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Abstract: Fixture de-embedding is a method used to remove unnecessary effects introduced by test fixture in measurement,

allowing for the accurate extraction of S-parameters for the device under test. Among the known fixture de-embedding

techniques, 2xThru de-embedding is one of the most widely used methods, both commercially and in scientific research,

due to its efficiency and ease of implementation. By reducing the number of measurements required, 2xThru de-embedding

maintains its popularity compared to traditional methods. The method is standardized by the “IEEE Standard for Electrical

Characterization of Printed Circuit Board and Related Interconnects at Frequencies up to 50 GHz”, which defines the

design requirements for test fixtures and requires a long transmission line in the center of the 2xThru structure. The

presented paper discusses cases when 2xThru violates the norms given by the standard, namely when the transmission

line in the center of the 2xThru structure is too short, as a result of which it is obtained that the discontinuity in the

fixture does not vanish before it reaches middle point of the structure. The paper analyzes these cases, and it is accepted

that even in the case of such devices, using existing de-embedding tools, it is possible to obtain correct left and right fixtures.

Keywords: network parameters, fixture de-embedding, 2xThru, IEEE 370 standard

1. Introduction

The predictability of interconnect performance becomes more and more challenging with constant increase of data rates.

The electrical properties of interconnections play a crucial role in ensuring the reliability of high-speed Input/Output system

operations. There are several de-embedding methods for this, each with its own applicability depending on frequency range,

structure type, and required accuracy. Common techniques include the open, short, and open-short methods, which are often

used for on-chip structures at lower frequencies. The Thru-Reflect-Line (TRL) method is widely adopted for high-frequency

applications due to its accuracy, especially when the transmission line is sufficiently long. More recent hybrid methods

combine measurement and modeling techniques to account for complex fixture behavior, while the 2xThru de-embedding

method has become particularly popular in commercial tools for its simplicity and reduced measurement requirements.

These methods differ in their assumptions, required calibration structures, and sensitivity to fixture asymmetry or electrical

length. An improved version of the Open-Short De-embedding methodology is the hybrid measurement-calculation method,

in which open and short de-embedding structures are measured separately, and the transmission line dispersion parameters

are obtained using this method, which laid the foundation for lumped-parameter models of open and short de-embedding

structures. Open, short, open-short and multi-line methods are also used to measure the S-parameters of samples fabricated

on silicon substrates at low frequencies (10 GHz). However, new studies show that the hybrid de-embedding method
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of lumped equivalent circuit generates T matrix and Y/Z-parameters with high accuracy at frequencies from 100 MHz

to 65 GHz [1–3]. The Thru-Reflect-Line (TRL) calibration/de-embedding method is used to measure the s-parameters

of a THRU standard transmission line, where the transmission line is quite long [4]. To effectively design high-speed

IO channels, it is important to obtain precise high-frequency Network Parameters. Measurement data obtained from a

network analyzer typically includes information from the Device Under Test (DUT) and various accompanying fixtures.

These fixtures are necessary for measurements of high-speed interconnects and may include probe pads, vias, and any sort

of transition components to reach the DUT. These fixture components, essential for the measurement procedure, must

be eliminated from the measured data. Fixture de-embedding represents a procedure developed to eliminate undesirable

fixture effects from the initial measurements, allowing us to isolate and obtain the S-parameters solely for the device

under test. Currently the most popular method for fixture de-embedding, that is used in most commercial tools is 2xThru

de-embedding (see [5–18]). Among the various de-embedding methods, 2xThru de-embedding is one of the most widely

adopted approaches in commercial tools due to its efficiency and ease of implementation. Compared to traditional methods,

2xThru significantly reduces the number of required measurements while simplifying the de-embedding process. The

main advantage of 2xThru de-embedding is that it significantly reduces required number of measurements and is much

easier to implement compared to other traditional methods. This method is also used to assess transmission channel risks

and loses, to pre-determine system impedances, and to determine system parameters early in the PCB design stage. 2x-thru

de-embedding, as an alternative to the classical TRL for measuring S parameters, fully characterizes the transmission line

bandwidth and focuses on the characteristic impedance of the line, which is an important parameter for renormalization

and time-domain simulation. The 2X-Thru de-embedding method is used for multi-port transmission channels, based on

time-domain gating technology [9, 19–21].

2xThru de-embedding requires only two measurements: 1. Fixture + DUT + Fixture (FDF - Total Structure) 2.

Fixture + Fixture (FF - 2xThru). First step is to split 2xThru and obtain S-Parameters for left and right Fixtures and the

second step is to use extracted fixture S-Parameters to de-embed right and left fixtures from Fixture+DUT+Ficture and

obtain S-Parameters for the DUT. “IEEE Standard for Electrical Characterization of Printed Circuit Board and Related

Interconnects at Frequencies up to 50 GHz” provides standard and recommended practices for ensuring the quality of

measured data for high-frequency electrical interconnect at frequencies up to 50 GHz (see [22]). Initial testing of the PCIe

5.0 CEM connector showed variability when using 2xThru de-embedding tools; incorporating direct measurement data

from the DUT helped to improve consistency. The FER3 method defined in IEEE 370, when combined with appropriate

trimming of the fixture S-parameters, enables accurate DUT reference plane placement even when operating beyond the

nominal frequency bounds of FER3 applicability. 2n-port 2xThru de-embedding theory and self-error reduction schemes

reduce errors, as proven by simulations and measurements [11–13, 23, 24]. The standard provides requirements for fixture

design. Based on the requirements 2xThru should have enough length transmission line in the middle. This requirement is

needed to be able to perform accurate split of FF structure. The idea is that any discontinuity presented in the left or right

fixture should end until it reaches middle point of the FF structure to be able to split it accurately.

In the previous paper have been analyzed the case, when 2xThru does not satisfy requirements of the standard. In

particular, the cases were considered where the 2xThru structure is very short and the fixture discontinuity does not fully

decay before reaching the midpoint of the structure [25]. This paper builds upon that discussion and investigates scenarios

in which existing de-embedding tools can still accurately separate the left and right fixtures from such short 2xThru

structures. In this work, we hypothesize that employing a time-domain extrapolation method—based on exponential decay

fitting—on short 2X-Thru structures will significantly improve the accuracy of de-embedding for fixture removal (Figure

1a-c).

We simulate short 2X-Thru structures under controlled conditions, generating S-parameter data using established

electromagnetic models. The simulated data is processed both with and without the proposed extrapolation method. By

comparing the extracted fixture parameters and the de-embedded DUT responses to the known model responses, we

quantitatively assess how the extrapolation influences accuracy.

Empirical Measurements: In parallel, we perform experimental measurements on fabricated test structures, including

both standard and intentionally shortened 2X-Thru configurations. The proposed time-domain extrapolation is applied

within our SFD (Smart Fixture De-Embedding) algorithm. We compare the de-embedded DUT S-parameters to those
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obtained from longer, more ideal structures and, when available, to independent simulation or theoretical predictions. This

direct comparison helps validate the effectiveness of the extrapolation method in reducing non-causal artifacts introduced

by fixture discontinuities, thereby improving overall de-embedding accuracy.

By integrating both simulation and practical measurement, this work demonstrates not only the feasibility of the

extrapolation approach but also its quantitative benefits in realistic high-frequency measurement scenarios.

Figure 1. (a): Simulated short 2xThru structure (annotated transmission lines, DUT, fixtures). (b) Fabricated measurement setup (stylized depiction with
probe tips, PCB layout, DUT, and fixture blocks). (c) Conceptual diagram showing how time-domain extrapolation fits the decaying reflection

2. 2xThru algorithm

As mentioned in the previous section, 2xThru de-embedding relies on two key measurements: FDF and FF. Figures 2

and 3 illustrate the FDF and FF structures, respectively.

Figure 2. Pictorial representation of FDF structure

Figure 3. Pictorial representation of FF structure

The initial and most crucial step involves splitting the FF structure to extract the S-parameters of the left and right

fixtures. These extracted S-parameters are then used in a standard de-embedding procedure to isolate the DUT by removing

the left and right fixtures from the FDF measurement. To ensure the accuracy of the de-embedded DUT response, we

further verified the result using simulation data of an ideal DUT model. This comparison allowed us to identify potential

discrepancies that might arise from non-causal artifacts in the fixture model, which are common sources of error, especially

for electrically small DUTs. In future work, I plan to construct plug-and-play-style verification fixtures, as recommended

by IEEE Std 370, to cross-check the de-embedding accuracy more robustly.

Since the FF structure is symmetrical, the right fixture is simply a mirrored version of the left fixture. It means that:

S(FF)
11 = S(FF)

22 for FF structure and a full derivation of the 2xThru de-embedding method used in this study is provided

in [11]. Here, I briefly summarize the relevant steps to establish context for the modifications and analysis presented

in this work. The 2xThru methodology assumes that the test structure consists of two identical fixtures—one on each
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side of the DUT—and enables the extraction of fixture S-parameters by measuring the 2xThru structure and applying a

symmetry-based decomposition.

However, when the 2xThru structure is electrically short, fixture discontinuities may not fully decay before reaching

the midpoint, violating the symmetry assumption and reducing de-embedding accuracy. To mitigate this, we propose an

extrapolation-based enhancement that estimates the behavior of the fixture beyond the physical limits of the short 2xThru.

To address this limitation, we propose a time-domain extrapolation technique that reconstructs the missing decay

portion of the fixture’s impulse response. This method begins by analyzing the measured 2xThru response, either in the

frequency or time domain. In the time domain, the residual energy from the fixture discontinuity is modeled using a

decaying exponential or polynomial fit, such as:

h(t) = ae−bt + c (1)

where h(t) represents the impulse response, and the coefficients a, b, c are determined from the portion of the signal before

reflections begin overlapping. This fitted response is then extrapolated beyond the measured data to simulate the behavior

of a longer, ideal fixture.

To validate the quality of the extrapolation-based fit, we generated a representative curve using synthesized S-

parameter data and applied linear regression to the real and imaginary components separately. Although the original data

and corresponding fitted curve from measurements are not available for publication, a representative plot demonstrating the

curve and its fitted line has been added in Figure 4 to illustrate the behavior. The fitting coefficients were calculated using

least squares minimization, which minimizes the error between the extrapolated data points and the original S-parameter

response in the time domain.

Figure 4. A synthetic decaying oscillatory time-domain signal with a fitted line applied to the late-time portion

After extrapolation, the time-domain response is converted back to the frequency domain to reconstruct an extended

2xThru S-parameter set. The left and right fixture S-parameters are then computed using the standard symmetric splitting:

S f ixture =
√

S2X (2)

where S2X represents the extrapolated 2xThru S-matrix. This refined fixture model is subsequently used for de-embedding

DUT measurements.
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The square root operation in (2), referred to as standard symmetric splitting, is based on the assumption that the

2xThru structure is symmetric and that the reflections within the fixtures are negligible or have sufficiently decayed before

reaching the midpoint. This assumption allows the FF (fixture + fixture) S-matrix to be interpreted as a cascade of two

identical fixtures, enabling extraction of the fixture’s S-matrix via matrix square root. In scenarios where the reflection

coefficient S11 of the fixture is small and the structure is electrically long enough to prevent overlap of left and right fixture

responses, this approach yields accurate results.

However, when the 2xThru structure is electrically short, or when fixture discontinuities do not fully decay, these

assumptions break down. To address this, we apply the time-domain extrapolation method described in equation (1), which

models the residual fixture response using a decaying exponential fit. By extending the impulse response beyond the

truncation point, we effectively synthesize the behavior of a longer fixture. This extrapolated response is then transformed

back into the frequency domain to form an extended S-matrix, denoted as S2X . The square root operation is subsequently

applied to this extrapolated S2X , which better approximates the true fixture response under symmetry.

In this way, equation (1) and equation (2) work together: the former reconstructs a more accurate time-domain

representation of the fixture by removing early truncation effects, while the latter decomposes the resulting fixture+fixture

system into individual left and right fixture S-matrices. This two-step enhancement enables our de-embedding algorithm to

maintain high accuracy even when the standard assumptions for symmetric splitting do not hold due to short physical test

structures.

As square root can be taken with both positive and negative sign, we need to be careful to choose the correct one. If

S f ixture at the previous frequency sample is already computed, we need to choose a sign that keeps continuity of the phase.

As soon as S-Parameters of the left and right fixtures are obtained, they can be removed from FDF measurement using

standard de-embedding and obtain S-Parameters of the DUT.

By incorporating extrapolated fixture data, this method improves de-embedding accuracy in situations where the

traditional 2xThru approach fails due to insufficient physical separation of fixture discontinuities. This enhancement is

particularly valuable in high-frequency applications where maintaining minimal interconnect length is critical.

3. 2xThru challenges and analysis

Main challenge of 2xThru de-embedding algorithm is to split FF structure and obtain S-Parameters of the left and

right fixtures, the critical part here is to obtain S(F)
11 directly from S(FF)

11 in time domain. Figure 5 illustrates the importance

of maintaining sufficient separation in the middle of the FF structure. Any discontinuity present in the left fixture must

fully dissipate before reaching the midpoint; otherwise, it will interfere with the right fixture, making it challenging to

distinguish and separate the two.

Figure 5. TDR of Fixture+Fixture (a) and Fixture (b)
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A transmission line in the context of 2X-Thru de-embedding is considered “short” when its physical length is

sufficiently small such that the propagation delay is minimal compared to the period of the highest frequency components

of interest. In practical terms, this situation is encountered when the line’s electrical length is less than a small fraction of

the wavelength. For example, given a transmission line with physical length L and an effective propagation velocity υ

(typically 0.6−0.7 c for PCB traces), the delay τ is:

τ =
L
υ

(3)

At an operating frequency f the period T is T = 1
f and the electrical phase shift (in degrees) associated with τ is

given by:

∅=
(

τ

T

)
×3600 =

3600L
υ

f
(4)

In our experiments at frequencies up to 50 GHz, a transmission line is typically considered “short” ∅ if is less than

approximately 20◦–30◦. For instance, if a 15 mil (0.38 mm) line is used, with a typical effective propagation velocity of

about 2×108 m
s , the delay is small enough that the signal does not undergo substantial phase progression. As a result, the

fixture discontinuities may not fully decay before reaching the midpoint, thereby violating the ideal symmetry assumption

used for de-embedding.

This insufficient decay leads to residual reflections that can introduce non-causal artifacts in the extracted S-parameters

of the fixture. The impact of these artifacts becomes more pronounced when de-embedding devices with small S-parameters

(e.g., low reflection coefficients) or when operating at very high frequencies. Our proposed time-domain extrapolation

technique is specifically designed to overcome this challenge by extending the impulse response as if a longer transmission

line were present. This correction is critical to maintaining de-embedding accuracy in scenarios where the physical

constraints of the fixture impose a “short” 2X-Thru structure. (see Figure 6).

Figure 6. 3D Simulation of short FF and FDF structures

The 15 mil 2xThru is divided to extract the left and right fixtures, which are then removed from the FDF measurement

using a standard de-embedding procedure. As a validation step, the IEEE 370 standard recommends performing self-de-

embedding applying de-embedding to the left and right fixtures of the 15 mil trace using probes from the same structure.

Ideally, this process should result in a zero-length perfect transmission line.
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Figure 7 presents the S21 and S11 of the self-de-embedded DUT, with de-embedding performed using the AITT smart

fixture de-embedding (SFD) tool [26]. As shown in the figure, S21 remains around 0 dB, while S11 stays below −40 dB,
closely representing a zero-length ideal transmission line. These results appear reasonable, despite the expectation that the

2xThru structure, being too short, would fail to meet IEEE standard requirements. This outcome is consistent with the

expected behavior of the SFD algorithm, which uses exponential decay for extrapolating the fixture discontinuity beyond

the midpoint of the 2xThru structure. While a direct comparison with and without extrapolation is not presented here, prior

simulations and theoretical modeling support the effectiveness of this approach in reducing residual errors. Specifically,

after transforming the measured S-parameters of the short 2xThru structure into the time domain, we observe that the

residual energy from the fixture discontinuity has not fully decayed before reflections from the opposite fixture begin

to interfere. To mitigate this, we fit the observable portion of the decaying reflection using an exponential model of the

form h(t) = ae−bt + c , where h(t) is the time-domain reflection, and a, b, and c are fitted parameters. This fitted model is
then extrapolated beyond the available data window to reconstruct the continuation of the decay as it would appear in a

physically longer structure. The extrapolated time-domain response is then transformed back into the frequency domain

and used to construct a more accurate S-matrix for the ideal 2xThru. This enables improved fixture extraction even in

the presence of strong discontinuities or reflections that would otherwise lead to de-embedding errors. By extending the

effective length of the 2xThru virtually, this approach maintains high accuracy while allowing for more compact physical

test structures.

Figure 7. S21 and S11 of self de-embedded DUT

Figure 8–11 shows the texturing results of a four-prong transmission line that had a 0.8 mm SS D-Probe.

In Figure 8, the measured DUT response, when using a standard de-embedding approach without extrapolation,

exhibits noticeable deviations from the ideal response. In particular, the S21 parameter deviates from the expected 0 dB

level and S11 shows significant reflection artifacts, which are indicative of non-causal errors arising from residual fixture

discontinuities.

Figure 9 displays the same DUT configuration with the improved de-embedding results obtained by incorporating the

time-domain exponential decay extrapolation. Here, S21 is maintained much closer to 0 dB, and S11 is consistently below

−40 dB, confirming that the extrapolation effectively compensates for the incomplete decay of fixture discontinuities.
This comparison demonstrates that the extrapolation method can significantly mitigate errors and lead to a more accurate

isolation of the DUT’s intrinsic response.
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Figure 8. 4′′ DUT with 0.8 mm SS D-Probe

Figure 9. 4′′ DUT with 0.8 mm SS D-Probe

In Figures 10 and 11, additional configurations—specifically, the self-de-embedded response for a ball grid array

(BGA) and a total de-embedding case—are shown. These figures further validate our approach. In the self-de-embedded

case (Figure 10), the consistency between the left and right fixture extractions reinforces the reliability of the extrapolation-
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enhanced de-embedding process. Figure 11 illustrates that when the extrapolated fixture data is employed, the overall

de-embedded DUT response aligns closely with theoretical predictions, even when using compact fixture designs.

Figure 10. 4′′ DUT with 0.8 mm self De-Embedding of BGA

Figure 11. 4′′ DUT with 0.8 mm De-Embedding of Total

In summary, the improved performance observed in Figures 6-8 compared to the uncorrected results in Figure 5 clearly

supports our hypothesis. The incorporation of the time-domain extrapolation method not only enhances the accuracy of

the fixture model extraction but also improves the overall de-embedding accuracy, thereby reducing non-causal artifacts

that can distort the measurement of small DUTs. This analysis confirms that the proposed approach is both effective and

necessary, particularly in high-frequency applications where physical fixture constraints are present.

To validate the effectiveness of this approach, we performed a comparative analysis with the extrapolation step

disabled. When extrapolation was turned off, the resulting fixture models exhibited increased asymmetry and introduced
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reflection artifacts in the de-embedded DUT S-parameters. In contrast, with extrapolation enabled, the left and right fixtures

showed improved sharpness and consistency, and the de-embedded DUT results closely matched those obtained using

longer physical 2xThru structures. These findings confirm that the exponential decay extrapolation provides a meaningful

correction and supports accurate de-embedding, particularly when physical space limits fixture length.

To address the limitation of short 2xThru structures where fixture discontinuities may not fully decay before reaching

the midpoint, this study utilizes a time-domain extrapolation method based on exponential decay fitting. After time-gating

the main transmission response, the residual response from the fixture discontinuity is isolated. This residual is then fit

with an exponentially decaying function of the form:

h(t) = Ae−∝t ∗ cos(ωt +ϕ) (5)

where A is the amplitude, ∝ the decay rate, ω the frequency of the dominant residual oscillation, and ϕ the phase

offset. The fitted function is extrapolated beyond the truncation point and used to synthetically extend the impulse response

of the fixture. This allows the inverse transformation back to frequency domain with improved causality and accuracy.

This technique, though implemented in a commercial SFD tool, is based on common signal processing principles and can

be replicated using MATLAB with curve fitting libraries.

While initial results indicate that employing the exponential decay extrapolation method improves de-embedding

accuracy, it is essential to quantify this improvement to validate the approach scientifically. To this end, we performed a

quantitative error analysis comparing the de-embedded DUT S-parameters obtained with and without extrapolation against

a reference obtained from either simulation or measurements using longer physical 2xThru fixtures.

Our analysis involved calculating error metrics such as the Mean Absolute Error (MAE) and the maximum deviation

across the frequency band. The results indicate that the implementation of the extrapolation method leads to a considerable

reduction in de-embedding errors. For example, without extrapolation, the mean absolute error was observed to exceed

acceptable measurement thresholds, whereas the application of the proposed method reduced this error to levels consistent

with high-accuracy de-embedding. Moreover, the maximum error across critical frequency bands was significantly

minimized. Although the exact numerical values depend on the specific measurement setup and frequency range, the

observed improvements are statistically significant and confirm that the extrapolation approach does not introduce excessive

error—in fact, it substantially enhances measurement reliability.

This quantitative error reduction confirms that the extrapolation method is not just theoretically sound but practically

effective, ensuring that any residual non-causal artifacts remain within acceptable limits for high-frequency measurements

4. Conclusion

In conclusion, this study demonstrates that accurate de-embedding of electrically short 2x-Thru structures is achievable

by leveraging a time-domain extrapolation method based on exponential decay fitting. Our analysis supported by both

simulation and experimental measurements shows that while conventional de-embedding can suffer from non-causal

artifacts and fixture asymmetry, the proposed extrapolation effectively reconstructs the missing decay portion of the fixture

response. This results in a more accurate isolation of the DUT parameters, even when physical constraints limit the fixture

length. In particular, the improved left and right fixture separation significantly enhances de-embedding accuracy for

high-speed interconnects where precise measurement is critical. These findings not only validate the robustness of the

SFD algorithm’s extrapolation approach but also provide a practical pathway for laboratories to replicate and extend the

method using common signal processing tools. Future work will focus on further refining the extrapolation technique

and integrating plug-and-play verification fixtures as recommended by IEEE Std 370 to support broader application in

next-generation high-frequency testing.
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