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Balanced Six-Port Reflectometer With
Nonmatched Power Detectors
Kamil Staszek

Abstract— In this article, a six-port reflectometer is proposed,
which utilizes nonmatched power detectors. In the presented
solution, the signals reflected from power detectors are efficiently
used to obtain a signal flow required for correct measurements.
As a consequence, impedance matching networks for power
detectors are no longer needed. Simultaneously, due to its
balanced topology, the developed six-port exhibits advantageous
measurement conditions and theoretically ideal matching at both
its input and measurement ports. To experimentally validate the
proposed concept, a six-port reflectometer operating at 2.4 GHz
is designed, manufactured, and utilized in reflection coefficient
measurements. The obtained results are consistent with the values
measured using a commercial vector network analyzer. For
additional verification, the impact of power detectors’ asymmetry
is investigated theoretically and experimentally.
Index Terms— Balanced network, impedance match, power
detector, reflection coefficient, six-port reflectometer.

I. I NTRODUCTION
ULTIPORT measurement technique, originally developed as an alternative for vector network analyzers [1], [2], becomes more and more attractive in contemporary
microwave electronics [3]. Due to simple circuitry, good
linearity, and power efficiency, multiport measurement systems
have found a wide range of applications, in which a vector
measurement of microwave signals is needed. Such systems
are not only used in direct measurement of scattering parameters [4], [5] but also in various permittivity sensors [6], [7],
radars [8], [9], and communication systems [10], [11]. Moreover, due to the above advantages, six-port reflectometers are
also used in the optical frequency range [12], [13].
A key element of the multiport measurement system is a
passive multiport power distribution network, which distributes microwave signal from excitation port to device under
test, the S-parameters of which are subject to measure, and
to power detectors. By an appropriate design of such a
multiport network, simple scalar power measurement can be
transformed into a vector value [14]. The power distribution
scheme together with the number of used power detectors
and their measurement uncertainty determines the multiport
measurement system’s performance [15]. The most common
group of multiport utilized in such measurements is six-ports,
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as they have the minimum number of ports ensuring unambiguous measurement. Namely, they have an exciting port,
measurement port, and four ports with power detectors connected, among which three ones are directly used for the
measurement, whereas the fourth one serves for reference
power measurement [16]. Nevertheless, six-ports having four
power detectors used directly for the measurement with no
reference power measurement capability are also reported [17].
They exhibit a distinctly better measurement uncertainty with
no compensation of the signal source’s power level instability
as a tradeoff [15]. It is also worth noting that, due to rapid
development of the multiport technique, networks with various
numbers of ports and power detectors have been reported,
starting from four-ports with only two power detectors [18]
to networks with eight [19] and nine [20] power detectors
providing enhanced measurement uncertainty.
As mentioned above, the inner signal distribution in the
multiport network has a major impact on the measurement
uncertainty. Therefore, the used power detectors must be wellmatched, as the undesired signals reflected from detectors’
input ports interfere with the desired signals distributed by the
multiport network, leading to impairment of the measurement
system’s performance. If these reflections are relatively small,
they constitute a source of a systematic error that can be
suppressed by a calibration procedure [21], [22]. Nevertheless, each deterioration of the power distribution affects the
measurement uncertainty [15]. Furthermore, large reflections
can lead to a severe impairment under which the measurement
is no longer possible. On the other hand, the multiport systems
are intended for low-cost solutions; therefore, they are often
developed in conjunction with simple diode power detectors,
which inherently exhibits poor impedance match [23]. As a
consequence, dedicated impedance matching networks need
to be utilized, which increases design effort and increases the
circuit’s size [24].
To overcome this limitation, a new approach to six-port
reflectometers design is proposed in this article. It incorporates a balanced six-port power division network with four
nonmatched power detectors and allows for eliminating the
need for impedance matching networks’ application for power
detectors. Simultaneously, due to the balanced topology of
the six-port network, it exhibits theoretically ideal impedance
match at its both feeding port and the measurement port,
to which device under test is connected. It is shown that
the signals reflected from power detectors’ input ports can be
efficiently used to obtain the inner signals propagation scheme
required in multiport measurement systems. The provided
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Fig. 1. Simplified signal flow in the classic six-port reflectometer utilizing
matched power detectors.

Fig. 2. Simplified signal flow in the proposed balanced six-port reflectometer
with nonmatched power detectors.

theoretical investigation reveals that even power detectors with
significant return losses can be used in the proposed six-port
with no deterioration of the system’s performance. For experimental verification, the proposed balanced six-port reflectometer with four nonmatched power detectors is designed and
manufactured. It provides very good measurement conditions,
which fully confirms theoretical expectations. The obtained
reflection coefficient measurement error related to a commercial vector network analyzer does not exceed the value
of 0.0122 at the center frequency. Finally, the reflectometer’s
performance is examined with an intentional impairment of a
single power detector. It is shown that, even with a significant
deterioration of a single power detector, the proposed six-port
reflectometer operates correctly.
This article is organized as follows. First, the general
principle of operation for conventional six-port reflectometers
is described in Section II. Section III reveals the idea of
the proposed balanced six-port reflectometer and provides a
theoretical investigation. In Section IV, the six-port’s network
design is reported, whereas Section V presents the measurement setup incorporating the developed six-port together with
its calibration and measurement results. Section VI describes
the impact of power detectors’ asymmetry on the measurement
performance, whereas Section VII concludes this article.

where qi and Ai are systems’ constants needed to be determined in a calibration procedure before measurements.
As it is shown in [1], the reflection coefficient , being
a solution of the set of equations (1), can be interpreted
geometrically as an intersection point of four circles. These
circles have their centers in points ci defined as

II. P RINCIPLE OF O PERATION FOR
S IX -P ORT R EFLECTOMETERS
The classic six-port reflectometer is presented in Fig. 1.
Its major component is a six-port passive network, which
distributes the signal from port #1 to its all remaining ports,
i.e., to port #2 with the connected device under test, and to
ports #3–#6, to which power detectors P3 –P6 are connected,
respectively. The signal incident to the device under test
reflects from it according to its reflection coefficient  and
is distributed backward to ports #3–#6. As a consequence,
each power detector measures the power of a sum of two
signals, among which one is linearly related to the measured
reflection coefficient , whereas the second one serves for reference. Therefore, the power Pi measured by the i th detector
(i = 3, 4, 5, 6) can be expressed as
Pi = qi |1 + Ai |2

(1)

ci = −

1
Ai

whereas their radii ri are equal to

Pi
.
ri =
qi |Ai |2

(2)

(3)

Having determined the circle centers’ distribution and the
power measurement uncertainty, the uncertainty of the reflection coefficient measurement can be calculated with the use of
a method reported in [15]. From the measurement uncertainty
perspective, it is crucial to preserve the signal propagation
indicated schematically in Fig. 1. Therefore, the utilized power
detectors P3 –P6 should provide a possibly good impedance
match. Otherwise, signals reflected from power detectors interfere with desired signals marked blue and red in Fig. 1. This,
in turn, changes the location of particular circle centers ci ,
leading to an impairment of the entire reflectometer’s measurement uncertainty. Hence, in classic six-port reflectometers
that utilize simple diode power detectors, which are inherently poorly matched, additional matching networks must be
applied.
III. T HEORETICAL I NVESTIGATION ON THE P ROPOSED
BALANCED S IX -P ORT R EFLECTOMETER W ITH
N ONMATCHED P OWER D ETECTORS
The abovementioned poor impedance match of diode power
detectors can be effectively utilized in the proposed concept
of the balanced six-port reflectometer utilizing nonmatched
power detectors presented in Fig. 2. As seen, the components’
arrangement is identical to the classic solutions; however,
the inner signal distribution is different. In the proposed
balanced six-port reflectometer, the excitation signal from
port #1 of the six-port network is distributed to power detectors
only, i.e., to ports #3–#6 (blue lines in Fig. 2). Port #2 with the
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Fig. 3.
Schematic of the proposed balanced six-port reflectometer with
nonmatched power detectors.

device under test is isolated with respect to port #1. However,
due to the poor impedance match of the power detectors
P3 –P6 , the signals reflected from them propagate to DUT
(green lines in Fig. 2). Next, they are reflected according to
the DUT’s reflection coefficient  and, finally, are delivered
to the power detectors P3 –P6 (red lines in Fig. 2). Also,
in this case, the power measured by the power detectors
can be expressed using exactly the same relation (1) as for
the classic reflectometers. Simultaneously, as it is described
further in this section, the entire reflectometer can exhibit
theoretically ideal impedance match at ports #1 and #2, and
an advantageous circle centers’ distribution leading to low
measurement uncertainty.
To realize the above concept, a balanced six-port reflectometer illustrated in Fig. 3 can be proposed. Its major component is
a six-port network composed of two equal-split power dividers
PD1 and PD2 , two phase shifters PS1 and PS2 providing a
phase shift equal to 45◦ , and two 3-dB/90◦ directional couplers
Q1 and Q2 . The six-port network provides a uniform power
split from feeding port #1 to all power detectors at ports #3–#6,
with appropriate phase shifts, which will be discussed further
in this section. Moreover, excitation port #1 and measurement
port #2 are isolated; however, the transmission between these
ports occurs if four identical power detectors exhibiting a
reflection coefficient  D of distinct magnitude are connected to
ports #3–#6. This simultaneously ensures an ideal impedance
match at ports #1 and #2. The power measured by power
detectors equals

PGEN 
1 − | D |2 · |1 −  D |2
4

PGEN 
1 − | D |2 · |1 +  D |2
P4 =
4

PGEN 
1 − | D |2 · |1 + j  D |2
P5 =
4

PGEN 
P6 =
1 − | D |2 · |1 − j  D |2
4

P3 =

(4a)
(4b)
(4c)
(4d)

where PGEN is the power incident to port #1 of the reflectometer. As it is seen, (4) can be expressed using the general
form (1), where
qi =


PGEN 
1 − | D |2
4

(5)

3

Fig. 4. Impact of the reflection coefficient’s magnitude of power detectors on
the normalized delivered power and the power measurement dynamic range
in the proposed six-port reflectometer.

and
A3 = − D

(6a)

A4 =  D
A5 = j  D

(6b)
(6c)

A6 = − j  D .

(6d)

The coefficients Ai specified by (6) can now be used to
calculate circle centers ci , as given in (2). It is clearly seen
that all circle centers share identical magnitudes, which is
inversely proportional to the magnitude of the power detectors’
reflection coefficient. On the other hand, their phases differ
by 90◦ due to the quadrature phase shift of the couplers
Q1 and Q2 , and the phase shifters PS1 and PS2 . Hence,
a uniform circle centers’ distribution is obtained, which leads
to a low measurement uncertainty [15]. Simultaneously, for
each power detector, the coefficients qi are equal. Therefore,
each power detector will operate at comparable power levels.
Since, in the proposed balanced six-port reflectometer, the
nonmatched power detectors are applied, their impact on the
reflectometer’s performance has to be analyzed. First, it must
be underlined that a worse impedance match of the power
detector decreases the delivered power PD , i.e., the power
measured by the detector with respect to the power incident
to the detector PI . The ratio of these values is equal to
PD
= 1 − | D |2
(7)
PI
and is illustrated in Fig. 4 (blue curve). It is obvious that
increasing the magnitude of the reflection coefficient leads
to a drop of the power efficiently measured by the detector.
Nevertheless, it is worth noting that power detectors used in
contemporary electronics exhibit the power dynamic range not
worse than 20 dB but can also reach 40 dB or more. Therefore,
a loss of few dB does not constitute a distinct impairment.
Apart from the drop of the delivered power PD with respect
to the incident power PI , a crucial parameter in six-port
reflectometers is the dynamic range of the power measured
by the detectors D P,i (i = 3, 4, 5, 6). It can be derived
using the circle centers’ distribution, as shown in the following
equation [4]:


 |ci | + 1 
.

D P,i = 
(8)
|ci | − 1 
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Fig. 5.

Photograph of the developed balanced six-port network.

Taking (2) and (6) into account, the power dynamic range
can be expressed for the proposed six-port as a function of the
detectors’ reflection coefficient  D


 1 + | D | 

D P,i = 
(9)
1 − | D | 
which is shown in Fig. 4 (red curve). From this point of view,
a worse impedance match of the detectors is advantageous
since it enhances the power measurement dynamic range.
It is due to the fact that, in the proposed balanced six-port
reflectometer, the signal reflected from power detectors propagates to DUT and is reflected and travels back to the power
detectors. Hence, the higher the magnitude of the reflection
coefficient  D is, the higher the signal reflected from DUT.
Both the above aspects show that the proposed balanced
six-port reflectometer can successfully operate with nonmatched detectors. To compare the proposed structure to
other reported solutions, the circle centers’ distribution can be
considered. In the literature, a great number of six-ports are
proposed, which are characterized by |ci | ≈ 2. In many works,
this value is considered to be optimal with respect to the measurement uncertainty although, in [15] and [4], the six-ports
with smaller values of |ci | are also proposed. To show that
the proposed six-port reflectometer can provide similar power
handling, the following example can be given. Assuming that
the reflection coefficient’s magnitude | D | is equal to −3 dB,
the corresponding values of |ci | equal 2. This, in turn, provides
a 3-dB drop between the powers delivered to the detectors with
respect to the power incident, which is negligible considering
the dynamic range of modern power detectors. Furthermore,
the obtainable power measurement dynamic range for such
| D | is equal to 9.5 dB, which is sufficient for precise
measurement, since it is also the dynamic range of power
detectors in all six-port reflectometers with matched detectors,
in which |ci | = 2. Hence, even though the utilized power
detectors are poorly matched, they can be efficiently used in
the proposed reflectometer with no matching networks.
It should be underlined that, although the analysis given
above is focused on a single frequency, it is valid for a
wider bandwidth within which power dividers PD1 and PD2 ,
directional couplers Q1 and Q2 , and phase shifters PS1 and PS2
exhibit constant parameters. On the other hand, the power

Fig. 6. Scattering parameters of the designed six-port network (a) magnitudes
and (b) phases. Solid lines represent measurement results, dashed lines show
results of electromagnetic calculations, and dotted lines indicate results of
circuit simulation with ideal components.

detectors’ reflection coefficients can vary with the frequency
of operation with no deterioration of the entire reflectometer.
It is only required that these reflection coefficients should be
possibly close to each other at each frequency, which can
easily be achieved by applying four power detectors of the
same type.
IV. D ESIGN OF THE P ROPOSED
S IX -P ORT R EFLECTOMETER
The proposed balanced six-port reflectometer has been
designed to operate at the frequency of 2.4 GHz. The
six-port network has been designed in a microstrip structure
utilizing Alon 25N substrate, characterized by a thickness
of 0.508 mm and the relative permittivity equal to εr = 3.38
with tan δ = 0.0025. The power dividers PD1 and PD2 have
been realized as the Wilkinson power dividers, and the directional couplers Q1 and Q2 have been designed as branch-line
couplers, whereas the power shifters PS1 and PS2 have been
realized as a section of the transmission line. For an initial verification, the six-port network has been fabricated as a separate
network, i.e., with no power detectors connected. Fig. 5 shows
a photograph of the manufactured six-port network, whereas
a comparison of the measured scattering parameters of the
manufactured network against the ones obtained from circuit
simulation with the use of ideal elements and the values
calculated electromagnetically is illustrated in Fig. 6. As can
be observed, the six-port network provides equal power split
from port #1 to ports #3–#6, to which power detectors are
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Fig. 7.
Layout of the developed balanced six-port reflectometer with
nonmatched power detectors.
Fig. 8. Scattering parameters of the manufactured balanced six-port reflectometer and the reflection coefficient of the utilized power detectors  D .

to be connected. On the other hand, the phase responses for
the mentioned ports differ by 90◦ according to the theoretical
assumptions. Simultaneously, very good isolation between
feeding port #1 and measurement port #2 exists. The remaining
scattering parameters corresponding to port #2 due to symmetry are equal to
S22 = S11
S32 = S51

(10a)
(10b)

S42 = S61
S52 = S31

(10c)
(10d)

S62 = S41 .

(10e)

In the next step, four LTC5587 integrated rms power detectors by Analog Devices have been connected to ports #3–#6 of
the designed six-port network, forming the final layout of the
designed reflectometer illustrated in Fig. 7. At the frequency of
interest, these detectors provide 40 dB of the measured power
dynamic range and the reflection coefficient’s magnitude
of −4.3 dB. Moreover, they are equipped with 12-b successive
approximation ADC with a resolution of 0.014 dB/bit. The
complete six-port reflectometer’s layout has been manufactured, and the power detectors have been soldered. It is worth
noting that the power dividers PD1 and PD2 operate at even
excitation; therefore, the resistors that connect output ports
of the Wilkinson power dividers are not obligatory to be
soldered. The obtained reflectometer has been examined with
the aid of a vector network analyzer. Since, to ports #3–#6,
the power detectors are connected, only characterization for
ports #1 and #2 is now possible. The measured reflection
coefficients at these ports, the transmission between them, and
the power detectors’ reflection coefficient  D are depicted
in Fig. 8. As seen, the obtained results clearly correspond
to the theoretical predictions. Due to the balanced structure
of the six-port network and the application of four identical
nonmatched power detectors, the reflectometer exhibits a very
good impedance match at the feeding and measurement ports.
At the same time, the transmission between ports #1 and #2
occurs allowing for the manufactured reflectometer to be
utilized in reflection coefficient measurements.
V. E XPERIMENTAL V ERIFICATION
The developed six-port reflectometer has been incorporated
in a setup intended for reflection coefficient measurement.

Fig. 9.
Photograph of the setup for reflection coefficient measurement
incorporating the developed balanced six-port reflectometer.

To feed port #1 of the reflectometer with −10 dBm of power
a microwave signal source SMB100A by Rohde & Schwarz
has been used. In addition, to read ADC data and transfer it
to PC, ZYBO Z7 FPGA board by Digilent has been utilized.
A photograph showing the entire measurement setup is shown
in Fig. 9. Since the detectors exhibit nonlinearity exceeding
±0.5 dB, they have been calibrated by creating a lookup table
containing the measured values of power for the power from
signal source swept from −30 dBm to 0 dB with 0.2-dB steps.
The calibration has been done for power detectors mounted
in the reflectometer, for each one separately. Furthermore, all
power readings have been corrected accordingly to improve
the power measurement linearity.
In the next step, the developed reflectometer has been calibrated following the method reported in [25]. It is a numerical
procedure that utilizes a number of one-ports with known
reflection coefficients. The used one-port are matched load,
open-circuit, short-circuit, and open- and short-circuits with an
offset ensuring ∼90◦ of the reflection coefficient’s phase shift,
to obtain maximum diversity of reflection coefficients and,
therefore, good numerical conditioning. The obtained results in
the form of circle centers’ distribution are illustrated in Fig. 10.
As seen, the angular separation between ci points is close to
the ideal one, as its deviation from 90◦ does not exceed 8◦ .
On the other hand, the expected value of the magnitudes |ci |
for the detectors’ reflection coefficient equal to −4.3 dB is
1.64, whereas the values obtained in calibration take values
between 2.17 and 2.39. This discrepancy results from insertion
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Fig. 10. Circle centers’ distribution at the center frequency of 2.4 GHz
obtained during the manufactured reflectometer’s calibration.

Fig. 12. Reflection coefficients of broadband SMA attenuators terminated
with short-circuit, measured utilizing the developed reflectometer (solid lines)
and with the use of the vector network analyzer (dashed lines). (a) Magnitudes.
(b) Phases.

Fig. 11. Reflection coefficients of 16 reflective one-ports measured utilizing
the developed six-port reflectometer and with the use of the vector network
analyzer.

loss in the six-port network. It must be underlined that the
signal that reflects from power detectors, propagates to DUT,
is reflected, and propagates backward is more attenuated than
the signal propagating from the signal source directly to the
power detectors. As a consequence, the reference signal’s
power becomes higher in comparison to the signal related
to the reflection coefficient , which manifests itself in an
increase in |ci | values with respect to the ones determined
for the lossless six-port network. Nevertheless, this increase
is not significant and does not lead to an impairment of the
reflectometer’s performance since the measured power takes
values from −23.7 to −14.4 dB. Hence, the power dynamics
range equals 9.3 dB, which is a typical value for six-port
reflectometers.
To validate the developed six-port reflectometer, it has
been used for reflection coefficient measurements. A set
of 16 reflective one-ports has been utilized as a subject to
measure. For reference, an N5224A vector network analyzer
by Keysight has been used. The measurement results obtained
using both the developed six-port reflectometer and the vector
network analyzer are depicted in Fig. 11. The rms error
equals 0.0082, whereas the maximum error is equal to 0.0122,

which proves the usability of the developed balanced six-port
reflectometer. For further verification in a wider range of the
reflection coefficient’s magnitude, a set of five SMA attenuators terminated with short-circuit has been measured. Their
attenuations equal 1, 2, 3, 6, and 10 dB, which corresponds to
the measured reflection coefficient’s magnitudes varying from
−2 to −20 dB. The measurement results compared against the
values measured with the use of a vector network analyzer
are indicated in Fig. 12. Due to the similar phase response
of the measured attenuators, the measured reflection coefficient’s phase is shown for 1- and 10-dB attenuators only. The
maximum measurement error at the center frequency varies
from 0.0019 dB/0.16◦ for the 1-dB attenuator to 0.1 dB/1.4◦
for the 10-dB attenuator. The corresponding error values
averaged over the bandwidth from 2.2 to 2.6 GHz are equal
to 0.06 dB/0.57◦ and 0.26 dB/1.76◦ , respectively. The main
contributors to the measurement error are the limited length
of the utilized lookup tables for power detectors’ calibration
and the uncertainty of the vector network analyzer used for
reference measurement, which is equal to ±0.2 dB/ ±1.5◦ for
reflection coefficients with unitary magnitude.
Furthermore, to show the advantages of the developed sixport reflectometer, it has been compared against other reported
solutions in Table I. It is shown that the proposed reflectometer
features the lowest design complexity as it is composed
of a simple passive six-port network and does not require
any matching networks for power detectors. Simultaneously,
it provides low measurement error over the entire bandwidth.
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TABLE I
C OMPARISON OF M ULTIPORT R EFLECTOMETERS ’ P ERFORMANCE

It should be emphasized that the lowest measurement error is
reported for the reflectometer in [4], which, however, makes
use of four high-class power meters. On the other hand, all
remaining reflectometers utilize simple diode detectors, for
which the linearity and noise suppression are worse. In this
group, the developed six-port reflectometer exhibits the lowest
measurement error.
VI. I NVESTIGATION ON P OWER
D ETECTORS ’ A SYMMETRY
The theoretical analysis presented in Section III is based
on the assumption that all four power detectors utilized in
the measurement system are identical. However, in practical
realization, power detectors obviously differ slightly due to
manufacturing spread. Nevertheless, as shown in Section V,
the developed measurement system provides good performance that corresponds with theoretical predictions even
though the four used power detectors are not identical. In the
case of larger differences between the power detectors, the signal flow in the circuit would become asymmetrical, which
could degrade the measurement performance. To comprehensively investigate the proposed six-port reflectometer, the
detectors’ asymmetry impact on the measurement performance
is analyzed theoretically and experimentally in this section.
First, the detector’s asymmetry can be analyzed theoretically. For this purpose, the reflectometer’s parameters have
been derived numerically assuming that the reflection coefficients of the power detector connected to ports #4–#6 are
equal to the nominal reflection coefficient Dnom of the utilized power detectors LTC5587 by Analog Devices, whereas
the reflection coefficient of the power detector connected to
port #3 is equal to
 D3 = Dnom + dev

(11)

where dev is the deviation from the nominal reflection coefficient. The simulation has been performed assuming the magnitude |dev | is equal to 0.1, 0.2, and 0.3. For each magnitude
of dev , eight equally spaced phase values have been chosen.
As a result, 24 deteriorated values of the reflection coefficient
of the power detector connected to port #3 have been used
to derive calibration parameters, namely, circle centers’ distribution ci and the coefficients qi , which relate the DUT’s
reflection coefficient and the measured power, as indicated
by (1) and (2). The obtained results are plotted in Fig. 13.
It can be observed that the deviation of a single power detector’s reflection coefficient deteriorates circle centers related
to the remaining power detectors, i.e., c4 –c6 . However, even
for distinct values of dev the circle centers’ distribution is
composed of four reasonably located points; therefore, its
impact on the measurement quality is not significant.
On the other hand, the coefficient q3 for the assumed values
of dev varies from 0.057 to 0.122. This, according to (1), leads
to a 3.3-dB variation of the power measured by the power
detector P3 . As discussed in Section III, such power variation
is insignificant with respect to the power dynamic range of
modern power detectors. Furthermore, the coefficients q4 –q6
corresponding to the ports with the power detectors having
nominal reflection coefficients remain unchanged.
The above theoretical analysis reveals that the proposed
six-port reflectometer can operate properly under a distinct
asymmetry of the power detectors. To validate this statement,
the developed reflectometer has been modified deteriorating
the reflection coefficient of the power detector P3 . It has been
achieved by replacing the decoupling capacitor at the input
of the power detector P3 for the one having a capacitance
of 2.2 pF, which provides 30  of series reactance. The
remaining power detectors P4 –P6 are decoupled with the use
of 10-nF capacitors, the reactance of which is significantly
below 1 . Such impaired reflectometer has been calibrated
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TABLE II
C OMPARISON OF THE C OEFFICIENTS q O BTAINED IN C ALIBRATION OF THE
D EVELOPED S IX -P ORT R EFLECTOMETER IN N OMINAL S TATE W ITH
AND W ITHOUT P OWER D ETECTORS ’ C ALIBRATION AND W ITH
M ODIFIED I NPUT R EFLECTION C OEFFICIENT
OF THE P OWER D ETECTOR  D3

Fig. 13. Impact of the deviated reflection coefficient of the power detector
P3 on the six-port reflectometer’s calibration parameters: (a) circle centers’
distribution and (b) coefficients qi .

Fig. 14. Circle centers’ distribution at the center frequency of 2.4 GHz
obtained during the calibration of the manufactured reflectometer with the
decoupling capacitor of the power detector P3 replaced for the one having the
capacitance of 2.2 pF.

again following the same procedure, as described in Section V;
however, in this case, due to modification of the power detector
P3 , the power detectors’ calibration has not been used. The
obtained circle centers’ distribution is illustrated in Fig. 14.
As can be observed, circle centers c4 –c6 have deteriorated,
whereas circle center c3 remains unaffected, which fully

corresponds to theoretical predictions. Although the overall
circle centers’ distribution has changed, it still allows for a
correct measurement; however, the measurement accuracy may
become slightly worse.
To complete the analysis of the calibration results, the coefficients q must be verified. Their values can be interpreted
as scaling factors relating distance on the complex plane
 with the measured power; hence, they are indicators of
power detectors’ sensitivity. The values of these coefficients
have been calculated for the nominal state of the developed
(i.e., with all power detectors unaffected) with and without
power detectors’ calibration, and for the reflectometer with
modified decoupling capacitor of the power detector P3 . The
results are listed in Table II. The values obtained for the
nominal state with the power detectors calibrated are very
close to 0.1. It is a consequence of the power detectors’
calibration done in situ, which incorporates insertion losses
of the six-port network. Moreover, as indicated in Section V,
the power delivered from the signal source equals −10 dBm
(0.1 mW). The coefficients q obtained in the calibration
without power detectors’ calibration are significantly lower,
as the insertion losses of the six-port network are no longer
taken into account. Moreover, the spread along these values is
clearly larger, which reveals part-to-part differences in power
detectors’ sensitivity. Finally, it is seen that, after modification
of the input reflection of the power detector  D3 , the coefficient q3 becomes distinctly lower than the remaining ones. Its
value equals 1/3 of the averaged coefficients q4 –q6 , leading to
a drop of the power measured by the detector P3 by ∼4.8 dB
with respect to power detectors P4 –P6 . Such power drop is
not significant compared to the power detectors’ dynamics
range and should have a limited impact on the measurement
capability of the developed six-port reflectometer.
In the next step, the six-port reflectometer with a modified
input reflection coefficient of the power detector  D3 has
been used to perform the same measurements, as described
in Section V, i.e., 16 one-ports have been measured at the
center frequency (see Fig. 15), and magnitudes and phases
of five attenuators terminated with short-circuit (see Fig. 16).
As seen, even though the impaired six-port reflectometer
exhibits degraded circle centers’ distribution, it is capable of
correct measurement. Nevertheless, the measurement error is
distinctly higher. Detailed measurement error values are listed
in Table III. It is seen that, with the modification of the
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TABLE III
M EASUREMENT E RROR C OMPARISON FOR THE D EVELOPED S IX -P ORT
R EFLECTOMETER IN N OMINAL S TATE AND W ITH M ODIFIED I NPUT
R EFLECTION C OEFFICIENT OF THE P OWER D ETECTOR  D3

Fig. 15. Reflection coefficients of 16 reflective one-ports measured utilizing
the manufactured reflectometer with the decoupling capacitor of the power
detector P3 replaced for the one having a capacitance of 2.2 pF and with the
use of the vector network analyzer.

attenuator, as this error increases from 0.07 to 0.13 dB, which,
however, is still considerably small.
VII. C ONCLUSION

Fig. 16. Reflection coefficients of broadband SMA attenuators terminated
with short-circuit, measured utilizing the manufactured reflectometer with the
decoupling capacitor of the power detector P3 replaced for the one having
a capacitance of 2.2 pF (solid lines) and with the use of the vector network
analyzer (dashed lines). (a) Magnitudes. (b) Phases.

reflection coefficient of the power detector  D3 and with no
power detectors’ calibration, the error vector magnitudes at the
center frequency increase by 40%. Over a wider bandwidth
from 2.2 to 2.6 GHz, the magnitude and phase measurement
errors also become larger. The highest increase equal to 83%
is observed for the magnitude error in the case of a 2-dB

In this article, a six-port reflectometer has been presented,
which incorporates four nonmatched power detectors. Due to
the balanced topology of the six-port network, the signals
reflected from poorly matched power detectors are efficiently
utilized to form signal incident to DUT. As a result, no matching networks for power detectors are required. Simultaneously,
the presented six-port reflectometer exhibits a good measurement performance as its circle center’s distribution is close
to the one considered in the literature to be the optimum.
The proposed reflectometer has been investigated theoretically
in order to verify the impact of the power detectors’ match
on the measurement performance. The six-port reflectometer
operating at 2.4 GHz has been designed, manufactured, and
incorporated in the reflection coefficient measurements providing the measurement results very close to those obtained
with a commercial vector network analyzer.
Furthermore, the impact of power detectors’ asymmetry has
been analyzed theoretically and validated using the manufactured reflectometer with intentional impairment of the single
power detector. The obtained calibration and measurement
results clearly show insignificant deterioration of the measurement performance even for severe asymmetry of the power
detectors. Finally, it is shown that the proposed reflectometer
is capable of correct measurements over the bandwidth from
2.2 to 2.6 GHz. The impedance match of the power detectors
over this bandwidth in other reported reflectometers cannot be
achieved using a single stub or single LC section. Therefore,
more complex networks must be designed, leading to an
increase in the occupied area. The proposed reflectometer
eliminates the need for matching networks application, which
makes it suitable, e.g., for integrated microwave circuits,
in which the physical size is of great importance.
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