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Abstract— This letter presents an indirect method for mea-
suring the switch terms of a vector network analyzer (VNA)
using at least three reciprocal devices, which do not need to be
characterized beforehand. This method is particularly suitable
for VNAs that use a three-sampler architecture, which allows
for applying first-tier calibration methods based on the error
box model. The proposed method was experimentally verified by
comparing directly and indirectly measured switch terms and
performing a multiline thru–reflect–line (TRL) calibration.

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

I. INTRODUCTION

CALIBRATION of vector network analyzers (VNAs)
is essential to eliminate systematic errors and define

the reference plane to the device under test (DUT). The
short–open–load–thru (SOLT) method is the most common
calibration method based on the 12-term error model of a two-
port VNA. However, it needs fully characterized standards.
In [1], the short–open–load–reciprocal (SOLR) method was
introduced based on the error box model, where a transmissive
reciprocal device replaces the thru standard. Other advanced
self-calibration methods, including thru–reflect–line (TRL),
multiline TRL, line-reflect-match (LRM), and line-reflect-
reflect-match (LRRM) [2], [3], [4], [5], are also based on the
error box model.

Calibration methods based on the error box model require
a four-sampler VNA, while the 12-term error model can still
be used in the three-sampler VNA. Fig. 1 shows the two
architectures for a two-port VNA. In the three-sampler VNA,
we do not sample the reflected wave of the termination load
of the nondriving port. This reflection coefficient is called the
switch term [6]. There are two switch terms for the two-port
configuration and N switch terms for the general multiport
configuration, where N is the number of ports.

Given that the termination of the nondriving ports remains
constant during measurement, the switch terms introduce
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Fig. 1. Illustration of three- (a) and four-sampler (b) architectures of a VNA.
Both the diagrams depict source driving in the forward direction.

systematic error and only need to be measured once. These
terms can be considered as part of the calibration coefficients
through the conversion relationships between the 12-term and
error box models [6], [7], [8], [9].

For three-sampler VNAs, self-calibration based on the error
box model is not possible as switch terms cannot be directly
measured. Instead, an SOLT calibration or equivalent can be
performed using known standards with the 12- or 10-term
model (ignoring crosstalk), as explained in [10] for multiport
VNAs. In addition, error box calibration can be performed as a
second-tier after SOLT calibration [11]. However, SOLT cali-
bration requires characterized standards, which contradicts the
purpose of self-calibration using partially defined standards.

This letter aims to introduce a new method to indirectly
measure the switch terms using at least three transmissive
reciprocal devices, which do not need to be characterized
beforehand. The proposed method enables the usage of error
box calibration methods in three-sampler VNAs without
requiring any prior calibration.

II. MATHEMATICAL FORMULATION

A. Problem Statement

In a two-port VNA, when all the four waves are sam-
pled in both forward and reverse directions, the measured
S-parameters are described using the following notation [12]:[

b̂11 b̂12
b̂21 b̂22

]
= S

[
â11 â12
â21 â22

]
(1)

where âi j and b̂i j represent the sampled incident and reflected
waves, respectively, at port-i when driven by port- j .

In a three-sampler VNA, the waves â12 and â21 are not
measured due to a lack of dedicated receivers. The measured
incident waves in (1) can be split into two matrices as follows:[

b̂11 b̂12
b̂21 b̂22

]
= S

[
1 â12

â22
â21
â11

1.

][
â11 0
0 â22

]
. (2)
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Fig. 2. Two-port VNA error box model.

By taking the inverse of the diagonal matrix on the
right-hand side of (2), we obtain the conventionally measured
ratios [

b̂11
â11

b̂12
â22

b̂21
â11

b̂22
â22

]
= S

[
1 â12

â22
â21
â11

1

]
. (3)

If we define the ratios on the left-hand side of (3) as the
measured S-parameters, we can then rewrite the remaining
ratios on the right-hand side as follows:[

S11 S12

S21 S22

]
= S

[
1 S12012

S21021 1

]
(4)

where Si j represents the measured S-parameters, and 0i j

represents the switch terms of the VNA

Si j =
b̂i j

â j j
, 0i j =

âi j

b̂i j
. (5)

The switch terms are formed by the ratios of the receivers
of the nondriving port. Therefore, they are independent of the
measured DUT, as any influence introduced by the DUT will
be seen equally by both the receivers. In the special case where
the measured two-port device is transmissionless, the switch
terms 0i j do not influence the measurements as S21 = S12 = 0.

Using a four-sampler VNA, we can directly measure 0i j by
connecting any transmissive device and calculating the ratios
as defined in (5). However, a three-sampler VNA can only
measure Si j .

B. Proposed Indirect Measurement of the Switch Terms

Fig. 2 shows the error box model of a two-port VNA. Using
T-parameters, the measured DUT is given in terms of wave
quantities as follows [12]:[

â11 â12
b̂11 b̂12

]
= ELT D ER

[
â21 â22
b̂21 b̂22

]
(6)

where EL and ER are the left and right error boxes, respec-
tively, and T D is the actual DUT.

We split the wave matrices in (6) into two matrices as
follows:[

1 â12
b̂12

b̂11
â11

1

][
â11 0
0 b̂12

]
= ELT D ER

[
â21
b̂21

1

1 b̂22
â22

][
b̂21 0
0 â22

]
.

(7)

The above expression can be simplified by multiplying the
inverse of the diagonal matrix at the right-hand side. This step
reduces all the wave quantities into ratios as follows:[

1 â12
b̂12

b̂11
â11

1

][
â11
b̂21

0

0 b̂12
â22

]
= ELT D ER

[
â21
b̂21

1

1 b̂22
â22

]
. (8)

The final simplification is to replace the ratios with the
definitions established in (5). The rearranged expression is
presented in the following equation:[

1 012

S11 1

][
1/S21 0

0 S12

]
= ELT D ER

[
021 1
1 S22

]
. (9)

Our goal is to extract 021 and 012 without prior knowledge
of the error boxes or the DUT. We assume the DUT is a
reciprocal device, i.e., det(T D) = 1. By applying the determi-
nate operator to (9) and using the property that det(AB) =

det(A)det(B), we arrive at the following:

(1 − S11012)
S12

S21
= det(EL)det(ER)︸ ︷︷ ︸

=c (constant)

(021S22 − 1). (10)

The above expression can be simplified as follows:

S12

S21
− S11

S12

S21
012 − S22c021 + c = 0. (11)

From (11), we can recognize that we have a linear equation
in three unknowns: 012, c021, and c. Therefore, if we measure
at least three unique transmissive reciprocal devices, we arrive
at the following linear system of equations:

−S(1)
11

S(1)
12

S(1)
21

−S(1)
22 1 S(1)

12

S(1)
21

...
...

...
...

−S(M)
11

S(M)
12

S(M)
21

−S(M)
22 1 S(M)

12

S(M)
21


︸ ︷︷ ︸

H


012
c021

c
1

 = 0 (12)

where M ≥ 3 is the number of measured reciprocal devices.
To solve for the unknowns in (12), we need to find the

nullspace of H . The sensitivity of the solution depends on the
uniqueness of the measured reciprocal devices, which can be
quantified by the condition number of H [13], as follows:

κ(H) = ∥H∥F

∥∥H+
∥∥

F =
σ1

σr
(13)

where (·)+ is the pseudoinverse, and ∥·∥F is the Frobe-
nius norm. The values σ1 and σr correspond to the largest
and smallest nonzero singular values (in decreasing order),
respectively, which are obtained from the singular value
decomposition (SVD) [14]. In order for H to be solvable,
it has to have a rank of 3, hence σr = σ3. The condition
number is a relative metric, where the nullspace solution
becomes more sensitive as the condition number increases.

The nullspace solution is represented by the right singular
vector that corresponds to the zero singular value. Since H
has a rank of 3, the nullspace corresponds to the fourth right
singular vector, v4. However, singular vectors are only unique
up to a scalar multiple, as given below

v4 =


v41
v42
v43
v44.

 = α


012
c021

c
1.

 ∀ α ̸= 0. (14)

Therefore, the switch terms are solved as follows:

012 =
v41

v44
, 021 =

v42

v43
. (15)



1590 IEEE MICROWAVE AND WIRELESS TECHNOLOGY LETTERS, VOL. 33, NO. 11, NOVEMBER 2023

Fig. 3. Measured structures. (a) Microstrip line multiline TRL kit (50 �).
(b) Stepped impedance line (90 �). (c) Series-shunt 100 � circuit.

Fig. 4. Comparison of direct and indirect measurements of the switch terms.

III. EXPERIMENT

The experiment had two parts. First, we tested our method
for extracting switch terms using only three of the four
available receivers in a VNA. We compared the results to
switch terms computed directly using the fourth receiver.
Second, we performed a multiline TRL calibration using both
directly and indirectly computed switch terms. We compared
the results by calibrating a stepped impedance line.

The R&S ZVA, a four-sampler VNA, was used in the
experiment. The reciprocal devices consisted of a line standard
from the multiline TRL kit (50 mm line) and 100 � resistors
in a series-shunt (L-circuit) configuration. We measured the
L-circuit twice by flipping the ports since it is asymmetric.
The L-circuit was chosen because it offers unique rows in the
system matrix in (12) and can cover lower frequency due to
the usage of resistors.

We used microstrip lines on an FR4 substrate with a trace
width of 3 mm and a substrate height of 1.55 mm for the
multiline TRL kit. The relative lengths of the lines were
{0, 2.5, 10, 15, 50} mm, with the reflect standard implemented
as a short. All the standards are shown in Fig. 3.

To extract the switch terms, we measured the reciprocal
devices and processed the data using the scikit-rf package
in Python [15]. The results obtained by direct wave ratio
computation with the fourth receiver were compared with the
indirect method, and the error between the two methods is
shown in Fig. 4. The error metric is defined as follows:

Errori j (dB) = 20 log10

∣∣∣0(direct)
i j − 0

(indirect)
i j

∣∣∣. (16)

Fig. 5. Condition number of the system matrix in (12).

Fig. 6. Results of the multiline TRL calibrated stepped impedance line.

The results demonstrate low error and a minor spike around
12 GHz, which can be explained by analyzing the condition
number of the system matrix shown in Fig. 5. The condition
number demonstrates an increase in sensitivity around 12 GHz,
indicating that at these frequencies, the used standards exhibit
a similar frequency response.

Finally, we performed multiline TRL calibration based on
the algorithm in [16] and [17]. Fig. 6 shows the calibrated
results of a stepped impedance line in different scenarios:
ignoring the switch terms, directly measuring the switch terms,
and indirectly measuring the switch terms, as well as the error
between the methods. The results in Fig. 6 show that ignoring
the switch terms results in noise-like behavior on the traces,
but both directly and indirectly measured switch terms give
comparable results.

IV. CONCLUSION

This letter presented a new technique for measuring switch
terms of a three-sampler VNA, which entails measuring three
transmissive reciprocal devices. We compared the new indirect
method to the direct approach using the fourth receiver on
a four-sampler VNA. The results obtained using the indirect
method were comparable to the direct method. In addition,
we demonstrated a first-tier multiline TRL calibration using
just three receivers. This method does not require prior knowl-
edge of the reciprocal devices, making it particularly useful for
error box calibration methods in multiport VNAs, allowing
N + 1 samplers to replace a dual reflectometer architecture
with 2N samplers, where N is the number of ports.
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