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A vector network analyzer (VNA) is an expensive and essential device for measuring the scattering coefficients of RF devices in the
research and development of microwave systems. However, these VNAs are limited in that they can be only used by one user. To
address this limitation, this paper presents a switching system that allows multiple users to measure each device under test using a
single VNA at the same time. In particular, a four-user switching system is developed in this study. It is important to calibrate the
differences between each channel that inevitably arise during implementation. For calibration, we propose and implement a
technique for de-embedding the uneven characteristics between these channels. Its performance is validated by measuring
insertion loss, reflection loss, and isolation for the developed switching system.

1. Introduction

The switch matrix is an array that connects signals coming
in from a vector network analyzer (VNA) to different ports
through an internal switch so that a single port can replace
the roles of multiple ports. The commonly used switch
matrix systems increase the number of device-under-test
(DUT) ports, thus allowing one user to measure the scatter-
ing coefficient of multiple DUTs.

However, there is a limitation to this type of system in that
only a single user can use a VNA, as different users cannot
measure the scattering coefficient data of each DUT.

The use of a VNA in multiport systems requires mea-
surements between all paths of conventional scattering coef-
ficients [1–7]. Moreover, the stability of devices, such as
cables and connectors, which are external components,
affects the quality of the resulting measurements [8].

Due to its structural characteristics, the method of
increasing the receiving port requires technical skills to con-
sider the measurement methods and error and test equip-
ment limitations.

As the number of ports increases, the cost of the device
must also be taken into account. This means that VNAs

are not insignificant to popular manufacturers, such as Key-
sight Technologies, Rohde & Schwarz, and Anritsu [9]. Two
different de-embedding algorithms for RF measurements
[10] have been presented, but they are only for one user.

Therefore, this study is aimed at designing and imple-
menting a new switching system that allows multiple users
to work on a switch matrix so that four users can simulta-
neously measure the scattering coefficient data of a DUT.

2. Design of Switch Matrix for Multiple Users

2.1. Design and Fabrication. Figure 1 shows the proposed
switching system for simultaneous use of a single VNA by
4 users. Here, the multiuser switch matrix is presented in
Figure 2. As shown in Figure 2(a), on the left side of the
switch arrangement, three single-pole double-throw (SPDT)
switches are arranged with a two-stage connection to distrib-
ute one port of the VNA into four ports. On the right, three
SPDT switches are arranged in the same way to provide four
ports. The dual-switch structure measures S-parameter data
from four DUTs with a single two-port VNA.

The multiuser switch matrix is interconnected using
absorptive SPDTs working at 0.5–6GHz (Mini-Circuits,
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ZFSWA2R-63DR+ [11]) and a microcontroller (Arduino
Uno). The SPDT switch elements are connected to each
other to create a path to branch 1 channel (2 ports of
the VNA) into 4 channels (2 ports/channel). The micro-
controller then alternately turns on one of the four chan-
nels (and off the remaining channels) at high speed. A
light-emitting diode module was used to check the opera-
tion. In addition, sufficient power for each component is
provided by Arduino’s power output, but a power supply
was used for spare power. The RF connectors used a Sub-
Miniature version A (SMA) type. Finally, the multiuser
switch matrix was implemented, as shown in Figure 2(b).
The proposed system is set up with five monitors (one
master and four user monitors) connected to a single
desktop. Each user can view each monitor (4 monitors
in total) connected to the desktop and perform their
own tuning work. The proposed system allows four users
to access a single VNA simultaneously and measure their
DUTs, as shown in Figure 1.

2.2. Channel Performance. The channel performance of the
manufactured multiuser switch matrix must be checked. If

the insertion loss and the reflection loss differ between ports,
then even if four people tune the same filter, each product
will have a different performance, which ultimately affects
product quality. It is also important to check the degree of
isolation because when the frequency increases, coupling
occurs in which the microwave signal passes from the cable
to another cable. When interference occurs, the scattering
coefficients affect each other, distorting the scattering coeffi-
cients displayed to the user and affecting product quality,
such as when the insertion loss and the return loss do not
match at each port.

2.2.1. Insertion Loss. The insertion loss represents a value
that is lost internally as the signal passes through an element
or circuit. Figure 3(a) shows the insertion loss of the Tx stage
path composed of A‐An, and Figure 3(b) shows the insertion
loss of the Rx stage path composed of B‐Bn, where n is 1, 2,
3, and 4. The four Tx and Rx stage paths show different
insertion loss performances at 0–6.0GHz, indicating a dis-
tortion of insertion loss at a certain point when passing
through several RF switches, RF cables, and RF connectors.
The insertion loss rapidly increases when it is higher than
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Figure 1: (a) Conceptual diagram and (b) realization of a switching system for simultaneous use of a single VNA.
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6.0GHz. This is caused by the SPDT switch not exhibiting
sufficient performance due to the bandwidth of the operat-
ing frequency of 0.5–6GHz [12].

2.2.2. Return Loss. The reflection loss is the lost value caused
by reflected waves generated from the connector connection
part of the cable.

A
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VNA

B

SW1_A SW1_B
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A1 A2

Controller

A3 A4 B1 B2 B3 B4
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Figure 2: (a) Internal schematic and (b) implemented configuration of a switching matrix for four users.
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Figure 3: Measured insertion loss of the switch matrix: (a) Tx stage and (b) Rx stage.
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Figure 4(a) shows the reflection loss of the Tx stage path
composed of A‐An, and Figure 4(b) shows the reflection loss
of the Rx stage path composed of B‐Bn. The four Tx and Rx
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Figure 4: Measured return loss of the switch matrix: (a) Tx stage and (b) Rx stage.
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Figure 5: Measured isolation of the switch matrix: (a) Tx stage and (b) Rx stage.
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Figure 7: Diagram of (a) S-parameter matrix and (b) T-matrix.
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terminal paths show different reflection loss tendencies up to
6GHz, indicating a deterioration in reflection loss at a cer-
tain point when passing through several RF switches, RF
cables, and RF connectors.

2.2.3. Isolation. Isolation represents the degree to which a
signal affects a neighboring channel in a system with two
or more channels. Figure 5(a) shows the isolation of the Tx
stage path composed of A‐An, and Figure 5(b) shows the iso-
lation of the Rx stage path composed of B‐Bn. The isolation
results show that they are not identical due to RF cabling
and connecting errors in manufacturing.

3. Calibration Method of Switch Matrix

The channel differences in insertion loss and reflection loss
in an operating bandwidth are confirmed during the opera-
tion of the multiuser switch matrix, as shown in a previous
section. This means that the de-embedding calibration
method is required for each path when switching the multi-
user switch matrix to another port. However, using manual
calibration equipment is very slow, and it cannot be applied
to high-speed switching. In addition, when calibration is
performed using E-Cal equipment, calibration from one of
the four channels causes the other three channels to be
invalidated.

To solve this problem, calibration information for each
channel is stored on the master PC to implement calibration
in the program when the channel is changed. The perfor-

mance of the implemented automatic calibration is checked
through periodic tests.

The de-embedding calibration uses a method of obtain-
ing data (Stot) by connecting the DUTs to the Tx and Rx ter-
minals of one channel of the switching matrix, obtaining the
data (A‐An, Bn-B, n = 1, 2, 3, 4) of the Tx and Rx stages,
respectively, and correcting them. Here, since the S-param-
eter data measured by the VNA is in the form of a matrix
in which the inversion cannot be directly calculated, a T
-matrix is used (see Figure 6). Figure 7 shows the diagrams
of the S-parameter and T-parameter for 2 × 2 input and out-
put, respectively.

The matrices of the S-matrix and the T-matrix are
expressed as follows.
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Here, the coefficients of T-matrix can be obtained as fol-
lows [10].
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Figure 8: Schematic for the S-parameter measurement of channel 1.

5International Journal of RF and Microwave Computer-Aided Engineering



And then, TDUT can be obtained by taking the T-matrix
of the Tx and Rx stages converted in the inverse matrix on
both sides of T tot (see the following equations).

T tot = TA‐An
TDUT TBn‐B , 3

TDUT = TA‐An

−1 T tot TBn‐B
−1 4

The formula in (5) is a relational expression with a T
-matrix based on the S-parameter.

SDUT =

T21
T11

T11T22−T21T12
T11

1
T11

−
T12
T11

5

In this way, TDUT is converted into SDUT. Through this
process, it is possible to calculate the SDUT of all four chan-
nels. On the other hand, Figure 8 shows the example for
the S-parameter measurement of specific channel.
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Figure 9: Performance test of the proposed de-embedding calibration: (a) 3.5GHz RF cavity filter used as DUT, (b) measurement results
before calibration, (c) measurement results applying the proposed de-embedding calibration, and (d) results measured by directly
connecting the DUT to the calibrated VNA.
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4. Result of De-embedding Calibration

To implement de-embedding calibration for each channel, S
-parameter data, including DUT, Tx stage, and Rx stage, are
obtained for each channel before using the de-embedding
algorithm. The S-parameter data of the channel1 is obtained
using a schematic diagram, as shown in Figure 8. The
S-parameter of the DUT is then calculated through each
S-parameter measured using the de-embedding method.

The measurement process of the developed multiuser
switching system is performed to confirm the validity of
the de-embedded calibration. The de-embedded method is
verified by comparing the S-parameter data of the DUT with
the calculation values obtained from the de-embedding cali-
bration and the Tx and Rx terminals of the VNA through
the calibration kit.

To verify the calibration validity of the de-embedded cal-
ibration function, the S-parameter data of the DUT obtained
by directly connecting the DUT to the calibrated VNA are
compared with the S-parameter data of the DUT obtained
by calculation using the de-embedding method.

Figure 9(a) shows the RF cavity filter passing at 3.5GHz
as a DUT. The measured results without the de-embedded
calibration function are shown in Figure 9(b). Therefore,
the unapplied de-embedding calibration results according
to the four channels have distorted performances compared
with the DUT results. Figure 9(c) shows the proposed de-
embedding calibration method of Ch1 to Ch4. Figure 9(d)
shows the measured results of de-embedded DUT using
the conventional calibration method using VNA.

The graph of the de-embedding calibration method fits
the DUT well below the 6GHz frequency band. Therefore,
the proposed development of a multiuser switching system
is verified. When multiusers use the VNA, measurements
can be performed without being affected by the signal path.
Other DUTs within this frequency range can also be used, as
we have shown good results with 6GHz de-embedding.

5. Conclusion

In this paper, an RF switch matrix system for multiusers is
developed to increase the number of VNA ports and acceler-
ate the calibration speed to alleviate the equipment cost
problem for multiusers. The developed switching matrix sys-
tem is for a four-user switching system. An automatic de-
embedding calibration algorithm is proposed to solve the
nonidentity between each channel of the multiuser switch
matrix. To verify the proposed RF switching system, the
Tx and Rx channel performances are measured before and
after using the de-embedding calibration method. When
comparing the presence with the absence of de-embedding
calibration method using DUT, the results of applying de-
embedding are in good agreement with the DUT and effec-
tive in the switch operating range up to 6GHz.
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