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Different dielectric constant measurement methods provide different results.

The dielectric constant (Dk) or rela-
tive permittivity of a circuit mate-
rial is not a constant—despite what 
its name might imply. The Dk of 

a printed circuit board (PCB) material, for 
example, will change as a function of fre-
quency. Also, using different Dk test meth-
ods on the same piece of material, they are 
likely to measure different Dk values, which 
are correct for those test methods. As cir-
cuit materials are increasingly employed at 
mmWave frequencies, with the growth of 5G 
and advanced driver assistance systems, it is 
important to understand how Dk changes 
with frequency and which Dk test methods 
are “best” applied.

No industry-standard best test method 
exists for measuring circuit material Dk at 
mmWave frequencies, although organiza-
tions such as the IEEE and IPC have commit-
tees devoted to this topic. It is not the lack 
of measurement methods; in fact, more than 
80 are described in just one reference by 
Chen et al.1 No method is ideal, with each 
having challenges and shortcomings, espe-
cially at frequencies from 30 to 300 GHz.

CIRCUIT vs. RAW MATERIAL TESTS
Tests for determining circuit material Dk 

or Df (the loss tangent or tanδ) are gener-

ally performed in one of two ways: either on 
the raw material or a circuit fabricated from 
the material. Raw material tests depend on 
high quality test fixtures and test equipment 
to extract Dk and Df values directly from the 
material. Circuit tests use a common circuit 
and extract the material parameters from 
the circuit’s performance, such as measuring 
the center frequency or frequency response 
of a resonator. Raw material tests introduce 
uncertainties typically associated with the 
text fixture or test setup, while circuit tests 
contain uncertainties from the test circuit 
design and fabrication techniques. Because 
the two methods differ, measurement results 
and accuracy levels typically do not agree.

For example, an X-Band clamped strip-
line test defined by IPC,2 a raw material 
test, may not provide Dk results agreeing 
with a circuit test of the same material. The 
raw material test creates a stripline resona-
tor by clamping two pieces of the material 
under test (MUT) in a special test fixture. Air 
can become entrapped between the MUT 
and the thin resonator circuit which is part 
of the fixture. The air becomes part of the 
measurement and lowers the measured Dk. 
If a circuit test is performed on the same cir-
cuit material, without the entrapped air, the 
measured Dk will be different. For a high fre-
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resonator from MUT samples. The 
measured quality factor (Q) of the 
resonator is the unloaded Q, so it 
can be measured with minimal im-
pact from cables, connectors and 
fixture calibration. The MUT is a 
copper-clad circuit laminate with 
all the copper etched from the 
substrate prior to testing. The raw 
circuit material is environmentally 
conditioned, cut to size and placed 
into the fixture on both sides of the 
resonator circuit at the signal plane 
(see Figure 1).

The resonators are designed with 
half-wavelength resonances start-
ing at about 2.5 GHz, so node 4 
is around 10 GHz; this is the node 
commonly used for Dk and Df 
measurements. Lower nodes and 
frequencies can be used—even 
the higher node 5 can be used, 
although higher nodes are usually 
avoided due to wave propagation 
or measurement issues from har-
monics and spurious content. The 
extraction of the Dk or relative per-
mittivity (εr) is straightforward:
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where n is the node, c is the speed 
of light in free space and fr is the 
center frequency of the resonant 
peak. ∆L compensates for the elec-
trical length extension due to elec-
tric fields in the gap-coupled area. 
Extraction of tanδ (Df) from the mea-
surements is also straightforward. It 
is a fraction related to the 3 dB 
bandwidth of the resonant peak af-
ter subtracting the conductor losses 
(1/Qc) associated with the resonator 
circuit.

of the measured Dk. In general, 
two types of test circuits are used: 
resonant structures and transmis-
sion/reflection structures. Resonant 
structures typically provide narrow-
band results, while transmission/re-
flection tests are usually wideband. 
Methods using resonant structures 
are typically more accurate.

TEST METHOD EXAMPLES
An example of a raw material 

test is the X-Band clamped stripline 
method. It has been used by manu-
facturers of high frequency circuit 
laminates for years and is a depend-
able means of determining the Dk 
and Df (tanδ) in the z-axis of a circuit 
material. It uses a clamping fixture 
to form a loosely coupled stripline 

quency circuit material with a Dk tol-
erance of ±0.050 determined from 
a raw material test, a tolerance of 
±0.075 may result from a circuit test.

Circuit materials are anisotropic, 
often with different Dk values in the 
three material axes. Dk values typi-
cally differ little between the x- and 
y-axis, so for most high frequency 
materials, Dk anisotropy compari-
sons are usually made between the 
z-axis and the x-y plane. For the 
same MUT, test methods that mea-
sure Dk for the z-axis can provide 
different results than test methods 
used to evaluate Dk in the x-y plane, 
although the values of Dk may be 
“correct” for the given method.

The type of circuit used for a cir-
cuit test also influences the value 

 Fig. 1  X-Band clamped stripline test fixture side view (a), stripline resonator (b) and photograph (c).
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 Fig. 2  Wideband clamped stripline measurement of a MUT 60 mils thick, with a  
Dk = 3.48.
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the ring. This capacitance changes 
with frequency, causing the reso-
nant frequency to shift and result-
ing in errors when extracting the 
material Dk. The conductor width of 
the resonator ring should be much 
smaller than the radius of the ring 
—as a rule of thumb, one-quarter 
the dimension of the ring radius or 
smaller.

The |S21| response of a microstrip 
ring resonator on a 10-mil thick cir-
cuit material with Dk = 3.48 is shown 
in Figure 3b. An approximate calcu-
lation of the Dk is given by
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Figure 2 shows a measurement 
using the clamped stripline test 
method with a 60-mil thick MUT 
with Dk = 3.48.

Ring resonators are often used 
as test circuits.3 They are simple mi-
crostrip structures having resonanc-
es at integer multiples of the mean 
circumference of the microstrip ring 
(see Figure 3a). They are typically 
loosely coupled, as loose coupling 
between the feed lines and the ring 
minimizes the capacitance of the 
gaps between the feed lines and 

Although approximate, these 
formulas are useful for determining 
an initial Dk value. A more accurate 
Dk can be found using an electro-
magnetic (EM) field solver and pre-
cise resonator circuit dimensions.

Loosely coupled resonators are 
often used for Dk and Df measure-
ments to minimize resonator load-
ing effects. Coupling should be 
loose enough so the insertion loss is 
20 dB or less at the resonant peak. 
In some cases, with extremely weak 
coupling, the resonant peak may be 
so weak that it cannot be measured. 
This typically occurs for resonant 
circuits with thinner substrates, the 
types of materials commonly used 
in mmWave applications, since the 
high frequencies have small wave-
lengths and circuit dimensions.

mmWAVE TEST METHODS
While there are many Dk test 

methods, only some are suitable 
for mmWave frequencies, yet none 
are accepted as industry standards. 
However, the following methods 
are accurate and repeatable at 
mmWave.

Differential Phase Length Method
The microstrip differential phase 

length method has been used for 
many years.4 It is a transmission 
test method in which phase mea-
surements are made on two cir-
cuits that only differ by physical 
length (see Figure 4). To avoid any 
variations in circuit material prop-
erties, the circuits are fabricated 
side-by-side and as close together 
as possible on the MUT. The cir-
cuits are 50 Ω microstrip trans-
mission lines of different lengths 
with a grounded coplanar wave-
guide (GCPW) signal launch. At 
mmWave frequencies, the GCPW 
signal launch is important, since 
the launch area can have a major 
impact on return loss. End-launch 
connectors should also be used, 
to make good pressure contacts 
between the coaxial connectors 

 Fig. 3  Microstrip ring resonator (a) and wideband measurement (b).
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 Fig. 4  Top view of the long and short microstrip circuits used in the differential phase-length method.
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flects a material with low loss and 
rolled copper with a smooth sur-
face. A material with high loss and/
or higher copper surface roughness 
will exhibit an increased negative 
slope in the Dk-frequency relation-
ship. Using this test method, the 
insertion loss for circuits using the 
MUT can be obtained by subtract-
ing the S21 values of the shorter and 
longer circuits at each frequency 
(see Figure 6).

Ring Resonator Method
The ring resonator method is 

another approach for mmWave 
characterization. While ring reso-
nators are often used below 10 
GHz, with proper fabrication preci-
sion they can be used effectively at 
mmWave frequencies. Fabrication 
is important because the effects of 
circuit dimensions and dimensional 
tolerances are greater at mmWave, 
with any variation reducing accu-
racy. The thickness of the copper 
plating on the circuit material also 
varies, as does the gap dimension. 
Most mmWave ring resonators are 
thin (usually 5 mils), and the gap be-
tween the feed line and resonator 
ring is also small. Thickness and gap 
variations for a gap-coupled ring 
resonator will impact both coupling 
and the resonant frequency. 

When comparing two circuits 
built on the same circuit material 
and with different copper plating 
thicknesses, the circuit with the 
thicker copper will exhibit a lower 
Dk. The resonant frequencies of 
the two circuits will also differ, even 

where c is the speed of light in free 
space, f is the frequency of the S21 
phase angle, ∆L is the difference in 
physical lengths of the two circuits 
and ∆Φ is the difference in phase 
angle between the shorter and lon-
ger circuits. 

The test method comprises a few 
simple steps:
• Measure the S21 phase angle as 

a function of frequency for the 
shorter and longer circuits.

• Use the formulas to determine 
the measured effective Dk.

• Obtain precise and accurate circuit 
dimensions that can be entered 
into an EM field solver using the 
initial Dk value for the material.

• Use the software to generate 
a simulated effective Dk value. 
Change the Dk in the solver until 
the measured and simulated ef-
fective Dk values for the material 
match at the same frequency.

• By incrementing the frequency 
into the mmWave region and re-
peating this process, the Dk value 
can be determined across a range 
of frequencies through mmWave.
Figure 5 shows a measurement 

using the microstrip differential 
phase length method with 5-mil 
thick RO3003G2TM circuit material. 
The curve was generated using a 
Microsoft Windows PC program de-
veloped by Rogers Corp.5 The data 
reflects the usual trend of decreas-
ing Dk with increasing frequency. At 
lower frequencies, larger changes 
in Dk occur versus frequency; how-
ever, from 10 to 110 GHz, the Dk 
shows little change. This curve re-

and the test circuit without solder-
ing, allowing the same two con-
nectors to be used for the shorter 
and longer circuits. This minimizes 
the effect of the connectors on 
measurement results. For consis-
tency, the same connectors should 
be oriented to the same ports of 
the vector network analyzer (VNA). 
If connector A is oriented to port 
1 of the VNA and connector B to 
port 2 for testing the shorter cir-
cuit, the same should be true when 
testing the longer circuit.

Subtracting the phase angles of 
the short and long circuits will also 
subtract the effects of the connec-
tors and the signal launch areas. 
If the return loss is good for both 
circuits and the connectors have 
consistent orientation, most of the 
effects of the connectors will be 
minimized. When using this method 
at mmWave frequencies, return loss 
at these transitions of better than 15 
dB through 60 GHz and 12 dB from 
60 to 110 GHz is considered accept-
able.

The extraction equations for the 
microstrip differential phase length 
method are based on a manipu-
lation of the microstrip phase re-
sponse formula for circuits with dif-
ferent physical lengths:
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 Fig. 5  Dk vs. frequency measured with the microstrip 
differential phase length method.
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microstrip differential length measurements.
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gaps are the same, the effects of 
gap coupling are decreased—theo-
retically eliminated—which leads to 
better accuracy in the extracted Dk. 
The Dk is calculated from the equa-
tions:

( )
( )

+ Δ =
ε

+ Δ =
ε

ε =
−

−
⎡

⎣
⎢

⎤

⎦
⎥

L L
n c

2f Eff _
(11)

L L
n c

2f Eff _
(12)

Eff _
c n f n f

2f f L L
(13)

1
1

r1 r

2
2

r2 r

r
1 r2 2 r1

r1 r2 2 1

2

The ring resonators in Figure 8 
are microstrip structures, with the 
feed lines tightly-coupled GCPW 
to avoid open-end feed line reso-
nances, which could interfere with 
the ring resonant peaks. If the feed 
lines were open-ended microstrip, 
they would have their own reso-
nances. The only way to avoid this 
is to make the feed lines much 
shorter or use tightly-coupled 
GCPW feed lines. Since the differ-
ential circumference ring resonator 
method yields the circuit’s effective 
Dk, it is still necessary to make ac-
curate circuit dimension measure-
ments and use a field solver to ex-
tract the material Dk.

CONCLUSION
The mmWave test methods dis-

cussed here are circuit-based. Sev-
eral other methods may be consid-
ered, such as raw material tests, but 
most yield a material Dk for the x-y 
plane rather than the z-axis (thick-
ness). Circuit designers are more 

though they should be the same for 
the same circuit material and test 
method. Figure 7 shows an exam-
ple where the thickness variation in 
a circuit’s final plated finish causes 
differences in the extracted Dk for 
the same material. Whether the fin-
ish is electroless nickel immersion 
gold (ENIG) or other plated finishes, 
the issue remains.

Besides these fabrication is-
sues, conductor width variation, 
etched-space variation, trapezoi-
dal effects and substrate thickness 
variation cause similar effects. If all 
these variations are accounted for, 
one individual ring resonator mea-
surement can yield the correct Dk 
value; however, many test routines 
will assume nominal circuit dimen-
sions and extract an incorrect Dk. At 
lower frequencies these effects do 
not impact Dk accuracy as much as 
at mmWave frequencies.

Another significant variable us-
ing ring resonators at mmWave is 
the gap coupling changing with 
frequency. It is typical for ring reso-
nators to be evaluated using mul-
tiple nodes, with the nodes usually 
spaced by significant differences 
in frequency. As a result, gap cou-
pling variation can be a significant 
source of error. To overcome this, a 
differential circumference method is 
used. This approach uses two ring 
resonators, essentially identical ex-
cept the ring circumferences differ 
in size and are integer multiples of 
each other (see Figure 8). With two 
ring resonators, the higher order 
resonant nodes used in the Dk ex-
traction have some frequencies in 
common. Since the feed lines and 

interested in the z-axis Dk, but for 
those willing to work with x-y ma-
terial Dk values, free-space mea-
surements, split-cylinder resonator 
measurements and waveguide per-
turbation testing are additional test 
methods.

The clamped broadside coupled 
stripline resonator test method has 
also been evaluated for determin-
ing circuit material Dk at mmWave 
frequencies. Unfortunately, this ap-
proach is most effective with small 
pieces of MUT and is not practical 
for volume testing. The quest con-
tinues to find a good raw mate-
rial test to characterize materials at 
mmWave frequencies.n

 Fig. 7  mmWave ring resonator measurements of a MUT with 62 μm thick (a) and 175 μm thick (b) nickel plating.
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 Fig. 8  Test rings used with the 
microstrip differential circumference ring 
resonator method.
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