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Abstract 

 

The objective of this thesis work was to implement all the hardware and software 

necessary to simulate the functionality of a Vector Network Analyzer (VNA). With 

equipment that is already available, and is common in a measurement station, the most 

common functions of a VNA were implemented, using an Vector Signal Generator, that 

provide the signal for testing, and a Vector Signal Analyzer, to make all the amplitude 

and phase measurements. With these instruments and the appropriate software that 

control them, the basic functionality of a Vector Network Analyzer can be achieved with 

a reasonable accuracy. With this system, we can reduce costs, avoiding the need of a real 

VNA and take advantage off instruments that are already available in a laboratory. A 

Complete measurement system of all four scattering parameters is proposed at the end of 

the report for future implementation. With this implementation all the different S-

parameter measurements were made with an acceptable accuracy that can be comparable 

to a commercial VNA.  
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1 Introduction 

 
 

1.1 Background  

The Vector Network Analyzer (VNA)  is one of the most powerful and necessary 

instrument for measuring the different parameters of microwave devices, such as 

impedance, scattering parameters and isolation within a frequency range; that are 

essential for component and circuit characterization. This is a very expensive instrument, 

and it is just only one of several instruments that are found in a test station. In many 

occasions when the accuracy is not critical, the measurements done with this instrument 

could be made with other instruments such as a signal generator, signal analyzers or 

power meters and some common components like directional couplers and power 

splitters among others that could give enough accuracy. Some of the most common 

problems when these types of solutions are implemented are the poor accuracy achieved 

due to human error, the instrument dependency, and the large amount of time for the 

setup, making this an inefficient solution. 

 

To create a system accurate enough that can simulate a VNA we need a device to 

generate a source signal and another to capture it, in this case, a vector signal generator 

and a vector signal analyzer respectively.  With these instruments we are able to measure 

the magnitude and phase that are required for S-parameter calculations and error 

correction. All the system is controlled by software that makes all the necessary 

calibrations and error correction. Since the software is in control of all the measurement 

process, it also reduces the human error. This system has the advantage that can be 

expanded or modified in a fast and inexpensive way if it is required.      

 
 

1.2 Objective 

The objective of this thesis was to create a measurement system for all s-parameters. All 

the necessary software for the network analyzer functionality simulator (NAFS) was 

created in Matlab. This software consists of different graphic unit interfaces (GUI) that 

simulate some of the functions of a real VNA, like calibration routines, instrument setup 

and different type of plots among others. The hardware that was needed by the system to 
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measure the s-parameters was the entire separation unit of the system. It consists of 

passive devices like a power divider and a directional coupler that are used to separate 

signals in different directions, and active devices like an RF switch and its control circuit 

that are used to route the different signals needed by the system. 

 

The performance of the system was compared with a real VNA, by measuring different 

devices. The results of this project can be used for the further development of a more 

complex measurement system. 
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2 Theory 

 

2.1 Scattering parameters 

To characterize a linear device we need to measure several parameters. For low 

frequencies it’s easy to characterize those devices with H, Z and Y parameters, for this, 

the total voltage and current are measured at the input and output ports and all the 

variables can be calculated. At high frequencies it becomes more difficult to measure the 

total voltage and current, in this case it is easier to measure the S-parameters, which are 

defined in terms of voltage travelling waves, for example reflection and gain and are a 

“mathematical representation that quantifies how RF energy propagates through a multi-

port network”1. Another advantage of S-parameters is that multiple devices can be 

cascaded and the overall performance of a system can be calculated. 

 

 

An N port system contains N2   complex parameters. Figure 1 shows a simple two-port 

network with its respective matrix representation.   
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Figure 1 Two-port network diagram with s-parameter matrix 
 

 

To measure each of these parameters we apply a voltage to the appropriate port and 

terminate the other port with a matched load (equal to the system impedance Zo) that will 

guarantee a maximum power transfer and also avoid the DUT becoming unstable. This 

matching load will affect the accuracy of the measurement; if it is different from Zo we 

can’t fulfil the requirements from the following equations [2] [3]. 

                                                      
1 http://www.microwaves101.com/ 
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Each one of these parameters is a complex quantity; the magnitude represents the ratio 

between amplitudes (usually represented in dB) and the angle is the phase difference 

(usually in degrees) [3]: 

 

 
θj

ijij eSS =  

 

ijij SdBS 10log20)( =  

 

 

2.2 Vector Network Analyzer 

The Vector Network Analyzer is a powerful precision tool with high dynamic range to 

accurately measure the electrical characteristics of components and circuits. It allows us 

to measure magnitude and phase at different frequencies, giving us the s-parameters that 

are necessary to create a mathematical model of a device [5].  

 

When a signal enters into a linear device, it will keep the same frequency but the 

magnitude and phase can be modified, for example creating phase shifts, reflections and 

attenuations. All these changes are measured, allowing us to characterize the behaviour of 

the device. With the measures of a VNA it is possible for example to design distortion 

free systems with efficient transfer power, create and verify mathematical models of 

devices.  
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One big advantage of the VNA over a Scalar Network Analyzer is the ability to measure 

the phase. With the amplitude and phase information, we can create an error model of the 

system and then this can be subtracted from the measurements, increasing their accuracy.  

 

 

2.2.1 Blocks of VNA 

 

Within a VNA we can find different components, in general, it include a signal source, a 

separation unit, receiver, a processor and a display as we can see in figure 2.  

 

 
Figure 2 Basic block diagram of a VNA 

 

2.2.1.1 Signal source 

 

The signal source will create the appropriate stimulus that will be applied to the DUT; all 

the characteristics are well defined, such as amplitude, frequency and phase. This signal 

source generates a variable frequency carrier wave (CW) and the power level is 

controlled during the entire sweep. This signal can be transmitted to the forward or 

reverse path, depending on the parameter that is being measured. In the separation unit it 

is sampled and becomes the reference for all the different measurements [5] [6]. 
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2.2.1.2 Separation unit 

 

The signal separation unit or test set is conformed by two sections, one for the forward 

direction, to measure S11 and S21 and another identical section to measure in the reverse 

direction S22 and S12.  

 

This section takes a sample of the stimulus signal and separates the forward and reflected 

signals. To sample the input of the DUT a power splitter or a directional coupler can be 

used. This will take a fraction of the signal that will be the reference, and the rest is 

transmitted to the DUT. 

 

To separate the forward and the reflected signals two different components can be used. 

On of them is a bridge, which has the advantage of having a wide frequency range but it 

has also a high loss, compared with other devices; this means that less power is 

transmitted to the DUT [5][6]. 

 

The directional coupler is the other device used to separate signals. This is commonly 

used due to its high reverse isolation a low loss. One disadvantage of using directional 

couplers is the reduced bandwidth, compared with the bridge that can be used down to 

DC. The high-pass response of this component is a limitation at low frequencies [7] [8]. 

 

One important aspect of directional coupler when it is used to measure reflection 

coefficients is the directivity, which is a measure of the energy that leaks through the 

coupled arm. In figure 3 we can see how the reflected signal (Er) is changed by the 

incident signal (D2). Since both signals are phasors, the measured signal (Em2) can only 

be corrected with information about phase and magnitude [7] [8]. 

 

 
Figure 3 Directivity on reflection error. Agilent Technologies [7] 
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A higher directivity of the directional coupler (Isolation (dB) - Forward coupling Factor 

(dB) - Loss (through arm dB)) will mean a more accurate result in reflection 

measurements. The error produced by the directivity of the coupler becomes a ripple 

pattern in the return loss measurements; this ripple is the results of adding the leakage 

signal and the reflection on the DUT. This error becomes more evident when small 

reflections are measured.  

 

When the reflection level is close to the value of the directivity, the measurement error 

can be calculated by the following equation [9] 

 

[ ]dBError
DS

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
±−=

−
20101log20  

 

Where S is the difference in forward and reflected power, and D is the directivity. As we 

can see the error produced by the directivity can be as high as 6dB for a directional 

coupler with 20dB directivity. 

 

 

 

2.2.1.3 Receiver 

 

The receiver has three inputs: channel R for the reference signal, channel A for the 

reflected signal and finally channel B for the transmitted signal. After the signals are fed 

into the appropriate channel, the receiver has to detect and measure the signal, to do this; 

there are two types of detectors. The first one is a Diode detector that can only give the 

amplitude of the modulated signal; the disadvantage of this detector is that the phase is 

lost.  

 

The other method, that get both amplitude and phase use a tuned receiver. This detector 

mixes the RF signal with a LO signal to produce an intermediate frequency; this signal is 

then filtered and the phase and amplitude can be easily extracted. The CPU then 

processes this information and all the different parameters are calculated. Other 

advantage of the tuned receiver is that it has better sensitivity and dynamic range 

compared with the diode detector. 
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The data obtained by the receiver is the sampled and processed by the CPU of the VNA 

to calculate the characteristics of the DUT. The result is a complex quantity (magnitude 

and phase) that can be represented as a vector quantity, or separated in magnitude and 

phase [10]. 

 

2.2.1.4 Display 

 

The last section of the VNA is the display unit, which presents the information to the 

user; it can show it in different ways, such as Smith Chart, polar diagrams, phase and 

magnitude. The user for further study can save all this information.   

 

 

2.2.2 Errors  

 

Within a measurement system, there are two types of errors: stochastic and systematic. 

The stochastic errors can’t be corrected; these are for example temperature drift and noise 

that cannot be reproduced. There is not a method that can eliminate this type of error. It is 

a task of the engineer to design the system in such a way, that these errors are reduced to 

a minimum. 

 

A VNA contain different components, such as signal source, several directional couplers 

and receivers, and every one of them contributes to measurement errors. In the signal 

generator, aspects such as the stability of the oscillator, phase noise and temperature drift 

have to be carefully compensated.  

 

In the separation unit all the different components will contribute in a different way, for 

example the cables can affect the phase of the signal; also different lengths between 

cables can introduce different attenuations. The three main sources of error are 

directivity, port match and tracking. The quality of the components will have a great 

impact in the accuracy of the system and characteristics like higher directivity for 

directional couplers and good return loss for terminations are desirable.  

 

The systematic errors are produced by the test equipment and test setup [12] and if these 

errors remain constant over the measurement process, they can be characterized and then 
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an error model can be created to compensate them. These errors are for example 

mismatches, cross talk and attenuation (figure 4).  

 

 

 
Figure 4 Basic error sources in a test set 

 

 

The generic VNA can be analyzed as a system with different error models, depending on 

the complexity of the model, there can be 6, 8, 12, or 16 error terms, being the 6 (one 

port) and 12 (two port) the most common ones. 

   

The systematic errors included in the generic VNA model are: Directivity, Crosstalk, 

Source Mismatch, Load Mismatch, Reflection tracking and transmission tracking, the last 

two terms refer to the frequency dependency of the path between channel R and A and 

channel R and B. This six error terms appear in both directions (forward and reverse 

path), giving a total of 12 terms (appendix 8.3). Figure 5 represent a complex model that 

contains all the possible errors for a two port VNA in the forward direction. But simpler 

models can be used without any loss of accuracy [11]. 

 

 
Figure 5 Error model for forward direction, Agilent Technologies [11]. 
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Two possible ways to correct these errors are with a Response Calibration [11] [13], 

which is basically a normalization of the measurement and it does not correct all the 

possible error terms, this method measures the transmitted signal (magnitude and phase) 

by connecting the directly both ports (Tx and Rx), then this measure is used for 

normalization. This calibration can be accurate enough when there is a good match 

between the devices.  The other method can compensate the dominant error terms, and is 

called vector error correction. This method can characterize those systematic errors, 

measuring phase and amplitude of different standards. 

 

 

 

2.2.3 Calibration 

Calibration is the first step for accurate enhancement for the S-parameter measurement. 

There are different types of calibration techniques that produce more or less accurate 

results. For transmission calibration one fast and simple calibration is for example the 

response calibration, but it only produces a “moderate” uncertainty. The most common 

calibrations that produce better results are full two port, that can correct all the twelve 

error terms and one port calibration.  

   

To use the vector error correction we need high quality standards that have very well 

defined characteristics. Each of those standards gives different parameters that are used to 

calculate the error coefficients for directivity, source match, load match and tracking 

errors. Depending on the complexity of the system, a different error model is used and 

different standards are needed.  

 

The most common standards are OPEN, SHORT and LOAD, this is due to the ease of 

fabrication, and the precise S-parameters that can be calculated according to their 

physical measures. In Table 1 and figure 6 we can see their characteristics. 

 

 

 Magnitude of Γ Phase 

OPEN 1 0o

SHORT 1 180o

LOAD 0 Arbitrary 

Table 1  Standard characteristics 
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Figure 6 Standard positions in a smith chart 

 

 

 

 

The behaviour of the standards change as the frequency increase, for example in the open, 

small parasitic capacitances appears (above 100MHz for coaxial type); in the short we 

have also parasitic inductances. The following equations represent those values [9]: 

 

Open Fringing Capacitance: 

 

T
T Cj

Z
ω
1

≈    Where CT  can be represented in a frequency dependent series 

 3
3

2
21 fCfCfCCC oT +++=

 

Short Inductance: 

 

TT LjZ ω≈  As with CT we can represent L as a frequency dependent series 

3
3

2
21 flflfllL oT +++=  
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After these terms are calculated they can be included in the calibration. The standards 

come with data files and documentation that describe all these values, so they can be 

included in the calibration equations directly on the VNA. 

 

 

 

2.2.3.1 One port calibration 

 

 

This calibration technique is used to correct reflection errors and can correct three main 

systematic errors:  

 

Directivity error (Ed): this is caused by the leakage within the directional coupler, and the 

impedance mismatch between the VNA port and the DUT. 

 

 

 
Figure 7 Directivity error 

 

Source mismatch error (Es): is caused by impedance mismatch in the separation unit 

(signal generator and directional coupler). 

 
Figure 8 Source match error 

 

 

 Tracking errors (Et): this error is caused by the variations in magnitude and phase versus 

frequency, between the test and reference signal path [14] Difference in lengths and loss 

between the different paths of the signals produces variations that will affect the 

reflection path. 
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Figure 9 One port error model for S11 measurement 
 

 

From the previous model, we have one equation and three unknown Γ terms. With this 

system we can relate the real measurement with the measurement that contains the errors. 

 

MM eeeeee Γ=−Γ−ΓΓ+ ))(( 011011001100  

 

e00=Directivity error (Ed) 

e11=Port Match (Es) 

e10 e01=Tracking error (Et) 

 

To solve this equation we can measure three known Γ (OPEN SHORT LOAD) and solve 

the system [2]. 

 

101101100111 ))(( MM eeeeEsEd Γ=−Γ−ΓΓ+  

201101100222 ))(( MM eeeeEsEd Γ=−Γ−ΓΓ+  

301101100333 ))(( MM eeeeEsEd Γ=−Γ−ΓΓ+  

 

 

Rewriting the previous equations in terms of S parameters and using the calibration 

standards, we can solve the previous equations: 

 

The first term can be found, assuming that the load standard is a perfect termination, then 

Γ = 0. 

  

)(11 loadSED =  
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The other terms are found using the rest of the standards (Γ = 1). Solving the equations 

we have: 

 

)(11)(11

)(11)(11)(11)(11 )()(2

openshort

loadshortLoadopen
T SS

SSSS
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−

+∗+∗
=  
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These errors coefficients can then be included in the measurement: 
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For the transmission calibration we can just replace the DUT with a short connector 

(“bullet”) or connect directly the Tx port with the Rx port and then measure the S21 

parameter. The real measure is close to the coefficient between the measured transmitted 

signal of the DUT and the measured transmission of the “bullet”, we are assuming with 

this calibration that the “bullet” has no length and has a perfect match.   

 

through

M
A S

SS
21

21
21 ≅  

  

Besides the errors removed by the calibration procedure, there are other systematic errors 

in the test set that will remain, like switch repeatability and test cables stability [14].  
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2.3 Switch 

One component that is present in any VNA is a RF switch. A real VNA uses several 

switches to route the signals along the test set. This component simplifies the design of 

the instrument and allows a better control of the measurement process, but it will also 

affect and degrade the signal. Different aspects of the switch are important for a test set, 

like impedance matching, isolation, and insertion loss among others. 

 

There are two types of switches, mechanical and solid state switches. The most common 

ones are the mechanic; they have good isolation, can handles high power and the RF loss 

is minimal, but since it is a mechanical device, the switching time is slow, and dissipates 

DC power. 

 

Solid states switches are usually constructed with PIN diodes or FET. The advantage of 

the switches with pin diodes is that they can handle frequencies up to 100GHz. The FET 

switches work only up to 26GHz, but they have the advantage that are controlled only by 

a voltage signal, making them easier to control by any digital device and their switching 

time is smaller. Also the power consumption is minimum compared with pin switches 

that are controlled by a DC current and need more power to work. 
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3 Instrument Setup 

3.1 Signal Generator 

In this setup, a vector signal generator R&S SMU 200A was used, it can provide an 

arbitrary signal with IQ modulation, the signal can be created for example in Matlab and 

stored in the instrument, then it can be played back. This mode is called ARB and it’s an 

arbitrary waveform generator mode. This is an IQ modulation source that can be used to 

output any external calculated signal. 

 

When the signal is created all the different parameters are specified, such as amplitude, 

frequency and phase difference between I and Q. Once this signal is created, it has to be 

converted to the appropriate format for the instrument. This format contains the raw data 

of the IQ signal in blocks of 16 bits. The extension of the file is .wv and is created by a 

script provided by the instrument manufacturer. This creates all the necessary tags and 

fields needed by the instrument, such as frequency of the signal, clock rate, copyright 

information and more.  

 

After the ARB module comes the IQ Modulator. It creates the IQ signal and then the RF 

carrier. The phase difference between I and Q can be also specified. The result is the sum 

of two waves of the same frequency but with different phase, in this case -900 

 

)2sin()2cos()( tfAtfAtf cccc ππ +=  

 

The RF carrier signal is a sinusoid function with a frequency specified by the user. 

 

)2cos()( tftc cπ=  

 

3.2 Signal Analyzer 

The signal analyzer R&S FSQ 26 used on this project has an IQ demodulator that returns 

the values of the signals in a complex format, where the amplitude is equal to the voltage 

at the Rx port of the instrument. The frequency, RBW and sweep time can be easily 
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manipulated using a PC. With this instrument we can perform all the different tasks of the 

tuned receiver of a real VNA. 

  

3.3 Instrument Connections 

The signal analyzer and the signal generator are connected to a PC that controls the entire 

measurement process. The connection between the PC and the signal analyzer is made via 

a LAN connection at 100Mbits/s. the other connection between the PC and the signal 

generator is made via GPIB (General Purpose Interface Bus). The PC only requires an 

Ethernet card and a PCI slot for the GPIB connection.  

 

 All the communication between instruments and the PC is controlled with Matlab via 

GPIB commands. The instruments manufacturer proportions all the Matlab libraries and 

functions needed to control and communicate with the instruments.  

 

To communicate via LAN with the instruments, Rhode & Schwarz have a protocol called 

RSIB that uses a TCP/IP protocol. It is basically a library file (.DLL) containing a set of 

SCPI (Standard command for programmable instruments) instructions required by the 

instrument. These are contained in the file MexRsib.dll that was created to exchange 

information with Matlab.  Below is a diagram of the connection of the system. 

 

 
Figure 10 Measurement Setup 
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3.4 Separation Unit 

The separation unit of this simulator (figure 11) consists of a power splitter; a directional 

coupler, a RF switch with 4 inputs and the switch control, all their main characteristics 

are indicated in tables 2, 3 and 4. The signal generated by the vector signal generator is 

fed to the power splitter, then we have two signals, one becomes the reference signal for 

all the different measurements, and the other signal is the stimulus signal for the DUT. 

The stimulus signal passes through a directional coupler that is placed before the DUT 

and is used to measure the reflection of the DUT.  

 

The connections between these three components affect the performance and accuracy of 

the system, so good quality cables are needed for these connections. Also the length of 

the cables for the different paths of the signals are important, they have to be similar in 

length in order to avoid phase shifts, and different attenuations. 

 

 
Figure 11 NAFS   Separation Unit 

 

Frequency Range Nominal coupling Directivity Insertion loss Maximum 

deviation 

1-3.5GHz 20 dB 23dB 0.4 ±1.0 

Table 2 Directional coupler specifications. Narda 4243-20 
 

Frequency Range Insertion Loss Isolation 

0.5-2.0GHz 0.6 22dB 

Table 3 Power splitter specifications. Narda 4321B-2 
 

 21



 

Frequency 

Range 

Insertion 

Loss 

Isolation Return Loss 

on 

Return Loss 

off 

DC-8GHz 1.6-2.2dB 36-41dB 9-12dB 7-10dB 

Table 4 Switch specifications. Hittite HMC344LP3 
 

 

In a microwave reflectometer measurement system the main source or errors are the 

directivity, source match and load match. The quality of the components used in the 

separation unit will affect the performance of the system and also will limit the frequency 

range of the entire system. To get more accuracy, the components used for the test set can 

be easily upgraded, using for example better directional coupler, precision cables and 

better power splitters, requiring only minor changes in the software. Some of the 

characteristics of the components used in this project are shown in Tables 2, 3 and 4. 

 

 

3.5 Switch Implementation 

The RF switch used in the test set is a GaAs MESFET switch that works from DC to 

8GHz. This device has high isolation (40dB @ 6GHz) and low insertion loss (1.8dB @ 

6GHz).  

 

 
Figure 12 Functional Diagram of HMC344LP3 RF switch 

 

 

It has 4 inputs that are controlled by an internal TTL decoder. It is controlled by a 

negative voltage signal (0 -5V). This switch has also the appropriate impedance for the 

system (50 – 75Ω).  
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Figure 13 Switch configuration 

 

 

The signal that controls the switch comes from the signal generator. It is a pulse signal 

that switches every 100 samples of the ARB signal, which represent the exact length of 

one period. This signal is created with a marker of the Signal generator and the 

parameters are defined when the main program initializes the instrument.   

The control circuit (figure 14) consists basically of a synchronous 4-bit binary counter 

that creates the correct sequence for the RF switch. It also creates the appropriate negative 

voltage values. Table 5 shows the table of truth for the RF switch. 

  

 

 
Table 5 Truth table for RF switch 
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Figure 14 Schematic of the control circuit 

 

 

 

3.6 NAFS software 

The entire system is controlled with Matlab. Some of the main files are explained in the 

following pages. All the different functions are presented to the user using a GUI that 

simulates a traditional VNA, simplifying the entire measuring process. 

 

3.6.1 Test Signal 

The test signal is a pure sine wave of 100 KHz with amplitude 1. The function creates the 

appropriate format using a Rhode & Schwarz script and then it sends the file to the signal 

generator. It also defines the clock rate for the generator 

 

)1002sin()1002cos()( tKHztKHztf ∗+∗= ππ  

 

 

 

The user specifies the RF frequency sweep; also the output power can be specified for the 

entire frequency sweep. The default level of the signal is 0dB at the test port.  
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3.6.2 Instrument Setup 

 

When the NAFS software is used for the first time, it creates several files that contain 

preset values for both instruments and the main function itself, such as frequency limits, 

level of the signal, number of frequency steps and other information required for the 

instruments. In the setup function the user can modify these values. 

 

Another option available in the setup function is the calibration option. With this function 

the user can create or modify calibration kits. Although this option is not used in this 

project version, all the data contained in a calibration kit can be entered or modified, such 

as type of connector, impedance, frequency of operation and standards characteristics (for 

example: Fringing Capacitance, fringing inductance and impedance). 

 

 

3.6.3 Calibration  

 

This function allows the user to make all the calibration process required by the 

instrument. The user connects the appropriate calibration standard and the software 

makes a frequency sweep, measuring both magnitude and phase for each frequency step. 

The information of all the process is stored in variables to compute the error coefficients 

for reflection and transmission. 

 

The calibration that requires this instrument is a combination of a one-port calibration for 

reflection measurements, and a response calibration, for transmission measurements.  

The results of this calibration process are four variables for each frequency step: ED, ES, 

ET for the reflection measurements and S21calibration for transmission measurements. The 

calibration equations to calculate these variables were explained in the previous chapter. 

 

These variables are complex numbers that can be saved in a calibration file, specified by 

the user, so it can be loaded for future measurements. This file also contains other 

information such as the frequency steps, calibration kit, date and hour of calibration 

procedure.  

 

When a calibration file is loaded, the software preset the instruments with the same 

settings in which the calibration was made, such as amplitude and frequencies, and set all 
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the different variables in the main function to guarantee that the conditions for the new 

measurements will fulfil the calibration settings. 

 

 

3.6.4 Signal measurement 

 

After the frequency is set in both instruments, this function sends different commands to 

the signal analyzer and prepares it for the demodulation of the IQ signal. Different 

parameters like number of sample points and sample frequency are needed for this 

function. It returns a complex number for each sample point, where the real part is the 

value for the I signal, and the complex part is for the Q signal. 

 

In each frequency step, all the different signals of the system are scanned. The result 

(figure 15) is a signal composed by all the four signals that enter the switch (reference 

signal, transmitted, reflected and load reference). The configuration of the system 

guarantee that all the different signals will have at least one usable period, free of noise 

introduced by the switching process, from which the amplitude and phase can be 

extracted. 

 

 
Figure 15 Signal scan. 
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3.6.5 Signal separation 

 

When the signals are measured we have a vector that contains all the four different 

signals repeated at least twice, as shown in figure 15. This function identifies and 

separates each one of them. The signal analyzer keeps the switch continuously 

commuting between the different RF channels; therefore we don’t have control of the 

switching sequence, so it is necessary to have a reference signal that indicates the start of 

the sequence. In this case, the reference is a load that will produce the minimum value of 

the entire sequence.  

 

The first step to separate the different signals is to divide the entire vector in several 

sections and measure the main value of the section. The lowest values will represent the 

reference load, and the highest are the reference signal. Once the function has all the 

values, it starts scanning the entire vector for this mean value.  

When it is found, it then starts looking for the first usable period of the reference signal. 

This initial value will remain the same for all the following measurements. Since the 

measured signal contains an exact amount of periods, we can easily extract the different 

signals.  In the following figure, the red pulses are the sections of the signal that the 

function identifies as Reference signals; the green section represents the period selected 

as a reference. 

 

 
Figure 16 Signal sections identification 
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To select the rest of the signals, we can assume that the reference signal continue through 

all the measurement. In figure 17 we can see an extrapolation of the reference signal. This 

reference represents our phase reference. This will allow us to find the phase difference 

for all the different sections of the measure (S11 and S21). 

 

 
Figure 17 Reference signal extrapolation 

 

After identifying the reference signal the function checks several conditions to guarantee 

a correct signal selection for each measure.  

 

 

When the function has one period of each signal it concatenates these signals into one 

single vector (figure 18). 

 

 
Figure 18 Signal concatenation 
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3.6.6 Amplitude and phase 

 

Depending on the current measurement (S11 or S21) the reference and reflected or 

transmitted signals are used to calculate their amplitude and phase. This function 

performs a FFT of both signals and then the Matlab command angle is used to obtain the 

phase in radians of the signal at a specified frequency. 

 

When the signal analyzer uses the IQ data transfer, it returns the amplitude of the signal 

in volts; this value is the same at the RX channel of the signal analyzer, so the amplitude 

of the signal is simply the maximum value. 

 

This function returns four values that are the phase and amplitude of the reference signal 

and the measured signal. 

 

3.6.7 Plot 

To show the different results, the S-parameters can be presented in a magnitude plot or in 

a Smith chart plot. In the magnitude plot, the measure is presented in dB, and the user can 

specify the scale of the plot.  

 

Magnitude = 20*log10 ((abs (Sij)) 

 

When the Smith chart plot is selected, a separate function creates an empty smith chart, 

and then the s-parameter is plotted. The values outside the smith chart cannot be plotted, 

due to the construction of the smith chart function. 

 

3.6.8 Save / Load 

When a measurement is available, the user has the option to save this information. All the 

main parameters and measured data are saved in a file. This file can be loaded and all the 

data is available to plot.  
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4 Results 

Several measures were made to compare the performance of the system with a real VNA, 

also the results of the calibration equations are showed in the following figures. 

All the measurements for the calibration consist of 10 frequency steps, between 1GHz 

and 1.5GHz. In the following figure we can see a transmission measurement of a thru 

connection with and without calibration 

 

 
Figure 19 S21 Calibration, magnitude plot 

 

The variation of the calibrated signal can be of 0.049dB, which can be considered good 

enough for simple transmission measurements. Without the calibration, the error in 

magnitude for transmission measurements can be higher than 1dB. The following plot is 

the phase of the previous measurement. We can see that the phase of the calibrated signal 

is close to 0 degrees, and then we can see that the phase is also corrected by the 

calibration procedure.  

 

 
 

Figure 20 S21 Calibration, phase 
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Figure 21 S11 plot for open standard without and with calibration 

 

 

Figure 21 shows the open standard without and with calibration, using the HP 85044 

Transmission reflection test set. The standard measured is type N (Navy) for a frequency 

range of 1 to 11 GHz, as we will see in the following pictures, this type of connector 

produce a more exact result than the APC 3.5 (3.5mm) standard, which has a frequency 

range up to 34GHz. 
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Figure 22 S11 plot for short standard without and with calibration 

 
 

Figure 22 shows the 3.5mm short standard. As we can see, after the calibration, we can 

see that the signal is correctly de-rotated to the horizontal position, but there is an offset 

that is produced by the remaining errors of the system, such as fringing capacitance, 

electrical length and other that are not included in the calibration equations. 
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Figure 23 S11 plot for load standard without and with calibration 

 
 

Figure 23 corresponds to the un-calibrated and calibrated measure of the load standard 

using type N connectors. When the 3.5mm load standard is used, the calibration produces 

an error that is easily appreciated. The points in the smith chart are not exactly in the 

center. This is also caused by the errors that are not compensated. 

 

To compare the results of S11, different attenuators were used. Their amplitude and phase 

are compared with a real VNA (HP 8753). The result of the simulator is the mean value 

of 6 different measures. The attenuators are only connected to the TX port; the Rx port is 
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not connected. With this configuration, we can get different magnitude levels for 

reflection measurement as we can see in tables 6, 7 and 8 

 

3dB Attenuator  

Frequency HP8753  Simulator    

 Magnitude 

dB 

Phase 

degrees 

Magnitude 

dB 

Phase 

degrees 

Magnitude 

difference 

Phase 

difference 

1GHz -5.98 -98.36 -6.1 -97.62 0.12 0.26 

1.2GHz -5.99 -117.84 -6.15 -116.94 0.16 0.9 

1.4GHz -5.96 -137.3 -6.0 -136.51 0.04 0.79 

1.6GHz -5.89 -156.77 -5.99 -155.97 0.1 0.8 

1.8Hz -5.77 -176.4 -5.87 -175.9 0.1 0.5 

Table 6 

 

6dB Attenuator 

Frequency HP8753  Simulator    

 Magnitude 

dB 

Phase 

degrees 

Magnitude 

dB 

Phase 

degrees 

Magnitude 

difference 

Phase 

difference 

1GHz -12.24 -97.26 -12.09 -97.02 0.15 0.24 

1.2GHz -12.22 -116.3 -12.06 -115.94 0.16 0.36 

1.4GHz -12.20 -135.44 -11.99 -135.12 0.21 0.32 

1.6GHz -12.18 -154.64 -12.03 -154.01 0.15 0.63 

1.8Hz -12.16 -173.94 -11.98 -173.15 0.18 0.79 

Table 7 

 

10 dB Attenuator 

Frequency HP8753  Simulator    

 Magnitude 

dB 

Phase 

degrees 

Magnitude 

dB 

Phase 

degrees 

Magnitude 

difference 

Phase 

difference 

1GHz -20.48 -95.44 -20.21 -96.02 0.27 0.58 

1.2GHz -20.64 -115.8 -20.35 -116.14 0.29 0.34 

1.4GHz -20.69 -137.04 -20.26 -137.92 0.43 0.88 

1.6GHz -20.61 -158.37 -20.45 -157.97 0.16 0.4 

1.8GHz -20.48 -179.4 -20.36 -178.89 0.12 0.51 

Table 8 
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The deviation from the phase measurements (0.9 degrees in the worst case) and 

magnitude are due to the variables that are not included in the calibration routine, like 

electrical length, fringing capacitance and fringing inductance. Also the cables used in the 

test set are not phase compensated and the quality is not suitable for this application, so 

any small change or bending on the cables will alter the phase measurement.  

 

In figure 24 we can see the measurement of the S21 parameter for a low pass filter with 

cutting frequency of 270MHz.  

 

 

 
Figure 24 S21 measurements from NAFS and HP 8753 of a low pass filter of 270MHz  
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In figures 25 and 26 we can see a difference of 2MHz in the cutting frequency of the low 

pass filter (3.149MHz for the simulator and 3.123MHz for the VNA). This is also a 

consequence of calibration errors. The amount of samples can also introduce differences 

between these measures, in this example; only 10 frequency points were taken with the 

simulator. The following are the S21 parameters of different attenuators 

 

 

 
Figure 25 S21 measurement for a 3dB attenuator 

 

 
Figure 26 S21 measurement for a 6dB attenuator 
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Figure 26 S21 measurement for a 10dB attenuator 

 

Again in figure 26 we can see a deviation in the S21 measurements due to errors not 

corrected by the calibration procedure. The highest error is of 0.35dB from the value 

measured with the VNA.  

 37



5 Conclusions 

 
Using instruments as vector signal analyzers, signal generators and some few other 

components, generic instruments can be created, for measurement systems in which high 

accuracy is not required.   

 

Since the entire process is controlled by software, it is can be easily updated or modified 

for a specific task. New calibration routines or measurement procedures can be 

implemented in a fast way, making these generic instruments a flexible tool for RF 

measurements. 

 

With the implementation of instruments simulators, there can be a significant reduction in 

costs in hardware equipment for any company, and the equipment already available can 

be used in a more productive way. 

 
With these generic instruments, the human error is reduced, because the entire process is 

controlled by software that can indicate problems in the instruments setup, variables used, 

measurement errors and more. 
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6 Future Work 

For future work, the system can be expanded to measure all four s-parameters. This will 

require the addition of some components to the system, and small changes in the 

software. The next figure is a diagram of the complete measurement system  

 

 
Figure 27 Instrument configuration for a four s-parameters measurement system 

 

The test set will require the addition of RF switches to route the signal depending on the 

parameter that is being measured.   

 

To achieve a more accurate measurement system, the components in the separation unit 

(Directional coupler and power splitters) must have better characteristics. Also the quality 

of the cables used in this separation unit has to be considered for future work.  

The test set could also be implemented with different components, for example a VSWR 

bridge that could increase the bandwidth of the system.  

 

Other functions that can be implemented are a power calibration of the instrument and a 

power sweep that can be used for example for the characterization of non-linear 

behaviour of amplifiers. 
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One possible solution for the test set is presented in figure 28. 

 

 Figure 28 Separation unit for a four s-parameter measurement system 
 

The switches S1, S2, S3 and S4 can be controlled directly with the PC (through a parallel 

or any other available port), with the addition of a few components.   

 

The same circuit that was used in this project can control the switches RF1 and RF2. The 

signal generator sends a control signal through a marker output, that change the RF input 

every four periods of the test signal.  

 

Since the program does not have control over the switching sequence of   RF1 and RF2 

and the marker is continuously running, the sampling window must be long enough to 

capture both forward and reverse measurements. The system can identify them, according 

to the position of S1, S2, S3 and S4. 

 

In the calibration routines, all the remaining terms such as fringing capacitance, fringing 

inductance and electrical length, can be included to achieve more accuracy. Some of the 

variables required for this are already available this project. 
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The RF switch used in this version was an evaluation board, then, it is necessary to 

implement all the different switches in the main circuit board. This means that the 

impedance match has to be calculated for the circuit board fabrication.  
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8 Appendix 

8.1 Matlab functions 

The following table list only the main functions of the Network simulator. These files 

were created in Matlab 7.0 

Function Description 

Align Identify and separate the different measures 

(reference, reflected, transmitted) for each 

frequency step 

Calibrate Measure and calculate all the different 

error coefficients 

Modcreatekit To create or delete calibration kits 

Modifystandard Enter or modification of the different 

parameters of the calibration standards 

Nafsmain Main program 

Nafs Check different files and parameters and 

execute the main program 

Setupnafs Create all the files and folders needed by 

the main program 

Adconect Create or delete a connector type 

ConfigSA Modify the different parameters of the 

Signal analyser 

generate_sin Create the stimulus signal, save the signal 

in a file and create the appropriate format 

for the signal generator.   

GetIQdata Get the IQ data of the measured signal 

Meassetup Modify the different measurement 

parameters 

rs_connect Creates the connection with the instrument 

rs_generate_wave Create the format of the IQ signal 

rs_sendquery Send instructions to the signal analyser 

Setupnafs Different parameters of the system can be 

modified, such as number of steps, output 

power and frequency range. 
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8.2 Circuit board of control switch and circuit schematic 
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8.3 Error Model Definition 

Agilent Technologies error model definition 

 
a1 = Incident Signal at Port-1 
b1 = Reflected Signal at Port-1 
a2 = Incident Signal at Port-2 
b2 = Transmitted signal at Port-2 
aS = Source Port 
a0 = Measured Incident Port 
b0 = Measured Reflected Port 
b3 = Measured Transmitted Port 
LS-1 = Loss from Source to Port-1 
L1-S = Loss from Port-1 to Source 
LS-a0 = Loss from Source to a0 

LS-b0 = Loss from Source to b0 (Directivity) 
L1-a0 = Loss from Port-1 to a0 (Directivity) 
L1-b0 = Loss from Port-1 to b0 

L2-b3 = Loss from Port-2 to b3 

La0-b3 = Loss from a0 to b3 (Leakage) 
LC = Loss of Cables 
S11 = Refl Coef of DUT at Port-1 
S21 = Forward Trans Coef of DUT 
S12 = Reverse Trans Coef of DUT 
S22 = Refl Coef of DUT at Port-2 
M1 = Match at Port-1 
M2 = Match at Port-2 
MS = Match of Source 
MC = Match of Cables 
NLa0 = Low Level Noise at a0 

NLb0 = Low Level Noise at b0 

NLb3 = Low Level Noise at b3 

NHa0 = High Level Noise at a 0 

NHb0 = High Level Noise at b 0 

NHb3 = High Level Noise at b 3 

Aa0 = Dynamic Accuracy at a 0 (Linearity) 
Ab0 = Dynamic Accuracy at b 0 (Linearity) 
Ab3 = Dynamic Accuracy at b 3 (Linearity) 
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8.4 Equation for a 12 term error model  

12 term error model equation [11] 
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8.5 NAFS Graphic unit interfaces 

8.5.1 Main window 

 

 
 

This is the main window of NAFS program; this informs the user the different 

parameters of the system, for example if the system is calibrated, the frequency 

range and the S-parameter that is being measured and output power. From this 

window the user has access to other parts of the program, like the system setup, 

calibration menu, save and load measurements. From this window, the user can 

also modify the scale, type of plot and also has the option to examine the plot with 

more detail, by making a zoom of a specific section of the plot. There is also a 

preset button that sets all the variables and original values of the entire system.   
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8.5.2 Instrument setup window 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From this window, the user can select different options to modify the current 

values of the instruments like output power and frequency steps used in the 

measurement, also the default values of the system can be modified. The 

calibration option allows the user to create or modify calibration kits. 
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8.5.3 Setup calibration menu 

 

In the calibration menu the user can create a new connector to be used by the 

calibration kits 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 49



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this window, the user defines the type of calibration kit, specifying the name, 

type of connector and label, and then the calibration standards can be defined in 

the “Modify Standards” window. Any calibration kit can be modified or deleted 

by the user.  
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In this window, the user can specify all the different parameters of the calibration 

standards (open, short and load). These values can be modified at any time.  
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8.5.4 Calibration menu 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This is the window for the calibration process. The user first select the calibration 

kit, then connects all the different standards pressing the respective button. When 

all the standards are measured, the option DONE is enabled; this will calculate all 

the error coefficients. After these coefficients are calculated the user can save 

these values for future use.   
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