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Abstract 

The VSWR is an important entity when assessing the properties of an antenna. This 

report presents measurements of the VSWR, related to antennas, by means of a 

Vector Network Analyzer. The open/short/load calibration method is used as a 

preparation before the actual measurement in order to obtain accurate results. The 

way that the VSWR depends on frequency is illustrated by three measurment 

methods: direct measurement of the VSWR, by using 𝑆11, or by using the Smith 

chart. The results are compared and conclusions are drawn. 
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1 Introduction 

In this report, measurement of antenna VSWR by means of a VNA is studied with 

three different methods. They are: direct VSWR measurement, measurement via 𝑆11 

or via the Smith chart. All measurement results must be processed numerically in 

order to obtain the VSWR as a function of frequency. The reflection coefficient is 

used in the VSWR calculation. The measurement is made in the band from 100 to 

700 MHz since this is what the antenna is designed for. Calibration is an important 

step before measurement. There is also a comparison of the results for different 

heights of the antenna. 

1.1 Report structure 
The rest of the report is divided into four parts. First, there is an introduction to the 

antenna and the VNA. Then the calibration is discussed prior to the antenna 

measurement. Third, parameters used in the three measurement variants are 

described. Finally, results are presented and conclusions are drawn. 

1.2 Equipment in the experiment 
The figures show the VNA Anritsu 2024A, the 100 to 700 MHz antenna, cables, 
calibration kits and the Anritsu software tool. The calibration kit has a T-link.  

 

Figure 1-1. The Antenna and the VNA. 

 

Figure 1-2. The cable with N-type connectors. 
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Figure 1-3. Open/Short/Load kit.                                    Figure 1-4. Anritsu software tool. 

2 The antenna 

In communication, radar, navigation and broadcasting, radio equipment transmits 

and receives radio waves. An antenna is a device for transmitting and receiving 

radio waves [1]. Antennas are normally made of metal and have many shapes and 

forms. In this experiment, the investigative target is a 100-700 MHz LPDA (Log 

Periodic Dipole Antenna) for receiving and transmitting purposes, which has a 50 Ω 

direct fed directional wide band beam [2]. The LPDA is mainly used in ultrashort 

wave band. It also can be used as short-wave communication and the transmitting 

antenna of the medium wave and short-wave broadcast [3]. 

2.1 Composition of the antenna 
The LPDA is repetitive with a certain scale factor 𝜏. The electrical properties of the 

LPDA can therefore change periodically in a wide frequency range [4]. 

All dipole lengths and the distances between them are proportional. The scale factor 

𝜏 corresponds to the ratios [5]. 

 𝜏 =
𝑑𝑛+1

𝑑𝑛
=

𝐿𝑛+1

𝐿𝑛
=

𝑅𝑛+1

𝑅𝑛
 ( 1 ) 

𝜏 can be computed from the distance between two adjacent dipoles, the length L of 

the dipoles or the distance R from the dipoles to the geometric vertex of the antenna. 

Figure 2-1 shows the d, L and R. 



 

3(34) 

 

 

Figure 2-1. The geometric structure of the LPDA. 

The interval factor 𝜎 is used to present the distance of two adjacent dipoles. 

 𝜎 =
𝑑𝑛

2𝐿𝑛
 ( 2 ) 

The LPDA electric properties are input impedance, directivity diagram, gain and 

bandwidth. The length of the regular dipole part is a quarter of the wavelength. In 

this report, the VSWR is studied as an experimental verification of antenna 

performance and the relation between the VSWR and the frequency is found. 

2.2 Working principle 
Power limitations are largely removed since this antenna can be connected with a 

coaxial cable to a 50 Ω supply [2]. 

2.2.1 The LPDA principle 

The antenna retains the electrical properties if the ratios of the 𝐿𝑛 𝜆𝑛⁄  are kept 

invariant and the working frequencies satisfy: 𝑓𝑛+1 𝑓𝑛⁄ = 1 𝜏⁄ . In practice, the 

bandwidth is given by the longest and the shortest dipole. The phase center will 

move gradually from one dipole to the next with an increase in frequency and this 

causes the more or less periodic variation in the VSWR. With the log periodic 

design a wide and reasonably uniform band can be obtained. The logarithm of the 

dipole frequency changes with the constant 𝑙𝑛
1

𝜏
  and hence the name Log Periodic 

Antenna [5][6]. 

The lower and upper frequency limits can be computed with Eq. 3 and 4. 

 𝐿 =
𝜆

2
 ( 3 ) 

 𝑓 =
𝑐

𝜆
 ( 4 ) 
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2.2.2 The zones of the antenna 

Each dipole has a working or tuning frequency given by the above equations. 

However, the dipoles work together. The combination of dipoles then covers a 

larger bandwidth even though the transition between active dipole is not perfect. 

The dipoles can be divided into three zones according to their status [5]. 

2.2.2.1 Transmission zone 

The dipole is short and the input impedance is large so the radiation is weak and the 

dipole behaves like a short transmission line [4]. 

2.2.2.2 Radiation zone 

The excitation current in this zone is equal to the one third of the maximum 

excitation current. The dipoles length is around 𝜆 2⁄  in this zone and the position of 

the active dipole moves with frequency [6]. The half wave dipole has good radiation 

properties. 

The number of dipoles can be calculated from τ. 𝐾1 and 𝐾2 are the truncation 

constants of the highest and the lowest working frequency. 𝑁𝑎 is the number of 

dipoles needed in the radiation zone [4]. These equations are used in the design of 

the antenna. 

The number of active dipoles is always larger than 3. The larger the number of 

dipoles in the radiation zone, the stronger the directivity in the passband and the 

higher the gain of the antenna [5]. 

The radiation zone will move from longer dipoles to shorter dipoles when the 

working frequency increases. The input impedance and directivity of the antenna are 

basically unchanged in the whole passband [3][4]. 

2.2.2.3 The non-excitation zone 

Non-excitation zone is also called the cutoff zone. It is so named since most of the 

power goes to the radiation zone so there is little power left. The excitation current 

is also small in this zone [4][6]. 

2.3 Application, advantages and disadvantages 
The LPDA can be used for HF communications, certain TV reception situations and 

all-round monitoring in HF bands. The LPDA design is compact and its radiation 

and gain pattern can be changed with the requirements. However, the LPDA is not 

widely used as a feed for reflector antennas since the radiation zone moves with 

frequency so that the phase center is no longer at the focal point. The installation 

cost is also high [6][7]. 

 𝐾1 = 1.01 − 0.519τ ( 5 ) 

 𝐾2 = 7.10𝜏3 − 21.3𝜏2 + 21.98𝜏 − 7.30 

          +𝜎(21.82 − 66𝜏 + 62.12𝜏2 − 18.29𝜏3) 
( 6 ) 

 𝑁𝑎 = 1 +
𝑙𝑜𝑔 (𝐾2 𝐾1)⁄

𝑙𝑜𝑔 𝜏
 ( 7 ) 
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2.4 Polarization and ground effect 

2.4.1 The vertical polarization  

The vertically polarized wave has an electric field that has only a vertical 

component, a so called linear polarization. The electrical field will oscillate up and 

down in a vertical plane [8][9].  

Figure 2-2 illustrates the situation with a dipole above ground. The source under 

ground is an image source introduced to replace the ground plane. The 𝜃𝑖 is the 

incident angle and the 𝜃𝑟 is the reflection angle. The 𝜃𝑟 should be equal to 𝜃𝑖. The 

point M is an observation point. The vertical polarization of the antenna is 

perpendicular to the ground. The radiation loss can be seen as the power that goes 

into the ground in the figure [10].  

 

Figure 2-2. The dipole with a ground plane. 

The vertically polarized antenna typically has vertical dipoles of some form. An 

antenna with a single vertical element radiates with azimuthal symmetry and some 

directivity in the vertical plane and has a fairly strong field along the ground [11]. 

The vertical dipole antenna is widely used in broadcasting since it has sufficient 

bandwidth, simple installation and convenient maintenance [8]. 

2.4.2 Lossy ground 

The earth is not a perfect conductor and neither is it perfectly flat even though this is 

often assumed. The height above ground will affect the directivity of the antenna 

and the incident angle 𝜃𝑖  [12]. The characteristics of the antenna are deeply affected 

by the ground plane at low frequency and this is seen in the measurements that will 

be described later [12]. 
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3 VNA 

3.1 Summary 
The VNA is one of the most important and most widely used high accuracy 

intelligent instruments in the field of micro- and millimeter wave testing. This 

instrument is used in research, production and repair as well as measurement for the 

development of new generations of military or satellite systems such as phased array 

radar or aerospace equipment [13]. The VNA can measure a variety of parameters 

for one-port or two-port networks [14]. 

3.2 Basic design 
A VNA is made up of a number of standard blocks as shown in Figure 3-1 [13]. 

 

Figure 3-1. VNA block diagram. 

The signal source can scan in frequency and provides the excitation signal needed 

by the DUT (Device Under Test). The signal separation device can provide a 

sampling port for the reference signal for ratio measurement and separate the 

incident and reflected signals of the DUT. Signal processing and detection is 

completed by a tuning receiver in the VNA. The VNA downconverts the input 

signal into a lower IF, and then measures the IF signal directly by a tuning receiver. 

This can greatly improve the sensitivity and dynamic range of the VNA but 

produces an interference signal at the same time [15]. 

3.3 Transmission and reflection 
The VNA resembles an optical lens since the incident power is both reflected and 

transmitted by the DUT. Figure 3-2 indicates the basic signal route in a VNA. The 

incident power is both transmitted through port 2 and reflected back through port 1. 

This resembles light in an optical lens. 
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Figure 3-2. Basic signal route in a VNA. 

The VNA used in the experiment is handheld. It uses frequency domain reflection 

measurement that has replaced the older pulse technology of time domain reflection 

measurement. The VNA can provide one-port measurement for echo loss, VSWR, 

cable loss, fault node detection and Smith chart by using frequency domain 

reflection measurement (FDR). A VNA can measure cable loss, phase and group 

delay if connecting it to a two-port cable. In other words, the VNA offers accurate 

capacity for cables and antennas through simple 𝑆11 and 𝑆21 parameter 

measurements [16]. Figure 3-3 indicates the computable parameters of port 1. 

 

Figure 3-3. The computable parameters of port 1. 

3.4 Working principle 
The VNA can be described with blocks as shown in figure 3-4. 

 

Figure 3-4. VNA block diagram. 

First, the signal source produces the broadband excitation signal. This signal then 

splits into the signals for the S-parameters of the DUT in the S-parameter testing 

module. Thirdly, the signals are mixed in the mixer receiver module and produce an 

IF signal. The IF signal is converted to digital form in the IF processor module. 

Finally, the amplitude and phase information can be extracted after the broadband 

digital filter module under the control of the embedded computer [13]. 
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3.5 Characteristics and technical features of the Anritsu VNA 2024A 
The Anritsu VNA MS2024A instrument is a portable handheld vector network 

analyzer with accurate performance and essential RF capabilities. It can make 

precise, vector corrected, one-port magnitude, phase and distance-to-fault 

measurement and one-path two-port magnitude, phase and group delay 

measurement, from 2 MHz to 4 GHz. The VNA is suitable for field operation since 

it has a precise synthetic source, a high sensitivity receiver and battery supply 

[13][16][17]. 

The VNA may be considered as an automatic network analyzer or a gain phase 

meter since it measures both amplitude and phase. The VNA is able to measure 

more DUT parameters and is therefore better than a scalar network analyzer [18]. 

The Anritsu operates from 2 MHz to 4 GHz. It can be used for accurate one-port 

measurement and has a great dynamic range since the directional performance of the 

Anritsu is higher than 42 dB. This VNA is used for measuring echo loss, VSWR 

and for antennas and cable phase when |𝑆11| is smaller than 30 dB. The VNA 

dynamic range is larger than 70 dB and offers enough signal to noise ratio to get 

accurate transmission measurement. The Smith chart is convenient for antennas and 

the cable phase matching [16]. 

4 Calibration 

There are good reasons for calibration and the goals and principles can be described 

as follows. 

4.1 Reason 
VNA measurements have in a way formed an independent discipline. However, 

there are still many remaining problems that relate to the complicated principle of 

the VNA [18]. Cables and antennas are necessary parts in most communication 

systems. However, their performance is degraded if they are corroded, soaked or 

overused for a long time. Cables are more affected than antennas by the above 

issues because cables need phase matching. With a VNA one can find potential 

problems by daily inspection and do preventive repair [16]. 

4.2 Goal 

4.2.1 Principle and purpose 

The principle of the VNA calibration is to get true values from the measurement by 

using calibration kits. The result for the DUT is corrected through serial 

computations that eliminate the error and produce the true value of the measured 

entity. The number of elimination error terms is the same as the number of 

calibration kits [20]. The purpose of the VNA calibration is to eliminate system 

errors from the instrument hardware by means of measurement [21].  
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4.2.2 Classification of errors 

Measurement errors can be divided into system error, drift error and random error 

[20]. 

4.2.2.1 System error 

The system error is caused in the VNA system. The main origins of system error are 

mismatch in measurement ports, poor directivity of directional couplers (bridges) 

and poor frequency tracking in reflection and transmission measurement. The 

system error does not change with time and is repeatable and predictable [22][23]. 

4.2.2.2 Drift error 

The drift error appears in spite of calibration since it is caused by a change in the 

instrument or measurement system. This could be thermal expansion in cables or 

conversion stability of the microwave inverter [23]. The drift error is minimised if 

calibration is done at the median value of the temperature range. This type of error 

is non-repeatable and varies with time [24]. 

4.2.2.3 Random error 

The random error emerges randomly in measurement devices and instruments. It is 

caused by equipment noise, like sample noise and IF noise, and the repeated 

handling of the connectors. Random error cannot be predicted or eliminated by 

calibration, but by increasing signal source power, reducing IF bandwidth and 

avoiding abrasion in connectors, it can be abated [24]. 

The following figure shows where the errors typically appear in the VNA. 

 

Figure 4-1. The location of errors in the VNA. 

Calibration can mainly offset the system error and drift error. For the reflection 

measurement, the directivity, source matching and frequency response tracking are 

the main system errors. One-port calibration can eliminate these errors. 
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4.3 Calibration frequency 
The VNA calibration should be completed before measurement. Traditionally the 

instrument is sent to a specialized company for calibration. However, we can also 

use calibration kits to calibrate the instrument before operation. 

The frequency of calibration depends on factors such as required accuracy, 

environment and the service life of connectors [25]. The VNA also needs to be 

recalibrated if the testing frequency changes or if the measured port cable changes 

status. Movement and changes in temperature or humidity can affect the 

measurement results [17]. 

4.4 Methods 
The VNA is a high integration instrument, it needs little external configuration and 

then mainly in the form of a calibrator that is connected to a port of the VNA. This 

could be an open kit, a short kit, a load kit, a through kit or a conversion device [26]. 

4.4.1 Classifications of calibration  

Calibration methods include normalization. Normalization includes reflection and 

transmission normalization and provides the fastest measurement. Other calibrations 

are: full one-port, one path two-port and full two-port. Full one-port can calibrate 

reflection tracking, directivity and source matching error terms for the one-port and 

is applicable to exactly measure reflection at one port. One path two-port combines 

the above two methods and is suitable for unidirectional transmission measurement, 

for example an amplifier. Full two-port is suitable for bidirectional measurement 

and has the highest accuracy. It can calibrate two ports and measure all S parameters 

[27].  

VNA calibration methods can also be classified according to calibration kit 

standard: OSL, TRL and LRL. Automatic calibration with an external module is 

another possibility [27][28].  

4.4.2 Verification of calibration results 

Using calibration kits that has been used to calibrate the VNA to test the correctness 

of the calibration results is the most common mistake during the checking results 

process. Sometimes the users observe whether the 𝑆11 amplitude curve is around the 

0 dB by matching an open or short kit which has been used to calibrate the 

instrument [22]. For OSL calibration, the use of error formulas is the proper way to 

check the accuracy of the calibration results. 

4.5 OSL calibration 
OSL can also be referred to as OSM because the load is matched. The OSL 

calibration technique is usually used for one-port calibration so for this experiment 

the OSL was chosen. The VNA has no field adjustable components. The Anritsu 

VNA offers a flexible combination of small and portable calibration kits. The OSL 

series open/short/load establishes a reference for accurate measurement if they are 

used on the test port [29]. The OSL calibration kits should be checked for accuracy 

regularly since they are crucial for the calibration [26]. 
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In this experiment, full one-port calibration is used. The VNA uses the OSL 

technique to make a vector correction that can guarantee the accuracy, repeatability 

and overall quality of the one-port measurement. The VNA removes all system 

errors in the one-port reflection measurement: directivity, source matching and 

reflection tracking error, and reflection response error. It also removes the 

transmission source matching error when measuring two-port transmission. The 

VNA provides superior measurement accuracy for fast measurement, fault location 

or cable phase matching. After vector correction the user can make VNA 

measurement at any place and time [25]. 

4.5.1 OSL calibration kit standards 

4.5.1.1 Open standard 

A coaxial open kit uses an enclosed design to reduce effects of stray 

electromagnetic energy. Parasitic fringing capacitances are formed inside the kit. 

The fringing capacitance would result in a negative imaginary part for 𝑆11 at high 

frequencies although the open kit can physically be constructed with zero length 

[30][31]. 

Figure 4-2 shows the internal structure of the open standard. 

Figure 4-2. Open kit circuit module. 

4.5.1.2 Short standard 

A coaxial short kit has a total reflection of the incident wave so it can be constructed 

as an almost ideal device. From figure 4-3, the length offset L, which is the distance 

between the reference plane and the physical short, determines the reflection 

coefficient of the short kit and the signal loss can be ignored over this interval. The 

electrical length of the short kit which is entered into the instrument is the only 

factor needed when modeling the short kit in a VNA and the length can be extended 

to account for the parasitic inductance [30][31].  

Figure 3-3 shows the internal structure of the short standard. 
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Figure 4-3. Short kit circuit module. 

4.5.1.3 Load standard 

A matched kit can provide a precision broadband impedance that corresponds to the 

system impedance. With the inner conductor terminating in a resistively coated 

substrate the kit comes close to the system impedance of 50 Ω. A laser can trim the 

actual resistance by modifying the holes in the substrate [30][31]. The coaxial mode 

converts to a coplanar mode in order to obtain the system impedance over a wide 

band. 

Figure 4-4 shows the internal structure of the load standard. 

 

Figure 4-4. Load kit circuit module. 

calibration method 
measurement 

parameter 
precision 

terminal 

impedance 

Open kit 𝑆11 Low infinite 

Short kit 𝑆11 Low 0 Ω 

Load kit 𝑆11 high 
system 

impedance 

Table 4-1. Comparison of the OSL kits. 
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4.5.2 OSL calibration principle 

Figure 4-5 illustrates the types of error that are corrected in the calibration. 

 

Figure 4-5. Three errors are calibrated with the OSL technique. 

The 𝑒00 is the directivity error, 𝑒11 is the source matching error and 𝑒10𝑒01 is the 

reflection tracking response [32]. The 𝑉0
+ indicates the incident wave and the 𝑉0

− 

indicates the reflected wave. 

Eq. 8 describes the relation between the actual reflection coefficient 𝛤𝐴 of the DUT 

and the measured value 𝛤𝑀 [33][34][35]. This is a one-port experiment so the port 

can be regarded as matched with the load when the errors and the reflection 

coefficient are zero. 

  𝛤𝑀 =
𝑉0

−

𝑉0
+ = 𝐸𝐷 +

𝐸𝑅𝛤𝐴

1−𝐸𝑆𝛤𝐴
 

( 8 ) 

𝐸𝐷 is the directivity error, 𝐸𝑅 is the reflection tracking error and 𝐸𝑆 is the source 

matching error. Because of these three errors, the measured value 𝛤𝑀 deviates from 

the actual value 𝛤𝐴. The actual reflection coefficient 𝛤𝐴 can be calculated if the three 

errors are known. The OSL calibration uses three calibration kits to obtain three 𝛤𝑀 

values. In the process, the reflection coefficient is 1 for open kit, -1 for short kit and 

0 for load kit when using a 50 Ω load. There are then three special cases of Eq. 8. 

 
𝛤𝑀1 = 𝐸𝐷  + 

𝐸𝑅

1 −  𝐸𝑆
 ( 9 ) 

 
𝛤𝑀2 = 𝐸𝐷 −

𝐸𝑅

1 + 𝐸𝑆
 ( 10 ) 

 𝛤𝑀3 = 𝐸𝐷 ( 11 ) 

These three equations can be solved.  

 𝐸𝐷 = 𝛤𝑀3 ( 12 ) 

 𝐸𝑠 = 
2𝛤𝑀3− 𝛤𝑀2− 𝛤𝑀1 

𝛤𝑀2− 𝛤𝑀1
 ( 13 ) 

 
𝐸𝑅 =

2(𝛤𝑀3 − 𝛤𝑀1)(𝛤𝑀3 − 𝛤𝑀2)

𝛤𝑀2 −  𝛤𝑀1
 ( 14 ) 

In the actual measurement, 𝛤𝐴 can then be obtained from Eq. 15. 
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𝛤𝐴 =

𝛤𝑀 −  𝐸𝐷

𝐸𝑆(𝛤𝑀 −  𝐸𝐷) +  𝐸𝑅
 ( 15 ) 

In this way, the measured values for 𝛤𝑀 yield the actual reflection coefficient 𝛤𝐴. 

The OSL method connects one kit after the other to the test port so that the voltages 

𝑉0
+ and 𝑉0

− can be measured. Three test cases produce three reflection coefficients 

and one can then solve for the errors and finally obtain the actual reflection 

coefficient. The difference between the measured and the actual value gives an 

estimate of the amount of calibration. Later, 𝛤𝐴 will be used to calculate the VSWR 

value. 

4.5.3 Calibration steps 

The operations of selecting a measurement, and a frequency range, and performing a 

calibration should be finished before the measurement [17]. The calibration steps 

from the manual of the Anritsu 2024A are [17]: 

1. The calibration components are connected to the end of the extension cable if the 

extension cable is to be used in the calibration process. The cable is connected to RF 

Out on the VNA. 

2. Set the frequency range from 100 to 700 MHz corresponding to the antenna 

bandwidth. 

3. Press the Shift key and then the Calibrate (2) key. 

4. To choose a different connector. Press the rotary knob or Up/Down arrow keys to 

highlight the appropriate connector and press the rotary knob or Enter to select. 

These operations are to verify that the DUT connector is appropriate for the test 

setup.  

5. Press the Start Cal soft key. 

6. Connect the Open kit to the RF Out port (or to the end of the test port extension 

cable) and press the Enter key. 

7. When prompted, connect the short to the RF Out port (or to the end of the test 

port extension cable) and press the Enter key. 

8. When prompted, connect the Load to the RF Out port (or to the end of the test 

port extension cable) and press the Enter key. 

9. Check that the Cal Status On message is now displayed at the top of the status 

window to verify that calibration has been performed properly. 

4.5.4 Characteristics 

OSL calibration is a traditional calibration method. It uses three standard kits that 

have a high reflection coefficient value to calibrate a one-port. OSL calibration is 

accurate at high microwave frequencies [28]. However, OSL calibration still has 

errors in one-port calibration since it only corrects three system errors: source 
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matching, reflection tracking response and directivity in the system. The 

transmission tracking response and the crosstalk remain in the system. 

5 The parameter concept 

5.1 VSWR 

5.1.1 Principle 

The VSWR is a parameter that describes how RF power is absorbed by a load in an 

antenna system. The VSWR is used to check the working status of the antenna 

feeder systems, RF connectors and all of the radio equipment connected to a base 

station [36]. The VSWR can show the efficiency of the feed. 

For a base station, there is a signal source and the load is an antenna feeder 

subsystem. The antenna feeder subsystem includes antenna, feeder line, RF 

frequency connector, arrester and other accessory equipment. The maximum 

transfer of power to the load occurs only when the load impedance perfectly 

matches the signal source impedance. If not, the signal will be to some degree 

reflected back to the signal source [36]. Fig. 5-1 shows the forward and backward 

waves when there is an imperfect matching of the load. The forward and backward 

waves have the same frequency but contrary directions of propagation. They 

compose a standing wave. The standing wave has nodes and bellies that are fixed in 

space and gives a standing impression even though it varies in time [37].  

 

Figure 5-1. The forward wave and the backward wave in an antenna system. 

For a transmission line, the standing wave that is caused by a reflected wave has a 

varying amplitude [37]. The reflected wave is produced when the load impedance 

differs from the line impedance. The ratio of maximum and minimum voltage on the 

line is the VSWR [38]. A strong mismatch of the load produces a large VSWR [39]. 

5.1.2 Value and effects 

The VSWR is always a real and positive number. The VSWR lies in the range [1, 

∞) [30]. Matching produces the maximum output power. A small VSWR value 

indicates that most of the power is delivered to the antenna [40]. 

The VSWR will cause drop words and a high bit error rate if it is too high. This may 

require an increase in output power or a reduced coverage radius [36]. A high 

VSWR corresponds to so much reflected power that the power amplifier tube may 
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burn out [27]. There is damage to the output transistors of the transmitter and this 

phenomenon is common in semiconductor devices [41]. 

5.1.3 Measurement procedures 

The procedure from the Anritsu VNA Master manual [17]: 

1. Connect the test port extension cable to the RF Out connector on the VNA Master 

if it is to be used during the test. 

2. Press the hard key of the Measurement function and select Return Loss (Field 

Menu) or 𝑆11 Reflection | Log Magnitude (VNA menu). 

3.Press the hard key of the Freq/Dist function and set the Start and Stop Frequency. 

4. Press the Shift key, then the Calibration (2) key. 

5. Press the soft key of Start Cal and perform a 1-port calibration at the connector or 

at the end of the extension cable. Then follow the instructions on the display. 

6. Cal Status On should be displayed in the upper left part of the display when the 

calibration is finished and the trace should be centered around 0 dB when the short 

or open kit is connected. 

7. Connect the test port extension cable to the DUT. 

8. Save the measurement by pressing the Save/Recall function hard key. 

9. Press the hard key of the Measurement function and select the 𝑆11 Reflection | 

VSWR soft keys (VNA menu). 

5.2 Reflection coefficient 
The reflection coefficient is the reflected voltage normalized to the incident voltage 

[42].  

 𝛤 =
𝑉0

−

𝑉0
+ =

𝑍𝐿 − 𝑍0

𝑍𝐿 + 𝑍0
 ( 16 ) 

The reflection coefficient is denoted by 𝛤. The magnitude of the reflection 

coefficient only depends on the load impedance 𝑍𝐿 and the transmission line 

impedance 𝑍0, the characteristic impedance [43]. The voltage 𝑉0
+ and 𝑉0

− indicate 

the incident and the reflected wave, respectively. The reflection coefficient defines 

the VSWR. 

 
𝑉𝑆𝑊𝑅 =

𝑉𝑚𝑎𝑥

𝑉𝑚𝑖𝑛
=

1 + |𝛤|

1 − |𝛤|
 ( 17 ) 

The ratio of 𝑉𝑚𝑎𝑥 to 𝑉𝑚𝑖𝑛 increases with |𝛤|.𝑉𝑚𝑎𝑥 is the largest voltage magnitude 

along the line [44]. The VSWR of the antenna can be calculated after the reflection 

coefficient 𝛤 is measured with the VNA. 
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5.3 The parameter 𝑆11 
𝑆11 is the ratio of the reflected voltage to the incident voltage at a one-port. It 

describes the power reflected by the antenna and it is a complex number with 

magnitude below 1 for passive networks [45]. Figure 5-2 illustrates the principle. 

 

Figure 5-2. 𝑆11 in an antenna system. 

𝑎1 represents the incident power from the source and 𝑏1 represents the power 

reflected back to the source. The 𝑆11 is defined by the following formula where 𝑎2 

represents the incident power at port 2 [45]. 

 
𝑆11 =

𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑

𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
=

𝑏1

𝑎1
|

𝑎2=0

 ( 18 ) 

In the one-port system, 𝑎2 corresponds to a reflection from a symbolic load. Since 

𝑎2 is 0, this corresponds to perfect matching at port 2 [46].  

The measurement of 𝑆11 follows the same procedure as that of the VSWR but the 

last step should be changed to: press Log magnitude button. The 𝑆11 represents an 

input reflection coefficient and relates to the return loss.  

5.4 The Smith chart 

5.4.1 Introduction  

The Smith chart was originally developed around 1940 by Phillip Smith as a tool to 

simplify the mathematics of transmission lines. It is still a useful graphical tool 

today for solving and visualizing problems in transmission lines, impedance 

matching and antenna systems [47][48]. The Smith chart can be used to measure the 

VSWR in the antenna system. The reason for the wide use of the Smith chart is the 

simple way of linking the reflection coefficient to the impedance on the line [48]. 

5.4.2 Basic properties 

Any point on the unit disc in the 𝛤 plane has a corresponding impedance or 

admittance [48]. The magnitude of |𝛤| corresponds to a radius in the range [0, 1] 

from the center of the chart. The angle θ (-180°≤θ≤180°) is measured from the right-

hand side of the horizontal diameter [49], as shown in Fig. 5-3. 
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Figure 5-3. The unit disc in the Γ plane. 

The reflection coefficient 𝛤 corresponds to a point on the unit disc. 

 𝛤 =
𝑍𝐿 − 𝑍0

𝑍𝐿 + 𝑍0
=

𝓏𝐿 − 1

𝓏𝐿 + 1
= |𝛤|𝑒𝑗𝜃 

( 19 ) 

𝓏𝐿 is the normalized impedance. 

 
𝓏𝐿 =

𝑍𝐿

𝑍0
=

1 + |𝛤|𝑒𝑗𝜃

1 − |𝛤|𝑒𝑗𝜃
 

( 20 ) 

The complex number 𝓏𝐿 corresponds to a point on the unit disc in the 𝛤 plane. 

5.4.3 Procedures 

The steps of VSWR measurement by means of the Smith chart are described in the 

manual [17]: 

1. Press the Shift key and the System (8) key after ensuring that the instrument is in 

Vector Network Analyzer mode, then press the Application options soft key.  

2. Press the soft key (if necessary) until VNA is underlined, then press the Back key. 

3. VNA measurement options are displayed on the measurement soft key menu 

now. 

4. Press the Measurement function hard key and select 𝑆11 Reflection. 

5. Select the Smith chart soft key. 

6. Set the Start Frequency and Stop Frequency by pressing the Freq/Dist funtion 

hard key. 

7. Press the Start Cal soft key and perform a one-port calibration. 

8. Connect the antenna to the RF Out connector on the VNA. 
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6 Measurement results 

6.1 The calculation of the dipoles 

Table 6-1 is the measurement and calculation results according to Eq. 1, 2 and Fig. 

2-1. The scale factor 𝜏 is around 0.80 and the interval factor 𝜎 is around 0.065. Then 

use Eq. 5-7 to calculate 𝐾1 to 0.60 and 𝐾2 to 0.25. Finally, 𝑁𝑎 is computed to 4.92 

which is rounded to the integer value 5. The dipole numbers in the radiation zone 

must be an integer so it is 5. This implies that the longest and shortest of the dipoles 

will not always work in the radiation zone. 

 L (cm) d (cm) R(cm) 𝜏 𝜎 

1 52.5 13.5 74.5 0.81 0.06 

2 42.5 11 61 0.80 0.06 

3 33.5 9 50 0.80 0.07 

4 27 7 41.5 0.80 0.06 

5 20.5 5.5 34.5 0.80 0.07 

6 17 4.5 29 0.82 0.07 

7 13.5  24.8   

Table 6-1. The results from the measurement and calculation. 

According to Eq. 3 and 4, the wavelength and working frequency of each dipole can 

be calculated and as shown in Table 6-2. 

 1 2 3 4 5 6 7 

𝜆(m) 2.1 1.7 1.34 1.08 0.82 0.68 0.54 

𝑓(MHz) 142.86 176.47 223.88 277.78 365.85 441.18 555.56 

Table 6-2. The 𝜆 and 𝑓 of each antenna dipole. 

6.2 Calibration 
Set the start frequency to 100 MHz and the stop frequency to 700 MHz. Use the 

Marker button to mark a point for every 100 MHz in the frequency range so that 

there are 6 marker points (1 to 6) at 200, 300, 400, 500, 600 and 700 MHz, 

respectively. 

6.2.1 Calibration processing 

To get accurate results, calibration must be finished before measurement. The OSL 

calibration process can be automatically finished by the VNA so one only needs to 

connect kits in the sequence open, short and load. 
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Figure 6-1. Open kit calibration. 

 

Figure 6-2. Short kit calibration. 
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Figure 6-3. Load kit calibration 

Fig. 6-1 to 6-3 show the connection of the VNA with Open kit, Short kit and Load 

kit during the calibration process. The words “Cal status on” will be displayed in the 

left upper corner of the screen when the calibration process is finished. Figure 6-4 

indicates that the calibration is completed and “Cal status on” appears on the screen. 

 

Figure 6-4. Cal status on. 
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6.2.2 Calibration results 

Choose the Smith chart button and obtain the load impedance as a complex number. 

Then use Matlab to calculate the reflection coefficient for open kit, short kit and 

load kit. The calculation depends on Eq. 19 and 20. 𝑍0 is 50 Ω in the RF circuit. 

Fig. 6-5 shows test results of the open kit from the VNA and Fig. 6-6 shows the 

calculation results from Matlab. 

 

Figure 6-5. Smith chart of the open kit. 

 

Figure 6-6. The calculation results of the open kit from Matlab. 

Fig. 6-7 shows test results of the short kit from the VNA and Fig. 6-8 shows the 

calculation results from Matlab. 
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Figure 6-7. Smith chart of the short kit. 

 

Figure 6-8. The calculation results of the short kit from Matlab. 

Fig. 6-9 shows test results of the load kit from the VNA and Fig. 6-10 shows the 

Matlab results.  
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Figure 6-9. Smith chart of the load kit. 

 

Figure 6-10. The calculation results of the load kit from Matlab. 

According to the calculation results, all the reflection coefficients of the open kit, 

short kit and load kit marker points are close to 1,1 and 0, respectively. The short kit 

reflection coefficient is a negative number. The reflection coefficient can be 

expressed as 𝛤𝑀1, 𝛤𝑀2, and 𝛤𝑀3 for the open kit, short kit and load kit. 

Use Eq. 12,13 and 14 to calculate three error values. They are: 𝐸𝐷 is directivity 

error, 𝐸𝑅 is reflection tracking error and 𝐸𝑆 is source matching error. The 

“mgamma” and “realgamma” represent the measurement reflection coefficient Γ𝑀 

and the actual reflection coefficient Γ𝐴. The results are shown in Fig. 6-11. 
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Figure 6-11. Calibration results of the real reflection coefficient. 

The 𝐸𝐷 and 𝐸𝑆 are very small and the 𝐸𝑅 is around 1. 𝛤𝐴 is close to 𝛤𝑀 and in the 

rest of this report they agree to two decimal places so there is a successful 

calibration. 

6.3 The VSWR measurement results 

6.3.1 Measurement of the VSWR 

With the measurement procedures from 5.1.3, the results are as shown in Fig. 6-12. 

The VSWR is in the range 1 to 36.1 for the band 100-700 MHz. There are 7 marker 

points on the curve and the points are introduced in Table 6-2. The VSWR curve 

changes in a somewhat periodic fashion. 

 

Figure 6-12. The VSWR of the antenna over a band of frequencies. 

6.3.2 Measurement of the S11  

The 𝑆11 value for the antenna can be used to calculate the VSWR. Fig. 6-13 shows 

the 𝑆11 measurement result for the antenna in the frequency interval of 100 to 700 

MHz. Choose the 7 frequency bands in Table 6-2 as the marker points in order to 

get corresponding values. 
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Figure 6-13. The magnitude of  𝑆11 for the antenna in dB. 

Since the measurement result in Fig. 6-13 shows 𝑆11 in dB, the values are converted 

with the aid of Eq. 21 to calculate the VSWR from the 𝑆11 by Eq. 17. In a one-port 

system 𝑆11 is the only S parameter in the form of the reflection coefficient. Table 6-

3 shows the conversion at the marker points. 

 𝑆11𝑑𝐵 = 20𝑙𝑜𝑔|𝑆11| ( 21 ) 

 

 

Table 6-3. The results computed from 𝑆11. 

6.3.3 Measurement using the Smith chart 

The load impedance is a complex number and can be obtained by combining 

measurement and the Smith chart at the marker points. Use the marker points of 

Table 6-2 in the Smith chart. Fig. 6-14 indicates the measurement results. TheГ can 

be calculated from the real and imaginary part of the load impedance by Eq. 16 or 

19 and 20. Then use Eq. 17 to compute the VSWR at the marker points, as given by 

Table 6-4. 
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Figure 6-14. The measurement results in the Smith chart. 

 

 

Table 6-4. The VSWR for all marker points in the Smith chart. 

6.3.4 Comparison of the three methods 

Table 6-5 shows the results and the average values at the marker points. 

 1 2 3 4 5 6 7 

Direct method 1.23 1.56 3.42 2.55 4.15 4.30 8.33 

The 𝑆11 1.19 1.59 3.43 2.55 4.17 4.34 8.35 

The Smith chart 1.19 1.58 3.43 2.55 4.15 4.33 8.33 

Average value 1.20 1.58 3.43 2.55 4.16 4.32 8.34 

Table 6-5. The VSWR obtained in 3 ways and the corresponding average. 

The VSWR values calculated from the 𝑆11 and the Smith chart are approximations 

of the results from the direct VSWR measurement at the same frequency. The errors 

are within 0.04, and the VSWR results with the three methods are almost equal. All 

the methods are reliable since the variation in the values is tiny. Fig. 6-15 shows the 

average VSWR.  
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Figure 6-15. The average VSWR based on 3 methods. 

6.3.5 Use of the VSWR to describe the antenna  

Point 1 and 7 represent the lowest and highest working frequency of the antenna and 

correspond to the longest and shortest dipole. The VSWR curve can be divided into 

three parts. 

At low frequencies the VSWR rises to a maximum value 35.72 at 104 MHz and 

then decreases to around 1. The longest dipole covers the band of 100 to 130 MHz 

and radiates little since this is the non-excitation zone of the antenna. The antenna is 

not matched to the source in this band. 

The calculation in 6.1 indicates that the antenna has 5 dipoles in the radiation zone. 

In the radiation zone the VSWR ranges from 1 to 4 in the band 130 to 441 MHz. 

There are 5 peaks corresponding to the dipoles. The antenna is perfectly matched to 

the source at 165 to 167 MHz since the VSWR is very close to 1. 

Above 441 MHz one is in the transmission zone where the shortest dipole is active, 

and there is little radiation. The VSWR is between 4 to 11 in the transmission zone.  

6.4 Varying the height of the antenna  
Fig. 6-16 shows the VSWR results obtained for different antenna heights when the 

antenna is raised from the initial position at 0.92 m (Fig. 2-1), in steps of 15 cm, up 

to 60 cm. The green line and the red line indicate VSWR levels at 11 and 4, 

respectively. 
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Figure 6-16. The VSWR of the antenna for different heights. 

The VSWR does not vary significantly with height except for the peak at 104 MHz. 

The maximum VSWR at the four heights are 36.8, 28.62, 21.59 and 16 and 

decreases with height. The matching of the antenna improves when the VSWR goes 

down. 

The measurements show that the antenna is affected by the ground plane at low 

frequencies below the regular bandwidth. 

7 Conclusion 

The antenna has good properties from 130 to 441 MHz since the VSWR lies 

between 1 and 4 in this band. The antenna is matched to the source in this frequency 

band. The VSWR is between 4 to 11 when the frequency is higher than 441 MHz. 

The influence of the ground on the VSWR is fairly small except for the peak value 

at 104 MHz. The peak value decreases with antenna height, from 36.8 down to 16 in 

this case. 

The LPDA should be used within the regular bandwidth to maintain good efficiency 

and to avoid a strong ground effect. 
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Appendix 

The code of calculating the reflection coefficients of calibration kits. 
Function 

 

Open kit 

 

Short kit 

 

Load kit 

 



 

34(34) 

 

The code of calculating the errors and actual reflection coefficients. 
Function 

 

Calculation 

 

The code of calculating by 𝑆11. 

 

The code of calculating by the Smith chart. 

 


