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Abstract: The upcoming technologies related to Internet of Things will be characterized by challenging
requirements oriented toward the most efficient exploitation of the energy in electronic systems.
The use of wireless communications in these devices makes this aspect particularly important, since
the performance of radio transceivers is strongly dependent on the environmental conditions affecting
the antenna electrical characteristics. The use of circuits capable of adapting themselves to the actual
state of the environment can be a valuable solution, provided that the implemented sensing features
have negligible impact on the overall performance and cost of the system. In this work, we present the
design and verification of an innovative ultra-wideband sensing board to detect real-time variations
of the antenna impedance in transmitters oriented to Internet of Things applications. The proposed
sensing board was widely validated by means of small- and large-signal measurements carried out at
microwave frequencies.
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1. Introduction

Internet of Things (IoT) has become more and more common nowadays in the research community.
Starting from [1,2], where the main concepts of IoT were addressed, the research around this topic has
grown and, consequently, additional details have been defined about the requirements (e.g., low cost,
energy efficiency, broad bandwidth).

The basic idea about IoT is that things or objects become smart, which means that they obtain the
ability to interact with each other and work together, even exploiting the capabilities of the internet
network. The innovation regarding IoT is not necessarily related to the development of new electronic
systems but also to the need to adapt existing systems by adding these smart functionalities.

IoT devices will be used in applications for our daily life at home or in the industry. For instance,
home devices include smart TVs, speakers, wearables, and smart appliances, whereas technologies
dedicated to security systems and to sensor and monitor traffic or weather are dedicated to the
industry [3]. The communication between devices can be delegated to common standards, such as
multiband WLAN [4,5], although ultra-wideband (UWB) transmissions are nowadays spreading out
as an effective solution, especially for short-range communications [6–9]. Their use is defined by
strict regulations, since they exploit bandwidths already used by other services and applications and,
therefore, the transmitted power must be limited to avoid any interference. For example, the US and
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European regulations allow UWB transmissions from 3.1 to 10.6 GHz with a maximum power of
−41 dBm/Hz over a bandwidth of at least 500 MHz or 20% of the center frequency [9,10].

Due to the vastness of possible applications, IoT capabilities should be integrated in low-cost
objects and deployed under a huge variety of conditions. An important goal will be to equip these
devices with the capability to adapt themselves according to the actual operating condition, in order to
provide stable performance regardless of any environmental variation.

Considering the radio communication environment for the aforementioned applications,
the antenna near-field may change drastically in real operating conditions, and this will affect
the antenna input impedance. This variation has the strongest impact at the transmitter side (composed
of an antenna, a radio frequency (RF) front-end, and digital signal processing), especially on the
RF front-end (e.g., power amplifier (PA)). Indeed, the antenna load variation jeopardizes the PA
performance, for example, through reducing efficiency, gain, and linearity. In addition, a strong
mismatch condition may have a considerable and detrimental impact on the system reliability, since it
could lead to the active devices in the PA being close to their maximum rating specifications [11,12].

This is not the first time that this problem has been faced. Indeed, several approaches have
been proposed in the literature to solve the mismatch problem between the PA and the antenna,
including enhancement of the circuit architecture [13], reconfigurable matching networks [14], and
signal adaptation. These approaches are not all compatible with IoT requirements: for example,
making the circuit design more robust by means of an isolator would create additional losses which
are not in line with the energy-efficiency goal of IoT.

In this work, we will assume the PA is an off-the-shelf component, having no tight specifications
in terms of robustness to load variations. We also assume that the load presented to the PA can be
adjusted in real time by means of a reconfigurable matching network (RMN) (Figure 1). In this scenario,
the possibility of monitoring the RF front-end load condition to possibly compensate for load variations
by means of the RMN is a crucial aspect for maximizing the overall performance of the system.

RMNs can be implemented by using different technologies, such as switches, to select between
stubs [15] or capacitors [16], microelectromechanical systems (MEMS) [17], and semiconductor
varactors [18,19]. Whatever the choice, sensing of the antenna impedance is required in order to
properly tune the RMN. To achieve this, multiple techniques have been proposed in the literature.
The most common solutions can be divided into two main groups: those focusing on monitoring the
amplitude only and with narrowband specification, and those with phase information and broadband
implementation [20,21]. However, both approaches are not compatible with IoT devices. The first is
not suitable because of the need for vectorial information over a large bandwidth. The second, despite
being broadband, adopts a quadrature down converter which creates additional losses and power
consumption. Another example is a commercial gain/phase detector [18,22] to acquire the reflection
coefficient of the antenna. Being an active device, it requires a DC supply, which is clearly not suitable
for low-cost high-efficiency applications.

In this paper, the proposed approach consists of an ultra-wideband passive network able to detect
the load variations in terms of both amplitude and phase. It is based on a six-port junction [23,24],
which is a passive structure. It has been designed to achieve a bandwidth of 1 GHz, i.e., from 5 to
6 GHz, covering the unlicensed national infrastructure (U-NII) radio bands, the 5 GHz Wi-Fi band, and
to be suitable for 802.11ac Wi-Fi access points (ACs). The availability of such a large bandwidth is a
great advantage in terms of the possible applications, since it can be used to accommodate different
services using the same RF front-end and antenna system, e.g., UWB localization [25] with 5-GHz
WLAN capabilities for data transmission. To our best knowledge, this is the first time that such a kind
of device is presented for an IoT wideband RF transmitter application.

This paper is organized as follows. In Section 2, the six-port junction and the detector topology and
design are explained as well as the fabrication procedure. In Section 3, the sensing board performance
is validated by means of measurements. The fabricated device will be tested not only to verify
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its capability to achieve the correct impedance information but also in terms of nonlinearity and
bandwidth. Finally, in Section 4, some conclusions will be drawn.Electronics 2019, 8, x FOR PEER REVIEW 3 of 16 
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Figure 1. Simplified block scheme of a transmitter.

2. Sensing Board Design

The block scheme of the proposed sensing technique for the detection of the front-end load
impedance variations is shown in Figure 2. The six-port junction [23,24] solution has been chosen
because it is simple to construct, low-cost, meets broadband requirements, and does not require any
power supply. All of these aspects are compatible with IoT devices. The concept behind this passive
structure is well-known in the literature [23,24], and it has already been used in various microwave
and wireless applications, including reflectometers and direct conversion receivers for communication.

The power detectors associated with the six-port junction are designed to get the baseband
voltages which are used to calculate the reflection coefficient of the antenna. They also respect the
IoT requirements, i.e., wideband operation related to the adopted bandwidth and no need for a
power supply.

This design covers a bandwidth of 1 GHz, from 5 to 6 GHz. In the following subsections, we will
describe the design of these elements in detail.
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2.1. Six-Port Junction Design

The six-port junction can be seen as a black box with one input and five outputs (see Figure 3).
Four output ports will be connected to four power detectors providing four voltages from which the
antenna reflection coefficient can be retrieved in terms of amplitude and phase through an appropriate
calibration algorithm. We will describe this aspect in Section 2.3.

In the literature, it is possible to find several solutions for the design of a six-port junction. In our
case, considering the demand of a simple structure, we adopted the one described in [26]. As shown in
Figure 3, it has one input port, which is connected to the power amplifier (P1), whilst the five output
ports are connected respectively to the reconfigurable antenna (P2) and to the power detectors (P3, P4,
P5, P6).
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Figure 3. Structure of the six-port junction.

In Figure 3, the six-port junction is composed of several passive elements: a 12 dB directional
coupler, a Wilkinson power divider, three 90◦ hybrid couplers, and a 3 dB attenuator. The choice of
the 12 dB coupling factor (CF) for the directional coupler was made as a tradeoff between cost and
accuracy of the power detectable at the four output ports. Indeed, by increasing the CF, the calibration
algorithm of the six-port junction is more sensitive to errors, and this will impact the reading of the
unknown load [23,24].

The design was considered over a wideband frequency range starting from 5 to 6 GHz [27]
and carried out using a commercial CAD environment (i.e., Keysight ADS [28]); electromagnetic
simulations (i.e., Keysight Momentum, embedded in Keysight ADS) were extensively adopted to
increase the accuracy of the design.

The board was manufactured on a Rogers R04350B low-cost PCB substrate with a dielectric
constant of 3.48 and a thickness of 0.508 mm. The fabricated board is shown in Figure 4.
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2.2. Detector Design

The aim of the power detector is to convert RF power into DC power [29]. A power detector
is needed at the six-port junction output ports dedicated to sense the antenna reflection coefficient
(i.e., ports P3, P4, P5, and P6 in Figure 4). The classical RF power detector is composed of a diode,
a low-pass filter (LPF) formed by a load resistor (RLoad) and a capacitor (CLoad), and an input matching
network (IMN), as shown in Figure 5.



Electronics 2019, 8, 1191 5 of 16Electronics 2019, 8, x FOR PEER REVIEW 5 of 16 

 

 
Figure 5. Simplified block scheme of the designed power detector. 

In this work, we used a Skyworks SMS7630-079 LF zero-bias Schottky diode from (emission 
coefficient n = 1, reverse saturation current Is = 5 μA at 25°). 

The choice of 𝑅  was carried out by means of harmonic balance simulations performed with 
Keysight ADS over the entire bandwidth (from 5 to 6 GHz). Since no IMN was designed, the input 
power has been swept over a wide range, i.e., from −20 to +20 dBm, in order to compensate for the 
input mismatch. 

The resistance 𝑅  has been selected to maximize the output voltage by sweeping its value 
from 36 Ω to 36 kΩ. The upper value was chosen considering the quality of available off-the-shelf 
resistors in terms of parasitic contributions in the entire frequency band of interest. 

As shown in Figure 6, the output voltage is directly proportional to the 𝑅  value. From this 
plot, we chose as best value 𝑅  = 36 kΩ since it gives a higher value of the output-detected voltage. 
This choice will increase the accuracy of the power detection. Using the results from Figure 6, we can 
also estimate the saturation region of the detector, which happens approximately at 9 dBm of input 
power for the selected impedance. This point, which will be affected by the input matching network, 
is expected to be beyond the actual power level that will reach the detector. However, the validation 
of the final design will include an analysis of the behavior of the complete sensing board for realistic 
power levels, to verify if saturation effects arise from the detector nonlinearity. 

 
Figure 6. Output voltage versus input power with frequency sweep from 5 to 6 GHz when 𝑅  is 
36 kΩ (green square line), 3.6 kΩ (blue triangle line), and 36 Ω (red solid line). 

After determining 𝑅 , the other parameter to be addressed is 𝐶 . Its value can be 
determined by looking at the desired bandwidth of the LPF. It is defined by the first-order LPF 
formed by 𝑅  in parallel (considering the low-frequency operation of the LPF) to the differential 
diode resistance 𝑅  and the capacitor C [30,31]. 

For this purpose, by looking at Equation (1), 𝑓 = 12𝜋𝑅 𝐶 ,        𝑅 = 𝑅 ∥ 𝑅 , (1) 

Figure 5. Simplified block scheme of the designed power detector.

In this work, we used a Skyworks SMS7630-079 LF zero-bias Schottky diode from (emission
coefficient n = 1, reverse saturation current Is = 5 µA at 25◦).

The choice of RLoad was carried out by means of harmonic balance simulations performed with
Keysight ADS over the entire bandwidth (from 5 to 6 GHz). Since no IMN was designed, the input
power has been swept over a wide range, i.e., from −20 to +20 dBm, in order to compensate for the
input mismatch.

The resistance RLoad has been selected to maximize the output voltage by sweeping its value from
36 Ω to 36 kΩ. The upper value was chosen considering the quality of available off-the-shelf resistors
in terms of parasitic contributions in the entire frequency band of interest.

As shown in Figure 6, the output voltage is directly proportional to the RLoad value. From this
plot, we chose as best value RLoad = 36 kΩ since it gives a higher value of the output-detected voltage.
This choice will increase the accuracy of the power detection. Using the results from Figure 6, we can
also estimate the saturation region of the detector, which happens approximately at 9 dBm of input
power for the selected impedance. This point, which will be affected by the input matching network,
is expected to be beyond the actual power level that will reach the detector. However, the validation of
the final design will include an analysis of the behavior of the complete sensing board for realistic
power levels, to verify if saturation effects arise from the detector nonlinearity.
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After determining RLoad, the other parameter to be addressed is CLoad. Its value can be determined
by looking at the desired bandwidth of the LPF. It is defined by the first-order LPF formed by RLoad in
parallel (considering the low-frequency operation of the LPF) to the differential diode resistance Rd
and the capacitor C [30,31].
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For this purpose, by looking at Equation (1),

f3dB =
1

2πRtotCLoad
, Rtot = Rd ‖ RLoad, (1)

it is possible to determine CLoad. Since the proposed reflectometer is designed to be cheap and
accurate, the idea is to guarantee the possibility of analyzing the antenna impedance variation in
1 GHz bandwidth using narrowband test signals. For example, the entire bandwidth can be swept by
using a single-tone signal over the grid of frequencies for which the calibration has been performed.
This quickly provides the impedance of the antenna, which can be directly used to control the RMN
to optimize the matching condition. As a matter of fact, the principle is the same of a spectrum
analyzer that can explore very large bandwidths, preserving high accuracy levels and dynamic range,
by exploiting narrowband IF filters. To achieve this, we design the LPF to obtain a bandwidth that
is small enough to preserve the accuracy of the power detection, although not too narrow to avoid
excessive inertia of the filter, which would slow the frequency sweep. We chose f3dB = 15 kHz as a
good tradeoff, for which RLoad = 36 kΩ and CLoad = 2.7 nF are required.

The last step in the detector design is related to the IMN, whose goal is to ensure the maximum
power transfer to the diode. It has to cover the entire frequency range (from 5 to 6 GHz) and all the
expected power values (from −20 to 0 dBm). The power range is now reduced because of the actual
power level we expect at the output port of the six-port junction under actual operating conditions
(i.e., input power of 10 dBm).

To our best knowledge, it is the first time that the IMN of the detector is designed for 1 GHz of
bandwidth since, in typical applications [30,31], a narrowband design is adopted. The IMN used for
this detector design is shown in Figure 7 and makes use of a bridged tee [32], an RLC matching network,
commonly used for broadband cascadable gain stage design. This kind of network transforms the
input impedance of the loaded detector diode to the required 50 Ω system impedance by absorbing its
reactive part into an all-pass filter over a very broad frequency band [32]. The inductors (L1 and L2),
the capacitor (C) and the resistance (R) values of the bridged tee are easily calculated from the design
equations reported in [32] and their values are: L1 = 0.36 nH, L2 = 0.44 nH, C = 0.080 pF, and R = 50 Ω.
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Due to the high-frequency application, the lumped components have been replaced with
distributed ones designed in microstrip technology, avoiding the unwanted parasitic effects of
lumped SMD components. In particular, inductors are realized with short transmission line length,
and the series capacitor is implemented with an interdigitated structure due to its small capacitance
value. The 50 Ω resistor, instead, is a high frequency SMD flip-chip thin-film component.

A broadband RF short circuit has been realized at the diode output by means of a radial stub to
filter out the residual fundamental frequency and the harmonic components.

Each detector was designed considering the same Rogers substrate already used for the six-port
junction (see Figure 8). The detector boards have been fabricated separately from the six-port junction
for testing purposes. Nevertheless, the use of the same substrate allows for easy integration of all the
elements of the sensing board over the same PCB.
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2.3. Calibration Algorithm

The most important issue in the design of the proposed sensing board is the calibration
algorithm [26] whose main aim is to derive the reflection coefficient of the load cascaded to the
sensing board (i.e., the antenna) from the voltages provided by the detectors.

In the literature, it is possible to find plenty of algorithms dedicated to the six-port calibration [26].
In this work, we adopted the five-standard calibration method, based on a linear approach [33]. It can
be easily implemented in a common programming language (e.g., C++, MATLAB), and since it is not
computationally expensive, it is suitable for a simple IoT device.

The algorithm consists of a set of mathematical matrix calculations. The main step is the calculation
of the matrix C, which characterizes the six-port junction. It is a 4 × 4 real matrix that links the vector

of the four read powers P = [p3, p4, p5, p6]
T to the unknown load vector Γ = [1,

∣∣∣Γ∣∣∣, Re(Γ), Im(Γ)]
T

according to the following relationship [26,33]:

P = ρ ·C · Γ, (2)

where ρ = |b2|
2 is the incident wave power at the antenna input port (i.e., antenna in Figure 2).

The calibration of the six-port junction is based on the identification of C by means of the
measurement of the vector P for five known loads used as a reference. Then, the generic unknown
load can be derived by using the matrix X = C−1 according to the following equations [26]:

Re(Γ) =

∑4
j=1 x3 jP j+2∑4
j=1 x1 jP j+2

Im(Γ) =

∑4
j=1 x4 jP j+2∑4
j=1 x1 jP j+2

, (3)

where P j is the power value at port j when measuring the unknown load, and xi j are the elements of X.
The five calibration loads should be chosen in order to maximize the accuracy and the stability

of the algorithm. In our practical case, we chose an experimental approach for the selection of these
loads. Taking into account the application for the sensing board, we considered some impedance
measurements of a dedicated 5.15–5.85 GHz antenna array for high data rate ultra-short-range 3 × 3
multiple input multiple output (MIMO) wireless communications [34]. The antenna impedance was
measured in three different configurations, i.e., as: a standalone antenna, integrated in a worktop, and
mounted underneath the worktop. The measurement results are shown in Figure 9.
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solid line) integrated in a worktop (green reverse triangle line) and mounted underneath the worktop
(blue thick line). Frequency goes from 5 to 6 GHz according to the direction of the arrow.

Starting from these three possible conditions, we chose five loads to optimize the accuracy of the
sensing-board algorithm in the area defined by the impedances reported in Figure 9 over the entire
bandwidth. In addition, we took into account the condition number of the matrix C [35] to reduce the
sensitivity of the calibration algorithm to measurement uncertainty. The selected loads are reported in
Table 1, for which the condition number results sufficiently small (~5).

Table 1. Calibration Standards (Ω).

1 2 3 4 5

43.57 + j 11.45 0.821 + j 98.678 65 0.03 − j 25.7 21.8 − j 39.68

Matrix C (and, therefore, matrix X) must be calculated for each frequency of interest. This is
a time-consuming operation, especially if a small frequency resolution is required over the entire
design bandwidth. Moreover, it requires the availability of the five “standards” designed over a wide
frequency range.

We propose a different approach which is sufficiently accurate and less time consuming, since
it is implemented via simulation, e.g., by using Keysight ADS. We reproduce the response of the
sensing board modeled by the measured S-parameters for the six-port junction and the electromagnetic
simulation together with the detector diode nonlinear model. We connect at port 2 (P2, Figure 4) each
calibration loads for the all frequencies of interest (e.g., from 5 to 6 GHz with a step of 100 MHz) to
obtain the four output voltages. Then, matrix C and the calibration algorithm are implemented via
MATLAB starting from the simulation results. Apart from the time reduction compared with the long
measurement process, one additional advantage is the possibility to perform this procedure without
the need for real dedicated calibration loads or equivalent elements (e.g., a passive tuner) for the
synthesis of the required impedances, which reduces the cost of the procedure.

Using such an implementation, the calibration procedure that leads to matrix C should be
performed only once, and then the result can be stored as matrix X = C−1 to directly use Equation (3)
for the impedance detection. Since this matrix is composed of 16 real floating-point numbers, assuming
a 32-bit representation, only 64 bytes of memory are required for each calibrated frequency. From a
computational point of view, Equation (3) only requires 16 multiplications, 12 additions, and 2 divisions
for each frequency we want to detect the reflection coefficient. Such a limited number of operations
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and memory requirements are today largely satisfied by common low-cost microcontrollers, which can
be suitable for the applications we are addressing.

Considering Equation (3), the power needs to be calculated from the detector output voltages.
To this purpose, an analysis was done to evaluate the nonlinearity of the detector (see Section 3.3.1).

3. Measurement Section

In this section, the measurements for the test and validation of the sensing board are reported.

3.1. Validation of the Fabricated Boards

S-parameter measurements have been carried out to validate the accuracy of the six-port
junction [27]. We performed them with a Keysight PNA-X in the bandwidth from 4 to 7 GHz,
and reported the results in Figure 10. From [23,24], the paths between P3–P1 and P6–P1 and between
P5–P1 and P4–P1 have to be equal, and these requirements are approximately satisfied over the whole
bandwidth, notably in the targeted frequency range (5–6 GHz). In Figure 10, we also report the
insertion loss of the six-port junction, which is approximately constant and equal to 1 dB over the band
of interest.

Electronics 2019, 8, x FOR PEER REVIEW 9 of 16 

 

Considering Equation (3), the power needs to be calculated from the detector output voltages. 
To this purpose, an analysis was done to evaluate the nonlinearity of the detector (see Section 3.3.1). 

3. Measurement Section 

In this section, the measurements for the test and validation of the sensing board are reported. 

3.1. Validation of the Fabricated Boards 

S-parameter measurements have been carried out to validate the accuracy of the six-port 
junction [27]. We performed them with a Keysight PNA-X in the bandwidth from 4 to 7 GHz, and 
reported the results in Figure 10. From [23,24], the paths between P3–P1 and P6–P1 and between P5–
P1 and P4–P1 have to be equal, and these requirements are approximately satisfied over the whole 
bandwidth, notably in the targeted frequency range (5–6 GHz). In Figure 10, we also report the 
insertion loss of the six-port junction, which is approximately constant and equal to 1 dB over the 
band of interest. 

 
Figure 10. S-parameter measurements of the six-port junction. Upper row: the magnitude of S31 and 
S41 is reported with red solid line and the magnitude of S61 and S51 is reported with thick blue solid 
line. The phase of S31 and S41 is reported with green dotted line and the phase of S61 and S51 is 
shown with black square line. Lower row: insertion loss. 

The return loss of the fabricated detector prototypes was measured at different power levels to 
verify the effectiveness of the matching network as a function of power over the entire bandwidth. 
The results reported in Figure 11 show a return loss of −15 dB or less, close to the central frequency 
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Figure 10. S-parameter measurements of the six-port junction. Upper row: the magnitude of S31 and
S41 is reported with red solid line and the magnitude of S61 and S51 is reported with thick blue solid
line. The phase of S31 and S41 is reported with green dotted line and the phase of S61 and S51 is shown
with black square line. Lower row: insertion loss.

The return loss of the fabricated detector prototypes was measured at different power levels to
verify the effectiveness of the matching network as a function of power over the entire bandwidth.
The results reported in Figure 11 show a return loss of −15 dB or less, close to the central frequency
(5.5 GHz). It is noteworthy how the designed matching network strongly reduces the variation of the
return loss over a considerable range of input power.
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Figure 11. Measurement results of the return loss of the detector for different input power levels. Red
solid line is 0 dBm, blue thick line is −5 dBm, green reverse triangle line is −10 dBm, violet square line
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3.2. Validation of the Impedance Detection

In this section, a validation of the designed sensing board as a reflectometer is performed with
the setup shown in Figure 12, which includes an RF microwave source (Keysight N5182B), a Maury
microwave mechanical tuner, and a digital multimeter (Rigol DM3058). By means of a set of single-tone
measurements, from 5 to 6 GHz with 100 MHz steps, we are able to test the sensing board (six-port
junction + detector) over the entire bandwidth of interest. These measurements were carried out by
applying one tone for each frequency with a constant input power of 10 dBm (8.27 dBm at the sensing
board input port) and settling the impedance values by a mechanical tuner in order to avoid any
change due to the interactions with the environment that would be produced by an actual antenna.
These impedances were measured in advance by means of a vector network analyzer to gather their
values with a high level of accuracy, so that they can be considered a good reference for the validation of
the sensing board. The read voltages from the multimeter were processed and, through the calibration
algorithm explained in Section 2.3, the load reflection coefficients were derived. These results are
reported in Table 2 and in Figure 13. We can conclude that the detected impedances are in good
agreement with the ones set by the mechanical tuner over the investigated bandwidth.

Electronics 2019, 8, x FOR PEER REVIEW 10 of 16 

 

 
Figure 11. Measurement results of the return loss of the detector for different input power levels. Red 
solid line is 0 dBm, blue thick line is −5 dBm, green reverse triangle line is −10 dBm, violet square line 
is −20 dBm. 

3.2. Validation of the Impedance Detection 

In this section, a validation of the designed sensing board as a reflectometer is performed with 
the setup shown in Figure 12, which includes an RF microwave source (Keysight N5182B), a Maury 
microwave mechanical tuner, and a digital multimeter (Rigol DM3058). By means of a set of single-
tone measurements, from 5 to 6 GHz with 100 MHz steps, we are able to test the sensing board (six-
port junction + detector) over the entire bandwidth of interest. These measurements were carried out 
by applying one tone for each frequency with a constant input power of 10 dBm (8.27 dBm at the 
sensing board input port) and settling the impedance values by a mechanical tuner in order to avoid 
any change due to the interactions with the environment that would be produced by an actual 
antenna. These impedances were measured in advance by means of a vector network analyzer to 
gather their values with a high level of accuracy, so that they can be considered a good reference for 
the validation of the sensing board. The read voltages from the multimeter were processed and, 
through the calibration algorithm explained in Section 2.3, the load reflection coefficients were 
derived. These results are reported in Table 2 and in Figure 13. We can conclude that the detected 
impedances are in good agreement with the ones set by the mechanical tuner over the investigated 
bandwidth. 

 
Figure 12. Measurement setup for the validation of the sensing board with single-tone measurements. 

  

Figure 12. Measurement setup for the validation of the sensing board with single-tone measurements.



Electronics 2019, 8, 1191 11 of 16

Table 2. Impedance Measurement Results.

Frequency (GHz) Tuner Impedances (Ω) Retrieved Values from the Sensing Board (Ω)

5 43.6 + j 12.04 40.3 + j 12.0
5.1 30.5 + j 1.32 34.9 + j 7.5
5.2 48.1 − j 12.1 44.4 − j 6.0
5.3 48.6 + j 4.2 45.7 + j 2.5
5.4 30.9 + j 3.9 36.6 + j 6.6
5.5 45.9 − j 8.8 44.7 − j 10.9
5.6 38.4 + j 16.9 40.7 + j 17.3
5.7 32.5 − j 1.9 33.2 − j 2.4
5.8 54.4 + j 7.4 52.5 + j 5.5
5.9 37.2 + j 10.3 38.2 + j 12.4
6 49.4 + j 4.8 49.9 + j 1.0
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Figure 13. Measurement results are reported. Red circle line shows the reflection coefficient in terms of
real and imaginary part set at the tuner. Blue solid line shows the reflection coefficient in terms of real
and imaginary part retrieved from the sensing board.

3.3. Sensing Board Validation with Large-Signal Measurements

In this section, a nonlinearity analysis of the sensing board and a bandwidth estimation of the
detectors are carried out. To perform both analyses, two different measurement setups were used.

3.3.1. Nonlinearity of Detectors and Sensing Board

Looking at Equation (2), we need to know the power at the four output ports of the six-port
junction in order to retrieve the information about the load reflection coefficient. They can be measured
through a power meter as in [27] or with the setup implemented in [36], which basically works as the
power detectors.

Considering the designed sensing board, we should retrieve the power values from the output
voltages of the detectors. The direct use of the well-known proportionality between power and squared
voltage (P ∝ V2) is correct only from a theoretical perspective. In practice, the nonlinearity of the
detectors can alter this relationship, causing a poor level of accuracy in the determination of the
load impedance. As a consequence, the Pin −Vout characteristic of the detectors has to be properly
characterized in order to obtain accurate results over a wide range of power values.

It should be pointed out that a nonlinear verification of the detectors is required even if the RF
front-end is intended to operate at constant power. Indeed, the power level reaching the four detectors
of the sensing board is not the same for every port of the six-port junction and, in general, depends on
the actual front-end load.

By characterizing the detectors Pin −Vout relationship, we can extend the sensing board operation
over a considerably wide range of power. To this end, we used the setup in Figure 14. A Keysight
PNA-X, in nonlinear vector network analyzer (NVNA) mode, has been used to perform nonlinear
measurements on the sensing board with an input power sweep from −10 to 25 dBm. To obtain the
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highest levels of power, it was necessary to introduce a power amplifier (frequency range 2 to 8 GHz,
gain 35 dBm, P1dBm = 34 dBm). Through two directional couplers, one at the input and one at the
output, it is possible to retrieve the incident and reflected waveforms at the input and the output ports
of the sensing board from which the actual input power and the load reflection coefficient can be
calculated. The voltages at the four output ports of the sensing board are detected by means of two
multimeters (Rigol DM3058 and Hewlett Packard 34401A). As load, we used a mechanical tuner.
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Figure 14. Measurement setup for detector nonlinearity investigation. It includes the sensing board
(six-port junction and detectors) and the variable load implemented with a mechanical tuner; the voltages
are detected by two multimeters and the signal is applied by the PNA-X.

The results from these measurements are reported in Figure 15. Here, the frequency is constant
at 5.5 GHz, the input power sweeps from −10 to 25 dBm and the impedance set by the tuner is
Ztarget = 63− j 19 Ω. We used the Pin −Vout characteristic of the detectors to estimate the actual power
delivered by the four output ports of the six-port junction.
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Figure 15. Real and imaginary part of a detected impedance as a function of the input power at 5.5 GHz.

As expected, the detected impedance is approximately constant over the whole range of input
power, and data results agree with the value set by the tuner. This confirms the usefulness of the
introduction of the detector Pin −Vout actual characteristic in the calibration algorithm of the sensing
board to extend its functionality to a wide range of power.
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3.3.2. Bandwidth of the Detector

In this section, we verify the bandwidth of the detector. For this purpose, the measurement
condition must be properly defined. The low-pass behavior of the detector cannot be investigated
by using single-tone measurements. In fact, the 5 to 6 GHz RF IMN prevents low-frequency signals
from flowing through the circuit, whereas an RF sinusoid will provide only a constant output voltage.
To solve this problem, the idea was to use the detector to reveal the envelope of a 2-tone signal by
varying the frequency of the envelope itself to characterize the frequency response of the output LPF.

We used the setup shown in Figure 16, where an RF source (Keysight N5182B) is used to set a
two-tone signal at the input of the detector board, and an oscilloscope (Tektronix DPO4104) acquires
the output waveform. For the 2-tone signal generation, we consider the central frequency f0 of 5.5 GHz
and we swept the distance ∆ f between the two tones from 200 Hz to 40 kHz.

To evaluate the real bandwidth of the detector, the output waveform is processed through a
mathematical procedure to calculate the peak-to-peak voltage for each value of ∆ f . The results are
reported in Figure 17. The cutoff frequency (−3 dB point) is approximately 13.4 kHz, which is in good
agreement with our design specification (i.e., 15 kHz).
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4. Conclusions

In this work, we have described an ultra-wideband sensing board for IoT applications. We have
extensively characterized the sensing board by means of small- and large-signal measurements in the
frequency range of interest (i.e., 5 to 6 GHz) to deeply verify the goodness of the proposed design
approach. In particular, we have also investigated the sensing board nonlinear behavior and verified
the possibility of extending its application to a wide range of power levels.
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