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 Abstract— this paper presents a 3D integrated power 

module design to effectively save footprint and improve 
thermal performance. The design reduces the footprint by 40% 
using a 3D structure in which the inductor is over the top of 
the regulator. A fixed inductor with a cavity is used to envelop 
the 3D power module, and the high thermal conductivity of the 
magnetic core significantly enhances heat dissipation. An 
efficiency-wise design is applied to the proposed power module 
and there is a reduction in inductor DC resistance, which can 
in turn further improve the thermal performance. An 
analytical thermal model is built to calculate the temperature, 
3D FEA (Finite Element Analysis) simulation is also utilized to 
estimate the improvement in temperature field. A prototype is 
built to test the electrical and thermal performances as well. 
The DCR is reduced by more than 30% and the thermal 
performance is improved by 8-10°C compared with plastic 
molded power modules. 

Keywords—3D power module; intergrated inductor; thermal 
analysis; FEA simulation 

I.  INTRODUCTION 

Integrated power modules featuring high power density, 
high efficiency, high switching frequency and low cost are 
widely desired [1]. They are frequently used in applications 
like computers, telecommunication, uninterruptible power 
supply (UPS), electrical vehicles (EV), wind turbine and 
photovoltaic (PV) systems.[2][3] Step-down Buck power 
modules shown in Fig. 1 have become one of the major 
products of the modules in recent years, especially in 
computing, FPGA, network servers and telecom electronics 
[4]. However, as the requirement of power density keeps 
growing, it is quite challenging to use conventional two 
dimension wire bonding or planar structures to make 

continued improvements [5]. Also, bulky magnetic 
components in power converters always impose restrictions 
on reduction of the total size [6][6]. Thus, novel structures 
should be proposed to accommodate the requirement of 
higher power density. 

Going vertical and using 3D packaging technology is one 
method that can highly improve the power density. It 
integrates the whole power module into z-axis layers and 
implements a smaller footprint [7]. Several methods with the 
purposed of analyzing the thermal performance of 3D power 
modules have been proposed [13], [9]. However, the thermal 
performance of 3D products is always severely limited by 
several obstacles. Firstly, high power density imposes a big 
challenge: larger power capacity means more heat is 
generated and the highly compacted downsized package 
blocks the convection outwards. Secondly, the multi-layer 
structure has poor ability to dissipate heat from the upper 
layer to the PCB so that the upper devices are easily to be 
heated up. Usually for an electronic system, the lifetime 
obeys the “10°C—twice law” (lifetime becomes half if the 
operating temperature is 10°C increased) and the failure rate 
will increase 10—30 times if it is 20°C hotter [10].Therefore, 
decreasing the junction temperature of IC is a very important 
design objective which improves not only the performance 
but the reliability [11-13]. Especially for 3D power modules, 
an effective solution is required to properly settle the cooling 
problem. 

In this paper, a 3D structure power module based on 
power supply in inductor (PSI2) technology is presented. 
This technology is a kind of magnetic integration which 
explores a fixed inductor on the top of the PCB and it also 
serves as the case of the whole module instead of plastic 
molding. The magnetic and thermal analyses of power 
supply in inductor (PSI2) are presented in [14], [15]. The 
proposed structure combines the advantages of 3D 
packaging and magnetic integration: firstly, the 3D structure 
utilizes the space more efficiently, increasing the power 
density; secondly, the heat dissipation is enhanced due to the 
high thermal conductivity of magnetic material. Also, 
magnetic integration allows an improved inductor design to 
reduce the direct current resistance (DCR) and decrease the 
loss. The paper is organized as below: Section II describes 
principle of the 3D power module, Section III presents the 
inductor design, loss analysis and electromagnetic analysis 

 
Fig. 1. Step-down Converter Circuit 
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using FEA (Finite Element Analysis), Section IV uses 
ANSYS FEA simulation to predict the thermal performance. 
Section V demonstrates the experimental results of the 
proposed prototype. Section VI concludes the paper. 

II. PRINCIPLE OF 3D PACKAGING STRUCTURE AND

FABRICATION PROCESS 

An isometric drawing of the proposed 3D integrated 
power module is shown in 0 to illustrate the idea of the 
structure. The power supply in inductor (PSI2) technology is 
used to make integrated power modules without plastic 
molding, in this kind of structure the inductor also serves as 
the case of the module. The regulator (controller and 2 
MOSFETs) and auxiliary components are mounted on the 
PCB (print circuit board), and a coil is attached to the PCB 
through 2 vertical leads. Fig. 3 shows the configuration of a 
plastic molded power module as a comparison. The inductor, 
regulator and auxiliary components distribute on the 

substrate and the total module is molded with epoxy plastic 

material. It is noted that each of the devices of the 2D power 
module occupies area on the substrate, and the inductor takes 
up the most area. By contrast, in the 3D structure, the 
inductor winding is over the top of the other components, 
allowing the PCB area to be reduced by 40% in comparison 
to the conventional design. In this principle, the size of a 
step-down power module is reduced to 9mm by 9mm from 
15mm by 9mm. Conventional 3D open frame power module 
and integrated plastic molded 3D power module are shown 
in Fig. 4 as comparisons. Fig. 5  

Also, in the conventional power module, the inductor 
size is limited by the plastic mold (smaller than the mold to 
leave enough room). But in the proposed 3D stacked 
structure there is no plastic casing, so the inductor footprint 
can be expanded to the same as total power module footprint. 
Therefore the inductor size can still be larger although the 
total PCB area is reduced. Thus larger effective core area and 
more coil number of turns can be utilized, allowing an 
improved inductor design. So the proposed power module 
can obtain smaller winging direct current resistance (DCR) 

Fig. 2. Isometric View of the Proposed Power Module 

Fig. 3. Traditional 2D Plastic Packaged Power Module 

Fig. 4. 3D Power Modules: (a)Open Frame (b)Plastic Molded 

Fig. 5. Fabrication Process of 3D Power Module 

Fig. 6. Dimensions of the Winding (a) Top View (b) Side View 

Footprint of 
the inductor 
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without losing inductance. The wise efficiency design will 
be discussed in the next section. 

Figure 5 introduces the fabrication process of the 
proposed power module. The inductor is moved to the top of 
IC, its solder pads are relocated on board close to the 
regulator. Then the regulator and the auxiliary resistors and 
capacitors are mounted on the PCB. Afterwards the inductor 
is mounted and it covers the components. Finally, the total 
fabrication process is completed and an integrated 3D 
stacked power module is obtained. The selection of inductor 
will be discussed in the third section. 

III. INDUCTOR DESIGN AND ANALYSIS

This section will discuss the inductor design process and 
the impact of inductor footprint and the profile (height). 
Magnetic parameters and losses are analyzed to support the 
design. FEA simulation is applied to verify the analysis and 
predict the electrical and magnetic performances.  

Initial calculation based on the mechanical properties of 
the inductor are performed to give a predesign. For the 
proposed power module prototype, the specification of this 
step-down Buck converter is set as 9-15V input, 0.6-5V 
output with 6A full-load, and the operating frequency is 800 
kHz. The current ripple is determined by (1),  ܫ௣ି௣ = (௏೔೙ି௏೚ೠ೟)∙஽௅∙௙ೞ = ௏೔೙஽(ଵି஽)௅∙௙ೞ     (1)

According to this formula, the largest current ripple 
occurs at 5V output the required inductance is 1.1uH. For an 
inductor with a coil shaped with flat wire as shown in Fig. 6, 
the inductance is calculated by (2)-(4).  ܮ = ఓೝఓబேమ஺೐௟ (2)݈ = 2ℎ + ݓ2 + 						ݎ ௘ܣ(3) = ߨ ∙ 					ଶݎ (4)

Where h is the height of the winding, w is the wire width, 
Ae is the flux effective area, r is the inner radius and le is the 
length of flux path. The designators are marked in Fig. 6, and 
the red border presents the inductor footprint [16-18].  

Benefiting from the flexibility of the power supply in 
inductor (PSI2) as described in section II, the proposed power 
module allows a larger inductor footprint. This design 
focuses on minimizing the winding resistance without 
decreasing the inductance. By sweeping the value of 
inductor footprint, the number of winding turns are obtained. 
Table I shows the calculated required wire coil number of 
turns and their justified results for 1.1uH inductance. 
Conditions when the required inductance is 0.7uH and 1.5uH 
are also investigated. The trend curves of number of turns at 
different footprint and inductance are shown in Fig. 7. Half 
of the turns can be saved when the inductor footprint 
increases from 5mm to 9mm.  

Besides the footprint, height is always another critical 
restriction for the power modules (especially 3D power 
modules). Accomplishing the design requirement with a low 
profile is another goal of this design. Assume the height of 
inductor is fixed, then coils with more number of turns have 
to use thinner wire to keep in the same profile so that the 
DCR becomes fairly large. Fig 8-10 show the calculated  

REQUIRED NUMBER OF TURNS VS FOOTPRINT 
(L=1.1uH) 

Footprint 
(mm2) 

Number of 
turns 

Justified 
turns N 

DCR(mΩ) 
(2.4mm of 

total height)

52 8.14 8.25 18.7

5.52 7.40 7.5 15.5

62 6.78 6.75 12.5

6.52 6.26 6.25 10.7

72 5.81 5.75 9.1

7.52 5.42 5.5 8.3

82 5.08 5 6.9

8.52 4.79 4.75 6.2

92 4.52 4.5 5.6

Fig. 7. Required Number of Turns vs Inductor Footprint 

Fig. 8. Calculated DCR vs Inductor Footprint (0.7uH) 
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DCR at different inductor footprint and height. The DCR 
can be calculated by parameters in Fig. 6 with (5).  

ܴௗ௖ = ௪ߩ ଶగே(௥ାమೢ)௧	∙	௪  (5) 

For each required inductance, winding configurations 
with the height of 2mm, 2.4mm and 2.8mm are analyzed to 
estimate their winding resistances. It can be concluded from 
the figures that for a given height, the inductor with a larger 
footprint has less turns and smaller DCR; and for a given 
footprint, the higher the profile, the smaller the DCR. 
Basically less turns of wire allows utilization of thicker wire; 
and higher profile also means that the wire is thicker. 
Therefore the results do match the common sense.  

However, higher inductor has longer magnetic path 
length, which in turn reduces the inductance. Moreover, high 
profile is always not ideal for any power modules. In 
consequence, a proper thickness of wire instead of has thick 
as possible is preferred. In order to reduce the DCR and 
avoid extremely high profile, a configuration with 4.75 turns 
coil formed by 0.25mm thick flat wire is selected. For the 
other parameters w is 1.2mm, r=2mm. The actual inductance 
is 1.05μH and DCR is 6.8mΩ which match the pre-
calculation result well. The total height of the module is 
4.0mm, including a 2.4mm inductor, a 1.2mm regulator and 
a 0.4mm substrate. Further electromagnetic and thermal 

analysis will be performed based on the selected 
configuration. 

A series of Maxwell FEA simulation was proposed to 
analyze the impact of how the height is arranged. The 
thickness of magnetic material above and beneath the coil is 
assumed to be the same. Table II shows the height of power 
module at different winding and core height. Table III shows 
how much thickness of magnetic material affects the 
inductance of a 4.75 turns winding inductor. It can be 
observed that the inductance increases slightly with the total 
height of the module, but the DCR changes a lot with the 
wire thickness. So thicker wire draws more benefit for 
inductor design than thicker magnetic material. For instance, 
the height of the configuration with 0.25mm flat wire and 
0.6mm core material above and beneath the coil is the same 
as that of the inductor utilizing a 0.16mm wire and 0.9mm 
magnetic material. The inductance of the second inductor 
(1.26uH) is 25% higher than the first (0.99uH). Meanwhile, 
DCR is increased by 65% (9.3mΩ compared with 5.6mΩ). 
In conclusion, a further modified design with much smaller 
DCR and enough inductance can be achieved by using less 
magnetic material and thicker wire. 

A prototype of the chosen layout was built and 
experiment was conducted. With DC bias from 0A to 8A, it 
can be confirmed that the inductance is no smaller than 
900nH, which still satisfies the requirement of Buck 
converter with higher load current. As a result of magnetic 
simulation, the maximum flux density of B is 0.280T at 6A 

Fig. 9. Calculated DCR vs Inductor Footprint (1.1uH) 

Fig. 10. Calculated DCR vs Inductor Footprint (1.5uH) 
TOTAL HEIGHT WITH DIFFERENT WIRE AND CORE 
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material 

(mm) 

Wire(mm) 

0.60 0.65 0.70 0.75 0.80 0.85 0.90 

0.16 3.42 3.52 3.62 3.72 3.82 3.92 4.02 
0.19 3.61 3.71 3.81 3.91 4.01 4.11 4.21 
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0.28 4.20 4.30 4.40 4.50 4.60 4.70 4.80 
0.31 4.39 4.49 4.59 4.69 4.79 4.89 4.99 
0.34 4.59 4.69 4.79 4.89 4.99 5.09 5.19 

 

INDUCTANCE WITH DIFFERENT WIRE AND CORE 
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(mm) 
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full load, which is still far from saturation (start from 0.35T 
for the selected material as well as most of the magnetic 
material).  

IV. THERMAL ANALYSIS AND FEA SIMULATION

This section presents thermal analysis of the proposed
power module with the help of equivalent circuit thermal 
model and FEA simulation. The thermal resistance of each 
part is calculated and comparisons are made to observe how 
much the cooling performance is enhanced by power supply 
in inductor (PSI2). 

Junction to ambient thermal resistance is an important 
parameter for power electronic products. Usually, smaller 
thermal resistance results in lower temperature rise. In still 
air convection mode, the temperature rise at steady-state is 
related to total dissipated power and thermal resistance as 
(6)-(9): ∆ܶ = ݍ ∗ ܴ௧௢௧௔௟    (6)

ܴ௧௢௧௔௟ = ܴ௖௢௡௩௘௖௧௜௢௡ + ܴ௖௢௡ௗ௨௖௧௜௢௡    (7) ܴ௖௢௡ௗ௨௖௧௜௢௡ = ݃ ∗ ௗ௞∗஺ (8) ݊݋݅ݐܿ݁ݒ݊݋ܴܿ = 1ℎ∗ܣ (9)

Where q is the power of heat dissipation, d is the length 
of material, g is the geometry factor, k is the thermal 
conductivity, A is the contact area of the objects and h is the 
thermal coefficient of air. The designators are shown in 
Fig.11, T1 is the high temperature and T2 is the ambient. The 
integrated power module utilizes a high thermal conductivity 
to reduce the thermal resistance and enhances the heat 
dissipation.  

FEA simulation is applied to estimate the thermal 
performance of the proposed structure, in comparison with a 
plastic molded 3D power module. Fig. 12 illustrates a CAD 
drawing of the plastic module which uses very thick wire to 
achieve small DCR. Its profile is very high as a result 
(8.5mm by 7.5mm by 4.7mm). The operating condition for 
both modules is 12V input, 5V output with 6A load current. 
The loss of proposed converter is estimated and divided into 
3 major parts: winding loss (540mW from I2R calculation), 
core loss (164mW from MAXWELL simulation) and 
regulator loss (switches loss, gate drive loss and other 
quiescent losses, rest of the total loss, 1.15W). Fig. 13 shows 
the idea of loss breakdown and their distribution. 

 FEA simulation was utilized to estimate the thermal 
performance of the proposed power module. Utilizing 
computer assist design software like Solidworks, mechanical 
models featuring high accuracy are obtained. The models are 
imported into ANSYS workbench and thermal simulations 
are executed. The simulation results can illustrate 
temperature of each individual element of the models. In the 

Fig. 11. Distribution of Heat Sources in 3D Power Module 

Fig. 12. CAD Drawing of Plastic Molded 3D Power Module 

Fig. 13. Distribution of Heat Sources in 3D Power Module 

Fig. 14. 2D Plastic Module with 750mW Winding Loss, 2.1W Total Loss 

Fig. 15. Simulation Results for the 3D Plastic Power Module 
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simulation models of this paper, the power modules are 
mounted on 60mm×80mm host PCBs (named as thermal 
boards) and operate with full load condition (5Vout/6A 
load). The ambient is still air and the temperature is 22°C. 
Comparisons were made based on the simulation results to 
analyze the impact of factors such as structure and properties 
of material. 

Fig. 14 and 15 show the steady-state thermal simulation 
results for conventional plastic molded power modules. In 
Fig. 14, temperature of a 2D power module is presented. Its 
footprint is 15mm*9mm and footprint of the inductor is 
5.5mm*5.5mm. The winding resistance is 15.6mΩ and the 
winding loss is 750mW according to I2R calculation (6A 
current). The maximum temperature which corresponds the 
junction is 72°C and the top case maximum temperature is 
60°C. Fig. 15 shows the simulation result of a 3D plastic 
power module with a high profile inductor. It features small 
DCR (11mΩ) and high efficiency (94.5% at full load, 
winding loss is 500mW). Thus the conventional integrated 
power modules have poor thermal performance and the 3D 
structure is even worse with the same power loss. 

Fig. 16 presents the thermal simulation result for the 
proposed 3D power module. Fig. 16(a) is an estimation for a 

power module with the same loss as the 3D plastic molded 
power module. Its junction temperature is 62.2°C and the 
case temperature is 58.9°C. Fig. 16(b) presents the result for 
the proposed power module prototype with a 4.4mm high 
profile, whose loss is only 1.7W. Its junction temperature is 
58°C and the case temperature is 53.6°C. 

 To conclude from the simulation results, the proposed 
3D integrated power module would have an 8°C lower 
junction temperature rise than the 3D plastic power module 
with the same loss according to Fig. 15 and Fig. 16 (a). This 
improvement can rise to more than 15°C after further 
modification of the inductor, which is quite significant.  

Several simulations in FEA were performed for the 
proposed 3D module using varying values of thermal 
conductivity for the case. The loss is assumed to be 1.85W 
in these simulations. It can be conclude from Table IV that 
thermal conductivity affects the temperature rise. The 
difference between a thermal conductivity of 0.75W/K.m 
and 3W/K.m is around 8.3°C in the simulation although the 
case top temperature does not change much. According to 
this simulation, the material in which the heat transfers plays 
a critical role in the temperature rise. This indicates how the 
junction temperature is reduced in the proposed 3D power 
module. 

V. PROTOTYPE AND TEST

 A prototype of the proposed 3D integrated power 
module is built to test its performances in comparison with 
other two plastic molded power modules. The three 
modules have same input and output specifications and they 
are soldered on the same test boards. 

The actual size of prototype is 8.8mm×8.5mm×4.1mm, 
with a 4.75 turns winding formed by 1.2mm×0.25mm flat 
copper wire. Fig. 17 illustrates the top view of the proposed 
3D power module and the picture of test board which is a 4 
layer board with a size of 60mm*80mm. Product #1 is a 
conventional 2D power module with 15mm×9mm×2.8mm 
footprint. Product #2 is a 3D plastic power module with a 
high profile inductor and its size is 8.5mm×7.5mm×4.7mm. 
Specification of all the products is 12V input, 5V output 
with 6A maximum load current. Product #1 and #2 are also 
mounted on the same PCBs as the proposed module to make 
comparisons.  

 Fig. 18 shows the efficiency curves of the three power 
modules. Benefiting from the larger footprint and slightly 
higher profile of inductor, the winding resistance of 
proposed 3D power module is smaller than that of product 
#1 so that it has a higher efficiency. The peak efficiency is 
95.4% at half load and full load efficiency is 94.7%. 

(a) 500mW Copper Loss, 1.85W Total Loss

(b) 350mΩ Copper Loass, 1.7W Total Loss

Fig. 16. Simulation Results for the Proposed 3D Power Module 

SIMULATION RESULTS VERSUS VARIOUS THERMAL CONDUCTIVITIES 

Thermal 
conductivity(W/K.m) 

Open frame 0.5 0.75 1 1.5 2 3 

Case temp(°C) 67.2 64.9 67.6 62.6 62.0 61.4 58.9
Regulator(°C) 89.6 74.7 70.5 67.7 71.4 68.7 62.2
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Product #2 utilizes a very high profile inductor so that it also 
allows a small DCR and achieves high efficiency (94.5% at 
full load). 

Meanwhile, IR camera is utilized to validate the thermal 
performance of the power modules. Fig. 19 shows the 
thermal image of the integrated 3D module at 5Vout/6A load 
in steady state, and the maximum top case temperature is 
59.2°C and its regulator is 63°C according to the 
thermocouple measurement. The total loss is 1.75W in this 
case and the efficiency is 94.7%. Fig. 20 shows the thermal 
image of the 2D plastic molded power module at the same 
load, its total loss is 2.4W and the maximum case 
temperature 71.2°C. Fig. 21 presents the performance of 3D 
plastic module (product #2), the loss is 1.78W in this load 
condition and the top case temperature is 60.1°. The 
proposed power module achieves a lower top case 
temperature than the 3D plastic module. 

As the thermal conductivity of core material is much 
better than plastic, the difference of junction temperature is 
larger. Based on the definition of junction to case thermal 
resistance, the junction temperature can be approximately 
calculated by (10) [22]. ߠ௃஼ = ( ௃ܶ − ஼ܶ)/ ுܲ 

θJC of product #2 is 5.7~6.7K/W according to the 
datasheet, and the measured power of heat is 1.78W. So the 
maximum junction temperature is around 71°C, which also 
matches the simulation result closely. Thus the proposed 
integrated power module can achieve 7-10°C better thermal 
performance than the high efficiency 3D plastic molded 
power module, and it proves that power supply in inductor 

(PSI2) is a good solution to the cooling problem of 3D 
structure. 

VI. CONCLUSION

A novel 3D integrated power module featuring high 
efficiency, improved thermal performance and smaller 
footprint is proposed in this paper. This power module 
combines the advantages of 3D structure and novel 
packaging technology, its footprint can be reduced by 40% 
and the inductor winding loss can be reduced by 30% 
compared to a traditional 2D structure.  By utilizing power 
supply in inductor (PSI2) technology, the thermal 
performance is significantly improve: junction temperature 
can be decreased 10°C without reducing efficiency 
compared to a plastic 3D structure. An FEA simulation is 
performed to optimize the inductor design and estimate the 
thermal performance, and a prototype was built to validate 
the simulation. Simulation and experimental results verify 
that improved electrical and thermal performances are 
achieved.  

Fig. 17. Top View of the Proposed 3D Power Module 

Fig. 18. Efficiency Curves of the Power Modules 

Fig. 19. Thermal Image of Integrated 3D Power Module 

Fig. 20. Thermal Images of 2D Plastic Module 

Fig. 21. Thermal Images of 3D Plastic Module 
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