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ABSTRACT In this paper, a novel method is proposed by which to correct the pin gaps of coaxial
calibration standards for Thru-Reflect-Line (TRL) or Line-Reflect-Line (LRL) calibration. This method
is a post-process in which the pin-gap correction is applied to the measured S-parameters of the device
under test (DUT) after TRL or LRL calibration. It is based on the perturbation equations derived from
the sensitivity-coefficient approach. These equations enable us to obtain the correction quantity of the
DUT-S-parameter due to the pin gaps. We verify the proposed method by simulation for a 2.4 mm coaxial
line, and the result shows that the pin-gap correction works successfully. Because the method is based on
the perturbation equations, the smaller the pin gap, the better the correction results. Nevertheless, we can
achieve sufficient correction results within the range of the pin-gap to at least 10 times the nominal value.
In addition, the proposed pin-gap correction can play the role of impedance renormalization, even though the
two LRL calibration lines have different characteristic impedance. Finally, we demonstrate the correction
method for a 2.4 mm coaxial LRL calibration kit through measurement.

INDEX TERMS Calibration standard, coaxial, pin-gap correction, impedance renormalization, measurement

uncertainty, LRL calibration, TRL calibration.

I. INTRODUCTION

When a male connector and a female connector of a coaxial
line are joined, a gap inevitably occurs in the inner conductor
due to mechanical tolerance, as shown in Fig. 1. The pin
gap is the sum of pin depths on both sides at the reference
plane: one is a male pin depth (dy), and the other is a
female pin depth (df). Pin gaps in Line-Reflect-Line (LRL)
and Thru-Reflect-Line (TRL) calibration standards affect the
accuracy of S-parameter measurements. The ideal Linel,
Line2, and Reflect for the LRL calibration have the following
S-parameter conditions [1],

T_| 0 L L_| 0 L rR_|T O
S —[Ll 0], N _|:L2 0 , ST = or| (1)
where L; and L, are ¢ 7/l and 772, respectively. The terms

l1, I, and y are the length of Linel and Line2, and the
propagation constant, respectively. Here, I is the reflection
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coefficient of Reflect. In other words, the ideal lines should
have no reflection and should have a reciprocal character-
istic (S;2 = S21). The two lines should have the same
propagation constant. Moreover, the reflection coefficients
of the ideal Reflect should be the same for portl and
port2.

Now, suppose the LRL calibration standards have pin gaps,
as shown in Fig. 2. For that case, we present the perturbed
S-parameters of the calibration standards that correspond to
the S-parameters of the ideal ones given by (1), as follows.
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FIGURE 1. A coaxial line connection.

where 6711, 8123 and 8Tz, §T>; are the perturbed reflection
coefficients and transmission coefficients of Linel, respec-
tively. The term pairs 8L11, 6Lo2 and §L12, 8Ly are the per-
turbed reflection coefficients and transmission coefficients
of Line2, respectively. Here, 61" and 61" are the perturbed
reflection coefficients of Reflect for portl and port2, respec-
tively. The ideal and the perturbed S-parameters of the TRL
calibration standards can be obtained by setting L; = 1
in (1) and (2). The perturbed S-parameter of the calibration
standards inevitably affects the calibrated S-parameter of the
device under test (DUT). Thus, it is necessary to correct the
pin gaps.

Several methods have been introduced for pin-gap correc-
tion of the calibration standards. In previous work [2], [3],
the calibration standards were modeled, including the pin
gaps, using a 3D electromagnetic (EM) simulator. A non-
linear fitting process was performed to obtain the error terms.
This process is more complicated than the general TRL or
LRL calibration. Previous work [4] determined an equivalent
standard definition for a vector network analyzer (VNA)
calibration model, including the S-parameter of misaligned
waveguides. This method removes the effect of the discon-
tinuity occurring in the connections of the waveguide. How-
ever, it is difficult to apply this approach directly to coaxial
calibration because even pin gaps of a DUT may be consid-
ered a non-ideal factor.

In this paper, a novel and simple method is proposed to cor-
rect the pin gaps of LRL or TRL coaxial calibration standards.
This method corrects the pin-gap effect using perturbation
equations after LRL or TRL calibration. These equations
were originally derived to obtain S-parameter uncertainty
for LRL and TRL calibrations [5]. We verified the pro-
posed correction method by simulation for a 2.4 mm coax-
ial line [6], [7]. We also found that the pin-gap correction
induces impedance renormalization. Finally, we demonstrate
the pin-gap correction of the LRL calibration for the 2.4 mm
coaxial calibration standards.
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FIGURE 2. The pin gaps of LRL calibration standards.

The rest of this paper is organized as follows. In Section I,
we describe the perturbation equation, which is the basis
of the proposed pin-gap correction, and present the correc-
tion process. In Section III, we verify the proposed pin-gap
correction by simulation. The relationship between pin-gap
correction and impedance renormalization is also exam-
ined. In Section IV, we demonstrate the pin-gap correction
of 2.4 mm LRL calibration standards through measurement.
In this paper, we do not consider the influence of the raw
values caused by nonlinearity, cross-talk, noise, etc.

We emphasize here that the pin gaps to be corrected indi-
cate only those of the calibration standards. The pin gaps of
the DUT, as well as those of the two test ports of a VNA
(dtp1 and dtp; in Fig. 2), are not corrected using the correc-
tion method. This is because the pin gaps of the DUT should
be considered inherent characteristics of the DUT, and the
pin gaps of the VNA test ports are implicitly included in the
error box after calibration [2]. The pin gaps of Linel, Line2,
and Reflect used in the LRL calibration are dj 14, dL1B, dL2A.,
dioB, dra, and drg, respectively, as shown in Fig. 2. For TRL
calibration, there is no pin gap for Thru.

Il. PROPOSED PIN-GAP CORRECTION

A. PERTURBATION EQUATION

Previous work [1], [5] derived the S-parameter uncertainty
equations due to non-ideal LRL or TRL calibration stan-
dards. It shows that if we know the amount of the perturbed
S-parameters of the calibration standards from the ideal con-
dition, we can calculate the amount of the DUT S-parameters’
deviation. Assume that the perturbed S-parameters of Linel,
Line2, and Reflect are §T, §L, and SR, respectively. Then, the
deviation of the DUT S-parameter, §SpyT, can be obtained
using (3) to (8), as shown at the bottom of the next page.

In (3) to (8), Spurt,j (G, j = 1, 2) is the calibrated DUT
S-parameter, r;j = Spur,ij/L1, M = L,/L1, and ey is an error
term calculated through LRL calibration. The terms including
e11 in (4) to (7) are negligible [5]. The terms 8771, 8r", and 878
mean §r caused by 67, 5L, and SR, respectively. (3) can be
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simplified as §Spur,;; = L1.67j (i, j = 1, 2), if we assume that
the uncertainty of the line length (/] and ) is zero. The terms
8r21, 5r22, 81’;‘1, and 8}%‘2 can be determined by exchanging
the index 1 with 2 in (4) to (7). Interestingly, these equations
show that §L17 and 8L, do not change the DUT S-parameters
and SR only affects the reflection coefficients of the DUT.

For the TRL calibration, L; 1 (Thru), rj = Spur,ijs
drij = 8Spur,ij (b j =1, 2), and M = L, (Line) in (3)
to (8).

B. PIN-GAP CORRECTION

Here, we propose a new method for pin-gap correction using
the above perturbation equations. This is achieved by consid-
ering the pin gaps of the calibration standards as non-ideal
factors. First, we measure the raw S-parameters of the LRL
or TRL calibration standards and a DUT. Then, we obtain
the DUT S-parameters (Spur), the propagation constant y
of the lines and error term ey using a general LRL or TRL
calibration algorithm Then, we define ideal line standards
without pin gaps (SW Jo_gap’ Sw /O_gaP) usi‘ng y and their le.:ngt}.ls
based on (1). We also model the calibration standards with pin
gaps (S\I Joap® SVLV Jgap? and S\‘i /gap) based on the dimensional
measurement. Next, we calculate the perturbed S-parameters
of the calibration standards (67, 5L, and SR) by using the
following equations,

Then, we calculate the perturbed S-parameters of the DUT
SS,T(SS’L and SSR(from SrT, SrL, and (SrR, respectively)
through (3) to (8). Finally, we obtain the pin-gap corrected
S-parameters of the DUT Sput_corr using (10).

— 8sR.

SPUT corr = Sput — 88T — 8S- (10)

(10) indicates that the pin-gap correction of each calibration
standard is independently applied to Spyr. Practically, this
makes it easy to replace a fault-calibration standard with a
normal one by evaluating only the fault-calibration one. The
whole process is summarized in Fig. 3.

IIl. VERIFICATION BY SIMULATION
A. MODELING OF COAXIAL CALIBRATION STANDARDS
AND DUT
To verify the proposed pin-gap correction, we modeled the
2.4 mm coaxial calibration standards, the Beatty line as a
DUT, and the VNA error box, using [6], [7]. The simula-
tion parameters used for modeling are the diameter of the
inner and outer conductors (D, Do), pin diameter (Dp), pin
depth (d), the conductivity of the conductor (opmetal), and
the relative permittivity of air (e,ir), as shown in Fig. 1.
Table 1 shows the values of the parameters, referring to [6].
We set the lengths of Linel and Line2 as 12.5 and 15 mm,
respectively. The pin depths of Linel and Line2 are set as
0.0065 mm, a manufacturer’s nominal value for metrology
grade coaxial connectors. The pin depths of Reflect on both

|:8 AT T12:| ST o —SsT ports were set to 0.0065 and 0.0130 mm, respectively. Error
6T21 6T g P boxes were also modeled using coaxial lines of which the
8Li1 8Ly characteristic impedance deviated from 50 .
SLy; 8Ly | W/gap Sio —gap’ Fig. 4 presents the Beatty line configuration and its
S-parameters. The figure also includes the pin gaps
6R = ( w/gap) ( w/gap)ll - O (dpura and dpyts) of 0.0065 mm. The Beatty line enables
I M bLély — 1161 .
88 i =L1-0rij+ S iv|——  — 4+ 1InM)—————— |, ,Jj=1,2 3
DUT, ij 1 - 8rij + Spur,ij |:lz M + In(M) 112 @J ) 3
M? — ripry ri(C? + LIM?) 1 M? ey
§riy = — 0T11 —6T2n) — —— (T2 + 6T21) + ———5~
i1 {(I—Mz)-Ll 2L12(1—M2)~F( 11 22) 2~L1( 12 21) 12
m@?+LYH r121
e 2 (8T — 8T) — 8T 4
[ 2 LT riy | - 6Tz 21) RS 22 @
srl r 1 ry-M? e r
12 22 11 11 11
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FIGURE 3. The process of the proposed pin-gap correction.

TABLE 1. Simulation parameters of 2.4 mm coaxial standards.

Parameter (units) Symbol Value
Outer conductor diameter (mm) Do 2.4
Inner conductor diameter (mm) Dy 1.0423

Pin diameter (mm) Dy 0.511

Pin depth (mm) d 0.0065

Metal Conductivity (S/m) Ometal 6x10°
Relative Dielectric Constant Eair 1
Dielectric Loss Tangent - 0

us to investigate the corrected results in both impedance
matching and mismatching conditions.

B. PIN-GAP CORRECTED RESULTS

Because we modeled the DUT, we know its exact
S-parameter, Sput _ideal- After the LRL or TRL calibration,
we obtained Sput LrL, Which is different from Sput ideal
due to non-ideal factors like the pin gaps of the calibra-
tion standards. We applied the proposed pin-gap correction
to Spyut LrL and obtained the corrected S-parameters of
the DUT SDUT_corr-

We compared the performance of the proposed method to
that of applying only the LRL (or TRL) calibration algorithm.
Fig. 5 shows the errors of the LRL calibration algorithm with
and without the pin-gap correction. The errors are obtained
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FIGURE 4. Beatty line under test. (a) configuration and (b) its
S-parameters.

from the difference between Spurt idea1 and Sput_LrL and the
difference between SpuT ideal and SpuT_corr-

The magnitude error A|S| and the phase error AZ(S) of
the LRL calibration algorithm without the correction increase
t0 0.01, and more than 2°, respectively. In particular, the phase
discontinuity of the Beatty line makes large peaks in the phase
error. However, both the amplitude error and the phase error
corrected by the proposed method (red lines), are close to
zero. It clearly indicates that the proposed method works well
on the pin-gap correction.

We examined the impact of pin gaps for each calibration
standard on the DUT S-parameter. The nominal pin gaps of
0.0065 mm for Linel and Line2 change the magnitude of
DUT S-parameters by 0.001-0.005, and the phase up to 2°.
The pin gaps in Reflect only affect the phase of DUT S;; and
S2», and their amount is about 0.3°.

Next, we investigated whether the pin-gap correction
works well even when all the pin gaps of calibration stan-
dards have an arbitrary pin-gap size within the uncertainty
range. We assumed that the uncertainty of the pin-gap size is
40.0065 mm, and its distribution is rectangular. Fig. 6 shows
the simulation results for 100 LRL calibration standards with
arbitrary pin-gap sizes. The errors with the pin-gap correction
are all close to zero. This shows that the pin-gap correction
is well achieved if we know the perturbation value of the
S-parameters (67, §L, and §R) caused by the arbitrary value
of the pin gaps. Sy and Sy are equal to Si; and Spp,
respectively.

In the case of TRL calibration, only the pin gaps in a Line
and a Reflect affect the DUT S-parameters. Thus, the errors
of the TRL calibration algorithm are smaller than the errors
of the LRL calibration algorithm.
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FIGURE 5. Comparison of (a) the magnitude and (b) phase errors of the
simulated S-parameters of the Beatty line when using the LRL calibration
algorithm with and without the pin-gap correction.

C. ALLOWABLE RANGE OF PIN GAP

Because the pin-gap correction is based on the perturbation
equation, only small S-parameter changes of the calibra-
tion standards can be corrected. Therefore, as the pin gap
increases, the correction might not be sufficiently accom-
plished. Fig. 7 shows plots of the errors of the LRL cali-
bration algorithm with and without the pin-gap correction
when the pin gaps of the calibration standards are increased
from 2 to 10 times the nominal value (6.5 um). It shows
that the larger the pin-gap size, the more the errors with the
pin-gap correction deviate from 0, especially above 40 GHz.
It means that the pin-gap correction is not done well. When
the pin gap is ten times the nominal value, the maximum
A|S11| and A|S;1| with the pin-gap correction are 0.004 and
0.0007, respectively. The maximum AZ(S11) and AZ(S>1)
with the pin-gap correction are 0.77° and 0.07°, respectively.
However, applying the correction can still improve the mea-
surement result significantly compared to the results without
the correction at ten times the pin gap.
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FIGURE 6. Comparison of (a) the magnitude and (b) phase errors of the
simulated S-parameters of the Beatty line when using the LRL calibration
algorithm with and without the pin-gap correction using 100 random sets
of pin-gap size.

The DUT S-parameter also affects the results. This is
because the error of the LRL (or TRL) calibration algorithm
is a function of the DUT S-parameter, as shown in (3)-(8). For
example, the large |S21| of a DUT increases the errors of the
LRL (or TRL) calibration algorithm according to (5) and (7),
and correspondingly the errors with the pin-gap correction
increases. We confirmed by simulation that the errors with the
pin-gap correction have large values in the order of the Thru,
the 5 dB attenuator, and the 10 dB attenuator. This shows that
low-loss DUTs are more susceptible to the pin-gap effect.

D. IMPEDANCE RENORMALIZATION USING PIN-GAP
CORRECTION EQUATIONS

After the TRL or LRL calibration, the reference plane
is normalized to Zc, the characteristic impedance of the
Line. This is because the Line is assumed not to have
reflection during the calibration. Therefore, we need to
renormalize the calibrated S-parameters from Z¢ to 50 €.
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FIGURE 7. Comparison of (a) the magnitude and (b) phase errors of the
simulated S-parameters of the Beatty line when using the LRL calibration
algorithm with and without the pin-gap correction. Errors with the
correction are presented for the pin-gap size from 2 times to 10 times the
nominal value (6.5 pm) and errors without the correction are shown for
the pin-gap size of 10 times the nominal value.

This renormalization is usually done in the same way as the
previous works [8], [9].
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FIGURE 8. The characteristic impedance of lines and comparison of the
simulated S-parameters errors of Beatty line. (a) The characteristic
impedance of modeled Line1 and Line2. (b) The errors without and with
renormalization based on two renormalization methods: the conventional
method [8], [9] and the pin-gap correction method. For the conventional
method, each characteristic impedance of Line1 and Line2 is used.

The presence of a pin gap in a Line causes the Line
impedance as seen from the reference plane to deviate
from 50 2. This means that reference impedance deviates
from 50 Q2. However, the pin-gap corrected result (SpuT_corr)
agrees well with the result defined by the 50 2 reference
impedance (Spur _ideal)- In this respect, it can be considered
that pin-gap correction plays the role of impedance renormal-
ization. This indicates that we can use the pin-gap correction
equations for impedance renormalization.

In the correction, we regard the presence of reflection
coefficients in the Line as a non-ideal condition, and set the
reflection coefficients of the ideal Line to all zeroes in the
pin-gap correction. That is, the corrected DUT S-parameter
becomes the result of using a line with no reflection in a 50 2
transmission line, which is a perfect 50 2 Line.

We verify the impedance renormalization based on the pin-
gap correction equations in the LRL calibration. We modeled
Linel and Line2 with different characteristic impedances by
adjusting the diameter of the inner conductors, as shown in
Fig. 8 (a). First, we carried out impedance renormalization
based on [8] and [9] with each characteristic impedance of
Linel and Line2. For this simulation, we set all the pin gaps
as 0. Fig. 8 (b) shows the results, which are marked with
blue and light blue lines. Both renormalized results are apart
from the exact values of the DUT, which means that the
impedance renormalizations failed. The impedance of the
reference plane is not equal to both characteristic impedances
of the two lines.
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Second, we applied the pin-gap correction equations for the
impedance renormalization. The red lines in Fig. 8 (b) show
the results, almost identical to the exact value of the DUT.
This indicates that the pin-gap correction can play the role of
impedance renormalization. This method allows impedance
renormalization even if the characteristic impedances of the
two LRL lines are not the same.

If Linel and Line2 include the pin gaps, and their char-
acteristic impedances deviate from 50 €2, we can achieve
the pin-gap correction and the impedance renormalization
at the same time. However, as we have seen in the previ-
ous section, the correction is possible only for small errors.
If the characteristic impedance deviates considerably from
50 €2, impedance renormalization will not be done properly.
We need further studies about the allowable impedance range.

IV. MEASUREMENT

We demonstrated the pin-gap correction using a 2.4 mm
coaxial LRL calibration standards customer-customized by
Rosenberger. It consists of flush shorts (male and female) and
three airlines 18.6, 20.6, or 25.6 mm long (airlinel, airline2,
airline3), respectively. We used airlinel and airline2 (length
difference of 2 mm) for the frequency band from 100 MHz
to 50 GHz, and airline2 and airline3 (length difference of
5 mm) for the frequency band between 100 MHz and 25 GHz.

We connected the female of the airline to test port 1 (portl)
of the VNA, and the male to test port 2 (port2), respectively,
as shown in Fig. 9(a). We inserted a 25 um- thick dielectric
Kapton ring between the test port 1 and the female connector
of the airline to prevent resonance caused by the two inner
conductors being too close together [10]. We also measured
the Reflect and the DUT with the Kapton ring. The refer-
ence plane is shifted to the end of the ring. Thus, there was
no requirement to compensate for the effect of the inserted
dielectric ring. For the pin-gap correction, we need 67, 6L,
and SR, which are from the differences of Sy /o_gap and Sy /gap-

First, we calculate Sy/o_gap using the propagation constant
y obtained by LRL calibration and the length (I1, b, [3)
measured by a tactile measuring probe [11]. The measured
values are summarized in Table 2.

Next, we obtain Sy/gap from the dimensions of the airline
by dividing it into three parts, as shown in Fig. 9(a). The con-
nectors (partl and part3) of the airline are modeled using the
HESS 3D EM simulator. The structures of the connectors are
presented in Fig. 9 (b). The female inner conductor has four
slots. The slot length (s/) and slot width (sw) were measured
using a high-resolution vision measuring machine. The pin
gaps of male connectors (pg1, pg2, pg3) were measured using
a pin-depth gauge, and other parameters are referred to [12].
The detailed parameters are shown in Table 2. The diameters
of inner and outer conductors (part2) were measured every
0.1 mm along the length using an LED-micrometer system
and a non-contact compressed-air measuring system [10].
Fig. 9(c) shows one of the measurement results and uncertain-
ties for the airlines used. Then, we obtained the S-parameters
every 0.1 mm using the Daywitt model [13] and cascaded
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FIGURE 9. An airline connected to test ports. (a) overall configuration,
(b) female and male connectors, part1 and part3 of this figure (a), and
(c) the measured diameter of inner and outer conductors of airline1,
part2 of this figure (a).

TABLE 2. Dimensions of airlines.

Parameter (units) Symbol Value
Length of airlinel (mm) I3 18.610
Length of airline2 (mm) L 20.609
Length of airline3 (mm) I 25.608

Slot length (mm) sl 1.84

Slot width (mm) sw 0.095
Female outer chamfer (um) fo 15
Female inner chamfer (um) fi 50
Male outer chamfer (pm) mo 15
Male inner chamfer (pm) mi 15

Pin gap of airlinel (um) pg 343

Pin gap of airline2 (um) P 5.46

Pin gap of airline3 (um) P 4.70

them to obtain the S-parameter of part2. Finally, by cascading
partl, part2, and part3, we determined the S-parameter of
the entire airline. Since we used flush shorts, we did not
perform pin-gap correction on the Reflect. However, pin-
gap correction can be individually performed on each port
depending on the Reflect used.

Note that the obtained propagation constant y using the
LRL has measurement uncertainty due to random errors
on the VNA, cable movement, connector repeatability, etc.

34785



IEEE Access

H. Koo et al.: Pin-Gap Correction of Coaxial Calibration Standards for TRL or LRL Calibration

o
2
)
o
Z
e
N
-2
0 10 20 30 40 50 0 10 20 30 40 50
Frequency (GHz)
m
2
)
o
Z
o
il
N
N
0 10 20 30 40 50 0 10 20 30 40 50
Frequency (GHz) Frequency (GHz)
(a)
6
i
1 o 4
= 0995 %‘)
2 099 -
©n
0.985 N
0.98 -2
0 5 10 15 20 25 0 5 10 15 20 25
Frequency (GHz) Frequency (GHz)
1.005
N ™ 2
1 2
T
T‘:.'0995 3 — -
A T OREE=S==T
e A A, m(\l s e
0.99 -
N 1
0.985 -2
0 5 10 1520 25 0 5 10 15 20 25
Frequency (GHz) Frequency (GHz)
(b)

FIGURE 10. The magnitude and phase of the measured S-parameters of
Open with (red) and without (blue) pin-gap correction, and evaluated
results (black) with the calibration kit calibrated at the Federal Institute
of Metrology, METAS, Swiss. (a) Results using airline1 and airline2 and
(b) results using airline2 and airline3.

Moreover, the measured dimensions produce errors on the
calculated S-parameters due to measurement uncertainty.
We found that the proposed pin-gap correction algorithm
can work well even with 0.5% error of the propagation con-
stant and 2.5 um error of each dimensional measurement.
We will analyze the uncertainty later. On calculation of the
S-parameters of the connector, we set the mesh size of the EM
simulator to be very small (AS, the amount of S-parameter
change according to mesh increase, <5 x 1073 ). Above all,
the size of the connector is small compared to the other parts.
Thus, this EM simulation error may not significantly affect
the pin gap correction.

We demonstrated the proposed pin-gap correction using
Open and Thru as DUTs. Fig. 10 shows the magnitude and
phase of the measured S-parameters of Open with (red) and
without (blue) pin-gap correction. We compared the mea-
sured results to the results (black) evaluated using the cal-
ibration kit, which was calibrated by the Federal Institute
of Metrology, METAS, Swiss. In METAS, the VNA error
terms were over-determined based on all the dimensions of
the coaxial lines. This approach is known to be the most
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FIGURE 11. The magnitude and phase of the measured S,; of Thru under
test with (red) and without (black) pin-gap correction. (a) Results using
airline1 and airline2 and (b) results using airline2 and airline3.

accurate [2]. The dotted black line shows the uncertainty
of the evaluated results. Fig. 10 (a) shows the results using
airlinel and airline2 at up to 50 GHz and Fig. 10 (b) shows
the results using airline2 and airline3 at up to 25 GHz. The
phase of the measured result was normalized to the phase of
the evaluated result.

The blue-line results (without pin-gap correction) of
Fig. 10 (b) are closer to the evaluated values than those of
(a) because the lengths of the airlines in Fig. 10 (b) are suit-
able for the frequency band. Nevertheless, the red-line results
of Fig. 10 (b) show that pin-gap correction can improve
the result. The red-line results of Fig. 10 (a) also show the
improved results over the entire frequency band. In particular,
even at low frequencies, the magnitudes of the S-parameters
are improved as much as the results obtained with airlines
of proper length after the pin-gap correction. The corrected
results of |S11| and |Sa2| are slightly greater than 1 when
at low frequency. This may be due to the length of the
airline since the TRL works well when its electrical length
is between 20° and 160° [5].
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Fig. 11 shows the measured S»; of Thru. The magnitude
and phase of an ideal Thru S»; should be 1 and 0°, respec-
tively. However, the magnitude of S»; deviates by 0.005, and
the phase deviates by 4° at 50 GHz without the correction,
as shown in Fig. 11 (a). After the correction, the deviated
magnitude and the phase decreases to <0.001 and <0.3°,
respectively. Both magnitude and phase are well-improved
compared to the results without correction. Using a line of
appropriate length, as shown in Fig. 11 (b), the phase without
the pin-gap correction shows a value of 0.1° or less, but it
can be further improved to about 0.03° through the pin-gap
correction. We would be able to reduce the residual errors on
the pin-gap corrected S-parameters using more precise data
such as the propagation constant y and measured dimensions.

V. CONCLUSION

In this paper, a novel method to correct pin gaps of coax-
ial calibration standards for Thru-Reflect-Line (TRL) or
Line-Reflect-Line (LRL) calibration was presented. This cor-
rection was achieved using perturbation equations, which rep-
resent the relationship between the S-parameter perturbation
of the calibration standards and the S-parameter deviation of
the DUT. By precisely evaluating the S-parameter perturba-
tion of the calibration standards due to the pin gaps, we could
obtain the S-parameter deviation of the DUT. Because the
pin-gap correction is based on perturbation equations, a con-
siderably large value of the pin gap disables an appropriate
correction. Nevertheless, we can achieve sufficient correction
results within the range of the pin-gap to at least ten times
the nominal value. We also showed that the pin-gap correc-
tion could play the role of impedance renormalization. Even
though the two Lines of the LRL calibration kit have different
characteristic impedances, renormalization could be achieved
using the pin-gap correction equations. Finally, the correction
was demonstrated using a 2.4 mm coaxial LRL calibration kit
through measurement.

This method is more straightforward than the previous
approach in that it uses the general LRL or TRL algo-
rithm. In addition, the proposed method is a faster one in
which the pin-gap correction is completed within a few sec-
onds, compared to the METAS method, which takes about
12 hours.

In the future, we will evaluate the uncertainty of this
method considering the uncertainty of length and cross-
sectional dimensions and examine the impedance range that
can be renormalized.
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