’m
confident that every design presented in this thesis can be greatly improved. In this final section, a list of
suggestions that pertain to fabrication methods, layout techniques, and stand-alone circuit or network layout
designs are provided. Consideration to the following text will provide researchers interested in continuing
this work with the tools necessary for ensuring correctly manufactured dies, potential solutions for further
miniaturization, and making significant improvements to a circuit’s performance.

7.2.1 Improvements to LTCC Fabrication & Layout Techniques
Offering suggestions to improve individual circuits would be redundant and misleading without first
resolving fabrication issues and layout techniques responsible for the many counts of unexpected results.
Hence, the following list highlights specific issues discovered throughout this work; followed by personal
suggestions/potential solutions to these problems and the gained benefits as a result of their realization:
1. Co-Fired Resistors
Chapter 2’s co-fired resistor case study validated the impractical ±30-50% tolerances inherent to these
structures. These results are unacceptable and greatly jeopardize accurate predictions of a circuit’s
performance under their presence. Accurate co-fired resistors can only be printed onto external layers
and calibrated with laser ablation post-fabrication. But recall that external use is redundant when
considering the same use of chip resistors which also provides no solution to realizing a 3-D shield
without cut-outs. Practical use of these resistors is simply restricted to internal use within the
ceramic/shield for true SoP designs. Presently, I believe the only solution is to initiate a designated
fabrication of just co-fired resistors with multiple geometries and pastes to determine the most
consistent combination that yields the least tolerance. Once this pattern is found, it should be repeated
in another fabrication to confirm reliable DC resistances. This of course is under the assumption that
the same foundry be used; it’s uncertain the co-fired resistor capabilities of other LTCC manufacturers.
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2. Ceramic Warping
Individual layers of stacked ceramic were shown in Chapter 2’s cross-sectional images of the cut-plane
to warp or bend when in the vicinity of particular elements. Extreme cases were determined to be the
result of tall and closely spaced vias, while lesser amounts of warpage can be correlated to larger cofired resistor thicknesses pushing against the ceramic. When the ceramic bends, two significant
problems are created: a) dielectric thickness varies between layers – altering the capacitive/inductive
characteristics of multi-layer elements, and b) ebbs and flows occur on a die’s outermost layers;
preventing a flush mount onto a PCB for example and thus complicating the reflow process for SMT
packages. The solution to completely resolve warping is simple, however it effects the layout of every
circuit in this thesis. The dozens of 14-layer through vias stitched throughout a shield’s perimeter on
all LTCC structure’s must be removed to eliminate warping. Rather than the technique of installing the
tallest and most acceptable amount of vias, the 3-D shield could instead be realized with
staggered/shorter vias. Though vias do not have to be used whatsoever: conductive paste could be
‘painted’ onto a die’s side walls during post-fabrication, actually resulting in a better representation of
an ideal conductor that provides greater rejection to coupling or interference.
3. Layer Alignment
Another significant discovery in Chapter 2’s cut-plane analysis (as well as x-ray images) was the
misalignment of ceramic layers. This led to staggered vias rather than linear stack-ups, which can also
be shown to lessen the effective area of RPPC’s and the position of windings in MLSHIs. Circuit
topologies fundamentally based on maintaining a certain degree of physical symmetry were found to
be the most impacted by misalignment (Chapter 3 and Chapter 4). Since poor alignment was triggered
by deformation of the ceramic sheets during collating and pre-conditioning (Appendix A), the only
solution to alleviate this issue is to have a working relationship with ÉTS. Inexpensive fabrication runs
using different stacking methods need to be overseen until a technique is found to reliably reproduce
stack-ups with perfectly aligned layers. As an example, output amplitude and phase unbalances for both
power splitters in Chapter 3 would be significantly reduced as a result.
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4. Silver Paste Spread
Referencing again Chapter 2’s fabrication quality check, printed silver shapes such as traces, capacitor
plates, inductor meanders, etc. settled in varying geometries and had lengths or widths of ~5–10µm
larger (on average) than designed. Moreover, trace-trace gaps were found to be much smaller as a result
of all other conductors exhibiting larger sizes over the same area of ceramic. As reviewed with the
LTCC manufacturer, this is due to the silver paste naturally spreading outward by 10–15µm; a range
that is typical in ÉTS’ process but is not compensated for in the size/patterns of the masks or stencils
used for each layer (Appendix A). An example of how this can negatively affect a circuit’s behavior
was shown in the isolation network of the ‘Lumped’ splitter in Chapter 3. Because trace-trace gaps
largely influence that network’s design, the isolation between outputs diverged from expected behavior.
Realistically there are two methods to resolving this issue. Conductor sizes and gaps could be decreased
over the range of 10-15µm for multiple ‘dummy’ layers and incorporated into the additional fabrication
runs suggested to fix layer alignment. The size used to create the layer that best resembles the original
design would then be reused to compensate for spread. Alternatively, the same method in this work
could be used, but a more diligent and precise use of laser ablation (also requiring a working
relationship with ÉTS) needs to be ensured to counteract the spread.
5. SMT Packaging
The layout technique used to realize the SMT leads in this work (i.e. shearing 300µm diameter vias)
was proven to be unsuitable for packaging SMDs. A different layout method that anchor’s well to the
ceramic and is durable against tensile forces is recommended. Chapter 6 and Figure 6.1-6 offered a
potential solution to strengthen and modify the original technique used in this thesis, but its suggested
that alternative options also be explored. Commercially available LTCC dies realize SMT I/Os as fully
penetrating sheared vias or externally applied side-walls [18]; both of which should be thoroughly
researched to determine the most robust method.

159

6. Screen Printing vs. Laser Ablation
Originally, the LTCC fabrication method of using screen printing over laser ablation was thought to be
a good tradeoff between an overall increase to circuit size for manufacturing reliability. Though the
rationality behind this decision is now uncertain given the errors produced by screen printing and the
contradicting use of laser ablation to remediate the issues (Chapter 2). Several pieces of literature
insinuated poorer results produced by laser ablation [4] [5] [6] [50] hence leading to this decision. It’s
suggested that future work utilize laser ablation to take advantage of the huge size reduction advantages
it has over screen printing (Table 5.2-1). All circuits can be further miniaturized by significant amounts
without (so it seems) compromising too much circuit performance. In summary, the fact that laser
ablation is used in the screen printing method to fix errors suggests a redundancy in enlarging overall
structure sizes to prevent manufacturing discrepancies that appear regardless of the method.

7.2.2 Specific Suggestions for Circuit/Network Layout Designs
Once the fabrication and general layout issues are resolved, there are several changes that should be made
to the multi-layer layouts of the specific circuits and networks from Chapters 3-6. In order, the following
outlines recommended changes that should be implemented for increased performance and size reduction.
1. ‘Lumped’ Dual-Band Power Splitter
As demonstrated in Chapter 3, both the impedance matching and isolation networks occupy just 10layers of the 14-layer stack-up. The four ‘blank’ layers can be removed once the internal co-fired
resistor fabrication is perfected; thereby also allowing the removal of the 0402 SMT isolation resistor.
Inherently the splitter’s elements would have to be reoptimized to account for stronger shunt capacitive
loading onto the uppermost elements. Two other changes recommended for better realization of this
layout consist of repositioning input port P1 and a remodel of the capacitor shunt between outputs in
the isolation network (i.e. C from Figure 3.1-10). P1 is recognized as an impartial via extending away
and downwards from the feeds common to 𝐿1 and 𝐶1 . Instead, 𝐶1 ’s via closest to the die’s edge can be
elongated downward in between mirrored 𝐶1 /2 + 𝐶2 /2 RPPCs and fed to the port. Second, the slight
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degree of asymmetry inherent to the multi-layer interdigital design of 𝐶 is responsible for any
theoretical amplitude/phase unbalances. Other capacitor topologies that exhibit better symmetry along
all axes should be investigated in an attempt to force the unbalances to zero.
2. ‘LC Ladder’ Dual-Band Power Splitter
A definitive suggestion cannot be made for successful realization of this splitter as it is still undergoing
research and development, however potential solutions are offered that may improve its functionality.
Many redesigns were conducted for this splitter, but all succumb to volatile optimization metrics that
were unable to converge toward a desirable response. This is because the LC elements are based off
resonating characteristics that are codependent on separate structures elsewhere in the layout. Slight
changes to parasitics or mutual coupling are detrimental to their resonances and equivalencies. This can
be slightly mitigated by fixating the codependent elements geometries and sizes while also ensuring
equivalent parasitic or coupling loading; however it is extremely difficult to achieve this in practice.
Perhaps using the multi-layer element library in Chapter 2 is inappropriate for this design, whereas
using designated resonating structures such as embedded cavities [10] [35] or split-ring resonators [51]
[52] [53] may provide a more predictable response.
3. -3dB 90º Cascaded Branch-Line Coupler
The major issue with this coupler is its much larger size than all other dies; subsequently restricting
further miniaturization of both GNSS antenna feeding networks. To put this into perspective, the 90º
and 180º couplers have dimensions of 8.2mm x 5.54mm and 3.78mm x 3.97mm respectively – a three
times greater surface area. Recall that size tradeoffs highlighted in Chapter 4 were taken to suppress
mutual coupling between inductors interfering with unbalance performance. Other topologies were also
explored, where dual-band size implications when translated to an LTCC environment were deemed
too great [46] [47] while alternative wideband topologies were shown in Chapter 1’s literature review
to outperform all aspects of the proposed design. If sufficiently motivated, it’s strongly suggested that
an entirely new coupler is designed based off quasi-lumped element Lange couplers (i.e. Figure 1.3-4
and [19] [21]). Otherwise, actions can be taken to shrink the current layout by increasing the number
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of windings in 𝐿1 and 𝐿2 /𝐿3 from 3- to 5-layers and 5- to 7-layers respectively. This maintains the same
degree of symmetry but increases the MLSHI inductances. All winding lengths can then be reduced,
allowing the structure to be compressed inward (i.e. shunt capacitors will be closer as a result) and thus
significantly reducing the coupler’s width. This will also provide higher Q-factors for the MLSHIs [4]
[5] which may resolve the larger than anticipated IL through the coupled signal path (Figure 4.5-1 b)).
Another suggestion to further miniaturize is the reduction of layers from 14- to 10-layers; a stack-up
shared with the aforementioned ‘Lumped’ splitter proposal. Because all capacitors in this coupler are
shunt and RPPC, a closer coupled uppermost ground plane would increase their equivalent capacitances
as exemplified in Figure 2.5-2 and Equation (2.5-2). All RPPC lengths and widths could then be
reduced to neutralize the additional capacitance thereby reducing the coupler’s overall size.
4. -3dB 180º ‘Rat-Race’ Coupler
Size and performance of this coupler are adequate, and it is not recommended that any significant layout
changes other than modifying the die’s shield vias to mitigate warping. One small suggestion though is
to try and improve the coupled path’s IL (i.e. S21 from Figure 5.4-2) by attempting to increase 𝐿1 ’s
winding occupancy from 3- to 5-layers. However this may be challenging as the MLSHIs dimensions
will have to be reduced or trace widths widened without violating design rules.
5. GNSS Antenna Feeding Network ‘A’
By realizing the 90º coupler layout suggestions above, this network’s overall size will be greatly
reduced. Specific to this feed though, it is recommended that the 180º coupler be rotated such a way
that lengths of internal TLs labelled ‘TL1’ and ‘TL2’ in Figure 6.2-2 a) may be reduced. A nonrectangular die could also be realized as a result, effectively reducing the network’s total surface area.
It is also recommended that ground stitching vias be removed from the internal TL surroundings.
Equalization of current around the TL meanders is likely insignificant given the structure’s small size
ratio to GNSS wavelengths and can be removed without performance tradeoffs. Without these vias,
trace-via gap design rules are eased where TLs can be further reduced, and the three couplers may be
brought closer together.
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6. GNSS Antenna Feeding Network ‘B’
Again, the size of this network is greatly dictated by the 90º coupler’s layout; further emphasizing its
impact on both feeds. The orientation of splitters, couplers, and ports should remain unchanged, but an
effort should be made to reduce the amount of blank space in the die’s four corners and center (Figure
6.3-1 b)). This is ultimately contingent on the new method used to realize 3-D shields since these
pockets of blank substrate were the result of spacing the circuits shields to satisfy design rules.
Given these suggestions for performance enhancement and additional miniaturization, the next step is
fulfilling commercial viability of stand-alone circuits in Chapters 3-5 then integrating both networks with
their respective antenna topologies and GNSS receivers. These two topics are briefly covered in the next
and final section of this thesis.

7.2.3 Commercialization & GNSS Receiver Integration
As GNSS continues to become a global standard, there is huge potential for the stand-alone splitters and
couplers to satisfy the maturing demand of consumers and relevant industries. A promising example comes
from the FCC’s approval of Galileo’s E1 and E5 bands (Table 2.1-1 and Figure 2.1-1) in 2018 – indicating
a growing demand for GNSS products in the enormous aerospace industry. Once a rugged solution is
established for realizing SMT leads, the circuits should be mounted onto commonly used substrates with
different layers, 𝜀𝑟 ’s, and tan(𝛿)’s. Those who augment the least impedance changes to the die’s ports
should be recommended as suitable substrates for implementing these circuits. Figure 7.2-1 illustrates
prototyping PCB examples that were designed with FR408HR to house and interact with the splitters and
couplers from Chapters 3-5. Finally, GNSS antenna feeding networks ‘A’ and ‘B’ should be integrated with
single 4-port and four 1-port antennas to evaluate their performance in a practical setting. Other receiver
elements (Figure 2.2-2) could be substituted with third-party components in preliminary stages. Eventually
though, the entire GNSS receiver should become a single LTCC die realization of feeding networks, filters,
LNAs, and demodulation for true SoP design.

163

a)

b)

c)

d)

e)
Figure 7.2-1: Isometric and top views of stand-alone LTCC circuits soldered onto FR408HR prototyping PCBs.
a) ‘Lumped’ splitter b) ‘LC Ladder’ splitter c) ‘Orthogonal’ 90° hybrid d) ‘Parallel’ 90° hybrid e) 180° hybrid
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Appendix A
LTCC Fabrication Process & Equipment
The LTCC fabrication process follows a specific step-by-step procedure, requiring that each ceramic layer
be independently manufactured in parallel with all other layers in the structure. As such, there are immediate
advantages and disadvantages realized with the parallel nature of the fabrication process.
Production costs are directly proportional to the number of unique layers in the circuit rather than the
inherent cost of materials. This is because highly specialized stencils are required for printing conductive,
resistive, or dielectric pastes onto each layer. For example, a structure with X number of layers that each
contain different conductive trace patterns will require X number of specialized stencils. The same holds
true for layers with unique via drill, printed resistor, and dielectric patterns. Although cost can be reduced
by intentionally designing identical layers and reusing stencils, it is difficult to achieve these circuit designs
in practice. An advantage of the parallel process however is the superb quality control in correcting
manufacturing defects. Any errors found from inspection can be isolated to just a single layer, initiating a
reproduction of that specific layer rather than the entire structure. In fact, this had occurred during the
fabrication of the circuit layers in this work. For large-scale productions, this advantage can save a
significant amount of time and money. A detailed description for each stage of fabrication is discussed in
detail throughout the following text that refers to the typical manufacturing flow chart in Figure A-1 below.

Figure A-1: Flow chart of a typical LTCC fabrication process (Source: [37]).
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Step 1 – Blanking:
LTCC suppliers ship the ceramic in rolls of what’s referred to as ‘green tape’ (a term used to indicate
a flexible sheet of pre-fired ceramic) with varying widths depending on the provider and thicknesses
depending on the application. The tape’s integrity is maintained with an adhesive tape backing. It is
then unrolled and blanked (cut) to square or rectangular shapes for each layer with exact dimensions
required by design. Typically, a high-precision cutting machine is used to blank the tape with the use
of lasers or punching. In this work, the LPKF® Protolaser U3 and Keko® CM machines were used to
blank the pre-fired ceramic using laser milling and punching techniques respectively. See Figure A-2.
Step 2A – Via Punching
After individually preparing each sheet of green tape, holes are formed by laser ablation or
mechanically punched to form electrical connections between layers. In addition, 3mm alignment holes
are punched to assist in the alignment and stacking process later in the fabrication. Holes created by
laser ablation are typically used for smaller applications and can have diameters as little as 80µm
whereas mechanically punched holes are fixed diameters, which in this work were 150µm or 300µm
from the Keko® PAM-S8M puncher in Figure A-2. All vias in this work were mechanically punched
considering the study done in [50]. This suggests the quality of laser ablated holes is significantly lesser
than mechanically punched vias, as evidenced through inconsistent conical drills with varying
diameters rather than consistently punched cylinders.

a)

b)

c)

Figure A-2: a) LPKF® Protolaser U3 laser ablation machine. b) Keko® CM cutting machine. c) Keko® PAM-S8M
punching machine.
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Step 2B – Cavity Formation
Cavity formation is an optional step in the fabrication process, where if required by the application,
laser ablation can be used to remove ceramic to create embedded or exposed slots and cavities.
Step 3 – Via Filling
The empty holes created during the via punching process are now filled with conductive paste to
complete electrical connections between layers. The Keko® P-Series screen printer (Figure A-5) was
used to fill the vias. Centred to the machine is a slab of porous stone with a vacuum underneath, referred
to as a ‘vacuum table’. Each LTCC sheet is set onto a sheet of absorbent paper above the vacuum table
to prevent unwanted leakage of the conductive via paste. A metal stencil with holes punched out in the
exact same position of the vias (unique to each layer) is then placed onto the LTCC sheet. The screen
printer then trails a conductive paste fed squeegee over the metal stencil while the vacuum beneath the
porous stone pulls the paste through the punched holes, thus filling the vias (Figure A-3).

Figure A-3: Via filling process using a screen printer (Source: [37]).

Step 4 – Conductor Printing
Printing the conductive patterns shares a similar procedure with the via filling process from Figure A-3.
The same screen printer and paste applying method is used, but photo-lithography techniques are
included to the process and a meshed stencil with openings for the patterns is used instead. A 13µm
layer of photo-emulsion coating sensitive to Ultra-Violet (UV) light is applied to the meshed stencil
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and the procedure from Step 3 is then redone. Afterward, the sheet is exposed to a masked UV light
identical to the conductor pattern then bathed in a solution to remove any undesired conductive paste.
Before anything further is done with the sheets, they are individually inspected for defects caused by the
process thus far. ÉTS uses the Olympus® LEXT OSL4000 laser scanning confocal microscope optical
metrology tool for visual inspection. If an error is found, the steps above are repeated for the flawed layer.
Step 5A – Collating:
Sheets are manually stacked onto the metal block in Figure A-4 a) using the 3mm alignment holes.
After setting each layer, the adhesive backing (typically mylar tape – Figure A-4 b)) on the green tape
is removed. Note that removing the mylar is a sensitive step that can potentially stretch the sheets and
cause layer misalignment. As mentioned in Chapter 2, this had occurred in this work’s fabrication
process thus leading to poor alignment between layers. Step 5B below is an optional step that can help
reduce stretching. Alternatively, individual sheets are fed into the Keko® stacking machine (Figure
A-5) which automatically aligns and collates each layer. Though this method was not used since the
automatic stacker is known by ÉTS to produce misalignment of up to 5-30µm per sheet.
Step 5B – Pre-conditioning:
Pre-conditioning is an optional step to help compensate for stretching on the green tape when removing
the adhesive backing from the rolls [37]. Depending on the thickness, size, and care taken of the blanked
sheet, the stress may be negligible, and this step can be omitted from the process. However, in the event
stress is significant, the blanked sheets are semi-fired in a convection oven at a low temperature between
80-120°C for a 15-30 minute duration, which varies based on the type of ceramic being used [37].

a)

b)

Figure A-4: a) Manual stacking block b) Green tape sheet and adhesive mylar tape backing
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Step 6 – Laminating:
To ensure a strong contact between the stacked layers, the Keko® pressing machine (Figure A-5)
laminates the layers to form a single structure using an isostatic method. The collated stack-up is
vacuum sealed into a water-proof Electrostatic Discharge (ESD) safe bag and placed inside a hot water
tank. The hot water tank is then pressurized (3000 psi for Ferro A6M) at 70°C for 10 minutes [38]. The
ESD bag is removed from the tank and unpackaged to reveal a tacked stack-up.

a)

b)

c)

Figure A-5: a) Keko® P-Series screen printer b) Keko® stacking machine c) Keko® isostatic pressing machine

Step 7 – Cutting:
If multiple designs or non-rectangular shapes are in the stack-up, they are cut into individual structures
using the same punching/laser ablation machines used in the blanking step.
Step 8 – Co-firing:
The laminated stack-up(s) are then placed onto a flat quartz setter inside the ATV® PEO 603 oven
(Figure A-6) in preparation for the co-firing process. To ensure consistent shrinkage, the co-firing oven
is programmed to follow a very specific temperature profile while maintaining a uniform temperature
throughout the chamber. Temperature profiles follow three specific intervals in consecutive fashion:
‘Burnout’, ‘Firing’, and ‘Cooling’. During the burnout period, the objective is to evaporate unwanted
organic material from the ceramic and exhaust it from the furnace through ventilation. FerroA6M
burnout raises the furnace from room temperature to 450°C at a rate of ≤2°C/minute followed by a 2
hour hold at 450°C [38]. Following burnout, the oven’s temperature profile transitions to the firing
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period and finalizes the stack-up(s) into a solid LTCC block. Firing is the attributing process to the
overall shrinkage, which further raises the temperature to 850°C at a rate of 6-8°C/min then holds for
10-15 minutes at peak for FerroA6M [38]. Finally, the cooling stage is the oven’s transition back to its
natural equilibrium (with the help of ventilation). Following the specific temperature profile is a crucial
step in producing high quality LTCC circuits. If an oven’s temperature deviates from the profile,
inconsistent shrinkage and warpage throughout the structure can occur thus resulting in erroneous
circuit behavior. An illustration of the FerroA6M temperature profile used in this work is presented in
Figure A-6.

a)

b)

Figure A-6: a) FerroA6M co-firing temperature profile. b) ATV® PEO 603 co-firing oven.

Step 9 – Post-Treatment:
The post-treatment process involves adding additional features to the fired structure such as mounting
SMD components onto external layers or wire-bonding dies inside of cavities. Metallization techniques
may also be included but require a re-fire of the entire structure. Such techniques are typically done
with gold paste and are used for brazing, castellation, sidewalls, etc. in order to superimpose extruding
shields or SMT leads.
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Step 10 – Inspection and Testing:
The final step to complete the fabrication process seldomly differs from that of a typical Printed Circuit
Board (PCB) quality check. Electrical checks are done first, consisting of simple open and short circuit
tests following a visual inspection of trace widths/gaps, via diameters, and thicknesses of individual
layers. The latter step is to verify consistent shrinkage throughout the structure that occurred during the
co-firing process. Defects such as short-circuits can be found by x-raying the structures, but it is difficult
to remedy unless the culprit layer is near the structure’s outer boundary. Once approved, measurements
are taken and compared to pre-production simulations for both RF and Direct Current (DC) parameters.

Appendix B
LTCC Shrinkage, Materials, & Properties
B.1 Co-Firing Shrinkage & Paste Spread
Shrinkage caused after the co-firing process is present along all axes of the structure, thus impacting the
post-fired size of the ceramic, via diameters, resistors, conductor widths/gaps, and dielectrics. Figure B-1
shows pre-fired and post-fired LTCC circuits, with x y z deltas indicating shrinkage in each direction.

a)

b)

Figure B-1: a) LTCC stack-up before co-firing b) LTCC stack-up post co-firing (Source: [37]).

Another crucial modification inflicted onto the structure after co-firing is paste spread. Printed elements
such as resistors and conductors – as already demonstrated during the post-fabrication check in Chapter 2,
experience a distribution of their pastes in all directions along the X-Y plane. Unfortunately the datasheets
provided by the manufacturers of these pastes do not specify the exact amount of paste spread and is
typically a range specified by the LTCC foundry. For example, ÉTS expects paste spread of silver conductor
paste anywhere between 5-10µm but can sometimes be more.
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B.2 Materials
Ceramics, conductors, and resistors are prevalent materials found in LTCC structures, each of which hold
their own attributes that define a circuit’s performance. Therefore, this section is dedicated to highlighting
material options and characteristics of those chosen specifically in this work.

B.2.1

Ceramics

Ceramics act as the host substrate in LTCC and are, in general, defined by their relative dielectric constant
and loss tangent when dealing with microwave applications. Shrinkage, however, must also be considered
as it varies on the ceramic type. The LTCC foundry (ÉTS) offers four types of ceramics from suppliers
DuPont and Ferro whose properties are summarized below in Table B-1.
Table B-1: Ceramic properties of available LTCC substrates.

Ceramic
Supplier &
Type
DuPont 951
Dupont 9K7
FerroL8
FerroA6M

Dielectric
Constant
(𝜀𝑟 )
7.8
7.1±0.2
7.2
5.7±0.2

Loss
Tangent
(tan 𝛿)
0.006
0.001
0.002
0.001

Unfired
Thickness
(µm)
50, 114, 254
127, 254
127, 254
50, 127, 254

X-Y
Shrinkage
(%)
12.7±0.3
9.1±0.3
13.5±0.2
15.7±0.3

Z
Shrinkage
(%)
15±0.5
11.8±0.5
30
28-29.7

Compatible
Conductive
Pastes
Silver
Silver & Gold
Silver & Gold
Silver & Gold

FerroA6M was chosen as the substrate used for all circuits presented in this work for a variety of reasons.
The main reason, which is rather unfortunate since the wideband/dual-band LTCC filters in [6] and 180°
LTCC hybrid coupler in [4] were designed on DuPont 9K7, was due to the foundry’s current inability to
receive shipments from DuPont. Ideally the circuits would have also been designed on DuPont 9K7 to allow
filter integration and prevent redesign of the 180° coupler, but tradeoffs had to be made to manufacture the
circuits. Because of this, the decision was made based on a comparison between FerroL8 and FerroA6M.
FerroA6M was chosen over L8 due to its lower dielectric constant and loss tangent, which respectively
provides faster signal propagation and less insertion loss (and thus less added noise to the GNSS receiver).
Both ceramics offer the desired sheet thicknesses and compatibility with mixed metal conductive pastes. In
total, fourteen sheets of 127 µm FerroA6M were used in the fabricated stack-up.
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In the LTCC designer’s perspective, X-Y shrinkage is a negligible consideration for all ceramics since
the LTCC foundry preemptively largens the submitted layouts to accommodate for lateral shrinkage.
Vertical (Z-axis) shrinkage on the other hand requires more attention as it depends entirely on the co-firing
stage and is not considered by the foundry’s technician. Table B-1 shows the vertical shrinkage of
FerroA6M between 28-29.7%, where 28% shrinkage is specified by the ceramic’s datasheet [38] and 29.7%
is specified by the foundry’s datasheet [9]. In fact, it is practically impossible to predict the exact vertical
shrinkage and varies on every production run, so it was assumed to be 29.13% (as recommended by the
ÉTS technician) for modelling and simulations. This approximation assumes that each sheet of 127 µm
thick FerroA6M shrinks to a fired sheet thickness of 90 µm.

B.2.2

Printed Conductors

Rather than stating all available conductors offered by the foundry, this section focuses on the properties of
the metal pastes used in this thesis’ actual fabrication process. FerroA6M supports gold and silver which
can be printed onto the structure since the co-firing peak temperature of FerroA6M (850°C) is below the
melting point of both metals. Gold was not used for monetary reasons; thus silver was printed on all layers,
i.e. top, internal, and bottom. However, different types of silver pastes were used on internal and external
layers, as well as the via filling. Part numbers and important characteristics of the pastes respective to their
applications are given in Table B-2.
The external silver conductor is a high solderability paste and was used to ensure good quality solder
joints when tacking any surface-mount components (i.e. 0402 resistors). Silver printed onto internal layers
and within via cavities seldomly differs from that of the external paste in terms of resistance, however the
actual metal or silver content differentiates their specific uses. For example, in Table B-2, the external silver
paste is < 70% Ag, whereas the internal conductor is > 75% Ag. The remaining metallurgy consists of tin
(Sn) and lead (Pb), whose composition is proportional to the solderability and inversely proportional to
viscosity. Via paste is the purest Ag, making it closest to an ideal conductor. A higher viscosity paste can
be used in the vias while having little effect on the shrinkage since it’s within a constrained environment.
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Table B-2: Properties of the conductive pastes used in the LTCC fabrication.

Conductor
(Application)
Silver
(External)
Silver
(Internal)
Silver
(Vias)

Part Number

Resistivity
(mΩ/sq/1mil)

Silver
Content
(%)

Unfired
Thickness
(µm)

Fired
Thickness
(µm)

Ferro CN-33-391

<1

< 70

9-12

6-9

Ferro CN-33-398

<2

> 75

9-12

6-9

Ferro CN-33-407

<2

> 89

N/a

N/a

Because the ceramic sheets are so small, the fired thickness of the conductors were accounted for in the
EM simulations to provide more accurate results. Specifically, the conductor thickness was modelled to
account for skin depth of surface currents, which in turn increases the precision of simulated losses. For
example, the silver paste occupies nearly 10% of a single 90 µm layer, implying a significant impact on a
circuit’s behavior. It is difficult to predict the fired thickness though, so a comprehensive study was done
in Section 2.8 to compare against the model approximations and actual conductive thicknesses. Though it
was previously mentioned that ceramic shrinkage along the X-Y plane may be ignored during the design
process, via diameters are an exception and are subject to the 15.7±0.3% lateral shrinkage. For example,
150µm and 300µm punched vias are expected to shrink down to 126.6µm and 252.9µm respectively.

B.2.3

Printed Resistors

Four types of resistive paste can be printed onto FerroA6M as offered by ÉTS: each with different
resistivities of 10, 100, 1k, and 10k Ω/sq with Ferro® part numbers: FX87-011, FX87-101, FX87-102, and
FX87-103 respectively. Though printed resistors are an attractive feature in LTCC given their planar and
embeddable advantages over SMT resistor chips, a detailed case study was done in Chapter 2 to research
the co-firing effect on both exterior and interior printed resistors for future implementation.
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Appendix C
VNA/PNA Calibration Techniques
Network analyzer calibration isolates a DUT from its surrounding environment by replicating and removing
sources of error in order to greatly improve measurement accuracy. Common sources of error originate
from undesirable loading on the DUT due to physical properties inherent to measurement equipment. Since
two measurement techniques were employed in this work (i.e. SMA and RF probing), custom calibration
‘kits’ for each method were designed. TRL was the 2-port calibration standard chosen for both kits due its
high level of accuracy, effectiveness at low frequencies [54] [55], and flexibility to unique connective
mediums such as LTCC. TRL consists of three distributed 2-port networks defined as individual standards:
Thru, Reflect, and Line that collectively define two Reference Planes onto the DUT’s measurement ports.
The VNA/PNA de-embeds the response external to these reference planes, yielding isolated scattering
parameters for the DUT. Strict guidelines are associated with designing each network and are summarized
below. Deviation from these standards significantly increase the error injected into the measurement;
implying that manufacturing consistency and satisfying the standard’s requirements are critical for
achieving accurate results.
Thru:
A direct port-port short made by a single 50Ω TL with an electrical length that must not equal 𝜆/4 or the
length of the Line standard. The TL is preferably zero-length for minimal losses and reflections.
Reflect:
Any TL configuration that produces a 180° phase shift between two ports, i.e. highly reflective opencircuits or 50Ω TLs with an electrical length of 𝜆/2.
Line:
For wideband purposes, a 50Ω TL with variable length between 20° and 160° over the operational
bandwidth. For relatively narrowband purposes (i.e. GNSS), a 50Ω TL with line length equal to 𝜆/4 at
the centre-frequency. This network must be in series with the TL from the Thru standard, if any.
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C.1 SMA Based TRL Calibration
The PCB in Figure C-1 is the SMA based TRL kit designed specifically for calibrating the VNA when
GNSS antenna feeding prototyping boards ‘A’ and ‘B’ from Figure 6.2-4 and Figure 6.3-3 are the DUT.
The kit was manufactured on the same 4-layer FR408HR panel as the prototyping PCBs to mitigate errors
from production inconsistencies. This particular kit de-embeds responses intrinsic to the FR408HR
substrate, microstrip TLs, coaxial cables, SMA connectors, and VNA. After calibrating the VNA with this
kit, the measured results reflect the frequency response of the individual LTCC antenna feeding circuits
rather than the performance of the units while soldered onto a PCB. The GNSS prototyping PCBs are related
to this kit by the position of the reference planes defined by the Thru, Line, and Reflect networks in Figure
C-1 (in order from top to bottom). That is, electrical length 𝜃1 defines the position of the two reference
planes which are centered to the 50Ω TL in the Thru network and separated by a TL with line length 𝜃2 =
𝜆/4 at approximately 1.4GHz (wideband GNSS center-frequency) for the line network.

Figure C-1: HFSS® model of SMA based TRL calibration PCB kit for GNSS feeding circuits ‘A’ and ‘B’.
Note: Image is not to scale. The model’s dimensions were reduced for illustrative purposes. Actual in Figure E-5.

The PCB TL lengths of the GNSS prototyping boards from Figure 6.2-4 and Figure 6.3-3 labelled as ‘𝑇𝐿1 ’
and ‘𝑇𝐿2 ’ are equivalent and were designed to share this similarity with 𝜃1 . Since 𝑇𝐿1 ° = 𝑇𝐿2 ° = 𝜃1 , the
reference planes are positioned exactly onto the I/O’s of the LTCC structures, thus de-embedding most nonLTCC responses and yielding measurements for only the GNSS antenna feeding circuits.
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C.2 RF Probe Based TRL Calibration
Figure C-2 illustrates the RF probe based TRL kit realized as CPWG transmission lines with closely spaced
ground vias to minimize return current loops. This kit was designed for universal use – to calibrate the PNA
for all stand-alone LTCC circuits in this work, i.e. power splitters, quadrature couplers, and rat-race
couplers by de-embedding the RF probes, coaxial cables, and PNA. Layout of the standards slightly differ
from that of the SMA equivalent from Figure C-1, such that GSG RF probe landing pads are included at
both ports with 150µm wide signal conductors that taper to a 50Ω width. Reference planes are located at
the terminated end of the tapers as defined by the quarter-wavelength TL in the Line standard (𝜃1 ), the
direct port-port short in the Thru standard, and the open-circuit Reflect standard.

Figure C-2: RF probe based TRL calibration kit for all RF probeable LTCC circuits.
Note: Image is not to scale. The model’s dimensions were reduced for illustrative purposes.

All RF-probeable LTCC circuits have equivalent signal conductor widths and ground spacing as the RF
probe landing from the kit above. Ideally, the 150µm tapered TLs used in all three standards should be zerolength to prevent the PNA from de-embedding partial length of the packaged LTCC circuit’s I/O’s.
However, this is challenging however given the miniscule dimensions of the RF probe landing, so to prevent
inaccurate measurements, the taper length was reduced to a length of just 150µm and the RF probes were
slightly offset horizontally, such that the GSG tips of both probes were in contact with each other.
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Appendix D
Dielectric Constant Characterization Techniques
(Microstrip Ring Resonators)
Microstrip Ring Resonators are distributed two-port circuits used for extracting the dielectric constant (𝜀𝑟 )
of a substrate. Although the 𝜀𝑟 was provided [38], validation is still encouraged given the many sources of
error associated with fabrication. There is also uncertainty with respect to the reliability of the LTCC
manufacturer’s 𝜀𝑟 characterization since structures largely vary between designers (i.e. different number of
layers, sheet thicknesses, fabrication processes/equipment, shrinkage, etc.). In the event of unexpected
measurements, knowledge of the substrate’s actual dielectric constant can be used to help identify if the
realized substrate is responsible for a circuit’s deviating response from simulations.
The physical layout of an MRR consists of a circular 50Ω TL with a circumference equal to exactly one
guided wavelength, λg at some fundamental frequency, fn where n = 1, 2, 3, … harmonic Self Resonant
Frequencies whose ports are excited by edge-coupled feeds. Each harmonic SRF is equal to n multiples of
the fundamental frequency since the ring is a continuous full guided wavelength TL that generates
periodically occurring standing waves. Two MRRs were designed to extract 𝜀𝑟 from the FerroA6M LTCC
substrate at fundamental frequencies 𝑓𝑛,1 = 4GHz and 𝑓𝑛,2 = 5GHz (Figure D-1). Since 1.165 – 1.606GHz
is the band of interest, the most accurate depiction of the dielectric constant would instead require taking
the average dielectric constant of multiple ring resonators with circumferences that span this band.
However, to save valuable board space, the ring resonators were designed to resonate at higher frequencies.
For example, the diameter of a 2GHz ring resonator would be approximately 23.4mm which would span
almost ¼ of the LTCC sheet. Evaluating out of band resonators was justified since the FerroA6M
manufacturer, as well as a key characteristic of LTCC technology, suggests that 𝜀𝑟 is incredibly stable over
an ultra-wideband, as seen in Figure 2.3-3. Other techniques were used to further reduce the size, such as
positioning the common ground plane two layers below the TLs (~180µm) – effectively narrowing the 50Ω
widths to just 275µm and also placing the 5GHz resonator “inside” the 4GHz ring.
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Figure D-1: Top view of the 4GHz and 5GHz MRRs CAD drawing (left) and fabricated MRRs (right) used for
extracting 𝜀𝑟 from FerroA6M LTCC substrate.

The substrate’s actual dielectric constant is obtained by using a VNA to measure n SRFs, i.e. recording
n minima in the transmission coefficients (S21). Measuring and taking the average of multiple resonances
increases the accuracy of the extracted dielectric constant, which for each SRF, the substrate’s effective
dielectric constant is equated by [56] [57] [58]:

𝜀𝑟,𝑒𝑓𝑓 = (

𝑐𝑛 2
)
𝜋𝑑𝑓𝑛

(D-1)

Where, 𝑐 is the speed of light in free space and 𝑑 is the mean diameter of the ring resonator. To convert
each 𝜀𝑟,𝑒𝑓𝑓 to the desired 𝜀𝑟 , the classic effective dielectric constant equation for a microstrip transmission
line from equation (D-2) is rearranged to solve 𝜀𝑟 , satisfying the

𝜀𝑟,𝑒𝑓𝑓 =

𝜀𝑟 + 1 𝜀𝑟 − 1
+
2
2

𝑤
ℎ

> 1 condition [10].

1
ℎ
√
[ 1 + 12 𝑤 ]

(D-2)

To design the MRRs, the mean diameter of the rings are first determined from the theoretical 𝜀𝑟,𝑒𝑓𝑓
obtained by using FerroA6M’s expected 𝜀𝑟 = 5.7 with equation (D-2) – equating to 𝜀𝑟,𝑒𝑓𝑓 = 4.16.
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Equation (D-1) is then rearranged to solve for the mean diameter of both ring resonators, such that 𝑑4 =
11.7mm and 𝑑5 = 9.364mm for the 4 and 5GHz ring resonators respectively. Lastly, RF-probeable edgecoupled feeds are designed to excite the structures, which are simple 50Ω TLs offset from the rings by a
125µm gap. An EM simulation of both ring resonators from Figure D-1 shown in the following plot shows
good agreement with theory, such that resonance periodically occurs at integer multiples of the fundamental
frequencies. That is, the maximum simulated port-port throughput of the 4GHz and 5GHz MRRs occurs at
exactly 4GHz, 8GHz, 12GHz and 5GHz, 10GHz, 15GHz, respectively.

Figure D-2: EM simulated and measured transmission coefficients of the 4GHz and 5GHz MRRs.

It is important to note that unexpected shrinkage induced by the manufacturing process greatly affects
the accuracy of 𝜀𝑟 extracted by these structures. If the MRR circumference changes due to shrinkage for
example, and as a result is not equal to λg, then the change in SRF positions is therefore also dependent on
the shrinkage amount (i.e. ∆λg) rather than just the intrinsic properties of the substrate. The same principle
holds true for the substrate layer thickness and trace width shrinkage (∆ℎ, ∆𝑤). Calculated results of 𝜀𝑟 are
presented in Table 2.8-4 using the frequency response measurements from Figure D-1 and the physical
measurements to correct these uncertainties from Chapter 2.
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Appendix E
Images of All Fabricated Circuits Designed in Thesis
E.1 Fabricated PCB Circuits
The dual center-fed microstrip patch antenna in Figure E-1 operates over GPS’ L1 band (Table 2.1-1). It
was designed and tested to demonstrate the ideal radiation pattern of an RHCP GNSS antenna from Figure
2.2-3, and to emphasize the importance of a feeding network’s influence over an antenna’s radiation pattern
and AR. The feeding network in this example is a simple distributed single-stage quadrature coupler
impedance matched by series-connected quarter-wave transformers. For example, the coupler’s amplitude
unbalance was found to ‘lobe’ the radiation pattern toward one side given an unequal power division. Large
indication of the 90º coupler’s size also emphasizes the degree of miniaturization achieved in this work.

Figure E-1: Microstrip patch L1 GPS antenna.

Prior to designing the dual-band power splitters in Chapter 3 as LTCC solutions, their respective TL and
lumped-element topologies were first verified by their PCB equivalents as shown in Figure E-2.

a)

b)

c)

Figure E-2: a) Microstrip TL ‘Lumped’ splitter b) Lumped-element 0603 ‘Lumped’ splitter
c) Lumped-element 0402 ‘LC Ladder’ splitter
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Images of the prototyping PCBs designed for housing GNSS antenna feeding networks ‘A’ and ‘B’ shown
previously in Figure 6.2-4 b)/Figure 6.3-3 b) can also be seen below in Figure E-3 a)/Figure E-4
respectively. These are images of the PCBs without SMA connectors and LTCC dies to illustrate the boards
raw ground planes for connecting the die and its solderable footprints for SMT I/Os and SMA connectors.
Drills represent 4-layer through vias that connect all four layers to the three underlying ground planes.

a)

b)

Figure E-3: Prototyping PCB for GNSS antenna feeding network ‘A’ a) Top view b) Bottom view

a)

b)

Figure E-4: Prototyping PCB for GNSS antenna feeding network ‘B’ a) Top view b) Bottom view

An image of the fabricated 4-layer FR40HR SMA based TRL calibration kit for feeds ‘A’ and ‘B’ was not
displayed in Appendix C for scaling/cosmetic purposes and is instead provided in Figure E-5.

Figure E-5: Fabricated SMA based TRL calibration PCB kit for GNSS feeding circuits ‘A’ and ‘B’.
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E.2 Fabricated LTCC Circuits
A broader perspective for the LTCC circuits and structures used in this thesis is provided by the images in
this section. The fabricated layout’s CAD drawing in Figure 2.7-1 can be used as a helpful reference. First,
Figure E-6 a) and b) illustrate top and bottom views of five important LTCC structures: RF-probeable TRL
kit for calibration, 4GHz/5GHz MRRs for 𝜀𝑟 extraction, and exposed circuit layers/logos, cut-plane, and
co-fired resistors for the internal/external post-fabrication analysis in Chapter 2.

a)

b)
Figure E-6: Images of fabricated LTCC structures: TRL kit, MRRs, exposed layers, cut-plane, and co-fired resistors.
a) Top view b) Bottom view
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Lastly, all fabricated circuit dies from Chapters 3-6 are shown in Figure E-7 below where a), b), and c)
illustrate the RF-probeable, SMT, and ±1% packaged dies respectively.

a)

b)

c)
Figure E-7: Images of all fabricated LTCC circuit dies a) Nominal RF-probeable dies b) SMT I/O dies c) ±1% dies
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