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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 ï 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, stand-

alone 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 ‐  5.7, ÔÁÎ‏ 0.001, (from 1-2GHz) and a homogenous 

layer thickness of 90µm. 

Simulations were conducted with ANSYSô High Frequency Structure Simulator (HFSSÈ) and 

Keysightôs 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 GPSô 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 GNSSô unique 

dual-band, introducing complex challenges toward the technologyôs 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 ñlowò frequency spectrum, generally defined within the L-band (1GHzï

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. ‗Ⱦτ, ‗Ⱦς, etc.). It is important to emphasize that modern electronics is GNSSô 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 receiverôs 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 ÔÁÎ‏ 

and stable ‐ 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 LTCCôs 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. 
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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 circuitôs 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 circuitôs 

topology and is either wideband or dual-band. Both types are applicable to GNSSô spectrum, though dual-

band 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 ï 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 

GNSSô [7]. Operational bandwidths of the RF circuits should therefore exhibit a frequency range roughly 

limited to that of GNSSô in an effort to aid the receiverôs 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 circuitôs 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). Well-

known 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 lumped-

elements. 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 ñreal-estateò. 

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 Q-

factor 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 GNSSô 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 circuitôs 

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. óLumpedô 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 ï adding valuable upper-band interference rejection to GNSS receivers. 

2. óLC Ladderô 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 ï 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. óRat-Raceô 180° Wideband Hybrid Coupler 

A redesign of an existing LTCC Rat-Race coupler that transitioned the original model to a 

commercially viable product ï 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 (óAô or óBô). 

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 splitterôs 

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 GNSSô 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 

Mini -Circuits® 

SCG-2-242+ 

Anaren® 

PD0922J5050D2HF 

Frequency Range 1000-2400MHz 950-2150MHz 

Insertion Loss 0.8dB 0.7dB 

Output Isolation -15dB -12dB 

Output Amplitude Unbalance 0.1dB 0.1dB 

Output Phase Unbalance 1.5° 1° 

Input Reflection Coefficients -16dB -11dB 

Surface-Area Occupied 2.5mm2 2.63mm2 

Fully Shielded? No No 

SMT Method? Sheared Vias Flip-Chip 

Isolation Resistor Required? Yes, External 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 single-

section [14] Wilkinson power splitters to realize their circuits with 26.4mm2/5.12mm2 surface-areas and 

single-band FBWôs 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 FBWïsize 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 1.3-1ôs 

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 ï 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 

Mini -Circuits® 

QCN-19+ 

Anaren® 

XC1400P-03S 

Frequency Range 1100-1925MHz 1200-1600MHz 

Insertion Loss 0.4dB 0.1dB 

Input Isolation -25dB -30dB 

Input Amplitude Unbalance 0.4dB 0.3dB 

Input Phase Unbalance 92° 94° 

Input Reflection Coefficients -22dB -20.8dB 

Occupied Surface-Area 5.12mm2 32.3mm2 

Fully Shielded? No Partially 

SMT Method? Sheared Vias Sheared Vias 

 

Synonymous to a well-designed coupler, mitigation of amplitude and phase unbalances are of upmost 

importance as demonstrated by Table 1.3-2ôs 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 

óLangeô and óBranch-Lineô 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 ὒ, ὒ and capacitors 

ὅ, ὅ 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. 

Itôs 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 óRat-Raceô/óRing Hybridô, 

óTapered coupled-line hybridô, and óWaveguide Junctionô/ôMagic-Tô 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 thesisô partner, DRDC.  

1.3.4 GNSS Antenna Feeding Network óAô 
 

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 DRAôs 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 networkôs package above is PCB based, its partially shielded and SMT features donôt add too 

much insight to realizing a layout in LTCC. However, itôs 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 PCBôs 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 

antennaôs 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 óAô 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 distributed-

LTCC SMD hybrid into a fully integrated and miniaturized SoP LTCC design. Itôs 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 óAô in first ever LTCC PQHA GNSS applications. 

a) Exploded view of PQHA, feed, and interface b) Exploded view of the feedôs 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 doesnôt offer too much insight for achieving this thesisô 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 networkôs 

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 óBô 
 

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 óBô 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 stand-

alone 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 óLumpedô and óLC 

Ladderô 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 LTCCôs fabrication process, materials, 

properties, and calibration techniques. Itôs 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 ñconstellationsò 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 

GPS 
United 

States 
30 Global CDMA RHCP L1, L2, L5 

GLONASS Russia 24 Global CDMA/FDMA RHCP G1, G2, G3 

Galileo EU/UK 22 Global CDMA RHCP 
E1, E5a, E5b, 

E6 

BeiDou China 23 Global CDMA RHCP 
B1, B1-2, B2, 

B3 

QZSS Japan 4 Regional CDMA RHCP 
L1C/A, L1S, 

L2C, L5/S, L6 

IRNSS/NAVIC 

 
India 7 Regional CDMA RHCP L5 
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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 óLô whereas GLONASS, Galileo, and Beidou bands are prefaced by letterôs óGô, óEô, and óBô 

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 GNSSô 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 (ὖ) 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 ócleanô 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 receiverôs 

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. 

 ὔὊ ὔὊ
ὔὊ ρ

Ὃ

ὔὊ ρ

ὋὋ
Ễ

ὔὊ ρ

ὋὋȣὋ
 (2.2-1) 

Where, ὲ is the number of cascaded stages in the receiver with each stage holding some unique noise figure, 

ὔὊ and Gain, Ὃ  that contribute to the overall noise figure, ὔὊ. NF for passive devices is equivalent to its 

IL  or negative gain (i.e. ὔὊ Ὃ Ὅὒ ), 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 ὔὊ 0.5dB. 

The wideband filterôs 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 ὛὔὙ ȾὛὔὙ . 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 antennaôs 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 (ɗ = 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 ɗ = 0° to 180° and Front-To-Back Ratio (FBR). That is, the HPBW should encompass a majority 

of the hemisphere above the Earthôs 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 ḙ 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 FBWôs 

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 antennaôs 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. 

 
ὓὖὙ

Ὁ —

Ὁ ρψπЈ— Ὁ ρψπЈ—
 

 

(2.2-2) 

 

 
ὓὖὙ

Ὁ —

Ὁ — Ὁ —
 

 

(2.2-3) 

 

Where, Ὁ  and Ὁ  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 FBRôs, whereas vertical object 

reflections are reduced by antennas with lower ARs. Hence, an effective AR has been shown to be 

dependent on the receiverôs 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 óAô and óBô 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 óAô 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 óAô without 

(left) and with (right) the 4-port RX target antenna configurations (DRA or PQHA) for illustrative exemplar. 
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Antenna feeding circuit óAô 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 óBô 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 óBô 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 E-

field 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 

ï as introduced in the next section that transitions this chapter to an introduction of LTCC technology. 



 

 

25 

 

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 ñLow Temperatureò below 1000°C and ñCo-firedò 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 ï including the ceramic stack-

up 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 dieôs 

Input/Outputôs (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], substrate-

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

Figure 2.3-2 is a detailed example of LTCCôs 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/Oôs 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, ÔÁÎ‏ of LTCC substrates vary between 0.001 to 0.006 [9]; suggesting a 

high quality factor, ὗ as the two are inversely proportional. Reactive multi-layer elements such as 

inductors and capacitors greatly benefit from large ὗ-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 substrateôs relative dielectric 

constant, ‐ 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 ‐ and improving the accuracy of high-frequency 

designs. FerroA6M ï the LTCC substrate used in this thesis ï has an ‐ that only ranges between 5.7 

to 6.1 over 1GHz and 100GHz, respectively. 

 

Figure 2.3-3: Manufacturerôs characterization of Ferro A6Môs ÔÁÎ‏ (green) and ‐ (red) [38]. 
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Other advantages worth noting include high thermal stability, hermeticity, solderability, and low thermal 

coefficients [37]. Despite LTCCôs 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 structureôs 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 LTCCôs 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 frequencyôs 

wavelength. Because these circuits operate in the L-band (specifically 1.165ï1.606GHz 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 ὒ, width ύ, thickness ὸ, height Ὤ above a ground plane, and dielectric with an ‐ can be realized as 

an equivalent RF model that consists entirely of lumped-elements. Such elements may be characterized 

with resistive (Ὑ), inductive (ὒ), capacitive (ὅ), and conductive (Ὃ) 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 conductorôs material which in our case is 

silver and was assumed to be a lossless conductor, i.e. Ὑ π and Ὃ Њ. The remaining elements are 

expressed in terms of per unit length. In addition, the shunt capacitor ὅ can be split into two capacitors 

 on both sides of the series inductor ὒ, thus realizing the simplified lumped-element ñ“-modelò in 

Figure 2.4-2. 
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Figure 2.4-2: Microstrip TL equivalent lumped-element ñ“-modelò. 

 

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, ὒ and width, ύ) 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]: 

 
ὅ

ὒ

ὤὠ
 (2.4-1) 
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ὠ
 (2.4-2) 

Where, ὤ is the characteristic impedance of the microstrip TL, and ὠ is the wave propagation velocity 

inherent to the substrate defined by equation (2.4-3) expressed as a ratio with the speed of light, ὧ over the 

effective dielectric constant, ‐ȟ . Note that ‐ȟ  from equation (2.4-4) is conditional to the width and 

height ratio of the TL, i.e. . 

 ὠ
ὧ

‐ȟ
 (2.4-3) 

 

 

 ‐ȟ

ừ
Ử
Ử
Ử
Ừ

Ử
Ử
Ử
ứ‐ ρ

ς

‐ ρ

ς

ụ
Ụ
Ụ
ợ

ρ

ρ ρς
Ὤ
ύ

πȢπτρ
ύ

Ὤ

Ứ
ủ
ủ
Ủ

ȟ ὍὪ 
ύ

Ὤ
ρ 

‐ ρ

ς

ụ
Ụ
Ụ
ợ

‐ ρ

ς ρ ρς
Ὤ
ύỨ
ủ
ủ
Ủ

ȟ ὍὪ 
ύ

Ὤ
ρ

 (2.4-4) 

   



 

 

31 

 

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 multi-

layer microstrip structures that take advantage of LTCCôs 3D abilities. This section introduces the multi-

layer 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, ὅ . 

 

Equivalent capacitors with value ὅ are formed between the overlapping plates and are equated by the classic 

equation for a single parallel plate capacitor: 

 
ὅ ‐‐

ὃ

Ὤ
‐‐
ὰ ύ

Ὤ
 (2.5-1) 

Where, ‐ ψȢψυτὼρπ  (relative permittivity of a vacuum), ὃ  = overlapping area of plates, 

ὰ /ύ  length/width of each plate and Ὤ  separation of parallel plates (~90µm in this work). 
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Itôs clear that the capacitorôs surface area is a direct tradeoff with the volume it occupies, given that the 

equivalent capacitance is an ὲ ρ multiple with the capacitance of a single plate where ὲ is the number of 

parallel plates. That is, the equivalent capacitance of a multi-layer structure may be equated as: 

 
ὅ ‐‐

ὰ ύ

Ὤ
ὲ ρ 

 

(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. Ὤ  then a parasitic ground capacitor is coupled to the plate closest to ground. In 

addition, if the capacitorôs positive node is closest to ground and the other is shunt then ὅ  is an ὲ multiple 

of ὅ rather than ὲ ρ, 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 elementôs ὅ . It can be noted that the TL 

feeds and vias induce series inductance (i.e. ὒ) 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 capacitorôs 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 capacitorôs 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 ñfingersò. Figure 2.5-5 shows a simple example of a planar interdigital capacitor 

with 2.5 finger pairs where, ύ  total width, ύ  = finger width, ὒ  length of overlapping finger region, 

Ὃ  gap between fingers, and Ὃ  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 ὅ  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 capacitorôs mirrored multi-layer configuration. 
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Figure 2.5-7: Isometric view of a 4-layer interdigital capacitor. 

To extract ὅ  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 Keysightôs 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 capacitorôs 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 ñfixedò 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. ὒ, ύ, ὸ, Ὤ) and equivalent ñ“-modelò introduced earlier in Figure 

2.4-2 can be used to realize a TL as an equivalent inductor ὒ with some parasitic capacitance ὅ; 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 lumped-

elements without knowing the TLôs ὤ, hence equations (2.4-1) and (2.4-2) are not used. 
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(2.5-3) 

 

 

 
ὅ ὴὊ πȢςφτ

‐ ρȢτρ

ÌÎ
υȢωψὬ
πȢψύ ὸ

 (2.5-4) 

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. ὒ ὒȟ ὒȟ ὒȟ. This method however 

neglects the discontinuities, which in reality introduce additional inductance to ὒ  and some parasitic 

capacitance ὅ. 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 (ὒ) cannot be ignored when evaluating ὒ  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 ὒ ψὒ ὒȟ ὒȟ ὒȟ. However, this is only an approximation ï the 

structure must be optimized to account for the parasitic capacitance intrinsic to the TL ñ“-modelò and the 

equivalent circuit of the bend for realizing an accurate model. Approximations for ὒ and ὅ are given by 

the following equations [4] in terms of per unit length. 
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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 ὒ . 

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 (Ὠ  labelled as ὅ . Equation (2.5-1) is used to determine ὅ  since the pads 

can be treated as plate capacitors at some height Ὤ above ground with an overlapping surface area of ὃ

“ . The inductance of the via is related to its diameter Ὠ  and height Ὤ  and can be 

approximated by the following equation [41] which is valid for via heights less than 3% of the operational 

wavelength, i.e. Ὤ πȢπσ‗ (this condition holds true for all through/blind vias used in this work). 
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(2.5-7) 

 

Where, А ρȢςυχὼρπ  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, ὒ  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 exampleôs 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 circuitôs 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 ósquareô, 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 inductorôs 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/Oôs 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 PCBôs 

with soldered SMA connectors fed by 50Ý 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 50Ý 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 ï 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/Oôs 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 óSignalô (S), whereas differential probe tips vary between 

Ground-Signal-Ground (GSG), Ground-Signal (GS), Ground-Signal-Signal-Ground (GSSG), Ground-

Signal-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 DUTôs 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 50Ý 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 ï 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): 

Á 3x 4-port to 1-port GNSS feeding circuits óAô (SMT) 

Á 2x 4-port to 4-port GNSS feeding circuits óBô (SMT) 

Á 2x 4-port to 5-port GNSS feeding circuits óCô (SMT) ï not discussed in this thesis. 

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

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

Á 8x óLC Ladderô power splitters (2x SMT, 4x RF, 2x ±1% RF) 

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

Á 10x óLumpedô power splitters (4x SMT, 4x RF, 2x ±1% RF) 

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

Á 8x óOrthogonalô 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: 

Á 1x cut plane ï 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. 

Á 4x multi-layer printed resistors (2x 50Ý and 2x 100Ý) with different geometries. These 

resistors are used to measure and compare the DC resistance tolerance across multiple layers. 

Á 14x exposed circuit layers for measuring trace consistencies, widths, and gaps.  
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Figure 2.7-1: Top view of the layoutôs 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 ï 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 óRFô and óSMTô is the configuration of 

their inputs and outputs. RF circuit I/Oôs 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/Oôs 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/Oôs using the 3-D models of both the RF and SMT óLumpedô 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 óParallelô -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 óParallelô -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 circuitôs 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 circuitôs 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. 



 

 

49 

 

2.8 LTCC Fabrication Quality Check 
 

Co-firing implications and experience of the manufacturer is closely tied to the outcome of LTCCôs 

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 LTCCôs 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 sub-

sections 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 óBô and óCô, as well as one copy of the -3dB 90º óOrthogonalô 

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 itôs 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 manufacturerôs 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 logosô 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 £TSô 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 ñcut-planeò ï 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 ï ~150µm. Layers are also misaligned in the X-Z direction as shown by 

the x-rays in Figure 3.1-15 ï suggesting that itôs practically impossible to accurately measure a viaôs 

diameter with this cut-plane. Still, regardless of layer alignment, these via diameters should be no larger 

than 126.6µm ï which appears to be a common violation given these cross-sections. Another crucial 

observation is ceramic warping between vias. Itôs evident that layers tend to bend near the upper- and lower-

layers 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 couplerôs 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)ôs vias are fully intact, whereas three layers of 

vias are missing from Figure 2.8-4 b)ôs 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 

ï ~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. Itôs 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 circuitôs 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 post-

treatment stage (Appendix A) ï 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 100Ý/Ǐ 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 50Ý and 

two 100Ý 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 50Ý and 100Ý LTCC co-fired resistors. 

Layer 
50Ý_1 

Res. (Ý) 

50Ý_1 

Tol. (%) 

50Ý_2 

Res. (Ý) 

50Ý_2 

Tol. (%) 

100Ý_1 

Res. (Ý) 

100Ý_1 

Tol. (%) 

100Ý_2 

Res. (Ý) 

100Ý_2 

Tol. (%) 

1 34.8 -30.4 37 -26 69.2 -30.8 57.2 -42.8 

2 31.7 -36.6 30.5 -39 59.2 -40.8 51.7 -48.3 

3 33 -34 31.4 -37.2 62.7 -37.3 54 -46 

4 32.4 -35.2 34 -32 65.2 -34.8 56.9 -43.1 

5 31.5 -37 31.4 -37.2 62.6 -37.4 51.4 -48.6 

6 34.4 -31.2 33.9 -32.2 66.5 -33.5 60.6 -39.4 

7 33.7 -32.6 34.3 -31.4 63.6 -36.4 55.5 -44.5 

 

Table 2.8-1 summarizes the measured resistances of the multi-layer 50Ý and 100Ý 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 100Ý_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 co-

fired 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 £TSô Design Rule Check 

(DRC) [9]. Resistors 50Ý_1/100Ý_1 have minimum lengths of 1.015mm, whereas 50Ý_2/100Ý_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) 

50Ý_1| 

(mm) 

50Ý_2 

(mm) 

100Ý_1 

(mm) 

100Ý_2 

(mm) 

Designed 1.015 x 2.03 0.635 x 1.27 1.015 x 1.015 0.635 x 0.635 

Measured (Approx.) 1.03 x 2.4 0.65 x 1.7 1.03 x 1.39 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 pasteôs 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 ï 98µm between the overlapping 

resistors. Resistive paste thicknesses were also obtained, revealing steady results of 20µm ï 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 

ï 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 ï 98µm depending 

on the surrounding environment (i.e. vias, traces, and resistors). However, as demonstrated in the cross-

sections 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 ï 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 ï 16µm, and with a mean value of 7µm. These results are in good 

agreement with the expected 6µm ï 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 stand-

alone 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) óLumpedô 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 

Expected 

(µm) 

Measured 

(µm) 

180º 

Coupler 

Expected 

(µm) 

Measured 

(µm) 

90º 

Coupler 

Expected 

(µm) 

Measured 

(µm) 

ὰ  1361 ~1365 ὰ  870 ~880 ύ  1000 ~1010 

ύ  726 ~740 ὸ  150 ~158 ὰ  1175 ~1180 

ύ  236 ~261 ὸ  125 ~140 Ὣ 565 ~490 

ύ  235 ~155 Ὠ  210 ~215 Ὣ 300 ~230 
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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 +5ï10µm 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: ύ  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 óAô 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 Ὣ , Ὣ , Ὣ  and Ὣ , Ὣ , Ὣ  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. Ὣ Ὣ , Ὣ Ὣ , Ὣ Ὣ ). 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 óAô 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 FerroA6Môs relative dielectric constant to the manufacturerôs 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 ‐ 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 ‐ extracted from both ring resonators for three separate Self Resonant Frequency 

(SRF) data points. Appendix Dôs Figure D-2 plots the MRRôs simulated vs. measured results. Among the 

six SRF points collected between the two MRRs, the average calculated ‐ is approximately 5.61. This 

conclusion agrees well with FerroA6Môs manufacturer characterization of ‐  5.7±0.2.  

Table 2.8-4: Calculated ‐ of FerroA6M with compensated trace widths and substrate heights.  

 4GHz MRR 5GHz MRR 

 n=1 n=2 n=3 n=1 n=2 n=3 

 

Frequency 

(GHz) 

3.94 7.88 11.71 4.86 9.77 14.62 

‐ 5.53 5.53 5.64 5.68 5.62 5.65 

 

2.8.8 LTCC Post-Fabrication Discussion 
 

Many strengths and weaknesses of LTCCôs fabrication have been demonstrated in this section which 

pertain to £TSô 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 10-

15µm. 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 studentsô 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 itôs worth mentioning that warpage near buried resistors was confirmed by the 

technician to be the result of the pasteôs 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 óBô 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 óLumpedô and óLC Ladderô for clarity when referring to one or the other. The óLumpedô splitter duals 

as a low-pass filter whereas the óLC Ladderô splitter duals as a band-pass filter. Respectively, these splitters 

are suited for rejecting neighboring interferes situated along GNSSô 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 óLumpedô and óLC Ladderô 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 2ôs 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 óLumpedô Dual-Band Power Splitter 
 

The óLumpedô dual-band power splitter originates from the work done in [43], which utilizes a dual-section 

impedance transformer that is exceptionally matched to a systemôs characteristic impedance ὤ over two 

designer specified centre-frequencies Ὢȟ and Ὢȟ. Each transformer consists of an ideal transmission line 

with a respective impedance ὤ and length ὰ 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, ὖ to realize a 3-port 

splitter (Figure 3.1-1 b)). It must be emphasized now that maintaining symmetry between output ports, ὖ 

and ὖ 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 ï 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 ὤ, ὤ, ὰ, 

and ὰ. 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 — and characteristic impedance ὤ is given by the following equation [10]: 

 
ὃ ὄ
ὅ Ὀ

ÃÏÓ — ὮὤÓÉÎ —
ὮίὭὲ—

ὤ
ÃÏÓ —

 

 

(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: 

 
ὃ ὄ
ὅ Ὀ

ÃÏÓ — ὮὤÓÉÎ —
ὮίὭὲ—

ὤ
ÃÏÓ —

ÃÏÓ — ὮὤÓÉÎ —
ὮίὭὲ—

ὤ
ÃÏÓ —

 

 

(3.1-2) 

 

And, if both transmission lines share the same lengths such that ὰ ὰ or — — — then, 

 
ὃ ÃÏÓ—

ὤÓÉÎ—

ὤ
 (3.1-3) 

 

 

 

ὄ Ὦὧέί—ίὭὲ — ὤ ὤ  (3.1-4) 

 ὅ Ὦὧέί—ÓÉÎ — ὤ ὤ  (3.1-5) 

 

 

 

Ὀ ÃÏÓ—
ὤÓÉÎ—

ὤ
 

(3.1-6) 

 

The input impedance can then be expressed in terms of the ABCD parameters, which is equal to ςὤ 

during even-mode analysis as shown in Figure 3.1-3. 
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ὤ

ὃὤ ὄ

ὅὤ Ὀ
ςὤ 

 

(3.1-7) 

 

Monzon in [43] algebraically solves equation (3.1-7) to obtain two equations and two unknowns for ὤ 

and ὤ, leading to the design equations as: 

 
ὤ

ςὤ

ὤ
 (3.1-8) 

 

 

 ὤ ὤ
ρ

ς‌

ρ

τ‌
ς (3.1-9) 

Assuming that the transmission line lengths are equal, 

 ὰ ὰ
ὲ“

‍ ‍
 (3.1-10) 

Such that, 

 Ὢȟ άὪȟ (3.1-11) 

  

‍
ς“

‗
 

 

(3.1-12) 

 ‌ ÔÁÎ‍ὰ  (3.1-13) 

   

Where, ά is the centre-frequency ratio, ὲ is an arbitrary integer set to unity for applications when 

ρ ά σ, ‌ is a variable used for simplifying the transmission line impedance in equation (3.1-9), and ‍ 

is the wavenumber of the respective transmission lines. 

In summary, these design equations are obtained by taking the splitterôs input impedance under even-

mode analysis and solving for when it is matched or equal to ςὤ for both centre frequencies Ὢȟ and Ὢȟ, 

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 lumped-

elements 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 lineôs input impedance when terminated by some load impedance ὤ can be 

written by: 

 
ὤ ὤ

ὤ ὮὤÔÁÎ ‍ὰ

ὤ ὮὤÔÁÎ ‍ὰ
 

 

(3.1-14) 

 

Since ὤ π relative to ὤ and ὤ ὤᴂ relative to ὤ , the two respective impedances are determined by 

equations (3.1-15) and (3.1-16) below. Each impedance, including ὤ , must be solved for each centre 

frequency. The following equations use Ὢȟ as the exemplar:  

 
ὤ
ȟ
ὤ
π ὮὤÔÁÎ ‍ὰ

ὤ π
ὮὤÔÁÎ ‍ὰ  (3.1-15) 

 

 ὤ ȟȟ
ὤ
ὤ
ȟ
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ὤ Ὦὤ
ȟ
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 (3.1-16) 
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By substituting ὤ
ȟ
into ὤ ȟȟ

 and accounting for the lumped components , , and ςὅ, then ὤᴂ ȟȟ
may 

be solved such that, 

 

ὤᴂ ȟȟ

ρ

ὤ ȟȟ

ς

Ὑ
Ὦύςὅ

ς

ύὒ
 

 

(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 Ὑ ςὤ and ὤᴂ ȟȟ
ὤ and repeating the derivations from 

equations (3.1-15)-(3.1-17) for Ὢȟ, two equations and two unknowns are obtained for the shunt inductor 

and capacitor with design equations given by, 

 

ὅ

ὄ
ύ

ὃ
ύ

ςύ
ύ

ςύ
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 (3.1-18) 

 

ὒ
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ύ
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(3.1-19) 

Where, ύ ς“Ὢȟ and terms ὃ and ὄ are used to simplify the design equations such that, 

 ὴ ÔÁÎ ‍ὰ  (3.1-20) 

 ή ÔÁÎ ‍ὰ  (3.1-21) 
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(3.1-22) 

 

 
ὄ

ὤ ὤή

ὤήὤ ὤ
 

 

(3.1-23) 

 

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 ὤ, ὤ, ὅ, and ὒ 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 



 

 

69 

 

lower- and upper-GNSS bands are characterized with centre-frequencies of Ὢȟ ρςσπMHz and Ὢȟ

ρυψσMHz, in addition to a standard characteristic system impedance of ὤ υπЏ. To begin the ideal 

design, the guided wavelengths inherent to the substrate were considered, such that: 
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With corresponding wavenumbers, 
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The equivalent lengths for both transmission lines can now be solved, where ὲ ρ since the frequency 

ratio ά ȟ

ȟ
ρȢςω is within the boundary condition of ρ ά σ. Thus, 

 ὰ ὰ
ὲ“

‍ ‍
ḙςυȢχρυ άά 

 

 

Since it is most convenient to use the transmission line electrical lengths, 
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And subsequently, the transmission line impedance design equations are solved: 

 ‌ ÔÁÎ‍ὰ ςυȢπχσ ὶὥὨ 
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It is already known that Ὑ ςὤ, so the remaining unknowns (ὅ and ὒ) for the isolation network are: 

ὴ ÔÁÎ‍ὰ ή υȢππχςυ ὶὥὨ 
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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 óLumpedô dual-band power splitter. 

Component Ideal Value 

ὤ 83.5 Ý 

ὤ 59.88 Ý 

ὰ ὰ 25.715 mm 

Ὑ ςὤ 100 Ý 

ὒ 1.2 nH 

ὅ 10.82 pF 

 

With all the variables of the dual-band distributed/lumped splitter known, the circuit was created in 

Keysightôs 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. 



 

 

71 

 

  

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 óLumpedô 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 óLumpedô dual-band splitter after transformation. 
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3.1.4 Lumped Transformation 
 

The óLumpedô 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 óLumpedô dual-band splitter (12 elements) for LTCC realization. 
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The capacitor at port ὖ with value ὅ has a significant role in the splitterôs 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 circuitôs 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 óLumpedô dual-band power splitter. 

Component Ideal Value 

ὒ 9.36 nH 

ὒ 6.77 nH 

ὅ 2.82 pF 

ὅ 4.0 pF 

Ὑ 100 Ý 

ὒ 1.6 nH 

ὅ 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) ï 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 topologyôs 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 óLumpedô 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 lumped-

element 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: óLumpedô 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, Ὑ).  

 

Figure 3.1-11: Individual lumped-element microstrip structures (with dimension labels) from the óLumpedô dual-

band power splitter. 

Table 3.1-3: Dimensions of the multi-layer lumped-element structures in the óLumpedô dual-band power splitter. 

Schematic Element 

& Topology 

Dimension 

Variable 

Value 

(µm) 

# of 

Layers 

Schematic Element 

& Topology 

Dimension 

Variable 

Value 

(µm) 

# of 

Layers 

ὒ 

MLSHI 

ὰ  1361 
5 

ὒ 

MLSHI 

ὰ  988 
6 

ύ  650 ύ  727 

ὅ 

RPPC 

ὰ  770 
7 ὒ 

Planar Meander 

ὰ 1577 

1 ύ  726 ύ  1304 

ὅȾς ὅȾς 
RPPC 

ὰ
ȟ
 1570 

4 
ύ  235 

ύ ȟ 750 

ὅ 

MLIC 

ὰ 1489 

6 ὅȾς 
RPPC 

ὰ  988 

4 

ύ  1593 

ύ ȟ  774 ύ
ȟ
 150 

ύ
ȟ

 236 ύ
ȟ
 185 

 

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 splitterôs amplitude and phase unbalance. Hence, ὅôs plates were 

centred down the axis of symmetry whereas all other components in the network (ὒ, ὒ, , and ) 

were mirrored on both sides of ὅ. A multi-layer rectangular plate capacitor was used to create ὅ 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, ὰ  and ὰ
ȟ
 were optimization parameters that 

increased proportionally to the feeds of ὅ, 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 ὒ and ὅȾς overlap. Because ὅȾς is shunt and connects after 

ὒ 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, ὅȾς was flanged 

so that it could be fed upwards by ὒ while sharing the shunt via with ὅ. 

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 ÉTSôs design rules. Instead, the 

fundamental design strategy for realizing the isolation network was to overlap elements Ὑ, ὒ, and ὅ by 

connecting them with common through vias and enforcing ὒ and ὅ as interdigital and meander line 

topologies. Since the width of ὅ accommodates the resistorôs dimensions, the only consideration for Ὑ was 

to ensure that it was mounted in a position centered along the axis of symmetry. To ensure that ὒ was 

balanced between outputs, it was designed with an odd-number of meanders (three) with the centre meander 

situated along the axis. In contrast, ὅ 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, ὅ was realized as six-layers so that ὒ could be separated by two-layers rather than just one; 

thereby mitigating coupling between the two elements. Dimensions of both ὒ and ὅ 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 Ὑ 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 óLumpedô dual-band power splitterôs 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 óLumpedô 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: óLumpedô dual-band power-splitter design goals. 

Frequency 

(MHz) 

 

Reflection Coeff. 

(S11)dB 

 

Output Isolation 

(S23)dB 

 

Amplitude Unbalance 

|(S21)dB ï (S31)dB| 

 

 Phase Unbalance 

|(S21)° ï (S31)°| 

 

1165-1295 Ò -15 Ò -15 ± 0.3  ± 5 

1560-1606 Ò -15 Ò -15 ± 0.3  ± 5 
 

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

EM Simulated (best, worst, typical) 
GNSS 

Frequencies 

(MHz) 

Reflection 

Coefficients 

[-dB] 

Insertion 

Losses 
[+3dB] 

Output Phase 

Unbalance 
[°] 

Output Amplitude 

Unbalance 
[|dB|] 

Output 
Isolation 

[-dB] 
1165-1295 42, 21.4, 30.2  0.2, 0.3, 0.2 0.7, 1.8, 1.3 0, 0.1, 0.07 34.9, 9.1, 17.7 

1560-1606 43.2, 22.5, 32.9 0.3, 0.5, 0.4 2.9, 3.1, 3 0, 0.09, 0.06 28.5, 17.8, 22.3 

RF-Probe Based Measurement (best, worst, typical) 

1165-1295 30, 19.8, 23.6 0.3, 0.6, 0.4 1.1, 5, 3 0.2, 0.4, 0.35 33.6, 10.5, 20.2 

1560-1606 43.5, 19, 29.8 0.7, 0.9, 0.8 3.5, 3.7, 3.6 0.38, 0.44, 0.4 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 splitterôs 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 óLumpedô 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 óLumpedô 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 ὒ or ὅ in the isolation network 

described in the following text will cause the bands to shift upwards and away from the two GNSS center-

frequencies. Recalling an exposed picture of the splitterôs single layer in Figure 2.8-9 a), the gap between 

ὒôs meanders (ύ ) was found to be much smaller than originally designed. This realization has lesser 

inductance implications for ὒ given the smaller line lengths between meanders but is also related to the 

distance between fingers from ὅôs interdigital topology. Because ὒ inherently has a lesser quality factor, 

and ὅ 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 óLumpedô splitterôs 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 óLumpedô 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 isnôt 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 splitterôs 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 óBô have been fulfilled. 

 In summary, a miniaturized LTCC power splitter with strong filtering dualities (Ὢḙ 1.75GHz), dual-

band 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 ñchipò 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: óLumpedô dual-band LTCC power splitter die compared to a Canadian dime. 
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3.2 óLC Ladderô Dual-Band Power Splitter 
 

The second dual-band power splitter (denoted as óLC Ladderô) 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 óLC Ladderô splitters were studied denoted as óType 1ô and óType 2ô, 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 centre-

frequencies Ὢȟ and Ὢȟ. The óType 1ô splitter theoretically performs slightly better than that of óType 2ô, 

such that the FBW of óType 1ô 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 óType 1ô 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: óLC Ladderô circuit schematics prior to frequency transformation. a) óType 1ô b) óType 2ô  

Source: [45] 
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a) 

 

b) 

 
Figure 3.2-2: óLC Ladderô circuit schematics after frequency transformation. a) óType 1ô b) óType 2ô 

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 óType 1ô is asymmetric, whereas óType 2ô is perfectly symmetric. 

Elements ὒ and ὅ can be envisioned as stacked components centred down the axis of symmetry. However, 

Ὑ  can be halved and mirrored to both output ports and force óType 1ô to be symmetrical, but only at the 

expense of an additional resistor. Given the sensitivity of these circuits, ὒ was also doubled and mirrored 

to mitigate coupling with capacitor ὅ 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 óLC Ladderô circuit schematics for LTCC realization. a) óType 1ô b) óType 2ô 
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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 ὒ and ὅ. 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 ὒᴂ ȟ ὒᴂ ȟ, ὅᴂ ȟ ὅᴂ ȟ, and  Ὑ ȟ Ὑ ȟ. 

By forcing symmetry to the óType 1ô 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 óType 2ô despite its lesser FBW. It should be mentioned that 

both topologies were designed in LTCC, but only óType 2ô 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 ὒ, ὅ, ὒ , and 

Ὑ . Odd-mode analysis differs between these two circuits, such that some design equations for splitter 

óType 2ô 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: ὒ, ὒ, ὒᴂ , 

ὅ, ὅ, and ὅ .  

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 

óType 2ô 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 óType 2ô 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 óLC Ladderô 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 óType 1ô does not satisfy even-mode requirements in its 

current state since it is asymmetrical, however components ὒ  and Ὑ  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 Ὑ  and ὒ  are open circuit and can be 

omitted. 

 

Figure 3.2-4: Equivalent circuit of both óLC Ladderô splitter types under even-mode excitation. 

(Source: [45]). 

 

Minimum reflections occur when the even-mode input impedance ὤ  is equal to 2 times the 50Ý 

characteristic impedance ὤ. For a single frequency Ὢ, 

 
ὤ ςὤ

ρ

ρ
Ὦςὒ

ρ
ρ
Ὦὅ ὤ

 
(3.2-1) 

 

 

 

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 ὒ ὅ ρ, but were chosen 

as ὒ υπ and ὅ πȢπς 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 ó1ô and ó2ô 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 ï resulting in a shunt at the input port and between outputs. 

  
a) b) 

Figure 3.2-5: Equivalent circuits of óLC Ladderô splitter types under odd-mode excitation. 

a) óType 1ô (Source: [45]) b) óType 2ô 

Again, reflections are minimal when the odd-mode impedances ὤ  and ὤ  are equal to the characteristic 

impedance ὤ for some frequency Ὢ. For splitter óType 1ô, this condition is met when the following 

equation is satisfied: 

 
ὤ ὤ

ρ

ρ
Ὦὒ ȟ

ς
Ὑ ȟ

ς

ρ
ρ
Ὦὅ

ρ

ς
Ὦὒ ȟ Ὑ ȟ

Ὦὅ
 (3.2-2) 

 

 

Given that ὅ πȢπς was chosen during even-mode analysis, equation (3.2-2) was satisfied with parameter 

values: ὒ ȟ ὒ υπ and Ὑ ȟ ὤ υπЏ. Likewise, the impedance matching condition for splitter 

óType 2ô was derived as equation (3.2-3) and was satisfied with parameter values: ὒ ȟ ρππ and Ὑ ȟ

ςὤ ρππЏ. 
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(3.2-3) 
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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 (with respect to GNSS center-frequencies Ὢȟ (‫ 1230MHz, 

and Ὢȟ 1583MHz, that are applied to each reactive element in Figure 3.2-1: 

 
‫ᴂ
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‫

‫

‫

‫
 

(3.2-4) 
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(3.2-5) 
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(3.2-6) 

 

 

Finally, design equations (3.2-7) to (3.2-12) are algebraically determined in terms of ὒ and ὅ as closed-

form expressions for the unknown parameters of both splitter types. It is important to recognize that ὒ ȟ

ςὒ ȟ implied that conditions: ςὒ ὒ ȟ, ὅȾς ὅ ȟ, and ςὙ ȟ Ὑ ȟ must hold true.  

 
ὒ ςὒ ȟ

ὒ

ς“

Ὢȟ Ὢȟ
ὪȟὪȟ

  (3.2-7) 

 
ὅ

ὅ ȟ

ς

ρ

ς“ὒ

ρ

Ὢȟ Ὢȟ
 (3.2-8) 

 
ὒ

ρ

ς“ὅ

ρ

Ὢȟ Ὢȟ
 (3.2-9) 

 
ὅ

ὅ

ς“

Ὢȟ Ὢȟ
ὪȟὪȟ

 (3.2-10) 

 
ὒ ȟ

ὒ ȟ

ς“

Ὢȟ Ὢȟ
ὪȟὪȟ

 (3.2-11) 

 
ὅ ȟ

ρ

ς“ὒ ȟ

ρ

Ὢȟ Ὢȟ
 (3.2-12) 

 

 



 

 

92 

 

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 óLC Ladderô splitters óType 1ô and óType 2ô. 

Circuit Element 

of óType 1ô 
Value 

Circuit Element 

of óType 2ô 
Value 

ὒ 1.45 nH ὒ 1.45 nH 

ὅ 8.97 pF ὅ 8.97 pF 

ὒ 22.5 nH ὒ 22.5 nH 

ὅ 0.58 pF ὅ 0.58 pF 

ὒ ȟ 1.45 nH ὒ ȟ 2.9 nH 

ὅ ȟ 8.97 pF ὅ ȟ 4.49 pF 

Ὑ ȟ ὤ 50 Ý Ὑ ȟ ςὤ 100 Ý 

 

  
a) b) 
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c) d) 

Figure 3.2-6: Ideal ADS® simulation results of both óLC Ladderô splitter types. 

a) Reflection coefficients (red)/output isolation (black) óType 1ô b) Transmission coefficients (red/black) óType 1ô 

c) Reflection coefficients (red)/output isolation (black) óType 2ô d) Transmission coefficients (red/black) óType 2ô 

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 óType 1ô and óType 2ô 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 óType 1ô outperforms óType 2ô 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 óLumpedô splitter, it has been verified that the óLC Ladderô 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 óType 2ô was manufactured, so after confirming the splitterôs 

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 óLC Ladderô óType 2ô 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 óType 2 LC Ladderô 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 óLumpedô 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) óLCô Ladder power splitter in LTCC (excluding shield) with highlighted elements. 

b) Individual lumped-element microstrip structures found in the óLC Ladderô splitter. Labels refer to Figure 3.2-3 b). 

Table 3.2-2: Dimensions of the multi-layer lumped-element structures from the óLC Ladderô splitter. 

Schematic Element  

& Topology 

Dimension 

Variable 

Value 

(µm) 

# of  

Layers 

Schematic Element  

& Topology 

Dimension 

Variable 

Value 

(µm) 

# of  

Layers 

ὅ 
RPPC 

ὰ  788 
4 

ὅ ȟ 

MLIC 

ὰ
ȟ
 1470 

8 
ύ  900 ύ

ȟ
 1250 

ὅ 

RPPC 

ὰ  497 
6 

ύ  125 

ύ  630 ύ  150 

ςὒ 

MLSHI 

ὰ  950 
4 

ὒ ȟ 

Planar Meander 

ὰ
ȟ
 1100 

1 
ύ  950 ύ

ȟ
 1580 

ὒ 

MLSHI 

ὰ  650 
5 ύ  165 

ύ  1060 

 

The impedance matching network is shown to consist of a mirrored layout of MLSHIs (ςὒ, ὒ) and 

RPPCs (ὅ, ὅ) 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 óLumpedô splitterôs (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 óLumpedô 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 óType 2ô óLC Ladderô 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 
























































































































































































