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Abstract—In order to combine novel chip technologies and 

their advantages to classical well-known sub-systems a highly-

adaptive, versatile, and scalable packaging technology is needed. 

In the present work, packaging of a hybrid system consisting of 

classical CMOS-based electronics together with a magnetic spin 

wave sub-system is demonstrated. An organic substrate is used 

that allows the embedding of electronic components in its inner 

layers. This allows for compact systems with short connections 

by quasi-3D stacking. The setup demonstrated here includes 3 

high-frequency electromagnetic-shielded redistribution layers 

designed for around 10-GHz operation forming 16 phase-

aligned channels.  

Keywords—hybrid system integration, magnetic spin wave 

logic, CMOS, substrate technology, embedding 

I. INTRODUCTION 

At the moment there are a lot of debates about the “best” 

computing platform for the future. However, all suggested 

alternatives – such as CMOS-based, spin-based, 

quantum entangled etc. – have at least one superior feature 

outperforming the other. The logical conclusion is 

that an optimized overall system combines these strengths on 

a common platform. We call this a hybrid system approach. 

The challenge is to develop packaging technologies that 

allow a performant system combination. Additionally, this 

should be highly compatible with “classical” electronics, 

such as CMOS-based systems, to be able to integrate novel 

system parts easily in existing ecosystems.  

In order to achieve this goal, we utilized organic substrates 

with build-up and semi-additive technology plus an 

embedding approach. Thus, the components are placed 2.5D 

into the inner layers of the substrate. To achieve the necessary 

electrical performance, the redistribution layers are based on 

specialized high-frequency (HF) dielectric film material with 

low losses in the GHz-frequency range. The advantages of 

this architecture are:  

• The embedding of components on and into the 

substrate enable a quasi-3D stacking, thus highest 

micro integration 

• The usage of broader material variances and even 

“exotic” high-performance materials for HF 

applications compared to material sets of qualified 

wafer fabs enable quicker innovation 



• The maskless lithography process with direct 

writing enables panel-wise design changes to 

address embedded die challenges and substrate non-

linearity 

• The SAP RDL (Semi Additive Processing for Re-

Distribution Layers [1]) formation with line/space 

values down to 5 µm /5 µm on up to full panel size 

substrates (610/515mm-formats) enable low layer 

counts 

In the work presented, we use organic core material and 

connect two side-by-side sub-systems via a redistribution 

layer generated with high-performance dielectric layers with 

lithographic and galvanically generated circuit traces and 

laser drilled and metal filled vias. The hybrid system is a 

combination of a CMOS-based APIC (Analog Periphery 

Integrated Circuit) part as an interface to classical computing 

hardware with an array of magnetic spin wave majority gates 

(SWMG). 

II. SYSTEM & PACKAGING 

A. Hybrid System Overview 

The purpose of the hybrid system demonstrated here arises 

from the European project SPIDER [2]. A combination of 

several logic gates based on magnetic spin wave interference 

should be demonstrated. As a driver and readout unit for the 

magnetic spin waves, anASICAPIC was developed. Details 

about the use case could be found elsewhere [3]. Figure 1 

shows a schematic cross section of the hybrid system. It 

highlights the vertical integration of the embedded SWMG 

chip and the CMOS-based APIC. The SWMG chip is 

embedded face-down within the organic substrate, while the 

APIC is mounted on the top side in a flip-chip configuration, 

resulting in a face-to-face arrangement of both dies. This 

configuration enables extremely short and geometrically 

well-controlled high-frequency interconnects, which are 

essential for realizing a large number of phase-aligned signal 

paths between the CMOS driver/readout circuitry and the 

spin-wave logic elements. 

The electrical signals are routed through multilayer 

redistribution layers using low-loss high-frequency dielectric 

materials and are connected to external measurement and 

control equipment via SMA connectors on the top side of the 

board. In addition to the hybrid core, the system integrates 

conventional CMOS-based peripheral circuits for power 

supply, signal conditioning, and digital interfacing, enabling 

seamless operation within a classical electronic environment, 

including connection to a PC-based control interface. 

B. SWMG Chip 

The SWMG consists of a 500 nm thick YIG layer (Y3Fe5O12) 

on a GGG (Gd3Ga5O12) substrate. Each SWMG chip holds 

four individual SWMG. Each of them has three input ports 

formed by a single ended antenna and a differential output 

antenna in the region of wave interference of the three input 

magnetic spin waves. The system is tuned by the external 

applied magnetic field in the order of 200 mT to work at 

frequencies of around 8 GHz. These SWMG have been 

investigated before only in single logic gate configuration, 

because they had to be excited and read out by laboratory 

equipment connected via HF probes. 

 

C. CMOS APIC 

The APIC is a 3.2 mm×3.2 mm CMOS chip capable of 

controlling up to four 3-input SWMGs. It integrates custom 

circuitry operating in the 8 GHz range for exciting the 

SWMG inputs and processing its output. To preserve RF 

performance, the chip is packaged in a flip-chip Chip Scale 

Package (CSP), leveraging the compact dimensions of the 

bare die while avoiding additional routing that would 

otherwise increase losses in the RF signal paths. It uses 236 

lead-free solder (Sn-Ag) bumps, with 160 µm pitch, for 

interconnection to the interposer. Although this fine pitch 

increases the complexity of the interposer design, it 

minimizes the length of the APIC to SWMG interconnects 

and reduces associated signal losses. A 3D-stacked 

architecture, with matched footprint and pinout between the 

CMOS and SWMG chips, was adopted to ensure that all port 

interconnections are both short, on the order of 100 µm, and 

equal in length. This approach maintains a well-defined and 

consistent phase relationship among the signals delivered to 

the SWMG.  

 
Figure 1: Scheme of the cross section of the hybrid system. 

 



D. Interposer 

Figure 2 shows the process developed to manufacture the 

hybrid board. To level the core substrate with the top contacts 

of the SWMG chip, it was decided to develop a so-called face 

down embedding process. A cavity is cut into the core PCB 

material and laminated with a temporal release carrier foil on 

the top side. The SWMG chip is placed face down into this 

cavity onto the carrier foil. A 1st ABF (Ajinomoto Build-Up 

film of type GTX62, a high-frequency ceramic filled 

dielectric film) lamination from the bottom side of the panel 

is carried out and the SW chip is now in its final place. A 2nd 

ABF lamination after removal of the carrier foil on the top 

side of the panel finishes the first lamination step. Now the 

top side of the SW chip aligns perfectly with the top side of 

the PCB core independent of small thickness variations in the 

SWMG chip (these are based on slightly different thicknesses 

of the GGG substrate, which are around 500±25 µm). The 

next layers are iteratively applied by ABF lamination, laser 

vias drilling, metallization, and maskless lithography. The 

top side components (including the APIC) are assembled on 

the top side. The finished board will be attached to a stiff 

carrier board at the end of the process to make it more rigid.  

E. Test Structures 

Test microstrip transmission lines were designed, fabricated 

and assessed in order to estimate the losses through the ABF 

system and confirm the feasibility of the process. The 

microstrip lines have a trace width of 50 μm and are encased 

by via fences with a pitch of 340 μm. Considering the stack 

from top to bottom, the microstrip is placed on the second 

inner layer and connected with staggered vias to the top pads 

fitted with SMA connectors. Two identical sections are 

placed back-to-back, separated by a 400 μm bridge placed on 

the top metal layer. The test structures were measured using 

a vector network analyser (VNA) and an automatic coaxial 

calibration kit, ensuring de-embedding of the measurement 

cables down to the SMA connectors of the test board. Figure 

1 presents a schematically cross section of the test structure. 

III. RESULTS 

A. Interposer Manufacturing Results 

1) Drilling Via Holes 

Usually, a minimum thickness of 3 µm Ag or 5 µm Cu is 

needed for laser drilling prior to contact formation, when the 

hole drilling should stop in the pad metallization. However, 

the necessary process of forming these thick contact pads on 

the same layer and structure as the needed antennas for the 

magnetic spin waves, was not practical with the existing 

equipment. Since the GGG substrate is non-conducting and 

no system structures are under the pads, the solution was to 

drill directly through the existing gold pads of the SW chips 

into the GGG substrate. The challenge here is, however, to 

establish the contacts in the vias to the next layer by 

contacting the edge of the former Au pad while plating the 

vias.  

So, a first preliminary test was done to see if vias can be 

formed by laser drilling and filled with existing copper 

plating cells so that the gold metallization physically is 

connected to the copper filled via. Different sets of Laser 

parameters were tested and analyzed, and the best set was 

used for further processing. Figure 3 shows analysis done by 

FIB (focused ion beam) cutting. They reveal good physical 

  

Figure 2: Production process (simplified) of the hybrid boards. 

From top to bottom: Cavity cut in the core material; cavity is 

sealed on one side with a temporal release tape, SWMG is 

placed on the release tape to ensure that its pads are level with 

the top layer of the core; ABF is laminated on both sides, vias 

are laser drilled and metallized; ABF lamination and 

metallizing are iteratively repeated. 



connection but also problematic behavior of varying ABF 

(i.e. the dielectric build-up film) thicknesses above the SW 

Chip, due to its movement in the cavity during the embedding 

process. Finally, a stable process could be established with a 

reliable laser drill penetration through the pads, but a 

maximum drill depth past the pad level of below 2 µm.  

 

2) Active Alignment 

In the current setup, only a single chip – SWMG – is placed 

in the inner layers of the substrate. Therefore, the global 

alignment strategy was to orient all other structures to the 

exactly measured position of the SWMG chip after it is fixed 

in the cavity after the first lamination step. In case of several 

embedded chips, alignment strategies have been developed 

involving compensation structures, such as regions for 

dynamical re-routing (previously shown by the authors in [4]) 

or overlapping larger structures in less dense circuit region 

when changing between the layers. 

As the actual SWMG chip can easily twist and/or shift in the 

slightly larger cavity during embedding, the position at which 

the contact vias are drilled with the laser must be adjusted 

accordingly. Moreover, the adaptive alignment – based on the 

measurement of fiducials – accounts for panel warpage and 

shrinkage during processing after initial fiducial placement. 

For this purpose, fiducials have to be applied to the PCB core 

and the SW chips and a routine for adaptive tracking of the 

connections to the respective measured positions had to be 

developed in the software that provides the processing data. 

This measurement could be successfully done through the 

40 µm dielectric build-up film thickness with an automated 

optical inspection tool. The test design was then adjusted for 

x- and y- movements as well as any rotation of the SW Chip 

by the needed amount to fit the real SW chip position in the 

panel. 

 

3) Re-Distribution Layer Formation 

Examples of microscope images from this in-process 

documentation of the build-up of the structure are shown in 

the following. Figure 4 shows the laser drilled holes from top 

of the innermost ABF layer down to the pads of the SWMG 

chip before via metallization. The inset shows that the laser 

drilling had penetrated slightly though the pad as planned. 

 

 
Figure 3: FIB cuts of Cu plated vias onto Au-Pads of the 

GGG Chip (in to bottom of the sub-figures) while using 

different laser drilling parameters. The material 

appearing darker is the ABF layer. 

 

 
Figure 4: Top: Overview of the laser-drilled holes through the 

innermost ABF layer (almost transparent in the picture) onto 

the contact pads of the SWMG chips. Bottom: Enlargement of 

one of the holes, with the reflective metallic ring showing that - 

as planned - the holes were drilled slightly through the contact 

pad. 

 

 

 
Figure 5: Lithographic structured and galvanically thickened 

metal layer on top of first ABF layer. 



Moreover, the (semi-)transparent appearance of the ABF in 

the visible spectrum allows for direct alignment to the 

underlying structures. The inset shows that the ABF adds just 

a light blurring to the image of the underlying circuitry. 

Figure 5 depicts the lithographic structured and then 

galvanically thickened Cu metal layer with 10 µm thickness 

on top of first-applied ABF layer. The slight dimples on top 

of the filled vias are visible. This is the exact reason why it 

was chosen to include a side shift of the via path in each RDL. 

This will avoid a build-up of the dimples, which would occur 

if placing them on top of each other. This was also a well-

known challenge in wafer stacking several years ago [5] [6]. 

Moreover, the nearly transparent 40-µm ABF layer allows to 

see the Au metal structures of the SWMG chip underneath, 

which allows for precise alignment and to check the correct 

connection (layout) of the conductive paths. Figure 5 gives 

an image of the lithographically defined traces on top of the 

2nd ABF layer before the vias are plugged with Cu and the 

traces are galvanically thickened.  It should be noted that due 

to the presence of two ABF layers the sight on the Au 

metallization of the SWMG get increasingly blurred. The 

remaining layers are produced in the same manner. In order 

to compensate for stress applied to the core, an equivalent 

layer stack with the same amount of copper in the circuitry 

layers are applied to the backside. In the present setup this 

backside is not functionalized further. Figure 9 shows the 

finished system board  

 

B. Interposer Performance 

The measured transmission (S21) and reflection (S11) 

parameters for two test structures with total lengths of 17 mm 

(Figure 6(a)) and 114 mm (Figure 6(b)) show good matching 

up to 12 GHz. The losses are within the expected range and 

include two sections of embedded microstrip line, two 

transitions to the top SMA connectors and one bridge on the 

top layer.  

 

The input impedance of the multilayer test structures shows a 

close to 50 Ohm real part up to about 9 GHz, with reasonably 

low imaginary part (Figure 7). 

Based on the measurement results for the two microstrip lines 

of different lengths, the loss per microstrip line length was 

extracted and is given in Figure 8. The losses are less than 0.7 

dB/cm up to 12 GHz, which agrees well with expected results 

for this design and material parameters. 

 

 
Figure 9: Overview photo of the finished hybrid system with 

all periphery, as power distribution, test contacts, jumpers 

and USB interface (in the top left corner). The hybrid 

formed by the CMOS-based APIC and the embedded SWMG 

chip is marked in yellow. 

 

 

 
Figure 6: S-parameter measurement results of microstrip 

line test structures: (a) total length of 17 mm; (b) total 

length of 114 mm. 

Figure 7: Measured real and imaginary parts of the input 

impedance of the test transmission lines. 

 
Figure 8: Calculated loss per cm in dB. 



IV. DISCUSSION 

The presented work demonstrates a fully integrated hybrid 

computing system that combines a magnetic spin-wave logic 

subsystem with a CMOS-based control and interface circuitry 

and interfaces it with a classical CMOS-based electronic 

environment up to a USB interface for PC-connection, see 

Figure 9. This represents a significant step beyond isolated 

device demonstrations, as the system realizes a complete 

signal chain from classical electronics to wave-based 

computing and back. 

A key result of this work is the successful co-integration of 

fundamentally different computing paradigms. The magnetic 

spin-wave majority gate (SWMG) chip operates as a non-

CMOS logic element demonstrating spin wave interference 

computing, while the CMOS-based APIC provides signal 

generation, amplification, and readout. The packaging 

approach enables their tight coupling with minimal 

interconnect lengths. Through the quasi-3D embedding of the 

SWMG chip and the co-designed redistribution layers, signal 

paths in the order of ~100 µm are achieved, allowing precise 

phase control across multiple channels. This is essential for 

the correct operation of majority gates relying on phase-

coherent inputs. 

The electrical performance of the interposer substantiates the 

suitability of the presented approach for high-frequency 

operation. The transmission line measurements show low 

insertion losses below 0.7 dB/cm up to 12 GHz, good 

impedance matching close to 50 Ω up to approximately 

9 GHz, and stable S-parameter behavior over the targeted 

frequency range. These values confirm that the selected high-

frequency dielectric materials and the multilayer design are 

capable of supporting GHz-range signal integrity required for 

spin-wave excitation and detection. Furthermore, the 

realization of 16 phase-aligned channels demonstrates the 

scalability of the approach and underlines its capability to 

support complex multi-channel interference-based logic 

systems. 

Beyond the specific demonstrator, the system highlights how 

future computing architectures may evolve towards 

heterogeneous and hybrid configurations. Instead of 

replacing CMOS, emerging technologies such as spin-wave 

logic can be integrated as specialized co-processors within a 

conventional electronics ecosystem. The presented 

architecture illustrates such a paradigm, where CMOS 

provides robustness, programmability, and system 

interfacing, while novel materials and device concepts 

contribute to unique computational functionalities. 

A crucial enabler for this integration is the employed 

embedding and redistribution layer technology. Unlike 

conventional wafer-level approaches, the organic substrate 

platform allows the use of a wider range of materials, 

including specialized high-frequency dielectrics optimized 

for low loss at GHz frequencies. In addition, the maskless 

direct imaging process enables flexible, panel-level 

adaptation of layouts, which is particularly advantageous 

when integrating heterogeneous dies with varying geometries 

and placement tolerances. This flexibility significantly 

shortens design-to-fabrication cycles and facilitates rapid 

prototyping of hybrid systems. 

Importantly, the packaging technology does not only serve as 

an interconnection medium but actively contributes to system 

performance. The combination of short interconnect lengths, 

controlled impedance routing, and shielding through via 

fences ensures signal integrity at high frequencies. Moreover, 

the quasi-3D integration reduces parasitics and enables the 

precise synchronization of multiple channels, which would 

be difficult to achieve with conventional planar PCB 

approaches. The possibility to implement multiple phase-

aligned channels in a compact footprint is a direct 

consequence of this advanced packaging strategy. 

In summary, the presented work demonstrates that advanced 

packaging technologies can act as a key integration platform 

for combining CMOS electronics with emerging computing 

technologies. The results underline that such hybrid systems 

are not only feasible but can be realized with competitive 

electrical performance and high design flexibility. This 

positions embedding-based organic substrates as a promising 

route towards future heterogeneous computing systems that 

leverage the strengths of multiple device technologies within 

a unified architecture. 
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