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A  Novel  Transmission  Line  Characterization  Based  on
Measurement  Data  Reconfirmation
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ABSTRACT

In the high-frequency characterizations of planar circuit com- 
ponents, measurement data may not be physical. It is mainly 
due to resonance effects concerned with discontinuities which 
are inevitable for a planar component characterization. In this 
paper, a novel accurate transmission line characterization method 
is presented that excludes the resonance effects based on mea- 
surement data reconfirmation. For the physically obvious data 
acquisition near the resonance frequencies of a transmission 
line, the additional lines with different line lengths are fabricated 
on the same substrate. The test transmission lines are charac- 
terized by using vector network analyzer (VNA) in 100 MHz 
to 26.5 GHz. It is shown that an accurate transmission line 
characterization can be achieved with the proposed measurement 
data reconfirmation technique.

(Key words: Discontinuity, Resonance, S-parameter, Tansmi- 
ssion Lines)

Ⅰ. INTRODUCTION

Over the past several decades, transistor scaling has provided 
significant improvements in integrated electronic system perfor- 
mance[1]. As the system performance and the level of integration 
drastically increase, the circuit reliability and data bandwidth are 
increasingly limited by the signal integrity exacerbation due to 
interconnect lines[2],[3]. In addition, as the harmonic wave lengths 
of the high-speed digital signal are comparable to the physical 
length of lines, most of the critical paths of interconnect lines 
must be treated with transmission lines. Therefore, an accurate 
transmission line characterization becomes an integral part of 

high-performance integrated system designs[4]∼[7].
In order to characterize a transmission line, its propagation 

constant () and characteristic impedance () have to be accu- 

rately determined since they are two fundamental as well as 
essential circuit design parameters[6]∼[9]. For planar transmission 
lines, while the propagation constant can be usually measured 
quite accurately, it is not for the characteristic impedance since 
it is particularly sensitive to errors in the measurement.

If substrate loss is negligible (i.e., G << ωC ),  can be app- 

roximately determined by using the propagation constant and 
capacitance of the line[10],[11]. However, the technique cannot be 
used for transmission lines on lossy substrates. The characteristic 
impedance of the line on lossy substrate can be accurately 
determined by using two-step calibration method (i.e., so called, 
calibration comparison method)[12]∼[14]. Although the calibration 
comparison method is insensitive to large contact pad parasitic, 
it requires not only cumbersome two-step calibrations but also 
extra algebra[8].

Alternatively, the characteristic impedance of a lossy trans- 
mission line can be directly determined by equating the measured 
transmission line’s S-parameters to the S-parameters of an ideal 
transmission line[15],[16]. However, the method measures not only 
the scattering parameters of the line but also the contact pads 
or other that may be unaccounted for transition parasitic[14]. Un- 
fortunately, the discontinuities due to the contact pads may cause 
reflection waves which lead to resonances. Although the unde- 
sirable parasitic effects can be slightly relaxed by de-embedding 
them[17]∼[20], the accurate de-embedding of transmission line 
parasitics may not be trivial but inherently difficult. Thus, the 
high-frequency transmission line parameter extraction using the 
method may be plagued by the parasitic discontinuities. That is, 
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regardless of the parasitic effect de-embedding, measurement 
data may be too ambiguous to be physically interpreted due to 
nuisance resonance frequencies.

In this paper, a novel accurate transmission line characte- 
rization method is presented that excludes the resonance effects 
based on measurement data reconfirmation. Since the resonance 
frequencies are inversely related with the physical length bet- 
ween the discontinuities, the resonances of a short line will 
occur in the relatively high frequencies rather than those of a 
long line. On the contrary, the measurement data of a short line 
are more sensitive to physical layouts and process variations 
than those of a long line. Thus, for accurate physical data ac- 
quisition near the resonance frequencies of a transmission line, 
the transmission line parameters of multiple lines with different 
line lengths are determined. Then the only physically obvious 
transmission line parameters are selected and re-characterized, 
deleting the data near the resonance frequencies. It will be shown 
that an accurate transmission line characterization can be achieved 
in the broad frequency range.

Ⅱ. RE-CONSIDERATION OF TRANSMISSION
LINE THEORY

The propagation constant and the characteristic impedance 
are two key parameters concerned with transmission lines. They 
are functions of the frequency that can be represented with Per- 
Unit-Length (PUL) circuit model parameters (i.e., PUL resistance, 
inductance, conductance, and capacitance). In order to investigate 
the frequency-variant characteristics of transmission lines, their 
functional variations with the frequency need to be analyzed in 
more detail.

2-1 Propagation Constant

Representing the propagation constant with PUL transmission 
line parameters (i.e., R, L, C, and G),

   (1)

The PUL transmission line parameters are frequency-variant 
due to the skin effect, proximity effect, and frequency-dependent 
dielectric loss. Thus, they become very complex function of the 
frequency. As a special case, if “G=RC/L” is satisfied, (1) be- 
comes
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where  is the characteristic impedance of a lossless line 

that is defined by ≡ . For this particular case, if the 
resistance and inductance are frequency-invariant, special  
becomes frequency-independent[21]. However,  may not 

be common since the resistance is in general, frequency-variant. 
In addition, although in many cases, the dielectric loss is ne- 
glected, it may not be an acceptable assumption in high-speed 
circuits. Thus, all of the frequency-variant transmission line 
parameters have to be taken into account for an accurate trans- 
mission line characterization. The  may be expressed by its 
real and imaginary component,

   (3)

where the   and   are the attenuation constant and phase 
constant of the wave, respectively. The real and the imaginary 
component of the propagation constant can be obtained as
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Under the assumption that 
  and 

 ,  approximates to

 ≈ 

 


  (6)
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Furthermore, by reflecting two different energy loss mecha- 
nism, the attenuation constant can be further separated into two 
different loss terms. That is, the conductive loss () and di- 

electric loss () can be expressed as

≡ (7)

where the  is the only conductive loss due to a metal 

while  is the dielectric loss due to bound charges. Thus, by 

letting G=0 in (4), the  can be approximately determined as

≈

 

  
 





 

 

  (8)

Note that  is a strong function of the frequency since R 

is a strong function of the frequency due to skin effect. Similarly, 
by letting R=0 in (4),  can be approximately determined as

≈


  


 tan






 





tan  (9)

where G is represented by a loss tangent G= tan. Note 
that  is a direct function of the frequency. Thus, it may not 

be neglected for high-speed integrated system designs.

2-2 Characteristic Impedance

Along with the propagation constant, the characteristic impe- 
dance of a transmission line plays a pivotal role of the signal 
propagation of a wave. The characteristic impedance for a single 
line can also be represented with PUL transmission line pa- 
rameters

=


 =Re+jIm (10)

The real part and the imaginary part of the characteristic im- 
pedance can be derived as

Re=
 ‧
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Im=
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(12)

As with the propagation constant, the characteristic impe- 
dance is complex function of the frequency. In order to have a 
physical insight, neglecting the dielectric loss, the characteristic 
impedance for a single line can be approximated as

 
Re≈

 ‧






   







 ‧  (13)

Im≈

 ‧
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(14)

Note, if   is satisfied, ≡≈. In this case, 
the real part of the characteristic impedance converges to  and 

the imaginary part of the characteristic impedance convertges to 
zero. However, the relationship () for lossy lines may not 
be valid. Particularly, for low frequencies, since  is always 
greater than one, the magnitude of  is greater than , i.e., 

  
≥ and the phase of the characteristic impe- 

dance is not zero. Furthermore, since the characteristic impedance 
is always a function of the frequency, a simple lossless assump- 
tion for interconnect lines with fine metal widths may lead to 
a significant design error.

Ⅲ. EXPERIMENTAL CHARACTERIZATION
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In order to experimentally characterize transmission lines, 
experimental test patterns were designed and fabricated by using 
a package process. All the test patterns were fabricated on a 
same test substrate as shown in [Fig. 1] The lengths of the 
transmission lines are summarized in <Table 1>.

The S-parameters for the test patterns are measured from 100 
MHz to 26.5 GHz by using VNA that is connected with on- 
wafer probe tips (i.e., Cascade Microtech GSG probe tips). The 
VNA is calibrated by employing short-open-load-thru (SOLT) 
calibration method up to the probe tip.

Once the S-parameters are determined, the propagation con- 
stant and characteristic impedance of the transmission line can

(a) Top view of the test patterns

(b) Cross-section dimension of the test patterns

[Fig. 1] Test transmission lines

<Table 1> Transmission lines for experiments

Epithet Length
(mm) Calculated resonance freq. (GHz)

L2  2.135 32.7 65.5 98.2 130.9 163.6

L3  3.200 23.7 47.4 71.0  94.7 118.4

L5  5.600 13.5 27.1 40.6  54.1 67.6

L6  6.565 11.5 23.1 34.6  46.2 57.7

L17 17.000  4.5  8.9 13.4  17.8 22.3

L19 19.700  3.8  7.7 11.5  15.4 19.3

Dark color indicates the resonance frequencies within the measure- 
ment frequency range. The dielectric constant is 3.92.

be determined as (16)
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(15)
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where  is a measurement reference impedance. Further- 

more, all the transmission line circuit model parameters (PUL- R, 
L, C, and G) can be determined from the propagation constant 
and characteristic impedance. The extracted propagation constant 

() and characteristic impedance () are shown in [Fig. 2].
It is noteworthy that as shown in [Fig. 2], there exist reson- 

ances due to discontinuities between the measurement reference 
planes. The resonance effect is much more prominent in the 
characteristic impedance of transmission lines rather than in the 
propagation constant. In practice, since the transmission line 
parameters cannot be accurately determined near the resonance 
frequencies, the measured data have to be reconfirmed to be 
physically meaningful. Note, the resonances occur at the fre- 
quencies in which the line length corresponds to the positive 
integer multiple of a half wave length (i.e., l = n․λ/2 ). Thus, 
the resonance frequencies can be determined as

 

 ‧ 
   ∀ ={natural number}, (17)

where c and   are the velocity of light and dielectric constant, 

respectively. The dielectric constant   can be accurately deter- 

mined with the reflected wave measurements for two different 
length lines by using time domain reflectometry (TDR) measure- 
ments[22]. For our test patterns, the measured dielectric constant 
() is 3.92. Thus, the resonance frequencies for the test trans- 

mission lines can be calculated as summarized in <Table 1>. 
Since the resonance frequencies are inversely proportional to the
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(a) Measured transmission characteristics ()

(b) Real part of 

(c ) Imaginary part of 

[Fig. 2] Measured propagation constant and characteristic impe- 
dance. The arrows indicate the resonance frequencies of 
corresponding lines.

physical line length, the resonances for shorter lines occur at 
much higher frequencies than those of longer lines. Therefore, 
in order to accurately determine the transmission line parameters, 
the measurement data for multiple lines need to be reconfirmed 
by eliminating the data near the resonance frequencies. Otherwise, 
transmission line parameters cannot be accurately determined. 
The data reconfirmation technique will be discussed in the next 
section.

Ⅳ. MEASUREMENT DATA RECONFIRMATION

The measured transmission line parameters may not be phy- 
sically meaningful near resonance frequencies. Therefore, they 
have to be reconfirmed only with the physically meaningful data.

4-1 Resistance

The PUL resistance of the transmission lines can be deter- 
mined from the propagation constant and characteristic impedance 
that can be obtained by (15) and (16) as

R=Re ‧=Re . (18)

As shown in [Fig. 3], the resistance of the transmission lines 
is frequency-variant due to the skin effect. In order to have a 
physical insight, frequency-variant transmission line parameters 
for L6 line using a commercial field solver [23] are determined. 
In low frequencies in which the resonances do not occur, all the 
data show the reasonably same characteristics. However, near 
the resonance frequencies, the measured data are not physically 
meaningful.

Thus, in order to reconfirm the measurement data up to high- 
frequency, excluding the resonance effects, all the significant 
data (e.g., L3 and L5 data up to 15 GHz) are selected. Since 
the frequency-variant resistance can be modeled as [22]

≈
 ‧ 

  ‧  (19)
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[Fig. 3] Measured resistance

the frequency-variant resistance can be determined as shown in 
[Fig. 4]. Note, l, ω, σ are the line length, line width, and con- 
ductivity of the line, respectively.   is a skin depth at a critical 

frequency, where the modulation due to metal roughness effect 
occurs.

4-2 Inductance

Similarly as in the resistance, the PUL inductance of the 
transmission lines can be determined by

=Im ‧=Im (20)

[Fig. 4] Reconfirmed resistance

Although the inductance is a function of frequency, it is not 
a significant function of frequency as shown in [Fig. 5]. As the 
frequency increases, the inductance lightly decreases due to the 
proximity effect. Thus, reflecting such physical insight, the data 
of L5 and L6 in the two frequency bands (one for “100 MHz 
to 7 GHz” and the other for “a frequency band near the 15 
GHz”) are used for the inductance determination. The recon- 
firmed inductance is shown in [Fig. 6].

4-3 Conductance

[Fig. 5] Measured inductance

[Fig. 6] Reconfirmed inductance
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The PUL conductance of the transmission lines can be de- 
termined by

=Re=Re . (21)

Although the conductance is negligibly small at low frequen- 
cies, it is not the case in high-frequencies.

As shown in [Fig. 7], the conductance parameters are very 
sensitive near the resonance frequencies. Thus, in order to in- 
vestigate the relatively less-sensitive data, the measured data 
need to be re-plotted by using short lines in a low frequency 
band. As shown in [Fig. 8], the physically meaningful data can 
be determined in a low frequency band less than 10 GHz.

As shown in [Fig. 8], the frequency dependency of the con- 
ductance shows a similar form of the functional variation with 
the resistance. Thus, a suitable function for the conductance can 
be selected as

≈ ‧  (22)

Then the conductance can be reasonably determined by using 
(22) and the relatively low frequency band data of the L3 and 
L5 lines. The reconfirmed conductance is shown in [Fig. 9].

[Fig. 7] Measured conductance (see “Fig. 8” an enlarged figure 
that blows up the square box)

[Fig. 8] Measured conductance up to 10 GHz

[Fig. 9] Reconfirmed conductance

4-4 Capacitance

Similarly as in the other transmission line parameters, the 
PUL capacitance of the transmission lines can be determined by

=Im=Im. (23)

In general, unlike all other transmission line parameters, as 
long as a substrate is not a lossy, the capacitance is a very weak 
function of frequency.

Thus, judging from [Fig. 10], the data of L5 and L6 up to 
5 GHz and near 17 GHz are accurate enough to determine the
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[Fig. 10] Measured capacitance

[Fig. 11] Reconfirmed capacitance

capacitance. The reconfirmed capacitance is shown in [Fig. 11].

Ⅴ. TRANSMISSION LINE CHARACTERISTICS USING 
RECONFIRMED DATA

Resonance-effect-free propagation characteristics and charac- 
teristic impedance can be accurately recharacterized in a broad 
frequency range by using the reconfirmed transmission line pa- 
rameters.

5-1 Propagation Characteristics

The wave propagation characteristics () of the test patterns 
based on the measurement data reconfirmation are compared 
with raw data that are determined by using (15). As shown in 

[Fig. 12], the wave propagation characteristics () based on 
the proposed data reconfirmation have excellent agreement with 
the raw data except for the data near the resonance frequencies. 

Note that unlike the raw data, the “” based on the data 
reconfirmation do not show the non-physical propagation cha- 
racteristics near the resonance frequencies.

Further, since all the transmission line parameters are deter- 
mined with the data reconfirmation, the two loss terms can be 
separately determined by using (8) and (9) as shown in [Fig. 13].

In order to further investigate the loss effect with line length 

variations, the wave propagation characteristics () with va- 
riable line lengths are shown in [Fig. 14] and [Fig. 15]. It is 
clear that the dielectric loss may not be neglected in high- 
frequencies in the long transmission lines.

5-2 Characteristic Impedance

Characteristic impedances are also determined by using the 
data reconfirmation technique. Unlike the raw data that are deter- 
mined with (16), the characteristic impedance that is determined 
by using (10) is well matched with the theoretical expressions

[Fig. 12] The measured and reconfirmed propagation charac- 
teristics of the test lines



韓國電磁波學會誌 第27卷 第3號 2016年 5月

25

(a) Conductive loss ()

(b) Dielectric loss ()

[Fig. 13] Conductive loss and dielectric loss

[Fig. 14] Dielectric loss effect in propagation characteristics

[Fig. 15] Transmission characteristics for various line lengths

[Fig. 16] Characteristic impedance

in (11) to (14). Note that the characteristic impedance rapidly 
changes in low frequencies while it converges to a constant 
value as the frequency increase. If the metal resistance is high, 
the variation in the low frequencies will be more significant. 
This well agrees with the theory that is discussed in section II.

Ⅵ. CONCLUSION

In this paper, a new high-frequency transmission line charac- 
terization method was presented. Experimental test patterns for 
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the high-frequency characterization are designed and fabricated 
by using a package process. The test transmission lines are 
characterized by using VNA in 100 MHz to 26.5 GHz. Mea- 
surement data that are not physical but ambiguous near the 
resonance frequencies due to the parasitic discontinuities were 
eliminated by employing the proposed measurement data recon- 
firmation technique. Thereby, it was shown that an accurate 
transmission line characterization can be achieved in a broad 
frequency range with the proposed data reconfirmation technique. 
The technique can be very usefully exploited for high-frequency 
transmission line characterization and/or the signal integrity 
verification of high-speed integrated systems.
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