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Abstract 

The spectrum analyzer is a standard tool used to measure signals in the frequency domain. 

Traditional spectrum analyzers are based on sweeping a local oscillator and using this to mix 

signals down to an intermediate frequency (IF) and, subsequently filter them with a filter of 

settable characteristics, called the Resolution Bandwidth (RBW). This is still the preferred 

method when the requirement on dynamic range of the signals being measured is large. However, 

this approach has the drawbacks of being relatively slow, not adaptive and flexible for some 

specific need and certain special measurement functionalities cannot be done due to the sweeping. 

Due to this, Ericsson production test development would like to perform software-based 

spectrum analysis on sampled In-phase and Quadrature (IQ) signals. 

In this thesis, the introduction of IQ-signals and synthetic spectrum analysis (SSA) are presented. 

The statistical properties of root mean-square (RMS) and sample detectors for standard spectrum 

analyzer are investigated. The effect of swept time on statistical properties of the RMS and sample 

detectors were investigated and the results are presented in this work. The results of swept time 

effect for sample detector show the change in the variance of the statistical properties when 

continuous wave (CW) and two-tone test signals were used, however, for bandlimited Gaussian 

test signal, the variance of the statistical properties is not changed. For RMS detector, the swept 

time using two-tone and Gaussian test signals show the change in the variance of the statistical 

properties. Whereas, for CW test signal the statistical properties result in shift from higher power 

distribution level to lower power distribution level with increase in sweep-time. 

The emulation of spectrum analysis functionalities (RBW, envelope detector and 0detectors) for 

IQ-signal has been implemented in MATLAB. The verification of the implemented functionalities 

has been done by investigating the statistical properties of RMS and sample detectors for SSA for 

various test signals. These were found to agree with standard spectrum analyzer results. 

Moreover, the comparison of spectral traces and statistical properties between implemented 

functionality and standard spectrum analyzer have done. The results are showing agreement with 

industrial standard spectrum analyzer results. 
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1. Introduction 

Recent trends in test and measurement instrument vendors and some progressive companies have 

been changed in fundamental way due to invention of minicomputer. Using this minicomputer 

and software, the trends of the test and measurement field have been showing rapid changes that 

make measurement systems allow to reduce the redundancy of hardware or functionality, cost 

and size, more adaptive and flexible, much faster and easier controlled systems. In consideration 

to those trends, a new concept of Synthesis Instrument (SI) was proposed for first time by the 

U.S. Department of Defense (DOD) [1,2 ,3].A SI is the combination of hardware and software 

modules that can be concatenated to emulate the standard instrument, it includes both stimulus 

and measurement functions [2]. 

A synthetic measurement system is a system that uses SIs implemented on a common, general 

purpose, physical hardware platform to perform a set of specific measurements [2]. SIs are 

implemented purely in software that runs on general purpose, non-specific measurement 

hardware with a high-speed analog to digital converter (ADC) and digital to analog convert 

(DAC) at its core. In addition, the software performs specific synthesis or analysis function 

running on generic hardware [3]. 

The SI not only reduces redundancy of hardware and production cost but also can effectively 

increase the functionality, flexibility, generality, the speed, product life cycle of the measurement 

systems and avoid the limitation [2,3 ,4]. 

Any SI can be logically divided into layers, where tasks and functions can be defined at each layer, 

enhancing the modularity, generality, and flexibility and allowing interchangeability of hardware  

[3]. The fact that SIs are basically software makes software-defined measurements (SDM) an 

adequate terminology in this case [3]. 

1.1 Background. 

A traditional RF test and measurement system is made up of the combination of bench top RF 

instruments and connected with the appropriate interconnecting cabling and connectors between 

the instruments and devices under test (DUT) [1,5]. Control and processing software in the 

computer make call to the functions embedded in these instruments or implemented in these 

instruments. Such a setup is also known as the rack-and -stack RF test and measurement system 

[1,5, 6] and is shown in Fig.1.1.  
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Fig.1.1Traditional RF measurement system. 

This test system consists of vector network analyzer (VNA), spectrum analyzer, signal generator, 

vector signal analyzer (VSA), power meter and possibly other RF instruments. Its 

implementations utilizing these instruments functionalities are by far the most common and are 

separated into some function modules based on high speed processor and data bus according to 

modularization technique. However, they have a great deal of difficulty addressing the challenging 

problems facing the test measurement industries today [4, 5, 6]. Some of the challenges or 

drawbacks of this system are the cost of instruments, limitation of their design, redundancy 

hardware, limited ability to support the testing systems for broad range of products and new 

standards, limited by its functionality, limited by data buses that significantly determine the test 

throughput [1]. 

The RF measurement research laboratories and industrial production test workstations are 

needed to create the instruments having the capabilities that SI can provide. Since the SI can 

effectively increase the functionality and flexibility of the system, reduce measurement time and 

the cost of the development and supply longer product life cycle the system [3, 4, 5, 7, 8]. 

In this thesis, the main task is focus on spectrum analyzer. This benchtop instrument is one of the 

standard tools used to measure amplitude of various frequency signals in the frequency domain.  
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For past decade, it has been evolved to overcome numerous technical barriers, to deal with the 

difficulty in measurement capabilities, to deal with physical barriers, to overcoming complexity 

of various signals, to give solution for a bandwidth requirements and also to adapt new standards 

of technology being introduced [9,10]. Consider a traditional SA solution; it is hardware-based, 

large, bulky, and expensive. It lacks flexibility, versatility, and the ability to be deployed in 

distributed or remote locations [4,5,7]. 

The past number of decades, the biggest changes of spectrum analyzer were in its block diagram 

[9,10]. Through the increasing performance of high speed digitalizes, digital filters and fast 

Fourier transform (FFT) technology, the IF section has evolved from scalar to vector [9,10]. 

Increasingly, this reflects the nature of the signals and systems many engineers must measure. The 

other important transformations were in the user interface (UI) and associated user experience 

[9]. Today, the touch-enable UI technology widely used in smartphones, tablets and PCs can be 

rapidly adapted to the large displays that are increasingly common in analyzers [9]. Consequently, 

analyzers now provide new levels of interaction that enable intuitive between cause and effect 

during development, debugging and troubleshooting [9]. 

The last couple of decades, spectrum analyzer have also evolved to handle from microwave 

frequency to mm-wave frequency domain [9,10]. Moreover, the demands from the new 

standards (5G, 3GPP, MIMO, mm-wave) and some application areas (surveillance application, 

electronic warfare (EW) test, Electromagnetic Interference (EMI) test, radar systems application) 

have been pushed to develop wide range of RBW spectrum analyzer [9,11,12]. 

In the age of SI, some progressive instrument vendors provide an option software-based SA. This 

implementation can be possible done by synthesizing functionalities used for spectrum analysis 

(SA). However, this software is expensive and not very flexible and adaptive to some specific 

measurement [2,3,4]. 

SSA is being capabilities of SA by using less hard and more software platform. This SDM is more 

agile comparing to traditional one that enables more adaptive and flexible measurement systems 

with multiple measurements across several functionalities and standards supported by the DUT. 

The implementation is also helping to optimize measurement speed despite the increasing size of 

the test plans. 

The scope of thesis mainly focuses on swept spectrum analyzer and the tasks have been done 

related to the synthesizing of SA functionalities based on sampled IQ-signal or data. 

1.2 Problem Statement. 

The thesis work is performed in Ericsson production test development unit, Kumla. Currently, 

spectrum analysers are expensive, not flexible and not adaptive to their specific need and has 

limitation in their designs. The measurement time of swept spectrum analyzer is very slow. In 
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the production test, the measurement time is extremely crucial because of every single test unit 

needs to measure. 

Ericsson production test development unit believes that the measurement time can be potentially 

reduced if an SSA based on IQ-data is implemented. Furthermore, the Synthesizing SA 

functionalities based on sampled IQ-signal can provide a lot of flexibility and adaptive 

measurement systems. 

1.3 Main goals of thesis. 

This thesis has three main goals. The first goal of the thesis is to investigate the statistical properties 

of RMS and sample detector types in a standard spectrum analyzer for various test signal. This 

investigated property is used later as verification technique for implemented functionality. The 

second goal is to investigate the importance of sweep-time setting, i.e., how it influences the 

statistical properties of test signals for sample and RMS detectors. The last goal is to implement 

spectrum analysis functionality based on sampled IQ-data and to verify the implemented 

functionality. 

1.4 Thesis outline. 

The thesis report is structured with eight section. The second section presents the background on 

the swept spectrum analyzer and briefly describes the functionalities of some core components. 

The third section presents the theoretical explanation of IQ-signals and further explains the 

algorithm used to implement SSA and the implemented functionalities (RBW, envelope detector 

and various detector types). Fourth section presents the test-signals used in the thesis experiments 

and theoretical statistical properties are presented in section five. In sixth section, measurement 

setup is described. The seventh section presents the results obtained during the thesis experiment. 

Results from both the standard swept spectrum analyzer and the SSA and their comparison results 

are discussed. Last section of thesis report is presented the encapsulation of the thesis work and 

recommend possible future work. 
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2. Swept Spectrum Analysis 

This chapter describes the basic working principles of swept SA used for high frequency signals 

along with a selective description of architectural components used in a swept spectrum analyzer. 

2.1 Fundamental Working Principle of Swept SA. 

The swept spectrum analyzer is a frequency domain analysis instrument that is used to measure 

the magnitude of a RF signal. It usually operates on the principle of a heterodyne receiver [13,14 

15,16]. Fig.2.1 shows a simplified block diagram of such an analyzer. 

 

Fig.2. 1 The general block diagram of SA operation based on heterodyne receiver principle. 

The implementation is via a heterodyne receiver consisting of a mixer, sweeping the local 

oscillator (LO) and IF amplifier. The spectrum is generated by the convolution of frequency 

translated sweeping signal moving past the narrowband IF filter [17]. 

The heterodyne receiver is used to convert the input RF signal into an IF with the help of a mixer 

and LO. The mixer is one of active microwave devices with having three ports. The two ports 

are used as inputs port from RF and LO sources and then down convert to IF frequency in the 

third output port. The block diagram of frequency conversion process is shown in Fig.2.2. 
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Fig.2. 2 Frequency conversion process. 

The LO frequency is tunable according to the input frequency range that can be converted into a 

constant IF [14]. The conversion process can be presented mathematically as 

                             | 𝑚 . 𝑓𝐿𝑂  ± 𝑛 . 𝑓𝑅𝐹  | = 𝑓𝐼𝐹      
(2.1) 

where m and n are natural numbers, 𝑓𝐿𝑂  is the frequency of the local oscillator, 𝑓𝑅𝐹   is the 

frequency of the input signal and 𝑓𝐼𝐹    is the intermediate frequency. 

If only the fundamental input and LO frequency signals are considered (m, n=1), (2.1) can be 

simplified into (2.2) 

                             | 𝑓𝐿𝑂  ± 𝑓𝑅𝐹  | = 𝑓𝐼𝐹    
(2.2) 

Alternatively, 𝑓𝑅𝐹 can be represented in terms of 𝑓𝐼𝐹  and 𝑓𝐿𝑂  as 

                              | 𝑓𝐿𝑂  ±  𝑓𝐼𝐹  | = 𝑓𝑅𝐹                     
(2.3) 

Eq (2.3) shows that there are always two input frequencies to a mixer for which the criterion set 

by (2.2) is fulfilled for a specific LO frequency and IF. In addition to this wanted input RF signal, 

there is also unwanted signal, called image frequency [14]. In order to avoid these unwanted 

images, the input RF signal has to be filtered ahead of the input of the mixer [14]. This filter and 

image frequency are illustrated in Fig. 2.3. 
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Fig.2. 3 Input filter and image frequency [14]. 

Fig.2.1 shows a low pass or pre-selector filter, commonly an yttrium iron garnet (YIG)-filter, 

used in the analyzer to prevent unwanted signals from mixing with the LO frequency [14]. If the 

input RF signal is low frequency (for example, in some Rodhe & Schwarz (R&S) spectrum 

analyzer frequency is less than 3GHz), the spectrum analyzer operates with a low pass filter to 

prevent unwanted signals from reaching the mixer [13,14]. For high frequency signals, the 

spectrum analyzer replaces the low-pass filter with a pre-selector filter. The pre-selector filter is 

a tunable bandpass filter with a wide frequency range and with relatively narrow bandwidth 

[13,14]. It can be implemented with YIG technology whose center frequency follows the display 

center frequency on the spectrum analyzer and rejects all frequencies except those interesting 

frequency range [14,15,16]. 

An RF attenuator is used to adjust the level of the signals entering to the mixer and to protect the 

mixer from high signal power damaging it [14,15,16]. It is also used to set the signal level to get 

sufficient linearity in mixer, while not attenuating the signal too much so that noise masks the 

signal [14].  

The converted IF signal is amplified with the aid of an IF amplifier before it is applied to the IF 

filter. Note that the 3dB bandwidth of this IF filter is called the RBW. The amplification and 

filtering of IF signal is shown in Fig. 2.4. IF amplifier is a low noise amplifier that increase the IF 

signal amplitude. It can help to increase the measurement sensitivity to low power elements in 

the input signal [13,14,15]. 
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Fig.2. 4 The IF signal amplifying and filter process. 

Fig.2.5 shows the effect of RF attenuator on the input signal and If amplifier on the IF signal.  

 

Fig.2. 5 The effect of an RF attenuator on input signal and IF amplifier on IF signal [15]. 

The IF filter has constant center frequency but follows the display center frequency on the 

analyzer so that problem associated with tunable filters can be avoided [13,14]. This IF filter is 

described in more detail section 2.2. 

The output of the IF filter is connected to the log-amplifier which converts the linear signal 

strength to a far useful logarithmic scale. The output of the log-amplifier is typically fed to the 

envelope detector. 

The envelope detector is a diode rectifier whose output traces only the peaks of IF signal as shown 

in Fig.2.6. At this stage the IF signal loses the phase information [13,14]. 
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Fig.2. 6 If signal before and after envelope detector [15]. 

The signal output of envelope detector can be averaged with the aid of an adjustable lowpass filter 

called a video bandwidth (VBW) filter. The VBW smooths the signal and can be used to minimize 

the effects of noise on the displayed trace. The video signal is applied to the vertical deflection of 

a cathode-ray tube [13,14,15]. Since it is to be displayed as a function of frequency, a sawtooth 

signal which is generated by a ramp generator and used for the horizontal deflection of the 

electron beam as well as for tuning the local oscillator [13,14,15]. Both the IF and the LO 

frequency are known. The input signal can thus be clearly assigned to the displayed spectrum 

[13,14,15]. 

The first few generations of spectrum analyzers used analog components throughout their design 

with the readout being an analog Cathode Ray Tube (CRT) display [14]. Modern spectrum 

analyzers use fast Digital Signal Processing (DSP) where the IF signal is sampled with the aid of 

an ADC and further processed by a digital signal processor [13,14,15]. Modern digital spectrum 

analyzers use Liquid Crystal Displays (LCDs) instead of CRT to display the recorded spectrum 

[13,14,15]. It has also a large display with multi-touch functionality and with single or double 

tapping to select a parameter or expand a window, dragging and pinching to zoom and scale a 

display and using press-and-hold to access [9]. 

The modern analyzers are not long tuned with the aid of analog ramp generators as old analog 

heterodyne receivers [14]. Instead, the LO is locked to a reference frequency via a Phase-Locked 

Loop (PLL) [14].  
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2.2 IF Filter. 

The IF filter is a bandpass filter used as a window for detecting the IF signal by rejecting any out-

of-band signals and to be displayed in certain point on the frequency span. Due to short transient 

time, commonly standard spectrum analyzer implements a Gaussian shape filter [13,14,15,19] 

and Fig.2.7 shows the transfer function of Gaussian filter. 

 

Fig.2. 7 Voltage Transfer function of Gaussian filter with the center frequency of 𝑓𝑜 [15]. 

The filter has a center frequency ( 𝑓𝑜 ) which follows the displayed center frequency on the 

analyzer [13,14]. As shown in Fig. 2.7, the bandwidth of the analyzer is specified at the 3dB 

frequency points on the transfer function of the Gaussian filter and is called the RBW [13,14,15]. 

The 3dB point is the amplitude at which the power transfer function is half. This corresponds to 

the point at which the amplitude of voltage transfer function is 
1

√2
 compared to the peak of the 

transfer function [13,14,15,19]. 

For example, if input signal is CW signal and is converted into the IF signal, then IF filter swept 

pass and convolved with input signal [14]. Fig.2.8 shows the process of above example. 
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Fig.2. 8 Resolution Filter [14]. 

The width of RBW determines the maximum speed of the swept measurement. Narrow RBWs 

provide finer frequency resolution and ability to differentiate signals that have components that 

are closer together in frequency domain, but the sweep time is high [13,14]. 

Sweep-time is the length of time required to record the whole frequency spectrum in a given 

span. The span has a start and stop frequency with its center frequency and is also divided into 

frequency bins or pixel points1. One-pixel point contains the spectral information of a relatively 

large subrange when large spans are displayed [13,14,19]. 

A sweep time not only depends on the RBW but also on span, VBW and analyzer setting [13,14]. 

This relation is represented in mathematical form in (2.4) and (2.5) 

 
𝑠𝑤𝑒𝑒𝑝 𝑡𝑖𝑚𝑒 = 𝐾 ∗

𝑠𝑝𝑎𝑛

𝑅𝐵𝑊2
       𝑖𝑓 𝑉𝐵𝑊 ≫ 𝑅𝐵𝑊                               (2.4) 

 
1 The term frequency bins, pixel points and frequency points are used interchangeably in this thesis. 
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or  

 
𝑠𝑤𝑒𝑒𝑝 𝑡𝑖𝑚𝑒 = 𝐾 ∗

𝑠𝑝𝑎𝑛

𝑅𝐵𝑊 ∗ 𝑉𝐵𝑊
          𝑖𝑓 𝑉𝐵𝑊 < 𝑅𝐵𝑊  (2.5) 

where K is a proportionality factor that depends on the type of filter and the permissible transient 

response error [13,14]. 

The sweep time per frequency bin or pixel point can also use to know the time required  or the 

data size required to perform swept measurement in a single frequency bin or pixel point.  

2.3 Detectors. 

The output signal of envelope detector is continuous signal which is shown in the upper black 

trace of Fig.2.9. In modern implementation, this continuous signal is sampled by a high dynamic 

range ADC in certain instance. From the sampled signal which point to be shown in the digital 

display is needed to determine. The functionality is used to determine which point or what kind 

of information to display in the screen is called detector. 

Both the analog and digital spectrum analyzers have several detector types that allow the voltage 

values to be displayed from each frequency bin or pixel point that has been collected [13,14]. In 

comparison with the analog based spectrum analyzer, in digital spectrum analyzer, the detectors 

are implemented in FPGAs or DSP blocks.  

Fig.2.9 shows the video voltage of a signal for two-frequency points, n and n+1.The top plot 

shows the video voltage (black-trace) of the IF signal with respect to time and sampled into N 

sample points. The bottom plot shows the value that each detector selection report to the display 

[13,14,15]. 



13 
 

 

Fig.2. 9 Various detector types[14]. 

In the following, some commonly used detectors are discussed. 

2.3.1 Sample Detector. 

The sample detector selects only one random sample value in each frequency point. Generally, 

the sample detectors either choose the first, middle or last sample, depending upon manufacturer  

frequency point. Mathematically, a sample detector is defined as 

 

 

               𝑉𝑠𝑎𝑚𝑝,𝑘 = 𝑆𝑎𝑚𝑝𝑙𝑒{𝑣1 ,𝑣2 , 𝑣3 , … 𝑣𝑖 … . . , 𝑣𝑁} = 𝑣1 
(2.6) 

Where 𝑉𝑠𝑎𝑚𝑝  sample value of voltage, 

N number of samples in given frequency point 

𝑣𝑖  sample voltage value 

The power value can be calculated by using resistance value of R 

 
                   𝑃𝑘 =

𝑉𝑠𝑎𝑚𝑝,𝑘
2

𝑅
 (2.7) 
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Where k is a given frequency bin or pixel point. 

It is often used for measuring noise [14,16,19]. When the frequency span of the range to be 

displayed is much larger than the RBW, the input signals are no longer being acquired reliably 

[14]. 

2.3.2 RMS Detector. 

The RMS detector displays the root-mean-square (RMS)value of the IF signal. The RMS power 

value for each frequency point analysis is done according to (2.8) and the analysis is based on 

linear scale [14].  

 

                     𝑉𝑟𝑚𝑠 = √
1

𝑁
∑𝑣𝑖

2

𝑁

𝑖=1

 
 (2.8) 

Where 𝑉𝑟𝑚𝑠  RMS value of voltage, 

 N number of samples in given frequency point 

𝑣𝑖  sample voltage value 

The power value of RMS detector can be calculated the same way as (2.7) by using resistance 

value of R. 

Generally, RMS detector is used for most of the signal types and allow to measure actual power 

in of the signal irrespective of individual sample characteristic  value [14,16,19]. 

2.3.3 Average Detector. 

It displays the average or mean value of the IF signals. Mathematically, an average detector is 

defined as 

 

                       𝑉𝑎𝑣𝑒 =
1

𝑁
∑𝑣𝑖

𝑁

𝑖=1

  (2.9) 

The power value of average detector can be calculated the same way as (2.7) by using resistance 

value of R. It is often used for EMI and EW measurements [14,16,19]. 

2.3.4 Positive Peak Detector. 

It displays the maximum amplitude value in each frequency point [14,16,19]. Mathematically, a 

positive peak detector is defined as 
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              𝑉𝑚𝑎𝑥,𝑘 = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚{𝑣1 ,𝑣2 , 𝑣3 , … . . , 𝑣𝑁} 
 (2.10) 

The power value of positive peak detector can be calculated the same way as (2.7) by using 

resistance value of R. This type of detector is useful Electromagnetic Compatibility (EMC) 

measurements [13,14]. 

 2.3.5 Negative Peak Detector. 

It displays the minimum amplitude value in each frequency point [14,16,19]. Mathematically, a 

negative peak detector is defined as 

                𝑉𝑚𝑖𝑛,𝑘 = 𝑀𝑖𝑛𝑖𝑚𝑢𝑚{𝑣1 ,𝑣2 , 𝑣3 , … … , 𝑣𝑁} 
 (2.11) 

The power value of negative peak detector can be calculated the same way as (2.7) by using 

resistance value of R. This type of detector is used to measure noise level when the display noise 

is strongly suppressed and the input signal is well defined in CW signal [14]. 
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3.IQ-signals and Implementation of SSA 

This chapter introduces the concept of IQ-signal and further explains the implemented algorithm 

and what types of functionalities used to implement for SSA. 

3.1 IQ-signals 

IQ-signals are a frequency translation and filtering of a real-valued signal. All real-valued bandpass 

signals have equivalent complex lowpass /base band representations.  

In modulation systems and radio communications, IQ signal processing is a widely used tool in 

order to take full advantage of the available resources (such as the transmission bandwidth)  

[20,21,22]. The spectral properties of information signal and the communication channel do not 

fit one another when the information signals transmit over a communication channel [18,23]. In 

most case due to the information signals are available in low frequency (baseband signal) whereas 

the communication channels are available in the spectrum of higher frequencies [23,24]. 

Therefore, translation of information signals into higher frequency that match the properties of 

the communication channel [23,24]. 

For example in radio communications, using lowpass/baseband to bandpass transformation, a 

complex-valued baseband signal 𝑍𝑏(𝑡) = 𝑍𝐼(𝑡) + 𝑗𝑍𝑄(𝑡) , where 𝑍𝐼  and 𝑍𝑄  are called the in-

phase and quadrature component of 𝑍𝑏 (t) respectively, can be transmitted in real-valued channel 

as [20,21,22,24,25] 

          𝑟(𝑡) = 2𝑅𝑒{𝑧𝑏(𝑡)𝑒
𝑗(2𝜋𝑓𝑐𝑡)}  

(3.1) 

 𝑟(𝑡) = 2𝑅𝑒{{𝑍𝐼(𝑡) + 𝑗𝑍𝑄(𝑡)}𝑒
𝑗(2𝜋𝑓𝑐𝑡)}                                       

(3.2.a) 

 𝑟(𝑡) = 2𝑅𝑒{{𝑍𝐼(𝑡) + 𝑗𝑍𝑄(𝑡)}{cos(2𝜋𝑓𝑐𝑡) + 𝑗sin (2𝜋𝑓𝑐𝑡)}} 
(3.3.b) 

          𝑟(𝑡) = 2𝑧𝐼 cos(2𝜋𝑓𝑐𝑡) − 2𝑧𝑄sin (2𝜋𝑓𝑐𝑡)  
(3.1.c) 

Where r(t) is real-valued bandpass signal, 𝑓𝑐  is the center-frequency where the bandpass signal 

located, Re{.} notation represents the real part of complex-valued. 
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In the equation (3.1), two real-valued signals 𝑧 𝐼  𝑎𝑛𝑑 𝑧𝑄  can be transmitted over the same 

bandwidth resulting increased spectral efficiency [18]. Mathematical representation in frequency 

domain of equation (3.1) can express as in (3.2). 

 
     𝑅(𝑓) =

𝑍𝑏(𝑓 − 𝑓𝑐) + 𝑍𝑏(𝑓 + 𝑓𝑐)

2
                    (3.2) 

Fig.3.1 also shows the frequency domain illustration of the above equation and the spectral 

components of bandpass signal around +𝑓𝑐 and −𝑓𝑐  are simply mirror images of each other, both 

containing all the information of z(t) [21,22,24,25]. The bandwidth of baseband and both the 

negative and positive frequency passband signals are much smaller than the carrier frequency, 𝑓𝑐 . 

Fig.3. 1Baseband to bandpass transformation. 

To get back the baseband signal from the bandpass signal r(t), the down-conversion process is 

needed to perform. This down-conversion process can be done either Hilbert transform method 

or translation then lowpass filtering method [21,22,23]. This section focuses only the translation 

and filtering method. 

This method has two main stages. The first stage is performed by translation of both positive and 

negative frequency component of band pass signal by 𝑒𝑗(−2𝜋𝑓𝑐𝑡) towards to zero frequency and 

higher frequency component positions then this signal pass through lowpass filter with bandwidth 

of filter a litter higher than the band width baseband signal as shown in Fig.3.2. The higher 

frequency or negative frequency signal is rejected by lowpass filter as shown in red mark trace in 

Fig.3.2 and in equation (3.3.c) and (3.4c). 

Fig.3.2 shows the frequency domain illustration of the down-conversion process of bandpass to 

baseband signal. This concept is generally known as the quadrature or IQ down-conversion 

process. 
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Fig.3. 2 Bandpass to baseband transformation by translation of r(t) and rejection of the higher or negative frequency 

component (−2𝑓) of signal r(t) by using lowpass filter. 

The mathematical representation of 𝑧 𝐼(𝑡) 𝑎𝑛𝑑 𝑧𝑄(𝑡) can be shown as (3.3) and (3.4) 

respectively, 

 𝑧 𝐼(𝑡) = 𝐿𝑃𝐹{𝑟(𝑡) 𝑐𝑜𝑠(2𝜋𝑓𝑐𝑡)} 
(3.3.a) 

 𝑧 𝐼(𝑡) = 𝐿𝑃𝐹{2𝑧𝐼(𝑡) 𝑐𝑜𝑠
2(2𝜋𝑓𝑐𝑡) − 2𝑧𝑄(𝑡) 𝑠𝑖𝑛(2𝜋𝑓𝑐𝑡) 𝑐𝑜𝑠(2𝜋𝑓𝑐 𝑡)} 

(3.3.b) 

 𝑧 𝐼(𝑡) = 𝐿𝑃𝐹{𝑧𝐼(𝑡) + 𝑧𝐼(𝑡) 𝑐𝑜𝑠(4𝜋𝑓𝑐𝑡)  − 𝑧𝑄(𝑡) 𝑠𝑖𝑛(4𝜋𝑓𝑐 𝑡)} 
(3.3.c) 

 𝑧 𝐼(𝑡) = 𝑧𝐼(𝑡) 
(3.3.d) 

 𝑧 𝑄(𝑡) = 𝐿𝑃𝐹{𝑟(𝑡)(−𝑠𝑖𝑛(2𝜋𝑓𝑐𝑡))} 
(3.4.a) 

 𝑧 𝑄(𝑡) = 𝐿𝑃𝐹{2𝑧𝑄(𝑡) 𝑠𝑖𝑛
2(2𝜋𝑓𝑐𝑡) − 2𝑧𝐼(𝑡) 𝑠𝑖𝑛(2𝜋𝑓𝑐𝑡) 𝑐𝑜𝑠(2𝜋𝑓𝑐𝑡)} 

(3.4.b) 

 𝑧 𝑄(𝑡) = 𝐿𝑃𝐹{𝑧𝑄(𝑡) + 𝑧𝑄(𝑡) 𝑐𝑜𝑠(4𝜋𝑓𝑐𝑡)  − 𝑧𝐼(𝑡) 𝑠𝑖𝑛(4𝜋𝑓𝑐𝑡)} 
(3.4.c) 
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 𝑧𝑄(𝑡) = 𝑧𝑄(𝑡) 
(3.4.d) 

 

Where LPF is lowpass filter. 

3.2 Implementation of SSA  

SSA is analysing spectrum of signal with help of implemented or synthetic spectrum functionality. 

In this thesis, RBW, envelope detector and detector functionalities have been implemented as 

shown in Fig.3.3. In order to realize the functionality of SSA for IQ signal, the software-based 

algorithms must perform the following functions: IF-filter, envelope detector, and detector and 

displaying the spectral results on PC screen. The block diagram of the proposed architecture is 

shown in Fig.3.3. 

 

Fig.3. 3 Block diagram of software-based model for SSA implementation. 

A flowchart diagram of this process is shown in Fig.3.4. The span is divided into a number of 

frequency grid points and IF filter swept past at the first frequency grid point then convolved with 

the IQ signal. The output of the convolution process passes through envelope detector and 

detector function respectively. The above process is repeated until IF filter sweeps past the last 

frequency grid point then the synthetic spectrum result display on the PC screen. 

As described in section2.2 (cf. Fig.2.7), the IF filter was implemented in Gaussian shape and the 

bandwidth of filter is 3dB point of the transfer function. The narrowband IF filter moves by 

frequency translation and convolution with sweeping IQ-signal. 
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Similarly, envelope detector is tracking only the peaks of IF signal as it described in section 2.1 

(cf. Fig.2.6). Furthermore, IF signal loss the phase information at this stage and the absolute value 

operation was used to implement it.  

 

Fig.3. 4 Flowchart diagram of SSA implementation. 

 

Note the multiplication or X sign in Fig.3.4 is not multiplying sign but it is convolution operation 

sign. 

 .
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4. Test Signals 

This chapter introduces the test-signals used in the experiments. These signals are also used for 

verification purpose. 

4.1 Test Signals. 

Many different types of signals are used in communication systems to perform test on various 

devices. In this section, signals used during the thesis are described. 

4.1.1 CW test signal. 

An RF baseband signal is generated at single frequency with constant amplitude. The frequency 

domain signal representation of CW is shown in Fig.4.1. 

 

Fig.4. 1 CW baseband test signal in frequency domain. 

Mathematically, a CW signal is defined as 

 
  𝑥(𝑡) = 𝐴𝑒𝑗𝜔𝑐𝑡 = 𝐴{𝑐𝑜𝑠(𝜔𝑐𝑡) + 𝑗𝑠𝑖𝑛(𝜔𝑐𝑡) }  (4.1) 

where A is amplitude of the signal and 𝜔𝑐  is the angular frequency defined as 𝜔𝑐 = 2𝜋𝑓𝑐 . 
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4.1.2 Two-Tone test signal 

A two-tone signal is generated at two different frequencies with a constant amplitude. The 

frequency domain representation of the signal is shown in Fig.4.3. 

 

Fig.4. 2 Two-Tone test signal in frequency domain. 

In RF community, two-tones signals are extensively used to characterized nonlinear distortion of 

devices [28,29].  

A two-tone signal, or any other single or multiple carrier can be represented as  

 

𝑠(𝑡) = 𝑅𝑒{𝑟(𝑡)𝑒𝑗(𝜔𝑐𝑡+𝜙(𝑡))} = 𝑟(𝑡) cos(𝜔𝑐𝑡 + 𝜙(𝑡)) (4.2.a) 

 

 𝑠(𝑡) = 𝑟(𝑡) cos(𝜙(𝑡)) cos(𝜔𝑐𝑡) − 𝑟(𝑡) sin(𝜙(𝑡)) 𝑠𝑖𝑛(𝜔𝑐𝑡) (4.2.b) 

 
 𝑠(𝑡) = 𝑥(𝑡) cos(𝜔𝑐𝑡) − 𝑦(𝑡)sin (𝜔𝑐𝑡)  (4.2.c) 

Where 𝜔𝑐 = 2𝜋𝑓𝑐 , 𝑓𝑐  is the carrier frequency, 𝑟(𝑡) and 𝜙(𝑡) are the envelope and phase of the 

signal, respectively, given by 
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𝑟(𝑡) = √𝑥2(𝑡) + 𝑦2(𝑡)                               (4.3) 

 

𝜙(𝑡) = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑦(𝑡)

𝑥(𝑡)
)                               

(4.4) 

4.1.3 Bandlimited Gaussian test signal 

Fig.4.5 shows the frequency domain representation of the Bandlimited Gaussian test signal and 

has 5MHz bandwidth. The signal is used for investigating the statistical properties of the detectors 

and for the verification of implemented SA functionalities. 

 

Fig.4. 3 Bandlimited Gaussian test signal with 5MHz bandwidth. 
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5. Theoretical Statistical Properties for Test Signals and 

Selected Detectors 

In this section, the theoretical properties of the test signals given in section 4 for the investigation 

of the statistical properties of the sample and RMS detectors are discussed. This can be done using 

probabilistic analysis methods like curve fitting, histogram, probability density function (PDF) 

and some other advance probabilistic analytic methods which are beyond the scope of this thesis. 

This probabilistic analysis is called the statistical properties of the signal. 

In this thesis the statistical properties are investigated in section 7.1 and are used for the 

verification of implemented algorithm in section 7.3. 

5.1Theoretical Statistical Properties of Sample Detector for 

Various Test Signals. 

The statistical property of a sample detector is directly determined by how the sample detector 

detects signal from the IF signal after leaving the envelope detector. The sample detector selects 

the first sampled value from the sampled IF data after passing through the envelope detector. 

Fig.5.1 shows the output of the envelope detector (black trace) and the two different sweep-time 

or signal data size (ST1=50ms(green) and ST2=200ms(red)). In both sweep-times have different 

number of samples but the first number samples in both cases have approximately similar 

properties. In the sample detector, for two different sweep-time, selects these similar properties 

signal. Due to this reason the data size or sweep-time cannot change the statistical properties of 

sample detector. Additionally, the sweep-time has no effect on the spectral display trace since the 

number recorded samples is independent of the sweep-time [14]. 
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Fig.5. 1 Sweep-time effect for various detectors. 

5.1.1 CW signal. 

Fig.5.2 shows the theoretical analyzed statistical property of a CW signal for sample detector. 

The distribution graph is analyzed by using curve fitting method and has high probability around 

specific amplitude value. 

 

Fig.5. 2 The statistical properties of CW signal for sample detector. 
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5.1.2 Two-Tone signal. 

Fig.5.3 shows the theoretically analyzed statistical properties of a two-tone signal that shown in 

Fig.4.3. The distribution graph is analyzed by using curve fitting technique and has u-shape 

distribution with high probability around high and low amplitude level. 

 

Fig.5. 3 The statistical properties of two-tone signal for Sample Detector. 

5.1.3 Gaussian signal. 

Fig.5.4 shows the theoretical analyzed statistical properties of sample detector when Bandlimited 

Gaussian signal are used. The distribution graph is analyzed by using curve fitting method. 
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Fig.5. 4 The statistical properties of Gaussian signal for Sample Detector. 

5.2 Theoretical Statistical Properties of RMS Detector for Various 

Test Signals. 

The statistical property of RMS detector is also directly determined by how RMS detector is 

detecting the signal from sampled IF signal after leaving the envelope detector. The RMS detector 

functionality selects the calculated RMS value from all available number of samples in given 

sweep-time time or data size of IF signal. 

In Fig.5.1 shows the output of envelope detector (black trace) and the two different sweep-time 

or signal data size (ST1=50ms(green) and ST2=200ms(red)). Both sweep-times have different 

number of samples. The number of samples in the ST2 is four time greater than ST1. This number 

of samples is represented by in equation (2.8) by variable N. The difference value N or sweep 

time result the difference in the calculated RMS voltage value, 𝑉𝑟𝑚𝑠  in equation (2.8). This 

difference also causes a change in the variance value of the statistical property for the given two 

sweep-time. Furthermore, by increasing the sweep-time, the number of samples available for the 

RMS calculation is increased, thus allowing smoothing of the spectral display trace [14]. 

5.2.1 CW signal. 

Fig.5.5 shows the theoretical statistical properties of the RMS detector when a CW signal is used. 

The distribution graph is analyzed by using curve fitting method. The curve fitting method is the 

analyzing of the possible probability function using MATLAB. The distribution has high 

probability around specific amplitude value. 



28 
 

 

Fig.5. 5 The statistical properties of CW signal for RMS detector. 

5.2.2 Two-Tone signal. 

Fig.5.6 shows the theoretical analyzed statistical properties of RMS detector when two-tone 

signal is used. The distribution has high probability around low and high amplitude level. 

 

 

Fig.5. 6 The statistical properties of two-tone signal for RMS Detector. 
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5.2.3 Gaussian signal 

Fig.5.7 shows the theoretical statistical properties of the above Bandlimited Gaussian signal. The 

distribution has similar properties of general Rayleigh distribution as analytical shown in 

Appendix A. 

 

Fig.5. 7 The statistical properties of Gaussian signal for RMS Detector. 
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6. Experimental Setup 

This section gives a brief description to the experimental setup used for the capturing of spectral 

traces and the IQ-signals. The captured spectral traces are used to investigate the statistical 

properties. The IQ-signals are used for the implementation and verification of the SA 

functionalities. 

6.1 Setup 

The experimental setup used to capture spectral traces and IQ-signals is shown in Fig.6.1. It 

consisted of a R&S SMBV100A vector signal generator (VSG), a R&S FSW8 VSA and a PC, 

connected through Gbit-LAN. The VSG and VSA share the same 10MHz reference clock. 

 

Fig.6. 1 The experimental setup for capturing spectral trace and IQ-signal. 

The VSA and the VSG are connected to a PC that help to control the entire measurement, spectral 

traces and IQ-signal capturing processes. For entire thesis experiments, the connections are made 

via Gbit-LAN. 

The RF output of the VSG was directly connected to the RF input of the VSA. All the 

communication between instruments were controlled via MATLAB on PC. The instruments are 

compatible with MATLAB functions and libraries files that help the communication and control 

processes. 
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The digital baseband signals from section 4 were generated on PC using MATLAB and were 

uploaded to the VSG. The R&S FSW8 VSA was used for performing the swept spectrum 

measurements and capturing the IQ-data. Furthermore, the setting of RBW, VBW, number of 

frequency points, sweep time, type of detector, reference level, number of swept measurements, 

the bandwidth of capturing IQ-signals were adjusted via MATLAB. 
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7.Results and Discussions 

This section presents the results obtained during the thesis experiment. It contains both the  

experimental results from the standard spectrum analyzer and from the implemented SA 

functionality. 

The section is divided into four subsections. In section 7.1, the results related to the investigation 

of the statistical properties of various test signals for sample and RMS detector are presented. In 

section 7.2, the effect of the change in the sweep-time on the statistical properties of various test 

signals for sample and RMS detector are presented. In section 7.3, the statistical properties of 

test signals for sample and RMS detector on implemented SA functionality are presented. In 

section 7.4, the statistical properties and spectral traces comparison between the standard 

spectrum analyzer and the implemented SA functionality of various test signals are presented. 

During the experiment, the sampling rate and the number of samples of the test signals are shown 

in Table 7.1. Furthermore, in this Table 7.1, the span and the number frequency points used for 

spectrum analysis are shown. 

Table 7. 1 Parameters used for experiment. 

Type of 

signal 

Number of 

samples 

Sampling rate 

(MHz) 

Span (MHz) Frequency 

points 

CW signal 1e4 5 0.5 1001 

Two-tone 

signal 

1e4 5 0.5 1001 

Bandlimited 

Gaussian 

signal 

7.672e4 7.68 7.68 501 

In order to analyze the statistical properties, one frequency point is picked from the spectral trace, 

then the swept measurement is repeated several times. Each measurement gives one value for 

that specific frequency point. The histogram for that specific frequency point is analyzed from all 

values of various swept measurement. This histogram graph gives the statistical properties of the 

test signal. 
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7.1 Statistical Properties of Various signals for Sample and RMS 

Detectors. 

This section presents the experimental results of the statistical properties of the different test 

signals for the sample and RMS detectors using a standard spectrum analyzer. In order to get the 

results, several numbers of the swept measurements were performed. The swept measurements 

of the sample and RMS detectors were performed separately while using the same RBW, ST and 

VBW settings. 

The captured spectral traces were used to determine the histogram (statistical properties) of test 

the signals for a given detector. The statistical properties 2 graph was analyzed for a specific 

frequency point around the signal area that more interesting to observe the statistical property of 

signal not from noise area of captured spectrum traces of swept measurements. 

The statistical properties of the CW signal for the sample (blue trace) and the RMS (red trace) 

detectors, respectively, are shown in Fig.7.1. Both sample and RMS detector have high 

probability distribution around specific power level and have similar statistical properties 

distribution as shown in Fig.5.1 and Fig.5.4 in section 5.1 and 5.2, respectively. 

 

Fig.7. 1 Statistical properties of sample (Blue trace) and RMS (Red) detector for CW signal using standard spectrum 

analyzer. 

In a similar manner, the statistical property of the two-tone signal is analyzed. Fig.7.2 shows the 

statistical properties of the two-tone signal for the sample and the RMS detectors. Both the sample 

and the RMS detectors have high probability distribution at high and low power level and their 

 
2 The term statistical properties and histogram graph are used interchangeably in this thesis. 
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distribution resemble to a u-shape distribution. Their statistical properties have similar statistical 

properties distribution as shown in Fig.5.2 and Fig.5.5, in section 5.1 and 5.2, respectively. 

 

Fig.7. 2 Statistical properties of sample(orange) and RMS (Blue) detector for two-tone signal using standard spectrum 

analyzer. 

The statistical properties of a bandlimited Gaussian signal were analyzed and are shown in Fig.7.3 

for the sample and RMS detectors. Both graphs have similar statistical properties distribution as 

shown in Fig.5.3 and Fig.5.6 in section 5.1 and 5.2. 



35 
 

 

Fig.7. 3 Statistical properties of sample (Blue trace) and RMS (Red trace) detector for Bandlimited Gaussian signal 

using standard spectrum analyzer. 

7.2 Sweep-Time Effect on Statistical Properties of Various signals 

for Sample and RMS Detectors. 

As discussed in section 2.2, the sweep-time is the length of time or data size required to record 

the whole frequency spectrum in a given span. This section presents the experimental results of 

the change in sweep-time on the statistical properties for the sample and RMS detectors using a 

standard spectrum analyzer. 

In order to investigate the effect of sweep-time on the statistical properties of the sample and 

RMS detectors, additional swept measurements were made with sweep-time setting of 20 and 

200 ms, respectively. However, the settings of RBW, VBW, span, number of frequency points 

were kept the same. Both swept measurements were performed with 1001 frequency point, so 

that the first and second sweep-time were used 20 and 200 µs data size to calculate a single 

frequency point respectively. 

In the following two subsections, the measurement result for two different sweep-time setting 

for the sample and RMS detectors, respectively, are explained. 

7.2.1 Sample Detector 

Fig.7.4 shows the result for sweep-time measurement for 20 and 200 ms, respectively, when a 

CW signal was used for the sample detector. An increase in sweep-time resulted in a shift of 
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power level toward to the higher power level. As discussed in section 5.1, the change in sweep-

time does not cause variation in statistical properties. However, the experimental result shows a 

different result in comparison to the theoretical expected results for the sample detector when a 

CW signal used. 

 

Fig.7. 4 The sweep-time effect on Statistical properties of sample detector for CW signal when standard spectrum 

analyzer used. The red and black traces have 20ms and 200ms sweep-time setting respectively. 

Fig.7.5 shows the effect of the change in sweep-time for a sample detector with a use of a two-

tone signal. In comparison to the CW signal, a two-tone signal also resulted in a shift of the 

histogram graph only at high power level but not to lower power side. This result shows different 

result at higher power level than the theoretical expected results for the sample detector when 

two-tone signal used. 
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Fig.7. 5 The sweep-time effect on Statistical properties of sample detector for two-tone signal when standard spectrum 

analyzer used. The red and black traces have 20ms and 200ms sweep-time setting respectively. 

Fig.7.6 shows the statistical property graph of a bandlimited Gaussian signal for the sample 

detector when sweep-time setting of 20ms and 200ms were used. The histogram graphs have 

approximately the similar distribution result at low and high-power level when sweep-time 

changes from 20ms to 200ms. This is due to the properties of sample detector always select same 

sample point in given frequency point, commonly the first sample point, from all capture data 

resulted in almost similar statistical properties. 
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Fig.7. 6 The sweep-time effect on Statistical properties of sample detector for Bandlimited Gaussian signal when 

standard spectrum analyzer used. The red and black traces have 20ms and 200ms sweep-time setting respectively. 

7.2.2 RMS Detector 

The histogram graphs of RMS detector for two different sweep-time setting were also analyzed 

from all captured spectrum traces of swept measurements at specific frequency point around 

signal area. 

Fig.7.7 shows the histogram graph of CW signal for RMS detector when sweep-time setting of 

20 and 200ms were used for swept measurement respectively. The histogram graph is shifted 

from high power level to low power level when sweep-time changed from 20ms to 200ms.By 

increasing the sweep-time, the number of the recorded sample available for RMS calculation is 

increased ,thus allowing smoothing of the displayed trace [14].This is resulted in decreasing the 

variance of calculated RMS value and caused a shift from high to low power level in the statistical 

properties. 
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Fig.7. 7 The sweep time effect on Statistical properties of RMS detector for CW signal using standard spectrum 

analyzer. The red and black traces have 20ms and 200ms sweep-time setting respectively. 

Fig.7.8 shows the statistical properties of two-tone signal for the RMS detector when sweep-time 

setting of 20 and 200 ms were used for the swept measurement. The statistical property is bend 

toward to the mean value point and also have difference variance value when the sweep-time is 

increased. This is due to the number of the recorded sample or the data size used to calculate 

RMS value of each frequency pixel increased. This resulted in decreasing the variance of the 

calculated RMS value and causes the bend of the statistical properties towards the mean power 

value side. 
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Fig.7. 8 The sweep time effect on Statistical properties of RMS detector for two-tone signal using standard spectrum 

analyzer. The red and black traces have 20ms and 200ms sweep-time setting respectively. 

Fig.7.9 shows the statistical property graph of a bandlimited Gaussian signal for the RMS detector 

when sweep-time setting of 20 and 200ms were used. The statistical property graph is shrinking 

from both low and high-power level toward the mean point of the distribution when the sweep-

time changes from 20ms to 200ms. This is due to the number of the recorded sampled or the data 

size used to calculate RMS value of each frequency pixel increased. This resulted in decreasing 

the variance of the calculated RMS value and causes the shrink of the statistical properties of 

Gaussian signal to towards to the mean power value side. The variance value of the red trace 

(20ms sweep-time) is greater than the black trace (200ms sweep-time). 
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Fig.7. 9 The sweep time effect on Statistical properties of RMS detector for Bandlimited Gaussian signal using standard 

spectrum analyzer. The red and black traces have 20ms and 200ms sweep-time setting respectively. 

7.3. Statistical Properties of Signals for Sample and RMS Detectors 

on Implemented SA Functionality. 

In this section, results of the statistical properties of implemented detectors (sample and RMS) 

are presented. In order to do so, the IQ-signal is captured via a standard spectrum analyzer and 

processed through the implemented functionalities that were discussed in section 3.2 and are 

shown in Fig.3.3. This implementation is done in MATLAB. Similar settings were used while 

analyzing the properties of the implemented functionalities as to the ones used for the standard 

spectrum analyzer  

The statistical properties of implemented SA functionality using a CW signal for the sample and 

RMS detectors are shown in Fig.7.10. Both sample and the RMS detectors have high probability 

distribution around specific power level. 
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Fig.7. 10 Statistical properties of sample(orange) and RMS (Blue) detector for CW signal using implemented SA 

functionality. 

Fig.7.11 show the statistical properties of the implemented SA functionality using a two-tone 

signal for sample and RMS detector. Both sample and the RMS detector have high probability 

distribution at high and low power level and their distribution resemble to u-shape distribution 

graph. 

 

Fig.7. 11 Statistical properties of sample (Red) and RMS (Blue) detector for two-tone signal using implemented SA 

functionality. 



43 
 

The statistical property graphs of implemented SA functionality using a bandlimited Gaussian 

signal for the sample and RMS detectors are shown in Fig.7.12. 

 

Fig.7. 12 Statistical properties of sample (Red) and RMS (Blue) detector for Bandlimited Gaussian signal using 

implemented SA functionality. 

7.4 Comparison Results of Implemented SA Functionality and 

Standard Spectrum Analyzer. 

In this section, the comparison between implemented SA functionality and standard spectrum 

analyzer is made. This is done to validate the implemented functionality with industrial spectrum 

analyzer. Moreover, to make a fair comparison, the parameters setting such as RBW (10kHz), 

VBW, etc., were kept the same. 

In order to compare the statistical properties of various test signal, the statistical properties of 

both spectrum analysis method were drawn on the same graph. 

These comparison results are presented in two section, one for each detector type. 
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7.4.1 Sample Detector 

Fig.7.13 shows the comparative result for implemented and standard spectrum analyzer when a 

CW signal is used for the sample detector. Note that in comparison with the standard spectrum 

analyzer, the implemented sample detector for CW signal result in 0.2 dB higher power level and 

slightly spread occurrences. This difference could be that there is some difference in the 

implementation between the SSA algorithms and the standard spectrum analyzer. However, the 

difference requires further analysis. 

 

Fig.7. 13 The Statistical properties comparison graph of sample detector for CW signal using standard spectrum 

analyzer (Blue trace) and implemented SA functionality (Red trace). 

Fig.7.14 (a) shows all spectral traces diagram of CW signal from the number of swept spectrum 

measurements and from implemented SA functionality measurements. To compare traces of 

standard spectrum analyzer and SSA from single measurement do not give fair assessment result. 

However, if the averages of the number of measurements from both traces is analyzed separately, 

then fair comparison results can be provided. 

To get extra confidence and to observe variation on the SSA functionality, plus and minus of one 

standard deviation () from both average traces value of standard spectrum analyzer and SSA is 

analyzed separately. These all comparison results are drawn on the same graph and are shown in 
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Fig.7.14(b). All SSA trace results are very closed to the industrial standard spectrum analyzer 

traces. 

 

Fig.7. 14 The spectral traces comparison graph between standard spectrum analyzer and synthetic spectral analyzer 

of sample detector using CW signal (a). all spectral trace measurements, (b). average, minus 1  and plus 1 

comparison diagrams. 

A similar statistical properties comparison has been performed for the sample detector using a 

two-tone signal. Fig.7.15 shows the comparison between the statistical properties of the standard 

spectrum analyzer and implemented sample detector. Both statistical properties have the same 

distribution shape and approximately the same characteristics as shown in Fig.7.15. 
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Fig.7. 15 The Statistical properties comparison graph of sample detector for two-tone signal using standard spectrum 

analyzer (Blue trace) and implemented SA functionality (Red trace). 

Similarly, Fig.7.16 (a) shows all spectral traces diagram of a two-tone signal from the number of 

swept spectrum measurements and from implemented SA. The traces average of all number of 

measurements for both methods analyzed separately to get fair assessment results.Furthermore, 

to get extra confidence and to observe variation on the SSA functionality, plus and minus of one 

 from both average traces value of standard spectrum analyzer and the SSA analyzed separately. 

These all comparison results are drawn on the same graph and is shown in Fig.7.15(b). The 

average, plus and minus  SSA trace results for the two-tone signal are very closed to the 

industrial standard spectrum analyzer average, plus and minus  traces. 
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Fig.7. 16 The spectral traces comparison graph between standard spectrum analyzer and synthetic spectral analyzer 

of sample detector using TT signal (a). all spectral trace measurements, (b). average, minus 1  and plus 1  

comparison diagrams. 

A comparison between standard spectrum analyzer and the SSA has performed for the sample 

detector using a bandlimited Gaussian signal. This comparison result is shown in Fig.7.17. The 

statistical properties have approximately similar distribution graph with slight difference at lower 

power level. The difference in lower power level is due to a smaller number of swept 

measurements data used to analysis histogram. But if large numbers of swept measurements are 

used to analysis histogram graph, there is a possibility of more similar results able to observe. 
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Fig.7. 17 The Statistical properties comparison graph of sample detector for Bandlimited Gaussian signal 

using standard spectrum analyzer (Blue trace) and implemented SA functionality (Red trace). 

Fig.7.18 (a) shows all spectral traces diagram of a bandlimited Gaussian signal from the number 

of standard spectrum analyzer measurements and from the implemented SA functionality 

measurements. The average, plus and minus one  from average spectral traces value of standard 

spectrum analyzer and SSA analyzed separately and drawn on the same graph. Fig.7.18 (b) shows 

the average, plus and minus one  from average spectral traces value graph of the bandlimited 

Gaussian signal. In comparison with industrial standard spectrum analyzer, the traces generated 

with the implemented SA functorialities within the average, plus and minus  value are very 

closed to the traces captured from the industrial standard spectrum analyzer for the sample 

detector. 
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Fig.7. 18 The spectral traces comparison graph between standard spectrum analyzer and synthetic spectral analyzer 

of sample detector using Gaussian signal (a). all spectral trace measurements, (b). average, minus 1  and plus 1  

comparison diagrams. 

7.4.2 RMS Detector 

In this subsection, the results of statistical properties and spectral traces of the implemented 

functionality with the standard spectrum analyzer are compared for RMS detector. 

Fig.7.19 shows a comparison between the statistical properties of implemented and standard 

spectrum analyzer of the RMS detector using CW signal. Note that in comparison with the 

standard spectrum analyzer, the implemented RMS detector for CW signal result in a statistical 

property that has 0.12dB higher power level and slightly spread occurrences. This is due to 

sweep-time difference between implemented functionalities and standard spectrum analyzer and 

a similar case is observed in sweep-time effect on statistical property in section 7.2.2 in Fig.7.7. 
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Fig.7. 19 The Statistical properties comparison graph of RMS detector for CW signal using standard spectrum 

analyzer (blue trace) and implemented SA functionality (Red trace). 

Fig.7.20 (a) shows all spectral traces diagram of a CW signal from the number of swept spectrum 

measurements and from the implemented SA functionality measurements for RMS detector. The 

average, plus and minus one  from average spectral traces value of a standard spectrum analyzer 

and SSA were analyzed separately. Fig.7.20 (b) shows the average, plus and minus one  from 

average spectral traces value graph of CW signal for RMS detector. In comparison with industrial 

standard spectrum analyzer, the traces generated for a CW signal with the implemented SA 

functorialities within the average, plus and minus  values are very closed to the traces captured 

from the industrial standard spectrum analyzer for the RMS detector. 
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Fig.7. 20 The spectral traces comparison graph between standard spectrum analyzer and synthetic spectral analyzer 

of RMS detector using CW signal (a). all spectral trace measurements, (b). average, minus 1  and plus 1  comparison 

diagrams. 

The statistical properties comparison has been performed for a two-tone signal. Fig.7.21 shows 

the comparison between the statistical properties of a standard spectrum analyzer and the 

implemented RMS detector using a two-tone signal. Both statistical properties have the similar 

distribution shape but have difference in variance value. This is due to sweep-time difference 

between implemented functionalities and standard spectrum analyzer. At section 7.2.2 in Fig.7.8 

was observed a similar case when sweep-time effect analyzed on the statistical properties for a 

two-tone signal. 
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Fig.7. 21 The Statistical properties comparison graph of RMS detector for two-tone signal using standard spectrum 

analyzer (Blue trace) and implemented SA functionality (Red trace). 

Fig.7.22 (a) shows all spectral traces diagram of a two-tone signal from the number of standard 

swept spectrum analyzer measurements and the from implemented SA functionality 

measurements for the RMS detector. The average, plus and minus one  from average spectral 

traces value of standard spectrum analyzer and SSA were analyzed separately. Fig.7.22 (b) shows 

the average, plus and minus one  from average spectral traces value graph of the two-tone signal. 

In comparison with industrial standard spectrum analyzer, the traces generated with the 

implemented SA functorialities within the average, plus and minus  value are very closed to the 

traces captured from the industrial standard spectrum analyzer for the RMS detector. 
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Fig.7. 22 The spectral traces comparison graph between standard spectrum analyzer and synthetic spectral analyzer 

of RMS detector using TT signal (a). all spectral trace measurements, (b). average, minus 1  and plus 1  comparison 

diagrams. 

The statistical properties comparison has also been performed using a bandlimited Gaussian 

signal. Fig.7.23 shows the comparison between the statistical properties of a standard spectrum 

analyzer and implemented functionality SA. Both statistical properties have the similar 

distribution shape, but they have difference in variance value and the statistical property of 

implemented SA functionalities is shrinking from both low and high-power level toward the mean 

point. This is due to sweep-time difference between implemented functionalities and the standard 

spectrum analyzer. In section 7.2.2 in Fig.7.9 was observed a similar case when sweep-time effect 

analyzed on the statistical properties for a bandlimited Gaussian signal. 
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Fig.7. 23 The Statistical properties comparison graph of RMS detector for Bandlimited Gaussian signal using standard 

spectrum analyzer (blue trace) and implemented SA functionality (Red trace). 

Fig.7.24 (a) shows all spectral traces diagram of a bandlimited Gaussian signal from the number 

of standard swept spectrum measurements and from the implemented SA functionality 

measurements. The average, plus and minus one  from average spectral traces value of standard 

spectrum analyzer and SSA analyzed separately. Fig.7.24 (b) shows the average, plus and minus 

one  from average spectral traces value graph. The spectral trace graphs of SSA have spectral 

leakage as shown as a circled mark in Fig.7.24.  
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Fig.7. 24 The spectral traces comparison graph between standard spectrum analyzer and synthetic spectral analyzer 

of RMS detector using Bandlimited Gaussian signal (a). all spectral trace measurements, (b). average, minus 1  and 

plus 1  comparison diagrams. 
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8. Conclusions and Future works 

This section presented the conclusion of the findings of this thesis work. Moreover, it suggests 

some future work. 

8.1 Conclusions 

A method for investigating the statistical properties of CW, two-tone and bandlimited Gaussian 

test signals were developed and tested. The statistical properties of these signal were investigated. 

Furthermore, the effect of swept time on the statistical properties were investigated and some 

exceptions were discovered for the sample detector when a CW and a two-tone used. This 

requires further investigation. 

Spectrum analysis functionalities i.e. RBW, envelope detector, detector (RMS and sample) based 

on IQ-signal was implemented and its statistical properties of analyzed. The statistical properties 

and spectral traces of SSA were compared with a standard spectrum analyzer. In general, the 

statistical properties of implemented SA agreed with a standard spectrum analyzer. The spectral 

trace also found in agreement with exception to the RMS detector when a bandlimited Gaussian 

signal was used. When a bandlimited Gaussian was used for the implemented RMS functionality, 

there was spectral leakage in the trace result. The spectral leakage could be due to the filter size, 

nevertheless, this requires further investigation. 

8.2 Future works 

There is an endless of possible improvements to the results of this thesis. Some extensions have 

also been left out to make thesis to be well-reasoned and to tackle analytic analysis limitation or 

to avoid making assumptions that would affect generality. Furthermore, several ideas for the 

future work have been observed in the process of experimental analysis and writing the thesis. 

In order to make this study more complete and to have other functionalities, it would be useful 

to implement functionalities like average, positive peak and negative peak detectors and an 

equalizer. Moreover, it would be advisable to optimize the implementation process to improve 

analysis speed. 

The sweep time effect on the statistical properties of sample detector using a bandlimited Gaussian 

signals had observed similar results, but the observed results of a CW and two-tone signals in 

section 7.2 have variation. The cause of these variations needs further study in the future. 

Spectral traces for RMS detector using implemented SA functionality have spectral leakage as 

shown in Fig.7.24 and requires further study to remove this spectral leakage, e.g., right 

windowing which does not change the statistical properties of RMS detector. 
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In this thesis work in order to implement SA functionality the swept-time effect on statistical 

properties were investigated. However, RBW setting has also crucial effect on the statistical 

properties of various detector types. Therefore, in future the effect of RBW setting on statistical 

properties for various detector need to study. 

The IQ data size is used to determine the properties of implemented spectral trace of the given 

test signal. This data size and sweep-time of standard spectrum analyzer relation need further 

experimental investigation. 

Finally, the statistical properties of various detectors for different test signals gave different types 

of distribution types as shown in section 5 and section 7.1. In future, each distribution types need 

in-depth analytical and experimental study. 
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Appendix A 

The Statistical property derivation of Gaussian signal for RMS 
Detector  

Appendix A contains the statistical properties derivations and assumption done for RMS detector 

using Gaussian signal in section 5.2.3. 

If 𝑋𝑖 ~𝑁(0, 𝜎
2) is independent and identical distribution (I.I.D) of Gaussian distribution,  

𝑋𝑖 =
1

√2𝜋𝜎2
𝑒
−𝑥2

2𝜎2  

The RMS of all 𝑋𝑖  can be represented as 𝑍𝑛  

𝑍𝑛 = √
𝑋1
2+𝑋2

2+𝑋3
2+ ……+𝑋𝑛

2

𝑛
 , 

Where 𝑋𝑖 is complex Gaussian distribution and n is the number of complex Gaussian distribution  

The cumulative distribution function (CDF) of 𝑍𝑛  can be written as 𝐹𝑍𝑛
(𝑧) 

 𝐹𝑍𝑛
(𝑧) = 𝑃(𝑍𝑛 ≤ 𝑧) = 𝑃(√

𝑋1
2+𝑋2

2+𝑋3
2+ ……+𝑋𝑛

2

𝑛
≤ 𝑧) , 𝑧 ≥ 0  𝑓𝑜𝑟 𝑛 ≥ 2 , 

The PDF of 𝑍𝑛  can be also represented by 𝑓𝑍𝑛
(𝑧) = 𝑓𝑛 (𝑧). Theoretically, the PDF of any 

distribution can be calculated by the derivation of CDF,𝐹𝑍𝑛
(𝑧), with respect to z and the result 

will be  

𝑓𝑛(𝑧) = 𝑓𝑍𝑛
(𝑧) =

𝑑

𝑑𝑧
{𝐹𝑍𝑛

(𝑧)} = 𝑘 ∗
𝑧𝑛−1

𝜎𝑛
∗ 𝑒

−𝑧2

2𝜎2  

Where the constant k is derived from gamma distribution and equal to 

 

𝑘 =

{
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This distribution is called Generalize Rayleigh distribution which is also closed to the Nakagami 

distribution. Due to their probability distribution function of both distributions are related to the 

gamma distribution [27]. 

For example, in complex Gaussian distribution the real and imaginary variables (n=2), it gives 

Rayleigh distribution, 

𝑓2 (𝑧) =
𝑧1

𝜎2
∗ 𝑒

−𝑧2

2𝜎2  
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Appendix B 

Appendix B contains the rough experimental investigated results of RBW effect on statistical 

properties for sample and RMS detectors using different test signals on standard spectrum 

analyzer. 

 

Fig.1 The RBW effect on Statistical properties of sample detector for CW signal when standard spectrum analyzer 
used. The red and blue traces have 10kHz and 20kHz RBW setting respectively.

 

Fig.2 The RBW effect on Statistical properties of RMS detector for CW signal when standard spectrum analyzer used. 

The red and blue traces have 10kHz and 20kHz RBW setting respectively. 
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Fig.3 The RBW effect on Statistical properties of sample detector for TT signal when standard spectrum analyzer 

used. The red and blue traces have 10kHz and 20kHz RBW setting respectively. 

 

Fig.4 The RBW effect on Statistical properties of RMS detector for TT signal when standard spectrum analyzer used. 

The red and blue traces have 10kHz and 20kHz RBW setting respectively. 
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Fig.5 The RBW effect on Statistical properties of sample detector for Gaussian signal when standard spectrum 
analyzer used. The red and blue traces have 10kHz and 20kHz RBW setting respectively.

 

Fig.6 The RBW effect on statistical properties of RMS detector for Gaussian when standard spectrum analyzer used. 

The red and blue traces have 10kHz and 20kHz RBW setting respectively. 


