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Abstract—In this paper, a probe for measuring radio-frequency electric fields in the environment is designed and
presented. These electric fields consist of multi cellular technology (2G, 3G and 4G), including four bands: GSM900,
GSM1800, 3G2100 and LTE2600. This device, called the MCT electric probe, is realized by three orthogonal antennas,
in connection to frequency multiplexer circuits and detectors. The proposed antenna is a 3-D multi-branch monopole
antenna, and these orthogonal antennas can receive the electric fields in all directions uniformly and isotopically. The
proposed multiplexer can separate the received signals into four narrowband and has the ability to remove out-of-band
signals. The detector is able to convert the fields received from the antenna and multiplexer sections to suitable DC
voltages for amplifying and digital processing. Finally, the designed MCT electric probe is fabricated and tested. The
measurements confirm the proper operation of the probe in terms of dynamic range, accuracy, sensitivity, and the
linearity and isotropicity of the received electric fields.
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life, concerns about the health risks from the associated
l. INTRODUCTION electromagnetic fields have increased. To evaluate the
With the rapid development of communication  €xPposed E-fields, an effective device such as electric

technologies in recent years, the demand for portable ~ fields probe is needed [6]-[8].
communication devices is increasing rapidly. Portable The E-field probes have been studied by many

researched [1]-[8]. As devices used in close proximity  research are able to measure the electric fields in
to the human body become commonplace in modern
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broadband frequency bands, usually from frequencies
below 1 GHz and sometimes up to 20 GHz [6]. A
broadband electric field probe consists of an
electrically short dipole antenna connected to a diode
detector and high impedance transmission line to
measure the incident EM field [9], [11]. So far, little
research has been studied on the E-field probes in
narrow band including the GSM frequency bands.

In this paper, the E-field probe that is operated at the
frequency bands (including: GSM900, GSM1800, 3G
and LTE) is designed. The proposed design, shown in
Fig.1, consists of three basic components, which are
antenna, frequency multiplexer, and detector. The
antenna receives the electric fields in the GSM
frequency bands. The multiplexer separates the GSM
frequency bands into four bands as: GSM900
(790~960 MHz), GSM1800 (1710~1880 MHz),
3G2100  (1920~2170 MHz), and LTE2600
(2500~2690 MHz). Finally, the separated signals are
detected by diode detector, and then theses DC signals
are amplified and sent to the digital unit for
processing. In the following, the design and
implementation of these components will be realized.
At last, the designed MCT electric probe is fabricated
and tested. The measurements confirm the proper
operation of the probe in terms of dynamic range,
accuracy, sensitivity, and the linearity and isotropicity
of the received electric fields.
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Figure 1. Proposed structure of the MCT probe.

1. DESIGN AND FABRICATION OF ANTENNA

The antenna of the MCT probe must be able to
receive four mobile frequency bands (GSM900,
GSM1800, 3G2100, LTE2600). Such multi/wide-band
antennas with different structures have been
researched in the last two decades [13]-[17]. To design
this antenna, a 3-D multi-branch monopole antenna has
been proposed and designed. The photograph of the
proposed antenna is shown in Fig. 2.

Fig. 3 shows the dimensions of the fabricated
antenna. As shown in this figure, a single bent
monopole has been placed in the center of the structure
and four branches are located in the around. The bent
monopole antenna should operate for the lower band
and the branches should operate with the other high
bands. By using HFSS software, design and simulation
of the proposed antenna have been done (Fig. 4). The
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monopole length, and height, spacing and length of the
branches have been calculated and optimized using the
HFSS and as shown in Fig. 3.

The antenna is attached to the top-center of a metal
box (606025 mm?®) and is covered by radome, to
simulate the probe antenna, as shown in Fig. 5. The
material of the designed 3D printed radome is
polyurethane foams that offer an effective solution for
cost effective and both versatile and robust. Easily
optimized material allows for high performance with
low dielectri‘c interference

Figure 2. Fabricated multi-band monopole antenna.
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Figure 3. The proposed multi-band antenna with dimensions.
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Figure 4. Simulation of the proposed antenna by using HFSS.
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The simulated and measured return loss of the
antenna is depicted in Fig. 6. As shown in this figure,
the impedance bandwidths under -10 dB can cover the
GSM standards; GSM900, GSM1800, 3G2100, and
LTE2600. Fig. 7 plots the measured radiation patterns
at the frequencies 900, 1800, 2100, and 2600 MHz.
The radiation patterns for other frequencies are similar
to the radiation patterns of the four frequencies shown
in Fig. 7. Here, omnidirectional radiations in the plane
are observed.

= Simulation
=== Measurement

-20

500 1000 1500 2000 2500 3000 3500 4000
Frequency (MHz)

Figure 6. Simulated and measured return loss of the multi-band
antenna.

Figure 7. Measured radiation patterns at: (a) 900 MHz, (b) 1800
MHz, (c) 2100 MHz, (d) 2600 MHz for the antenna studied in Fig.
5.
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1l. DESIGN AND FABRICATION OF FREQUENCY
MULTIPLEXER

Multiplexers can separate a wideband signal from
common port into several narrowband signals at output
ports. Many approaches have been investigated to
achieve high performance of the multiplexers for
practical applications, such as low passband loss in
each channel, high isolation between channels and
overall compact sizes. To this end, there are some good
literatures published [18-22].

In Fig.8, a general structure of the multiplexer is
shown. This structure consists of four separate filters
and these filters are connected to each other so that one
of the ports should be matched at its center frequency
and the other ports should be look opened. The
challenge of this structure is realization of the small
dimensions.

In the following, a quadruplexer with compact size,
high isolation, and flexible passhand frequencies are
presented. Since there are no extra matching networks,
the proposed quadruplexer is compact. Design method
of the quadruplexer is described in [20].

BPF1 1\ L PORT2 (GSM 900)
{860~960 MHz)
Port1 LPort BeF2  JA | ooere (asm 1800y
(1710~1880 MHz)
Matching
Network
s BPF3 IEX

| — PORT4 (3G 2100)
(2000~2200 MHz)

ERFL FY E— (LTE 2600)
(2500~2700 MHz)

Figure 8. The general structure of the frequency multiplexer

A Unit cell design

Basically, there are four unit cells in the proposed
quadruplexer, and each unit cell is a bandpass filter as
shown in Fig. 9. The unit cell consists of a distributed
coupling feeding line (Input), a pair of resonators in
open-circuit square loops, and an output feeding line.
Design method of this cell is reported in [17]. Here,
circuits are simulated by HFSS software on a RO6010
substrate with a relative dielectric constant of 10.5 and
a thickness of 1.27mm. The dimensions of the unit cell
for the BPF2 (1710~1880 MHz) have been calculated
and optimized using the HFSS and reported in Table 1.
The simulated results are shown in Fig. 10.

Input

Figure 9. Proposed unit cell of the quadruplexes
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Figure 10. Simulated S-parameters for BPF2

B. Quadruplexer design

Here, based on the design process in [20], a
quadruplexer with high isolation is presented. This
structure is shown in Fig. 11. The design procedure for
the quadruplexer is two steps: the first, design four
single-band two-pole bandpass filters with harmonic
suppression, and the second, combine the four
bandpass filters into a quadruplexer by sharing the
input feeding line.

The full-wave simulation of the quadruplexer is
carried out by HFSS. The dimensions of the circuit
have been calculated and optimized, and reported in
table 2. To reduce the radiation effects of this circuit
on adjacent circuits, stripline technology is used in the
fabrication of the quadruplexer. The circuit is
fabricated on a 1.27-mm RO6010 substrate. The
photograph of the fabricated circuit is depicted in Fig.
12. The results of the simulation and measurement of
S parameters are shown in Fig. 13. Based on the results
in Fig. 13, it can be mentioned that the proposed
multiplexer has the potential to be applied for the GSM
probe.

It should be considered that the differences between
the results obtained in the simulations and
measurements are caused tolerance in fabrication,
variation in the electromagnetic properties of substrate
(the exact value of the dielectric permittivity was not
measured for the utilized material).

BPF1 BPF2
O 2 I O3

C_ C
| — b
portl

cCd C

BPF4 BPF3

Figure 11. Structure of the proposed quadruplexes
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Figure 12. Fabricated multiplexer in (a) microstrip, (b) strip line
structure
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Figure 13. Simulated and measured S parameters of the
quadruplexes

V. DETECTOR DESIGN

After receiving the signal by the antenna and
filtering it by the multiplexer in the four frequency
bands, it is necessary to have a suitable detector to
convert the RF signal into a DC signal. The diode
selected for detection in this design is MA4E2054
made by MACOM company. The MA4E2054 series
are low barrier Schottky diodes, and the main
advantages of them are: high detector sensitivity, low
capacitance and to make the frequency response of the
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probe very flat [23].

The diode with a low-pass filter and side circuits for
detection are depicted in Fig. 14. The dynamic range
of this circuit is about 60 dB, and it has the ability to
detect minimum power of -55 dBm.

D |
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C Diode: MA4E2054
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Figure 14. Detector circuit for the MCT probe: (a) schematic, (b)
layout.

V. RESULTS AND MEASUREMENTS

After designing and verifying the performance of
three components of the MCT probe, it should be
possible to connect three components together in the
compact space. The final layout of the antenna,
multiplexer and detector is shown in Figure 15. In this
figure, the multiplexer with the detector circuit is
printed on a square board with dimensions 60x60 mm?,
The antenna is perpendicular to the board, located back
of the board and soldered at the RF point. Based on
this, a set of MCT probe is made and tested.

()

Figure 15. Layout of the (a) antenna, and (b) multiplexer &
detector.

The fabricated circuit has the ability to receive the
electromagnetic radiation only in the direction of one
axis. To measure the total electric field, the electric
fields must be measured in three orthogonal directions.
In fact, probe isotropy is achieved by the mutually
orthogonal configuration of three antennas on three
axes direction: X, Y, and Z. Therefore, the GSM probe
consists of three orthogonal antennas, which are shown
in Figure 16. and each has its own multiplexer and
detector circuits. This set is housed inside a cube
enclosure.

Volume 15- Number 4 — 2023 (8 -14)
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Figure 16. A 3D view of MCT probe

Finally, the designed GSM probe is fabricated and
tested. Photograph of the fabricated GSM probe is
shown in Fig. 17. The measurements and calibration of
this probe are done in an anechoic chamber.

One of the most important tests is to measure the
linearity of the probe and calculate its dynamic range.
To measure the linearity of the probe, the input power
is changed linearly using the signal generator. As input
power is increased, the probe receives the transmitted
signal in the anechoic chamber and the detected signal
is transformed into a voltage. Fig. 18 shows
measurement result of linearity characteristic of the
probe in the frequencies of: 900, 1800, 2100, and 2600
MHz.. As the input power increases, the output voltage
value of the probe also increases linearly. The
proposed probe can measure the E-field from 0.1 V/m
to 65 V/m at the GSM frequency bands, and so
dynamic range of 56 dB is considerable for this probe.

The measured radiation pattern of the probe is also
measured in the anechoic chamber. As the input power
is fixed, the designed probe is rotated in the anechoic
chamber and measured output E-fields. The
measurement results of isotropic deviation have been
shown in table 3. Also, in the table 3, specifications and
the rest measurement results of the proposed probe
have been reported. The measurements confirm the
proper operation of the probe in terms of dynamic
range, accuracy, sensitivity, and the linearity and
isotropicity of the received electric fields.

&

Figure 17. Fabricated MCT probe in the anechoic chamber of
ITRC Antenna Lab
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Figure 18. Measurement results: Linearity
TABLE III. SPECIFICATIONS AND THE MEASUREMENT RESULTS
OF THE PROPOSED PROBE
GSM900
GSM1800
Frequency Bands
3G2100
LTE2600
Measurement Range 0.1-65V/m
Dynamic Range 56 dB
Sensitivity 0.1V/m
Resolution 0.5dB
Frequency Response + 3.3dB
Linearity +1dB
Isotropic Deviation +1.7dB
Operating Temperature | 10C to +40°C
Temp. Response + 0.6 dB@10°- 40°C
Dimensions 30+12.12 cm
Weight 3509
VI. CONCLUSION

In this paper, a GSM probe has been designed and
fabricated to measure the electric fields in the GSM
frequency bands, including: GSM900, GSM1800,
3G2100 and 4G2600. The electric fields have been
linearly measured in the range of 0.1 to 65 VV/m, which
confirms the dynamic range of about 56dB. The
fabricated GSM probe characteristics such as linearity,
sensitivity and isotropic deviation accuracy have been
presented in this paper. The fabricated probe can be
used in the personal exposure meter to evaluation of
exposed an electric field from the electronic devices.
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