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Executive Summary 
 

This report provides an overview of two principal system items which are inherent to the 

realization of the demonstrators: i)  the SiP modules and ii) the BAN protocols. 

With reference to the SiP modules, this report provides complimentary analytical studies on 

the 2D-SiP in order to optimize the initial production runs. Based on the analytical results, the 

process has been changed to a 4-layer structure in slight expense of the module thickness.  

Furthermore, the report focuses on the 3D-SiP and microSD manufacturing runs.  The 3D-SiP 

is essentially a stack of 2D-SiPs, namely the piezo and SoC modules with the antenna module 

also assembled on the top.  The development of the stacking technology has faced many 

challenging technical issues especially with the need for multi-reflow of the 3 modules and 

the fact that the antenna module has been larger than the others.  A technical concept has 

been developed for the successful reflow of all modules using also underfilling to stabilize the 

modules during successive reflows. The 3D-SiP has a size of 3.48mmx3.48mmx1.05mm.  In 

addition, this report describes in detail the new microSD-like SiP with co-integrated antenna 

on top of the SiP by subtractive structuring of the copper.   The microSD card is a RF 

transceiver enclosing the new version of the SoC, MEMS filters, passives and new 

components like flash memory and crystal oscillator.  The extended microSD card will be used 

for testing, programming and controlling all vital SoC functions in the wireless medical 

devices.  It has a size of 11mmx22mmx1.05mm with the antenna part occupying a space of 

11mmx7mmx1.05mm.  

 

For what concerns the BAN protocols, this report provides the results of a measurements 

campaign performed at the University of Bologna in order to characterise the performance of 

the WiserBAN MAC protocols. The measurements campaign has been conducted by using the 

CSEM’s IcyCOM V3 platform, selected by a contingency plan established at the end of the 

design phase, due to the lack of availability of the final WiserBAN platform at that time. 

Details about the porting of the software over the final WiserBAN platform and some related 

results are also included in this report.  
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1 Introduction  
This document is structured in two parts, the first one concerning the WiserBAN SiP module 

results (Chapter 2), the second one concerning the BAN protocol results (Chapter 3). 

In the framework of the European project “WiserBAN”, low power wireless BAN 

Microsystems are being developed as miniaturised system-in-packages (SiP) for medical 

applications such as insulin pumps, hearing aids, cochlear and cardiac implants.  In such 

applications where miniaturization and unobtrusiveness are a must, only limited wireless 

connectivity and autonomy can be achieved using today’s wireless solutions because of their 

excessive size and power consumption.  The research plan aims the extreme miniaturization 

of BAN devices, and focuses on the areas of ultra-low-power MEMS-based radio SoC 

(System-on-Chip), RF and low-frequency MEMS and miniature components, miniature 

reconfigurable antennas, miniaturized and cost-effective SiP, sensor signal processing and 

flexible communication protocols.  

From a packaging standpoint, the SiP module manufacturing raises challenging technological 

issues such as the integration of a large number of heterogeneous components in the same 

platform and in a very limited package real estate (~4mmx4mmx1mm).  The Deliverable 5.4 

as a continuation of D5.1 focuses on the optimisation of the 2D-SiP and additionally on the 

manufacturing of the 3D-SiPs and microSD-card SiPs. These SiPs are manufactured by further 

development of TUB’s embedding technologies to accommodate very sensitive MEMS 

structures along with other system components (SoC, passive components, flash memory), 

having different heights and contact metallisations. The present deliverable focuses on the 

production of 3D-SiPs (3.48mmx3.48mmx1.5mm) and the latest development of microSD-

card SiPs. The microSD card entails the latest version of the SoC but also completely new 

components like flash memory, quartz crystal, new RF SAW filters, discrete logic gates in a 

SiP microsystem resembling an extended “microSD card” in size and shape.  The “microSD”-

like  SiP is actually an RF transceiver used as remote control for all wireless medical 

applications.  The “microSD card” SiP can be inserted in a smartphone for testing and 

programming the SoC. The host cardholder (smartphone) only needs an opening to 

accommodate the extension part of the microSD card (11mmx7mmx1mm) where the 

antenna is co-integrated. Deliverable 5.4 will elaborate on all manufacturing aspects of 

heterogeneous System-in-Packages (SiPs) made in WiserBAN project. 

For what concerns the WiserBAN protocols, this report presents the results of a 

measurements campaign evaluating the performance of the WiserBAN MAC protocols. As 

reported in the D4.3, the WiserBAN protocols stack (defined in D4.1 and D4.2), have been 

implemented over the IcyCOM V3 platform on time, according to the DoW (see details on 

D4.3), and an extensive measurements campaign was performed using this platform. At the 

time the WiserBAN MPW2 board was ready, UNIBO started working on the software porting. 

However, some tests performed over that platform demonstrated severe issues related to 

the physical layer performance. A packet loss rate around 80% at physical layer (point-to-

point measure without any MAC) has been measured, resulting in the impossibility to 

characterize the behavior of the network when applying the different MAC protocols. For 
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the latter reason most of the numerical results included in this Deliverable have been 

obtained by using the IcyCOM platform and only few results related to the implementation 

on MPW2 are reported. However, it is important to highlight that the results of the 

comparison of the different protocols are still valid, since it is expected the behavior of the 

curves will not change by changing the hardware platform. However, by using the final 

WiserBAN platform, we would expect to obtain an overall improvement of the performance 

(to be applied to all the MAC protocols) due to the availability of: i) an higher bit rate; ii) a 

lower turn-around time and, iii) lower energy consumptions. 
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2 SiP Module Results 
In the framework of WiserBAN project, three different System-in-package (SiP) scenarios 

were conceived in order to meet the end-user demonstrator requirements as well as to 

advance embedding technologies by integrating heterogeneous components in miniaturised 

system-in-packages. As a reminder, Figure 2-1 summarises the three embedded SiP 

scenarios. 

In the first scenario “2D-SiP scenario 1”, the RF&DSP SoC is integrated in the same module 

with the piezoelectronic components and the antenna is assembled on the device PCB. This 

architecture was appropriately developed for the implantable demonstrators of Sorin and 

Medel.  In the second scenario “3D-SiP scenario 2, the SoC and piezo components would be 

embedded in two different SiP modules, and subsequently both modules and the antenna 

module would be stacked in a 3D-fashion. This approach was appropriate for the wearable 

demonstrators with the potential to miniaturise in “x” and “y” dimension.  Lastly, there was 

an innovative third scenario, “µSD scenario 3”, where all components would be embedded in 

one PCB resembling a µSD card having the antenna also co-manufactured on top of the µSD-

like SiP.  Extensive manufacturing results on the 2D-SiP can be found in the previously 

submitted Deliverable 5.1.  Deliverable 5.4 focuses on some complimentary analytical 

studies on 2D-SiP for its optimisation, and then mainly on the production of the 3D-SiPs and 

the µSD-like SiPs. 

 

Figure 2-1: SiP partitioning architectural scenarios.  
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2.1 2D-SiP analysis & optimisation 

As mentioned above, the manufacturing process chain for the 2D-SiP is provided and 

elaborated in Deliverable 5.1.  Figure 2-2 and 2-3 serve as a reminder of the 2D-SiP packages.  

Figure 2 shows the components on a 2-layer substrate before embedding the third layer, 

whereas Figure 3 shows the final embedded 2D-SiP package.   

             

Figure 2-2: 2D-SiP platform before embedding.     Figure 2-3: 2D-SiP (4.2x4.3x0.77mm).   

2D-SiP optimisation and assembly on device PCBs  

The first 2D-SiPs presented some problems by balling process prior to assembly on the PCBs. 

The pad upon reflow was lifted and that resulted in bridging or insufficient balling.  Careful 

examination of the problem revealed that some µvias under the soldered pads had voids 

and they were not copper filled during electroplating.  The 2D-SiP production was run again 

and particular attention was paid on the aspect ratio of the µvia (a bit larger vias were 

opened) in order to ensure at least 1:1 ratio and perfect µvia filling.  Figure 2-4 shows the 

unfilled vias which created the pad lifting problem.  The work performed for the problem 

resolution for the 2D-SiP was of paramount importance for the following work for the 3D-

SiP. The technical findings have shown that the incentive for extreme miniaturization (3-

layer embedding structure) has led in innovative but very risky designs.  These designs were 

drawn to accommodate all components and their electrical redistribution layers in very tiny 

space.   

Apart from the problem of voiding in unfilled vias, it was also observed that vias exactly 

under soldered pads may not work well if the solder wets under the pad and the successive 

copper electroplating of the via touches the solder material. Sufficient evidence was also 

found from the analytical work, that desmear processes (chemical cleaning of the via) after 

UV via opening has contributed in migration of the solder under the copper pad (second 

layer) and therefore the µvia could not be electroplated.  All these scenarios can result in the 

same effect of unfilled vias. Figure 2-5 depicts this problematic schematically and also in a 

cross section where unfilled vias can be seen under the soldered pads. 
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Figure 2-4: Pad lift problem on 2D-SiP due to voiding and no-copper filling of the µvias. 

 

Figure 2-5: Initial 3-layer process approach and resultant voiding by µvia copper filling exactly under 

the soldered pads. 

Once these problems were identified and solved, the 2D-SiPs were balled successfully and 

then assembled on the characterization and device PCBs. Figure 2-6 shows the 2D-SiPs 

assembled on the characterization board. 

 

Figure 2-6: 2D-SiPs after balling and assembly on the characterization board. Problem with unfilled 

vias has been solved. 

2D-SiP on characterisation 
board 

(D5
) 

If there is no contact between the 
layers, the pad will lift up 
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2.2 Manufacturing of 3D-SiP  

The 3D-SiP embedding approach has been revised and a 4-layer approach is pursued, based 

on the experience gathered by solving all associated problems with 3-layer structures used 

in 2D-SiPs.  Essentially, the 3D-SiP is the stacking of 2D-SiPs and thus the new approach is 

applied for the manufacturing of the piezo and SoC modules as separate 2D-SiPs prior to 

their stacking to form the 3D-SiP.  

2.2.1 Heterogeneous Components for 3D-SiP 

The first version of the 3D-SiP in this study is constituted of 2x 2D-SiPs, one module for the 

integration of the piezo components and one module for the integration of the SoC and 

passives.   

In the SoC module, the first version of SoC chip in the project is used, which is a wafer level 

CSP package (WLCSP) made on 65nm CMOS technology with 55 lead-free solder balls having 

a composition of Sn4%Ag0.5%Cu. The die area has a size of 2.14mmx2.125mm.  The SoC 

module entails also 12 passive components. 

In the piezo module, there are IF-SAW, RF-SAW filters and BAW resonators, as well as 3 

passives.  The IF, RF filters & BAW resonators used in the piezo module platform are 

provided by EPCOS.  The IF-SAW and RF-SAW filters are WLCSP packages based on the DSSP 

package and have 8 and 6 solder balls, respectively.  The BAW resonator is a Cu frame CSSP 

package with 5 Ni/Au SMD pads.  The sizes of the IF-SAW and RF-SAW filters are 

630µmx880µmx300µm and 550µmx880µmx300µm, respectively.  The BAW resonator has a 

size of 1.4mmx1.1mmx0.4mm.   

The passive decoupling capacitors used in both SoC and piezo 2D-SiPs platforms are in the 

form of 0201 and 01005 components having a capacitance of 1µF, 10nF, and 100pF. 

As it can be seen, there is a large mix of heterogeneous components, whose assembly can be 

achieved only by a combination of assembly technologies for soldered and fluxed 

components.  The heterogeneous nature of the components with respect to their size, 

thickness and end-metallisations poses many challenges for the embedding in epoxy layers, 

since the thickest will dictate the final embedded thickness and thus also the degree of –z-

miniaturisation that can be achieved.  Furthermore, embedding of sensitive filters under 

common PCB lamination conditions (20 bar, 200oC) can be very risky for their functional 

integrity.  

2.2.2  3D-SiP Layout Development 

Figure 2-7 shows the Altium design layouts for the 2D-SiPs, the piezo and SoC modules.  The 

SoC module will entail the SoC and passives on a 4-layer substrate, and will have 31 pins for 

its assembly on the device PCB of the end-users.  The interconnection to the top piezo 

modules will be achieved through 14 pins.  The top of the piezo module will be connected to 

the antenna pins for the formation of the final system.  As it can be seen, the passives in the 

SoC module will be assembled at 45o in order to economize more package space.   According 



FP7-ICT-2009-5                                  WiserBAN (257454)                                 D5.4 v0.2 

 

12 
 

 

to the 3D layout, the 2x 2D-SiP packages will have a size of 3.5mmx3.5mm, even smaller 

than the end-user requirements in the project. 

                                      

Figure 2-7: 3D perspective of the Altium layout designs for the 3D-SiP platform. 

2.2.3 3D-SiP Manufacturing & Technology developments 

The manufacturing of the 3D-SiP platform has taken place stepwise with the construction 

first of the 2D-SiPs for the SoC and the piezo modules.  Both the SoC and piezo 2D-SiPs are 4-

layer substrates after embedding of the respective components per module.  Many 

technological challenges have been faced during the whole manufacturing phase due to the 

dense substrate routing, especially with the fine 35µm copper line/spacing, the small µvia 

diameter size of 70µm, as well as the assembly of the very tiny IF SAW and BAW resonators 

in a very restricted space.   

The successive manufacturing process steps of the 3D-SiP module for the wearable 

demonstrators are presented below:  

 1. Lamination of two Cu-Layers & drilling of through-vias; 

Initially, a 2-layer thin substrate is built-up to serve as an interposer for the assembly of the 

components. The initial top and bottom copper layers are 2µm/on 70µm support copper 

foil.  The prepreg laminated   between the two copper layers is a thin “type 1037” B-stage 

prepreg resin of 50µm thickness before lamination.  The lamination of the copper layers with 

prepregs is conducted at 20 bar and 200oC [2-5].  After lamination, through-hole vias can be 

opened either by mechanical drilling or by UV laser.  The diameter of the vias is 100µm at 

the top of the substrate with a slight tapering at bottom, reaching 80µm in diameter.   
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 2. Resist structuring/Copper deposition/Semi-additive technological processes; 

After step (1), a photoresist of 25µm thickness is laminated and developed/structured on the 

2µm copper foil.  On-going research efforts focus on the solving of occasional resist adhesion 

problems on copper due to lack of any significant roughness of the thin 2µm foils.  Careful 

micro-etching of the 2µm foil can significantly promote the adhesion.  Copper electroplating 

follows until a final thickness (2µm foil & electrodeposited copper) of 15-20µm has been 

reached.    

                                       

 3.     Resist stripping and Differential etching 

 

After electroplating on the 2µm copper foil, the resist is stripped away and then the uneven 

copper surface with 2µm and 15µm is etched for the final structuring until the 2µm thin 

copper is removed. 

 

                                       

 

Figures 2-8 and 2-9 show the copper surface of the 2-layer substrate after resist stripping 

and differential etching, respectively.  The darker brown areas in Figure 2-8 show the grown 

copper electroplated areas (~12µm) on top of the 2µm copper foil.  The light brown areas 

delineate the 2µm foil which was protected with resist during electroplating.  Figure 2-9 

shows the final copper structuring after differential etching with the finest L/S to be about 

35µm. 
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Figure 2-8: Image of the 2-layer substrate for the SoC module after copper deposition (semi-additive 

technology) and resist stripping. 

 

                                    

Figure 2-9: Image of the 2-layer substrate for the SoC module after differential etching. 

 

 4.      Assembly of the components  

 

                                    

All the SMD passive components and the BAW resonator (Cu CSSP package) were assembled 

on printed solder paste deposits and then subsequently reflow soldered.  For all the chip 

packages, the IF SAW and SoCs, it was decided to implement both assembly on printed paste 

as well as fluxing of the chip packages since they were already provided with solder bumps.  

The assembly option on solder paste for the chip packages was added to make sure that the 



FP7-ICT-2009-5                                  WiserBAN (257454)                                 D5.4 v0.2 

 

15 
 

 

tiny filters can be positioned on a tacky solder paste that holds them down steadily during 

reflow, otherwise they can be scattered away during their pass in the convection oven.   

Although a plan was made for all the components to be assembled on printed paste, it was 

observed that the printed paste deposits for all components were becoming very dry due to 

the relatively slow placement of the tiny filters which were not delivered in tape reel and did 

not have sharp cut edges. As a consequence, the assembly machine had to reject several 

filters until the whole assembly could be completed. Nevertheless, some modules were 

made entirely on printed paste and then were reflowed. The quality of the assembled 

components was quite variable and therefore it was decided to process the majority of the 

modules in a second and third batch production. This, in order to be manufactured by an 

alternative assembly approach under which the SMD components were placed on solder 

paste and then would be passed in a first reflow. Subsequently, the modules were fluxed on 

the positions of the IF-SAW and SoC components. These components were assembled by 

Datacon. The modules then passed a second reflow, where all the components where finally 

soldered.  Figure 2-10 shows the final SoC module with the SoC and passives assembled.  

Assembly results were very good for positioning the passives at 45o, in order to save even 

more package real estate, and end up with a more miniaturised SoC module.  

 

                                   

Figure 2-10: Assembly of SoC and passives on the 2-layer substrate for the SoC module. 

Likewise, Figure 2-11 shows the assembly of the IF-SAW filters, BAW resonators and passives 

on the 2-layer substrate for the piezo module.   
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Figure 2-11:  Assembly of IF-SAW filter, BAW resonator and passives on the 2-layer substrate for the 

piezo module. 

 5.     Embedding of the SoC and piezo modules   

 

                                         

Embedding is implemented by lamination of epoxy prepreg layers on top and bottom of the 

assembled modules together with 5µm Cu/35µm foil on both sides.  The embedded module 

becomes then 4-layer. Based on the requirements for maximum miniaturisation, an 

adequate number of prepregs is selected to provide the minimum module thickness without 

jeopardising the integrity of all components. It becomes obvious that by dealing with 

heterogeneous components, the thickest component determines the stack of the prepregs 

needed for the embedding in order to provide from one side sufficient epoxy for the 

complete module encapsulation and on the other side the minimum tolerance above the 

components without breaking them.   

 6.  Via opening and Electroplating 

After embedding and the construction of the SoC module, through vias 100µm in diameter 

are mechanically drilled and also µvias from the bottom to the 3-layer are UV laser-drilled 

with a diameter of 100µm.  As last step in this process, a 20µm electroplated copper is 

deposited in the vias and over the surface.  Figure 2-12 provides a cross-section view of the 

SoC module passing through the SoC chip and the passives.  The SoC module is 3.48mm in 

size, complying completely with end-user desire to be less than 4mm.  Figure 2-13 also 

provides a perspective of the embedded passives in the SoC module.  Correspondingly, 

Figure 2-14 delineates the piezo module along the BAW resonator and one passive 

component.  
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Figure 2-12:  Cross section view of the SoC module with SoC chips and passives. Size of module is 

only 3.48 mm. 

                                    

Figure 2-13:  Cross section view of the SoC module along the passives. Size of module is only 3.48 

mm. 

                                      

Figure 2-14:  Cross section view of the piezo module along the BAW resonator and the passives. Size 

of module is only 3.48 mm. 

 7.  Structuring by subtractive technology 

The final structuring on top and bottom module surfaces is conducted by subtractive 

technology, where the finest resultant L/S is 50µm.  
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 8.  Application of solder mask and bumping 

The end-up process for the modules is the application of 20µm solder mask, definition of 

pads and balling for the final SoC and piezo modules.  Figure 2-15 shows the SoC and piezo 

2D-SiPs bumped before their final stacking for the formation of the 3D-SiP.  

                                    

Figure 2-15: View of the bumped SoC and piezo 2D-SiP modules before final stacking. 

2.2.4  Development of a 3D-SiP stacking technology 

A concept has been developed for the final stacking of the 2D-SiPs, as shown in Figure 2-16.  

The modules were cut off from 9”x12” PCB panels, were bumped and then a PCB “stencil” 

was formed to enclose the SoC, piezo and antenna modules. The antenna module is 

4mmx8mm, extending over the other 2 modules and therefore there is a risk for the 

antenna to tip over during reflow. The PCB stencil keeps the fluxed modules in place and 

allows the soldering at all levels, including the device PCB level, which is the final end-user 

platform for the 2D-SiPs or the 3D-SiPs.  Figure 2-17 shows different perspectives of the 3D-

SiP resulting from the soldering of all 3 modules.  Stacking technology of 3 different in size 

modules is very challenging.  Firstly the number of reflows should be reduced in order not to 

jeopardise the interconnection of the components inside the modules due to remelting of 

the solder interconnections.  For this reason, all bumped components have been underfilled 

prior to embedding as a protective measure.  Otherwise, the bumped components can 

slightly slide.  For the 3D-SiP in Figure 2-17, many interconnection plans were tried out. The 

best one was found and the sequence of stacking process was the following: 

 PCB+SoC+Piezo , 1 x Reflow  

 Underfilling the PCB+SoC+Piezo (130oC, 10min) 

 Add the Antenna on top , 1x reflow  

 Underfill the antenna 

The whole 3D-SiP was analysed by a Phoenix Nanotom X-Ray Computer Tomograph (CT) 

which is able to look at all levels of the 3D-SiP in great detail.  All solder interconnections, 

vias and conduction paths were checked.  The soldering of the individual modules, the SoC , 

passives and RF-IF filters was good.  The soldering of the whole 3D-SiP on the device PCB has 
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been very tricky because the PCB provided by the end-user does not have solder mask 

defined pads. All pads have different size, thereby the solder balls of the 3D-SiP can collapse 

in a different way on the PCB pads, jeopardising the connectivity of all pads.  TUB has 

invented a way to print different paste deposits on the various pads and in this way to 

compensate for the different size of the PCB pads.  Figure 2-18 shows the pads of the device 

PCB which are “pad defined” and have different sizes.  Figure 2-19 shows a CT of the whole 

stack.  The final size of the 3D-SiP without the device PCB is 3.48mmx3.48mmx1.5mm. 

 

                

                              Figure 2-16: Stacking concept for 3D-SiPs. 
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Figure 2-17: Views of the final 3D-SiP stack (PCB+SoC+piezo+Antenna).  

                     

Figure 2-18: Device PCB for the assembly of the 3D-SiP.  Pads have different sizes. 
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Figure 2-19:  CT of the 3D-SiP.Top level is the “piezo”, middle level is the “SoC” and bottom level is 

the device PCB.   

2.3  Manufacturing of microSD-SiP 

In the prolongation period of the WiserBAN project, TUB has agreed with all partners to 

construct a SiP resembling a µSD card.  In the prolongation period, the second version of the 

SoC has become available and some new components would be also tried to be embedded.  

The present work focuses on an “evolutionary concept” of the 2D-SiP Microsystem, where new 

components have been embedded (flash memory, quartz crystal, new RF SAW filters, discrete 

logical gates) in a SiP microsystem resembling an extended “microSD card” in size and shape.  

The “microSD”-like  SiP is actually an RF transceiver used as remote control for all wireless 

medical applications. The “microSD card” SiP can be inserted in a smartphone for testing and 

programming the SoC.  The host cardholder (smartphone) only needs an opening to 

accommodate the extension part of the microSD card (11mmx7mmx1mm) where the antenna 

is co-integrated.  Once the microSD is programmed, the common SiP interface can be 

protected with a sticker for insulation.  For the manufacturing of the extended “microSD” SiP, 

the face-down embedding technology approach has been followed where all components are 

assembled in a “flip chip fashion” and then are embedded in epoxy prepreg layers, as it will be 

described below in detail.  

The remote transceiver unit explores an innovative pathway to have all components 

embedded using the 2D-SiP scenario, as shown in Figure 2-20, in a SiP having the size of a 

“microSD” card.  The antenna will be co-integrated during manufacturing in an extended part 

of the “microSD” card.  The extended “microSD”-like SiP is shown in Figure 2-20.  The 

embedded part will have the size of a microSD card (11mmx15mmx1mm) whereas the 
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antenna part will cover an extended part of 11mmx7mmx1mm.  Such a “microSD” concept for 

the 2D-SiP could add much value and practicability due to its compatibility with smartphone 

interfaces for the testing , programming and controlling of the SoC interfaces. 

                    

                                   

Figure 2-20: SiP integrated in a microSD card (11mmx15mmx1mm) for remote control of wireless 

medical devices.  Antenna is co-integrated on an extended part of the microSD (11mmx7mmx1mm). 

Final size of extended microSD is 11mmx22mmx1mm. 

2.3.1 Heterogeneous Components for µSD card 

The microSD card is an embedded SiP made through lateral integration (2D-SiP integration) 

of all required components.  In specific, the system-on-chip (SoC) has been used with its 

second improved version whereas the 2D-SiP and 3D-SiP had used the first version.  The 

second version of the SoC chip is a wafer level CSP package (WLCSP) made on 65nm CMOS 

technology with 45 lead-free solder balls having a composition of Sn4%Ag0.5%Cu. The die 

area has a size of 2.05mmx2x0.4mm. 

The piezo components include IF-SAW (E370A), RF-SAW filters (E369A) and RF-BAW 

resonators.  Furthermore, a commercial 131 KHz quart crystal is also used with a size of 

2mmx1.2mmx0.6mm.  The IF, RF filters & BAW resonators used are provided by EPCOS. The 

IF-SAW and RF-SAW filters are WLCSP packages based on the DSSP package and have 8 and 6 

solder balls, respectively.  The BAW resonator is a Cu frame CSSP package with 5 Ni/Au SMD 

pads. The sizes of the IF-SAW and RF-SAW filters are 630µmx880µmx300µm and 

550µmx880µmx300µm, respectively.  The BAW resonator has a size of 

1.4mmx1.1mmx0.4mm.   

The rest of components in the microSD are a flash memory package (M25P10A) with a size 

of 3mmx2mmx0.55mm, and many decoupling capacitors, resistors (0201, 01005) and 

discrete digital gate packages.  The total number of components in the microSD card is 38.  

The thickest components to be embedded are the flash memory (0.55mm) and the crystal 

oscillator (0.6mm), and these will play the most crucial role in determining the final microSD 

thickness.  
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As it is evidenced, there is a large mix of heterogeneous components, whose assembly can 

be achieved only by a combination of assembly technologies for soldered and fluxed 

components.  The heterogeneous nature of the components with respect to their size, 

thickness and end-metallisations poses many challenges for the embedding in epoxy layers, 

where embedding of sensitive filters, crystal oscillators and memory chips under common 

PCB lamination conditions (20 bar, 200oC) can be very risky for their functional integrity.  

2.3.2 µSD card Layout Development 

The µSD card will be essentially a 4-layer PCB with the components integrated on the second 

layer and the other layers will serve for the signal routing and grounding.  Figure 2-21 shows 

a simple delineation of the embedding plan for the µSD card.  At first, a substrate with a 

TOP1 and BOT1 layers will be manufactured; the components will be assembled on TOP1 

layer and will be further laminated by TOP2 and BOT2 layers.  The µSD contact pads will be 

on the BOT2 layer, whereas the antenna will be integrated on the TOP2 layer.  Figure 2-22 

shows the Altium design files for the assembly TOP1 layer with the positions for the 

components.  Figure 2-22(b) shows the TOP2 layer of the µSD with the integrated antenna 

on the top of the extended µSD card (11mmx7mmx1mm).  The whole card in Figure 2-22(b) 

has a size of 11mmx22mmx1mm.   

 

                                           

Figure 2-21: microSD card as a 4-layer PCB substrate with components embedded on TOP1 layer. 

                        

                                             

Figure 2-22: (a) (left) Altium design of the TOP1 layer (assembly level) and (b) (right) Altium design 

of the TOP2 layer of the extended µSD card (antenna  on the extension part: 11mmx7mmx1mm, 

whole card: 11mmx22mmx1mm). 
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2.3.3 µSD Manufacturing & Technology developments 

The manufacturing of the µSD card has taken place stepwise with the construction first of 

the TOP1/BOT1 substrate with through-vias, the assembly of the components on the TOP1 

layer, the lamination of the TOP2 and BOT2 layers and the final structuring of the µSD at 

TOP2 and BOT2 layers.  Many technological challenges have been faced during the whole 

manufacturing phase due to the dense substrate routing, especially with the fine 35µm 

copper line/spacing, and the embedding of prepregs with glass fibers over heterogeneous 

components with different thicknesses and vulnerability to breakage like the crystal 

oscillator and the filters.  The successive manufacturing process steps for the µSD card are 

presented below:  

 1. Lamination of two Cu-Layers & mechanical drilling of through-vias; 

Initially, a 2-layer thin FR4 substrate is used for the built-up of the TOP1/BOT1 layers.  The 

FR4 is 100µm and the TOP1/BOT1 layers are 18µm in thickness.  Such a thickness is quite 

high for the subsequent electroplating after drilling, thus the 18µm copper has to be thinned 

to 3-5µm, so as to reach 15µm after electroplating.  The other reason of using an initial thick 

copper (18µm) is the increased adhesion on the FR4 which is crucial for all the assembly 

work followed.  Alternatively, 2x 1037 prepregs can be laminated between 2 copper foils at 

20 bar and 200oC.  A mechanical drilling machine capable of making 450 drill holes/minute 

was used to open the necessary through-vias with a diameter of 75µm. Figure 2-23 

delineates the process steps for the preparation of the TOP1/BOT1 layers and the via 

openings.  

 

                               

Figure 2-23: TOP1/BOT1 substrate production, copper thinning and mechanical drilling of 75µm 

through-vias. 
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 2.  Via electroplating & surface roughening  

The whole processing for substrate preparation, mechanical drilling and via electroplating 

takes place at large industrial formats of 18”x24”.  The electroplating parameters yield a rate 

of 0.33µm/min and the aim is to deposit 10µm on the every side of the via and over the 

TOP1/BOT1 surfaces. Then, the total achieved copper thickness of TOP1/BOT1 is 15µm.  The 

resultant copper surface is very smooth and not appropriate for the subsequent resist 

lamination, thus is roughened using a typical MacEtch solution.  

 3.  Resist lamination & Development  

After step (2), a photoresist of 25µm thickness is laminated and developed/structured on 

the 15µm TOP1/BOT1 copper surfaces. Figure 2-24 shows the process sequence for resist 

application, and then exposure and development. Figure 2-25(a) shows the resist with light 

silver color already developed on the TOP1 layer.  The copper (brown color) areas are to be 

etched.  Figure 2-25(b) offers a closer view of the resist structuring before etching. 

                                             

Figure 2-24: Resist lamination, exposure and structuring process step for TOP1/BOT1. 
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Figure 2-25: (a) Resist structured (silver area) before copper etching (left), and (b) closer view 

(right). 

 4.  Copper etching & resist stripping 

Subtractive etching of the 15µm copper and final resist stripping has resulted in the 

desirable structures for the TOP1/BOT1 layers where the components will be assembled on 

the TOP1 layer.  The resist lamination parameters and the etching process have to be 

optimised to avoid typical problems with extensive over-etching of the copper under the 

resist structures which could result in smaller line widths than planned in the original 

designs.  Figure 2-26 shows the TOP1 layer after copper etching and resist stripping.  The 

light red areas show the structured copper and the dark brown areas show the underlying 

FR4 after copper etching. 

                                                         

Figure 2-26: Structured copper areas (light red color) on TOP1 layer (assembly level). 

 5.  Solder mask structuring and pad metallisation 

Silver metallisation is needed for the assembled components but epoxy resin by subsequent 

embedding does not adhere well on silver or solder mask.  For these reasons, not typical 

solder mask processes can be followed with small openings over the pads. As a 

consequence, only small 35µm solder mask rings have been structured by lithography and 

then a resist has been also structured over the solder mask rings for selective silver 
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metallisation (0.1µm) on copper. Figure 2-27 shows the solder mask ring around silver 

metallised pads.  

 

                                            

Figure 2-27: Solder mask frames (35µm wide) with silver metallisation (0.1µm) on the copper pads 

of TOP1 layer. 

 6.  Assembly of components for µSD card 

All the passive components with SMD compatible metallisations were assembled using lead-

free solder paste.  A stencil of 100µm was used for printing the paste.  All components with 

solder balls, namely, the SoC, RF-SAW, IF-SAW and BAW resonators were fluxed.  All 38 

components were passed in one step through reflow profile.  The components that have 

been assembled in a flip chip fashion were also underfilled.  Underfilling is an important step 

before the embedding in order to avoid any sliding over of the components during 

embedding lamination.  Figure 2-28 shows all the components assembled on the TOP1 layer 

of the inner substrate.  Height profiling of all components was performed as a feedback for 

the embedding activities in the next process step.  It was found that after soldering the flash 

memory has a height of 587µm, the SoC 607µm, whereas the crystal oscillator reaches a 

height of 653µm. Obviously, the crystal oscillator poses the biggest challenge by embedding 

to keep the overall thickness of the µSD smaller between (1-1.1mm).  The assembly of the 

components takes place on 9”x12” panel sizes. 
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Figure 2-28: SoC, piezo and SMD components assembled on TOP1 layer for the µSD card. 

 7.  Embedding for µSD card 

The µSD card components (shown in Figure 2-28) were embedded in epoxy prepreg layers 

for the formation of the TOP2/BOT2 layers. Figure 2-29 shows the embedding strategy 

followed for the µSD card based on the height measurements of the assembled 

components. It is obvious that the stack of prepregs after lamination has to cover safely the 

thickest component.  In this context, the stack of prepregs over the TOP1 (assembly layer) is 

constituted of prepregs with cavities (3x2116+3x1037+1x1080) and 1x1037 as cap prepreg 

over the thickest component. Under the BOT1 layer, 1x2116+1x1037 prepregs without 

cavities will be laminated.  The lamination stack is completed from both sides with 5µm 

Cu/35µm carrier foil. After lamination, the 35µm carrier foil can be peeled off completely for 

further copper structuring processes.  Representative X-Rays of the embedded µSD card are 

shown in Figure 2-30, where all assembled components can be seen.  The RF SAW filter has 

been slightly slid over possibly due to the large amount of flux used for its assembly. The 

light gray circles in the X-Ray show the 75µm through-vias from TOP1 to BOT1 layers.  The 

bottom part of the µSD card, as shown in Figure 2-12, is devoted for the antenna integration.   

                                    

Figure 2-29: Stack of epoxy prepregs for embedding of the µSD card.  
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Figure 2-30: X-Ray picture of the embedded µSD card. Lower part (white color) is the antenna area 

for the µSD card.  

 

 8.  Via drilling & structuring of the µSDs 

After embedding of the components in the TOP2 and BOT2 layers, the TOP2/BOT2 through 

vias are opened for connection of all 4 constituent layers. The vias have a diameter of 

150µm.  After via drilling, the whole 4-layer board was electroplated once more for copper 

electroplating in the vias and deposition of copper on the 5µm copper initial TOP2 and BOT2 

surfaces.  The aim is to reach a total of 35µm copper thickness on TOP2 layer for the 

antenna formation. All antenna modeling activities in the project have assumed a 35µm 

copper thickness and thus this thickness has been set as target. For this reason, the 

electroplating parameters have been appropriately adjusted to deposit 30µm on each via 

wall and over the surface. Subsequently, processes for subtractive copper etching were 

repeated, as this has been performed on TOP1/BOT1 layers. 

After copper structuring of the TOP2/BOT2 layers, the µSD cards were singulated using a 

milling machine to the shape of conventional µSD cards.  The only difference is that these 

µSD cards have an extended part of 11mmx7mmx1mm for accommodating the antenna part 

on the TOP1 layer. Figure 2-31 presents the singulated µSD cards with their top (TOP2) and 

bottom sides (BOT2) sides. On the TOP2 layer the passive antenna can be seen.  The 

extended µSD cards have a size of 11mmx22mmx1.05mm and have been in accordance with 

the requirements set for usage in a smartphone.  The µSD cards are currently electrically 

tested by project partners.   



FP7-ICT-2009-5                                  WiserBAN (257454)                                 D5.4 v0.2 

 

30 
 

 

                                    

Figure 2-31: Extended µSD card with embedded components.  Final size is 11mmx22mmx1.05mm.  
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3 BAN Protocols Results 

This chapter reports about the results of a measurements campaign performed at the 

University of Bologna in order to characterise the performance of the WiserBAN MAC 

protocols. 

As reported in the Deliverables of WP4 (D4.1, D4.2 and D4.3) the full protocols stack has 

been defined and implemented by CEA-Letì and UniBO on the CSEM’s IcyCOM V3 platform. 

At the end of the design phase, when it was time to start the implementation of the 

protocols on a platform, according to the DoW (approx. on April 2012), the WiserBAN SoC 

was not available and a contingency plan was established by the WiserBAN partners. 

According to the latter, it was decided to move on with the implementation to avoid delays, 

by using another platform available at that time. The CSEM’s IcyCOM V3 platform was 

selected because it has the same processor of the WiserBAN platform, that is Icyflex. 

In order to reduce the costs of the porting of the software from the IcyCOM toward the final 

platform a flexible software architecture was defined (see Sec. of D4.3). In particular, a 

Hardware Abstraction Layer (HAL), providing a programming interface (API) between the 

protocols stack and the drivers for the specific target platform, has been implemented at 

first by CEA. Separating the protocol stacks and the hardware significantly reduces the 

software portage efforts from the IcyCOM board to WiserBAN board. 

The protocols stack implementation was completed on time (see details on D4.3) and an 

extensive measurements campaign was performed. 

At the time the WiserBAN MPW2 board was ready and delivered to UniBO (May 2014), 

together with the new HAL provided by CEA, UniBO worked on software porting. However, 

during the porting some tests of the packet loss rate at the physical layer (PHY), that is point-

to-point measurements performed without implementing any MAC layer, demonstrated a 

severe issue at PHY, causing a packet loss rate (PLR) larger than 80% in all the considered 

cases. Thus, any evaluation of the performance of the MAC protocols is impossible. 

For the latter reason numerical results included in this chapter have been obtained by using 

the IcyCOM platform. However, it is important to highlight that the results of the 

comparison of the different protocols are still valid, since it is expected the behavior of the 

curves will not change by changing the hardware platform. However, by using the final 

WiserBAN platform, we would expect to obtain an overall improvement of the performance 

(to be applied to all the MAC protocols) due to the availability of: i) an higher bit rate; ii) a 

lower turn-around time and, iii) lower energy consumptions. 

 

3.1 The WiserBAN MAC Protocols 

We refer to D4.1, D4.2 and D4.3 for details about the protocols stack and about the different 

MAC protocols designed and implemented. In this section we just briefly summarise them, in 

order to make the rest of the chapter more readable. 
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Due to the huge set of requirements imposed by different use cases, two different MAC 

protocols have been designed and implemented: i) Low Power Listening-based (LPL), used 

for low energy consuming, aperiodic and loose traffic; ii) Superframe-based MAC based on 

the definition of the Superframe, useful for periodic traffic and streaming. 

The two MAC protocols coexist, they have been both implemented and it is possible to 

switch from LPL to superframe mode and vice versa in a transparent way with respect to the 

application. 

The LPL protocol is shown in Figure 3-1. In LPL, nodes alternate sleeping and listening 

periods. The duration between two subsequent listening periods is denoted as Tw, while the 

duration of a listening period is denoted as Ton. Each node wishing to send a data to a given 

receiver, or a set of receivers, will transmit a burst of short preambles, separated by a short 

interval of time for the reception of the acknowledgment (ACK). The period between the 

transmission of two consecutive preambles is denoted as Tp. The preamble will contain the 

addresses of all the intended receivers and the transmitter will wait for the ACK from all 

these devices. To ensure that the channel is idle, before the transmission of the first 

preamble the node will listen the channel for a given interval of time (Ton). To be sure that 

the intended destination node receives at least one preamble, the transmitter needs to send 

preambles for all the duration of the sleep/active period of the destination node. When the 

transmitter receives all the ACKs coming from the intended receivers, it will stop sending 

preambles and it will transmit the data packet. The value of Tw, depends on the application 

requirements in terms of maximum tolerable delay. The interval Tp accounts for time needed 

for transmission of preamble, turn-around time and ACK wait time. As for the duration Ton, 

its minimum is hardware dependent and has to be such to guarantee the reception of the 

preamble frame, while its maximum is related to energy consumption requirements. When a 

node wakes up and receives a short preamble packet, it looks at the target node ID that is 

included in the packet. If the node is not the intended recipient, it will return to sleep 

immediately and continue its duty cycling as if the medium had been idle. If the node is the 

intended recipient, it remains awake for the subsequent data packet. Small pauses between 

preamble packets are included, during which the transmitting node pauses to listen to the 

medium waiting for the ACK. If the transmitter has more than one packet for the same node, 

it will indicate this by setting a parameter contained in the data frame properly. Thanks to 

the latter, the transmitter will not send preambles for any of subsequent packets but only 

for the first packet in the chain. 
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Figure 3-1: The LPL protocol.  

 

 

Figure 3-2: The Superframe MAC protocol.  

In the case of Superframe MAC the BAN coordinator periodically broadcasts beacon packets 

for synchronization and maintenance of the entire network. The period of time between two 

consecutive beacons is known as superframe (SF). This period is divided into several sub-

periods, each dedicated to different operations. We refer to D4.1, D4.2 and D4.3 for the 

description of the entire superframe, while here we just consider a simplified version (e.g., 

not using guaranteed time slots allocated to specific nodes, being in that case the time 

resource assigned and no collisions are possible), which is the one considered for the test 

reported in the rest of the chapter. 

The SF structure implemented in the experiments is depicted in Figure 3-2: the Contention 

Access Period (CAP) begins immediately after the reception of the beacon, then there is an 

inactive period during which the device switches to sleep mode to save energy. Packets are 

transmitted during the CAP can use: i) the IEEE 802.15.6 CSMA/CA protocol; ii) the Slotted 

ALOHA protocol defined by the IEEE 802.15.6; iii) the IEEE 802.15.4 CSMA/CA protocol. 

We refer to D4.1 for the description of these protocols. 
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3.2 Performance Metrics 

In the following sections we present the results of an extensive measurement campaign 

conducted to evaluate the performance of the WiserBAN protocols on the IcyCOM platform. 

The performance is evaluated according to the following metrics (if not otherwise specified): 

- Packet Loss Rate (PLR): is the ratio between the number of lost packet and the total 

number of generated packets. Packets can be lost due to collision or end of CAP period. 

- Average Delay: is the time elapsed from the generation of the packet at the end-device 

side and the correct packet reception at the coordinator side, averaged over all received 

packets. The latter means that the packet delay incorporates the time needed for 

accessing the channel, for transmitting the packet and the acknowledgement, for 

processing and for the turn-around times. The average delay is obtained by averaging 

over all the successfully received packet delays in the measurement. Delay evaluation 

has been performed using time-stamping functionality. 

- Throughput: the amount of information that is delivered to the application layer of the 

coordinator per seconds. It is measured in bit/s. 

- Energy consumption: we evaluate the average amount of energy required to transmit a 

packet that is correctly received. It is measured in mJ/packet. 

The energy consumption has been evaluated with the following procedure: first we measure 

the current drawn by IcyCOM during the different operational states of the transceiver (see 

Figure 3-3 and Figure 3-3). Then, we added to the firmware a module that utilizes a timer to 

measure how much time the platform spends in each state. In this way, at the end of the 

measurement we can derive the total amount of energy drawn: 

𝐸 = ∑ 𝑉𝐷𝐷𝐼𝑖 𝑇𝑖 = 

𝑖∈𝑆

∑ 𝑃𝑖  𝑇𝑖 

𝑖∈𝑆

 

Where VDD = 3.3 V, i spans all over the set S of operational states of the transceiver, Ii is the 

current drawn in the i-th state and Ti is the time spent in that state. The values of the power 

Pi are reported in Table 3-1. 
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Table 3-1: Power consumption in the operational states of the transceiver. 

 

   

       Figure 3-3: Current drawn in reception.           Figure 3-4: Current drawn in transmission. 

In order to have a better understanding of energy consumption of the experimental 

platform we measured the value of the transmitted power with a spectrum analyzer and the 

corresponding value of the current drawn. The results are reported in Figure 3-5. 

 

Figure 3-5: Transmit power as a function of the current drawn. 
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3.3 Testing Low Power Listening Protocol 

3.3.1 Experimental Setup 

Two scenarios (see Figure 4-6) have been considered: 

- Devices positioned on the table, i.e., a solid flat surface, in close proximity. The 

transmit power was set to its maximum value such that connectivity issues are 

avoided and only the protocol performance is evaluated. 

- Devices positioned on a human subject, in the right hand and on the chest, 

simulating cardiac implant use case. Transmit power was set to -20 dBm, such that 

the real environment is accounted for. The subject wearing the devices was walking 

back and forth in a room on a straight path 3 m long, keeping the distance from the 

walls. 

 

 
Figure 3-6: The reference scenarios.  

A random traffic has been implemented: data packets were generated at random time 

instances in a specified interval of time. One packet per interval was generated. Once the 

packet is generated, the following data packet generation instant is defined as shown at 

Figure 3-7. In this case packets were generated in an interval [150-281] ms. The lower bound 

is chosen such to avoid data generation overlapping, meaning that packet is going to be 

generated once the transmission of the previous one is finished, so the lower bound has to 

be greater than the maximum packet delay. The upper bound was chosen to decrease the 

test duration while keeping the randomness. In our case it is 281 ms, due to the hardware 

constraints and the random number generator implementation. 

As for the data packet sizes, the MAC payload size ranges between 20 and 100 Bytes (not 

including PHY and MAC headers which are additional 19 Bytes).  

Numerical results were achieved by averaging over 10.000 packets generated by the end-

device and transmitted towards the coordinator. The protocol performance was evaluated in 

terms of: i) PLR; ii) average delay, which in this case is computed as the interval of time 

between the instant in which a packet is generated at the transmitter and the instant in 
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which it is correctly received at the receiver; iii) average energy consumed per packet 

(including transmission/reception of preambles, acknowledgements, data packets as well as 

idle listening) at transmitter and receiver side. 

  

 

Figure 3-7: The random traffic generated.   

3.3.2 Numerical Results 
Figure 3-8 reports the average energy consumed per packet by the transmitter and receiver, 

as a function of Tw, for different payload sizes and parameters Ton and Tp set to 5 and 3.5 ms 

respectively. Figure 3-9 reports the average packet delay as a function of Tw for the same set 

of parameters. Energy consumed at the transmitter side increases with Tw, as expected, 

since the transmitter spends more time in the awake phase. On the other hand, the energy 

at the receiver side decreases with Tw, as the energy spent by the receiver does not depend 

on the number of preambles sent before the packet and since the duty cycle decreases with 

Tw. Regarding the delay, both average and maximum delay increase with Tw, because the 

transmitter finds the receiver in sleep state for longer intervals of time. 

 

Figure 3-8: Average energy consumed per received packet as a function of Tw.    
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Figure 3-9: Average packet delay as a function of Tw.    

 

Figure 3-10 reports the average energy consumed per packet by the transmitter and 

receiver as a function of Ton, having set Tw = 100 ms and payload size equal to 20 Bytes. 

Theoretically, optimal performance is when Tp and Ton have the same value, but due to 

hardware constraints, an offset between them had to be introduced, in order to 

guarantee correct preamble reception. This offset is empirically determined to be 1.5 

ms. Apart from the total energy consumed by the transmitter and the receiver, behavior 

of different contributions of transmitter energy consumption is presented. TXrandom is the 

random part of energy consumption, the one that accounts for all the preambles sent 

before data packet (see also Figure 3-1, energy spent during Drand), while TXdeterministic 

accounts for the rest of the time. The deterministic part is increasing with Ton, because 

the listening duration increases both before the first preamble and idle listening. The 

same is true for the total receiver energy. It can be seen that the random part decreases 

when increasing Ton because the average number of preambles sent before data packet, 

denoted as Nmean, decreases. However this dependence is not linear like the one for the 

deterministic part due to the fact that the average number of preambles, denoted as 

Nmean, does not decrease linearly with Ton (i.e., for Ton = 5 Nmean = 15.11, for Ton = 10 

Nmean = 6.39 and for Ton = 15 Nmean = 4.275). This implies the existence of the minimum in 

the curve representing the total energy spent by the transmitter. The delay is barely 

affected by the variation of these parameters, since it is primarily dependent on Tw. 
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Figure 3-10: Average energy consumed per received packet as a function on Ton.     

Figure 3-11 reports the average packet delay as a function of the payload size in these two 

scenarios. It is clear that in case of ”on body” measurements the connectivity issues on the 

body make it harder to establish a communication with the receiver; the latter leads to an 

higher number of transmitted preambles. For that reason the average packet delay is higher 

with respect to “on table” case. 

 

Figure 3-11: Average delay as a function of the payload size. 
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Figure 3-12: Throughput as a function of the offered load. 

Figure 3-12 shows the throughput, defined as the number of bits per second correctly 

received by the receiver, as a function of the offered load, being the number of bits per 

second generated at the application layer of the transmitter(s), considering the scenarios 

with one receiver and one/two/three transmitters. We can see that for the low offered load 

three scenarios have similar performance. This is due to the fact that when the traffic is low 

nodes find the channel idle with high probability, which further implies that channel access 

mechanism will rarely be employed. On the other hand, when the offered load is high, there 

is significant difference between the curves due to the back-off mechanism, which 

introduces intervals of time in which the resources are not being used. 

3.4 Testing IEEE 802.15.6 Protocol 

3.4.1 Experimental Setup 

The measurements have been conducted considering a network composed by a maximum 

number of three end-devices managed by one coordinator. Devices were located on a plane 

surface at the same distance from the coordinator, appositely chosen larger than the 

wavelength (approximately 37 cm) in order to avoid near field propagation problem. Nodes 

transmit packets toward the coordinator according to two traffic schemes: i) Periodic traffic: 

one packet per superframe is generated for a total of 5000 packets per node; ii) Random 

traffic: packets are randomly generated within a period of time T such that the packet 

generation rate is known. Devices are kept in the same location throughout the 

measurements.  
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We set the superframe duration equal to 75 ms, including the beacon period (5 ms), CAP 

period (60 ms) and inactive period (10 ms) as depicted in Figure 3-2. 

3.4.2 Numerical Results 

In this section we evaluate the performance of the IEEE 802.15.6 network, when considering 

different levels of User Priorities (UP), which are reported in Table 3-2. A packet sent with a 

higher value of UP ensure a lower delay than a packet sent with a lower UP value. 

 

Table 3-2: UP values and corresponding CW values 

UP CWmin CWmax 
3 8 16 
5 4 8 
6 2 8 
7 1 4 

 

Figure 3-13 shows the average packet delay per node as a function of the payload size of the 

transmitted packets. Delay is defined as the time elapsed from the packet generation at the 

source and the correct packet reception at the destination node, failed transmissions are not 

taken into account. The three nodes forming the network have different UPs. Two sets of 

curve are shown for different values of retransmissions allowed. Node 3, being the one with 

UP 7, experiences the lowest mean delay since its CWmin is 1 so it is always the first node to 

start the transmission. On the other hand Node 1 and Node 2 have higher CWmin values, 

which leads to higher delay since the backoff time is longer. When the number of 

retransmissions increases from zero to one, in order to decrease the PLR, the average packet 

delay increases. 
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Figure 3-13: Average delay as a function of the data payload for different user priorities. 

 

Figure 3-14: Average delay as a function of the data payload for different user priorities. 

Figure 3-14 presents the average packet delay for a three-nodes network as function of the 

payload size and for different values of UP, in this case the three nodes have the same UP 

value. Each point represents the delay averaged over the total number of packets correctly 

received by the coordinator. The maximum number of retransmissions is set to three. It can 
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be seen that for low values of payload size, the average delay is mainly due to the the 

backoff period, therefore it decreases by increasing UP. Conversely, when the payload size is 

large and UP increases, more packets are retransmitted since collisions are more likely to 

happen. This has greater impact on the average delay than the backoff period. At 48 Bytes 

payload, the mean packet delay coincides for each curve. That  means that the value of the 

CW balances the effect of the average waiting delay introduced by the backoff procedure 

and the delay introduced by retransmissions due to collisions. For packets of lower size, a 

higher value of CW will results in an increasing waiting time before accessing the channel, 

but the probability to have collision is lower and therefore also the delay introduced by 

retransmission will be lower. On the other hand, for bigger payload sizes, the delay 

introduced by random backoff is dominated by the contribution coming from 

retransmissions since the transmission time is proportional with the packet size. 

For what concerns the PLR analysis, it is interesting to observe the impact of UP on this 

metric. Figure 3-15 shows PLR as a function of the payload size for different priorities. When 

the number of retransmissions is larger then two the PLR gets much better, which happens 

because the value of CW is doubled after an even number of failures. Moreover the PLR has 

an almost flat behaviour because CAP lasts enough to fit the transmissions and 

retransmissions of all the nodes in the network. Therefore, the PLR is determined by the 

probability that at least two devices choose the same random number of backoff periods, 

and this is clearly independent from the payload size. 

 

Figure 3-15: Packet loss rate as a function of the data payload for different user priorities. 
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Figure 3-16 shows the throughput as function of the offered load. Increasing the offered 

load makes the throughput deviate significantly from the ideal case (dashed line), where the 

network throughput is equal to the offered load. The inability of the network to deliver a 

certain amount of traffic and is caused by several aspects: i) The header (only 200 out of 223 

transmitted Bytes represent useful information). ii) Collisions: time is wasted in transmitting 

a packet that will not be properly received. Moreover, they make the node retransmit the 

packet. iii) Hardware limitations (e.g. limited packet queue size, variable processing and 

turn-around time). 

 

Figure 3-16: Throughput as a function of the offered load.  

Finally, we developed a mathematical model for the success probability Ps of IEEE 802.15.6 

CSMA/CA when a query-based traffic is established, that is, the probability that a packet is 

successfully received when transmitted with user priority UP (see Eq.  1).  

 

Eq.  1 

Figure 3-17 compares the analytical results for the Ps with experimental results made to 

validate the model. The network is composed of 3 end devices that transmit a packet with 

user priority UP to the coordinator upon reception of the query. 
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Figure 3-17: Packet success probability as a function of the user priority. 

 

3.5 Comparing the different Protocols 

This section is about the performance comparison of the superframe-based MAC protocols 

implemented in WiserBAN. The focus will be on IEEE 802.15.6 CSMA/CA, Slotted ALOHA and 

IEEE 802.15.4 CSMA/CA. 

3.5.1 Experimental Setup 

All the results reported in the next sections have been obtained using four IcyCOM devices: 

one coordinator and three end-devices forming a star topology. Since we only want to 

evaluate the performance of the protocols, all the nodes are placed on a table at a distance 

such that the radio channel conditions are ideal, in this way all the packet losses are due to 

the protocol and not to the radio channel (body shadowing, fading, etc.). All the 

measurements results (where not otherwise specified) are related to a query based traffic: 

the end-devices generate one data packet for the coordinator at the beginning of each the 

superframe, if the transmission fails, a maximum number of three retransmissions is 

allowed.  

3.5.2 Numerical Results 

Performance is compared in terms of PLR, average delay, throughput and energy 

consumption. 
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3.5.2.1 Packet Loss Rate  

 

Figure 3-18: Comparison of the PLR for IEEE 802.15.6 CSMA/CA, Slotted ALOHA and IEEE 802.15.4 

CSMA/CA. 

The PLR is reported in Figure 3-18, as expected Slotted ALOHA performs worse than 

CSMA/CA because of the absence of the sensing phase, so collisions cannot be avoided. 

From the comparison between the two CSMA/CA algorithms, it can be noticed that the one 

implemented according IEEE 802.15.6 has better performance, this is because there is no 

limitation on the maximum number of attempts to sense the channel after finding it busy, 

differently from IEEE 802.15.4 where the parameter NBmax limits the amount of retries. This 

limitation makes the algorithm to discard those packets for which the channel has been 

sensed busy more than NBmax times. Moreover, the amount of packets discarded grows with 

the size of the packet itself, since larger packets keep the channel busy for longer, and this 

explains the increasing of the PLR with the rising of the payload size. Moreover, the IEEE 

802.15.6 exhibits a flat PLR since the CAP is long enough to fit all the possible 

retransmissions and there is no limitation on the amount of times the channel has been 

sensed busy. 
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Figure 3-19: Comparison of the PLR for IEEE 802.15.6 CSMA/CA, Slotted ALOHA and IEEE 802.15.4 

CSMA/CA for different CAP duration. 

Figure 3-19 above presents PLR as a function of CAP durations for Slotted ALOHA and 

CSMA/CA. A first observation can be made about the fact that PLR decreases with CAP size. 

This is true for all the curves except for the ones representing the case where there are no 

retransmissions. In that case all the transmissions occur at the beginning of CAP, and the rest 

of CAP is empty. In all the other cases, the duration of CAP is important since it determines 

how many retransmissions can actually be fit in CAP. This implies that for any maximum 

number of retransmissions, there is a CAP duration after which PLR remains constant. 

Another observation can be made regarding the performance of different protocols. It is 

obvious that CSMA/CA performs better than Slotted ALOHA, especially for small CAP size 

and retransmissions allowed. When there are a lot of packets to be transmitted in a small 

interval of time, sensing before transmission together with back-offs (CSMA/CA mechanism) 

shows its capabilities for avoiding collisions. Apart from the impossibility to avoid collisions, 

Slotted ALOHA has another drawback: a node, which has a packet to be transmitted, will 

transmit in a slot with a certain probability. That implies that even when there are very few 

slots, some of them will be empty. 
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Another type of traffic has also been considered. Packets are generated at an instance of 

time uniformly distributed within a given interval, denoted as packet generation interval. In 

this way we can emulate real use case and control the traffic intensity. 

 

Figure 3-20: Comparison of the PLR for IEEE 802.15.6 CSMA/CA, Slotted ALOHA and IEEE 802.15.4 

CSMA/CA for random packet generation traffic. 

Figure 3-20 reports the PLR as a function of packet generation interval for the three CAP 

protocols. Thanks to the randomness in the packet generation instant, collisions are less 

likely to happen. Since all the three protocols achieve similar performance, we can only state 

that PLR can be kept below 1% even for high traffic intensities. 
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3.5.2.2 Average Delay 

 

Figure 3-21: Comparison of the average delay for IEEE 802.15.6 CSMA/CA, Slotted ALOHA and IEEE 

802.15.4 CSMA/CA. 

The delay results are shown in Figure 3-21. Again, Slotted ALOHA performs worse than 

CSMA/CA because collisions are not avoided, so a larger number of packets are 

retransmitted as compared to CSMA/CA. The two curves related to CSMA/CA show that the 

two algorithms have more or less the same performance, however, since there is no 

limitation on the number of times the channel can be sensed as busy, the IEEE 802.15.6 

algorithm waits more, on average, before transmitting the packet than the IEEE 802.15.4 

one. 

 
Figure 3-22: Comparison of the average delay for IEEE 802.15.6 CSMA/CA, Slotted ALOHA and IEEE 

802.15.4 CSMA/CA for random packet generation traffic. 
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In Figure 3-22 shows the average packet delay as a function of packet generation interval for 

three CAP protocols. We can see that for low traffic intensity (big packet generation interval) 

CSMA/CA based protocols perform better than Slotted ALOHA. When the traffic is low, 

nodes using CSMA/CA will always find channel free, so the transmission will begin almost 

immediately after the packet is generated. This is not true for Slotted ALOHA, because even 

when a node is alone in the network it will still transmit in a slot with a given probability. The 

only reason why the delay increases with traffic intensity is because of the collisions, 

meaning retransmissions. In CSMA/CA based algorithms the increase in delay is due to 

backoffs.   

3.5.2.3 Throughput 

 

Figure 3-23: Comparison of the throughput for IEEE 802.15.6 CSMA/CA, Slotted ALOHA and IEEE 

802.15.4 CSMA/CA. 

 

Figure 3-23 shows the network throughput computed according to Eq.  2 where z is the 

payload size, N is the number of end-devices and Tquery is the superframe duration. It can be 

seen that up to 50 bytes of payload size all the three protocols have rather similar 

behaviour. As the payload size increases, slots of Slotted Aloha need to be increased such 

that the packet can be fit in a single slot. Maintaining the CAP size fixed, this leads to lower 

number of slots which further leads to lower number of retransmission attempts. In such 

conditions, collisions lead to performance degradation with respect to CSMA/CA based 

protocols. 
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Eq.  2 

3.5.2.4 Energy Consumption 

In this section we compare the energy consumption of IEEE 802.15.6 CSMA/CA and Slotted 

ALOHA, we do not consider IEEE 802.15.4 CSMA/CA since there are no relevant differences 

from IEEE 802.15.6 CSMA/CA. 

 

Figure 3-24: Comparison of the energy consumption of IEEE 802.15.6 CSMA/CA and Slotted ALOHA 

as function of the CAP duration and for different number of retransmissions. 

Figure 3-24 presents the average energy consumed per transmitted packet as a function of 

CAP size for two access schemes, Slotted ALOHA and CSMA/CA. The energy consumption 

increases with CAP duration since the fraction of time in which the radio is active increases. 

It can also be seen that the energy consumption practically does not depend on the 

maximum number of retransmissions. This is due to the characteristics of the platform on 

which the experiments are performed. Namely, the current draw in reception and 

transmission of IcyCOM board are quite similar. When there is no packet to be transmitted a 

node listens the channel. Taking into account two previous statements, it is clear that the 

energy consumption cannot depend too much on the number of transmissions in CAP. 
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Finally, CSMA/CA consumes more energy than Slotted ALOHA because of sensing 

mechanism, but also because of its unslotted nature which brings to a lot of idle listening. If 

there are no packets to be transmitted, node stays in reception all the CAP. Being slotted, 

Slotted ALOHA can avoid idle listening in the following way. A node knows that that 

transmission can begin only at the beginning of a slot. If it does not receive anything at that 

time, a node keeps the radio off, thus saving energy. 

 

Figure 3-25: Energy spent in different radio states for CSMA/CA and Slotted ALOHA and different 

CAP duration. 

In order to properly understand the differences between Slotted ALOHA and CSMA/CA 

schemes it is not enough to observe only the average energy consumption, we need to 

understand how this energy is spent. Figure 3-25 reports the fractions of energy spent in 

different radio states for the two access schemes and different CAP duration. The maximum 

number of retransmissions in this measurement is set to zero because it makes the analysis 

of the results easier. In the case where CSMA/CA is used, we see that the fraction of energy 

spent in reception increases with CAP duration. This is simply because a node stays in 

reception state when it does not have a packet to transmit. This is not true for Slotted 

ALOHA because, being slotted, it limits idle listening.  



FP7-ICT-2009-5                                  WiserBAN (257454)                                 D5.4 v0.2 

 

53 
 

 

 

Figure 3-26: Energy spent in different radio states for CSMA/CA and Slotted ALOHA and different 

maximum number of retransmissions. 

Figure 3-26 reports the fractions of energy spent in different radio states for the two access 

schemes and different maximum number of retransmissions. The CAP duration in these 

measurements is fixed at 48 ms. Energy spent in the idle state (ON) is the same for all the 

reported charts because it only depends on the ratio between CAP and superframe duration. 

We can observe that the fraction of energy spent in transmission state increases with the 

maximum number of retransmissions, but only until certain level. This is explained by the 

fact that CAP is limited and only a certain number of transmissions can fit within it. The latter 

effect influences especially Slotted ALOHA, because the number of transmissions in CAP is 

also limited by the transmission probability in each slot. 

 

3.6 Porting the Software over the WiserBAN Platform 

3.6.1 Software Porting 

The work on porting of software from IcyCOM to WiserBAN platform can be divided in two 

phases. First, the basic peripheral functionalities and related HAL were tested (e.g., radio, 

timers, UART, SPI etc.). Since the clock generation circuitry of WiserBAN platform is different 

from the one present on IcyCOM, some tuning was required by setting the related registers. 

The biggest problem encountered in this phase was the functionality of radio. Due to 

hardware issues, the radio test software included in the HAL did not work, meaning that we 

could not get two boards to exchange any data. With the help of partners (CEA-Leti and 

CSEM) we understood that one of the problems was the misalignment of carrier frequency. 

The boards were then tuned at CEA-Leti, after which certain level of communication was 

possible. The second phase was related to the porting of the software above the HAL layer, 

which includes the MAC and LLC layers. Since the implementation of WiserBAN HAL was 
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somewhat different from the IcyCOM HAL (e.g., WiserBAN radio driver uses two timers 

instead of one), resources of the board needed to be reassigned. The implementation of 

MAC layer was tested using LPL protocol to verify the porting process. Due to the hardware 

problems of the transceiver, the losses at physical layer are very high which prevents us from 

verifying all the functionalities present in the software. 

3.6.2 Numerical Results 

This section provides the results of some point-to-point measurements performed at UniBO, 

in order to characterise the PHY layer performance of WiserBAN MPW2 and its effects on 

MAC layer performance. PHY layer was characterized using radio_tx and radio_rx 

applications provided with the HAL, while in the case of MAC layer characterization we used 

LPL mode. Results have been obtained by periodically sending 10.000 packets from the 

transmitter toward the receiver, using different packets generation intervals. The setup is 

shown in Figure 3-27. 

 
Figure 3-28 shows the PLR, as a function of the period of generation of packets, for cases 

where no MAC is present and where MAC is in LPL mode. Packet sizes, reported in the 

figure, represent the size of the frame actually transmitted over radio, meaning that they 

include all the required header. When no MAC is present only the data packet is transmitted, 

while when MAC is present, in LPL mode, the transmission success requires the exchange of 

four packets. These packets are: the preamble from the transmitter to the intended receiver, 

the acknowledgement from the receiver, the data packet from the transmitter and again the 

acknowledgement from the receiver. The previous statement explains the performance 

difference between the two cases. In all cases the PLR is larger than 80%. 

 

 

Figure 3-27: The measurement set-up. 
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Figure 3-28: Packet loss rate as a function of the packet generation interval. 
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4 Concluding remarks 

The 2D-SiPs has been optimised by switching the manufacturing approach from 3-layer 

structure to 4-layer structure.  The 3D-SiPs modules have been also successfully designed 

and manufactured on 9”x12” panels using PCB compatible processes.  They comprise 

heterogeneous components including passive components, BAW resonator, IF and RF SAW 

filters and the SoC.  The first manufacturing milestone was the production of a 2-layer SiP 

substrate with 35µm copper line spacing using semi-additive process as well as many fine 

blind and through-vias.  Stacking technology for the realisation of the 3D-SiP was also 

developed for the soldering of all modules at one process step.  The final 3D-SiP is a 

miniaturized embedded module of 3.48mmx3.48mmx1.5mm that has been now delivered to 

the wearable end-users for further antenna and electrical characterization.  The extended 

µSD cards have been also successfully designed and manufactured on 18”x24” panels using 

PCB compatible processes.  They comprise embedded heterogeneous components including 

passive components, BAW resonator, IF & RF SAW filters, SoC, crystal oscillator and flash 

memory packages.  A second milestone achieved was the successful embedding of sensitive 

MEMS components which have been embedded for the first time.  A final co-structuring of 

the antenna has been achieved for a fully integrated µSD card ready to be plugged in a 

smartphone for testing and programming all vital SoC functions.  The µSD card has a final 

size of 11mmx22mmx1.05mm. 

For what concerns the BAN protocols, we have reported different numerical results achieved 

by using the IcyCOM platform, in order to: i) characterise the performance of LPL protocol 

when changing different system parameters; ii) characterise the performance of the IEEE 

802.15.6 MAC protocol when changing different system parameters and the level of priority 

assigned to nodes in the network; iii) compare the different MAC protocols in terms of 

packet loss rate, average delays and energy consumption. Finally, results related to a point-

to-point communication when using the final WiserBAN platform in the case of no MAC 

included and when LPL is considered, are reported. 
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5 Annexes 

5.1 List of Figures 

Figure 2-1: SiP partitioning architectural scenarios. 

Figure 2-2: 2D-SiP platform before embedding.     Figure 2-3: 2D-SiP (4.2x4.3x0.77mm). 

Figure 2-3: 2D-SiP (4.2x4.3x0.77mm). 

Figure 2-4: Pad lift problem on 2D-SiP due to voiding and no-copper filling of the µvias. 

Figure 2-5: Initial 3-layer process approach and resultant voiding by µvia copper filling 

exactly under the soldered pads. 

Figure 2-6: 2D-SiPs after balling and assembly on the characterization board. Problem with 

unfilled vias has been solved. 

Figure 2-7: 3D perspective of the Altium layout designs for the 3D-SiP platform. 

Figure 2-8: Image of the 2-layer substrate for the SoC module after copper deposition (semi-

additive technology) and resist stripping. 

Figure 2-9: Image of the 2-layer substrate for the SoC module after differential etching. 

Figure 2-10: Assembly of SoC and passives on the 2-layer substrate for the SoC module. 

Figure 2-11:  Assembly of IF-SAW filter, BAW resonator and passives on the 2-layer substrate 

for the piezo module. 

Figure 2-12:  Cross section view of the SoC module with SoC chips and passives. Size of 

module is only 3.48 mm. 

Figure 2-13:  Cross section view of the SoC module along the passives. Size of module is only 

3.48 mm. 

Figure 2-14:  Cross section view of the piezo module along the BAW resonator and the 

passives. Size of module is only 3.48 mm. 

Figure 2-15: View of the bumped SoC and piezo 2D-SiP modules before final stacking. 

Figure 2-16: Stacking concept for 3D-SiPs. 

Figure 2-17: Views of the final 3D-SiP stack (PCB+SoC+piezo+Antenna). 

Figure 2-18: Device PCB for the assembly of the 3D-SiP.  Pads have different sizes. 

Figure 2-19:  CT of the 3D-SiP.Top level is the “piezo”, middle level is the “SoC” and bottom 

level is the device PCB. 
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Figure 2-20: SiP integrated in a microSD card (11mmx15mmx1mm) for remote control of 

wireless medical devices.  Antenna is co-integrated on an extended part of the microSD 

(11mmx7mmx1mm). Final size of extended microSD is 11mmx22mmx1mm. 

Figure 2-21: microSD card as a 4-layer PCB substrate with components embedded on TOP1 

layer. 

Figure 2-22: (a) (left) Altium design of the TOP1 layer (assembly level) and (b) (right) Altium 

design of the TOP2 layer of the extended µSD card (antenna  on the extension part: 

11mmx7mmx1mm, whole card: 11mmx22mmx1mm). 

Figure 2-23: TOP1/BOT1 substrate production, copper thinning and mechanical drilling of 

75µm through-vias. 

Figure 2-24: Resist lamination, exposure and structuring process step for TOP1/BOT1. 

Figure 2-25: (a) Resist structured (silver area) before copper etching (left), and (b) closer 

view (right). 

Figure 2-26: Structured copper areas (light red color) on TOP1 layer (assembly level). 

Figure 2-27: Solder mask frames (35µm wide) with silver metallisation (0.1µm) on the copper 

pads of TOP1 layer. 

Figure 2-28: SoC, piezo and SMD components assembled on TOP1 layer for the µSD card. 

Figure 2-29: Stack of epoxy prepregs for embedding of the µSD card. 

Figure 2-30: X-Ray picture of the embedded µSD card. Lower part (white color) is the 

antenna area for the µSD card. 

Figure 2-31: Extended µSD card with embedded components.  Final size is 

11mmx22mmx1.05mm. 

Figure 3-1: The LPL protocol. 

Figure 3-2: The Superframe MAC protocol. 

Figure 3-3: Current drawn in reception.           Figure 3-4: Current drawn in 

transmission. 

Figure 3-3: Current drawn in reception.           Figure 3-4: Current drawn in 

transmission. 

Figure 3-5: Transmit power as a function of the current drawn. 

Figure 3-6: The reference scenarios. 

Figure 3-7: The random traffic generated. 

Figure 3-8: Average energy consumed per received packet as a function of Tw. 
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Figure 3-9: Average packet delay as a function of Tw. 

Figure 3-10: Average energy consumed per received packet as a function on Ton. 

Figure 3-11: Average delay as a function of the payload size. 

Figure 3-12: Throughput as a function of the offered load. 

Figure 3-13: Average delay as a function of the data payload for different user priorities. 

Figure 3-14: Average delay as a function of the data payload for different user priorities. 

Figure 3-15: Packet loss rate as a function of the data payload for different user priorities. 

Figure 3-16: Throughput as a function of the offered load. 

Figure 3-17: Packet success probability as a function of the user priority. 

Figure 3-18: Comparison of the PLR for IEEE 802.15.6 CSMA/CA, Slotted ALOHA and IEEE 

802.15.4 CSMA/CA. 

Figure 3-19: Comparison of the PLR for IEEE 802.15.6 CSMA/CA, Slotted ALOHA and IEEE 

802.15.4 CSMA/CA for different CAP duration. 

Figure 3-20: Comparison of the PLR for IEEE 802.15.6 CSMA/CA, Slotted ALOHA and IEEE 

802.15.4 CSMA/CA for random packet generation traffic. 

Figure 3-21: Comparison of the average delay for IEEE 802.15.6 CSMA/CA, Slotted ALOHA 

and IEEE 802.15.4 CSMA/CA. 

Figure 3-22: Comparison of the average delay for IEEE 802.15.6 CSMA/CA, Slotted ALOHA 

and IEEE 802.15.4 CSMA/CA for random packet generation traffic. 

Figure 3-23: Comparison of the throughput for IEEE 802.15.6 CSMA/CA, Slotted ALOHA and 

IEEE 802.15.4 CSMA/CA. 

Figure 3-24: Comparison of the energy consumption of IEEE 802.15.6 CSMA/CA and Slotted 

ALOHA as function of the CAP duration and for different number of retransmissions. 

Figure 3-25: Energy spent in different radio states for CSMA/CA and Slotted ALOHA and 

different CAP duration. 

Figure 3-26: Energy spent in different radio states for CSMA/CA and Slotted ALOHA and 

different maximum number of retransmissions. 

Figure 3-27: The measurement set-up. 

 

Figure 3-28: Packet loss rate as a function of the packet generation interval. 
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5.2 List of Abbreviations 

API: Application Programming Interface 

ACK: Acknowledgement 

CAP: Contention Access Period 

CSMA/CA: Carrier Sense Multiple Access with Collision Avoidance 

CW: Contention Window 

HAL: Hardware Abstraction Layer 

LPL: Low Power Listening 

MAC: Medium Access Control 

MPW: Multi project Wafer 

PLR: Packet Loss Rate 

SF: Superframe 

SiP: System-in-Package 

SoC : System-on-Chip 

UP: User Priority 

WLCSP: wafer level chip scale pacakge 

µSD-SiP: microSD-SiP 


