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Characterizing FR-4
Dielectric Constant
Using Antenna Resonant

Frequency

Pankaj R. Katiyar, M. M. Shafiei and Wan Nor Liza Binti Wan Mahadi
University of Malaya (UM), Kuala Lumpur, Malaysia

The use of antenna resonance for characterizing the dielectric constant of an
FR-4 substrate is demonstrated. The maximum error in predicting the resonant

frequency of a patch antenna by this method is found to be three percent while

minimum error is 0.3 percent. This is within the range of typical impedance

control (10 percent) provided by PCB manufacturers. A step-by-step guideline

and formula are provided. This approach is inexpensive and involves the straight-

forward measurement of return loss.

or the design of planar RF and micro-
Fwavc circuits there are many dielectric

substrates that can be chosen depending
on applications and cost factors. In a commer-
cial environment, cost is a major determinant;
hence FR-4 glass epoxy laminate is often used.
It is one of the most inexpensive substrate ma-
terials and is familiar to many PCB designers.
A major issue, however, is the lack of accurate
dielectric constant information for FR-4 at RF
and microwave frequencies. Datasheets pro-
vided by various manufactures provide €, at
just 1 or 10 MHz, making it necessary for cir-
cuit designers to further characterize the mate-
rial before using it in their designs.

PCB manufactures can control the imped-
ance of specified traces to keep them within
desired tolerances; however, impedance con-
trol is done using TDR measurements at 1 or

10 MHz. The instrumentation is not capable of
performing TDR measurements at higher fre-
quencies such as 2.5 or 5 GHz used for Wi-Fi
applications.! There are other dielectric char-
acterization methods such as free space trans-
mission/reflection measurement systems,2 test
circuits based on parallel-coupled microstrip
resonators,> the utilization of transmission in-
formation with optimization algorithms,* the
use of loaded microstrip antennas,® ring-reso-
nator techniques,6 capacitance and S—param-
eter techniques,” and the use of impedance
analyzers.8 Although any of these methods can
be used to characterize the permittivity of di-
electric substrates at a desired frequency, they
all require specialized measurement equip-
ment and, in some cases, a sample of PCB
substrate material. The ring-resonator tech-
nique described by Rashidian et al..6 and the
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for determining the

74 mm

«— 49.8 mMm ——

dielectric  constant
at a new frequency.

FR-4 is charac-
terized at 3G and

37.8 mm

Wi-Fi frequencies,
1.9 and 2.5 GHz,
respectively.  Two
passes of simulation
and fabrication are
performed. Three
data points are then

used to extrapolate
the value of the di-

A Fig. 1 Simulated dimensions and photograph of the fabricated

first-pass antenna.

time-domain method of Fidanboylu et
al., use trial and error to arrive at ap-
proximate values, making them more
complex to use.

This article describes a simplified
method using a step-by-step proce-
dure and formula to derive the dielec-
tric constant from the measured reso-
nant frequency of a patch antenna.
The method and formula are experi-
mentally verified. This requires fabri-
cation of a microstrip antenna at the
desired operating frequency. We use
3G and Wi-Fi as examples and hence
two patch antennas are designed. This
is a one-time characterization process
and does not require further valida-
tion unless a new PCB substrate is
used or greater accuracy is desired.

WORKFLOW

The first step is to design a simple
microstrip patch antenna on FR-4
substrate using values of dielectric
constant and loss tangent provided
in the material datasheet (i.e., at 10
MHz). Resonant frequencies of mea-
sured and simulated antennas are then
compared. Because the fabrication
parameters (i.e., dimensions) are the
same as the simulated design param-
eters, the shift in resonant frequency
is assumed to be due to differences
between the measured and simulated
dielectric constants. From this infor-
mation, a new dielectric constant is
determined and used in a second pass
of simulation and design. The second
pass serves as a validation and an input

electric constant
T over the frequency
15 mm T ange.
l EXTRACTED
PARAMETER
CALCULATION

By rearranging

the microstrip patch

antenna equations,!? the following is

obtained for relative permittivity or
dielectric constant.

g =—— -1 M

25(Wf, )
where W is the width of the patch, f,,is
the center frequency and c is the speed
of light.

This must be corrected for the fring-
ing effect of the antenna with air above
the patch. To remove the fringing ef-
fect, Equation 1 is offset by a fringing
factor as shown in Equation 2.

5 1
. L1
£= %—[HM—} 1)
2%(Wf ) W
where h is the thickness of the sub-
strate.

ANTENNA SIMULATION AND
MEASUREMENT

Computer Simulation Technology
(CST) software is used for the design
and simulation of the patch antenna.
The first step is to calculate the anten-
na length and width using traditional
analysis. Simulation is performed to
verily the calculated resonant {fre-
quency. The microstrip patch antenna
is fed by a microstrip line and quarter
wavelength matching is used to match
the antenna impedance to 50 ). Fine
tuning is required to perfectly match
the antenna impedance and hence
some recursive simulation is per-
formed. The simulated model is then
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fabricated on FR-4. o

Figure 1 shows —
the simulated di- 'i -.\\ ) \\ //'
IMENSIONS and  the § _6|- ©1(1.864,-9.3764) / W/
fabricated first-pass = 02(1.6319,-13.321) | | \ e Measured
antenna using a di- E Bl 03(1.92,-11.754) |/ Y -—Sin'!uslla.:ed
electric constant of _:: \/ —Adjusted
4.6 at 10 MHz, per :14 V2 3]
the datasheet. The 12 13 14 15 16 17 1.8 1.9 20 21 2.2

simulation (see Fig-
ure 2) predicts reso-

Frequency (GHz)

nance at 1.63 Gz A Fig. 2 First-pass antenna resullts.

The difference in
resonant frequency

64.8 mm
—34.8 mm —|

between measure-
ment (1.864 GHz)
and simulation is
clearly apparent.
Since all parameters
except the dielec-
tric constant are
the same, the con-
clusion is that the
resonant frequency
difference of 232
MHz is caused by
the use of an incor-
rect dielectric con-
stant in the simula-
tion. Through the
application of Equa-

£
£
3
~m
)

15 mm —|

27.6 mm

6 mm
el I

tions 1 and 2, the di-
electric constant at
1.864 GHz is found
to be 3.25.

A Fig. 3 Simulated dimensions and photograph of the fabricated
second-pass antenna design.

[
The adjusted re- -2 N p = 1
. . -4 N\ 77 —M d

sult shown in Fig- = - 7/ geasured
ure 2 is determined 2 -8 © 1(2.504, -19.029) 1/

. — -10 © 2(2.512,-19.538) 11
by repeating the = 32 \1{/
simulation  using — -:z 1l
the same antenna T18 A

i i -20

dimensions but 20 21 22 23 24 25 2.6 27 2.8 29 3.0

with the calculated
dielectric constant.

Frequency (GHz)

The new simulation A Fig. 4 Second-pass antenna results.

now predicts reso-

nance at 1.92 GHz (56 MHz higher
than measured). This indicates that
the dielectric constant of the substrate
material is closer to 3.25 than it is to
the value 4.6 that is stated within the
datasheet.

For validation, a second simula-
tion is performed at 2.5 GHz. Using
the calculated dielectric constant of
3.25, the patch antenna is redesigned
to resonate at 2.5 GHz (see Figure
3). Figure 4 compares measured and
simulated results for the second pass.
The resonant frequency of the simu-
lated patch antenna is 2.504 GHz,
whereas the fabricated antenna reso-

-
=
I
%5
§ 4
3 —
g2
g1
39 1 2 3
= Frequency (GHz)

A Fig. 5 Extrapolation of dielectric con-
stant vs. frequency.

nates at 2.512 GHz — a difference of
only 8 MHz.

Using three data points for the di-
electric constant, an extrapolation (see
Figure 5) provides predicted values
derived from measurement over the
frequency range of interest.
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CONCLUSION

A resonant frequency method is
used to measure the dielectric constant
of PCB laminate material. This is use-
ful for characterizing inexpensive FR-4
material, such as 1080 and glass epoxy
laminate, at microwave frequencies.
The experimental result for a single
pass vields a difference of 56 MHz in
the resonant frequency between simu-
lation and measurement. This is within
three percent of the measured reso-
nant frequency using the calculated di-
electric constant of 3.25. For a second
pass, the difference is further reduced
to within 0.3 percent of the measured
resonant frequency. ll
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