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Ceramic materials for 5G  
wireless communication systems

In the world of wireless communica-
tion, 5G has become almost a pop-

culture reference. It is a term frequently used to 
describe improved handsets, devices, and infra-
structure enabling faster speeds and more band-
width. This article presents a cursory overview 
of what 5G is, what are the technical pillars of 
5G systems, and finally, the role ceramic materi-
als will play in 5G technology.

To recount the history of wireless telephony, 1G systems, intro-
duced in the 1980s, were full analog systems. These were very large, 
expensive devices that were essentially luxury items. 2G systems 
launched in 1991, and these systems were the first to use digital 
signals in GPRS and EDGE technologies. 3G systems launched in 
2001 and had faster data rates and increased use of digital signals 
relative to 2G. The 2G and 3G systems featured a device called 
an auto-tuned combiner in the base station that selected frequen-
cies with the use of an ultra-low loss tangent microwave dielectric 
material for both the analog band (< 1 GHz) and the digital band 
(near 2 GHz). The current 4G technology came into play around 
2011 and did not use the auto-tuned combiner. Metallized ceramic 
dielectric rods are used for filters in the base stations for this tech-
nology. As of today, networks strain under by the current demand 
in the 700 MHz–2.7 GHz range. New technologies need to be 
deployed to utilize faster data rates needed for modern wireless 
communication including the Internet of Things (IoT).

Figure 1 shows a schematic illustrating features of 5G commu-
nication. Among the benefits of 5G communication are higher 
data rates (10 times faster than 4G), low latency (no delays between 
transmit and receive signals or no dropped calls), and increased 
connectivity (including humans and machines). In fact, 5G systems 
are expected to be able to handle more than 1,000 times the num-
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5G technologies will soon reach the market. 

Ceramic materials will play an important role in 

realizing the technology.
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ber of connected devices that exist today. 
One fundamental technical feature of 
5G systems is the use of spectrum at 
frequencies above which current 4G 
systems operate. The 5G system will 
operate in two different bands: a lower 
frequency band at 3–6 GHz, and a 
higher frequency band in the millimeter 
wave region (20–100 GHz). This lower 
frequency band is adjacent to spectral 
regions currently used for 4G systems. 
Although there will be some modifica-
tions in the technology used in the lower 
band relative to 4G systems, the modi-
fications will not be as drastic as the 
technological changes required to make 
millimeter wave handsets and devices.

5G requirements

Millimeter waves: There are a number 
of key technologies for 5G systems. The 
millimeter wave region is attractive in that 
there is so much “spectrum” available 
above 10 GHz. Bandwidth considerations 
therefore cease to be an issue for the time 
being. Among the frequencies being exam-
ined for devices are 28 GHz and 39 GHz. 
However, along with this “open range” 
of spectrum come some serious technical 
challenges. One of the largest challenges 
involves the signal range at these higher 

frequencies. Attenuation is a term used to 
describe how the strength (amplitude) of 
a signal decays over distance. This attenu-
ation is a frequency-dependent phenom-
enon for electromagnetic waves; that is, 
the higher the frequency, the greater the 
attenuation and the shorter the distance 
the wave may travel. Attenuation has 
major implications on how 5G infra-
structure will be deployed. Currently, for 
systems operating below 3 GHz, large 
base station towers spaced on the order 
of fractions of miles apart are sufficient to 
handle wireless traffic in 4G systems. If, 
in fact, millimeter wave systems are put in 
place, the range would be much less and 
the size of the base station (or repeater, 
in this case) will have to be reduced. It is 
possible that centralized towers may still 
connect base stations to each other in the 
3–6 GHz range, and each tower would be 
surrounded by a number of short-range 
repeaters operating at millimeter wave fre-
quencies. Or, there may just be a myriad 
of decentralized small base stations dot-
ting the landscape, connecting with one 
another. At this point, it is too early to tell 
how 5G infrastructure will be deployed.

Filtering becomes another concern 
for 5G systems, particularly for handset 
applications. Currently systems operating 

below 3 GHz use acoustic wave filtering. 
It is possible that this technology may be 
pushed into the 3–6 GHz frequency band. 
However, a different type of filtering tech-
nology would be needed for applications 
in the millimeter wave region.

Massive MIMO antennas: The type 
of antenna technology used for 5G 
systems is likely to be vastly different 

Figure 1. Representation of advantages of 5G systems over current systems. 
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Capsule summary

5G TO THE RESCUE

Compared to current 4G technologies, 5G com-

munication offers higher data rates, low latency, 

and increased connectivity.

MATERIALS FOR 5G

Compared to polymeric materials, ceramics 

provide a wider range of dielectric constants, 

better mechanical stability in thin sections, and 

the relative ease of metallization.

5G’S ‘WILD WEST’

Early versions of 5G will be high frequency varia-

tions of 4G technology. However, it will take several 

years to solve technical challenges and fully realize 

networks operating in mm-wave frequencies.
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as well. Rather than a single antenna 
transmitting and receiving signal in all 
directions, 5G architectures will have an 
enhanced directionality. A directional 
beam will result in reduced power con-
sumption because all radio frequency 
(RF) signals will be targeted toward 
a receiving unit and not scattered in 
all directions. A directional beam is 
obtained by using an array of antennas 
rather than a single antenna. This array, 
called multiple-input and multiple-
output (MIMO), allows for guiding the 
beam through a combination of con-
structive and destructive interference to 
conserve power and focus the signal on a 
specific device. The efficiency and band-
width of an individual antenna is a func-
tion of its dielectric constant. A lower 
dielectric constant material will lead to a 
more efficient antenna. As there will be 
arrays of multiple antennas embedded 
in multiple dispersed base stations, there 
will be a large number of individual 
antennas required for 5G networks.

Half and full duplexing: For past 
cellular systems up to 4G, different 
frequencies are used for the transmit 
and receive signals, in a technique 
called diplexing. On the other hand, 
if the same frequency is used for both 
transmitting and receiving, the tech-
nique is called duplexing. Time domain 
duplexing (TDD) or half duplexing is a 
technology to be utilized in 5G systems. 
The same frequency is used for both 
transmitting and receiving but they oper-
ate at different times. TDD technology 
requires fast semiconductor gallium 
nitride switches (particularly at mm-wave 
frequencies) or nonreciprocal devices 

such as circulators. Full duplexing tech-
nology would involve simultaneously 
transmitting and receiving at the same 
frequency and would require a “nonre-
ciprocal” device such as a circulator.

Antennas, filters, and resonators
Ceramic materials are likely to play 

a role in many 5G systems in both 
frequency bands.1 Consider individual 
antennas in use for MIMO applica-
tions. As previously stated, MIMO tech-
nology will demand multiple individual 
antenna elements in closely spaced 
base stations. There will certainly be a 
demand for inexpensive antennas and 
for low dielectric constants to improve 
the efficiency and bandwidth. Polymers 
and ceramic-filled polymers have the 
advantage of being inexpensive and 
having low dielectric constants as well 
as being easily conformal and integrate-
able with established low temperature 
processes. However, ceramic materials 
have the advantage of reduced dielec-
tric losses, temperature stable dielec-
tric constants, and improved thermal 
conductivity for thermal management. 
Depending on thermal requirements of 
the architecture and design of the base 
station, polymer-based or ceramic-based 
technology will likely be favored. Low 
temperature cofired ceramic (LTCC) 
type materials will likely play a large 
role in some integrated systems contain-
ing MIMO antennas. Other advantages 
of ceramics over polymeric materials 
include the ability to provide a wider 
range of dielectric constants, better 
mechanical stability in thin sections, 
and the relative ease of metallization.

Filtering technology for 5G systems 
is very likely to involve ceramic mate-
rials as well. Currently, microwave 
dielectrics are used in filters for base 
stations while acoustic wave filters 
(bulk acoustic wave (BAW) and sur-
face acoustic wave (SAW)) are used in 
handsets. In the 3–6 GHz 5G band, 
significant changes in the filtering 
technology for 5G base stations are 
not expected. In the handsets, there 
are efforts underway to advance BAW 
technology up to the 5–6 GHz range 
although it is questionable whether 
this technology can be pushed to these 
higher frequencies. For the mm-wave 
space, however, the nature of filtering 
will certainly be drastically different 
than for sub 6 GHz bands.

It is uncertain exactly what type of 
filtering will be used for handsets or for 
base stations in the mm-wave region. It is 
certain that it would involve electromag-
netic field-based devices rather than piezo-
electric (acoustic) devices. Waveguide 
filters or any number of a wide range of 
architectures may be used for mm-wave 
filters. A focus at Skyworks is to predict 
the nature of the dielectric materials 
expected for mm-wave applications, 
determine the gaps in the suite of known 
dielectric materials, and initiate develop-
ment efforts on these currently undiscov-
ered materials. The predictions for the 
types of materials required are 1) ultra-low 
loss tangent materials with dielectric 
constants below 30, and 2) temperature 
stable, low dielectric loss tangent materi-
als with dielectric constants below 15.

For the first item, it is useful to bring 
up the Qf product rule for dielectric 
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Figure 2. SEM micrograph of intergrowth phases at antiphase domain boundaries in barium zinc cobalt niobate. 
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resonators. Although this is not exactly 
applied in any known material, it is a 
method of getting a crude prediction of 
the loss tangent for a particular mate-
rial at a given frequency. The Q of a 
resonator is the value of the center of 
the resonant frequency band divided by 
the width of the resonance 3 dB below 
the maximum value. In real devices, the 
Q is a function of the loss tangent of 
the dielectric material as well as the size 
of the cavity, the method of affixing the 
microwave dielectric to the cavity, the 
proximity to metal, and countless other 
design related items. Taking the hypo-
thetical case of the infinite cavity, the Q 
would be equal to the reciprocal of the 
loss tangent (or dielectric loss) of the 
material and thus by the “Qf product 
rule” frequency/loss tangent = constant. 
As a result, it would be desirable to have 
ultra-low loss tangent materials (high 
Q) for mm-wave applications. A mate-
rial with a low loss tangent of 0.00001 
at 1 GHz would have the considerably 
more modest loss tangent of 0.00028 at 
28 GHz (Q of 3,571 in the hypothetical 
infinite-sized cavity). Therefore, to get 
materials with appreciable loss tangents 
in the mm-wave space, it is necessary to 
look at materials with extremely high Q 
values near 1 GHz.

In the days of 3G technology, a key 
component for cellular base stations was 
the auto-tuned combiner. 3G technolo-
gies made use of an analog band for voice 
transmission below 1 GHz and a digital 
band near 2 GHz. Q values near 50,000 
were required for the materials used for 
the digital band (corresponding to Qf 
products near 100,000). In addition to the 
low loss tangents, the material had to have 
a temperature-stable dielectric constant 
as well. Some of the highest Q materi-
als were complex ordered materials with 
the perovskite structure based on barium 
magnesium (dielectric constant 25), zinc 
tantalate (dielectric constant of 30), or 
barium zinc cobalt niobates (dielectric con-
stant 33–36). Peter Davies in particular has 
published extensively on the mechanisms 
leading to high Q in these materials.2 In 
short, it involves stabilizing defects of all 
dimensions (e.g., point defects, antiphase 
domain boundaries) and creating ordered 
microstructures where extremely high loss-

tangent features are not present. 
In ordered perovskites, antiphase 
domain boundaries are particu-
larly problematic as reported by 
Davies et al.2,3 Not only do they 
create a natural discontinuity to 
the structure within a particular 
grain, but they may act as a sink 
for point defects. One strategy 
used for barium zinc cobalt nio-
bate is to nucleate a low-loss-
tangent second phase at these 
antiphase domain boundaries. 
The staple-like features shown in 
Figure 2 are an example of a high 
Q microstructure with stabilized 
domain boundaries.

For the second item, it is 
useful to know that for a given 
frequency, the size of a dielectric 
resonator (the basic building 
block of a dielectric filter) decreas-
es in proportion to the square 
root of the dielectric constant. 
Therefore, at 1 GHz, to miniatur-
ize a dielectric resonator, it would make 
sense to switch from a resonator ceramic 
with a dielectric constant of 30 to a reso-
nator ceramic with a dielectric constant 
of 75. (Of course, there are other consid-
erations such as the temperature stability 
of the dielectric constant and the loss 
tangent as mentioned above.) However, 
in the mm-wave space (for example, at 28 
GHz), materials with a dielectric constant 
near 75 would be extremely small to the 
point that machining these ceramics to 
tight dimensions would be extremely chal-
lenging. At some of the higher frequen-
cies, even the “super-Q” materials with 
dielectric constants between 25–35 would 
require an extremely small, difficult-to-
machine resonator. Therefore, there is 
a need for improved materials with very 
low dielectric constants.

To be clear, there are many examples 
of very low loss tangent materials 
with dielectric constants 15 or below. 
Electronic grade alumina with a dielec-
tric constant close to 9 has low loss tan-
gents comparable and possibly exceeding 
those of the complex perovskite materi-
als. However, alumina has a positive 
temperature coefficient of dielectric con-
stant (in device terms, this means that 
the resonant frequency or the pass-band 

for a filter will drift over temperature). 
Most materials with dielectric constants 
below 10 have positive temperature 
coefficients of dielectric constant. 5G 
technologies are likely to need inexpen-
sive, temperature stable materials with 
dielectric constant values below 10 and 
Qf products greater than 50,000.

Circulators or switches: 5G’s  
‘wild west’

Magnetic oxides are currently used 
in nonreciprocal devices such as circu-
lators. Microwave dielectric materials 
are likely to be involved in filtering for 
mm-wave devices as well, and ceramic 
powders may be used as fillers for 
polymer ceramic composite substrates 
and antennas. One critical area where 
ceramic materials were enabling the 
operation of cellular base stations was in 
the area of circulators. Figure 3 shows 
a schematic of a circulator device in 
a cellular base station. The circulator 
acts as a “traffic circle” for RF energy 
in a base station enabling the signal to 
travel in one direction around the rotary 
and preventing the travel in the other 
direction. This device prevents high 
power signals from damaging sensitive 
electronics by regulating the direction of 
travel. Circulators consist of an insulat-

Figure 3. Schematic of circulator operations. 

C
re

di
t: 

Fr
om

 S
ky

w
or

ks
 R

F 
C

er
am

ic
s 

Ap
p 

N
ot

e 
20

28
40

B 
– 

U
se

 o
f f

er
rim

ag
ne

tic
 m

at
er

ia
l i

n 
ci

rc
ul

at
or

s

http://www.ceramics.org


www.ceramics.org   |   American Ceramic Society Bulletin, Vol. 98, No. 624

Ceramic materials for 5G wireless communication systems

ing magnetic disk (ferrite) connected to 
three ports. Permanent magnets can be 
placed above and below (triplate design) 
on one side (microstrip design) of the 
ferrite disk. The influences of the mag-
netic field allow for good RF conduction 
in one rotary direction (TM +) and good 
RF absorption in the opposite direction 
(TM -) due to Lenz’s Law.

For 5G materials, the nature of the 
circulator will need to change to accom-
modate operation at higher frequen-
cies. For the 3–6 GHz band, the higher 
frequency would require changes to the 
design of the circulator, but not drastic 
changes to the ferrite materials used in 
the device. The industry standard circu-
lator ferrite materials are based on yttri-
um iron garnet (Y

3
Fe

5
O

12
). Substituent 

elements such as calcium and zirconium 
are frequently added to improve the 
magnetic losses of the material and thus 
improve the insertion loss of the circula-
tor device. Nonetheless, standard garnet 
structured ferrite materials have dielec-
tric constant values between 12 and 15.

However, there is a class of materi-
als developed at Skyworks that have 
dielectric constant values up to 31. This 
enhanced dielectric constant for these 
ferrite materials enables miniaturiza-
tion of the circulator to make it more 
suitable for use in smaller base stations. 
The increased dielectric constant is due 

to the use of bismuth as a substituent 
ion for yttrium in the formulation. This 
material has the thermal stability of 
yttrium iron garnet, with a slightly high-
er saturation magnetization and much 
higher dielectric constant values. The 
magnetic loss can be decreased by the 
substitution of zirconium and therefore 
Y

3-x-y
Bi

x
CayFe

5-y
Zr

y
O

12
 is a state-of-the-art 

ferrite product branded by Skyworks as 
TTHiE-1950.4,5

For mm-wave circulators, the architec-
ture and the materials used will be differ-
ent from those used in 4G and previous 
systems. For one, the triplate designs 
will no longer be used and microstrip 
(below 20 GHz) or substrate integrated 
waveguide (SIW) based circulators will 
be needed. At these frequencies the 
magnetic material would need to have as 
high a saturation magnetization as pos-
sible so that the lower loss garnet ferrites 
could be replaced by high magnetization 
nickel zinc ferrite based spinels.

One technology battle that may 
occur in mm-wave technology would be 
between circulators and high-power galli-
um nitride (GaN) based switches. For 5G 
technology, particularly in the mm-wave 
space, duplexing rather than diplexing 
technology is likely to be used. For TDD 
(half-duplexing), some type of device will 
need to be used to switch between the 
transmit function and the receive func-
tion. The switch is a logical choice but 
may be subject to high insertion loss at 
these frequencies. However, a circulator 
may be used as well for this application. 
In addition, a switch would be unable to 
be used for full duplexing whereas a circu-
lator would be able to readily handle full 
duplexing. With the abundance of spec-
trum available in the mm-wave space, full 
duplexing is not likely to be necessary for 
some time and therefore it would likely 
be considerations of loss and heating dic-
tating whether switches or circulators will 
be used. As the mm-wave technology is 
likely to be the “wild west” for some time, 
one technology may dominate for a time 
only to be quickly supplanted by a differ-
ent technology.

Solving processing challenges
Moving back to ceramics, it is worth 

mentioning a “shrink-wrap” or cofir-

ing technology used to create sintered, 
monolithic composites of magnetic and 
dielectric oxide materials. This effort 
started at Skyworks when problems 
with intermodulation distortion (IMD) 
occurred. As stated earlier, magnets are 
applied to a ferrite disk to saturate the 
ferrite and bring about the directional 
(nonreciprocal) effect. However, if the 
magnet is the same diameter as the fer-
rite, it may be difficult to completely 
saturate the far edge of the ferrite disk, 
leading to IMD issues. This problem 
was initially solved by gluing a dielectric 
ring to the outer edge of the ferrite disk 
so that the diameter of the permanent 
magnet is greater than the diameter of 
the ferrite. In this manner, the outer 
edge of the ferrite disk is completely 
saturated by the permanent magnet. 
However, there are some difficulties 
with the use of polymer-based adhesives, 
including high dielectric losses and the 
inability to deposit metal over the glue 
bond. As a result of this, the “cofiring” 
process was developed.6 In this case (See 
Figure 4), a ferrite rod is sintered close 
to theoretical density. After firing, the 
ferrite is placed in a cylinder of unfired 
dielectric and the dielectric is sintered 
around the ferrite so that it “shrink-
wraps” onto the ferrite to form a cosin-
tered composite. The composite rod is 
then sliced into disks and each disk is 
used for an individual isolator. These 
composite disks contain no glue line 
and can be readily metallized.

There are a number of challenges 
inherent in this cofiring process. 
These include

• the dielectric must fire at a lower 
temperature than the ferrite rod,

• lossy phases should not form at the 
magnetic–dielectric interface,

• the thermal expansion coefficients 
of the two materials must match, and

• firing shrinkages need to be care-
fully controlled.

As a result, there is a limited suite of 
materials that are mutually compatible 
for this ceramic “shrink-wrap” process. 
In addition, there is a need for materials 
with a range of dielectric constants to 
accommodate different frequency values. 
This “shrink-wrap” process sets a limit 
on the number of ferrite materials that 

Figure 4. Representation of cofire pro-
cess to produce ferromagnetic dielectric 
composites. 
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need to be developed because frequency 
selection can be done by varying the 
dielectric constant of the nonmagnetic 
dielectric ring.

One likely direction for 5G technology 
is the integration of various functional 
components into a module. This can be 
done readily with polymeric platforms or 
even planar LTCC materials. Our direc-
tion is to take the “cofiring” process a 
step further and integrate multiple com-
ponents on a ceramic substrate. The core 
of the device is a microstrip circulator 
with the ferrite cofired onto a microwave 
dielectric material. This material can be 
LTCC based or a tailored material with a 
higher dielectric constant than most cur-
rently available LTCC materials (which 
rarely have dielectric constants greater 
than 10). This ceramic substrate may 
allow for surface mounting of additional 
devices, including low noise amplifiers 
and GaN power amplifiers (Figure 5), and 
may connect with antennas through vias 
in the ceramic substrate.7

5G— An evolving network
In the mm-wave space, there may be 

a range of architectures used depend-
ing on the frequency of operations. Up 
to 20 GHz, microstrip circulators may 
be used. However, above 20–30 GHz, 
radiative losses become significant so 
microstrip circulators become untenable. 
Therefore, for these higher frequencies, 
substrate integrated waveguide-based 
circulators are needed, ones where the 
circulator is surrounded by a metallized 
“cage” to prevent radiative losses.7

The above is an overview on what 
we at Skyworks envision as likely com-
ponents in 5G technology. While there 
are considerable technical challenges 
with regard to operating in the lower 
frequency band of 3–6 GHz, much of 
the technology would consist of higher 
frequency variants of current 4G tech-
nology. It is certain that systems will be 
deployed in this frequency range within 
a year or two—some have already been 
deployed at various frequencies. In this 
range, we would expect to see magnetic 
oxide circulators, some microwave 
dielectrics in base station filters, as well 
as ceramics in polymer ceramic compos-
ites (such as titanium oxide). For mm-

wave space, the technical challenges are 
certain to be much greater; therefore, 
there will be several years before these 
systems are deployed. It remains to be 
seen what type of materials will be used 
in antennas and substrates although 
an educated guess would include both 
polymer- and ceramic-based systems 
(with ceramic based systems favored 
for higher power application in which 
waste heat management is an issue.) 
Additionally, there is a question of 
which duplexing technology will domi-
nate in the mm-wave space, whether 
it be GaN switches or ceramic ferrite-
based substrate integrated waveguide 
based circulators. In addition, there 
are semiconductor-based circulator 
technologies being developed, which 
may be better solutions than the biased 
ferrite technologies widely used below 
10 GHz. In short, there will likely be a 
rapid evolution of different technolo-
gies over a short timeframe. However, 
with the large area of spectrum avail-
able and the projected demand, 5G 
technology will become critical for the 
global information age infrastructure.
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Figure 5. Photographs of integrated cofired mm-wave circulator devices. 
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