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Abstract—In this paper, a 77GHz automotive radar sensor 

transceiver front-end module is packaged with a novel 

embedded wafer level packaging (EMWLP) technology. The 

bare transceiver die and the pre-fabricated through silicon via 

(TSV) chip are reconfigured to form a molded wafer through 

compression molding process. The TSVs built on a high 

resistivity (HR) wafer serve as vertical interconnects, carrying 

radio frequency (RF) signals up to 77GHz. The RF path 

transitions are carefully designed to minimize the insertion loss 

in the frequency band of concern. The proposed EMWLP 

module also provides a platform to design integrated passive 

components. A substrate integrated waveguide (SIW) resonator 

is implemented with TSVs as the via fences, and it is later used 

to design a second-order 77GHz high performance bandpass 

filter. Both the resonator and the bandpass filter are fabricated 

and measured, and the measurement results match with the 

simulation results very well. 

 
Index Terms—embedded wafer level packaging (EMWLP), 

through silicon via (TSV), automotive radar, 3D integration 

bandpass filter, substrate integrated waveguide (SIW). 

 

I. INTRODUCTION 

ECENTLY, the development of millimeter-wave 

(mmWave) wireless communication is tremendously fast 

driven by commercial applications, such as short-range 

high-data rate wireless communication, passive imaging and 

automotive radar. The requirements for these systems are 

usually high performance, compact size, high level of 

integration and most importantly, low manufacturing cost. To 

achieve extremely high level of integration and miniaturize 

the overall device size, a lot of effort has once been devoted 

into the development of System-on-Chip (SoC), a concept to 

integrate the entire system, including radio frequency (RF) 
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front-end, analog and digital circuits, onto a single chip 

[1]-[5]. However, the system performance might be degraded 

by the influence among different functional blocks through 

the common substrate and by the poor Quality (Q)–factors of 

the on-chip passives. The emerged System-on-Package (SoP) 

approach provides a more realistic solution for integration 

[6]-[11]. Two or more dissimilar dies are assembled onto a 

single package. The large area passive components, such as 

inductor, capacitor, filter and antenna, are usually built on 

package platform instead of on the expensive active chips. 

Hence, the total cost will be significantly reduced. 

Now, the question comes along is what kind of package 

should be adopted? When the operating frequency goes into 

the mmWave region, packaging becomes particularly 

challenging. Historically, most of the mmWave interconnects 

and passive components are in the waveguide configuration, 

which has very low loss. However, waveguide structure is 

bulky, expensive and very difficult to integrate with 

monolithic microwave integrated circuits (MMICs). Later on, 

low-temperature cofired ceramics (LTCC) with its advantage 

of stable permittivity and low loss at microwave and 

mmWave frequencies has dominated packaging solution for 

decades [12]-[15]. But its application is limited by thick 

substrate and large feature size. In recent years, liquid crystal 

polymers (LCP) have attracted tremendous attention of 

researchers due to its good electrical properties up to 

mmWave frequency and its ability to support large panel 

processing [16]-[21]. However, in order to accommodate 
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MMICs, a cavity is usually drilled in LCP substrate. The 

connections from the I/Os of the MMIC to the redistribution 

layers (RDLs) are normally achieved by flip chip or wire 

bonding technologies. Those interconnects will introduce 

parasitic to distort the RF performance, especially at 

mmWave frequencies, and they will cause large insertion 

losses. At the same time, a LCP lid is usually built on top of 

the MMIC to seal the cavity for physical protection and 

moisture resistance, which increases the process complexity 

and subsequently the cost. 

Embedded wafer level packaging (EMWLP) technology is 

a promising solution for mmWave cost effective packaging 

[22]-[25]. It is based on an embedded device technology with 

fan-out redistribution. The thin-film RDLs of the EMWLP 

enable very flexible and highly integrated circuit designs 

without wire bonds or any other external interconnects. The 

length of the redistribution lines is in the range of the die size. 

Thus, minimum interconnection length and excellent 

electrical performance up to mmWave frequencies can be 

achieved. On top of these inherent benefits, in a larger scale, 

wafer level packaging will simplify supply and value chain. 

The EMWLP does not require any interposer, substrate or 

lead frame for packaging. Therefore, the technology can be 

handled more independently by an assembly house with 

services, such as design, fabrication, quality control, which 

help to reduce the cost of the package significantly.  

In this paper, a novel EMWLP module is proposed and 

demonstrated for the automotive radar sensor application. As 

shown in Fig. 1, the presented EMWLP module is placed 

in-between the printed circuit board (PCB) and antenna. The 

Infineon quad-channel transceiver bare die RXN 7740LN is 

used [26] and the active surface of the transceiver chip is 

facing towards the PCB. For this Infineon chip, there are two 

transferring channels and two isolating channels. In order to 

connect them with the antenna on top of the EMWLP module, 

interconnects have to be used. Traditionally, Through 

Molding Via (TMV) is employed for the molding compound 

substrate as the vertical interconnect [27]-[28]. However, 

laser drilling is not a batch process and the TMV profile is not 

easy to control due to the non-uniform distribution of the 

filler particles in the molding material. Additional electro-less 

plating process is required to reduce the roughness of the laser 

drilled side wall to achieve a conformal seed layer, which 

makes the process more complex and increases cost. 

Furthermore, TMV usually has a large size, which increases 

the overall package size. 

Here, a novel approach of using Through Silicon Via 

(TSV) as the vertical interconnect is proposed. The TSV 

arrays are pre-fabricated on a silicon wafer, and then diced 

into TSV chips. So the TSV chip is just considered as one of 

the multiple chips. This revolutionary EMWLP technology is 

a batch process and significantly reduces the process step 

required and package size restriction. As depicted in Fig. 1, 

the 77GHz transceiver chips and the TSV chips are placed 

and formed a molded wafer through the compression molding 

process. Two and one RDLs are built on the top and bottom 

sides of the molded wafer to fan-out the I/Os of the 

transceiver chip, respectively. The molding compound has 

steady dielectric properties and low loss even in the mmWave 

region. The TSVs are made in the high resistivity (HR) wafer 
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Fig. 2 EMWLP process flow. (a) Pick and place. (b) Molding. (c) Backgrinding to 500µm. (d) Front side RDL. (e) Backgrinding to 300µm. (f) Backside RDL. 

(g) Protection tape removal. (h) Assembly to PCB. 
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to reduce the substrate loss. They are used to bring the signal 

from/to the four transferring/isolating channels of the 

transceiver chip to the backside of the active chip and connect 

to the antenna through the solder bumps.  

The whole RF paths including the TSV interconnects are 

carefully designed to have minimum insertion losses at 

77GHz. The measured insertion losses for the transferring 

and isolating channels are 0.80dB and 1.80dB, respectively. 

The rest of the I/Os of the transceiver chip are connected to 

PCB through front side RDLs and solder bumps. The overall 

size of the EMWLP module is 8.7mm by 9.1mm. 

On the same EMWLP platform, embedded passive 

components can be implemented. Substrate integrated 

waveguide (SIW) [29]-[31] resonator and bandpass filter are 

designed and demonstrated on the HR silicon substrate with 

TSVs as via fences and front/back side RDLs as the 

top/bottom metal planes. Since the resonator/filter can be 

embedded and packaged together with the active dies, it is 

very easy to integrate them through the metal trace on the 

RDLs. Using this technique, the on-chip passives can be 

moved onto package to save the expensive die area. 

Furthermore, the two ports of the passive components can be 

formed on bottom and top RDLs, respectively, so that they 

are not only passive components but also vertical 

interconnects. 

II. FABRICATION PROCESS 

Fig. 2 shows the process flow of the EMWLP module. 

Firstly, a layer of thermal release tape is attached to a metal 

frame carrier with the thermal release layer orientated 

upward. Then, the transceiver chips and the diced TSV chips 

are precisely allocated on top of the thermal release tape by 

standard Pick and Place process as shown in Fig. 2(a). Next, 

the chips are encapsulated with liquid molding compound 

Nagase R4212 by compression molding process to form the 

reconfigured wafer. After post-mold cure at 150°C for 1 hour, 

the reconfigured wafer is released from the carrier and 

thinned down to 500µm as shown in Fig. 2(b) and (c). The 

following step is to gradually form the front side passivation 

layers and RDLs. There are total three passivation layers and 

two metal layers as shown in Fig. 2(d). A 5µm thick AGC is 

firstly spin coated and patterned onto the molded wafer, after 

which the first metal layer (M1) with 3µm thickness is 

electroplated and passivated with 2
nd

 layer of 5µm AGC. 

Thereafter, the second metal layer (M2) with 8µm is 

electroplated and passivated with 3
rd

 layer of 10µm AGC. 

After completion of the front side process, the molded wafer 

is further thinned down to 300µm to expose the TSVs as 

illustrated in Fig. 2(e). Thereafter, the back side process will 

then be formed systemically in a similar way as the front side 

process. However, only two layers of passivation and one 

layer of metal (BK-M1) are built. At last, after removing the 

protection tape, the EMWLP process is completed.  

The photographs of the completed wafer and detailed 

structures  are  shown  in  Fig 3. The  EMWLP  wafer  then is  

 

 
 

Fig. 3 The photographs of the completed EMWLP wafer and detailed 

structures. 

 

 
 

Fig. 4 The microphotograph of the EMWLP module with attached solder 

balls. 
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Fig. 5  Assembled EMWLP module on PCB. (a) Microphotograph. (b) X-ray 

image. 
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diced and the EMWLP module is proceeded for the assembly 

process. Firstly, flux (Tac 026) is applied on the copper pads 

of M2, and then solder balls with diameter of 200µm are 

placed on the copper pads using the solder jittering machine. 

After that, the EMWLP module is sent for a reflow at a 

maximum temperature of 260°C, where the solder balls form 

a joint with the copper pads. The microphotograph of the 

EMWLP module with solder balls is shown in Fig. 4. Next, a 

layer of 40µm flux (Tac026) is applied on the gold pads of 

PCB, and the EMWLP module with solder ball is accurately 

placed onto the PCB with assist of a flip chip bonder (FC150), 

with a final reflow at 260°C. The connection between 

EMWLP module and PCB is formed as shown in Fig. 2(h). 

The photograph and X-ray image of the assembled module 

are shown in Fig. 5(a) and (b), respectively. 

III. TRANSFERRING AND ISOLATING CHANNELS 

Since the outputs of the four RF channels of the transceiver 

chip are in Ground-Signal-Ground (GSG) configurations, 

coplanar waveguide (CPW) is adopted to carry the 77GHz 

signal. The 3D schematic layout of the transferring channel 

with indicated dimensions is depicted in Fig. 6.The signal out 

of the chip is going through M1, TSVs and BK-M1. Since the 

pre-fabricated TSV chip is embedded into the molding 

compound substrate, the CPW lines built on the M1 and 

BK-M1 are going through substrate transitions. Thus, the 

impedance of the CPW keeps changing and proper 

impedance matching has to be done in the concerned 

frequency band. Firstly, the characteristic impedance of TSV 

is calculated. Since the diameters of the tapered TSV are fixed 

at 100µm and 60µm, the inductance value is fixed. The 

capacitance can be adjusted by tuning the pitch between the 

ground TSV and the signal TSV. Here, four additional TSVs 

are added as the ground via to suppress the substrate mode 

generated in the silicon substrate. The pitch between signal 

and ground TSVs is fixed at 260µm, taking account of both 

the limited area and fabrication constraints. The characteristic 

impedance of the TSV is in a range of 30 to 40Ω due to the 

tapered profile. Since both ends of the interconnect need to be 

matched to 50Ω, quarter-wavelength CPW lines with 

characteristic impedance of 42Ω are used on the silicon 

 
 

Fig. 6 3D schematic layout of the transferring channel with indicated 
dimensions. Unit is in mm. 
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Fig. 7 Back-to-back test structure of transferring channel. (a) 

Microphotograph of the front side. (b) Microphotograph of the back side. (c) 
Simulated and measured S-parameters. 
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Fig. 8 2D schematic layout of the isolating channel with indicated 

dimensions. Unit is in mm. 
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substrate.  

As shown in Fig. 6, the two ports of the transition are at two 

sides of the wafer. Thus, back-to-back test structure is used to 

verify the insertion loss of the transition. Full wave 

electromagnetic simulation software HFSS is employed and 

lump ports are used in the simulation. Fig. 7(a) and (b) show 

the microphotographs of the front and back sides of the 

back-to-back test structure of the transferring channel. The 

structure is measured by using Anritsu ME7808B broadband 

vector network analyzer and 110GHz Semiautomatic 

SussMicroTec PA300PS probe station. The probes are from 

Cascade with 150µm pitch. The simulated and measured 

S-parameters are depicted in Fig. 7(c), and they agree with 

each other well. The discrepancy between the simulated and 

measured |S11| is mainly due to die shift of TSV chips and 

subsequent misalignment between TSVs and other 

passivation and metal layers. The die shift is caused by the 

inaccuracy of the pick and place process and molding 

process. It is observed that the transition can work in a very 

wide frequency band from 50GHz to 100GHz. In the 

operating frequency band 76GHz to 77GHz, the simulated 

and measured return losses are larger than 30dB and 20dB. 

The maximum simulated and measured insertion losses are 

1.14dB and 1.60 dB, respectively. Therefore, the measured 
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Fig. 9 Back-to-back test structure of isolating channel. (a) Microphotograph 

of the back side. (b) Simulated and measured S-parameters. 
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Fig. 10 Embedded SIW resonator. (a) Schematic layout (unit in mm). (b) 

Microphotograph. (c) Measured magnitude of S21. 
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single transferring channel insertion loss is about 0.80dB, 

which is very small as compared with that of wire bond. 

On the other hand, unlike the transferring channels, the two 

isolating channels are located at the longer sides of the 

transceiver chip. Hence, the CPW lines, coming out of the 

GSG pads of the transceiver chip, undergo a 90º bend in order 

to connect to the TSV chip. To compensate the effect of this 

bending discontinuity, an air-bridge implemented on M2 and 

narrowed signal strip on M1 are employed as shown in the 

schematic layout in Fig. 8 [32].Similarly, a back-to-back test 

structure constructed by cascading two isolating channel 

transitions shown in Fig. 8 is designed, implemented and 

measured to estimate the single path insertion loss. The 

microphotograph of the back side of the isolating channel test 

structure is shown in Fig. 9(a) and the simulated and 

measured S-parameters are plotted in Fig. 9(b). As mentioned 

above, the discrepancy between the two sets of |S11| is caused 

by the die shift of the TSV chips, as well as the misalignment 

between passivation and metal layers. In the frequency band 

(76GHz to 77GHz) of concern, the simulated and measured 

return losses are larger than 23.39dB and 10.79dB, 

respectively. The maximum simulated and measured 

insertion losses are 2.85dB and 3.59dB. Therefore, the 

estimated single path insertion loss for the isolating channel is 

around 1.80dB. 

IV. EMBEDDED SIW PASSIVES 

 

A. SIW Resonator 

SIW based passive components can be designed on the 

EMWLP platform. The schematic of the proposed SIW 

resonator is depicted in Fig. 10(a) for illustration. The TSVs 

used to form the via fences are pre-fabricated on the HR 

silicon substrate with resistivity of 5000Ω·cm. The front and 

back side of M1 are used to cover the SIW cavity as the top 

and bottom metal planes. The input and output ports are 

realized by CPW lines on top/bottom plane. In order to 

calculate the unloaded Q-factor Qu accurately, weak coupling 

has to be applied on both ports. The first two resonances of 

the SIW resonator shown in Fig. 10(a) are TE101 and TE102 

modes. The following equation is used to calculated the Qu 

for both modes [33], 

 

|)|1( 21

0

Sf

f
Qu

       (1) 

 

where f0 is the resonant frequency and Δf is the 3dB absolute 

bandwidth. 

There are three factors that contribute to the value of Qu, 

and they are Qc, Qd, and Qr, accounting for conductor loss, 

dielectric material loss and radiation loss. The conductor loss 

is due to the non-perfect metallic sidewalls and top/bottom 

planes of the cavity resonator. The dielectric loss comes from 

the cavity filling material. By using HR wafers, this portion of 

loss is greatly reduced. Since via fences are employed as the 

sidewalls, wave leakage occurs from the space in-between 

two adjacent vias, which is reduced by using the second row 

of TSVs in a staggered configuration. The resonator is then 

fabricated and measured. The microphotograph of the 

fabricated resonator is shown in Fig. 10(b), and the measured 

|S21| is plotted in Fig. 10(c) with two inserted figures showing 

the zoomed in resonant peaks. By using (1), the measured Qu 

for TE101 and TE102 are 273 and 301, respectively. Since the 

Qu of TE102 mode is larger than that of TE101 mode, TE102 

mode is then selected to design the bandpass filter in order to 
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Fig. 11 Embedded SIW second-order bandpass filter. (a) Schematic layout 
(unit in mm). (b) Microphotograph. (c) Simulated and measured 

S-parameters. 
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achieve the narrow bandwidth. 

 

B. Second-Order SIW Bandpass Filter 

A second-order narrow band bandpass filter is constructed 

using two above mentioned cavity resonators as shown in Fig. 

11(a). The coupling between these two resonators is achieved 

by a via in-between and the coupling coefficient can be 

calculated using (2) as follows [34], 

 

2

1

2

2

2

1

2

2

ff

ff
k          (2) 

 

where f1 and f2 are the two split peaks of the center frequency 

f0. Since the spacing between the central via and the sidewall 

via is 350µm, which is much smaller than λg of TE101, the first 

resonant mode TE101 cannot be coupled to the output port. 

Therefore, the lower stopband performance is enhanced. The 

input and output coupling is achieved by the short-ended 

CPW line and the coupling degree can be controlled by the 

opening width and length of the slotline. With this external 

coupling, a bandpass filter can be constructed.  

The designed second-order bandpass filter is fabricated and 

measured, and the microphotograph of the fabricated filter is 

shown in Fig. 11(b). The measured S-parameters are plotted 

together with the simulated S-parameters in Fig. 11(c), and 

they match each other very well in an ultra-wide frequency 

range from 10GHz to 100GHz. The inserted figure inside Fig. 

11(c) shows the zoomed in passband performance. The 

simulated filter response exhibits 2.4% fractional bandwidth 

at center frequency of 78.05GHz. The simulated insertion 

loss at the middle band is 1.68dB, and the simulated return 

loss within the passband is larger than 16.26dB. The 

measurement results show a bandpass filtering response with 

3% fractional bandwidth at center frequency of 75.38GHz. 

The measured insertion loss at middle band is 2.05dB and the 

return loss within the whole band is larger than 25dB. The 

frequency shift is mainly due to the thickness variation of the 

AGC passivation layers in the EMWLP process, which has 

been verified by cross section inspection. From the plotted 

measured S-parameters, it can be observed that a very wide 

lower stopband from DC up to 72.4GHz with a rejection level 

of 20dB is obtained. 

V. CONCLUSION 

In this paper, a novel EMWLP module with TSVs as the 

vertical interconnect is proposed for 77GHz automotive radar 

RF front-end. The RF transferring/isolating channels are 

carefully designed to obtain minimum insertion loss and to 

achieve maximum output power. The back-to-back structures 

are fabricated to verify the theoretical predictions. On the 

presented EMWLP platform, high performance embedded 

passives can be implemented. SIW resonator and bandpass 

filters are designed and demonstrated, with the measurement 

results matched closely with the simulation results. The 

double sided RDLs and TSV vertical interconnect enable the 

3D integration with antenna or another package on top of the 

EMWLP module to achieve miniaturized footprint.  
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