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SUMMARY 

 

Smart systems require both high-performance and miniaturized functional 

components, and their integration into ultra-miniaturized modules and systems. To 

achieve these objectives, this thesis focuses on two key passive-component building 

block technologies: diplexers and EMI shields, for higher performance and 

miniaturization, and their integration with actives using an innovative 3D Integrated 

Passive and Active Components (3D IPAC) concept.  

An innovative structure for thin-film band-pass filters is proposed and analyzed. 

This structure is employed in the design, fabrication, and development of 3D IPD 

diplexers on glass substrates with double-side metallization electrically connected by 

through-vias. Through modeling, design, fabrication and characterization of the WLAN 

3D IPD glass diplexers, the proposed filter structure is shown to enable miniaturized and 

high-performance RF passives. 

Component-level shield structures are developed to provide electromagnetic 

interference isolation between thin-film passives that are placed less than 100 µm apart. 

Four-metal-layered glass substrates were designed, fabricated and characterized to 

demonstrate the shield effectiveness of metallized trench and via-array-based shields. The 

integration of such shields in miniaturized WLAN RF modules enables up to 60dB EM 

isolation in the frequency range of 1- 20GHz.  

Advanced RF module technologies based on 3D IPAC concept were designed and 

demonstrated with ultra-thin low-loss organic and glass substrates, integrating WLAN 

actives with miniaturized diplexer and EM shields. Double-side integration of such  



 xiv 

high-performance components on ultra-thin glass substrates enables up to 8x volume 

miniaturization including 2.5x reduction in area.  

Thus, the advanced components demonstrated in this research, vis-a-vis 

miniaturized diplexers and component-level EMI shields; integrated with actives in  

ultra-thin glass substrates using the 3D IPAC concept, can enable highly-miniaturized 

smart systems with multiband wireless communication capabilities. 
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CHAPTER 1 

INTRODUCTION 

Strategic Need 

The growing need to access information and media content, along with security, 

healthcare and many others, is leading to the proliferation of smart systems such as smartphones, 

tablets, wireless health and environmental sensors, and appliances. As illustrated in Figure 1, 

tens of billions of such systems are estimated to be connected wirelessly with one other in the 

next decade through multiple Radio Frequency (RF) communication standards such as GPS, 

WLAN, GSM and Bluetooth. Integrating multiple wireless standards in phones, watches and 

other wearable electronic systems requires ultra-miniaturized and high-performance, multi-

functional RF modules.   

 

 

 

Figure 1: Estimated number of devices with wireless connectivity. 
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Future  RF Sub-SystemsCurrent RF Sub-Systems

Actives Surface mount Passives

0.5 mm

PWB

0.1-0.25 

mm
30um – 100um Thin Glass Core

PA LNADiplexer

Power 

Passives

 

a)               b) 
Figure 2: Evolution of RF modules: a) Traditional RF modules, b) Future ultra-miniaturized RF modules. 

 

Traditional RF modules [1] feature actives and passives in individual thick packages, 

assembled on  printed wiring boards, as shown in Figure 2a, resulting in low-performance and 

high cost; compared with a glass-based systems realized using 3D double-side component 

integration, envisioned in Figure 2b. To miniaturize and improve the performance of such RF 

modules, several advances in RF actives have been reported [2] over the past three decades. In 

spite of these, only incremental improvements in performance and miniaturization have been 

possible at the module- and system-level. This is because the overall size is dominated by other 

components such as passives, EMI shields, thermal structures and interconnections. Thus, 

performance enhancement, while miniaturizing RF modules, can be realized through five key 

building blocks: a) ultra-thin low-noise high-gain actives, b) thin-film low-loss RF and power 

passives, c) high-density active and passive component integration with minimal electromagnetic 

interference, d) miniaturized and efficient thermal dissipation, and e) interconnections with least 

signal and power losses.  

 

Continuous advances in on-chip design, as mentioned earlier, have enabled 

miniaturization and integration of actives [2]. These include RF actives with very low noise and 

high gain, through optimal design of GaN or CMOS SOI dies, in less than 100 microns 

thickness. Discrete passive components with low-temperature co-fired ceramics (LTCC) have 

provided the best RF performance. However, these components are typically 0.3-0.9 mm thick, 

resulting in module thicknesses of above 1mm. To facilitate passive component miniaturization, 
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a number of low-loss thick-film and thin-film dielectrics are being developed for RF and power 

applications [3, 4]. In addition to such dielectric materials, miniaturization trend among passives 

include array of discretes, and integrated passive devices (IPDs) using silicon and glass 

substrates [5], as depicted in Figure 3.  

 

LTCC Organic

Module trend

Discretes

Array of Discretes
Silicon  IPDs

Embedded Die

POP

Glass IPDs

Passives Trend

1 mm

0.5 mm

0.4 mm

 

Figure 3: Trends in passive and active integration. 

 

Further, to support the functionality and miniaturization requirements of consumer 

products such as smartphones, the system components that are typically mounted on the PWB 

board, are gradually migrating into the package substrates, increasing the package size, cost and 

complexity. Integration of actives and passives is being achieved through a number of embedded 

and non-embedded approaches, as shown in Figure 3. Passive and active integration in RF 

modules traditionally evolved with low-temperature co-fired ceramic substrates. The primary 
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reason is the superior properties of LTCC such as low dielectric loss, low moisture absorption, 

high reliability based on hermetic nature of ceramics, high temperature-stability and ability to 

form complex 3D multi-layered circuits. The technology eventually migrated to organic laminate 

packaging because of cost and higher component density from fine-line and multi-layered 

wiring.  The process in embedding technologies such as wafer level fan-out [6], begins with 

embedding the actives, followed by surface-mounting or embedding the discrete passives. Such 

an embedding structure reduces the total thickness. The drive for form-factor reduction in radio 

sub-systems in both z and x-y direction has led to the evolution of embedded die-package 

architectures with dies facing up or down. This also reduces insertion loss by minimizing 

package parasitics. Embedded wafer-level ball grid array (eWLB) approaches based on fan out 

wafer-level package (FO-WLP) have achieved improved miniaturization and performance.  

 

Both LTCC and organic laminate substrates co-exist in today’s smartphones. Organic 

substrates that are ~0.3-0.5 mm thick form the preferred platform for today’s modules, with up to 

two-metal layers on each side of the core. The lines and spaces are approaching 15-20 µm with 

vias of 100 µm in leading-edge RF substrates. Thin-film embedded passives such as RF 

inductors are seen in organic laminates for certain applications where tolerance is not critical. 

High-performance passives are also made from SAW (surface acoustic wave), BAW (bulk 

acoustic wave) devices that are packaged separately and assembled on the package or board. 

Shielding structures are provided for each packaged device to create isolation between individual 

packages. However, passive component miniaturization with performance enhancement has 

remained as a fundamental challenge. Further, to address the increasing EM interference between 

components in highly integrated modules, there is a need to develop effective package-integrated 

EMI shields. These two aspects are described in the next two sections.  
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Passive Component Miniaturization and integration 

Today’s passive components are predominantly based on LTCC substrates. These are 

thick (>350 microns) and are manufactured and assembled as individual devices or packages as 

shown in Figure 4. 

1 mm

0.5 mm

0.4 mm

 

Figure 4: Miniaturized Multi-layer WLAN diplexer by TDK. 

 

This approach is eventually expected to limit the miniaturization and performance at the 

functional-module level, and subsequently the entire system. The major concerns with such 

discrete RF passives are: 1) they contribute an additional 150-450 microns to the thickness of the 

package, 2) the number of passives is much higher than the number of actives which increases 

the size of today’s 2D modules, and 3) the interconnection parasitics increase the loss and 

deteriorate the module performance.  

To address these limitations with discrete passives, there is an increasing trend to embed 

the passives [7] in the substrate to reduce the distances from actives to less than 200µm while 

improving performance and conserving space, as shown in Figure 5.  
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Figure 5: Module with embedded discrete SMT components [7]. 

 

However, this approach is limited by the component thickness (require <0.15 mm). On 

the other hand, embedded thin-film passives, as shown in Figure 6, address the limitations of 

discrete passives and have been actively pursued for miniaturizing RF modules for more than 

two decades [8] [9-12] but still suffer from large thicknesses, tolerance, yield, testability and 

overall manufacturability. 

 

 

Figure 6: RF Module with embedded thin-film passives [8]. 

 

To develop ultra-miniaturized and high-performance embedded passives that match the 

size and performance of current LTCC passive components, new design approaches are required 
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for thin-film passives; to effectively utilize ultra-thin and dimensionally-stable substrate 

materials with high dielectric constant and low loss. 

Integrated EMI shielding 

In traditional modules with individually- packaged components, the component density is 

limited by the component sizes and tolerance of the pick-and-place assembly processes. Hence 

the electromagnetic interference (EMI) between components could be mitigated by spatial 

separation between the components. However, in miniaturized modules with high-density of 

component integration of ultra-thin actives and passives, it is essential to address the 

electromagnetic interference (EMI) issues between components within the package that are 

spaced with distances of 50-200 microns from each other. Additionally, unlike traditional 

modules where each package component featured an EMI shield [13], miniaturized 

multicomponent packages demand integrated shielding approaches to achieve sufficient signal 

isolation within a package.  To meet the requirements for highly-integrated and miniaturized 

RF modules, conceptually illustrated in Figure 1b, new strategies are required to miniaturize the 

passive components as thin-films, integrate them into ultra-high densities with least 

interconnection parasitics, while also mitigating the EMI issues.  

A number of methods are being employed to address the electromagnetic interference 

between components at different levels of a system hierarchy. Traditional EM shields were 

developed to comply with FCC regulations on radio frequency interference – to protect electrical 

systems from external EM interference and to prevent outward radiation. In traditional modules, 

the components were packaged individually and assembled on a printed circuit board [14]. In 

such cases, EM isolation between components was predominantly achieved through spatial 

isolation, and metallic cans were employed to shield one sub-module from another [15], as 

depicted in Figure 7.  
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Figure 7: Metallic cans employed in EMI shielding [15]. 

 

Since metallic cans were thick and could also detune [16] the devices enclosed, 

conformal coating approaches were adopted [17] as shown in Figure 8. Alternatively, metallic 

shielding inside the over-mold have also been developed [18], as depicted in Figure 9. 

 

Figure 8: Conformally coated metallic shield for over-mold packages [17]. 

 

 

Figure 9: Compartment-based over-mold shielding [18]. 

 

In addition, via-based shield approaches have been explored [19-22] to isolate 

components in a package or board. An example of via-array based shielding is shown in  

Figure 10. 
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Figure 10: Via-array based shield structures. 

 

However, the higher component-density, enabled by the increasing miniaturization of 

components, necessitates the development of miniaturized and highly effective shielding 

techniques to address the increased EM interference between components in a single package.  

 

Objectives of this Research 

The objectives of this research are to model, design, fabricate, and characterize  

ultra-miniaturized RF components and wireless local area network (WLAN) modules with 

integrated diplexer and component-level EMI shields with potential lower cost than other 

approaches  

Table 1 

Parameters and Targets of the proposed research 

# Parameter Prior Work Proposed Challenges

1 Diplexer size 1 mm x 0.5 mm x 0.5mm  
1mm x 0.5 mm x 0.15 mm

>3x volume reduction

Selectivity better with more LC, 

but increases size and loss.

2 EMI isolation
>30 dB at >3mm

separation (package level)

>30 dB at <1mm separation 

(component level )

>2x volume reduction and 

better performance

Isolation is more effective with 

thicker shields which are far from 

interference source.

3 Module size 3.5mm x 3mm x 0.85 mm
2.5 mm x 2 mm x 0.3 mm

>5x Miniaturization

2D integration.  Large Area. 

Large component thicknesses

EM interference with proximity.
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As shown in the first row of Table I, the goals for passive miniaturization are to achieve 

the performance specifications of commercial ceramic chip-type RF passives in highly 

miniaturized form-factors. As described in the second row of Table I, the goal of EMI shielding 

is to integrate component-level electromagnetic (EM) isolation with the same performance as a 

package-level shielding. The target for RF module miniaturization is to achieve more than 3x 

volume miniaturization, as presented in the third row of Table I. 

 

Research Challenges 

Diplexer Miniaturization 

The challenge in the design and fabrication of passives is to achieve miniaturization with 

simultaneous performance-enhancement. The key performance metrics are pass-band insertion 

loss, Q-factor, and out-of-band rejection. Electrical design of passives is driven by trade-offs 

between size, performance and cost. Passive designs based on lumped elements (individual 

inductors and capacitors) with high filter order (more than 2) are predominantly favored for 

passives in LTE and WLAN modules. Such passives have good selectivity but occupy more 

volume (area and thickness) because of the large number of inductors and capacitors required. 

Further, the size of each inductor and capacitor is limited by the inductance and capacitance 

densities supported by the substrate technology. Increasing the number of components to 

improve the component density also increases the insertion loss as illustrated in Fig. 2a. 

Moreover, thin-film embedded components face limitations such as achieving good tolerance, 

testability, reworkability and defect-driven yield losses. 
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a)       b) 
Figure 11: Challenges with RF module miniaturization: a) Trade-off between performance, loss and size; b) EM 

interference vs. proximity. 

 

Integrated EMI shielding 

Any miniaturized RF module requires several active and passive components placed in 

close proximity to one another. All of them radiate electromagnetic fields of different strengths 

and frequencies. The region around an EM source is divided into near-field (distance < λ/2π) and 

far-field (distance > λ/2π). The typical distance of separation between components in RF 

modules is around 2-6 mm. This indicates that the components lie in the near-field region of each 

other for frequencies less than 8 GHz. Therefore, all components require electromagnetic 

interference (EMI) shields to suppress any radiation arising from components, and also to 

prevent external interference from entering into the components. Moreover, in the near field 

region, the electric and magnetic fields are decoupled and the magnetic fields have lower wave 

impedance and hence are very difficult to be shielded. State-of-the art EMI shields provide 

sufficient isolation between packages on a board. However, when integrating multiple 

components in a single package, there is a need to isolate components from one another within 

the package, and the thickness of the shield becomes a limiting factor in the miniaturization. The 

effectiveness of EMI shields reduces with decreasing shield thickness. Further, as indicated in 

Figure 2b, with increasing proximity between components, the EM interference increases and the 

shielding effectiveness decreases. Hence careful shield design and material selection is required 

for such component-level EMI shielding. 
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Module miniaturization 

High-performance and cost-effective module integration  for RF sub-systems require 

fully-integrated front-end components for each frequency band  including multimode PA, 

duplexers, RF switches and matching networks. This is indicated in Figure 12 based on the trend 

from discrete front-end modules to integration for each band. 
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Switches RF IC
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Band
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Band

Hi 

Band
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Power 
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Figure 12: RF Front-end module integration trend (Source: Arjun Ravindran, TDK-EPCOS). 

 

Such an integration requires miniaturized passives such as diplexers and filters, integrated 

with high-power components such as power amplifiers (PA), which are a critical source of EM 

radiation. Hence, the key challenges in RF module development include design of miniaturized 

passives integrated with component-level EM shielding. 

 

Approach to RF module integration with thin passives and EMI Shields 

3D IPAC RF module Concept  

To integrate multiple heterogeneous components, an innovative 3D IPAC (Integrated 

Passives with Active Components) strategy is being pioneered by GT-PRC to achieve 

unparalleled miniaturization and performance enhancement [3]. The 3D IPAC concept, 

illustrated in Figure 3, consists a) of an ultrathin substrate ~ 30-100 microns in thickness, b) 

made of glass with  ultra-low electrical loss, c) with ultra-short interconnection length between 

actives and passives enabled by through-package-vias (TPVs) for double-sided assembly of 
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active and passive components separated by only about 50-100 microns of interconnect  length, 

d) embedded and surface-assembled ultra-thin actives and passives, e) using ultra-short and low-

temperature Cu-Cu interconnections, f) integrated thermal and EMI shielding structures. 

 

Glass        30-100um thin

RF IC
3D I PD RF Passives

3D I PD

Integrat ed EMI Shield

Decap

Embedded Thin-
film RF Passives

Thermal Relief 
Structures

  

Figure 13: 3D IPAC approach for miniaturization, performance and cost. 

Diplexer miniaturization 

The volume miniaturization of passives is achieved by developing in-substrate embedded 

passives or through separate, testable and yieldable ultra-thin glass substrates with through-vias 

and double-side thin-film passive components, referred to as 3D IPDs, as shown in Figure 13. 

Glass being a dimensionally stable material with excellent surface finish, just like silicon, 

enables fabrication of passives with fine features with good accuracy. Further, employing ultra-

thin build-up polymers with low loss and high permittivity facilitates miniaturization of passives 

without compromising on performance. In this research, a unique filter layout is developed that 

best utilizes the benefits of such substrate materials. A semi-lumped passive structure combining 

individual inductors and capacitors is proposed and developed. Such a structure increases the 

volume utilization by eliminating the need for spatial isolation between inductors and capacitors 

as in a traditional lumped element design.  

Integrated EMI shielding 

The high-density integration of components enabled by the 3D IPAC concept requires 

integrated electromagnetic shielding between the components. To achieve component-level EMI 
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shielding, metallized trenches are fabricated around the required components through- precisely-

formed and metallized cavities in the build-up layers. Such EMI shield trenches offer good 

lateral isolation between different radiating elements as they have no discontinuity in the lateral 

direction. Since the metal thickness in these trenches is limited to a few microns, careful analysis 

is required for selecting the shield materials and to determine the shield effectiveness of these 

trenches. 

Module miniaturization: 

The 3D IPAC concept can be perceived as the next step in module evolution from 

ceramic to organic to silicon substrates, towards improved performance, miniaturization and 

cost. The TPVs enable double-side integration of components, thus reducing the X-Y footprint of 

the modules at least by half. Further, the ability to embed or integrate the active and passive 

devices with high precision reduces the interconnect length between actives and passives. Glass 

is as an ideal material for passive realization [5] because it combines the benefits of ceramics for 

ultra-low loss, and organic packages for large-area and low-cost processing, and silicon for high-

density and lithographic precision. Polymer build-up dielectrics with low loss (loss tangent < 

0.005) and high dielectric constant onto these thin glass substrates enable high capacitance and 

inductance densities with high Q-factor. Fine-pitch through-via formation using low-cost 

substrate processing tools and processes such as laser vias and double-side wet metallization 

techniques will be utilized for interconnecting the components on both sides [23].  
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Research Tasks 

Three group of research tasks are proposed, to address the challenges, and to accomplish 

the objectives specified using Table , Table , and Table I. The tasks along with their subtasks are 

detailed below. 

Miniaturization of WLAN Diplexer  

Table 2 

Parameters and Targets for WLAN Diplexers 

Parameter Goal 

Size 1mm x 0.5mm x 0.15 mm 

Frequency 2-5GHz (WLAN) 

Insertion Loss of filter 0.5 -1 dB 

Out-of-band Rejection >15dB 

 

a. Modeling and design of novel filters: Propose a novel filter layout structure, extract 

its equivalent circuit using full-wave EM simulation and tune the structure to 

achieve the target filter characteristics. 

 

b. Fabrication and characterization of the filters: Fabricate and characterize the 

designed filters, and correlate the measured performance with simulations. 

 

c. Design and demonstration of WLAN 3D IPD diplexer: Model and design a 

WLAN diplexer based on the novel filter concept to match the performance of 

commercial components. The 3D IPDs are then fabricated and characterized to 

compare their performance against that of commercial components. 

Model, design and fabricate component-level EMI shielding 

Table 3 

Parameters and Targets for EMI shielding 

Parameter Goal 

EMI Shielding 30 – 60 dB 

Frequency 1-20 GHz 
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Distance < 100 m 

Integrated Shield thickness < 100 m 

d. Modeling of EM radiation in RF modules: Model the electromagnetic propagation 

and interference between different passive elements in a typical RF module using 

electromagnetic simulations. From these simulations, develop guidelines for the 

placement and orientation of these elements in miniaturized RF modules. 

 

e. Analytical modeling – Material and multi-layer stack-up design: Study the shield 

effectiveness of different materials and stack-ups using analytical modeling. 

 

f. Modeling and design of component-level EMI shields: Propose component-level 

shield structure and study its shield effectiveness through 3D EM simulations. 

 

g. Fabrication and characterization of EMI shields: Demonstrate the effectiveness 

of the proposed shield structure through fabrication and characterization. 

Design and Demonstration of ultra-miniaturized 3D RF modules 

Table I 

Parameters and Targets for RF Modules 

Parameter Goal 

Number of Dies 2-3 

Frequency 2-5GHz (WLAN) 

Passives 
Diplexer  

Power Caps (SMT) 

 

The final task is to model, design and demonstrate a 3D IPAC RF module containing 

WLAN actives, miniaturized embedded passives and integrated component-level EMI shielding. 

This is proposed to be carried out in (a) organic substrates with traditional passives, but without 

EMI shielding, followed by (b) glass substrate with miniaturized passives and integrated EM 

shielding. 
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CHAPTER 2 

LITERATURE SURVEY 

 

Advances in RF module technologies are primarily enabled by innovations in  

high-performance actives and passives, and integrating these with least electromagnetic 

interference (EMI). This chapter reviews three categories of these innovations that are relevant to 

the proposed research:  a) miniaturization of passives using filters and diplexers as examples, b) 

EMI shielding, and c) passive and active integration into modules. The first part of this chapter 

describes the evolution of WLAN RF filters and diplexers. The second part of the chapter 

presents the recent progress in the study of electromagnetic coupling between components, and 

the development of shielding materials and structures. The last part describes the trends in high-

density integration of active and passive components in miniaturized RF modules, and the 

advantages of glass as a substrate material and 3D IPAC as module integration.  

 

Passive Miniaturization  

A typical WLAN RF module comprises several passives such as matching networks, 

filters, diplexers, baluns, transmission lines and antennas. This section reviews miniaturization of 

passives using filters and diplexers as examples. A filter is a device that is used to selectively 

pass or stop electrical signals of a specific band of frequencies. Depending on the band of 

frequencies they pass, they are classified as low-pass filters, high-pass filters or band-pass filters. 

A diplexer is a combination of two filters such that an incoming signal is directed to one of the 

two output ports depending on its frequency. Since filters are the basis for developing diplexers, 

studying various filter technologies sufficiently encompasses the trend of diplexers. 

Filters operating in the frequencies of 1GHz -10GHz are predominantly either 

electroacoustic type or planar-type. Electroacoustic filters such as surface-acoustic wave (SAW) 

and bulk acoustic wave (BAW) filters use a piezo material and are available as surface-mounted 
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components. Planar filters can be implemented either as embedded metal patterns in a multi-

layered module substrate, or as separately-manufactured surface-mounted components. They are 

of two types: 1) Distributed element filters, implemented using transmission lines, and 2) 

Lumped element filters, realized as individual inductor and capacitors. 

Filters with Distributed-elements (Transmission Lines)  

Traditionally, in-substrate filters and resonators were realized using transmission line 

elements that utilized edge-coupling and end-coupling [9, 24]. As illustrated in Figure 14, 

second-order WLAN filters with more than 30dB out-of-band rejection have been developed, 

with dimensions 2.6mm x 2.6mm x 0.5mm on a LTCC (low temperature co-fired ceramic) 

substrate [9]. However, since such coupling is relatively small, broadside-coupled striplines, 

such as the one shown Figure 15 were also employed [9] [25].  

 

(a)

(b)

(c)

 

Figure 14: Band-pass filters designs using transmission line elements; a) schematic, b) resonator configuration, c) 

fabricated substrate top view [9]. 
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Figure 15: Band-pass filters using broad-side coupled striplines on LTCC substrates; a) Layout of filter, b) 3-D 

view of substrate with ground planes [25]. 

 

Lumped element filters  

Although transmission line-based filters exhibit sharp cutoff response, one major 

drawback is that their size is larger because the dimensions of the elements have to be 

comparable to the electromagnetic wavelength at the frequency of operation. To reduce the size 

of such components, filters were developed based on lumped-element passives. These lumped 

elements were realized as thin-films on multi-layer LTCC and organic substrates [11, 26, 27]. 

Such structures have been developed and optimized to achieve low-loss filter performance, with 

smaller volume occupancy compared to transmission-line based filters [27]. 

 

Filters on LTCC substrates 

Low-temperature co-fired ceramic (LTCC) technology was pioneered by Prof. Rao 

Tummala and his team at IBM starting in 1975. LTCC technology uses glass-ceramic or  

‘glass + ceramic’ substrates to fabricate complex multi-layered 3D circuits, and are still widely 

employed for high-Q RF passives because glass-ceramics exhibit low signal losses, mechanical 

and electrical properties that are stable despite changes in frequency, temperature and humidity; 

good hermiticity, low CTE and high reliability, and easy processability with copper wiring. Filter 

designs on LTCC substrates occupy a large number of layers, sometime up to 15, with  

glass-ceramic substrates of permittivity ranging from 5-50 (Figure 16). Typical second-order 
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filter designs utilize two resonators connected using impedance inverters to each other and to the 

input and output  [27], as illustrated in Figure 17. 

 

(a) (b)  

Figure 16: Compact band-pass filter: a) component design, and b) substrate stack-up [27]. 

 

(a) (b)  

Figure 17: (a) Equivalent circuit, and (b) frequency response, of a LTCC-based filter [27]. 

 

Filters on organic substrates 

The need to reduce the thickness, cost, and number of layers for passive components, 

propelled the development of band-pass filters using lumped elements on multi-layer organic 

substrates [11]. The layout and cross-section of such a filter is shown in Figure 18. Filters on 

organic substrates typically occupy less than 8 metal layers. To reduce the size of filters without 
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compromising on the performance, lower-order filters can be designed with specific transmission 

zeros to improve the stop-band rejection, as illustrated in Figure 19. 

 

 

(a) (b)  

Figure 18: (a) WLAN band-pass filters using lumped elements, (b) on organic substrates. [11]. 

 

(a) (b)  

Figure 19: Modified low-order filter with transmission zeros, on organic substrate: (a) schematic, (b) response. [11]. 

 

Filters on glass substrates 

One major limitation in implementing RF passives on multi-layer organic substrates lies 

in achieving good alignment between patterns on multiple layers. This limitation arises due to 

the dimensional instability of organic materials.  Driven by the need for stable, smaller, thinner, 

high-performance and low-cost components, there has been an evolution in passive component 

technology from LTCC and organics, eventually to glass substrates. Initially, compact lumped-
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element-based band-pass filters were developed with single-side processed glass wafer-based 

IPD technology  [28] using novel transformer-based coupled resonator designs as shown in 

Figure 20. 

(a) (b)  
Figure 20: WLAN Band-pass filters on glass wafers using single-side processing: (a) schematic, (b) response. [28]. 

 

Since the size of wafers limits the device cost and throughput, ultra-thin panel-based 

glass substrates with through-vias is being pioneered by GT-PRC [12]. The presence of through 

package vias (TPVs) helps in miniaturization by enabling double-side integration of planar 

passives and surface-mount components on glass substrates. The TPVs have also been used as 

inductance elements to further miniaturize the filters. 
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Figure 21: Band-pass filters on thin glass with TPVs: (a) Layout view, (b) cross-section of fabricated sample [12]. 
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EMI Shielding 

Miniaturized multifunctional systems house several active and passive components in 

close proximity. All of them radiate electromagnetic (EM) fields of different strengths and 

frequencies. The region around an EM source is divided into near-field (distance < λ/2π) and far-

field (distance > λ/2π). Considering that the typical distance of separation between components is 

around 2-6 mm, it can be concluded that all the components lie in the near-field region of each 

other even up to 8GHz . Additionally, the components also lie in the far-field region of external 

EM interference arising outside the package. Therefore, all components require electromagnetic 

interference (EMI) shields to prevent external interference from entering into the components, 

and also to suppress any radiation arising from the component. This section reviews the study of 

electromagnetic coupling between different package components. It, then, presents different 

approaches for electromagnetic shields.  

Electromagnetic Coupling between components 

The typical methodology adopted in the EMI analysis of packages involves splitting a 

complex EM interference model into smaller models comprising the source, the path, and the 

victim [29].  Using such an approach, the radiation source, the mechanism of propagation, and 

the interference into a victim, can be decoupled from one another and analyzed individually. It is 

also critical to study the different sources of radiation in system-on-package (SOP) substrates 

from the point of view of RF, and digital signal and power integrity, as illustrated in Figure 22. 

To comprehensively address all these elements, this section is divided into three parts: a) 

Modeling EM radiation sources, b) EM coupling mechanisms, and c) Effects of EM interference. 
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Figure 22: EM interference between various components in a SOP substrate. 

 

Modeling EM radiation sources  

To model the radiation source at the package level, analytical models using an array of 

dipoles have been developed [30]. Additionally, the radiation from other sources such as chip-

inductors, were modeled for different signal [31-33] and power levels [32]. A 3D inductor model 

and its current density on a solid plane shield and patterned plane shield are shown in Figure 23. 

It was concluded that, while on the one hand, patterned shields reduced the substrate losses 

without degrading the Q-factor of the inductors, the presence of patterned shields significantly 

increased the radiation above the inductor [32].  

 

(a) (b)  

Figure 23: (a) 3D model of on-chip inductor, and (b) current density on the surface for various shields at 20MHz. 
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EM coupling mechanisms 

EM coupling mechanisms have been studied between components on a single substrate or 

between substrates. The coupling from radiated electromagnetic fields between components and 

other elements have been studied [19, 30, 31, 34-36] at the package level. One such schematic is 

depicted in Figure 24. 

 

 

Figure 24: Coupling between a component and a transmission line. 

 

In a study of the electromagnetic interference between LNA and PA CMOS dies, it was 

deduced through experiments that, when the dies are in a single-chip configuration (sharing a 

common silicon substrate), the primary source of EM interference was the silicon substrate 

coupling [37]. Further, when the dies are singulated to eliminate the effect of substrate coupling, 

the dominant interference phenomenon was magnetic coupling between on-chip inductors. It was 

also determined that at 5GHz, the total EM isolation degrades to lower than -50dB when two 

dies (LNA and PA) are spaced out by less than 0.4mm. 

 

(a) (b)  
Figure 25: Coupling between PA and LNA dies: a) system-level schematic, (b) component-level schematic. 
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(a) (b)  
Figure 26: Coupling between two RF dies: (a) Dicing to eliminate substrate coupling, (b) measured isolation. 

 

Effects of EM interference  

The effect of EM coupling on the operation of a power amplifier die was modeled [38] 

[31]. Results suggest that a noise coupling of strength 50V/m through a slot length of 65mm, 

[38] can degrade the gain of the PA by up to 10dB as shown in Figure 27. 

 

(a) (b)  
Figure 27: (a) 3-D model to study EMI coupling into trace on a board, (b) PA response for different noise coupling. 

 

Further, the impact of digital noise coupling on the RF performance in mixed signal 

systems has been considered [19], and the effect of grounded via walls as a shield in such 

systems has been studied, as shown in Figure 28. The resulting EMI isolation from coupling was 

observed to be improved by more than -40dB, as depicted in Figure 29. 
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(a) (b)  

Figure 28: (a) Coupling between digital and RF signals in mixed-signal systems, (b) grounded via wall as a shield. 

 

(a) (b)  

Figure 29: (a) Digital-RF Coupling and, (b) RF sensitivity improved through shield design techniques. 

 

EM shielding materials 

Traditionally, EMI shielding has been implemented using metals that are inexpensive and 

can reflect and absorb EMI radiation. Such metals include copper, iron and aluminum [39]. 

Shielding from magnetic fields necessitated the use of magnetic materials such as nickel and 

stainless steel because they enable higher impedance compared to nonmagnetic materials. Using 

such magnetic materials, it is also possible to shield low-frequency magnetic radiation in the 

near-field by providing a low-reluctance path for the interfering magnetic fields, as shown in 

Figure 30.  
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Figure 30: Magnetic field shielding by providing a low-reluctance path. 

 

Shielding of magnetic fields using the low reluctance (magnetic resistance) of magnetic 

materials is necessary since the absorption and reflection losses are very low for near-field 

magnetic fields. However, for portable electronic systems, the size of the EM shield is 

constrained. Hence, there is a need for thinner shields that can effectively isolate strong near-

field magnetic fields. A number of multi-layered shields, consisting of a combination of 

magnetic conductors, non-magnetic conductors, and insulators, have been developed. Such 

shields employ absorption and reflection losses to suppress electric, magnetic, and 

electromagnetic fields [40]. The shielding effectiveness of multiple metallic and non-metallic 

shield layers are quantitatively described in Figure 31. 

 

(a) (b)  

Figure 31: (a) Schematic of multiple layers, (b) equations for H-field shield effectiveness. 
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To shield electric fields, multi-layer stacks consisting of alternate layers of high-

conductivity metals and magnetic metals or alloys have been developed [41]. The primary 

motivation to develop such layers is to shield the electric fields by trapping the interfering 

signals in a low-conductivity metallic layer that is sandwiched between two metallic layers 

having higher conductivity. Such a stack-up is shown in Figure 32. Additionally, a minimum 

thickness of a metal or alloy to effectively reflect incident EM waves has been identified [41].  

 

 
Figure 32: Multiple layers of magnetic and non-magnetic layers as EMI shield. 

 

For near-field magnetic shielding in the MHz range, very-thin multi-layer stacks 

consisting of copper and high-permeability cobalt-niobium-zirconium (CoNbZr) was modeled, 

and characterized [42]. The multi-layer stack-up is shown in Figure 33, where the easy and hard 

axes are specified for the ferromagnetic layers. Such a anisotropy enhances permeability and 

frequency-stability of permeability, and is introduced by depositing magnetic layers in the 

presence of a strong magnetic field, the direction of which defines the easy axis. 
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Figure 33: Thin multi-layer stack with high shielding effectiveness at frequencies close to the FMR (ferromagnetic 

resonance) frequency. 

 

An experimental set-up was developed using a microstrip transmission line as the source 

of EM radiation and a magnetic probe to measure the radiated fields [42]. Good correlation was 

observed between the shield effectiveness obtained through analytical calculations using the 

material properties, and the 3-D EM models. The measured results also match the simulations. 

The experimental setup and the measured response are shown in Figure 34. 

 

 

Figure 34: (a) 3-D EM and experimental set-up to measure shield effectiveness, (b) measured shielding 

effectiveness. 

 

To shield near-field magnetic fields at higher frequencies, various metals and alloys have 

been developed based on electromagnetic shielding capabilities [41, 43]. Multiple layers of 

nickel-iron of thickness 10nm – 50µm, separated by acrylate, have been developed for shielding 

in 1-6 GHz [43]. The stack-up for such a multi-layer structure is shown in Figure 35, where the 
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layers indicated as ‘305’ are the insulators, and the ones marked as ‘307’ are the ferromagnetic 

layers. 

 

 
Figure 35: Multiple layers of NiFe and insulator used for shielding at high frequencies. 

 

EM shielding structures 

EM shielding is required at different levels of system hierarchy. Traditional EM shielding 

was catered towards protecting RF devices from external EM interference and to prevent any 

radiation from the equipment, so as to comply with FCC regulations on electromagnetic 

interference. When components were large, they were packaged individually and assembled on a 

printed circuit board [14], as illustrated in Figure 36; where the EM shield is indicated as ‘58’. 

 

 
Figure 36: Single-component package with EM shield to suppress external interference. 

 

As the size of systems scaled down, the modules needed to be assembled closer to one 

another. Further, because the individual component packages were not large enough, there was a 

need to shield one sub-module from another. For this purpose metallic cans were employed [15]. 
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Such a package is shown in Figure 37. In such cases EM isolation between components was 

primarily achieved through spatial isolation. 

 

 

Figure 37: Metallic cans employed in EMI shielding [15]. 

 

Since metallic cans were bulky and caused detuning [16] of the devices that it enclosed, 

conformal coating on the over-mold compound was developed [17, 18]. Such packages are 

depicted in Figure 8 and Figure 9. Further, to isolate circuits on a die, metallic perforated shield 

on over-mold have been employed [44]. The die design and the proposed shielding structures are 

shown in Figure 40. 

 

 

Figure 38: Conformally coated metallic shield for over-mold packages [17]. 

 

 

Figure 39: Compartment-based over-mold shielding [18]. 
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Figure 40: (a) RF SiP design, and (b) shielding structure. 

 

To shield the interference between other package elements such as transmission lines, 

via-based shield approaches have been explored [19-21] as shown in Figure 10. Extensive 

studies have been conducted on the performance of metal-filled vias in isolating striplines and 

microstrip lines [22]. It was observed that a continuous fence of vias was better than intermittent 

fence of vias since the latter increased the radiation loss and reflections by perturbing the 

propagating mode. Additionally, a distance of three times the substrate height was deduced to be 

the optimal spacing between a via fence and a transmission line. The vias were recommended to 

be drilled with the least possible spacing between each other. Further, via fences were found to 

be effective only if the via pads were shorted both on the top and the bottom. 

 

 

Figure 41: Via-array based shield structures. 
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RF Module Integration 

A front-end RF module comprises of antennas, switch and duplexer banks, in conjunction 

with low-noise amplifiers and power amplifiers. In addition, several passives such as 

transmission lines, matching networks, filters, diplexers, shields etc. are necessary to support the 

active components. The System-on-Package paradigm, pioneered by Prof. Rao Tummala and 

team at GT-PRC since 1994, enables package-level high-density integration of such 

heterogeneous system components that are optimized for high performance and low cost [45]. 

Single-chip integration (or System-on-Chip) solutions are also being developed for partial 

integration of RF modules [2, 46]. Such an example of WLAN SOC is shown in Figure 42. 

However, the adaptability of SOC has been limited because of the lower performance of passives 

and high cost.  

 

 

Figure 42: Single-chip WLAN 802.11b/g Front End Module [2]. 

 

RF modules on LTCC substrates 

Traditionally WLAN RF modules, with integrated high-performance actives and 

passives, were developed on Low Temperature Co-fired Ceramics (LTCC) substrates [47, 48], as 

shown in Figure 44. The primary motivation was the superior properties of LTCC such as low 

dielectric loss, low moisture absorption, high reliability based on the hermetic nature of 

ceramics, high-temperature stability, and the ability to form complex 3D multi-layered circuits. 

An example of LTCC-based WLAN modules integrating diplexers with actives is shown in 
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Figure 43. The LTCC-embedded diplexers were developed using both transmission-line based 

designs [49] and miniaturized lumped-element designs [46, 50].  

 

(a) (b)  
Figure 43: RF module with embedded planar diplexers on LTCC substrate: (a) Layout, (b) fabricated sample [46]. 

 

 

Figure 44: 3-D view of a LTCC front end module. 

 

RF modules on organic substrates 

LTCC module technology eventually started to get replaced by organic laminate 

packaging because of lower cost and higher component densities. The high loss and moisture 

absorption with traditional organic laminates was addressed through RF integration on liquid 

crystal polymer (LCP) packages with surface-mounted actives [1], as shown in Figure 45. 



 36 

Further, to address the requirement for low-profile form-factor and to improve RF performance, 

embedded die approaches such as chip-first fan-out wafer level packaging (FOWLP) [6, 51], 

Intel’s chip-embedded substrates [8, 52] shown in Figure 46, and semiconductor embedded in 

substrate (SESUB) [53] have been pursued.  

 

 

Figure 45: WLAN module on LCP substrate with embedded passives and surface mounted actives. 

 

 

Figure 46: Embedded actives substrate for high-density integration. 

 

 However, chip-first embedded die approaches face the following barriers: 1) substrate 

yield loss issues after die embedding, 2) technical challenges associated with embedding 

multiple heterogeneous components having dissimilar thicknesses, and 3) thermal dissipation 

issues among densely integrated actives.  To mitigate such concerns in miniaturizing high-

performance modules, chip-last embedding was pioneered at Georgia Tech Packaging Research 
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Center (GT-PRC) [54]. A schematic of a substrate with chip-last embedded actives and 

embedded passives is illustrated in Figure 47. 

 

 

Figure 47: Schematic of chip-last embedded actives substrate. 

 

Chip-last embedding has six essential advantages over SOC and chip-first approaches: 1) 

ability to embed multiple heterogeneous actives, minimizing substrate yield-loss issues; 2) 

intermediate-testability of substrates and components before assembly; 3) shorter 

interconnections, enabling superior electrical performance; 4) accessibility of the die backside, 

facilitating improved thermal performance; 5) flexible choice of substrate materials to address 

the requirements of different components; and 6) low-cost manufacturability for market 

affordability. Using chip-last SOP, GT-PRC has demonstrated functional WLAN RF modules in 

ultra-thin six-metal-layer and three-metal-layer organic substrates [4, 55, 56]. A chip-last 

embedded WLAN RF receiver module with embedded BPF and chip-last embedded LNA dies is 

shown in Figure 48. 
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Figure 48: WLAN RF receiver module schematic cross-section. 
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Glass as substrate material and 3DIPAC for RF modules 

Development of ultra-miniaturized RF module requires high-density integration of 

multiple RF and power components on a package substrates. The desired material properties for 

RF passive applications include: stable high-frequency electrical performance [57], high 

resistivity for low signal loss, smooth surface profile for reduced conductor loss and precise 

lithography, dimensional stability to prevent frequency-shift, and low moisture uptake for high 

Q-factor. Over the years, RF actives and high-Q RF passives have been integrated at the 

package-level in ceramics, organic, and silicon substrates. However, each of these materials 

faces one or more barriers in performance, size, and cost.  

Glass offers very low thickness for reduced form-factor, ability to define small features 

for high-density integration, mechanical stability for multi-component assembly, temperature 

coefficient of expansion (TCE) match with die and printed circuit board (PCB) materials for 

reduced thermo-mechanical stresses, and large-panel processability for low cost. However, the 

passive structures on glass, demonstrated earlier [5, 58] were limited to only one side of the 

substrate, as shown in Figure 50, because of the lack of ultra-small TPVs at small pitch. The 

illustration in Figure 49.explains how glass combines the advantages of other substrate materials, 

thus making it a high-performance and low-cost alternative for high-density integration [57]. 
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Figure 49: Glass provides the best combination of advantages from ceramic, organic and silicon. 
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(a)                                                                     (b) 

Figure 50: RF IPD on glass wafers - single-side processing; a) cross-section stack-up, b) assembled IPD 

component. 

 

Recently, formation and metallization of through vias at fine pitch were demonstrated in 

thin glass interposers [59].  This is depicted in Figure 51. The ability to form such TPVs has 

facilitated ultra-short interconnections between components on either side of the glass interposer, 

enabling high-density 3D integration of passives and actives on glass with smallest interconnect 

losses. 
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Through 
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Figure 51: Stack-up cross-section of a 3D glass substrate. 

 

Summary and Thesis R&D Focus 

In this chapter, advances in RF components and modules were reviewed in three 

categories:  a) miniaturization of RF passives using filters and diplexers as examples, b) EMI 

shielding, and c) passive and active integration into modules. Advances in miniaturized planar 

passives with different substrate technologies were reviewed in the first section of the chapter. 
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While the progress of such passives from LTCC to organic substrates was driven by the need to 

reduce thickness and lower the cost, the subsequent migration from organic to glass substrates is 

driven by the need for: higher performance (low loss), improved dimensional stability,  

high-density integration of passives with actives, and lower cost. Currently, LTCC-based 

passives have a strong market presence because their superior properties and mature 

manufacturing infrastructure for high-volume production. However, glass panel-based 3D IPDs 

enable higher performance and better component integration at lower cost, and are expected to 

be more prevalent in the future. The key challenges that need to be addressed are: design of 

3DIPD diplexers, double-side fabrication of glass substrate with through-vias, and development 

of low-cost panel-scalable processes. The modeling, design, fabrication and characterization of 

glass-based WLAN 3D IPDs diplexers forms the key focus of Task 1 in this thesis. 

 

The need for higher component densities creates additional challenges from the 

electromagnetic interference between the components. The presence of inductors in RF actives 

and passives results in magnetic field radiation, which is difficult to shield at small distances 

from the source. Additionally, there is a need to shield multiple components from one another 

inside a single package. This is driving the trend towards thinner shields that can effectively 

provide EMI isolation without significantly increasing the package size. Multilayered metal 

nano-laminate shields are being explored to achieve this goal. The primary focus of Task 2 in 

this thesis will deal with shield material selection, followed by the development of component-

level EM shields on glass substrates. 

The demand for portable electronic systems is driving the need for high-performance, 

low-profile and very thin RF modules that occupy very less area on the board. LTCC substrates 

offer excellent RF performance and also enable area reduction by supporting multi-layer 

passives, and have, therefore, been the widely adapted for RF module integration. The need for 

miniaturization and cost reduction eventually led to the introduction of 2D RF modules on 

organic laminates with higher wiring densities. Further miniaturization has been achieved 
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through chip-first and chip-last embedding approaches, where, in addition to embedded thin-film 

passives, actives are also embedded in multi-layered organic substrates. Further development of 

miniaturized multi-functional RF modules requires low-loss, very thin, dimensionally-stable 

substrate materials that can also support realization of precision high-Q passives. Glass is a 

compelling substrate material as it satisfies all of these requirements, while also lowering 

processing and material costs. Innovative 3D glass package solutions are proposed to be 

developed for highly-integrated and miniaturized RF modules, as a part of Task 3. 
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CHAPTER 3 

MINIATURIZATION OF WLAN DIPLEXER 

 

The objective of this task is to model, design, fabricate, and characterize a  

high-performance and miniaturized WLAN diplexer. The circuit topology and layout of the 

filters play a key role in determining the performance and size of RF components. In addition, 

the Q-factor, and inductance and capacitance densities are critical, and are enabled by low-loss 

dielectric materials with high permittivity. As described in Chapter 1, 3D IPD concept with 

double-side thin-films on ultrathin glass substrates and through-vias meets both of these criteria 

to enable new breakthroughs in diplexer performance improvement and miniaturization. This 

chapter presents the development of such novel filter structures, their circuit topology and layout, 

fabrication and characterization. The chapter is organized into the following sub-sections: a) 

modeling and design of novel WLAN filters on glass substrates, b) fabrication and 

characterization of the WLAN filters, and c) design and demonstration of 3D IPD glass diplexers 

using these advanced filters.  

Objectives 

The objectives of the WLAN diplexer task are to model, design, fabricate and 

characterize miniaturized WLAN RF diplexers with the size and performance targets 

summarized in Table . 

Table 5 

Targets for Diplexer 

Frequency 2.4 GHz – 5 GHz Enabling R&D Innovations: 

 Novel miniaturized resonator structures and filter layout. 

 Low filter order and high attenuation. 

 Double LC components on glass connected with 

through-vias 

 Fabrication on ultra-thin 3D glass substrates using TPVs. 

Insertion Loss 0.5 - 1 dB 

Return Loss >15 dB 

Adjacent Band 

Attenuation 
>15 dB 

Dimensions 1mm x 0.5mm x 0.15µm 
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Approach 

A unique diplexer layout is developed that best utilizes the benefits of thin and low-loss 

substrate materials. A semi-lumped-element filter structure combining individual inductors and 

capacitors is proposed and developed as a key building block for the diplexers. Such a structure 

increases the volumetric density by eliminating the need for spatial isolation between inductors 

and capacitors as in traditional lumped element designs. The volume miniaturization is achieved 

by developing in-substrate embedded filters or through separate, testable and yieldable ultra-thin 

dual-band filters on glass with double-side thin-film passives and through-vias, referred to as  

3D IPD diplexers. Glass, being a dimensionally stable material with excellent surface finish, just 

like silicon, enables fabrication of passives with fine features with good accuracy. Further, 

employing ultra-thin build-up polymers with low loss and high permittivity facilitates 

miniaturization of filters without compromising on performance. This chapter is divided into the 

following sections: 

Modeling and design of novel filters 

Propose a novel filter schematic structure, extract its equivalent circuit using full-wave 

EM simulation and tune the structure to achieve the target filter characteristics. 

Fabrication and characterization of the filters 

Fabricate the designed filters on ultra-thin 3D glass substrates with TPVs, characterize 

the filters, and correlate the measured RF performance with simulations. 

Design and demonstration of WLAN 3D IPD diplexer 

Model and design a WLAN diplexer based on the novel filter concept to match the 

performance of commercial components. The 3D IPDs are then fabricated and characterized to 

compare their performance against that of commercial components. 
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Modeling and design of novel filters 

Substrate stack-up and design rules 

The material stack-up for the initial analysis and demonstration of the filter structure, 

shown in Figure 52 comprises of a 30µm-thin, low loss glass substrate laminated with a low-loss 

polymer on both sides. The glass has a dielectric constant (εr) of 6.7, and a loss-tangent (tan δ) of 

0.006. The dry-film polymer (εr= 3, tan δ= 0.005) used in this study is available in different 

thicknesses (3-17µm). The polymer helps to improve handling and metallization of the thin glass 

substrate. The polymer thickness for this demonstration was selected at 17µm thickness to 

facilitate easier handling of the ultra-thin glass. The minimum line width and spacing was 10µm 

and the TPV diameter was 30µm.  

 

M1

M2

GLASS
εr = 6.7

tan δ = 0.006   

TPV

POLYMER

30µm

 

Figure 52: Stack-up of the glass substrate  
 

Description of the filter structure 

The proposed filter structure employs a thin dielectric separation between its arms to 

increase the mutual inductance. The structure consists of two open-ended planar spirals separated 

by a thin dielectric, aligned with each other. In such a configuration, the pass-band response and 

transmission-zeroes are achieved through resonance due to the inductance of both spirals and the 

capacitance between them through the substrate. Additionally, a metal patch is added to the 

center of each spiral to lower the resonance frequency. This is because the metal patches act as 

parallel-plate capacitors across the dielectric separation layer. Such an integrated structure 

combining parallel spirals with metal patches maximizes volume utilization through: a) compact 
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lateral arrangement of spiral inductors and planar capacitors, and b) vertical coupling between 

these structures across the thin dielectric. The perspective view of the proposed structure is 

shown in Figure 53. 
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Figure 53: Perspective view of the innovative filter structure layout. 

 

EM Simulation and Modeling 

The spiral and capacitor elements were individually simulated using full-wave EM solver 

(SONNET®). The simulated Q-factor for the capacitor was 200 and for the inductor spiral was 

50. The complete structure was then simulated for two polymer thicknesses: 5µm and 17µm. The 

simulated responses of the filter are shown in Figure 54. It was observed that the pass-band 

center frequency for the 17µm polymer was 3.5 GHz, while that for the 5µm polymer was 2.5 

GHz. This shift in the frequency response and the stop-band roll-off can be attributed to changes 

in capacitance and mutual inductance arising from the variation in dielectric thickness. For both 

cases, the simulated pass-band insertion loss was 0.7dB, with more than 20dB return loss, and 

more than 35dB attenuation at the transmission zero. 
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Figure 54: Simulated filter responses for two polymer thicknesses. 

 

Equivalent Circuit Schematic 

A circuit model for the filter structure was developed using spice simulator (Agilent 

ADS) based on individually- simulated responses of the spiral and the capacitor elements. The 

schematic of such a structure is shown in Figure 55 in which ‘L1b’ and ‘L2b’ are the coupled 

inductor sections. The coupling factor ‘k’ along with ‘L1b’, ‘L2b’ controls the location of 

transmission zero and the pass-band. The coupling capacitor ‘C1’ can be tuned to vary the 

location of the transmission zero alone. However, all these values are interdependent and are a 

function of the dielectric thickness, the line width, line spacing, and number of turns of the 

spirals. The frequency of the transmission zero is less sensitive to variations in the inductance of 

the uncoupled inductor sections ‘L1a’ and ‘L2a’. Therefore, by varying ‘L1a’ and ‘L2a’, the 

center frequency can be shifted without significantly modifying the location of the transmission 

zero. ‘C2’ is the capacitance of the center patch. Varying ‘C2’ can change the pass-band and the 

transmission zero. However, the pass-band is shifted more than the transmission zeros. Hence, 

adding the central capacitor (C2) provides higher flexibility to modify the structure to obtain the 

desired frequency response. The component values of the schematic are specified in Table . 
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Figure 55: Equivalent circuit model of the proposed filter. 

 

Table 6 

Inductor and Capacitor values 

L1a 

(nH) 

L2a 

(nH) 

L1b,L2b  

(nH) 

C1 

(pF) 

C2 

(pF) 
K 

0.44 0.25 8.05 0.059 0.198 - 0.4 
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Figure 56: Correlating the EM and circuit simulation of the filter. 
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 As can be observed from the Phase of insertion loss in Figure 57, the negative slope at the 

pass-band indicates electric coupling to be the dominant mechanism.  
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Figure 57: Magnitude and phase of insertion loss. 

 

Further, from the plot of the group delay shown in Figure 58, it can be observed that the pass-

band delay of this filter is only about 0.2ns, which is quite low, due to the low filter order. 

 

 

Figure 58: Group-delay through the filter. 
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Parametric variations 

The filter structure was modified to study the effect of process-variations on the filter 

performance. The modifications include changes in line width and spacing, polymer thickness, 

and X-Y alignment. The simulations were performed using EM simulations tools Sonnet EM 

Suite and HFSS. The results from studying these variations can directly help in the process of 

layout-level optimization which is the ultimate process that is closest to the measured 

performance. 

Line width and spacing variations 

The line width and spacing of the filter design were 30µm. Keeping the pitch between 

two lines of the spiral at 60 µm, the line width was varied from 20µm to 45µm. The resulting 

variation in the filter response was studied. The variation in the pass-band center frequency and 

insertion loss is shown in Figure 59. As the line width increased from 20µm to 45µm, the center 

frequency increased, whereas the insertion loss decreased. When the line width is increased, 

although the capacitance between the spirals increases, the inductance of the spirals reduces. 

Since the resonant frequency depends on both inductance and capacitance, it can be deduced that 

the increase in capacitance in not as much as the reduction in inductance, resulting in increase of 

the resonant frequency. Further, since the primary pass-band mechanism is electric-field 

coupling, the insertion loss decreases with higher capacitance. 

 



 50 

20µm

25µm

30µm

40µm 45µm

 

Figure 59: Simulated filter pass-band insertion loss for different line widths. 

 

The variation in the transmission zero insertion loss of the filter for different line widths 

is shown in Figure 60. As the line width increases, the frequency of the transmission zero 

decreases, until 30µm. After that, the frequency of the transmission zero increases. It can also be 

observed that the attenuation reduces with increasing line width.  
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Figure 60: Simulated filter transmission zero for different line widths. 
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Variation in polymer thickness and spiral lengths 

The center-frequency of the pass-band is plotted in Figure 61a for different polymer 

thicknesses from 3µm to 17µm. It was observed that as the polymer thickness increased, the 

resonant frequency increases linearly. This is attributed to the reduction in the capacitance 

between the two metal layers and also to the smaller coupling between the inductors. In addition, 

the center frequency can be altered through the increase or decrease of the spiral length. The 

variation in the performance for the original design consisting of 2.5 turns and a modified design 

with 1.5 turns is shown in Figure 61b. 
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(a)                                                                     (b) 

Figure 61: Variation in pass-band center frequency for different (a) polymer thicknesses, (b) spiral lengths. 

 

Variation in X-Y alignment 

When fabricating multi-layer substrates, misalignment between successive layers is a 

common issue that arises from lithography processes and is attributed to tool limitations, material 

shrinkage (in organics), and positional tolerance of vias. Hence, it is useful to study the effect of 

such misalignment on the performance of the proposed filter. It can be seen from Figure 62 that, 

for X-Y misalignment of up to 30µm, the filter pass-band does not shift, whereas the 

transmission zero shifts by 300 MHz. 
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Figure 62: Simulated filter responses for X-Y misalignment between the metal layers. 

 

Modifications to improve the filter performance 

 To improve the filter performance, structural modifications were performed on the basic 

filter structure presented in Figure 53. The following modifications were analyzed: a) secondary 

spirals, b) grounded spirals, and c) ground capacitors. 

 

Addition of secondary spirals and capacitors 

Secondary spirals were added to the spirals on each layer, at a particular ‘point of tap’, as 

shown in Figure 63. The addition of such spirals increased the capacitance and the inductance in 

the primary spirals, thereby lowering the pass-band frequency and the transmission-zero 

frequency. From Figure 64, it can be observed that the frequency of the transmission zero shifts 

more than that of the pass-band. Small variations in the location of the ‘point of tap’ or the size 

of the secondary spirals will results in a small change to the pass-band but a larger shift in the 

transmission zero. Further, the addition of a capacitor plate in place of the secondary spiral 

results in a similar shift in the pass-band, but smaller shift in the transmission zero. 
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Figure 63: Top-view of the filter layout with secondary spiral and capacitor plate. 
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Figure 64: Simulated filter responses of the filter with and without secondary spirals. 

 

Addition of grounded spirals 

To increase the attenuation characteristics of the filter, grounded spirals were introduced 

between the spirals as shown in Figure 65. The grounded spirals attenuate a wider range of 

frequencies compared to having just a single transmission zero for attenuation. The other 

advantage of such ground spirals is that they do not increase the area of the filter significantly. 

The frequency response of a 2.4GHz filter with and without ground spirals is shown in 

 Figure 66. 
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Figure 65: Top-view of the filter layout with grounded spirals. 
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Figure 66: Simulated filter responses with and without ground spirals. 

 

Effect of adding ground capacitors 

Similar to the addition of grounded spirals, the introduction of capacitors to ground 

improves the attenuation in the upper stop-band. The top-view of the filter layout with the 

ground capacitor is shown in Figure 67. The corresponding simulated frequency response with 

and without the ground capacitor is shown in Figure 68. 
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Ground Capacitor Filter  

Figure 67: Top-view of the filter layout with grounded capacitor. 

 

Original Response.

With Ground 

Capacitor

Insertion Loss

 

Figure 68: Simulated filter responses with and without ground capacitors. 
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Fabrication and characterization of filters 

Fabrication process for glass substrates 

A pictorial representation of the key process steps in fabricating a two-metal-layer glass-

substrate with TPVs is shown in Figure 69. A borosilicate glass substrate having a thickness of  

30 µm - 100 µm was used as the RF module substrate. Firstly, the glass surface was cleaned 

using organic solvents (acetone, methanol and Isopropyl alcohol (IPA)), to remove residue and 

impurities from the surface. Following this, thin dry-film polymer with a thickness of 3 µm - 17 

µm, was laminated on both sides of the glass substrate using hot-press lamination process. TPVs 

were formed in the polymer-laminated glass substrate using UV-laser ablation. Electro-less 

copper deposition process was used to achieve a conformal seed layer. Lithography was 

performed on the seeded samples, and a semi-additive plating (SAP) process was used to further 

metallize the TPVs and to achieve the redistribution layer (RDL) patterns on both sides.  

 

 

Figure 69: Process flow for the fabrication of the ultra-thin glass substrate with TPVs [57] . 
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Fabrication of the filters 

The BPF was fabricated on ultra-thin glass substrate (D263® – from SCHOTT glass) 

having a thickness of 30µm, using a panel-based double-side thin-film wiring process. The use 

of thin polymer layers on glass interposers have been shown to facilitate handling and plating 

metallization [23]. A thin dry-film polymer was laminated on both sides of the thin glass.  The 

copper thickness was 8µm. The top view image of the fabricated structure and the 

characterization setup are shown in Figure 70. 

 

100 µm

 

Figure 70: Measurement and top view optical image of fabricated BPF structure on 30µm thin glass. 

 

Characterization of the filters 

The frequency response of the fabricated structure was obtained through S-parameter 

characterization using a vector network analyzer (VNA). A short open load thru (SOLT) 

calibration was performed prior to the measurements. As shown in Figure 71, very good 

correlation between the measurements and simulations was observed for the pass-band insertion 

loss and return loss.  
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Figure 71: Simulation-Measurement performance correlation of the filter. 
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Design and demonstration of 3D IPD diplexer 

A diplexer is a passive filtering component that guides incoming signals to two different 

output ports depending on their frequency. Diplexers are typically employed in dual-band 

modules where a single antenna has to support front-end modules operating in two frequency 

bands. A diplexer is composed of two filters, one operating in the high frequency band, and the 

other in the low frequency band. These filters could be low-pass, high-pass or band-pass. In this 

design and demonstration, both were realized as band-pass filters. There were two design 

iterations. The substrate stack-up were also different for each iteration. The details of the design, 

fabrication and characterization of the diplexers are detailed in this section. The specifications 

based on a commercial ceramic chip-type diplexer are as shown in Table . 

 

Table 7 

Performance Specifications of the WLAN Diplexer 

Low-Band

Parameter Freq. (GHz) Spec (dB)

Insertion loss 2.4-2.5 0.5

Attenuation
4.8-6 25

7.2-7.5 23

Return Loss 2.4-2.5 10

High-Band

Parameter Freq. (GHz) Spec (dB)

Insertion loss 4.9-5.95 0.5

Attenuation

0.03-2.4 27

2.4-2.5 30

2.5-2.69 24

9.8-11.9 20

Return Loss 4.9-5.95 10

Common Port

Parameter Freq (GHz) Spec (dB)

Return Loss 2.4-2.5 10

Return Loss 4.9-5.95 10  

 

Initial diplexer design 

The proposed filter structure demonstrated in the previous sections was tuned with ADS 

and optimized in sonnet to design a WLAN diplexer. A 4-metal-layer diplexer was designed 

targeting the specifications of a commercial diplexer. 
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Substrate-stack up and design rules 

The substrate stack-up and design rules depicted in Figure 72 were employed in the 

design and fabrication of the diplexer. The substrate core was glass of thickness 100 µm, 

laminated with a 22µm-thick polymer. The build-up layer consisted of a polymer layer having a 

thickness of 22 µm. The diameter of the TPVs was 100 µm, and that of the blind vias was 45 

µm. The minimum line width and spacing was 20 µm, with the metal thickness on each layer 

being 10 µm. 
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M2
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Core Polymer Layer

Build-up Polymer Layer
 

Figure 72: Substrate stack-up and design rules for 4ML diplexer fabrication. 

 

Diplexer design and layout 

The diplexer low-band and high-band filters were designed based on the filter designs 

and parametric variations presented in the previous sections. The design utilized four metal 

layers, two for each filter. TPVs were employed to connect the filters on either side of the glass 

substrate. To reduce the insertion loss, varying line widths were employed and, secondary spirals 

were employed to tune the transmission zeros. The dimensions were 1.3mm x 0.8mm x 0.2mm. 

This design was simulated in a full-wave electromagnetic simulator (SONNET) and the 
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simulated response showed ~1dB insertion loss and more than 10dB return loss, with 15dB 

rejection in the adjacent band as shown in Figure 74. 

 

LPF on the top

HPF on the bottom

Common 

Port

 

Figure 73: 3D view of the initial diplexer design 
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Figure 74: Simulated response of (a) low-band filter, (b) high-band filter. 

 

Fabrication and characterization 

The process for the fabrication of the diplexers was similar to the two-metal-layer 

substrate processes depicted in Figure 69. For the four-metal-layer fabrication, the process was 

continued by laminating another polymer build-up layer on each side of the two-metal-layer 
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substrate. To electrically connect the metal layers on the inner layers to those on the surface, 

micro-vias were formed on the build-up polymer using UV lasers and metallized. A semi-

additive plating approach was used to metallize and pattern the surface metal layers. The designs 

were fabricated with four-metal layers on glass substrate as shown in Figure 75. Further, the 

measured responses of the filters are shown in Figure 76. 

 

500 µm
 

Figure 75:  (a) Fabricated Diplexer substrate, (b) RF Probing of diplexer 
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(a)                     (b) 

Figure 76: Diplexer measurement results: (a) Low-Band (b) High-band. 

 

From these responses it can be seen that while the pass-band insertion loss and return loss 

were good, the out-of-band attenuation did not meet the specifications. Hence, the diplexer 

design was revised to improve the performance so as to meet the specifications. 
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Revised diplexer design, fabrication and characterization 

Modified substrate-stack up and design rules 

The substrate stack-up and design rules were revised, as depicted in Figure 77 were 

employed in the design and fabrication of the diplexer. The substrate core was glass of thickness 

100 µm, laminated with a 20.5 µm-thick polymer. The build-up consisted of a polymer layer 

having a thickness of 17.5 µm. The diameter of the TPVs was 100 µm, and that of the blind vias 

was 45 µm. The minimum line width and spacing was 20 µm, with the metal thicknesses on each 

layer were 8 µm. 
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Figure 77: Modified substrate stack-up and design rules for 4ML diplexer fabrication. 

 

Modified Diplexer design and layout 

The diplexer design was modified to reduce the physical dimensions and improve the 

performance. This was enabled by the thinner (17.5 µm) build-up polymer, and by employing 

additional ground capacitors. The four-metal layer layout of the revised diplexer is shown in 

Figure 79. 
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Figure 78: 3D view of the initial diplexer design 

 

This design was simulated in a full-wave electromagnetic simulator (SONNET) and the 

simulated response showed ~1dB insertion loss and more than 10dB return loss, with close to 12 

dB rejection in the adjacent band as shown in Figure 74. 
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Figure 79: Simulated response of (a) low-band filter, (b) high-band filter. 
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To demonstrate the feasibility of a 3D IPD diplexer component, the diplexer design was 

also optimized keeping the footprint of the resulting component in mind. One key aspect of the 

design involved integrating the input and output SMT landing pads as capacitors in the design. 

This helps in accounting for the parasitics of the pads and also to miniaturize the component. A 

conceptual view of the resulting 3D IPD component is shown in Figure 80. 

 

SMT-compatible 

Landing Pads

1 mm

0.24 mm

0.5 mm

Solder Mask

 

Figure 80:  Conceptual 3D view of a 3DIPD WLAN diplexer component. 

 

Revised Low-band design 

A revised version of the low-band filter, with slightly larger dimensions was designed 

with both ground capacitors and grounded spirals. The layout and simulated response is shown in 

Figure 81. The simulated response is shown in Figure 82. The insertion loss was 0.9dB with 

more than 25dB high-band rejection up to 8GHz. 
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Figure 81: 3D view of the revised low-band filter design 
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Figure 82: Simulated response of the revised low-band filter. 

 

Fabrication with the revised designs and characterization  

The revised low-band design was fabricated on two-metal-layer glass substrates. The 

fabricated sample and the measured responses of the low-band filter are shown in Figure 83 and 

Figure 84. It can be seen that the insertion loss was 0.6dB, which is close to the target 

specification of 0.5dB. The high-band rejection was more than 25dB from 5.5 GHz up to 9.5 

GHz. Over all, the frequency response was shifted from the design target by about 200MHz in 
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the pass-band and 500MHz in the rejection band. This is a result of process variations and can 

easily be rectified through subsequent optimization of the design to account for process 

variations. 

 

 

Figure 83: Top-view of the fabricated revised low-band design. 
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Figure 84: Measured performance of the revised low-band design. 

Summary 

Next-generation RF systems require miniaturized ultra-thin passives that can be surface-

assembled as ultra-thin devices or embedded in the substrate. In lieu of these requirements, this 

chapter discussed the modeling, design, fabrication, and characterization, of an innovative  

high-performance and ultra-thin WLAN diplexer. A novel ultra-thin glass-based band-pass filter 

structure was proposed and a corresponding lumped-element circuit schematic was developed. 
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The equivalent circuit was verified with full-wave EM simulations. Further, the mechanism of 

coupling in the structure was determined to be electric, and the simulated group-delay was found 

to be very less, at 0.2ns in the pass-band. Parametric variations were performed on the layout of 

the filter and the effect on the performance of the filter was studied. These included variations in 

the line width, polymer thickness and X-Y alignment. In addition, the filter structure was 

modified to study the subsequent effect in performance. The different modifications consisted of 

the addition of secondary spirals, grounded spirals, and ground capacitors. The basic filter 

structure was fabricated on ultra-thin glass substrate of thickness 30 µm, and measured to obtain 

the S-parameter response. The measurement showed good correlation with the simulated 

performance. 

Based on the proposed filter layout and the modifications, a WLAN diplexer was then 

designed, fabricated and characterized on a four-metal layer substrate consisting of a  

100 µm –thick glass core. The X-Y dimensions of this diplexer design were 1.3mm x 0.8mm. 

The measured pass-band insertion loss of 0.8-1.6dB was achieved in the low and high band, 

along with 10dB adjacent-band attenuation. Subsequent design improvements were targeted to 

enhance the adjacent-band rejection and miniaturization. A miniaturized diplexer with 

dimensions 1mm x 0.5mm x 0.2mm was designed with 0.9dB insertion loss and 12dB rejection. 

The low-band filter design of the diplexer was further improved using grounded spirals and 

ground capacitor. This revised design with dimensions of 1mm x 0.5mm was fabricated on a 

two-metal layer substrate with a polymer of thickness 17.5 µm between the spirals. The 

measured insertion loss was 0.6dB and high-band rejection was more than 25dB. This revised 

design matched the target specifications reasonably well. Thus, the capability of the proposed 

filter design to achieve high performance and miniaturized 3D IPD diplexer components was 

demonstrated on ultra-thin glass substrates.  
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CHAPTER 4 

MINIATURIZED COMPONENT-LEVEL EMI SHIELDING 

 

The objective of this task is to develop component-level shielding for miniaturized RF 

modules, providing up to 60dB electromagnetic (EM) isolation at distances less than 100 µm, in 

1-20GHz frequency range. Miniaturization of multi-functional RF modules requires high 

component densities. The electromagnetic interference between components increases with 

higher functional density or reduced inter-component distance. Hence, there is a need to shield 

components from one another in miniaturized RF modules. An integrated EM shielding is 

implemented between components or transmission lines that interfere with one another, using 

metallized trenches in the organic build-up layers. This involves four key advances, which also 

form the key sub-sections of the chapter: a.)Modeling of EM radiation in RF modules, 

b.)Analytical modeling – Material and multi-layer stack-up design, c.)Modeling and design of 

component-level EMI shields, d.)Fabrication and characterization of EMI shields. 

Objectives 

The objectives of this section are to model, design, fabricate and characterize 

miniaturized component-level EM shields for RF modules with the size and performance 

objectives as summarized in Table . 

Table 8 

Targets for EMI shielding 

 

EM Isolation 30 – 60 dB Enabling R&D Innovations: 

 

 Materials and structures with  

enhanced shield-effectiveness 

 

 Integrated EM isolation shields using 

trench structures on dielectric build-up 

layers; 

Frequency 1 GHz - 20 GHz 

Distance from components < 100 µm 

Integrated Shield 

Thickness 
< 100 µm 

Shield Metal Thickness < 10 µm 
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Approach 

To address the issue of EM interference between components that are integrated in close 

proximity to one another, four challenges need to be addressed: a) Identifying the sources of 

radiation and the coupling between components, b) selecting the right material for the particular 

application, c) identifying the effective shield structure through modeling and simulations, and d) 

fabrication and characterization of the shield structures. Four sub-tasks are proposed to address 

these challenges: 

Modeling of EM radiation in RF modules 

Model the electromagnetic propagation and interference between different elements such 

as passives, actives and interconnections of typical RF modules using electromagnetic 

simulations. From these simulations, guidelines will be developed for placement of these 

elements in a miniaturized RF module. 

Analytical modeling - Material and multi-layer stack-up design 

Model the shield effectiveness of different materials and material combinations through 

analytical modeling, and develop a novel material stack that is significantly better than 

traditional single-layer shields. 

Modeling and design of component-level EMI shields  

Propose component-level shielding structures and study their shield effectiveness through 

3D EM simulations.  

Fabrication and characterization of EMI shields 

Demonstrate the effectiveness of the proposed shield structure through fabrication and 

characterization. 
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Modeling EM Radiation in RF modules 

Full-wave 3D EM Simulation Setup 

In order to study the coupling between package elements, simulations were performed 

using HFSS – a full-wave 3D EM tool. The geometries and metal thicknesses of the different 

elements were constructed based on the design rules. The inductors had a line width and spacing 

of 50µm with overall dimensions of 0.5mm x 0.6mm. The dimensions of the capacitor plates 

were 0.5mm x 0.6mm, with a dielectric thickness of 7µm between the plates. The TPV diameter 

was 60µm with the capture pad dimension of 180µm. A microstrip type transmission line with 

width of 20µm and length 2mm was used. The transmission line was not matched to 50Ω to 

facilitate increased radiation due to the impedance mismatch. This would in turn help study the 

worst-case EM interference scenario. 

To study the coupling between these elements, two of these elements were integrated into 

a 3D EM model, assuming 400µm of separation between the elements. The “Solution set-up” 

was set as “driven-terminal” type. “Lumped ports” were employed to excite the structures. The 

far-end cross-talk between these elements was used to study the induced interference. The 

simulation was performed from 100MHz to 20GHz, in steps of 100MHz. The top view of the 

typical simulation set-up consisting of a TPV, a capacitor, an inductor and a transmission line 

(TL) is shown in Figure 85. 
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Figure 85. Top view of the typical simulation setup. 

 

Simulation results and analysis 

The lateral coupling between different elements are compared in Figure 86. It can be 

observed that the coupling is highest between the unmatched transmission lines with a common 

ground plane. The next highest coupling is between inductors as they do not have a tightly 

coupled ground reference. Further, since inductors and TPVs are current-based elements, the 

coupling onto an inductor from a TPV was observed to be higher than that from a capacitor, 

which is a voltage-based structure. Capacitors are coupled structures and hence the EM coupling 

into a capacitor was lower than that for inductors and TPVs. As can be expected, the coupling 

between capacitors was the least compared to inductors and TPVs. As microstrip transmission 

lines are always referenced to a ground plane, it was observed that the coupling between 

microstrip lines and other elements was the least. While transmission lines may be the least 

susceptible to lateral EM interference from other package elements, it is essential to shield two 

microstrip lines from each another as the coupling between them is significant. 
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Figure 86. EM coupling between package elements. 

 

 Based on these simulations a basic set of guidelines are defined for the placement of these 

passives: 

- The layout procedure must begin with the placement of inductors and TPVs so that they can be 

spatially isolated as much as possible. 

- The distance of separation between capacitors and transmission lines may be lower than that 

between inductors and TPVs. 

- Transmission lines can be routed closest to other structures. 

- Parallel place capacitors may be safely placed closer to each other or to other passives. 
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Analytical material modeling - Material and multi-layer stack-up design 

Need for EM Shielding 

Depending on the frequency of radiation, the region around a source of EM radiation is 

divided into near-field and far-field, as shown in Figure 87. The far-field distance is given by:  

 

Far-field region > λ/2π,                                              (1a) 

 

where λ is the wavelength of the radiation. 

 

In the far-field region, the radiated wave is electromagnetic in nature, which means that 

the electric and magnetic fields are coupled and have the same wave impedance. The near-field 

distance is given by:  

 

Near-field region < λ/2π                                               (1b) 

 

In the near-field region, the electric and magnetic fields are decoupled and have different 

wave impedances. This causes the electric and magnetic fields to exhibit different shielding 

characteristics in the near field. 

A miniaturized multifunctional system houses several active and passive components in 

close proximity. All of them radiate electromagnetic (EM) fields of different strengths and 

frequencies.  The typical separation distance between components is around 2-6 mm. This means 

the components lie in the near-field region of each other even up to 8 GHz. Additionally, the 

components also lie in the far-field region of external EM interference arising outside the 

package. Therefore, all components require electromagnetic interference (EMI) shields to 

prevent external interference from entering into the components, and also to suppress any 

radiation arising from the component. To this end, sputtered magnetic and non-magnetic thin-
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films provide the ability to design and create unique EMI isolation layers instead of the metallic 

cans made from thick materials[13] or expensive spray-coated paints [17].  

 

0 5 10 15
0

200

400

600

800

1000

Distance from source [mm]

W
a

v
e 

im
p

ed
a

n
ce

 (
O

h
m

s)

Wave impedance at 5GHz

Far-fieldNear-field

λ/(2π)=~9mm

Magnetic 

field

External 

interference
Internal 

interference

Electric 

field

Shielding Effectiveness 

SE=  A+  R  +  B

A: Absorption loss

- Better with thickness

R: Reflection loss

- More if farther from 

interference source

B: Effect of thin Shields

- Thin shields offer very 

low shielding.

All components of a miniaturized module 

lie in near-field region of each other.

Refection Loss lower for magnetic 

fields closer to the source.

377 Ω

 

Figure 87. Wave impedance with varying distance from an EM source radiating at 5GHz. 

 

Mechanism of EM Shielding 

Fundamentally, EM shielding is effected through the following mechanisms[39] as depicted in 

Figure 88: 

1.) Reflection loss – An interfacial phenomenon arising because of the difference in the 

impedance between the medium around the shield and the shield material. The reflection loss is 

different for far-field and near-field regions. In the near-field region, it is higher for electric than 

for magnetic fields. The expression for near-field magnetic field reflection loss is given by: 

 

Rm = 20 log (  dB.           (2) 

 

‘Zs‘ is the impedance of the shield metal in ohms, defined as: 
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Zs =  ,             (3a) 

 

where ‘ω’ is the angular frequency given by ‘2πf’; ‘μm
’ is the permeability of the shield metal, 

and ‘σ’ is the conductivity of the shield metal specified in mhos/meter. ‘Zw
’ is the near-field 

wave impedance (unit ohms) of magnetic fields given by: 

 

Zw = ,              (3b) 

 

where ‘f’ is the frequency of radiation, ‘μw
’ is the permeability of the material 

surrounding the shield, ‘r’ is the distance from source to shield.  

 

2.) Absorption loss – Effected in the bulk of the material, absorption loss occurs because of the 

EM waves getting attenuated inside the metal. Absorption loss is defined as: 

 

A=  dB,            (4) 

 

where ‘t’ is the thickness and ‘μ’ is the permeability of the shield metal, and ‘σ’ is the 

conductivity of the shield metal specified in mhos/meter. 
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Figure 88. The various mechanisms associated with EM shielding. 
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Unlike electric fields, the low wave-impedance of magnetic fields in the near-field region 

makes it difficult to shield them through reflection loss. Usually, a shield with high absorption 

loss is used – which can be achieved through one of the following properties: large shield 

thickness, high conductivity, or high permeability. However, in ultra-miniaturized systems the 

metal thickness cannot be high enough, resulting in low absorption loss. In addition, magnetic 

materials exhibit high permeability only up to a particular frequency, defined by the material 

properties. These lead to additional phenomena that need to be considered: 

1.) When the metal thickness is less than one skin depth, the wave attenuation due to 

absorption loss is very less. As a result, the EM waves are strong enough to undergo multiple 

reflections inside the thin shield layer and produce secondary and tertiary emissions. This 

essentially reduces the shield effectiveness. This effect is quantified as[40]: 

 

B = 20 log10 ( ) dB ,          (5a) 

 

 

where ‘t’ is the thickness, ‘δ’ is the skin depth of the shield metal, in meters and ‘q’ is the ratio 

between impedance of the shield (Zm) and wave impedance (Zw), defined by: 

  

q = .              (5b) 

 

2.) With magnetic materials, the frequency stability of the permeability determines the 

applicability of the material, and is dictated by the FMR (ferromagnetic resonance) frequency. 

Because of the above-described phenomena of absorption loss, for a material to act as a shield, 

the FMR has to be higher than the frequency of interest. The FMR is related to the effective field 

anisotropy, and is written as:  

 

,             (6) 

For a thin film with magnetic anisotropy, this resonance frequency is given by: 



 78 

 ,         (7) 

 

Where H is the applied field or the anisotropy field Hk (in Oe), ‘4πMs‘ is the saturation 

magnetization (in Gauss) and ‘‘ is the gyromagnetic ratio (2.31 x 108 m/kAs). The equation can 

be further simplified as 

       (8) 

 

The structure, composition and magnetic anisotropy can be designed to tune the FMR, 

resistivity and permeability in order to create EMI isolation in the target frequency band. For 

materials with uniaxial anisotropy, the inherent frequency-stability and magnetic loss are 

governed by the saturation magnetization (Ms) and field anisotropy (Hk). Therefore, materials 

with high Ms and Hk are critical for high-frequency (GHz range) EMI shielding with reflection 

and absorption losses. However, it is important to note that the FMR itself can cause shielding 

because of its resonance-assisted microwave absorption.  

 

Analytical simulations for material selection 

To determine the material that is most suited for the shielding application under 

consideration, the shield effectiveness of different metals and metal alloys were analytically 

modeled using the material properties such as resistivity, permeability, and FMR. Substrate-

compatible metals such as copper, nickel, and aluminum were considered for this analysis, along 

with nickel-iron (NiFe) and cobalt-zirconium (CoZr). The properties of NiFe and CoZr measured 

by [16-18] are considered as guidelines. The different material properties are summarized in  

 Table . Magnetic materials lose their magnetic properties (permeability becomes unity) beyond a 

certain frequency that is specific to each material. This frequency is known as the ferromagnetic 

resonance (FMR) frequency. Above its FMR frequency, a magnetic material absorbs the 
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radiation incident on it. The absorption due to ferromagnetic resonance needs to be determined 

through experimental characterization, and hence was not accounted for in the simulations. 

Table 9 

List of Material Properties 

Material 
Resistivity 

 (ohm-cm) 
Permeability FMR 

Copper 1.68 1 - 

Aluminum 2.8 1 - 

Nickel 6.99 100 20MHz 

CoZr 100 200 3 GHz 

NiFe 50 400 1 GHz 

 

Analytical calculations (without FMR effects) were performed to estimate the shield 

effectiveness of the materials, assuming a distance between source and shield of 0.5mm – the 

typical separation between components in a miniaturized sub-system. The simulation considers 

0.5GHz - 20GHz since this covers the operating frequencies of WLAN and cellular RF modules, 

including three harmonics. The impact of thickness on shield effectiveness is also studied by 

varying the metal thickness from 1µm up to 5µm. The assumptions for the analytical model 

include the following: 

- Only material properties are compared. Hence the computed shield effectiveness is ideal 

and independent of the structural effects. When the structural effects are taken into 

account, the actual shield effectiveness is expected to be lower. 

- The EM noise is assumed to be at low power levels, below the saturation limits of the 

magnetic materials. 

Comparison of shielding effectiveness of single-layer shields  

The comparison of shield effectiveness between the different materials is shown in  

Figure 89. It can be observed that copper has the best shield effectiveness because of its low 

resistivity, followed by aluminum. Nickel and nickel-iron show low shield effectiveness since 

the frequency-range under consideration is already past their FMR. However, for cobalt 
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zirconium, since the FMR occurs only at 3GHz, it can be seen that till 3GHz its shield 

effectiveness is as good as that of aluminum. This effect of reduced permeability beyond FMR 

can be observed in Figure 89. Since shielding due to FMR is not captured in this analytical 

model, the actual shielding effectiveness is expected to be higher for Ni, NiFe and CoZr. The 

effect of metal thickness on shield effectiveness for copper is depicted in Figure 90. It can be 

seen that the shield effectiveness increases with increasing metal thickness since the dominant 

shielding phenomenon at these frequencies is absorption loss which depends on the thickness of 

the shield metal. 
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Figure 89. Comparison of shielding effectiveness of different materials. 
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Figure 90. Shield effectiveness with varying thickness of the shield metal. 

Novel multi-layer shield  

Stack-up description 

 To achieve higher shielding effectiveness using very thin films, a novel material stack-

up was developed using a combination of magnetic, non-magnetic and insulating thin-films. The 

unit stack-up is shown in Figure 91. This unit stack is repeated. From Equation 3a, it can be seen 

that as the conductivity increases, the shield impedance decreases and as the permeability 

increases, the shield impedance also increases. Copper has the highest conductivity among the 

metals in consideration and hence has the lowest shield impedance. NiFe and CoZr have higher 

permeability and lower conductivity, and hence have higher impedance. The near-field wave 

impedance of insulators is defined by Equation 3b. Insulators have higher impedance than 

metals. However, as depicted in Figure 87, the wave impedance of magnetic fields in the near-

field is lower than that of electric fields, and also lower than the far-field electromagnetic wave 

impedance. 
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Figure 91. Proposed unit stack-up. 

 

Mechanism of shielding 

Understanding the mechanism of shielding begins with considering an incoming near-

field magnetic wave that impinges the shield at Interface ‘1’, as indicated in Figure 91. This 

wave gets attenuated due to absorption loss in the non-magnetic layer. Since magnetic fields get 

reflected only when propagating from a low-impedance medium into a high-impedance medium, 

this magnetic field wave gets reflected only at Interface ‘2’, and not at Interface ‘1’. The 

reflection can be estimated from the shield impedances for the magnetic and non-magnetic 

layers, using Equation 2. Upon reflection at Interface ‘2’, a part of the wave continues to 

propagate further inside the shield. This component, in addition to the attenuation due to 

absorption loss as it traverses through the magnetic layer; undergoes a reflection at interface ‘3’ 

between the magnetic layer and the insulator. The advantage of this multi-layer stack is its ability 

to minimize the effect of multiple reflections that was described using Equation 5a. To 

understand this effect, an outgoing magnetic field wave is considered after the incoming wave is 

reflected at Interface ‘3’. This wave does not get reflected at Interface ‘2’ since the impedance of 

the insulator layer is higher than that of the magnetic layer. Instead, the outgoing wave reflected 

from Interface ‘3’ experiences the first reflection only at Interface ‘1’ as it propagates from the 

low-impedance non-magnetic layer into the air medium outside the shield. Thus the presence of 

non-magnetic layer helps eliminate the effect of multiple reflections in the thin magnetic layer. 

Further the part of the wave that gets reflected inside at Interface ‘1’ tries to enter the shield 
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again, but it gets reflected at Interface ‘2’ and then at Interface ‘3’, in addition to getting 

absorbed in the non-magnetic and the magnetic layers. Hence, reflected waves that re-enter the 

shield and could potentially manifest as secondary and tertiary emissions out of the shield; are 

attenuated by a series of absorption and reflection losses. This mechanism is depicted in  

Figure 92. 
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Figure 92. Mechanism of EM shielding in the proposed multi-layer stack. 

 

The optimized unit stack consisted of 200nm-thick copper as the non-magnetic layer, 

200nm-thick CoZr as the magnetic layer, and 20nm-thick alumina as the insulator. This unit 

stack was repeated four times, separated by 20nm-thick insulator. The shield effectiveness of this 

multi-layer stack was simulated using the equations [40] in Figure 31, from chapter 2, and 

compared with different thicknesses of copper. The simulation result is shown in Figure 93. Here 

the simulation is shown only till 3GHz since CoZr has a FMR at 3GHz . Beyond this frequency, 

the FMR absorption would contribute to the shielding performance. 
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Figure 93. Comparison of simulated shield effectiveness of the proposed multi-layer stack and single-layer copper. 

 

Among the various shield material combinations, the most effective and stable choice is 

copper as it does not have frequency limitations and is compatible with standard substrate 

fabrication processes. However, a combination of the proposed multi-layer stack and single-

layered copper could potentially offer enhanced shielding in 1-3GHz frequency band, and 

sufficient shielding thereafter, up to 20GHz. 
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Modeling and Design of component-level EMI shields 

The type of structure that is employed for shielding is an important consideration in 

shield design. It is also important that the structure is compatible with the fabrication process for 

easy integration with the rest of the sub-system. In this regard, two types of structures were 

identified – vias and trenches. The shielding effectiveness of via array is compared with that of 

trenches, in a multi-layer package substrate through full-wave EM simulations. Transmission 

lines were used to study the effectiveness of the different shield structures. 

Design rules for via and trenches, Metal thicknesses 

The design rules of the substrate under consideration are tabulated in Table . 

 

Table 10 

Design Rules for the shield structure 

Parameter Dimension 

Micro-Via diameter, Trench diameter 45 µm 

Metal thickness 6 µm 

Dielectric thickness 15 µm 

 

Full-wave EM Simulation setup 

The simulations to study the shield effectiveness of structures were performed using 

HFSS– a full-wave 3D EM simulator, and Sonnet – a full-wave planar EM simulator. The 

geometries and metal thicknesses of the different elements were constructed based on the design 

rules mentioned in Table . To study the shield effectiveness, a pair of microstrip transmission 

lines of length 15mm separated by 180 microns, were considered and the required shield 

structure was integrated between them. The far-end crosstalk between these lines was employed 

to compare the shield effectiveness of the shield structures. The set-up is depicted in Figure 94, 

where each transmission line is terminated with 50-ohms on one end and probed at the other. 
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Figure 94. Simulation set-up showing transmission lines separated by a trench-based shield. 

Simulation results and analysis 

The EMI isolation for the via-array and trench were simulated and the comparison of 

their shield effectiveness is shown in Figure 8. The shield effectiveness of the trench structure 

was more than that of the via-array, with the highest simulated EM coupling between the 

transmission lines being 20dB for the via-array and 25dB for the trench.  

 

Via-array (discrete pads)

Trench shield

 

Figure 95. Comparison of TL-TL coupling in presence of via-arrays and trenches. 
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Via-array shields with continuous via pad 

When the via pads on the upper metal layer were merged, as mentioned in [22], it was 

observed that the shielding effectiveness matched that of trench-based shields. The 3D view of 

the via-array shields with continuous and discrete pads, is shown in Figure 96. The simulation 

results of these cases are compared with that of continuous trench, in Figure 97. 

 

          

(a)                                                                     (b) 

Figure 96. Simulation setup of the via-array shields, (a) with continuous via pad, and (b) discrete via pads. 

No Shield

Via-array (discrete pads)

Via-array (continuous pad)

Trench shield

 

Figure 97. Comparison of TL-TL coupling in presence of trenches and different via-arrays configurations. 
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Figure 97 indicates that a via-array shield with discrete pads does not reduce the coupling 

between the transmission lines. Alternatively, when the pads are merged, the reduction in 

coupling due to via-array shield is the same as that due to a trench-based shield. This is explained 

in Figure 98. Since the lowest frequency of propagation depends on the largest aperture, the 

small aperture in the via-array with the continuous pad prevents the frequencies in 1-20GHz 

from propagating through the shield; whereas, in case of the via-array with discrete pads, the 

unbounded aperture allows all frequencies to pass through. 

 

Ground Plane Ground Plane

Discrete pads. Continuous pad.

Unbounded aperture Bounded aperture

1-20GHz frequencies can propagate. Only very high frequencies can propagate.

Via

Pad

 

Figure 98. Lateral view of via-array shields to compare the aperture for different scenarios. 

 

Extended trench-based shields 

The coupling between two microstrip transmission lines was also simulated with the  

trench-based shield extended vertically upwards such that it was taller than the transmission 

lines. The height of the trench above the transmission line was set at 20µm and 40µm, and the 

couplings between the transmission lines were studied. Since microstrip transmission lines are 

referenced to a ground plane only on the bottom, they radiate more above the plane containing 

the signal lines. The presence of a trench shield above the plane of the transmission line was 

found to improve the shielding between the transmission lines. The 3D view of the trench-based 

shield extending above the plane of the signal lines is shown in Figure 99. The couplings 
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between the transmission lines for both vertical heights were compared through simulations and 

are shown in Figure 100. It can be seen from Figure 100 that, as the height of the trench above 

the transmission line increases by 20µm, the coupling reduces by 3dB. Typical tradeoff while 

employing such trenches would involve a compromise between the shield effectiveness and the 

maximum thickness of trench that can be fabricated above the plane of a transmission line.  

 

 

 

Figure 99. 3D view of the trench-based shield extending above the plane of the signal lines. 

 

Trench shield not extended.

Trench shield extended 20µm above.

Trench shield extended 40µm above.

 

Figure 100. Comparison of TL-TL coupling for different trench configurations.  
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Fabrication and characterization of EMI shields 

A layout of the transmission lines was designed as per the simulation set-up, and 

fabricated on a glass substrate. The advantage of the proposed trench structure is its ability to be 

integrated into standard substrate fabrication processes without increasing the process steps [19]. 

The first step in the fabrication involves cleaning of the glass followed by polymer lamination. 

Next, through package vias (TPVs) are formed using laser ablation. After the TPVs are formed, 

using a double-side wet metallization process, the core and TPVs are metallized and patterned. 

Following this, the build-up polymer was laminated on both sides of the substrate. The shielding 

trenches and the micro vias were simultaneously formed on the build-up through laser ablation 

using ultraviolet laser. The top-view of the substrate, after the micro vias and the trenches are 

formed, is shown in Figure 101. The metallization of the trenches was carried out along with the 

metallization of the micro via and the build-up metal pattern. The process flow of the fabrication 

is depicted in Figure 102. An image of the fabricated structures is shown in Figure 103. 

 

500 µm 

   

50 µm 

 

Figure 101. Top-view of the substrate with the laser-ablated trench and blind-vias. 
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Figure 102. Fabrication process of multi-layer glass substrates. 
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SMD 50-Ohm Resistor Pads
Transmission Lines

15 mm
 

Figure 103. Transmission lines with via-array and trench shields, fabricated on ultra-thin glass substrates. 

 

After the substrate fabrication, 50-Ohm SMD resistors were assembled onto the coupons 

to terminate the lines. Following this, RF characterization was carried out using GSG RF probes 

with a vector network analyzer. To characterize the EM interference between the lines, two-port 

S-parameters were measured. The results showed reasonable correlation with the simulations, 

with the trench structures offering up to 20dB of additional isolation between components, 

compared to via-array shields with discrete pads. Thus, the measurements demonstrate increased 

shielding effectiveness with trench structures compared to via-array shields, while also validating 

the simulations. 

Via-array

Trench

 

Figure 104. Comparison of measured TL-TL coupling in the presence of via-arrays and trenches. 
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Summary 

Component-level electromagnetic interference shields were developed for miniaturized 

WLAN RF modules, enabling 30dB – 60dB isolation in the frequency range of 1- 20GHz, 

between passives separated by less than 100µm. Trench-based shields having a width of 45µm 

were modeled, designed, fabricated and characterized to provide up to 20 dB of additional 

shielding between a pair of transmission lines, compared to via-array shields. To accomplish this 

objective, four sub-tasks were defined: a.)Modeling of EM radiation in RF modules, 

b.)Analytical modeling – Material and multi-layer stack-up design, c.)Modeling and design of 

component-level EMI shields, d.)Fabrication and characterization of EMI shields. 

Electromagnetic coupling between various passives elements namely inductors, 

capacitors, TPVs and transmission lines was studied through 3D EM simulations. Component-

dimensions from typical RF module designs were employed, with 400µm spacing between the 

components. The worst-case coupling for each pair of components was studied and it was 

observed that the coupling between two unmatched transmission lines was the maximum, 

followed by the coupling between two planar spiral inductors. Parallel-plate capacitors and 

transmission lines were found to interfere the least with each other and with other components. 

Based on these results, a simple set of guidelines were defined for the placement of such 

passives. 

Analytical simulations were used to estimate the shield effectiveness of various single-

layer and multi-layer shield materials. A novel multi-layer stack comprising 200nm of copper, 

200nm CoZr and 20nm alumina was proposed. Analytical simulations showed that in the 

frequency range of 1-3GHz, the proposed multi-layer stack offered 6X reduction in thickness 

over single-layered copper shield. However, for the frequency range of 3-20GHz, copper was 

found to be more effective and stable shield material. 

The shielding effectiveness of via-array-based shields and trench-based shields were 

compared through modeling, simulation and fabrication. It was deduced through simulations that 

trench-based shields were more effective in suppressing EM coupling between two transmission 
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lines, than via-array-based shields, when the via pads on the upper metal layer were 

discontinuous. However, when the via pads were merged together, the via-array was found to be 

as effective as trench-based shields in providing isolation. Further, when the trenches were 

extended vertically upwards by 20 - 40µm, the shield effectiveness was observed to increase by 

up to 6dB.  

Glass substrates with four metal layers were fabricated to test the shield effectiveness of 

trenches and via-array-based shields. The trenches and via-array-based shields were fabricated 

and metallized using the standard multi-layer fabrication process without any additional process 

steps. Integration of these shield structures do not contribute significantly to the size of the 

module. It was observed that the trench-based shields offered up to 20dB of additional EM 

isolation between two microstrip transmission lines compared to via-arrays. The measurements 

also validate the 3D EM models and simulations, and establish their extensibility to other 

scenarios.  
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CHAPTER 5 

DESIGN AND DEMONSTRATION OF MINIATURIZED RF MODULES 

 

The final task is to model, design and demonstrate glass-based WLAN RF modules with 

low-loss embedded passives, LNA dies, and integrated component-level EMI shielding; using 

the 3D IPAC concept. The first part of the WLAN RF module demonstration consists of 

embedded thin-film passives and chip-last embedded actives using ultra-short Cu-Cu 

interconnections, on ultra-thin organic substrate. However, glass is expected to be the 

mainstream substrate material in future RF modules because of its several advantages described 

in Chapter 1 and 2. Therefore, the second part of the module demonstration focuses on  

glass-based RF WLAN module demonstration. They key innovations in the 3D IPAC glass 

module are miniaturized passives and EMI shields, double-side thin-films, through-vias in the 

substrate, and chip-last embedded actives integrated using low-temperature Cu-Cu 

interconnections. Double-side active component assembly, although feasible, is not a part of this 

3D IPAC demonstration.  

Objectives 

 The objectives of this task are to model, design, fabricate and demonstrate miniaturized 

WLAN RF modules with less than 1dB passive insertion loss, more than 20dB adjacent-band 

attenuation, and, less than -40dB internal noise-coupling using the 3D IPAC concept, as listed in 

Table . 
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Table 11 

Targets for Module Design 

 

WLAN RF Receiver module Diplexer + LNA dies 
Design: 

 Miniaturized diplexer design using 
novel design schematic; 

 Integrated EM isolation shield using 
trench structures; 

 Glass substrate with through-vias 
and precision RDL; 

 Low loss substrate and dielectrics; 

 Ultrashort interconnect lengths 
with 3D integration 

Passive Insertion loss <= 1 dB 

Adjacent-band Attenuation >= 20 dB 

Internal Noise Coupling < -40 dB 

Frequency of operation 2.4 GHz – 5 GHz 

Reduction in X-Y size 1.5X 
3D IPAC concept: 

 High component density: 

 Embedded components 

Reduction in thickness 2X  Ultra-thin 100um glass substrate 
with embedded passives. 

Cost 2X reduction  500 mm x 500 mm panels 

 

 

Module Description 

As described in Chapter 1, 3D IPAC concept is employed to design the WLAN RF 

receiver module in a) organic substrates to demonstrate miniaturization with enhanced  

performance using embedded filters and chip-last embedded actives, b) glass substrate with 

innovative embedded passives and shielding. The corresponding sub-tasks for each of these 

modules are: 1) Module design and EM simulation, 2) Fabrication, and 3) Characterization and 

model validation.  
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Figure 105: Components of a WLAN sub-system. 

 

A typical WLAN RF receiver module consists of an LNA and a BPF, as represented in 

Figure 105. Two Gallium Arsenide (GaAs) actives are integrated with a WLAN band-pass filter 

to achieve adequate adjacent-band isolation for WLAN. When dual-band operation of the LNA 

is required, the BPF is replaced with a diplexer. Low-parasitic thermo-compression Cu-Cu 

interconnections are employed to interconnect the actives to the substrate. Further, the 

interconnection length and parasitics between the actives and passives is minimized by 

employing embedded passives. For this work, the dies are obtained from TriQuint 

Semiconductor, Inc. [60]. 
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Design and simulation of WLAN RF Module on Organic Substrate 

LNA schematic 

The LNA schematic is shown in Figure 106. Only the 2.4 GHz side of the die was used 

for design and measurement. Both the RF chains at 2.4 GHz and 5 GHz operate independently. 

They are enabled by a switch die inside TriQuint’s module. For example the 2.4 GHz chain can 

be enabled by supplying 3.3V on Pin 6 in TriQuint’s current wire bond package. The input and 

output matching circuitry are located on the die. Two external decoupling capacitors (100pF on 

Pin 6 and 1F on Pin 5) are required for operating the 2.4 GHz low noise amplifier.  

 

 
Figure 106: LNA Module schematic, as seen on TriQuint's datasheet. 

 

Substrate stack-up and design rules 

To realize miniaturized high-Q passives, ZEONIFTM XL (X-L) – a low-loss organic 

material has been employed. Developed by Zeon Corp., X-L is a halogen-free glass-fiber-

reinforced polymer laminate. The cross-section of the stack-up is illustrated in Figure 107.  
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Figure 107: Stack up structure of the 3 metal-layer module. 

 

The substrate stack-up consists of a core layer and a build-up film. To achieve this stack-

up, a 100 µm-thick X-L prepreg (Dk=6.5, Df=0.0035) was laminated onto one side of an X-L 

copper- clad laminate (CCL) core (Dk=6.2, Df=0.0031) of thickness 30 µm.  

 

LNA module design 

To demonstrate miniaturization without degradation in performance over the original 

LNA package (without filter), a LNA module was designed using only the LNA dies. The 

module consists of two embedded LNA dies, along with RF signal transmission-lines and DC 

power supply rails. The RF transmission lines were designed for 50Ω impedance. The dies were 

embedded in a cavity formed in the 100 µm-thick build-up layer, and were connected to landing 

pads on metal layer M2 with very short (15µm height) copper-copper interconnections using 

thermo-compression bonding [61]. Since the separation between the active side of the die and the 

ground plane (M3) is only 30 µm, the copper on M3 was etched away under the dies, to avoid 

eddy-current losses in the on-chip inductors. Metal patches were added to the power-supply rails 

on M1, to facilitate surface assembly of the decoupling capacitors. The LNA module occupied an 

area of 2.6 mm x 2.1 mm, as shown in Figure 108. However, the coupon for this module was 

designed bigger, to accommodate additional structures that aid in characterization. The thickness 

of this module is 160 µm. 
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Figure 108. Top view of M2 layer in the LNA module design. 

 

Filter design in organic substrates 

The receiver module design essentially integrates the LNA module with an embedded 

band-pass filter. The circuit schematic of the filter was simulated using Agilent ADS [62]. Based 

on the schematic, the layout of the filter was designed and optimized using SONNET EM 

simulator [63] and is shown in Figure 109.  

 

2.9 mm1.5mm

 
Figure 109: Layout of the WLAN band-pass filter 

. 
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To achieve the highest capacitance density, the capacitors were designed between metal-

layers M2-M3 across the thinner dielectric layer. The inductors were designed as two-layered 

structures across M2-M3 as well. This helped in increasing the mutual inductance. The metal on 

layer M1 was assigned as the ground plane of the filter. To minimize the effect of ground 

parasitics, all the capacitors on M2-M3 were designed as stitched capacitors [64]. The filter 

occupied an area of 1.5 mm x 2.9 mm and its simulated response is shown in Figure 110.  
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Return loss 

-23.6 dB, 2.24GHz

Insertion loss 

-1.76 dB , 2.3 GHz

 
Figure 110: Simulated performance of the BPF. 

 

WLAN RF Receiver module design on organic substrate 

For the receiver module design, the BPF was integrated with the LNA module design 

such that the BPF is in the RF path from antenna to the LNA. For the characterization of this 

module, the antenna was substituted with a set of RF-probe pads. The schematic cross section, 

3D view and top-view of the receiver module layout is shown in Figure 111. Its dimensions are 

5.5 mm x 2 mm x 0.16 mm.  
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Figure 111: WLAN receiver module (a) schematic cross section and 3D view, and (b) top view. 

 

Full wave 3D EM simulation 

The entire receiver module layout was simulated using HFSS [65], a 3D full-wave EM 

solver. The simulation flow shown in Figure 112 was employed.  

 

Import layout 
into HFSS and 

simulate. (Fig. 7)

Design 3D package layout 
of receiver module in 

SONNET. (Fig. 5)

Obtain S-parameter 
from simulation

Perform  receiver package 
simulation in ADS, using die and 
package S-parameters. (Fig. 11)

Extract LNA die S-parameters by 
de-embedding LNA module 
package parasitics from LNA 

module measurement. (Fig. 10)
 

Figure 112. Simulation flow used for analyzing the receiver module layout. 

 

The receiver module layout design was imported into HFSS, and set up for simulation. 

Setting-up the model included the following: a) specifying the substrate dimensions and 

assigning stack-up materials, b) creating tapered, conformally-metallized vias similar to the ones 

in the fabricated sample, c) defining metal types and thicknesses, and d) assigning ports. The 

metal thickness was set as 10 µm on all the layers. Since EM models of the dies were not 

available, the input and output terminals of the dies were replaced with lumped ports. Further, to 
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include the effect of the die on the package resonances, a perfect electric conductor (PEC) sheet 

was introduced at the location of the die active surface. To capture any noise coupling from the 

power supply network to the receiver module input, a lumped port was located in the DC pads as 

well. The simulation was set-up for a driven terminal solution. A frequency sweep from 100 

MHz to 20 GHz was defined in steps of 100MHz. The top view of the 3D model in HFSS is 

shown in Figure 113, identifying the die cavity, the BPF and the ports. This model was simulated 

and its S-parameters were obtained.  

 

Cavity Band-pass filter

Port Locations

Die PEC

DC Pad   

Figure 113: Top view of the WLAN receiver 3D model. 

 

The signal loss in the input and output paths, and the coupling from the DC pads to the 

RF signal path is studied. The input signal path contains the BPF and its loss is 1.7dB as 

observed from Figure 110. The insertion loss of the output signal path is shown in Figure 114. It 

can be seen that the insertion loss at 2.4GHz was 0.3dB and return loss 15dB. Additionally, the 

noise coupling from the power supply network to the signal input and output paths was also 

obtained as shown in Figure 115. Very low noise coupling at the input is critical since the input 

signal level is low and any additional interference would lower the signal-to-noise ratio (SNR) at 

the input. It can be observed that even the worst-case noise coupling at the input is as low as -

40dB, up to 10GHz. Thus the low insertion loss of the signal path and low noise coupling inside 

the package indicate that the noise added by the package is very low. 
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Figure 114: Characteristics of Output RF Signal Path. 

 

 

Coupling to Output

Coupling to Input

  

Figure 115: Coupling from DC pad to RF signal path. 

 

Next, to obtain the S-parameter model of the LNA dies, the set-up shown in Figure 116 

was used. First, the S-parameters of the package interconnections of the LNA module (no filter) 

were obtained through 3D EM simulations using HFSS. Following this, the LNA module 

(without filter) was fabricated and characterized. Then, the simulated S-parameters of the 

package interconnections were de-embedded from the characterized results of the LNA module. 

This yielded the S-parameter model of the LNA dies. 
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Figure 116. Agilent ADS set-up to extract LNA die S-parameters. 

 

 To simulate the complete receiver package along with the dies, the simulated S-

parameter model of the receiver package and the de-embedded S-parameter model of the LNA 

dies were imported into Agilent ADS, as shown in Figure 117.  
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LNA Die 
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Extracted LNA Die 
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Input

Receiver 
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Output

Gnd
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Figure 117. Complete package model created in Agilent ADS, indicating signal flow. 

 

The die model was connected to its corresponding input-output port locations on the 

receiver package model. This set-up was then simulated in Agilent ADS to obtain the S-

parameters of the complete package, as shown in Figure 118. 
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Figure 118. Complete receiver model simulated using HFSS and Agilent ADS. 
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Fabrication, Assembly, and Characterization of RF Module on organic substrates 

The module layout was panelized into a test-vehicle for fabrication. The top-view image 

of the test vehicle layout is shown in Figure 119. 

 

SMA connector

RF Probes

 

Figure 119: Image of the test vehicle mask layout. 

 

The fabrication process steps are depicted in Figure 120. To achieve a good yield 

especially for the copper features with 30µm spacing, semi additive process (SAP) was 

employed for the metal patterning. The first step of substrate fabrication was the drilling of 

through-vias in the XL CCL using LASER, to obtain vias of diameter 50 µm. Next, electroless 

plating was performed to metallize the vias with a seed layer of 1 µm (Steps 1-2). This was 

followed by photoresist lamination on the top side and photolithography to pattern the 

photoresist so as to expose only the regions where the copper needs to be retained (Step 3). 

Subsequently, electrolytic plating was performed to increase the thickness of the exposed copper 

(Step 4). Once the thickness of the plated copper was close to 10 µm, the photo-resist was 

stripped away and the seed layer removed through micro-etching (Step 5). Then, the prepreg 

material was laminated on the top side of the core (Step 6), followed by blind via drilling and 

metal patterning through subtractive etching (Steps 7-8). Finally cavities were formed on the 
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build-up layer for die embedding and nicked-gold surface finish was applied to the copper traces 

(Step 9). An image of the substrate just before assembly, along with an image of the top view of 

the cavity containing copper traces and die landing pads, is shown in Figure 121. 
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Figure 120: Fabrication process steps. 

 

 

Figure 121: Images of, a) substrate prior to assembly, and b) top view of die cavity. 
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Assembly 

The ability to perform intermediate testing with chip-last approach helped determine the 

yield of the BPFs through characterization, prior to die assembly. The two LNA dies and the 

decoupling capacitors were assembled on tested “known-good” coupons. The top view of the 

assembled receiver module and its X-ray image [4] are shown in Figure 122. The ground planes 

on the backside of the dies were wire-bonded to each other and to the ground islands on the 

substrate. Multiple wire-bonds were used to achieve a low-inductance short between the 

substrate ground and the dies’ ground. After assembly, the modules were characterized using a 

Vector Network Analyzer (VNA), to study the model-to-hardware correlation. A cross-section of 

the fabricated receiver module is shown in Figure 123. 

 

LNA DiesFilter

Decoupling Capacitors
  

Figure 122: RF receiver module after assembly (left: top view, right: X-ray image). 

 

 

100um

LNA dies embedded in cavityEmbedded BPF

 

Figure 123: Cross section of RF receiver module. 

 

Characterization 

After assembly, the modules were characterized using the following set-up: 
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• GSG RF probes: 500 µm pitch, 

• DC Supply: 3.3V, 14mA 

• Two-port VNA, 

• Short Open Load Thru (SOLT) Calibration. 

The measured response of the LNA module is shown in Figure 125. The peak gain at 2.4 

GHz was 14.13 dB with more than 15dB return loss. It is noteworthy that the measured gain of 

the LNA module is comparable to its datasheet performance [60] despite the fact that the LNA 

dies were designed and optimized for a wire-bond package.  

 

Gain 14 dB 
2.47 GHz

Return Loss -13.6 dB 
2.47 GHz

Insertion Loss

Return Loss

 

Figure 124. Measured response of LNA modules. 

 

The measured response of the receiver module is shown in Figure 125. The peak gain of 

the receiver module was 11dB, and the gain at 2.4 GHz was 9.2dB, with more than 25dB 

adjacent band rejection (at 5.2GHz). The isolation of GSM band at 1.9GHz was 32dB. The shift 

in peak gain was attributed to the pass band of the BPF shifting to 2.6 GHz, reducing the gain of 

the receiver module at 2.4 GHz.  
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Figure 125: Measured response of RF receiver module. 

 

Analysis and Model validation 

A comparison between the performances of the 3D full-wave EM simulation of the BPF 

and its measurement is shown in Figure 126. A slight drift in the performance, towards the 

higher frequencies was observed and is attributed to process variations that potentially cause a 

reduction in the capacitor or inductor values. Good correlation between the complete receiver 

package simulation and its measurement can be observed from Figure 127. This validates the 

simulation method employed to estimate the combined performance of the chip and package. 

The characterization result indicates more than 20dB suppression of the adjacent frequency band 

at 5-6GHz, with a package loss of 3dB, despite achieving 1.5X volume miniaturization, because 

of the low-loss substrate, shorter interconnection (Cu-Cu) between the die and the substrate, and 

chip-last embedding technology. 
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Simulation 

Measured

 

Figure 126: Comparison of the simulated and the measured responses of the filter. 

 

Simulation 

Measured

 

Figure 127: Comparison of the simulated and the measured responses of the receiver. 
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Design and simulation of RF Module on Glass Substrate 

To develop the WLAN RF receiver module (LNA + Filter) on glass substrates, both 

2.4GHz and 5GHz bands were considered for the design. Further, to direct the signals between 

the two bands, the BPF was replaced with a diplexer. Trench-based electromagnetic shields were 

also integrated into the design to isolate the two bands and also to shield the filter from any noise 

from the DC pads. The design and simulation of the module will be discussed in this section, 

followed by the fabrication, assembly and test processes to realize the same. 

 

Substrate stack-up and design rules 

The substrate stack-up consisted of four metal layers on a glass core having a thickness of 

100 µm with a polymer layer on both sides. The glass substrates were obtained from Corning, 

and had a dielectric permittivity (Er) of 5, and los tangent (tanδ) of 0.005 at 2 GHz. The core 

polymer, ABF-GX92 from Ajinomotto, had a thickness of 15 µm, with Er of of 3.2 and tanδ of 

0.017 at 10 GHz. The build-up polymer (ZS-100 Er of 3.0 and tanδ of 0.005 at 10 GHz) had a 

thickness of 17.5 µm. The metal thickness on all layers was around 8 µm. The pitch between two 

TPVs was 300 µm and between blind vias was 100 µm. The minimum width of the metal 

patterns and spacing was defined as 15 µm. To enable interconnection of components on either 

side of the glass substrate and between metal layers, through package vias and blind vias were 

formed. The diameter of the TPVs was 100 µm and that of the blind vias was 45 µm. The stack-

up cross-section is depicted in Figure 128. 
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Figure 128: Stack-up cross-section of the multilayer glass substrate. 

 

Diplexer design on glass substrate 

The diplexer used in the WLAN RF module was similar to the design described in 

Chapter 3. However, in this module design, the diplexer was realized as an embedded component 

and not as a separate 3D IPD component. To enable low-loss interconnections between the LNA 

and the diplexer, it was necessary to layout of the diplexer horizontally using only two metal 

layers. Hence the layout of the diplexer was performed using only the build-up metal layers (M1 

– M2), with the low-band filter placed adjacent to the high-band filter. The top-view of the 

diplexer layout is shown in Figure 129.  The dimensions of the filter were 1.2 mm x 1.1 mm. The 

simulated insertion loss and return loss of the diplexer are shown in Figure 130. The simulation 

was performed using Sonnet EM suite, a full-wave planar EM software. 
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Figure 129: Top-view of the diplexer layout. 
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Figure 130: Simulated response of the diplexer. 
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WLAN RF Receiver module design on glass substrate 

The receiver module design consists of a diplexer and LNA dies. The diplexer was 

integrated with the LNA dies such that it is in the transition path from the antenna to the LNA. 

Since an antenna was not integrated, a set of GSG probe pads were substituted for the same. For 

the characterization of this module, the antenna was substituted with a set of RF-probe pads. The 

trench-based EM shields were integrated around the diplexer and between the 2.4GHz and 5GHz 

signal lines, to minimize noise and signal coupling between the actives and other system 

components such as DC pads and transmission lines. The schematic cross-section and the top-

view of the 2D and 3D IPAC receiver module layout are shown in Figure 131. The dimensions 

of the 2D module are 3 mm x 1.7 mm, and those of the 3D IPAC module are 1.9 mm x 1.7 mm. 
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(b) 

Figure 131: (a) Schematic Cross-section, and (b) Top-view, of the WLAN RF receiver Module. 
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Full-wave EM simulations 

The RF paths in the WLAN module were simulated using Sonnet [63] full-wave EM 

solver to estimate the loss and coupling. Since the input path is mostly dominated by the 

diplexer, only the output path was considered for the simulation. The output path, shown in 

Figure 132, comprises microstrip transmission lines for the 2.4GHz and 5GHz outputs with the 

EM shield trench in-between. The lines were 2 mm long, 40 µm wide, and were impedance 

matched to 50Ω. The trench was 45 µm wide, with a capture pad width of 100 µm. The distance 

between the two transmission lines was 280 µm and the distance from the trench pad to the 

transmission line was 80 µm.  

 

EM Shield

5 GHz RF Output

2.4 GHz RF Output

 

Figure 132: Top-view of the output section of the WLAN RF receiver Module. 

 

The simulated response is shown in Figure 133. It can be observed that, since the 

transmission lines were impedance-matched and only 2mm long, the loss is very low with 0.1dB 

at 2.4GHz and 0.12dB at 5GHz. Further, the coupling between the transmission-lines is also 

below -60dB even up to 10GHz, as shown in Figure 134. 
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Figure 133: Simulated response of the output section of the WLAN RF receiver Module. 
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Figure 134: Simulated coupling of the output section of the WLAN RF receiver Module. 
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Fabrication and characterization of RF Modules on Glass Substrates 

Fabrication process for glass substrates 

The fabrication process for a two-metal layer substrate was described in Chapter 3. The 

same set of processes are employed for the four-metal layer substrate as well. For the  

four-metal-layer fabrication, the process is continued by laminating polymer (RXP4) build-up 

layers on each side of the two-metal-layer substrate. Micro-vias are formed on the build-up 

polymer using UV lasers, to electrically connect the metal layers on the inner layers to the ones 

on the surface. A semi-additive plating approach is used to pattern the surface metal layers, and 

complete the fabrication of the four metal layer stack-up. 

 

Assembly  

Following the fabrication of the glass substrate, the substrates are visually inspected to 

eliminate defective coupons. Further, through 2-port S-parameter characterization of the 

diplexers, a few known-good coupons are selected for assembly of the actives. The same 

assembly process that is employed for the fabrication of the organic substrates is used to 

assemble the LNA dies and the decoupling capacitors on the glass substrate.  

 

Characterization and Model Validation:  

The characterization process is similar to that used for the organic modules. The 

measured 2-port S-parameter response of the 2.4GHz BPF (fabricated separately), from  

Chapter 3, is shown in Figure 135.  
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Figure 135: Measured response of the low-band BPF of the diplexer. 

 

Further, using the de-embedded LNA response from the organic substrate, and the 

simulated output RF path, the low-band performance of the RF WLAN module on glass was 

estimated. The S-parameter responses of the individual building blocks were combined as shown 

in Figure 136, using the method depicted in Figure 117. The simulated response for the 2.4GHz 

chain is shown in Figure 137. 
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Figure 136: ADS schematic to estimate the low-band response of RF module on glass. 
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Figure 137: Estimated low-band response of WLAN RF module on glass substrate. 

 

As seen in Figure 137, the gain at 2.4GHz is 13dB, which indicates that the combined 

loss from the diplexer and the package was only 1dB. Further, the out-of-band attenuation in the 

high frequencies indicate 20dB – 40dB of rejection in 5-6GHz band, and more than 35dB till 

10GHz. Such attenuation characteristics indicate the efficacy of the diplexer.  
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Summary 

Advanced  RF module technologies with superior electrical performance metrics: less 

than 1dB passive insertion loss, more than 20dB adjacent-band attenuation, less than -40dB 

internal noise-coupling, and atleast1.5X miniaturization at lower cost, were demonstrated using 

two examples: 1) Embedded thin-film passives and chip-last embedded actives with ultra-short 

Cu-Cu interconnections on organic substrates, 2) Glass substrates with embedded thin-film 

passives, integrated shields and ultra-short Cu-Cu interconnections on glass.  

Chip-last embedded WLAN receiver module demonstration in low-loss organic 

substrates was described in the first part of the chapter.  The LNA module with dimensions 2.6 

mm x 2 mm x 0.16 mm, is more than 5x smaller in volume compared to current packages. It has 

a measured peak gain of 14dB. The receiver module has a gain of 9dB at 2.4 GHz. Comparing 

the performance of the LNA and the receiver modules, very good rejection of the adjacent 

frequency bands is observed in the receiver module, validating the effect of the BPF. The 

measured response of the receiver module correlates well with the results of the 3D EM 

simulations. The dimensions of the receiver module are 5.5 mm x 2 mm x 0.16 mm. Compared 

to current wire-bonded LNA packages without a filter, this receiver module, including the filter, 

is more than 5X smaller in volume.  

As a next step, to achieve higher performance, increased miniaturization and lower cost; 

a glass-based dual-band LNA module with embedded diplexer and trench-based EM shields, was 

designed for demonstration using the 3D IPAC concept. The simulated performance of the 

diplexer showed 1dB insertion loss for both 2.4GHz and 5GHz, with more than 15dB rejection 

of adjacent band. The low-band BPF of the diplexer was measured and the insertion loss was 

0.6dB at 2.6 GHz with more than 20dB attenuation for the high band. The BPF response was 

combined with the de-embedded LNA response and the simulated response of the RF path in the 

package. The estimated low-band response of the WLAN RF glass module shows a gain of 13dB 

with 20-40dB rejection in 5-10GHz. This indicates that the target performance specs of 1dB 

package loss, in addition to the adjacent-band rejection of more than 20dB and EM coupling of 
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less than -40dB; have been achieved. The WLAN glass substrate measured 1.7mm x 3mm x 

0.2mm. Compared to the conventional WLAN LNA packages, the glass module with the 

miniaturized diplexer and EM shield achieves more than 3X reduction in area, resulting in more 

than 5X volume miniaturization from thickness reduction. Further, up to 8X volume reduction is 

possible by utilizing double-side integration enabled by glass 3DIPAC.  Thus, 3D IPAC-based 

high-density integration of actives with embedded thin-film passives and EM shielding enables 

ultra-miniaturization without a significant performance degradation in RF modules for next-

generation systems.  
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CHAPTER 6 

SUMMARY AND FUTURE WORK 

 

Smart mobile systems demand ultra-miniaturized integration of diverse functions such as 

access to high-definition media content on-the-move, health monitoring, GPS navigation, ability 

to control other devices such as smart home appliances and automobiles, and digital processing 

and wireless communication capabilities to enable these. Hence, there is a need to integrate 

multiple Radio Frequency (RF) communication standards such as GPS, WLAN, GSM, 

Bluetooth, and mm wave, in a highly miniaturized form-factor. Realization of such systems 

requires both high-performance and high-density functional components, and their integration 

into ultra-miniaturized modules, sub-systems and systems. This thesis focuses on two key 

passive-component building block technologies: diplexers and EMI shields for higher 

performance and density, and their integration with actives using an innovative 3D Integrated 

Passive and Active Components (3D IPAC) concept. A detailed survey of existing technologies 

was also performed to understand their advantages and limitations, and to propose and 

demonstrate suitable compelling alternatives using novel design and integration approaches. 

These approaches pave the way towards the development of ultra-miniaturized WLAN RF Front-

end modules, and eventually towards fully integrated RF sub-systems on a single miniaturized 

multi-functional package. This chapter summarizes the key research findings and provides 

directions to extend this research further. 

 

Miniaturization of RF WLAN Diplexer 

A novel structure for a thin-film band-pass filter was proposed and a corresponding lumped-

element circuit schematic was developed. Parametric structural design variations of the proposed 

filter and their effect on the RF performance were analyzed. In addition, topological 
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modifications to the circuit and their effect on the performance of the filter were also studied. 

The proposed filter structure was fabricated on ultra-thin glass substrate of thickness 30 µm, and 

measured to obtain the S-parameter response. Based on the proposed filter structure, a WLAN 

diplexer was then designed, fabricated and characterized. To enhance the adjacent-band rejection 

and miniaturization, subsequent design improvements were carried out using grounded spirals 

and ground capacitor. A miniaturized diplexer with dimensions 1mm x 0.5mm x 0.2mm was 

designed with 0.9dB insertion loss and 12dB rejection. The low-band filter was also revised to 

improve the performance. The dimensions of the revised two-metal layer design were 1mm x 

0.5mm. The measured insertion loss was 0.6dB and high-band rejection was more than 25dB. 

This revised design matched the target specifications. Hence, through the modeling, design, 

fabrication and characterization of a miniaturized diplexer on ultra-thin glass substrates, the 

proposed novel filter design has been shown to offer excellent potential to miniaturize RF 

passives, leading to ultra-miniaturized 3D IPD diplexer components. 

 

Miniaturized Component-level EMI shielding 

Component-level trench-based electromagnetic interference shields were developed for 

miniaturized WLAN RF modules, enabling 30dB – 60dB isolation in the frequency range of  

1- 20GHz, between passives separated by less than 100µm. The shielding issue in RF modules 

was addressed through four sub-tasks defined as: a.)Modeling of EM radiation in RF modules, 

b.)Analytical modeling – Material and multi-layer stack-up design, c.)Modeling and design of 

component-level EMI shields, d.)Fabrication and characterization of EMI shields. 

Electromagnetic coupling between various passives elements was studied through 3D EM 

simulations to determine the worst-case coupling for a given pair of components. Based on these 

results, a simple set of guidelines were defined for the placement of such passives. Following 

this, analytical simulations were used to estimate the shield effectiveness of various single-layer 

and multi-layer shield materials, and a novel multi-layer stack was proposed. Subsequently, the 



 126 

shielding effectiveness of via-array-based shields and trench-based shields were compared 

through modeling, simulation and fabrication. It was deduced through simulations that trench-

based shields were more effective in suppressing EM coupling between two transmission lines, 

than via-array-based shields when the via pads on the upper metal layer were discontinuous. 

However, when the via pads were merged together, the via-array was found to be as effective as 

trench-based shields in providing isolation. Further, when the trenches were extended vertically 

upwards by 20 - 40µm, the shield effectiveness was observed to increase by up to 6dB. Multi-

layer glass substrates were fabricated to test the shield effectiveness of trenches and via-array-

based shields. It was observed that the trench-based shields offered up to 20dB of additional EM 

isolation between two microstrip transmission lines. 

 

Design and Demonstration of miniaturized RF modules 

Advanced RF module technologies with higher electrical performance metrics such as  

less than 1dB passive insertion loss, more than 20dB adjacent-band attenuation, less than -40dB 

internal noise-coupling, and >1.5X miniaturization at lower cost, based on 3D IPAC concept 

were demonstrated using two examples: 1) Embedded thin-film passives and chip-last embedded 

actives with ultra-short Cu-Cu interconnections on organic substrates, 2) Glass substrates with 

embedded thin-film passives, integrated shields and ultra-short Cu-Cu interconnections on glass.  

A chip-last embedded WLAN receiver module was fabricated on a low-loss organic 

substrate The dimensions of the receiver module are 5.5 mm x 2 mm x 0.16 mm. Compared to 

current wire-bonded LNA packages without a filter, this receiver module, including the filter, is 

at least 1.5x smaller in volume. As the next step towards higher performance, increased 

miniaturization and lower cost, a glass-based dual-band LNA module with embedded diplexer 

and trench-based EM shields, was designed using the 3D IPAC concept. The estimated low-band 

response of the WLAN RF glass module shows a gain of 13dB with 20-40dB rejection in  

5-10GHz. The 3D IPAC WLAN glass module measures 1.7mm x 1.9mm x 0.3mm. Compared to 
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the conventional WLAN LNA packages, the glass module with the miniaturized diplexer and 

EM shield achieves more than 2.5X reduction in area, resulting in a potential 8x volume 

miniaturization. Thus, high-density integration of actives with miniaturized passives and EM 

shielding enables ultra-miniaturization of RF modules for next-generation systems. 

Key Contributions 

The key contributions and novelty of this dissertation are summarized as follows: 

- Proposed a novel filter layout, developed an equivalent circuit schematic and analyzed the effect of 

process variations on the performance of the filter. 

- First demonstration of band-pass filters on glass substrate of thickness 30 µm. 

- Developed component-level trench-based shields without requiring additional fabrication process 

steps. 

- First design and demonstration of currently the thinnest (130 µm) WLAN RF receiver on organic 

substrate with embedded passives. 

Future Research Directions 

Progress in science and engineering is a perennial process fueled by curiosity and an 

obsession for improvement. Discussed below are possible research directions to extend the 

research described in this thesis. 

3DIPD Diplexer 

Sputtered thin-films as dielectric materials 

Sputtered thin-films such as SiO2, SiN, Al2O3, etc. can increase the capacitance by a 

factor of more than 10X and enable a similar factor of miniaturization. The primary challenges 

would involve forming a thin pin-hole-free layer of sputtered film with uniform thickness on a 

thick patterned metal layer. The second challenge would be to achieve precise lithography so as 

to achieve tight tolerance on large panels, which eventually controls the capacitances, and hence 

the frequency response of the filter. 
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LGA assembly of 3D IPD diplexer components 

Assembly of 3D IPD diplexers that are developed in this research is an important future 

research focus. By employing LGA assembly technology to integrate components onto the 

substrate, the interconnection parasitics can be lowered to enable better performance. 

EMI shielding 

Multi-layer shield integration into RF modules 

The multi-layer shields that have been developed through analytical simulations can be 

employed to shield a RF module package from external EM interference or integrated with 

trench-based structures to increase the internal EM isolation between sensitive components. This 

would involve the development of a novel process since the multi-layer shields are created 

through sputtering process while the rest of the metal structures are based on semi-additive 

copper plating.  

Trenches as external shields for packages 

The trenches developed as EM shields between components in this research could be 

extended to encompass the entire package and designed to act as an external EMI shield for the 

complete package. In regions where forming a trench is difficult, metallized ground vias could be 

employed as they can be as effective as trenches. 

 

RF modules 

Chip-last embedded RF modules on glass substrate  

Using thicker build-up layers, the WLAN actives could be embedded using chip-last 

embedding techniques and integrated with 3D IPD diplexers which could also be chip-last 

embedded, resulting in ultra-miniaturized profile-free WLAN RF front-end modules. There is 
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also scope for higher levels of integration using other front-end RF components such as power 

amplifiers and switches, and mixed-signal dies. 
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