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Unification of Double-Delay and SOC
Electromagnetic Deembedding
James C. Rautio, Fellow, IEEE, and Vladimir I. Okhmatovski, Member, IEEE

Abstract—Double-delay and short open calibration (SOC)
deembedding are both useful for deembedding the results of a gap
voltage source excited electromagnetic analysis. Previously, each
approach has been viewed as distinct, each with its own advantages and disadvantages. This paper describes a unifying theory,
showing that double delay and SOC are each special cases of an
extended SOC technique. Results related to the characteristic
impedance as determined by this extended SOC deembedding are
also presented.
Index Terms—Calibration, characteristic impedance, deembedding, electromagnetic (EM) analysis, method of moments (MoM).

I. INTRODUCTION

I

N AN electromagnetic (EM) analysis, a circuit, or deviceunder-test (DUT), can be excited with “ports”, often gap
voltage sources. The circuit parameters (e.g., -, -, or -parameters) are then determined from the voltage–current relationships seen at each port of the structure. For a frequency-domain
analysis of an -port, the circuit parameters are one
complex matrix at each frequency.
A discontinuity associated with the exciting port is necessarily included in the result. Electromagnetically, the port discontinuity is represented by fringing fields and transverse current flow (if any) in the vicinity of the gap voltage source (numbered in Fig. 1). From a circuit theory point-of-view, the port
discontinuity takes the form of capacitances and inductances
(Figs. 2 and 3). If there is loss, the port discontinuity also includes resistance.
The port discontinuity is usually small. For example, the
shunt capacitance is typically on the order of a tenth of a
picofarad. In some cases, the port discontinuity can be ignored.
However, in many cases, it must be carefully evaluated and
removed.
In addition, it may be desirable to shift the reference plane
from the port to the interior of the circuit. In this case, the transmission line connecting the port to the circuit must be characterized and removed. In this process, the characteristic impedance
and effective relative dielectric constant
of the line
can be determined.
The double-delay deembedding performs this calibration by
using EM analysis results of two through lines, a line of length
, and a second line of length
[1] [see Fig. 1(a) and (b)].
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Fig. 1. Double-delay calibration uses: (a) an L-length and (b) a 2L-length
through line. The ports must be backed by a perfectly conducting electric
wall. The SOC uses: (c) a single three-port 2L-length standard. Perfect ground
reference is not needed.

Fig. 2. Circuit theory model for the L and 2L-length through of the
double-delay calibration shows ports as a pure shunt admittance. After
manipulating the cascading matrices, the double port discontinuity (c) remains.

The SOC calibration [2] uses a single through line of length ,
but there is a third port in the middle of the line, Fig. 1(c). The
double-delay deembedding was generalized to multiple coupled
ports in the original study [1] and the short-open-calibration
(SOC) was generalized to multiple coupled ports in [3] and [4].
Some of the relative advantages and disadvantages are discussed
in [5] and [6] and summarized here.
Double delay requires the port discontinuity to be a pure shunt
admittance, no series impedance is allowed. A port discontinuity
specialized in this way is easily realized in a shielded EM analysis. In contrast, the SOC characterizes arbitrary reciprocal port
discontinuities. This is typical of port discontinuities seen in unshielded EM analysis. Thus, double delay can be used only in
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of this extended SOC. We conclude with a discussion of characteristic impedance as determined by this extended SOC.
II. DOUBLE-DELAY THEORY SUMMARY

Fig. 3. Circuit theory model of the SOC standard: (a) includes arbitrary
reciprocal port discontinuities. By exciting ports 1 and 2 symmetrically and
antisymmetrically either: (b) an electric wall or (c) magnetic wall can be
placed at the location of port 3. This allows characterization of a single-port
discontinuity plus (d) connecting transmission line.

shielded analysis [7], [8]. SOC is typically used in unshielded
analysis, but can, in principle, be used in either type of analysis.
Double delay has the advantage of characterizing the naked
port discontinuity, i.e., the port discontinuity all by itself with
no port-connecting transmission line. In addition, double delay
also characterizes the port connecting line by itself (port discontinuities removed). The velocity of propagation and characteristic impedance of the port connecting line can then be inferred
from the resulting circuit parameters.
The SOC characterizes the entire port discontinuity and
port connecting transmission line together. Lacking a characterization of the port connecting line by itself, characteristic
impedance and velocity of propagation are not determined. In
addition, the entire port discontinuity plus connecting line is removed from the DUT, shifting the reference plane to a distance
from the port. Removal of the naked port discontinuity by
itself, leaving the reference plane at the port, is not part of the
SOC, as formulated in [2]. By additionally analyzing a DUT
length
that is a length of line (requiring the analysis of a
of line in [9, Fig. 1]), an arbitrary naked port discontinuity can
be characterized using the original SOC. The extended SOC,
described in Section VI, achieves this same result by analyzing
only an additional -length line.
For double delay, the naked port discontinuity and the port
connecting line are both characterized as separate entities. Thus,
if only the naked port discontinuity is removed from the DUT
data, the reference plane remains at the location of the port. If
the port connecting line is also removed, the reference plane is
moved into the DUT by length .
In this paper, we briefly describe the double-delay and SOC
theory and show how the calibration data sets from each technique are related. With this knowledge, we illustrate a faster
means of obtaining the double-delay data set by using a SOClike technique. We also describe an extension of the SOC theory
using double-delay techniques that allows the SOC to characterize the naked port discontinuity and the connecting line separately. Both the original SOC and double delay are special cases

Fig. 2 shows the circuit theory equivalent of the - and
-length double-delay calibration standards. The port discontinuities are illustrated with shunt capacitors to ground. First,
obtain EM analysis results for both standards. Then convert
cascading parameters. Invert the
the data to
matrix for the
standard and then pre- and post-multiply it
-parameters of the -length standard.
by the
Inverting an
matrix converts all transmission lines to
negative length and all lumped elements to negative values. For
example, cascading a positive shunt capacitor with an identical,
but negative shunt capacitor cancels both capacitors, leaving
a perfect zero length through. Similarly, cascading a positive
-length line with a negative -length line cancels both lines.
Following the above triple cascade (positive -length line,
-length line, positive -length line, including port
negative
discontinuities), we have nothing left, except a double port discontinuity [see Fig. 2(c)]. If there is any series component in
the port discontinuity, then the single port discontinuity cannot
be determined from external measurements. However, if we as, the
sume the port discontinuity is a pure shunt admittance
-parameters of the double-port discontinuity (indicated
by subscript
) are
(1)
The single (naked) port discontinuity is obtained by dividing
(of the
matrix) by two.
This form of the single-port discontinuity yields an easy test
of deembedding validity. If the pure shunt port discontinuity assumption is violated, or if any of several well-understood deembedding failure mechanisms are present [1], [5], [6] then
and
differ from the indicated values. This self-diagnostic
ability is critical in applied design where any analysis or design failure must be identified and corrected prior to fabrication.
This self-diagnostic ability is not directly available in the original SOC, but is available in the extended SOC when applied to
a shielded environment.
Now we deembed the -length line by inverting the single-parameters and pre- and post-multiport discontinuity
-parameters. The
-paplying the -length line
rameters for an ideal TEM -length line are
(2)
By equating the above expression for an ideal -length TEM
line to the numerical results for the deembedded -length
(the electrical
calibration through, one may solve for both
length) and the characteristic impedance
. This is known
as the TEM equivalent characteristic impedance [10]. Note
that this impedance is not in any way determined based on
transverse fields in the cross section of the transmission line.
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Rather, this is the only characteristic impedance consistent with
the current–voltage behavior at the terminals of the line.
The actual deembedding of the DUT is performed by inmatrix and apverting the naked port discontinuity
matrix. If the referpropriately multiplying the DUT
ence plane is to be shifted, then the deembedded -length line
-parameters are inverted and used to appropriately multiply the DUT
matrix.
If multiple coupled lines and ports are involved, then all matrix elements in the above discussion become matrices themselves. This is the case for all deembedding schemes discussed
in this paper. No other special consideration for multiple coupled ports is needed.
III. SOC THEORY SUMMARY
In SOC, the deembedding process includes the transmission
from the ports. The extended
lines extending by length
transmission lines separate excitation ports from the DUT and
deliver quasi-TEM eigenmodes, uncontaminated by fringing
fields, to the DUT. The SOC removes the contribution from
and the naked port discontinuity [see
the line extension
Fig. 3(d)] by evaluating the short and open standards shown in
Fig. 3(b) and (c), respectively. The perfect -length short and
open terminations are evaluated through symmetric and antisymmetric excitation of a single -length SOC standard [see
standard is characterized
Figs. 1(c) and 3(a)]. The three-port
by a (3 3) -matrix typically evaluated using the method of
moments (MoM)
(3)
SOC uses only data from the first two columns of (3). Physically, this means excitation voltage is applied only to ports 1
and 2. For all data used by SOC, port 3 is shorted, effectively removing the fringing capacitance [see Fig. 3(a)] across port 3. It
is critical that the port-3 discontinuity have no series impedance.
Using superscripts for the (2 2) -matrix of the calibration
standard terminated with a perfect electric conductor (PEC) [see
for perfect magnetic conductor
Fig. 3(b)] and superscript
(PMC) termination [see Fig. 3(c)], we have
(4)
These three

-parameters, plus the condition of reciprocity
, completely determine the SOC error box
matrix [2]–[4] corresponding to Fig. 3(d) as follows:

(5)
Inversion of (5) allows removal of the port discontinuity and
length of the connecting transmission line from the DUT. It does
not allow removal of only the port discontinuity or determination of the characteristic impedance. However, it is valid for any
reciprocal error box; it is not limited to pure shunt port discontinuities.

IV. RELATIONSHIP OF CALIBRATION DATA SETS
The three-port SOC calibration standard is nearly identical to
-length double-delay calibration standard, the only difthe
ference being that a series port is added midway between the
-length standard. If the
two end ports of the double-delay
through is modified by adding this third port,
double-delay
both a SOC and a double-delay calibration may be performed
with a single modified double-delay data set.
In addition, for a shielded environment, the entire doubledelay calibration data set can be derived from the SOC calibration data set, as briefly described in [5] and [6]. In detail, given
the port numbering of Fig. 1(c), the -parameters of the
through are the (2 2) matrix forming the upper left-hand-side
is set to zero and is discarded.
corner of (3), i.e.,
equal to
For the -length double-delay through, we set
, placing an electric wall through the center of port 3, as in
Fig. 3(b). We then remove the row as unneeded. Evaluation
of and under the condition of equal to zero gives us the
first column of the double-delay -length through -parameters. The second column is formed from the first by symmetry
yielding
(6)
Thus, the entire double-delay calibration data set may be derived from a single SOC calibration standard.
V. FASTER EVALUATION OF THE DOUBLE-DELAY DATA SET
As described above, both the - and -length double-delay
calibration standards can be generated from the SOC calibration standard. Thus, when performing a double-delay calibration, one could evaluate a single SOC standard instead and destandards. This reduces the number of
rive both the and
standard evaluations from two to one. However, the increase in
speed is small.
If the calibration standard analysis time is limited by matrix
solve and we assume that the -length standard requires a matrix of order
and s for analysis, then the
standard reand
s for analquires a matrix order of approximately
. Eliminating the -length
ysis. The total time required is
, which is a speed increase
standard analysis reduces this to
of approximately 10%.
A substantial speed improvement is realized by analyzing
two -length standards. The first is the normal double-delay
-length through. The second is an open circuited -length stub
[see Fig. 3(c)]. The open circuit is perfect in that the stub terminates in a PMC wall. A magnetic wall is easily realized in a
shielded analysis by eliminating half of the waveguide modes
(those that have nonzero tangential magnetic field on the plane
of symmetry) used in the shielded Green’s function.
-length through -parameters, we also
To determine the
need the -parameters of a perfect short-circuited -length
of the original -length through. With the
stub. This is
port 2 voltage set to zero, the end of the -length through is
connected to the perfect ground of the PEC sidewall.
for electric wall and
for magnetic
With superscripts
wall, and by using methods similar to the derivation in Sec-
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Fig. 4. Extending the SOC to calculate the naked port discontinuity without
the port connecting line, invert the ABCD matrix of the circuit of Fig. 3(d),
yielding (a), and cascade it with an L length through, as shown in (b).

tion IV, we have the -parameters for the
-length standard
in terms of the perfect shorted and perfect open stub as

(7)
In fact, this electric/magnetic-wall analysis approach can be
used for any circuit that is symmetric about a center line, not
just the -length through line described here. Alternatively and
equivalently, one can directly apply the SOC to the electric- and
magnetic-wall data. We use the term “equivalent” in the sense
of starting with the same data and yielding the same result.
Now, both standards of the double-delay calibration are evaluated with analysis of two -length stubs. Using the notation
to . This
from above, this reduces total analysis time from
represents a 350% (4.5 ) faster analysis for the double-delay
calibration in a shielded environment.
The SOC calibration is usually performed in an unshielded
environment. If the unshielded analysis is modified to allow two
types of half-space analysis, one bounded by an infinite vertical
electric wall, the other bounded by an infinite vertical magnetic
wall, then the SOC can enjoy a similar advantage. In fact, such
data can be used directly in the SOC algorithm rather than being
derived from the appropriate excitations of the three-port SOC
calibration standard. An unshielded half-space analysis is easily
realized by use of images.
If characteristic impedance, zero reference plane shift, or
the naked port discontinuity are to be characterized, then the
unshielded SOC additionally requires analysis of the -length
through in full space (in addition to a grounded half-space, as
above). With this addition, the set of standards is identical to
that described in the beginning of Section IV.
If images are used in an unshielded analysis to realize a
half-space analysis, matrix fill time is increased. In contrast,
a shielded analysis inherently includes an electric wall, and
a magnetic wall is included by removing half of the Green’s
function, speeding the matrix fill.
VI. EXTENDED SOC
The result of the SOC is the port discontinuity plus connecting transmission line [see Fig. 3(d)]. To extend the SOC
to determine the electrical length and characteristic impedance,
matrix yielding the
first invert the SOC deembedding
circuit of Fig. 4(a).
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Next, determine the circuit parameters of the double-delay
-length through [see Figs. 1(a) and 4(b)]. For shielded analysis, it can be determined directly from the SOC standard,
as described in Section IV. For unshielded analysis, a second
-length standard must be analyzed. The -length standard
cannot be derived from the -length SOC standard because of
the arbitrary port discontinuities.
matrix by the
Pre-multiply the -length through
matrix. This yields the
inverted SOC deembedding
naked port discontinuity. The naked port discontinuity is used
to deembed the -length through, leaving just the -length
transmission line. We now have sufficient information to proceed as in Section II and deembed the DUT with either no
reference plane shift, or with a shift of distance from the port
into the DUT.
An alternative way to obtain the deembedded -length line
is to invert the cascading matrix of the embedded -length line
[see Fig. 4(b)] and then post-multiply twice by the SOC port
discontinuity [see Fig. 3(d)].
Now that we have the deembedded -length line, we can determine the electrical length and characteristic impedance of
the port connecting line. The significance of this is that we can
now determine the characteristic impedance of a transmission
line based only on port current–voltage relationships for both
shielded and unshielded analysis for any arbitrary reciprocal
port discontinuity.
The double-delay calibration is this extended SOC specialized to a shielded environment yielding port discontinuities with
no series impedance. The original SOC is identical to this extended SOC, only lacking the -length through and doubledelay inspired matrix manipulations described here.
As for nomenclature, we refrain from introducing a new
acronym for this extended SOC. Rather, we continue to refer to
it as SOC. Occasionally we also refer to specializations such as
shielded SOC or unshielded SOC. We strongly recommend that
the term “open SOC” not be used, as it is not clear if the word
“open” refers to a circuit (as it does within the acronym) or to the
environment. When shielded SOC is specialized to ports that are
pure shunt admittance (true for most shielded planar EM analyses
in applied use today), then it is identical to double delay.
VII. SIGNIFICANCE OF TEM EQUIVALENT
CHARACTERISTIC IMPEDANCE
The concept of characteristic impedance for inhomogeneous
media has seen extensive discussion over the last several
decades [10]–[17]. The earliest known reference to the TEM
equivalent characteristic impedance is [11]. Measurements
(suggestive of the SOC calibration standard) were performed
in [12]. An especially detailed bibliography is provided in
[17]. The basic problem is that most definitions of characteristic impedance are based on linear functionals of transverse
cross-sectional fields. The functionals based on line integrals
depend on the path taken for inhomogeneous media and are,
thus, nonunique. The TEM equivalent characteristic impedance
depends only on the current–voltage relationships observed at
the infinitesimal voltage gap sources exciting the calibration
through lines. These voltages and currents are unique.
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When first introduced, [1] and [10], double-delay deembedding was used to determine the TEM equivalent characteristic
impedance. This was not a complete solution, as the port
discontinuity was specialized to a pure shunt admittance. The
original SOC [2] was used to deembed a length of transmission
line from which characteristic impedance was inferred [9],
[14]–[16]. This solved the problem for arbitrary port discontinuities, but the determination of characteristic impedance was
carried out outside of the calibration.
Now with the double-delay inspired extensions to the SOC introduced in Section VI, the SOC by itself is sufficient to uniquely
determinetheonlycharacteristicimpedancethatisconsistentwith
theSOCcalibrationstandardportcurrent–voltagerelationshipsin
thepresenceofarbitraryreciprocalportdiscontinuities.Anyother
value of characteristic impedance is necessarily inconsistent with
the port current–voltage relationship and can thus be considered
incorrect.
In [1], it was pointed out that the specialization of the port
discontinuity to a pure shunt admittance precluded its exact application to measurement, as it might be difficult to realize (or
at least to verify) such a port discontinuity in practice. However,
now with this extended SOC, that limitation is removed.
If implemented in actual physical measurements, the SOC requires measurement of a symmetric -length through (an additional -length through is required if characteristic impedance
is desired). Since physical measurement of a series port in the
center of the -length through may be difficult, we would substitute measurement of the current at the base of an -length
short-circuited stub. This type of measurement is not a standard
microwave measurement, but at least there is no fundamental
limitation preventing the measurement from being performed to
a high level of quantifiable accuracy given sufficient resources.
We point out that this definition of characteristic impedance
is preferred because it is based on port current–voltage relations,
just as both microwave measurement (which is based equivalently on port transmitted-reflected wave relations) and microwave circuit analysis. Neither measurement, nor analysis has
anything to do with linear functionals of transverse transmission-line fields.
VIII. CAUSALITY VALIDATION
To verify the physical nature of the SOC derived TEM
equivalent characteristic impedance, we checked the variation of characteristic impedance as a function of frequency.
corresponds to a causal system, then
Specifically, if
is directly related to the magnitude
the phase
by a Hilbert transform [17]. If wide-band data is
can be used
calculated, then the SOC calculated
required for a causal system.
to determine the
is compared to the SOC calculated
This causal
. Differences between the two are due to error in
and to the necessarily sampled
the SOC calculation of
and band-limited SOC data.
to the SOC calculated
Comparing the causal
result is easily effected by the use of the program CausalCat.1
1D. F. Williams, CausalCat, June 20, 2001. [Online]. Available:
http://www.boulder.nist.gov/div818/81801/dylan/software.html

Fig. 5. Phase of the SOC calculated characteristic impedance is used to
calculate the magnitude required for causality and is compared to the SOC
calculated magnitude for a lossy line.

We partially verified the correctness of the program using
simple test cases like lossless coax and rectangular waveguide.
Significant low-frequency noise was seen for the lossless coax
case, however, high-frequency lossless coax and all other cases
worked well.
The most interesting case investigated is presented here. The
structure is a 72- m-wide line 1- m-thick metal conductivity
on top of 100- m-thick
3 10 S/m on top of 1- m-thick
conductivity 12.5 S/m bounded on the bottom by a perfectly conducting ground plane. A one-sheet model [18] with all
current assumed to be flowing on the bottom side of the actual
thick line was used. Cell size is 2- m wide and 10- m long. The
-length through is 2000- m long and the box is 1000 m from
one sidewall to the other across the width. There is 1000 m of
air on top just below a perfectly conducting top cover. Analysis
was performed from 0.2 to 100 GHz with 41 logarithmically
spaced points. The results in Fig. 5 are for ports in a shielded
analysis with only shunt port capacitance, and there is no series
impedance.
In spite of the very high loss and significant loss induced
(calculated from the SOC
dispersion, the causal
) and the SOC calculated
agree almost
everywhere to within several tenths of an ohm. The difference
approaching 100 GHz appears to be due to the lowest box resonance at 140 GHz. When the box is made smaller, the resonance
moves up and the difference at 100 GHz disappears.
When using long calibration standards, as is the case here, a
problem can appear when the standard is an integer multiple of
and of (2) go to
one-half wavelength long. In this case,
zero and the impedance of the line is unavailable, even though
the deembedding is still valid. This is not a problem for the line
described here because it is lossy and, thus, the electrical length
is always complex and never equal to a pure real 180 .
The calibration standards used for Fig. 5 were modified to
artificially include a series inductance. This was done by narrowing each port 1 and port 2 linewidth to 4- m wide for a
distance of 10 m. The series inductive reactance is 20 at
100 GHz. The extended SOC calibration is repeated with the
results different from the pure capacitive ports on average by
0.1 , peak difference is 0.4 at 80 GHz.
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Fig. 6. When the L-length standard is a multiple of a half-wavelength long,
there is difficulty deembedding both shunt capacitive (shielded) and series
inductive (unshielded) port discontinuities.

The situation changes when there is low loss. We modify the
geometry used for Fig. 5 by making the substrate lossless. Metal
loss is retained. A full extended SOC is then used to determine
characteristic impedance, as described above. Fig. 6 shows the
SOC characteristic impedance result for both the pure shunt capacitive (shielded) ports and the series inductive (unshielded)
ports. The sharp drops in the inductive port characteristic impedances occur when the -length line is a multiple of a half-wavelength long. This makes sense when we realize that, at these
frequencies, such a line is itself a small series inductance. The
extended SOC cannot determine which of the three series inductors (two ports and one transmission line) is desired. The
problem becomes worse at higher frequencies as the series port
reactance increases. For this reason, if SOC is used to deembed
ports with series inductance, the -length line should be kept
at approximately a quarter-wavelength long for best accuracy.
If this precaution is exercised, the extended SOC may also be
used to deembed local grounds [19] in an unshielded environment. Failure modes for both SOC and double delay are also
detailed in [19], as well as [1], [5], and [6].
A small discontinuity is seen at the half-wave points for the
capacitive port discontinuity result as well, which is due to
and in (2) becoming small. Since both ports are pure shunt
capacitances, there is less difficulty in determining the small
series inductance of the half-wave-long line.
We also point out that there is no need for SOC deembedding
or the local ground deembedding in [19] to be restricted to ports
and connecting lines in a horizontal plane. The port connecting
-length lines may also be vertical (as in vias). This would be
convenient when deembedding ports intended for connection to
high-density integrated circuits, such as ball-grid arrays.
IX. CONCLUSION
This paper has described the unification of the double-delay
and SOC deembedding algorithms useful for deembedding EM
analysis results. Both algorithms are shown to be special cases
of an extended SOC algorithm.
The original SOC requires only a -length standard with a
third port in the center. It removes the port discontinuity and
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an length of line from the DUT. In its extended version, the
SOC requires an additional analysis of an -length line. With
this additional information, it can deembed just the port and
determine the characteristic impedance and electrical length of
the deembedding standard.
If the port discontinuity is specialized to a pure shunt admittance, as is the case with shielded analysis, then only the three-length SOC standard need be evaluated. The doubleport
delay standards may be determined from this, allowing evaluation of the characteristic impedance and allowing placement of
the reference plane at the port or at a distance toward the DUT
from the port.
When both electric wall and magnetic wall half-space analysis is available, the short and open -length standards are calculated directly, resulting in a 4.5 times faster evaluation of
the calibration standards. Unshielded analysis requires an additional analysis of an -length through in open space if characteristic impedance, zero reference plane shift, or the naked port
discontinuity are desired.
Applied to a shielded environment, the extended SOC provides a self-diagnostic check for deembedding failure, which is
critical to assure that analysis failure is detected prior to fabrication. This check is not currently available in an unshielded
environment and is highly recommended as an area of future research.
Finally, the TEM equivalent characteristic impedance, which
results from the extended SOC, is shown to correspond to a
causal (i.e., physical) system. The TEM equivalent characteristic impedance is the only characteristic impedance that is consistent with the current–voltage relations at the terminals of the
deembedding standards.
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