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ABSTRACT This article presents a novel concept for a highly accurate and simple two-port vector signal
analyzer. A current phase ratio measurement method is defined for one independent external signal with a
restriction of the measuring range £90 or £180°. The article presents a new way of phase ratio evaluation
of two independent external signals with precise phase determination in a wide range from 0° to 360°. The
new functional blocks of the analyzer circuit element act as a four-position radio frequency (RF) switcher
and an algorithm for phase determination is presented. Practical application and verification of the results
achieved are demonstrated by measuring the phase directional radiation pattern of a complex object such as

an aircraft fuselage.

INDEX TERMS Vector signal analyzer, measuring of phase ratios, radiation patterns.

I. INTRODUCTION

Vector signal and network analyzers have seen unprecedented
progress in recent decades [1], [2]. The possibility of deep
analysis of radio frequency (RF) signals is not limited to their
amplitude and frequency but the phase area also provides
additional information and enables deeper and more precise
signal processing. This significantly expands the capabilities
of RF technology [3]. There has been a significant tendency to
develop new types of analyzers with quantitatively expanded
performance [4] and qualitatively better parameters [5].
Better RF measurement equipment can help in the develop-
ment of new RF technologies, which are applicable in various
areas of society [6]-[8].

Vector signal analyzers (VSA) belong to a group of spe-
cific measurement devices that allow the evaluation of phase,
which is required during the development of RF systems [9].
The other area where vector signal analyzers are helpful
is solving electromagnetic compatibility problems, where a
large amount of RF technology is concentrated in a small
place [10]. High quality, high precision, special equipment
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is produced only by a few companies around the world.
These tools are extremely helpful and simplify research in
RF technology, however, they are also expensive. Due to their
high price, researchers sometimes use low-cost alternative
equipment but with correspondingly limited functionality and
bandwidth [11], [12].

This article presents the design, implementation, calibra-
tion, and measurement of a simple, low cost, and at the same
time highly precise two-port vector signal analyzer. The goal
of this design is to support direct phase measurement of the
input signals.

Commonly used vector network analyzers evaluate the
phase of the measured signal in relation to an internal (built-
in) RF source [13], however they do not evaluate the phase
ratio of two external RF signals. This is a limitation for
the measurement of the directional radiation pattern of an
antenna. In our research, airlines assigned the Department
of Avionics, Faculty of Aeronautics, Technical University of
KosSice, the challenge of measuring the radiation pattern of an
aircraft communication antenna. We investigated the task in a
laboratory-based anechoic chamber on a reduced size model
aircraft. As we discussed previously, the phase radiation pat-
tern is important for the analysis of an antenna [14]. The shape
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of the fuselage creating the artificial ground of the aircraft
antenna affects the phase and the amplitude of the radiated
signal in every direction [15], [16]. An aircraft antenna’s
radiation pattern is usually very fragmented and contains
several significant maximums and minimums [17]. The envi-
ronment close around the antenna, including the antenna’s
carrier (car, boat, airplane, building), significantly affects
the antenna’s radiation parameter. Nonetheless, achieving a
reliable wireless connection is a requirement in every area of
the public field (emergency services, air traffic control, space,
and defense) [18], [21].

This article presents the design and calibration of a
newly developed vector signal analyzer. The new VSA is
based on an AD8302 phase comparator coupled with a
special RF switcher for phase measurement adjustment.
A proof-of-concept prototype device was set up for a 1.2 GHz
frequency. A unique algorithm implemented in our VSA
microcontroller evaluates the final phase ratio in a wide range
of 0°-360°.

II. IC AD8302 AS A VECTOR SIGNAL ANALYZER

The basic design element of the vector signal analyzer is a
phase comparator circuit AD8302. The standard circuit con-
tains two identical logarithmic amplifiers (Fig. 1) integrated
in a monolithic form. The design of the AD8302 printed
circuit board can be seen in Fig. 2.
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FIGURE 1. Phase comparator circuit AD8302.
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FIGURE 2. Design of the AD8302 PCB.

Every channel of the circuit can measure a signal in the
range of 60 dB from very low frequencies up to 2.5 GHz.
The amplitude gain can be computed as follows [19]

Vmac = Vsip. log(Va/Vp) + Ve, (D

where Vy is the reference signal and Vp is a measured signal
connected to the input ports of the AD8302 circuit, Vcp is
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the center point, defined as the Vyag output value at the
difference level of 0 dB, and Vs p and Vcp are the design
options linked to the temperature changing reference.

The AD8302 measures the phase difference between two
signals. Each of the individual logarithmic amplifiers has a
limited output. These signals are input to a phase detector
with precise symmetry with respect to the dual input within
the range of 180°. The output phase ratio Vpys is given by the
following equation

Veas = £V o (P — 90°) + Vep, 2

where Vg is the scaling voltage at the phase output, ® is the
phase difference between the two inputs, and the +/— sign
depends on the quadrant of the 180° range.

The AD8302 circuit behaves as a single-chip vector signal
analyzer. The RF detector and the microcontroller part are in
a separate shielded case. The shielding is made from 0.3 mm
thick copper sheet. The case has two sections shielded from
each other. The microcontroller part of the circuit is in the
rear, Section A, which contains a single-chip ATM328 pro-
cessor, an 8-bit microcontroller with an operating frequency
of 8 MHz. The data output of the microcontroller is con-
nected to the USB output via an RS232 serial converter.
Figure 3 shows the half-exposed RF detector and microcon-
troller module.

A B

9V battery

SMA
MCP3427
SMA

FIGURE 3. Final design of the vector signal analyzer.

Section B contains the AD8302 RF detector circuit. It is a
single-chip vector signal analyzer that has two RF inputs and
two DC information outputs. The outputs are sampled by a
16-bit MCP3427 ADC converter.

A. AMPLITUDE CALIBRATION OF AD8302

A block diagram of the workstation for amplitude calibration
of the AD8302 circuit is shown in Fig. 4. The output from
the RF signal generator is divided by a directional coupler
into two branches. The RF signal from the output of the
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FIGURE 4. Block diagram of the workstation for amplitude calibration.

directional coupler’s first branch is 0 dBm and the output
from the coupler’s second branch is attenuated by —30 dB.
An attenuator circuit is included in the first branch. The RF
signal of each branch is connected separately to one of the
ADB8302 circuit’s inputs. The second branch’s RF signal out-
put, attenuated to the level of —30 dBm, will have a constant
value during measurement.

During the calibration measurement, the level of the RF
signal from the first branch is attenuated in a range from
0 dBm to —60 dBm with a step of —1 dB. Each change in the
RF signal’s level is recorded.

The ADS8302 circuit’s amplitude transfer characteristic at
an operating frequency of 1.2 GHz is presented in Fig. 5.
A 4th order polynomial was used for approximation of the
amplitude transfer function. The calibration can be used in a
range from £25 dB at the reference signal level of —30 dBm.
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FIGURE 5. Amplitude transfer function of the AD8302 at 1.2 GHz.

B. PHASE CALIBRATION OF THE AD8302

For a precise phase calibration of the circuit, a linearly
adjustable coaxial line with an air dielectric was developed.
The coaxial line consists of 3 brass tubes, one brass rod,
3 dielectric spacers, and 2 SMA connectors. The adjustable
coaxial line’s design is shown in Fig. 6. Its effective range is
0-220 mm. This range represents 88% of the wavelength at a
frequency of 1.2 GHz (or an angular range of 0°-316.8°).

FIGURE 6. Model of the linear adjustable coaxial line.
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Our adjustable coaxial line was verified using an R&S
FSHS8 network analyzer. The phase shift of the adjustable
coaxial line was set to 0° at the starting point of the measure-
ment. Subsequently, the network analyzer measured a phase
shift in the range from —180° to +180°.

More than one period of phase change at a frequency
of 2.4 GHz and less than one period of phase change at a
frequency of 1.2 GHz was observed during a mechanical shift
of the adjustable coaxial line over the effective range. From
the measured results it can be seen in Fig. 7 that the phase
change is not linear, especially at 2.4 GHz. This observation
can be explained by an impedance mismatch at the higher
frequency.
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FIGURE 7. Phase characteristic of the adjustable coaxial line measured by
the R&S FSHS.

The block diagram of the workstation for the AD8302 cir-
cuit’s phase calibration is shown in Fig 8. A dual directional
coupler was used in the measurement as it provides two sepa-
rate RF signal sources with the same phase and attenuated
by —30 dB. These two output RF signals are connected to
input ports of the AD8302 vector signal analyzer, with the
adjustable coaxial line connected in one branch.

Adjustable
coaxial line

R&S Signal d_lJml!ale .
irectional
Generator coupler

Measurement
board AD8302

ATM328
MCP3427

FIGURE 8. Block diagram of the workstation for phase calibration.

The phase characteristic of the AD8302 circuit is presented
in Fig. 9. The orange curve shows the data from the AD8302,
the grey dotted curve shows the data from the R&S FSHS8
network analyzer, and the yellow curve is the calculated
correction. The blue curve corresponds to the data from the
AD8302 with correction applied. A 4th order polynomial
with an accuracy of 20 digits was used for the correction curve
approximation.

To increase the overall accuracy, the correction curve
was divided into 3 sections: [20° 40°], [40° 140°] and
[140° 160°]. The AD8302 is precise enough only in the linear
range of the phase characteristic [40° 140°]. The biggest
disadvantage is the mirrored characteristic resulting in an
inability to distinguish whether the phase shift is in a positive
or negative direction in a range of +180°.
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FIGURE 9. Phase characteristic of the AD8302.

lll. VSA WITH THE RF SWITCHER

To obtain high phase measurement accuracy in the range
0°-360°, itis required to move the measurement point into the
linear section of the phase characteristic 40°-140°. To do this,
the input reference signal is phase shifted by a known value.
The phase shift of the reference signal has to be at a minimum
of 40° and a maximum of 140° to allow measurement in the
wide range 0°-360°.

The required phase shift was created by two four-channel
RF switches (SW1 and SW2) connected via 4 microstrip lines
(RF1, RF2, RF3 and RF4) of different known lengths. The
RF switcher diagram is illustrated in Fig. 10 and its final
realization is presented in Fig. 11.

I 4
" —
SWi1 Sw2

Output

=
\ 4

Input

FIGURE 10. RF switcher block diagram.

The lengths of the microstrip lines are in the relation RF1
< RF2 < RF3 < RF4, where RF1 is the shortest and RF4 is
the longest. The length of the RF1 line is determined by
the mechanical design of the RF switcher’s entire circuit.
To achieve the lowest attenuation, it should be set as short
as possible. The RF1 line’s length can be considered as the
basic length. The length of RF2 is equal to RF1 + AL, where
AL is the length of line that will create a known phase shift in
the required range, minimum of 40° and maximum of 140°.

The theoretical upper limit of the measurable phase shift
using only two microstrip lines RF1 and RF2 is from 40°
to 140° plus the known phase shift of RF2. Using all
four microstrip lines, including RF3 and RF4, it is possible
to increase the maximum measurable phase shift. For the
lengths RF3 = RF1 + 2 xAL and RF4 = RF1 + 3 xXAL,
the maximum measurable phase shift is increased to a range
from —180° to +180°, or 0°-360°. This approach also allows
phase shift measurement in the so-called mirror region.
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FIGURE 11. RF switcher realization.

Input parameters for calculating the geometric dimensions
of the lines for the reference signal’s phase shift were:
- the material of the PCB, FR-4, &, = 4.3,
- 1/sqrt (&) = 0.482,
the design operating frequency of 1.2 GHz, and
- the phase shift planned to be achieved with AL of 90°.
An RF HMC7992 switch circuit was used in the developed
RF switcher to allow a phase shift of the reference signal. The
RF switcher was designed so that only one line is active at a
time and the other three inactive lines are terminated with a
50 © impedance. A digital TTL signal is used to select the
active line. Internal attenuation of the switch circuit is in the
range —0.5 to —1.5 dB at a frequency range of 0.1-6 GHz.
The switcher’s inactive lines have an isolation of
—60 to —40 dB in the same frequency range.
Table 1 shows the lengths of the microstrip lines and the
corresponding measured phase shift of the manufactured RF
switcher prototype at an operating frequency of 1.2 GHz.

TABLE 1. Parameters of the RF lines.

RF1 RF2 RF3 RF4
LENGTH [MM] 17.45 48.8 79.8 110.9
Fuax [GHZ] 17.17 6.14 3.75 2.7
MEASURED PHASE 0e 76.5¢ 149.5¢ 224.2¢

SHIFT

The planned phase shift for the length of AL was 90°, while
the manufactured RF switcher prototype had a phase shift
of 76.5°. This difference was caused by inaccuracy during the
manufacturing process but does not affect the final accuracy
of the phase shift measurement.

VOLUME 8, 2020
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The measured phase shift of the RF switcher with the
ADS8302 circuit demonstrates the expected functionality and
confirms that the design increases the operating range of the
phase comparator.

The practical integration of the RF switcher into the mea-
surement chain for evaluation of its performance in the whole
phase range was executed with the adjustable coaxial line

(Fig. 12).
Adjustable
coaxial line Sle:gier motor
ver
Measurement

board AD8302 Microcontroller

Double
Generator directional
coupler

RF switcher

— coniroller
RF switcher

FIGURE 12. RF switcher realization.

A frequency of 1.2 GHz was set at the signal generator, and
its output was connected to a double directional coupler to
create two identical RF signals. The first signal was routed to
the AD8302 phase comparator is first input via the adjustable
coaxial line. The second signal was routed to the compara-
tor’s second input via the 4-channel RF switcher.

The microcontroller drove the RF switcher to select the
active line and measured the phase shift. Once all four lines
were measured, the adjustable coaxial line was shifted by
Imm. Measured data was transferred to a PC for evaluation
(Fig. 13). The horizontal axis represents the shift of the
adjustable coaxial line from 0 mm to 220 mm. The vertical
axis represents the phase ratio in degrees; data was used only
in the range 40°—140°. The phase ratio can be calculated up
to three times in every step of the shift.

= 57 =

=——RF1 =—RF2 —RF3 —RF4

0 50 100 150 =—> 200
Shift [mm]

FIGURE 13. Measured phase ratios.

The final product, designated JVA-360, was installed into
a standard 19” rack as shown in Fig. 14. The device consists
of 4 functional blocks. Two independent DC voltage sources
(A) of 9 V and 5 V are galvanically isolated from the main
power supply of 230 V. An additional differential coil, and
ceramic and electrolytic capacitors are used as an EMC filter
connected to the outputs of the voltage sources. The output
voltage is distributed by a shielded twisted pair. A USB data
connection is 1000 V isolated with a commercial DC/DC
converter (B) of 250 mA, and 5 V powered from the PC.

VOLUME 8, 2020

FIGURE 14. Final view of the JVA-360 vector analyzer.

The AD8302’s first RF input (C) is routed directly to
connector 1 of the front panel via a coaxial line. The
AD8302’s second RF input passes through the RF switch (D)
to connector 2 of the front panel. A simplified block diagram
of the JVA-360 wiring is shown in Fig. 15.

['RF switcher 1
& .

=-w
s AD8302 | Output M wPC [USB | PC

RF input 2 |

FIGURE 15. Block diagram of the JVA-360’s wiring.

The phase shift’s final value is determined as a function
of four measured values from the RF switcher (RF1, RF2,
RF3, RF4) and the phase shift constants of the RF switcher
lines. The algorithm for calculating the final value of the
phase shift in the range of 0°-360° was developed and imple-
mented in C programming language code, using the ATM328
microcontroller.

Table 2 summarizes all possible states that can occur when
measuring phase ratios using the RF switcher. Those states’
identification is presented in Fig. 16. Following Table 2,
24 different states are possible, and special logic is used to
determine the current state. It decides whether the measured
phase shift is in the range 40°-90° (highlighted yellow),
is in the range 90°-140° (highlighted green), or cannot be
evaluated (highlighted white) while using the selected active
line for the measurement.

i
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FIGURE 16. The 24-state identification.

When all four lines of the RF switcher were measured,
the current state from Table 2 was identified by the algorithm.
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TABLE 2. State definition for the phase calculation algorithm.

MEASURED PHASE
No. | NEAL | RFI | RF2 | RF3 | RF4
1 0.3 40 109
2 20.3 60 89
3 44.1 84 65.6 140
4 51.1 91 58.6 133
5 70.1 110 114
6 77.1 117 | 40.5 107
7 94.1 134 57.5 90
8 101.1 64.5 83
9 127.1 90.5 57
10 145 108.5
11 150 113.5 | 404
12 177.9 68.4
13 180 140 70.4
14 200 120 90.4
15 224.9 95 1154 | 404
16 229.9 90 1204 | 45.4
17 250.8 69 66.4
18 256.7 63 140 72.4
19 274.7 45 122 90.4
20 280.6 116 96.4
21 306.6 90 122.4
22 325.5 71
23 329.5 67 140
24 357.5 112

The algorithm for calculating a specific phase is based on a
combination of the presence (absence) of measured outputs
in individual channels, on the number of measured outputs
in a given section and from the size of the measured val-
ues in the range (40° — 90° or 90° — 140°). This combination
of measured parameters determines in which section of the
measurement we are located. Unique formulae, presented
in Table 3, must be applied for each state to calculate the
instantaneous phase shift in the range 0°-360°.

The following substitution was used to simplify the math-
ematical interpretation of the calculation.

Measured values 40° — 140° : Constants:

RF1 — A

RF2 — B RF1_RF2 =76.5° — E
RF3 —» C RF1_RF3 = 149.5° - F
RF4 — D RF1_RF4 =224.2° — G

Figure 17 illustrates the phase difference between the mea-
surement of the phase shift using the R&S FSHS8 network

196614

TABLE 3. Unique formulae for calculation of the phase from the state.

RF1=A; RF2=B; RF3=C; RF4=D; 76.45=E; 149.55=F; 224.19=G;

I | PHASE=[(A+F-C)/2]-40

2 | PHASE=[(A+F-C)/2]-40

3 | PHASE=[(A+F-C+G-D)/3]-40

4 | PHASE=[(A+F-C+G-D)/3]-40

5 | PHASE=[(A+G—-D)/2]-40

6 | PHASE=[(A+E+B+G-D)/3]-40

7 | PHASE=[(A+E+B+G-D)/3]-40

8 | PHASE=[(E+B+G-D)/2]-40

9 | PHASE=[(E+B+G-D)/2]-40

10 | PHASE=(E+B)—40

11 | PHASE=[E+B+F+()/2]-40

12 | PHASE=(F+C)-40

13 | PHASE=[(360—A +F + C)/2]—40

14 | PHASE=[(360—A +F +C)/2]—40

15 | PHASE=[(360— A+F+C+G +D)/3]-40
16 | PHASE=[(360—A+F+C+G+D)/3-40
17 | PHASE=[(360—A + G+ D)/2]-40

18 | PHASE=[(360—A +360-B+E+G+D)/3]-40
19 | PHASE=[(360—-A +360-B+E+G+D)/3]-40
20 | PHASE=[(360—-B+E +G +D)/2]-40

21 | PHASE=[(360—-B+E +G +D)/2]-40

22 | PHASE=(360—B+E)—40

23 | PHASE=[(360-B+E +360 - C +F)/2]-40
24 | PHASE=(360—-B +F)—40

0,8
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4 10 30 50 70 90
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110 130 150 170 190 210
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FIGURE 17. Measured phase error of the JVA-360.

analyzer and our JVA-360 device. The phase error was in
the range from 40.6° to —1°. The JVA-360 measures the
amplitude difference in the range £25 dB against the refer-
ence signal —30 dBm and the phase difference in the range of
0°-360° at a rate of 50 measurements per second.

IV. EXPERIMENTAL MEASUREMENTS USING THE
AIRCRAFT MODEL

A reliable way to check the correct operation of our
JVA-360 is measurement of an antenna’s directional pattern
with a known amplitude and phase radiation. A simple asym-
metrical unipole antenna with an artificial ground of circular
shape was designed and manufactured. The unipole measure-
ment was performed in the horizontal plane (¢) and in the
vertical plane () in an anechoic chamber. The theoretical
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unipole antenna radiation pattern was modeled in FEKO
simulation software, for comparison with measured data.

The experimental results are summarized as follows:

- Both measured characteristics (amplitude and phase)
highly correlate to the radiation pattern from the simu-
lation. Nonsignificant differences can be explained by the
precision of the simulation tool against the manufactured
unipole antenna.

- Small differences are in the hemispheric area where the
antenna is powered via the coaxial line. Mechanical ele-
ments and the power cable were not taken into account in
the simulation.

Since the correct operation of the JVA-360 was proven
by the unipole antenna measurement, the next step was the
measurement of an aircraft antenna model. An Embraer
Phenom scaled model (1:10) with its surface coated by a
conductive aluminum foil was used (Fig. 18). Communica-
tion frequencies used in civil aviation are spread in the range
of 118-137 MHz. To maintain the ratio of the wavelength
of the operating frequency and the aircraft’s physical dimen-
sions, while comparing the aircraft model (1:10) and the real
aircraft, the frequency used for the aircraft model (1:10) has
to be ten times higher, which drove the 1.2 GHz calibration
frequency for the JVA-360.

— "

>
]

FIGURE 18. Measurements of the aircraft model in the horizontal plane.

For the demonstration purposes, the aircraft’s antenna radi-
ation patterns were measured in one antenna position, located
at the top center of the aircraft model (Fig. 19b). The mea-
sured aircraft antenna model radiation patterns are illustrated
in Fig. 19.

The shape and size of the fuselage, including the posi-
tion of the antenna and the operating frequency, creates the
fragmented shape of the amplitude and the phase radiation
pattern of the communication antenna in polar coordinates.
Seven significant local maximums and seven minimums can
be observed in the measured radiation patterns.

The measurement of the radiation pattern of the aircraft’s
communication antenna was mainly driven by the need to
explain several field issues reported by aircraft operators.
Radio communication with the aircraft at the specific angle
of 130° rotation was hardly achievable even with direct visi-
bility without obstacles. However good communication qual-
ity was achieved in the directions where the aircraft antenna
is shadowed by the wing (60°, 110°), by the elevator (150°)

VOLUME 8, 2020

©)

FIGURE 19. Measured radiation pattern of the aircraft model in the
horizontal plane (¢). (a) Amplitude radiation pattern of the aircraft
antenna in linear scale. (b) Rotation of the aircraft model at the
manipulator, ¢ angle. (c) Phase radiation pattern of the aircraft antenna.

or by the fuselage (0°) [20]. We thus see that radio connection
quality depends on both the amplitude and the phase radiation
patterns, which are presented in Fig. 19. The JVA-360 uses
only one coaxial line to evaluate the amplitude of the trans-
mitting antenna signal, without mutual interconnection of the
other lines.

V. CONCLUSION

The amplitude radiation pattern is a standard parameter
for the specification of an antenna. However, a particularly
important parameter that is not very often a subject of interest
is the phase radiation pattern. The phase is an inseparable part
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of the signal description. Normally complex and expensive
tools must be used for phase ratio measurement under special
laboratory conditions.

Our novel prototype equipment, the JVA-360, which can
be used for the measurement of both the phase ratio and the
amplitude ratio, was presented in this paper. The prototype
is of low cost and quite simple design. It can be replicated
with common laboratory equipment. The linear adjustable
coaxial line was developed and used as a supporting tool for
shifting the phase during the calibration of the phase ratio.
The developed RF switcher was used for phase shifting of the
reference signal by four different known values to extend
the phase measurement range. The four measured values
of the phase shift were used by an algorithm implemented
in the microcontroller for the final phase calculation.

The accuracy of the phase ratio measured by the
JVA-360 was evaluated by a high precision R&S FSHS8 net-
work analyzer using the developed adjustable coaxial line.
The calculated phase error was in the range 40.6° to —1°,
which is 0.3% of the angular range of 0°-~360°. Our prototype
JVA-360 was calibrated at a frequency of 1.2 GHz, and its
frequency range is in the band from 1.0 to 1.8 GHz. The
extension of this band is limited only by the hardware solution
of the RF switcher.

The major benefit of our JVA-360 device is the ability to
measure both the amplitude and the phase radiation pattern
of an antenna. The proper functionality of the prototype
JAV-360 was demonstrated on a scale aircraft model equipped
with a typical communications antenna.

The prototype JVA-360 has the potential to be converted
to a vector network analyzer. At the very least, it would be
desirable to supplement this device with directional couplers
and an internally calibrated signal source.
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