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Abstract—For the first time, a hybrid filter design approach 

based on the combination of Integrated Passive Device (IPD) and 

acoustic technologies is proposed to satisfy the new demands in 5G 

New Radio (NR) applications, where high frequency (above 3 GHz) 

and wide bandwidth (up to 900 MHz to date) are defined by the 

standards. The Band n77 filter is used as an extreme example to 

demonstrate the capability to achieve high operating frequency 

from 3.3 to 4.2 GHz, wide bandwidth of 900 MHz, high rejection 

of 36 dB at 200 MHz away, and low insertion loss of 2.5 dB. 
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I. INTRODUCTION 

There has been a general and inevitable trend of utilizing 

higher frequency and wider bandwidth of the electromagnetic 

spectrum for 5G New Radio (NR) wireless communications. 

For example, 27.5 to 28.35 GHz with bandwidth of 850 MHz 

has been identified as one of the 5G bands in the US, while one 

of the 5G bands is 3.3 to 3.6 GHz with bandwidth of 300 MHz 

in China. Not only the higher carrier frequency but also the 

much wider bandwidth pose significant challenges on the RF 

front end: antennas, power amplifiers and especially filters. 

Although acoustic technologies, like the Film Bulk Acoustic 

Wave Resonator (FBAR) [1] and Solidly Mounted Resonator 

(SMR) [2] filters, both called Bulk Acoustic Wave (BAW), and 

the Surface Acoustic Wave (SAW) [3-5] filters, have advanced 

rapidly nowadays, it is still very difficult to keep up with the 

updates in wireless standards. Therefore, the wireless industry 

calls for next-generation technology solutions to meet the new 

system requirements in 5G: carrier aggregation, MIMO, high 

frequency and wide bandwidth filtering. 
This paper presents a new design methodology of having 

both lumped-LC Integrated Passive Device (IPD) and high-Q 
acoustic resonant technologies to achieve wide bandwidth and 
sharp roll-off at the same time. IPD inductors and capacitors are 
used to form a wide passband, while acoustic resonators provide 
sharp roll-off and high rejection at band edges. As a proof of 
concept, this paper selects Band n77 as an extreme case to show 
how a wide bandwidth of 900 MHz at 3.75GHz can be realized 
by combining IPD and acoustic technologies. 

II. INTEGRATED PASSIVE DEVICE 

Integrated Passive Device (IPD) technology dates back to 

1967 [6], where tantalum, tantalum pentoxide, and nichrome-

gold were used to fabricate resistors, capacitors, and inductors, 

respectively, on an integrated circuit. The quality factor (Q) was 

reported to be about 15 at 50 MHz for a 50 pF capacitor, while 

the inductor Q was measured between 15 and 20 at 10 MHz for 

1 μH occupying 0.35 inches square. With Moore’s law, active 

devices, i.e., transistors, have been scaled down to nanometer 

level over the years, while, on the other hand, it is very difficult 

to shrink passive device (especially inductors) dimensions and 

maintain high performance at the same time. Early attempts to 

integrate passive devices on Silicon (Si) substrates struggled a 

lot with parasitic effects simply due to the fact that Silicon is 

semiconductor. Even by adding a thick oxide layer to isolate 

inductors from the Si substrate, the achieved Q was below 10 

for 1.9 nH and 9.7 nH at GHz frequencies [7]. Until late 1990s, 

researchers were able to achieve inductor Q (Qmax) larger than 

20 by adopting exotic substrates, like high-resistivity Silicon 

(HRS), sapphire, and quartz [8, 9], or even fabricating Micro-

Electro-Mechanical Systems (MEMS) structures to suspend 

inductor coils above substrate [8, 10]. 

Compared with MEMS and other alternative solutions, the 

HRS IPD technology is more compatible with CMOS foundry 

and also has much better manufacturability, so it attracts a lot 

of attention from the industry. Several companies developed 

and commercialized their variant of the HRS IPD technology 

independently [11-14], showing inductor Q around 25 in the 1 

to 2 GHz range. However, the wideband filter market has been 

dominated by the Low-Temperature Co-fired Ceramic (LTCC) 

technology [15, 16], where Q can be up to 50 for inductors. In 

order for HRS IPD to deliver the same level of performance as 

(or higher than) LTCC, we performed a series of simulations to 

study the most critical factor in determining IPD inductor Q, as 

shown in Figs. 1-3. We find out that as long as the substrate 

resistivity is above 1 kΩ·cm, it is the coil metal thickness that 

becomes dominant for inductor Q, while further increasing the 

substrate resistivity doesn’t help much. Fig. 3 also proves that 

HRS IPD can deliver high Q over 60 even at 1 GHz, if 50 μm 

thick metal is available for inductor design. 

In terms of capacitor for RF application, IPD has a natural 

advantage over LTCC, simply because it is based on thin-film 

processing instead of multi-layer ceramic sheet lamination [16] 

and the capacitance density in IPD is much higher than LTCC. 

Especially for higher frequencies above 3 GHz as required by 

5G, higher capacitance density means smaller capacitor area 

and therefore less parasitic resistance and inductance coming 

from interconnects, which makes IPD thin-film based metal-

insulator-metal (MIM) capacitors intrinsically have higher Q 

and resonant frequency. Considering all these, IPD stands out 
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as a very promising technology for wide-bandwidth, low-loss, 

and small-size filtering solutions at frequencies above 3 GHz 

for 5G and future wireless communications. 

 

 

Fig. 1.  Top-view of the 3 nH IPD inductor on HRS substrate under study. 

 

Fig. 2.  Simulated inductance plotted as a function of frequency and coil metal 

thickness varied from 10 μm to 50 μm (Cu). 

 

Fig. 3.  Simulated inductor Q plotted as a function of frequency and coil metal 

thickness varied from 10 μm to 50 μm (Cu). 

III. ACOUSTIC TECHNOLOGIES FOR WIDEBAND 

Acoustic technologies are well known to deliver very high 

Q (> 1000) within a very small volume, which makes acoustic 

filters indispensable in today’s smartphones where more than 

80 SAW/BAW filters are used to support more than 40 bands 

worldwide. Recent demonstrations show Q values even above 

7000 for novel SAW structures [5, 17, 18]. While Q value was 

enhanced significantly over the years, researchers have been 

looking for ways to increase the electromechanical coupling 

coefficient (k2) as well, because it determines the maximum 

relative bandwidth that can be achieved for ladder-type filters 

based on acoustic resonators [19]. 

Several approaches have been pursued in parallel, and one 

of the successful attempts was to dope or alloy piezoelectric 

Aluminum Nitride (AlN) with exotic materials, such as Sc [20, 

21], MgZr [22], or CrN [23]. Although many studies have 

shown enhanced piezoelectric coefficient (d33) from material 

point of view and 4 times improvement in electromechanical 

coupling coefficient (k2) in laterally vibrating resonators from 

device point of view [24-26], there is no demonstration to date 

that delivers high coupling coefficient (k2 > 10%) with decent 

Q (> 1000) and operating frequency above 3 GHz as required 

by 5G standards. 

Besides changing the material, another way is to look at 

different resonant or mechanical modes that can be possibly 

excited in AlN, as proposed in [27]. Traditionally in BAW [1, 

2] and Contour-Mode Resonator (CMR) [24], researchers had 

been focusing on one-dimensional (1D) mode in thickness or 

lateral direction, or designing mode shape in top view of the 

resonator structure, while in the case of Cross-sectional Mode 

Resonator (XMR) [27] a two-dimensional (2D) mode shape is 

excited in the cross-sectional view of the resonator, so that the 

longitudinal and transverse piezoelectric coefficients (d33 and 

d31) are coherently combined and harnessed to transduce one 

single mechanical vibration mode. In this way, the k2 of XMR 

has contributions from both d33 and d31 and can add up to 10% 

for AlN resonators. The XMR concept has been under a lot of 

development [28-30] and the operating frequency can be up to 

3.5 GHz [31] reaching the 5G frequency range with Q > 1000. 

However, the demonstrated k2 has been limited below 7% in 

hardware mainly due to challenges in today’s microfabrication 

technology that makes the desired structures hard to realize. 

A third approach is to borrow materials from SAW, but in a 

thin-film form produced by polishing [32], deposition [33], or 

ion slicing [34]. Piezoelectric MEMS resonators based on thin-

film Lithium Niobate (LiNbO3) were reported with operating 

frequency up to 4.5 GHz early in 2009 [35], and it was even 

shown lately to have operating frequency above 5 GHz with a 

surprisingly high k2 over 26% [36]. Despite the high frequency 

and k2, the resonators still need less spurious and higher Q for 

better use in filter designs and the C0 or area also needs to be 

scaled up for impedance matching. 
As can be seen, all the three technologies show promise for 

high frequency and high bandwidth filtering applications as 
required in 5G. Considering AlN doping can also be applied to 
XMR designs, it provides an extra degree of freedom for Q and 
bandwidth control by changing AlN doping concentration or 
resonator geometry. Therefore, it would be reasonable for us to 
assume k2 of 10% and Q of 1000 in the Band n77 frequency 
range for the following analysis and co-designs with IPD. 

IV. IPD AND ACOUSTIC CO-DESIGN 

Hybrid filter design using both lumped LC and acoustic 

components has been reported very recently in a few cases, 

where inductors and capacitors were implemented using either 

LTCC [37] or Surface Mount Device (SMD) [38] technology. 

The operating frequencies were below 3 GHz mainly for 4G 

LTE bands, where LTCC or SMD might be sufficient, but not 
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good enough to deliver high performance at 5G bands above 

3 GHz due to the reasons explained in Section II. Therefore, in 

this paper, the first hybrid filter design based on IPD passives 

and acoustic components is reported to realize wide bandwidth, 

high frequency, sharp roll-off, and low insertion loss all at the 

same time. The circuit schematic is shown in Fig. 4. 

 

Fig. 4.  Schematic of the hybrid band-pass filter (BPF) design. 

 

Fig. 5.  Layout drawing of the Band n77 hybrid filter using IPD, acoustic, and 

substrate technologies. 

 

Fig. 6.  Simulated transmission response of the Band n77 BPF showing wide 

passband of 900 MHz, low insertion loss and high rejection. 

The Band n77 band-pass filter (BPF) is designed using one 

IPD die and one acoustic die assembled on a 4-layer laminate 

substrate. Two high-Q inductors and six high-Q capacitors are 

integrated on the IPD die with size of 1.8 x 0.9 mm, while two 

acoustic resonators are integrated on a second die with size of 

0.8 x 0.6 mm. There are two additional inductors implemented 

in the metal layers available from the laminate substrate due to 

size constraints. The final package size is only 2.0 x 1.8 mm, as 

illustrated in Fig. 5, enabling a very small PCB footprint for 5G 

applications in mobile handsets. 

The two acoustic resonators are assumed to have k2 of 10% 

and Q of 1000, and the well-known BVD model [39] is used to 

construct the equivalent circuits of the resonators for IPD and 

acoustic co-design. The IPD technology has Cu layers up to 

50 μm thick for high Q inductor design. The inductors and 

capacitors including parasitic effects are carefully simulated in 

HFSS® to optimize the filter transmission characteristics. As 

shown in Fig. 6, the out-of-band rejection is around 40 dB for 

the entire frequency range from 0.5 to 10.5 GHz. The insertion 

loss is low as 2.3 dB at 3.3 GHz and 2.5 dB at 4.2 GHz for the 

two edges of the 900 MHz passband. The close-in rejection is 

optimized for Band n79, which is the closest 5G band next to 

Band n77 and starts from 4.4 GHz, only 200 MHz away from 

the upper edge of the n77 passband. Thanks to high Q of the 

acoustic resonators, this hybrid filter is able to deliver 36 dB 

rejection at 4.4 GHz, which proves the hybrid approach is able 

to achieve wide passband and sharp roll-off at the same time. 
Further study is conducted to evaluate the impact of Q and 

k2 of the acoustic resonators on the performance of this hybrid 
BPF. Due to the specific circuit configuration adopted in this 
paper, as shown in Fig. 4, acoustic resonators are only used to 
create sharp roll-off at the upper edge of the passband around 
4.3 GHz, while the 900 MHz passband shape and majority of the 
rejection notches are all maintained by the IPD part of the circuit. 
Therefore, higher Q or k2 wouldn’t bring much more benefit to 
the final filter performance, which makes the hybrid filter design 
less sensitive to process variations and easier for high volume 
manufacturing. 

V. CONCLUSION 

For the first time, a Band n77 band-pass filter design with 
small footprint of 2.0 x 1.8 mm is presented based on a hybrid 
combination of IPD, acoustic and substrate technologies in the 
same package. IPD inductors and capacitors are used to shape 
the wide passband of 900 MHz, while the high Q of acoustic 
resonators is required to achieve high rejection at frequencies 
close to the passband, like 200 MHz away. The hybrid design 
approach based on IPD and acoustic technologies proves to be a 
promising solution for 5G NR bands like n77, n78 and n79, 
where operating frequency is above 3 GHz and bandwidth is 
above 500 MHz, over 10 times wider than 4G LTE bands. 
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