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Abstract—In this article, the design and implementation of
a compact and portable six-port reflectometer for measuring
the reflection coefficient at 2.4 GHz is presented. The proposed
design utilizes reduced-size components, such as an RF generator
and an acquisition board, achieving a portable solution that can
be used outside the RF laboratory. In this design, the six-port
circuit consists of only two microstrip directional couplers with
an angularly equidistant distribution of their q-points. This
configuration facilitates the implementation of the reflectometer,
reducing complexity without sacrificing accuracy, even when
compared to a commercial VNA. This design is an attractive
and efficient alternative for research projects requiring the use
of six-port reflectometry technique.
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I. INTRODUCCTION

IN this article, we propose the design of a six-port reflec-
tometer (SPR) capable of measuring the reflection coef-

ficient at 2.4 GHz. This design stands out for its simplicity
and ease of replicability, thanks to its affordable and simple
components, as shown in Fig. 1. The six-port circuit is
composed of only two directional couplers, a VCO is used
as the RF generator, and a specific DAQ board configuration,
is presented for this purpose. In addition to providing the
theoretical basis for the six-port circuit design, the calibration
and implementation process are addressed in a graphical and
intuitive manner. Despite its simplicity, the design maintains a
measurement accuracy of over 90% compared to a commercial
VNA.

Although some alternative proposals improve characteristics
such as bandwidth [1], accuracy [2], and the elimination of
matching networks at the diode ports [3], they do so at the
expense of highly complex designs that require specialized
methods for replicability. Some of these designs typically
involve the fabrication of double-sided six-ports with multiple
directional couplers and additional components [4], such as
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Fig. 1. Proposed six-port reflectometer.

resistors integrated into the circuit. Therefore, the proposed
design presents itself as an attractive alternative, especially
for researchers from other disciplines, such as biomedical
engineering or materials science, who can benefit from a
reflectometer without having to face the complexity of the
design and implementation of other configurations. This six-
port reflectometer offers an accessible and efficient option for
the implementation of the six-port reflectometry technique

The six-port reflectometer (SPR) is a measurement device
commonly used as an alternative to commercial VNAs [5].
The SPR employs scalar power measurements in a passive
network to determine the reflection coefficient of the DUT
(Device Under Test) [6]. The six-port reflectometer offers
several advantages over commercial VNAs, such as its high
adaptability in situations where, due to cost and complexity,
it is not feasible to modify or adapt commercial VNAs. This
is especially true in research environments or for measuring
experimental circuits [7]. As a result, six-port reflectometry
has been implemented in various fields, such as material
property monitoring [8], [9], [10], radar systems [11], [12], and
biomedical applications [13], [14], [15], [16], among others.

With the SPR, the value of ΓDUT is geometrically obtained
through a mathematical model that generates three circles in
the complex Γ plane [6]. The radii of these three circles depend
on the constants of the six-port used and the power ratios
measured at four ports of the six-port circuit. Consequently,
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the value of ΓDUT is determined by trilateration, which means
it takes its value based on the point in the plane where the
three circles intersect. To reduce measurement uncertainty,
various recommendations have been proposed, among which
the need for the centers of the three circles or q-points, to be
angularly equidistantly distributed in the plane stands out [17].
This represents one of the main challenges in developing an
efficient six-port reflectometer.

II. DESIGN AND SETUP

The diagram of the proposed six-port reflectometer design
is shown in Fig. 2. It consists of a six-port circuit with two
directional couplers, which is an alternative version to the
six-port circuit design presented in [18], where a 90° hybrid
coupler is used as a two-way directional coupler. In the design
we propose for the six-port circuit, by using the 90° hybrid
coupler as a two-way splitter, we reduce the complexity of the
circuit and implement it in a single microstrip structure. This
six-port network exhibits a theoretically angularly equidistant
distribution in its q-points (centers), as shown in the port
analysis performed in [19].

In this particular case, a six-port circuit, as proposed in
[19], was implemented using a Rogers 4350B substrate with
a relative permittivity εr of 3.6 and thickness h of 0.66mm,
mounted on an aluminum plate and with copper tape to ensure
the ground connection. This setup provided a more robust
structure, allowing connectors to be mounted with enough
stiffness to use a torque wrench on the circuit’s ports, all
without affecting the power distribution of the six-port circuit,
as confirmed by characterizing its S-parameters. To estimate
the error or verify its proper functioning, the simulated S-
parameters were compared against the measured ones, show-
ing consistency with the theoretical values from [19].

A 2.4 GHz VCO module is employed as the signal gen-
erator, controlled by a voltage module mounted on the same
DAQ board, and it was previously calibrated with a spectrum
analyzer to ensure the RF signal frequency at 2.4 GHz. In the
six-port reflectometer technique, the precision of the RF signal
source is not as critical because the reflection coefficient of the
DUT is obtained through power ratios, and since the circuit’s
S parameters remain stable around the resonance frequency,
there are no significant effects due to slight variations in the
source’s accuracy.

The power detectors must be capable of operating at the
design frequency of the reflectometer, and their maximum
detection power must be considered, as this value will de-
termine the RF source power. For the proposed design, HP-
8474C detectors are used. They have an operating frequency
range of 0.01 to 33 GHz, with a sensitivity of 0.4 mW/ µW,
a maximum detection power of 200 mW, and an impedance
of 50 Ω. They operate by generating a DC (direct current)
signal based on the amplitude of the received RF signal. A
higher sensitivity in the diode’s mW/ µW ratio will increase
the accuracy of the reflectometer.

The data acquisition (DAQ) card is specifically designed for
the reflectometer, comprising a 16-bit ADC ADS1115 with 4
channels and the capability to read negative voltages. These

Fig. 2. Connection diagram of the elements comprising the proposed
six-port reflectometer design. Where P1, P2, P3, P4, P5 and P6 are
the Ports of ths Six-Port circuit. D3, D4, D5 and D6 are the power
detector diodes. And A0, A1, A2 and A3 are the Ports of the ADC
model ADS1115.

Fig. 3. Elements that make up the six-port reflectometer. The six-port
circuit with Ports P1, P2, P3, P4, P5, P6 and PL. The diodes power
detectors D3, D4, D5 and D6, the VCO (A), the module of voltaje
control of the VCO (B), the diodes conectors to the ADC (C), the
ADS1115 (D) and the IDE card (F).

components, along with a development board, enable data
acquisition to be sent via serial-USB for processing on the
PC.

These components are depicted in Fig. 3. It is worth
mentioning that some elements that make up the proposed
reflectometer can be replaced with components of similar
characteristics or that meet the design requirements, such as
the RF source, power detectors, and even the acquisition card,
depending on the required accuracy and cost.

The data processing for measuring ΓDUT is implemented
using Matlab, based on the general equations of six-port
reflectometry [6], as follows
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|ΓDUT − q3|2 =

∣∣∣∣DA
∣∣∣∣2P3

P4
, (1a)

|ΓDUT − q5|2 =

∣∣∣∣DE
∣∣∣∣2P5

P4
, (1b)

|ΓDUT − q6|2 =

∣∣∣∣DG
∣∣∣∣2P6

P4
. (1c)

In equations (1), q3, q5, and q6 represents the location of
the centers of the each circle in the plane. The variables Pi

(where i = 1-4) are the voltages as a function of the powers
measured by the four power detector. And the values D and
N (where N = A, E, G, D) are constants dependent on the
characteristics of the six-port circuit. Corresponding A for q3,
E for q5, and G for q6 respectively. These values are obtained
through the analysis of the ports of the six-port circuit [19].

III. CALIBRATION AND EQUATIONS

The calibration of the reflectometer follows an alternative
technique to that described in [20]. Four calibration standards
(SX, SY, SZ, and Load) are employed, three of which are in-
tended to represent ideally equidistantly spaced shifted shorts
on the unit circle. In this calibration, we use the same short
standard from a commercial SOLT calibration kit as three dis-
tinct standards (SX, SY and SZ). To achieve the necessary phase
shifts, a different length of transmission line is added between
the measurement port and the short standard for each standard,
creating the desired angular separation for accurate calibration.
This achieves three angularly equidistant points on the unit
circle, that is, three equally spaced offset shorts, which must be
previously verified with a VNA, and their respective reflection
coefficients characterized at the desired frequency, which in
this case is 2.4 GHz. This is necessary because the further
they deviate from an equidistant distribution, the greater the
calibration uncertainty and, consequently, the accuracy of the
reflectometer. Finally, the fourth calibration standard is a 50
Ω standard (L).

Thus, the reflectometer calibration involves obtaining three
calibration constants B3, B5 and B6 and three calibrated q-
points Q3, Q5 and Q6.

With this process, differences between the theoretical model
of the six-port circuit and the physical characteristics of the
constructed circuit are compensated for. The lengths of the
tracks of each port are characterized, and parasitic effects
such as noise caused by connectors, soldering, and non-ideal
couplings between the six-port circuit and other elements like
the generator and power detector are compensated for.

The calibration begins with the measurement of each of
the standards, obtaining four voltage vectors, each with four
voltage values, resulting in a total of 16 values. These values
are generated from the power readings of the four detectors
in each calibration measurement. The values can be organized
into a table, as shown in Table I.

Each vector (row) corresponds to the measurements taken
for each of the standards, and each value represents the voltage
as a function of the power measured P4, P3, P5 and P6 by
each power detector diode D4, D3, D5 and D6, according

TABLE I
VOLTAGE VECTOR VALUES, AS A FUNCTION OF THE

POWER MEASURED DURING CALIBRATION

P4 P3 P5 P6

Standard SX X4 X3 X5 X6
Standard SY Y4 Y3 Y5 Y6
Standard SZ Z4 Z3 Z5 Z6

Standard Load L4 L3 L5 L6

to the incident power at its respective port. After performing
the measurements on the calibration standards, the calibration
constants B3, B5 and B6 are obtained

B3 = 1− L3

L4
, B5 = 1− L5

L4
, y B6 = 1− L6

L4
. (2)

Subsequently, similar to how the value of ΓDUT is deter-
mined through trilateration, the locations of the three calibrated
q-points (or Q-points) are determined in the same way, nec-
essary for the final equations of the reflectometer, i.e., one Q
point per plane.

To generate the calibration planes D3, D5 and D6, three
circles per plane need to be generated, where the centers
of these circles are the same in all three planes, being the
impedances at 2.4 GHz of the calibration standards SX, SY,
and SZ. Meanwhile, the radii take their value based on the
constants of the six-port circuit and the power relationships
obtained during the measurement of the calibration standards.
The constants of the six-port structure D, A, E, and G take
their numerical value based on the port analysis of the six-
port circuit [19]. The equations of the circles to obtain the
Q3, Q5 and Q6 points through the planes D3, D5 and D6.

To obtain the point Q3 in the plane D3, it is achieved by
the intersection of the three circles whose equations are

|Q3 − SX|2 = 4
X3(B3)

X4
, (3a)

|Q3 − SY|2 = 4
Y3(B3)

Y4
, (3b)

|Q3 − SZ|2 = 4
Z3(B3)

Z4
. (3c)

The equations to obtain the point Q5 in the plane D5 are
obtained by the intersection of the three circles described by

|Q5 − SX|2 = 4
X5(B5)

X4
, (4a)

|Q5 − SY|2 = 4
Y5(B5)

Y4
, (4b)

|Q5 − SZ|2 = 4
Z5(B5)

Z4
. (4c)

The equations describing the circles to find the point Q6 in
the plane D6 are expressed as

|Q6 − SX|2 = 4
X6(B6)

X4
, (5a)

|Q6 − SY|2 = 4
Y6(B6)

Y4
, (5b)

|Q6 − SZ|2 = 4
Z6(B6)

Z4
. (5c)
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Fig. 4. Example of obtaining the points Qi through the planes Di.

Since the equations of the circles solving the calibration
are presented in the same form as the equations of the general
reflectometry model, that is, as (x− h)

2
+(y − k)

2
= r2, the

values of the radii of the calibration circles (to the right of
the equal sign) can be organized in a table II, according to
equations 3 - 5.

With this, we obtain a table in which the rows contain
the radii generated with the values obtained using the same
calibration standard. The columns, on the other hand, represent
the radii generated by the same power detector. And each
column also corresponds to a different plane, as shown in Table
II.

TABLE II
RADII FOR THE CALIBRATION PLANES Di

D3 Plane D5 Plane D6 Plane
Radii SX Rx3 Rx5 Rx6
Radii SY Ry3 Ry5 Ry6
Radii SZ Rz3 Rz5 Rz6

With all the previous data, we can generate the planes
to obtain the calibrated q-points or also called Q-points.
Remembering that the centers of the circles of the three planes
are defined by the values of the impedances of the calibration
standards SX, SY, and SZ. This process is shown in the plots
of Fig. 4.

Finally, we obtain the equations to determine the value
of ΓDUT (Γ2) with the proposed reflectometer design. These
equations are presented in the form

|ΓDUT −Qi|2 =

∣∣∣∣ DN i

∣∣∣∣2Pi(Bi)

P4
. (6)

Where Qi (to i = 3, 5 and 6) represents the center of each

circle in the complex plane Γ. The expression
∣∣∣DNi

∣∣∣2 takes its
value based on the constants dependent on the characteristics
of the six-port circuit (where Ni = A,E, and G). And, as
a whole, the expression |D/Ni; |2 (Pi (B3)/P4) defines the
value of the radius of each circle. All this in terms of the
impedance presented at Port P2 (DUT) of the six-port circuit.

Therefore, the developed equations describing the three
circles necessary to solve ΓDUT, taking into account the
reflectometer calibration and the characteristics of the six-port
circuit, are expressed as

|ΓDUT −Q3|2 = (4)
P3(B3)

P4
, (7a)

|ΓDUT −Q5|2 = (4)
P5(B5)

P4
, (7b)

|ΓDUT −Q6|2 = (4)
P6(B6)

P4
. (7c)

Once the calibration constants have been resolved, it is
sufficient to measure the powers P4, P3, P5 and P6, with
the power detectors D4, D3, D5 and D6 to generate the three
circles in the complex plane and define the value of ΓDUT by
intersecting the three circles in the complex plane Γ.

IV. TEST AND POSSIBILITIES

Once the calibration is done and the equations are im-
plemented in the software, measurements were taken at 2.4
GHz with different test loads. For the test, various loads
with different impedances were used, such as SMA loads,
microstrip transmission line segments with SMA connectors,
antennas, among others, regardless of their impedance or
operating frequency, as the objective was simply to have
an arbitrary element to evaluate its reflection directly at the
measurement port of the six-port reflectometer. Subsequently,
the same loads were measured with a commercial VNA to
compare the results between both measurement devices. One
of the measurements taken is presented in Fig. 5, where the
measurement of ΓDUT is shown using both devices, the six-port
reflectometer and a commercial VNA (Agilent N5227A).

When evaluating the results, it is essential to consider
that six-port reflectometry employs trilateration, while the
commercial VNA uses the heterodyning technique. These
differences are also reflected in the presentation of the results
[21]. For this reflectometer, a code is used that implements
an iterative method. It starts with an initial estimate of the
point and progressively adjusts its position based on the
differences between the distances calculated from the point
to the centers of the circles and their respective radii. The
process is repeated until the differences are small enough,
within a defined tolerance, or a maximum number of iterations
is reached. This approach does not require user intervention
and can handle situations where the circles overlap or do
not intersect perfectly. The estimated location of the ΓDUT is
displayed both numerically and graphically on the plane.

It is important to note that for this type of measurement
(S-parameters or reflection coefficient), it is not necessary to
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use an anechoic chamber, as this measurement evaluates the
amount of reflected energy at the device’s input port, without
requiring free-field or radiation conditions in open space. In
this case, the measurement is performed in the near field,
where environmental interference is minimal and can be easily
controlled.

Fig. 5. Same DUT measured at 2.4 GHz with the (a) Six-Port
Reflectometer and a (b) Vector Network Analyzer Agilent N5227A
in polar format.

The various measurements taken with both devices are
shown in the graph in Fig. 6, which graphically illustrates
the differences in the results obtained by both devices. The
values are shown in Table III.

Fig. 6. Comparison of various DUT at 2.4 GHz with the Six-Port
Reflectometer and a Vector Network Analyzer (Agilent N5227A) in
polar format.

Upon observing the measurements, it was found that the
proposed reflectometer presents an average difference in mag-
nitude of 0.0366. In terms of phase, the average difference
was 3.08◦. These differences translate to a relative accuracy
of 95.24% in magnitude and 92.93% in phase for the SPR
compared to the commercial VNA (Agilent N5227A). While
this value indicates a deviation that may be significant, it is

TABLE III
MEASUREMENTS OBTAINED USING BOTH THE PROPOSED
SIX-PORT REFLECTOMETER AND THE COMMERCIAL VNA

DUT SPR VNA Difference
DUT 1 0.074 ̸ 126.25◦ 0.033 ̸ 127.56◦ 0.041 ̸ 1.31◦

DUT 2 0.627 ̸ 127.87◦ 0.485 ̸ 137.33◦ 0.142 ̸ 9.46◦

DUT 3 0.921 ̸ 172.76◦ 0.843 ̸ 171.19◦ 0.079 ̸ 1.57◦

DUT 4 0.941 ̸ − 159.98◦ 0.943 ̸ − 174.09◦ 0.002 ̸ 14.11◦

DUT 5 0.598 ̸ 134.66◦ 0.387 ̸ 153.96◦ 0.211 ̸ 19.30◦

DUT 6 0.103 ̸ 119.05◦ 0.050 ̸ 124.33◦ 0.053 ̸ 5.28◦

DUT 7 0.996 ̸ − 109.96◦ 0.999 ̸ − 70.04◦ 0.003 ̸ 39.92◦

DUT 8 0.924 ̸ − 151.71◦ 0.898 ̸ − 167.26◦ 0.026 ̸ 15.55◦

DUT 9 0.913 ̸ 109.44◦ 0.907 ̸ 114.07◦ 0.006 ̸ 4.63◦

DUT 10 1.000 ̸ − 6.65◦ 0.961 ̸ − 4.83◦ 0.039 ̸ 1.82◦

DUT 11 0.942 ̸ − 151.17◦ 0.993 ̸ − 160.47◦ 0.051 ̸ 9.30◦

DUT 12 0.976 ̸ − 86.59◦ 0.990 ̸ − 80.58◦ 0.014 ̸ 6.01◦

DUT 13 0.987 ̸ 61.90◦ 0.949 ̸ 62.57◦ 0.038 ̸ 0.67◦

DUT 14 1.000 ̸ − 40.86◦ 0.990 ̸ − 40.61◦ 0.010 ̸ 0.25◦

DUT 15 0.981 ̸ − 28.83◦ 0.990 ̸ − 30.10◦ 0.009 ̸ 1.27◦

DUT 16 1.000 ̸ 149.76◦ 0.980 ̸ 152.12◦ 0.020 ̸ 2.36◦

essential to consider the significant difference in complexity
and costs between both devices, which, when evaluating all
these characteristics, yield highly attractive results.

However, at some intersection points, significantly larger
regions of discrepancy were observed compared to others,
especially in areas near the center of the plane and cor-
responding to the better-coupled loads. This phenomenon
was caused by the calibration used, which, in this particular
case, compensates more intensely for the equipment errors in
that region of the plane. Nevertheless, the iterative method
performed very effectively in estimating the intersection point
and determining a specific point on the plane.

One of the factors that has contributed to obtaining a region
with greater uncertainty near the center of the complex plane
is identified as the lack of linearity and precision of the ADC.
In the specific model we have used for this configuration,
it has been observed that the precision and linearity of the
ADC are not optimal, which has led to the aforementioned
phenomena. Linearity is a highly desirable characteristic in
an analog-to-digital converter (ADC) because it ensures the
accuracy of analog-to-digital signal conversions and maintains
a constant relationship between the input signal and the digital
output across the entire input range. However, while no ADC
is perfectly linear in practice, better results can be obtained
by using a higher-quality ADC, particularly one with better
linearity. This specific model was used for reasons of size and
cost.

It is worth mentioning that although some interesting de-
signs of compact and portable six-port reflectometers have
been proposed [13], [22], [23], some of them are designed for
a specific application of the technique. This is in contrast to the
proposed design, which can be used directly as an alternative
to the commercial VNA but at a single specific frequency.

Nevertheless, despite the observed differences, the proposed
reflectometer is considered an attractive alternative because
it can offer sufficient accuracy for various applications, even
though this design was primarily developed for measuring
circuits and components at 2.4 GHz, primarily antennas. Addi-
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tionally, it offers an excellent balance between simplicity, cost,
and the benefits of its design by using low-cost components
and materials, making it accessible and ideal for use in de-
velopment and research stages. Furthermore, its compact and
portable design facilitates the implementation of the technique
in environments outside the RF laboratory.

Some functions of the proposed reflectometer design could
improve if further studied and analyzed. For example, the
bandwidth can be enhanced by optimizing the six-port circuit
design, which is the main limiting factor. In that case, the S-
parameters should be kept constant over a broader frequency
range, particularly the S11 parameter, providing very good
coupling within the desired frequency spectrum. Furthermore,
to enable frequency sweeping, one must first ensure a wide
bandwidth and then have a programmable RF signal source,
which should be synchronized with the data acquisition card to
measure the reflection coefficient across the desired frequency
range

V. CONCLUSION

In this article, the design of a six-port reflectometer has been
proposed, which stands out for its simplicity and ease of repli-
cability due to its affordable and straightforward components.
This device has proven to be a viable and accessible alternative
to commercial VNAs for measuring ΓDUT at 2.4 GHz. Through
various tests and comparisons, it was determined that the six-
port reflectometer exhibits a relative accuracy of 95.24% in
magnitude and 92.93% in phase compared to a commercial
VNA, which is notable considering the differences in com-
plexity and cost between both devices.

Furthermore, the compact and portable design of the pro-
posed reflectometer, along with its ease of implementation,
makes it ideal for applications in development and research
stages outside the traditional RF laboratory. In terms of prac-
tical application, the six-port reflectometer offers an accessible
and effective solution for implementing six-port reflectometry
technique in other areas of research, such as biomedicine and
materials engineering, thus fostering innovation and experi-
mentation in the field of microwave technology and opening
the door to new applications in diverse and resource-limited
contexts.

Clearly, the reflectometer presented here still has room for
improvement, such as its bandwidth or the ability to perform
frequency sweeps. However, due to its aforementioned advan-
tages, it remains an excellent option, even as an alternative to
commercial VNAs.
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Guadalajara, México, in 2002. From 2003 to 2006,
he was a Full Professor with the Electrical Graduate
Program, Autonomous University of Nuevo Leon,
San Nicolás de los Garza, Mexico. In May 2006, he
joined the Electrical Engineering Graduate Program,
University of Guadalajara, where he is currently a

full-time Researcher. His primary interests include the signal and image
processing techniques for harmonic and transient analysis of smart grids.

Carlos Alberto Bonilla Barragán was born in
Guadalajara, Jalisco, México, on September 5th,
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