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Abstract—This article proposes a new approach, the
symmetric-reciprocal-match (SRM) method, for calibrating vec-
tor network analyzers (VNAs). The method involves using
multiple symmetric one-port loads, a two-port reciprocal device,
and a matched load. The load standards consist of two-port
symmetric one-port devices, and at least three unique loads
are used. However, the specific impedances of the loads are
not specified. The reciprocal device can be any transmissive
device, although a nonreciprocal device can also be used if
only the one-port error boxes are of interest. The matched load
is fully defined and can be asymmetric. We demonstrated the
accuracy of the proposed method with measurements of coaxial
standards using a commercial METAS traceable short-open-load-
reciprocal (SOLR) calibration kit with verification standards.
In addition, we presented a numerical Monte Carlo (MC) analysis
considering various uncertainty factors. An advantage of the
proposed method is that only the match standard is defined,
whereas the remaining standards are partially defined, either
through symmetry or reciprocity.

Index Terms— Calibration, microwave measurement, vector
network analyzer (VNA).

I. INTRODUCTION

HE most commonly used method for calibrating vector
network analyzers (VNAs) is the short-open-load-thru
(SOLT) method [1], which requires that all four standards to be
fully characterized or modeled. In the past, many VNAs used a
three-sampler architecture with three receivers. To account for
the nondriving port’s termination mismatches (switch terms),
the VNA is modeled with the well-known 12-term model [2].
This model forms the foundation of the SOLT calibration.
Nowadays, modern VNAs use a full-reflectometry archi-
tecture that allows for sampling all waves, thus directly
measuring the switch terms of a VNA by simply connecting
a transmissive device between the ports [3]. This upgraded
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architecture enabled the use of the simplified error box model
of VNAs [4], which has led to many new advanced calibration
methods that surpass the accuracy of SOLT [2]. Furthermore,
even with the three-sampler VNA architecture, it is possible
to indirectly measure the switch terms of the VNA using
a set of reciprocal devices, which enable the application of
the error box model [5]. A well-known family of calibration
methods based on the error box model is the self-calibration
methods [2], which do not require full characterization of
some of the standards. One of the most used self-calibration
methods nowadays is the short-open-load-reciprocal (SOLR)
method [6], which is the same as SOLT, but with any trans-
missive reciprocal device instead of the thru standard. SOLR
has proven useful in scenarios where a direct connection is
unavailable. However, the drawback of the SOLR method is
the requirement of the full definition of the short-open-load
(SOL) standards, which bounds the accuracy of SOLR to the
SOL standards.

Other self-calibration methods include thru-reflect-line
(TRL) and multiline TRL [7], [8], [9], [10], which use line
standards of different lengths, thru connection, and symmetric
unknown reflect standard. The thru standard in TRL is fully
defined. However, there is an implementation that eliminates
the requirement of the thru standard for any transmissive
device with an additional reflect standard [11]. While multiline
TRL is a very accurate calibration method, especially at
millimeter-wave frequencies, it cannot be applied at lower
frequencies, as it results in using an extremely long line stan-
dard. A common replacement for the multiline TRL method
for on-wafer application is the line-reflect-match (LRM), thru-
match-reflect-reflect (TMRR), and line-reflect-reflect-match
(LRRM) methods [12], [13], [14], [15]. These methods use
unknown symmetric reflect standards and one known match
standard. However, these methods suffer from some imprac-
ticality, especially in defining the line standard and shifting
the reference plane, as opposed to the TRL method. These
methods can also be extended to account for crosstalk [16],
[17], [18]. Additionally, due to the requirement of defining
the thru/line standard, such methods can be challenging to
use in on-wafer measurement scenarios where the probes are
orthogonal or at an angle [19].

In this article, we propose a new approach to self-calibration
of VNAs using multiple symmetric one-port loads, a two-port
reciprocal device, and a matched load. The multi-load one-
port standards are two-port symmetric loads, and at least three
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unique loads must be used. The values of the loads themselves
are not specified. For example, a short, an open, and any finite
impedance load would be suitable. The reciprocal device can
be any transmissive device. In fact, if we only care about the
one-port error boxes of the VNA, then the two-port device can
be any transmissive device, even if it is nonreciprocal. Lastly,
the matched load is fully defined but can be asymmetric. The
match standard can be implemented as part of the symmetric
one-port loads to reduce the number of standards. We refer
to this calibration method as the symmetric-reciprocal-match
(SRM) method. All standards are generally partially defined,
except for the match standard. We demonstrate the method
using synthetic data of coplanar waveguide (CPW) structures,
as well as measurements with commercial SOLR coaxial
standards.

A significant benefit of the proposed approach is that all the
standards are partially defined, except for the match standard.
This is in contrast to LRRM/LRM/TMRR approaches, which
necessitate fully defined thru/line standards. As a result, such
techniques can be challenging in the case of on-wafer setups
where the probes are positioned at an orthogonal angle.
Equivalently, the SOLR calibration addresses the problem of
the thru/line connection using any two-port reciprocal device
instead, but necessitates the specification of the remaining
standards. In brief, our SRM technique combines the bene-
fits of LRRM/LRM/TMRR techniques in utilizing undefined
symmetric standards, as well as the SOLR technique in
utilizing a two-port reciprocal device. This revised definition
of the standards enables accurate calibration by limiting the
definition to solely the match standard.

The remainder of this article is structured as follows.
In Section II, we discuss our SRM method when using a
thru standard instead of any reciprocal device, highlighting the
method’s fundamentals. Afterward, in Section III, we extend
the mathematics of the calibration to consider any trans-
missive reciprocal device. Section IV introduces a special
case of the SRM method when considering a fixed distance
between measuring ports, which is often the case in on-wafer
applications. Lastly, in Section V, we provide experimental
measurements using commercial METAS traceable coaxial
2.92 mm calibration and verification standards, as well as
numerical Monte Carlo (MC) analysis using synthetic data.
Finally, we conclude in Section VI.

II. SIMPLE CASE USING A THRU STANDARD

In the general case of SRM calibration, no thru standard
is required. Any transmissive reciprocal device would suffice.
If only the one-port error boxes are desired, any transmissive
device would be acceptable. However, the derivation of the
generalized SRM calibration is based on creating an artificial
thru standard via mathematical reformulation and additional
one-port measurements. The handling of the artificial thru
standard is explained in more detail in Section III. In this
section, we assume a fully defined thru standard to derive
the calibration workflow and extend it to the general case in
Section III.

To start the derivation, we use the error box model of a two-
port VNA, as illustrated in Fig. 1. This model is expressed in
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Fig. 1. Two-port VNA error box model. Matrices are given as T-parameters.
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Fig. 2. Two-port VNA error box model that illustrates the measurement of
one-port standards. All matrices are provided as T-parameters. The index i
indicates the measured standard, where i = 1,2, ..., M, with M > 3.

T -parameters as follows:

aj;  ap b1 b
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where Mg and Tgang represent the measured and actual
T -parameters of the standard, respectively. The matrices A
and B are the one-port error boxes containing the first six
error terms, and k is the seventh error term that describes the
transmission error between the ports.

For a thru standard, the measured 7' -parameters are provided
as follows:

My = kAB. 2

In the next step, we will focus on measuring one-port
standards. For the SRM method, we require at least three
symmetric two-port standards made from one-port devices,
and at least three of them should exhibit unique electrical
responses. Examples of such standards include short, open,
and impedance. It is not necessary to know the exact response
of the standards themselves. Fig. 2 provides an illustration of
the error box for one-port measurements.

The measured input reflection coefficient seen from each
port is given as follows:

anp® + an i _ biip® — by

ré = . ; = —
¢ azp® +1 b 1 —bipp®

3)
where ') and T ;i) are the ith measured reflection coefficients
from the left and right ports, respectively. The actual response
of the standard, which is assumed to be unknown, is denoted
by ,O(i).

The expression for the input reflection coefficient, as given
in (3), is in the form of a Mobius transformation (also known
as a bilinear transformation) [20]. One important property of
the Mobius transformation is that it can be described by an
equivalent 2 x 2 matrix notation. For instance, (4) provides a
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general Mobius transformation with coefficients a, b, ¢, d € C,
along with its corresponding 2 x 2 matrix representation

az+b a b
=+ d [f]—[c di|- (€]

In (4), we use brackets [-] to describe matrices associated
with a Mobius transformation. The transformation coefficients
are only unique up to a complex scalar multiple. This property
of the Mobius transform can be easily shown by multiplying
the numerator and denominator with a nonzero complex scalar.
In terms of matrix notation, scaling the matrix with a com-
plex scalar still represents the same Mobius transformation.
Therefore,

f@)=

f1=«lfl. «#0. ®)

The matrix representation of the Mobius transformation pos-
sesses an elegant property in its ability to describe composite
Mobius transformations. In essence, when we compose one
Mobius transformation with another, we obtain a new Mobius
transformation with updated coefficients. This property can be
expressed in matrix notation by computing the matrix product
of the individual Mobius transformations. To illustrate this
concept, we provide an example of the composition of two
Mobius transformations fi(z) and f>(z), which are defined as

follows:
a1z + bl ai b]
= — = 6
f1(2) ot [f1] [61 di (62)
@+ by a b
f2(2) ot d [f2] |:62 dy (6b)
The composite transformation is given as follows:
_ _ a1 fo(2) + b
8(@) = (fio f2)(2) = 0 h@ +d;
_ (may +bic))z+ aiby + bidy 7

 (axc1 + cd)z + bycy +didy”
Therefore, the corresponding matrix equivalent of the com-

posite Mdbius transformation g(z) is given as follows:
1= |0 aRERET e @
gl = = 1 2
acy + cad, byc1 +dds

which is the same as multiplying the matrices [ fi] and [ f>].
Using matrix notation for the Mobius transformation,
we can describe the input reflection coefficient measured from

the left port as follows:
o ay  ap
[T’ = )

any 1

o _ anp? +an
¢ az p® +1

A

To address the error box on the right side, we perform a
similar process as before, but instead of using the measured
reflection coefficient, we reformulate in terms of the reflec-
tion coefficient p® as a function of the measured reflection
coefficient Ff)’), which is given as follows:

por=| ' P o

<> =

P b, b
_—

PBP

i) _ F[(,l) + b21
ble,ﬁ’) + by
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where P is a 2 x 2 permutation matrix defined as
0 1
—_ pT — p-1 _
P=pP =P _[1 O}' (11)

By composing (10) with (9), we obtain a new Maobius
transformation that describes the input reflection coefficient
from the left port using measurements of the right port. This
relationship can be written as follows:

0 _ hllrl()l:) + hip
¢ h2lr;(,l) + hap

Here, we use the variable H to describe the MGobius
transformation in (12) and differentiate it from the Mobius
transformation in (9) to avoid confusion. It is important to note
that both transformations are different, as they have distinct
input parameters.

Due to the composite property of Mobius transformations,
the coefficients of the transformation can be expressed as
follows:

<_>[rfj>]:H:[h“ h”]. (12)
hyt ho

H =vAPBP VYv #0. (13)

It is important to note that the constant v is included because
the coefficients of a Mobius transformation can only be defined
up to a nonzero complex-valued scalar constant.

By solving for the coefficients h;;, we can determine (13).
This equation is later used for establishing the calibration
procedure by combining it with the thru standard. Since the
coefficients h;; are defined by the Mobius transformation
in (12), which is based on the measurements of the symmetric
one-port standards, we can rewrite the Mobius transformation
as a linear system of equations in terms of its coefficients.
Assuming that M > 3 one-port standards were measured, the
coefficients h;; can be described as follows:

o,
S TRV N P

=0. (14

: : : : haj (1
—F;M) 1 FZSM)FIEM) ron hao
h

G

The solution for the vector k is found in the nullspace of
G, as the system matrix G contains at least one nullspace due
to the equality to zero in (14). We may have more than one
nullspace, but only if rank(G) < 3, which can only happen if
we do not use at least three unique one-port standards.

While the nullspace G satisfies the solution of (14), we can
optimally estimate the nullspace of G in the presence of
disturbance by computing its singular value decomposition
(SVD) and using the right singular vector that corresponds to
the smallest singular value [21]. As G is of dimension 4 (i.e.,
number of columns), it has four singular values and vectors.
We decompose the matrix G using SVD as follows:

4

H

G = E SiU;v;
i=1

where s; is the ith singular value, while u; and v; are the ith
left and right singular vectors, respectively. The conventional

15)
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ordering of the singular values is in decreasing order. There-
fore, the smallest singular value is s4. Hence, the solution for
h is given by the fourth right singular vector as follows:

h = v.. (16)

Now that we have solved for h, and hence H in (13),
we can combine the measurements of the thru standards with
the results of H to form an eigenvalue problem regarding the
error box coefficients. The combined result for the left error
box is defined as follows:

k
My PH ' ==-APA7". (17)
V

Although (17) is not strictly in the canonical form for
an eigenvalue decomposition, as the middle matrix is not
diagonal, it can still be decomposed because the middle matrix
is a constant permutation matrix. If we apply the eigendecom-
position to (17), we obtain the following decomposition:

k
MyowPH ' = —APA™"' = W, AW,! (18)
vV

where the matrix W, corresponds to the eigenvectors, and the
matrix A corresponds to the eigenvalues. Both are calculated
as follows:

r (a) (a) ap +ap —ap +ap
Wy Wiy
Wa= (a) (a) - axn +1 —an +1 (19a)
LWsy Wy 1 1
k
am|™ O v (19b)
Lo x| K
v

Generally, the order of the eigenvectors and eigenvalues is
not unique. To ensure the correct order, we need to know the
value of k/v. However, this term is still unknown at this stage.
After solving for the error terms using both possible solutions,
the sorting is done through trial and error. For instance, once
the error terms have been solved, we could use one of the
one-port standards as a metric to determine the correct order.

We can solve the eigenvalue problem for matrix B by
reversing the multiplication order of the matrices in (17). This
gives us the following equation:

k

(PH ' My = “BPBTT =W,AW, ' (20)

Using the transpose operation is optional, but it allows us
to derive the eigenvectors in a similar order as with the left
error box. As a result, the eigenvectors and eigenvalues are
given as follows:

0 ®) bii+by  —bi + by
Wiy Wiy
Wo=| o ol=1] bttt —bn+1 | (2la)
| Wy Wy 1 1
_ k
az|™ 0 P 21b)
B [0 X o K
V

Finally, we need an additional equation for each port to
calculate the error terms from each error box. This equation
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comes from the match standard, which defines the reference
impedance of the calibration. In general, the match standard
does not have to be the same at each port. However, since we
are most likely to use an impedance standard as part of the
symmetric one-port devices, it makes sense to reuse the match
standards. For each port, the reflection coefficient of a match
standard is given as follows:

(m) __ Z(Sm) — Z(Sref) .

(m) (ref)
_ m _ Zb_—Z
a Zt(lm) + Z(Sreﬂ

Py = W (22)
where Z{™ and Z,(,'") represent the complex impedance defi-
nition of the match standard from each port. The user sets the
values of Z{™D and def) to specify the reference impedance,
for example, 50 €.

By utilizing knowledge of the match standard and the
equation that describes the input reflection coefficient, as given
in (3), we can combine this result with the eigenvectors to form
a linear system of equations for each port. The following is
for the left port:

(a) (@) a
-1 -1 w wy ai;
1 -1 —w? w? wr | =0 23
_,m  _1 pmym  pem ||
pu a pa a l

The system of equations for the right port can be obtained in
a similar way, resulting in the following system of equations:

S R R I

Lo e el ([ =0 e
(m) (m) _(m) (m) 12
—Pp 1 =Ly p, r, 1

The error terms are solved by finding the nullspace of the
system matrix. However, since the nullspace is only unique
up to a scalar factor, we normalize it by the last element to
make it equal to 1. The system matrix can be extended by an
arbitrary number of defined impedance standards to improve
the solution. It is important to note that we obtain two systems
of equations for each port since the order of the eigenvectors
is unknown. As a result, we solve for both possible orderings
and choose the answer that results in a calibrated measurement
closest to a known estimate, like the usage of a reflect standard.

An interesting observation to note is the structure of
(23) and (24), where the first two rows in the system matrix
obtained from the eigenvectors resemble measurements of
ideal short and open standards. In general, the expression
of (23) and (24) are identical to that of a one-port SOL cali-
bration when assuming ideal short and open standards. Thus,
we were able to replicate measurements of ideal open and
short standards using symmetric undefined one-port devices
and a thru standard.

The final error term that needs to be solved is the transmis-
sion error term k. Since we are working with a thru standard,
we can directly extract k by multiplying the inverse of the
one-port error boxes by the measurements of the thru standard.
In Section III, we introduce a different approach for computing
k using any transmissive reciprocal standard, as done in SOLR
calibration [6].
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III. GENERALIZATION WITHOUT A THRU STANDARD

In Section II, we explained how to calculate the error
terms using at least three symmetric one-port standards, a thru
standard, and a match standard. The thru standard can cause
difficulties, as it is not always possible to physically achieve
such a standard.

The equations derived in Section II can be used without
changes if we obtain an equation similar to that of a thru
standard, as given in (2). Therefore, this section aims to derive
what we will refer to as a virtual thru standard using additional
one-port standards.

The necessary standards, excluding the match standard, for
the generalized SRM calibration are shown in Fig. 3. The
network standard is an unknown transmissive two-port stan-
dard. This standard does not need to be reciprocal for deriving
only one-port error terms. The additional network-load stan-
dard uses the same two-port network standard and the same
one-port symmetric standards. As mentioned in Section II,
we require at least M > 3 one-port symmetric standards.
Hence, we also need a corresponding network-load stan-
dard for every symmetric one-port load standard. Generally,
we only need the network-load standard from one port, which
could be from either ports.

Based on the network standard, the following measurement
is available:

—det(S) Sy
M, =ka| 52 S| p (25)
—S» 1
So1 S21
N

where det(S) = 51152 — S12521.

A similar expression to the matrix H in (13) can be
obtained using the network-load standard from the left port
and the load standards from the right ports. This results in an
expression similar to (13), but with A replaced by AN and
with an adjustment to the scaling factor. The scaling factor
is unknown and does not need to be equal to the constant
in (13). We can also achieve the same result by considering
the network-load standards from the right port and symmetric
load standards from the left port. As a result, combining the
network-load standards with the symmetric load standards,
we obtain the following result for each port depending on
where the network-load standard was implemented:

F,=nANPBP ¥y #0
F,=(APNBP V¢ #0.

(26a)
(26b)

Using the results of My, H, and F from (25), (13),
and (26), respectively, we can create a virtual thru standard
by combining them in the following manner:

My = HF'M,o = ~kAB (27a)
n

My = MnetPFb_lHP = ?kAB. (27b)

Therefore, we can obtain a thru measurement without mea-
suring a thru standard using the results of (27). We simply
use the results from Section II and substitute (27) in place

1001911
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Fig. 3. Two-port VNA error box model illustrating the standards used to
create a virtual thru standard. All matrices are provided as T-parameters. The
index i indicates the measured standard, where i = 1,2, ..., M, with M > 3.

of the thru measurements. The only difference we obtain are
the eigenvalues, which result in £k /5 or +k/¢. However, this
change does not affect anything, as v, n, and ¢ are the result
of the normalization choice of the Mobius transformation and
are assumed regardless unknown.

To complete the two-port calibration, we must solve for
the transmission error term k. We can use the same method
as in SOLR calibration [6] by calculating k through the
determinate of the one-port corrected measurement of the
network standard, given that it is reciprocal (i.e., Sp; = Si2).
Assuming the network standard is indeed reciprocal, we can
solve for k by first applying the one-port error boxes to the

measurement of the network standard as follows:
A"'M, B ' =kN. (28)

Afterward, by taking the determinant from both sides,
we obtain the following:

det(A™' My B™") = k* det(N).. (29)
——
=1
Hence, k is solved as follows:
k=+/det(A" My B~ (30)

where the selection of the appropriate sign is determined by
comparing it to a known estimate of the network.

IV. SPECIAL LAYOUT FOR ON-WAFER APPLICATION

The presented SRM calibration method applies to any
measurement setup where the standards can be implemented.
However, a particular case for on-wafer calibration arises when
considering that the distance between the probes must remain
constant. Semi-automatic probe station users often request this
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requirement, where only the chuck platform is motorized. For
these measurement setups, the standards must be implemented
with a constant distance between the probes to perform the
calibration automatically.

Considering the standards depicted in Fig. 3, we can see that
the right probe would need to be moved to the right to measure
the network-load standard. The network standard already dic-
tates the distance between the probes, and cascading another
standard would naturally increase the spacing, requiring probe
movement.

In planar circuit calibration, as in on-wafer measurement
setups, we can advantageously apply the property of the
network standard to represent any symmetric transmissive
network. Hence, we can split the network into two cascaded
flipped asymmetric networks. With this notation, we can use
half of the network to define the network-load standard.
An illustration of CPW standards is depicted in Fig. 4.

For any symmetric network (i.e., S;; = S;;), we can divide
its T-parameters into two cascaded networks that are identical
and flipped [22]. This network can be expressed as follows:

N= R PR'P 31
N — e’
left half right half

where P represents the permutation matrix, as defined in (11),
and R is the half-asymmetric part of the network standard.

By substituting (31) into (25), and the right and left half-
networks into (26a) and (26b), respectively, we obtain the
following expressions:

M,.=kARPR'PB (32a)
F,=nARPBP Vn#0 (32b)
F,=CAR'PBP V{ #0. (32¢)

Therefore, by combining the results of the above expres-
sions with H from (13), we create a virtual thru standard as
follows:

My = HFa_]Mne[PH_lFaP =kAB
Mthru = FbH_ane[PF;lHP =kAB.

(33a)
(33b)

With the virtual thru standard being established, the remain-
ing calibration process follows the same procedure discussed
in Section III.

One elegant application using half-network standards is the
use of angled calibration. This method involves positioning the
probes at an angle rather than facing each other. Traditional
calibration methods such as TRL, LRM, and LRRM do
not allow this type of calibration, whereas SOLR is often
used for such scenarios [19]. Fig. 5 illustrates a potential
implementation of the network and half-network standards at
a 90° angle.

V. EXPERIMENTS

Two experiments are described in this section. In the first
experiment, measurements were performed using METAS
traceable coaxial standards and the SRM method was
compared with SOLR calibration. The second experiment
demonstrates the application of the SRM method for on-
wafer calibration. Since the SRM method presented here is
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Fig. 4. Ilustration of CPW structures implementing the proposed
half-network approach of SRM calibration. The match standard is optional

if the symmetric impedance standard is reused as the match standard.

Half network plane

Short Open Impedance

Py

Network Half network-loads

1 |
KCalibration plane

Fig. 5. Tllustration of CPW structures implementing the half-network-load
standards in an orthogonal orientation. The symmetric one-port standards
are not shown, as they do not pose any mechanical challenge in orthogonal
orientation.

new, there are no commercially available impedance substrate
standard (ISS) kits that contain all the necessary standards,
especially the network-load standards. Therefore, we decided
to perform a MC analysis using synthetic CPW data based on
an actual on-wafer setup. The SRM standards were generated
using a validated CPW model to analyze the impact of various
uncertainties on the SRM calibration.

A. Coaxial Measurements

The measurement involves the comparison of the proposed
SRM method with a SOLR calibration using a commercial
METAS traceable calibration kit with a 2.92 mm interface. The
calibration results are compared using verification standards
with defined uncertainty bounds that is also traceable to
METAS. The VNA used for the measurement is the ZVA
from Rohde & Schwarz (R&S), and the calibration kit used
is the ZN-Z229 2.92 mm kit from R&S. The standards used
from the kit include short, open, and match standards with
female interfaces, as well as two adapters with female—female
and female-male interfaces of equal length. An SOLR cali-
bration was conducted using the short, open, match standards,
and female—female adapter, while assuming that the adapter
standard is unknown during the SOLR calibration process.

For the implementation of SRM standards, the symmetri-
cal standards are directly measured by connecting the three
one-port devices at both ports. The female—female adapter is
used to represent the reciprocal network. For the network-
load standard, the symmetrical one-port devices are connected
to the female-male adapter and measured at the left port.
In all steps, the standards are assumed unknown, except for
the match standard, which is only defined in the final step
of the calibration via (23) and (24). An example that illustrates
the measurement of the standards is shown in Fig. 6.

The verification kit utilized for the comparison is the
ZV-7429 2.92 mm kit from R&S. The kit contains a mis-
match standard and an offset short standard with female
interfaces. These verification standards have been previously
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standard. (b) Adapter (network). (c) Load connected with an adapter (net-
work-load).

Example photographs of measured coaxial standards. (a) Load

Mismatch Offset Short
-15 0.6
— ~ 03
@ -20 W @
= =
= = 00
5 —25 | == Reference E
-@- SOLR —-0.3
~¥#- SRM
-30 —-0.6
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Frequency (GHz) Frequency (GHz)
300 150
~ 200 ~ 120
@ @
S & Poatootu. gt g
5 10} g o BB DeDeg| o O
3 3
3 o 3 60
o o
© 100 30
-200 0
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Frequency (GHz) Frequency (GHz)
0 0

-20

—40

S11 error (dB)
S11 error (dB)
A
o

—60

-80 -80
0 5 10 15 20 25 30 35 40 0 5
Frequency (GHz)

10 15 20 25 30 35 40
Frequency (GHz)

Fig. 7. Comparison of calibrated mismatch and offset short verification kits
using SOLR and SRM methods. The uncertainty bounds are of the reference
measurement and reported as 95% Gaussian distribution coverage.

characterized by the manufacturer with traceability to METAS,
and their S-parameters are provided with uncertainty bounds.
To verify the accuracy of the calibration, we define an error
metric as the magnitude of the error vector of the calibrated
response to the reference response given by

Error;; (dB) = 20log,|S5" — S5 (34)

where Sicj?‘l and Sl.‘;f represent the calibrated and reference
values, respectively.

The results from calibrating the mismatch and offset short
verification kit using both SOLR and SRM calibration methods
are depicted in Fig. 7. The plots reveal that both calibration
methods produced similar outcomes, with errors relative to
the reference data of the verification kit remaining below
—30 dB. To facilitate visual comparison, we opted to plot
the group delay instead of the phase. In both, the SOLR and
SRM calibration, the group delay overlaps with the reference
data for both mismatch and offset short. However, we observe
a small discrepancy in the magnitude response of the offset
short standard after 15 GHz, where ripples can be observed.
Nevertheless, this falls within the uncertainty bounds of the
magnitude response of the offset short.

It is difficult to determine the exact cause for the ripple
in the calibrated magnitude response of the offset short. This
ripple is small and falls within the uncertainty bounds defined
by METAS. One possible explanation for this variation could
be the difference between the female—female and female—male
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Fig. 8. X-ray inspection of the female—female and female-male adapters.

TABLE I

PIN GAP OF PAIRED CONNECTORS. VALUES ARE REPORTED IN pm.
THE PIN DEPTH GAUGE HAS A RESOLUTION OF 2.54 um
(0.0001 in). THE LETTER “F” STANDS FOR FEMALE
(JACK) AND “M” FOR MALE (PLUG)

Short Open Match  Adapter  Adapter
) () ) (ff) (fm)
Port 1 3175 3175 3175 3556 5461
(m)
Port2 3175 3175 3175 3683 ;
(m)
Adapter 51 55 3175 3175 ; -
(fm)

adapters. The adapters have the same length and cross section,
as shown in the X-ray image in Fig. 8. In theory, they should
have the same response after pairing, as they result in a
smooth continuation of the 2.92 mm interface [23]. However,
the female interface has a slotted design, which makes this
continuation not entirely smooth. Additionally, the presence of
pin gaps affects different calibrations in different ways [24],
[25], [26], [27]. The pin gaps after pairing for the measured
standards are summarized in Table I.

Table I indicates that all one-port standards have the same
pin gap at both ports, while the female—female adapter deviates
slightly. Furthermore, the table reveals that the adapter stan-
dard used to create the network-load standard (female—male)
has the largest pin gap at the port interface (i.e., 54.61 pm).
This discrepancy is also apparent in the X-ray images in Fig. 9.

The ripple observed in the magnitude response of the offset
short standard is also noticeable when analyzing the error
between the extracted error terms of the SOLR and SRM
calibrations, as shown in Fig. 10. It is clear that both ports
have ripple in the source match term. The source match term
describes the reflection at the calibration plane, where the
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Fig. 9. X-ray inspection of paired standards: (a) load standard,
(b) female—female adapter (network), and (c) load connected with a
female-male adapter (network-load).
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SOLR and SRM methods.

effects of the pin gap would be most pronounced [28]. This
could also explain the fact that the SOLR calibration did not
show such ripple, since all one-port standards have the same
pin gap, and the discrepancy in the female—female adapter is
not relevant since it is only used to solve the seventh error
term, which depends only on the reciprocity property of the
network.

A final comparison is made comparing the calibrated
female—female adapter with both calibration methods. In both
SOLR and SRM methods, the adapter was assumed to be
unknown but reciprocal during the calibration process. The
reference S-parameters of the adapter were provided by the
manufacturer and used to establish the error metric. However,
no uncertainty bounds were available. Fig. 11 depicts the
calibrated adapter derived from both SOLR and SRM methods.
These measurement results are compared to the reference S-
parameters of the adapter. Both calibration procedures deliver
comparable results with similar errors.

Although SOLR and SRM delivered similar results in this
experimental example, it is important to note that for the SOLR
method, all SOL standards already have been characterized
beforehand, whereas for the SRM method only the match stan-
dard must be characterized. In addition, it is noteworthy that
we achieved results comparable to metrology-level calibration
using only S-parameter definition of a single standard, namely
the match standard, which sets the reference impedance.
This can be particularly advantageous when using economical
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coaxial calibration kits, as the S-parameters of the open and
short standards do not need to be specified.

B. Statistical Numerical Analysis

The procedure for the numerical analysis involves creating
synthetic data of CPW standards using the model developed in
[29], [30], and [31]. To emulate an on-wafer setup accurately,
we utilize error boxes from an actual on-wafer setup that was
extracted using multiline TRL calibration on an ISS kit. Details
on the measurement setup can be found in [10], where the
accuracy of the CPW model was tested, and the measurement
datasets are available via [32]. In this numerical setting, the
objective is to generate SRM standards based on the CPW
model and embed them in the error boxes of the actual VNA
setup, introducing different randomness at each iteration to
perform the MC analysis. A block diagram summarizing this
numerical experiment is depicted in Fig. 12.

Regarding the geometric parameters of the CPW structure
used for simulation, we employed the following values, which
are based on the measured ISS [10]: signal width of 49.1 um,
ground width of 273.3 um, conductor spacing of 25.5 um,
and conductor thickness of 4.9 um. The substrate is made
of lossless Alumina with a dielectric constant of 9.9. The
conductor is made of gold with conductivity of 41.1 MS/m.

For the SRM standards, we implemented match, short, and
open standards as non-ideal standards, as shown in Fig. 13.
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Fig. 13. Models used to simulate non-ideal load standards. (a) 50

match standard with Ly = 5 pH,Cop = 0.5 f{F, (b) short stan-
dard with Lo = 10 pH,Cop = 0.5 fF, and (c) open standard with
Co = 10 fF, Ly = 0.5 pH. All standards are offset by a 200 um CPW
line segment.
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Fig. 14. Block diagram showing the inclusion of crosstalk in the MC analysis.

To create the network-load standards, we used a 4 mm CPW
line as the reciprocal standard, which is combined with the
non-ideal match, short, and open standards. Additionally,
as discussed in Section IV, we created half-network-load
standards using half of the reciprocal standard, i.e., a 2 mm
CPW line. The reference impedance for both ports was set to
Z0eh = 7z — 50 Q. It is worth noting that in the SRM
calibration procedure, all standards are not specified, except
for the match standard that sets the reference impedance.

Various sources of uncertainty were considered in the MC
analysis, including VNA noise, asymmetry in the one-port
standards, variation in the reciprocal network, variation in
the match standard, and crosstalk. To model VNA noise
in the MC analysis demonstration, Gaussian noise with a
standard deviation of oye = 0.001 was employed [10].
To introduce asymmetry, we introduced a 10% Gaussian
variation in the lumped elements of the one-port standards
in Fig. 13 and cross-sectional variation in the CPW offset
segment [10]. Similarly, the reciprocal standard was varied
by adjusting the CPW cross section parameters [10] and the
length uncertainty of £20 pum. The match standard was cre-
ated separately and perturbed similar to the one-port standards.
To introduce crosstalk, we included a capacitive coupling
between the symmetric one-port standards using a randomly
assigned capacitor, as shown in Fig. 14. The capacitance
has a standard deviation of o¢, = 0.25 fF, corresponding
to a standard deviation coupling of approximately —30 dB
at 150 GHz.

To verify the accuracy of the calibration, we included a
stepped impedance line as device under test (DUT), which
uses the same CPW structure with the only exception of
signal width equal to 15 um. The data have been processed
using Python with the help of the package scikit-rf [33]. The
frequency response o of the DUT before and after embedding
it in the error boxes is depicted in Fig. 15.
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Fig. 17. Uncertainty budget of the calibrated DUT due to various uncertainty
sources in SRM calibration based on the full-network approach, reported as
95% Gaussian distribution coverage.

After conducting 5000 runs of the MC analysis, we obtained
the results illustrated in Fig. 16. The figure displays the
mean-value of the calibrated DUT and the uncertainty bounds
based on the full and half-network variants. As can be seen
from the figure, the mean value of the MC analysis is in
agreement with the reference data of the DUT, indicating a
proper convergence of the MC simulation. On the other hand,
the uncertainty bounds of both full and half-network variants
show similar values, with the half-network showing slightly
higher uncertainty, which is probably due to the fact that the
reciprocal network used in the network-load standards requires
a stricter requirement of being half of the reciprocal network.

To examine the impact of each uncertainty source,
we repeated the MC analysis, considering each uncertainty
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source individually. The results in Figs. 17 and 18 show the
uncertainty budget for the full and half-network cases, respec-
tively. The calibration process is mainly influenced by the
symmetric and reciprocal standards since these standards must
be symmetric for the one-port standards, and the reciprocal
network needs to be replicated in the network-load standards.
Interestingly, the smallest contributor to the uncertainty bud-
get is the crosstalk. Noise has a minor effect compared to
the uncertainty in calibration standards, but is slightly more
significant than crosstalk. Finally, the match standard shows
most of its impact on the S;; response, while a minor impact
can be seen in the Sp; response.

As already observed in Fig. 16, the half-network approach
shows a slightly higher overall uncertainty than the full-
network approach. However, it should be noted that only with
the half-network approach is it possible to implement the
standards at a constant distance, as illustrated in Fig. 4.

VI. CONCLUSION

This article presents a new VNA calibration method based
on partially defined standards. The proposed SRM method uses
one-port symmetric standards, a two-port reciprocal device,
a combination of the reciprocal device with the one-port
device, and a match standard. Only the match standard must
be characterized among all standards, defining the calibration’s
reference impedance.

We have extended our proposed method to the particular
case of an on-wafer setup, where the probes are fixed in
distance. To do this, we restricted the two-port reciprocal
device to be symmetric, allowing us to use half of it to define
the network-load standards.

To validate the effectiveness of the proposed SRM method,
we conducted coaxial measurements, demonstrating its capa-
bility to achieve results comparable to metrology-level
accuracy while relying solely on the provided S-parameters
of the match standard. Additionally, an MC analysis of the
SRM method was performed using synthetic data based on
CPW model and error boxes derived from an actual on-wafer
measurement setup. This numerical analysis aimed to evaluate
various sources of uncertainty impacting the calibration pro-
cess. Our findings highlighted the significance of variations
in symmetrical standards and the influence of the reciprocal
network, which plays a crucial role as part of the network-load
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standards. Interestingly, crosstalk showed minor influence
compared to other sources of uncertainties.

ACKNOWLEDGMENT

The authors would like to thank the ebsCENTER, Graz,
Austria, for providing access to their X-ray equipment.

REFERENCES

[1] W. Kruppa and K. F. Sodomsky, “An explicit solution for the scattering
parameters of a linear two-port measured with an imperfect test set
(correspondence),” IEEE Trans. Microw. Theory Techn., vol. MTT-19,
no. 1, pp. 122-123, Jan. 1971.

[2] A. Rumiantsev and N. Ridler, “VNA calibration,” IEEE Microw. Mag.,
vol. 9, no. 3, pp. 86-99, Jun. 2008.

[3] J. A. Jargon, D. F. Williams, and A. Sanders, “The relationship between
switch-term-corrected scattering-parameters and wave-parameters mea-
sured with a two-port vector network analyzer,” IEEE Microw. Wireless
Compon. Lett., vol. 28, no. 10, pp. 951-953, Oct. 2018.

[4] R. B. Marks, “Formulations of the basic vector network analyzer error
model including switch-terms,” in Proc. 50th ARFTG Conf. Dig., vol. 32,
Dec. 1997, pp. 115-126.

[5] Z. Hatab, M. E. Gadringer, and W. Bosch, “Indirect measurement of
switch terms of a vector network analyzer with reciprocal devices,”
IEEE Microw. Wireless Technol. Lett., vol. 33, no. 11, pp. 1588-1591,
Nov. 2023.

[6] A. Ferrero and U. Pisani, “Two-port network analyzer calibration using
an unknown ‘thru,”” IEEE Microw. Guided Wave Lett., vol. 2, no. 12,
pp- 505-507, Dec. 1992.

[71 G.F. Engen and C. A. Hoer, “Thru-reflect-line: An improved technique
for calibrating the dual six-port automatic network analyzer,” IEEE
Trans. Microw. Theory Techn., vol. MTT-27, no. 12, pp. 987-993,
Dec. 1979.

[8] R.B. Marks, “A multiline method of network analyzer calibration,” IEEE
Trans. Microw. Theory Techn., vol. 39, no. 7, pp. 1205-1215, Jul. 1991.

[9] Z. Hatab, M. Gadringer, and W. Bosch, “Improving the reliability of
the multiline TRL calibration algorithm,” in Proc. 98th ARFTG Microw.
Meas. Conf. (ARFTG), Jan. 2022, pp. 1-5.

[10] Z. Hatab, M. E. Gadringer, and W. Bosch, “Propagation of linear
uncertainties through multiline thru-reflect-line calibration,” IEEE Trans.
Instrum. Meas., vol. 72, pp. 1-9, 2023.

[11] Z. Hatab, M. E. Gadringer, and W. Bosch, “A thru-free multiline
calibration,” IEEE Trans. Instrum. Meas., vol. 72, pp. 1-9, 2023.

[12] H.-J. Eul and B. Schiek, “Thru-match-reflect: One result of a rigorous
theory for de-embedding and network analyzer calibration,” in Proc.
18th Eur. Microw. Conf., Sep. 1988, pp. 909-914.

[13] W. Zhao et al, “A unified approach for reformulations of
LRM/LRMM/LRRM calibration algorithms based on the T-matrix rep-
resentation,” Appl. Sci., vol. 7, no. 9, p. 866, Aug. 2017.

[14] A. Rumiantsev, T. Fu, and R. Doerner, “Improving wafer-level calibra-
tion consistency with TMRR calibration method,” in Proc. 91st ARFTG
Microw. Meas. Conf. (ARFTG), Jun. 2018, pp. 1-4.

[15] L. Hayden, “An enhanced line-reflect-reflect-match calibration,” in Proc.
67th ARFTG Conf., Jun. 2006, pp. 143-149.

[16] D. F. Williams, E-J. Schmiickle, R. Doerner, G. N. Phung, U. Arz, and
W. Heinrich, “Crosstalk corrections for coplanar-waveguide scattering-
parameter calibrations,” IEEE Trans. Microw. Theory Techn., vol. 62,
no. 8, pp. 1748-1761, Aug. 2014.

[17] K. Dahlberg and K. Silvonen, “A method to determine LRRM calibration
standards in measurement configurations affected by leakage,” IEEE
Trans. Microw. Theory Techn., vol. 62, no. 9, pp. 2132-2139, Sep. 2014.

[18] Y. Wang et al., “An advanced calibration method for probe leakage
correction in on-wafer test systems,” IEEE Trans. Microw. Theory
Techn., vol. 71, no. 2, pp. 682—690, Feb. 2023.

[19] S.Basu and L. Hayden, “An SOLR calibration for accurate measurement
of orthogonal on-wafer DUTSs,” in IEEE MTT-S Int. Microw. Symp. Dig.,
Jun. 1997, pp. 1335-1338.

[20] T. Needham and R. Penrose, Visual Complex Analysis: 25th Anniversary
Edition. Oxford, U.K.: Oxford Univ. Press, Feb. 2023.

[21] G. Strang, “The fundamental theorem of linear algebra,” Amer. Math.
Monthly, vol. 100, no. 9, pp. 848-855, Nov. 1993.



HATAB et al.: SYMMETRIC-RECIPROCAL-MATCH METHOD FOR VECTOR NETWORK ANALYZER CALIBRATION

[22] R. Marks and D. Williams, “A general waveguide circuit theory,”
Nat. Inst. Standards Technol., Gaithersburg, MD, USA, NIST JRES
Tech. Rep. 97, 1992.

IEEE Standard for Precision Coaxial Connectors at RF, Microwave,
and Millimeter-Wave Frequencies—Part 1: General Requirements, Def-
initions, and Detailed Specifications, IEEE Standard 287.1-2021, 2022,
pp. 1-136.

J. P. Hoffmann, P. Leuchtmann, and R. Vahldieck, “Pin gap investiga-
tions for the 1.85 mm coaxial connector,” in Proc. Eur. Microw. Conf.,
Oct. 2007, pp. 388-391.

J. P. Hoffmann, P. Leuchtman, J. Ruefenacht, and K. Wong,
“S-parameters of slotted and slotless coaxial connectors,” in Proc. 74th
ARFTG Microw. Meas. Conf., Nov. 2009, pp. 1-5.

K. Wong and J. Hoffmann, “Improve mm-wave measurement repeatabil-
ity and accuracy by increasing coaxial connector pin gap,” in Proc. IEEE
26th Conf. Electr. Perform. Electron. Packag. Syst. (EPEPS), Oct. 2017,
pp. 1-3.

A. Lewandowski, L. J. Opalski, W. Wiatr, A. Golaszewski, and
A. Abramowicz, “First-order modeling of errors due to coaxial con-
nector interface,” IEEE Trans. Microw. Theory Techn., vol. 67, no. 2,
pp- 787-799, Feb. 2019.

EURAMET. (Mar. 2018). Guidelines on the Evaluation of Vec-
tor Network Analysers (Calibration Guide no. 12 Version 3.0).
[Online]. Available: https://www.euramet.org/publications-media-centre
/calibration-guidelines

G. N. Phung, U. Arz, K. Kuhlmann, R. Doerner, and W. Heinrich,
“Improved modeling of radiation effects in coplanar waveguides with
finite ground width,” in Proc. 50th Eur. Microw. Conf. (EuMC),
Jan. 2021, pp. 404-407.

F. Schnieder, T. Tischler, and W. Heinrich, “Modeling dispersion and
radiation characteristics of conductor-backed CPW with finite ground
width,” IEEE Trans. Microw. Theory Techn., vol. 51, no. 1, pp. 137-143,
Jan. 2003.

W. Heinrich, “Quasi-TEM description of MMIC coplanar lines including
conductor-loss effects,” IEEE Trans. Microw. Theory Techn., vol. 41,
no. 1, pp. 45-52, Jan. 1993.

Z. Hatab, 2023, “Linear uncertainty propagation in multiline TRL
calibration: Dataset and code,” GitHub, doi: 10.3217/GVZYW-1EA97.
A. Arsenovic et al., “scikit-rf: An open source Python package for
microwave network creation, analysis, and calibration [speaker’s cor-
ner],” IEEE Microw. Mag., vol. 23, no. 1, pp. 98-105, Jan. 2022.

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

(32]

[33]

Ziad Hatab (Student Member, IEEE) received the
B.Sc. and Dipl.-Ing.(M.Sc.) degrees in electrical
engineering from the Graz University of Technology,
Graz, Austria, in 2018 and 2020, respectively, where
he is currently pursuing the Ph.D. degree with the
Institute of Microwave and Photonic Engineering.

He joined the Christian Doppler Laboratory for
Technology Guided Electronic Component Design
and Characterization (TONI), Graz University of
Technology, as a Research Member, in 2020. His
research focuses on measurement techniques and
calibration methods at millimeter-wave frequencies and beyond.

1001911

Michael Ernst Gadringer (Senior Member, IEEE)
received the Dipl.-Ing. and Dr.techn. degrees from
the Vienna University of Technology, Vienna,
Austria, in 2002 and 2012, respectively.

He is currently an Associate Professor at the Insti-
tute of Microwave and Photonic Engineering, Graz
University of Technology, Graz, Austria. During his
studies, he was involved in designing analog and
digital linearization systems for power amplifiers and
behavioral modeling of microwave circuits. He has
authored more than 20 journals and 50 conference
papers. His current research focuses on planning and implementing com-
plex measurements, and emphasizing calibration techniques and material
characterization.

Dr. Gadringer was a member of the IEEE 1765 Standard Working
Group on the recommended practice for estimating the error vector mag-
nitude of digitally modulated signals. In addition, he is contributing
to the IEEE P2822 Working Group on the recommended practice for
microwave, millimeter-wave, and THz on-wafer calibrations, deembedding,
and measurements.

Wolfgang Bosch (Fellow, IEEE) received the
Dipl.-Ing. degree from the Technical University of
Vienna, Vienna, Austria, in 1985, the Ph.D. degree
from the Graz University of Technology, Graz,
Austria, in 1988, and the M.B.A. degree from the
School of Management, University of Bradford,
Bradford, U.K., in 2004.

In 2010, he joined the Graz University of Tech-
nology to establish the Institute for Microwave
and Photonic Engineering. For the last eight years,
he was the Dean of the Faculty of Electrical and
Information Engineering, which currently incorporates 13 institutes and
20 full professors covering the areas of energy generation and distribution,
electronics, and information engineering. He is responsible for the strategic
development, budget, and personnel of the faculty. Prior to this, he was the
Chief Technology Officer (CTO) of the Advanced Digital Institute, Shipley,
U.K. He was also the Director of Business and Technology Integration with
RFMD, Newton Aycliffe, U.K. For almost ten years, he was with Filtronic plc,
Leeds, U.K., as the CTO of filtronic integrated products and the Director of the
Global Technology Group. Before joining Filtronic, he held positions at the
European Space Agency, Noordwijk, The Netherlands, working on amplifier
linearization techniques; MPR-Teltech, Burnaby, BC, Canada, working on
monolithic microwave integrated circuit (MMIC) technology projects; and the
Corporate Research and Development Group, M/A-COM, Boston, MA, USA,
where he worked on advanced topologies for high-efficiency power amplifiers.
For four years, he was with DaimlerChrysler Aerospace (currently, Hensoldt),
Ulm, Germany, working on T/R modules for airborne radar. He has published
more than 180 articles and holds four patents.

Prof. Bosch is a fellow of Institution of Engineering and Technology (IET).


http://dx.doi.org/10.3217/GVZYW-1EA97

