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1.  Introduction 

The design of high-speed circuits requires a knowledge of the dielectric constant (εr) and loss 
parameter (tanδ) of the substrate. This is particularly important when using FR-4 material 
because of the wide variations encountered among different vendors and even between different 
orders from the same vendor. It is therefore desirable to develop a method allowing the design 
engineer to personally determine the εr and tanδ of a substrate material.  

2.  Measurement Procedure  

The procedure begins by metalizing the substrate on all sides hence forming a rectangular 
resonant cavity. A small hole is drilled through the material for insertion of the probe feed. Next, 
the S11 parameter is obtained experimentally using a network analyzer. The dimension of the 
rectangular cavity is chosen such that the first dip in |S11| versus frequency corresponds to the 
resonant frequency and quality factor (Q) of the TE101 mode within the cavity. Here, the second 
mode index refers to the lack of variation over the thickness of the substrate.  

3.  Determining Dielectric Constant εr 

The theoretical resonant frequency for TE101 mode is given by 
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where µr is relative permeability of the substrate. For FR-4, µr equals 1; c is the speed of light in 
free space; while a and d are the length and width of the substrate respectively. Thus, if the 
resonant frequency f is known, εr can be obtained by solving equation (1). As indicated in [1], if 
extremely accurate results are desired, the following correction can be made 
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where  fm is the measured frequency and f0 is the corrected frequency that should be used in (1) 
above. 
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4.  Determining Loss Tangent tanδ 
4.1.  Determing Unloaded Quality Factor (Qu)  

A generalized loaded Q is introduced as QL(x) in [2]. 
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where ω0 is the resonant angle frequency and (∆ω)x is the bandwidth measured between points 
where |S11|=x. The unloaded Q can be expressed as [2] 
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where |S11|0 is the magnitude of S11 at ω0. |S11|x represents the magnitude of S11 that is equal to x. 
The "-" and "+" signs in (5) correspond to the over-coupling and under-coupling respectively. 
These two cases can be easily distinguished by inspecting S11 response in Smith Chart from a 
network analyzer (such as HP8753D). Basically, a large circle enclosing the origin of the Smith 
Chart signifies an over-coupled case. For under-coupling, the S11 circle is small and excludes the 
origin. 

4.2.  Determing Loss Tangent (tanδ)                                                                      

The unloaded quality factor Qu obtained above consists of Qd due to dielectric loss and Qc due to 
conducting walls loss.  
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For TE101 mode, Qc of the rectangular cavity with lossy walls and a lossless dielectric can be 
found analytically as [3] 
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where µεω=k  is the wavenumber in the substrate and 
ε
µη =  is the wave impedance; 

σ
ωµ

=sR  is the surface resistivity of the metalic walls; and Qd  is related to loss tangent by [3] 

dQ
1tan =δ  (8) 

5.  Measurement Results 

A double-sided FR-4 board with dimensions of 9.1-cm by 40-mils by 10.8 cm is sealed by 
copper tape, forming a rectangular resonant cavity. S11 measurements were performed by using 
the HP 8753D network analyzer. The dielectric constant and the loss tangent are determined 
using the procedure described in previous section. The results are shown in Table 1.  

 

Table 1: εr and tanδ results 

f0 (GHz) εr tanδ Effective conductivity at f0 (S/m) 

1.0185 4.47 0.01646 0.004168 

 

Next, FDTD modeling was performed using the parameters in Table 1. The S11 parameter 
obtained from FDTD modeling is compared with that from the measurement, as shown in Figure 
1. The red curve, corresponding to FDTD modeling, agrees with the resonant frequency of the 
green curve, corresponding to the measurement, within 1%. The dip in the red curve agrees with 
that of green curve within 3-dB. 

 
UMR EMC Laboratory 
Chen Wang 
March 2000 

4 of 5 
 



UMR Technical Report 
 
 

 
UMR EMC Laboratory 
Chen Wang 
March 2000 

5 of 5 
 

0.98 0.99 1 1.01 1.02 1.03 1.04 1.05 1.06

x 109

-16

-14

-12

-10

-8

-6

-4

-2

0

Frequency (Hz)

|

| (
)

FDTD modeling
Measured     

 

S
11
dB

|S
11

| (
dB

) 

 Figure 1. Measured |S11| compared with |S11| from FDTD 
modeling using measured εr and tanδ. 

6.  Summary 

A simple technique for determining dielectric constant and loss tangent of a substrate is 
presented. This technique allows the design engineer to measure the εr and tanδ. It is very useful 
when applied to FR-4 material because of the wide variations of εr and tanδ observed.  
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