
Department of Science and Technology Institutionen för teknik och naturvetenskap  
Linköping University Linköpings universitet

gnipökrroN 47 106 nedewS ,gnipökrroN 47 106-ES

LiU-ITN-TEK-A--19/057--SE

Design and Implementation of a
5.8 GHz superheterodyne FM

Video Receiver
Carl-Johan Stålberg

2019-11-18



LiU-ITN-TEK-A--19/057--SE

Design and Implementation of a
5.8 GHz superheterodyne FM

Video Receiver
Examensarbete utfört i Elektroteknik

vid Tekniska högskolan vid
Linköpings universitet

Carl-Johan Stålberg

Handledare Magnus Karlsson
Examinator Adriana Serban

Norrköping 2019-11-18



Upphovsrätt

Detta dokument hålls tillgängligt på Internet – eller dess framtida ersättare –
under en längre tid från publiceringsdatum under förutsättning att inga extra-
ordinära omständigheter uppstår.

Tillgång till dokumentet innebär tillstånd för var och en att läsa, ladda ner,
skriva ut enstaka kopior för enskilt bruk och att använda det oförändrat för
ickekommersiell forskning och för undervisning. Överföring av upphovsrätten
vid en senare tidpunkt kan inte upphäva detta tillstånd. All annan användning av
dokumentet kräver upphovsmannens medgivande. För att garantera äktheten,
säkerheten och tillgängligheten finns det lösningar av teknisk och administrativ
art.

Upphovsmannens ideella rätt innefattar rätt att bli nämnd som upphovsman i
den omfattning som god sed kräver vid användning av dokumentet på ovan
beskrivna sätt samt skydd mot att dokumentet ändras eller presenteras i sådan
form eller i sådant sammanhang som är kränkande för upphovsmannens litterära
eller konstnärliga anseende eller egenart.

För ytterligare information om Linköping University Electronic Press se
förlagets hemsida http://www.ep.liu.se/

Copyright

The publishers will keep this document online on the Internet - or its possible
replacement - for a considerable time from the date of publication barring
exceptional circumstances.

The online availability of the document implies a permanent permission for
anyone to read, to download, to print out single copies for your own use and to
use it unchanged for any non-commercial research and educational purpose.
Subsequent transfers of copyright cannot revoke this permission. All other uses
of the document are conditional on the consent of the copyright owner. The
publisher has taken technical and administrative measures to assure authenticity,
security and accessibility.

According to intellectual property law the author has the right to be
mentioned when his/her work is accessed as described above and to be protected
against infringement.

For additional information about the Linköping University Electronic Press
and its procedures for publication and for assurance of document integrity,
please refer to its WWW home page: http://www.ep.liu.se/

© Carl-Johan Stålberg



 
 

 

ABSTRACT 
This master thesis presents the design and implementation of a superheterodyne 5.8 GHz 

receiver system for wireless transmission of phase alternating line (PAL) composite video 
signals.  

The system is implemented using surface and hole mounted devices on four separate printed 
circuit board (PCB) stages. These stages include a 5.8 GHz radio front-end, a 480 MHz 
intermediate frequency (IF) stage, a local oscillator (LO) block and frequency demodulation 
circuit for frequency modulation (FM) signals. Each receiver stage is interconnected using 
sub-miniature version A (SMA) connectors.  

The radio front-end PCB consists of a low-noise amplifier (LNA), a 5.8 GHz distributed-
element pre-select filter and a passive double-balanced mixer. This mixer uses seven discrete 
injection frequencies at 5260-5380 MHz that are provided by the LO block using a 
programmable phase-locked loop (PLL) frequency synthesizer device. 

The IF stage uses an automatic gain control (AGC) feedback loop with a dynamic range of 60 
dB. This AGC loop is implemented using a directional coupler, a detector device, a tuning 
circuit and a variable gain amplifier/attenuator (VGA). The IF at 480 MHz is selected with a 
25 MHz surface acoustic wave (SAW) filter. 

The IF is demodulated to a PAL composite video format using a PLL FM discriminator 
device intended for direct-broadcast satellite (DBS) signals. This device is fitted to a separate 
demodulation stage in conjunction with a picture adjustment circuit and a FM de-emphasis 
network. The output of the demodulator stage is a 75 Ω PAL composite video signal.  
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1 Introduction  
The superheterodyne receiver is a widely used circuit in modern wireless communication 

systems. The purpose of this master thesis work is to gain technical knowledge and 
understanding of theoretical and practical aspects in the design and implementation of such a 
receiver system.  

1.1 Goal 
The goal of this master thesis is to design and build a fully working video receiver system. 

The implemented receiver system will use a superheterodyne architecture and operate in 
conjunction with a commercial-of-the-shelf 600 mW video frequency modulation (FM) 
transmitter manufactured by ImmersionRC [1]. The proposed transmitter-receiver 
configuration is shown in Figure 1.1.  

The ImmersionRC video transmitter operates at the 5.8 GHz ISM (Industrial Scientific and 
Medical) band and is designed for home surveillance and hobby drone applications. This 
transmitter uses analog phase alternating line (PAL) composite video signals and will be 
connected to a small video surveillance camera and assembled onto a portable broadcasting 
station (PBS). The PBS will be self-contained and fitted with a battery, to allow for placement 
at a distance from the video receiver implementation. 

The video receiver system itself will be implemented using surface and hole-mounted RF 
and microwave (MW) components. These components will be fitted to printed circuit boards 
(PCB) manufactured in-house. A standard composite video PAL monitor will be connected to 
the output of receiver to allow for live viewing of the video signal broadcasted by the PBS. 

 

Figure 1.1: Transmitter – receiver system. 
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1.2 Method 
The RF design and simulation software Advanced Design System (ADS) from Keysight 

Technologies will be used to design and evaluate the RF circuits, individually and within the 
receiver chain.  

Linear components and sub-circuits will be simulated using a combination of 3D EM 
structures, behavioural models and scattering parameters (S-parameters) based models.  

Active and non-linear devices such as mixers and amplifiers will be simulated using 
harmonic balance (HB) simulations and proprietary mixer and amplifier models available in 
the toolbox for the ADS 2016 package. 

Classical textbooks, [2]-[6] will be used during the design phase of the receiver system.  

1.3 Thesis outline 
Chapter 1: Introduction 

Topics of this chapter include an introduction of the project at hand, goals, method and the 
overall structure of the report.  

Chapter 2: Theoretical Background 

This chapter presents a synopsis of theoretical concepts that were necessary during the 
design of the video receiver system. Such as FM signals, thermal noise, noise figure, linearity, 
intermodulation distortion and gain compression, etc. In addition, it presents the basic blocks 
of a single-conversion superheterodyne receiver circuit and details of its RF and IF circuits.  

Chapter 3: Video Receiver Implementation 

A detailed description of the PBS and 5.8 GHz ImmersionRC transmitter is presented in this 
chapter. Desired characteristics and design requirements for the video receiver 
implementation is then summarized. A presentation of the layout and various devices and 
stages used to construct the video receiver system is then presented.  

Chapter 4: Results 

Measurements of the various receiver stages and components used in the video receiver 
system are presented in this chapter. 

Chapter 5: Discussion and Conclusion 

This chapter elaborates on obtained results and performance of the video receiver system 
and the overall project. 
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2 Radio Frequency Systems 
This chapter presents some fundamental theory that was necessary during the design and 

development of the video receiver system. Including a mathematical representation of 
frequency modulated signals and its sidebands, noise in receiver systems, intermodulation 
distortion, gain compression, etc. A description of the fundamental components used in a 
single conversion superheterodyne receiver circuit and its operation is also presented.  

2.1 Frequency Modulation  
Frequency modulation (FM) is widely used in radio telecommunication systems. This type 

of modulation encodes information in a carrier by varying its instantaneous frequency 
proportionally to a modulating signal. Figure 2.1 shows the concept of FM with a triangular 
modulating signal in the time-domain. 

In time-domain, a FM signal  岫 岻 can be expressed as in (2.1) [2], where   is the amplitude 
and  岫 岻 is a phase function. The phase function in (2.2) [2] is defined by the angular 
frequency of the carrier    and the integral of its modulating signal  岫 岻.  岫 岻         岫 岻 (2.1) 

 岫 岻          ∫   岫 岻    岷   峅 
    (2.2) 
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Figure 2.1 Frequency modulation with a triangular modulating signal. 

 

2.1.1 Modulation Index and Bandwidth 
The practical bandwidth of an FM signal is constrained to its sideband products. In FM, 

sidebands are generated by the instantaneous frequency of the carrier, which is governed by 
the modulation index of the FM signal. The modulation index, expressed as   in (2.3), is the 
ratio between the peak deviation    of the carrier and the highest frequency component of the 
modulating signal   .  

The bandwidth of an FM signal can be estimated using Carson’s rule in (2.4) [2]. This rule 
specifies the bandwidth that includes 98% of the total power in sideband products. 

        岫     岻     岫   岻 [Hz] (2.4) 

2.2 Sideband Analysis 
The modulating signal  岫 岻 of a FM signal causes the carrier to deviate at an instantaneous 

frequency   that is defined by the rate of change of the phase function in (2.5) [2].  

        岫 岻         岫 岻 岷       峅 (2.5) 

 

For the special case of a sinusoidal modulating signal,   岫 岻           , the phase is 
expressed as in (2.6) [2], where      . 

         (2.3) 
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  岫 岻                                        岷   峅 (2.6) 

To analyse the effect of different modulation indices   , the FM-signal can be expressed in 
phasor form, where the carrier radial frequency,    is separated by the modulating signal in 
the exponential form: 

  岫 岻        岫 岻         岫              )       {                } (2.7) 

Then, for the exponential of the modulating signal in (2.7), a complex Fourier series is used 
that put into evidence harmonics of    : 

             ∑    
             (2.8) 

 

The Fourier coefficients Cn in (2.8) are defined in (2.9) and bounded by the period         : 

       ∫    岫               岻      
          (2.9) 

 

By replacing       in (2.9), Fourier coefficients are identified in the Bessel function of 
the first kind   岫 岻, shown in (2.10). This Bessel function provides sideband magnitudes for 
the FM signal in (2.7), where each sideband is spaced at multiples of       . 

   岫 岻     ∫    岫          岻      
     

 

(2.10) 

 

This Bessel function allows the FM waveform in (2.7) to be expressed as shown in (2.11). 

  岫 岻        {      ∑   岫 岻         
     }    ∑   岫 岻     岫      

        岻  (2.11) 

 

A plot with sideband magnitudes for the first five terms of the Bessel function is shown in 
Figure 2. Where each sideband magnitude satisfies the condition in (2.12). Modulation indices 
with negative sideband magnitude will cause a phase reversal (folding) of that particular 
sideband product [3]. 

     岫 岻        . 
 

(2.12) 
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Figure 2.2   Sideband magnitude VS modulation index. 

The effect of different modulation indices with a sinusoidal modulating signal is illustrated in 

Figure 2.3. Where           and          . 

  

Figure 2.3   FM signals with different modulation indices. 

2.3 Noise in Receiver Systems 
The effect of noise is one of the most important factors to consider when designing a 

wireless receiver system. This is due to the fact that the entire receiver sensitivity, i.e., the 
minimum detectable signal, can be controlled only by controlling the total noise figure of the 
chain of blocks included in the receiver, e.g., filters, amplifiers, mixers. 

2.3.1 External Noise  
External noise sources are omnipresent in RF and MW systems. In receiver applications, 

external noise is typically radiated into the receiver antenna - or coupled between components 
and circuitry inside the receiver system itself. Typical noise sources introduced by external 
environments are: 
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1. Man-made interference radiated by transmitters, electric motors, switch-mode power 
supplies, fluorescent lights and other frequency generating devices, i.e. 
electromagnetic interference (EMI).  

 
2. Atmospheric noise, primarily caused by lightning discharge. This type of noise is very 

powerful across a wide spectrum and may potentially damage a receiver system. 
 

3. Stellar radiation caused by the thermonuclear fusion process inside the stars.  

  External noise can be attenuated through shielding and protective circuits such as filters, 
inductive chokes and by means of opto-couplers etc. 

2.3.2 Thermal Noise 
The most dominant type of internal noise in RF- and MW-systems is the thermal noise. This 

type of noise is caused by the thermal movement of free charges, e.g., electrons and vibrating 
ions inside any physical component containing loss.   

The fundamental properties of thermal noise can be understood by examining the Rayleigh-
Jeans noise voltage approximation in (2.13) [4]: 

     √      (2.13) 

Where,   is the Boltzmann constant in Joule/Kelvin,   is the absolute temperature in 
Kelvin,   is the bandwidth in Hertz, and   is the resistance in Ohm. This approximation 
shows that the noise power of thermal noise is resistance, temperature and bandwidth 
dependent, but not frequency dependent.  

2.3.3 Signal-to-Noise Ratio 
The signal-to-noise ratio (SNR) is a relative measure of noise power versus signal power in 

a component or system. The SNR is defined in (2.14) [5], where    and    are the output 
signal and output noise power.  

             (2.14) 

2.3.4 Noise Figure  
The noise figure (NF) is typically used as a figure of merit to specify noise performance of 

RF devices or of an RF system. Defined in (2.15) [5], NF is a measure of the reduction of the 
SNR at the output relative to its value at the input. To keep a good relationship between the 
signal power and the noise power at the output, it is desirable to select components with as 
low noise figure as possible.  

                       岷  峅 (2.15) 
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2.3.5 System Noise Figure 
An RF system does typically consist of several stages containing both active and passive 

components such as amplifiers, filters, mixers, transmission lines, etc. Each component 
produces a certain degree of noise, gain and loss; hence, the SNR is progressively degraded as 
a signal propagates through each component. To optimize an RF receiver design in terms of 
noise performance, it is necessary to quantify the effect of noise when several stages are 
cascaded.  

If the gain and NF of each component in a RF system is known, its cascaded NF can be 
calculated using Friis’ formula (2.16) [4].  

                                  (2.16) 

Where        and            are the power gain and noise figure of each stage, 
expressed as linear ratios. 

Friis’ formula shows that the gain and NF of the first components in a cascaded chain are 
the most important to consider in terms of noise performance of an overall system. This is 
because the effect noise in later components is reduced by the product of gains of preceding 
components.  

2.4 Linearity 
Active devices such as transistors and diodes are used to implement various components in 

a receiver system. None of these devices are entirely linear in their operation. Nonlinearities 
may cause two effects to a signal; harmonic distortion and intermodulation distortion. These 
effects can be explained by considering the device, with input signal    and output signal   , 
shown in Figure 2.4.  

.  

Figure 2.4:   Nonlinear device with input    and output      
The output response of this device can be modelled as the Taylor series in (2.13) [6]. Where 

the Taylor coefficients;      ,   ,   ,…, define ratios of DC output, linear output and squared 
output, etc.  

                          (2.13) 

2.4.1 Harmonic Distortion 
Harmonic distortion (HD) is caused when a nonlinear device as modelled by (2.13) is 

excited with a single frequency input: 
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             (2.14) 

Inserting the sinusoidal input signal (2.14) in (2.13), gives the output:                                               岫           )    岫            )        + 
               +                   

 

(2.15) 

It can be seen that the output signal in (2.15) includes not only the signal at the fundamental     frequency, but also a series of harmonics of the type: 

     岶   岼 (2.16) 

2.4.2 Intermodulation Distortion 
Intermodulation distortion (IMD) occurs when at least two frequency components are 

injected into a nonlinear device. The effect of IMD can be analysed by inserting the two-tone 
input signal (2.13) in (2.17): 

       岫             岻 (2.17) 

The output signal is of the form:            岫             岻       岫             岻                                     岫             岻     

 

 (2.18) 

This expression is expanded in (2.19) using standard trigonometric identities, giving 
possible output components.                                 +        岫         岻                         岫         岻 +          岫     岻            岫     岻    
                      岾                     峇         岫                     岻                          峙                 岫      岻        岫      岻   峩                              峙                 岫      岻        岫      岻   峩    

 

 
 
 
 
 
 

(2.19) 

Result from (2.19) shows that the output signal consist of harmonics and combinations of the 
original two-tone input of the form (2.20) [6].  

 
         岶     岼 (2.20) 

Combinations of a two-tone input e.g.,       or        are known as an IMD 
product, or a spurious tones. Multiples of each, individual input tone e.g.,    , 3   are 
identified as a HD product.  

Figure 2.5 comprise possible first, second and third-order HD and IMD frequency 
components for a nonlinear device excited with a two-tone input. Nonlinearities causing 
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strong third-order IMD components are typically troublesome. This is because third-order 
products will be spaced close to fundamental, harmonic and second-order sum and difference 
products.  

 

Figure 2.5:   Harmonic and intermodulation products. 

2.5 Linearity – Figure of Merits 
Unwanted HD and IMD products can be avoided by properly selecting devices for a given 

operating condition and design implementation.  

2.5.1 1-dB Compression Point 
The 1-dB compression point (P1dB) is a linearity figure of merit used to characterize 
components excited with a single frequency component. This merit is primarily used to 
specify performance of amplifier devices; albeit, it can also be used to characterize other 
active devices.  
 

The linearity of the amplifier is dependent of the power level of its input signal. If  the input 
power level of an amplifier is increased, it will eventually cause it to saturate. The saturation 
level of an amplifier device is limited by parameters such as junction temperature, bias 
voltages, semi-conductor materials, structure and the dimensions of the device. When 
saturation occurs, the device will exhibit a significant gain reduction and eventually provide 
no gain at all. This effect is known as gain compression and causes clipping of the output 
signal.  

The 1-dB compression point definition is illustrated in Figure 2.6, i.e., it is either the input 
power level IP1dB or the output power level OP1dB for which the actual response of the 
circuit deviates by 1-dB from its theoretical linear response.  
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Figure 2.6:   1-dB compression point. 

The P1dB does vary with frequencies. It should for that reason be specified at discrete 
frequency points, or across a frequency interval. Devices should always be operated well 
below the P1dB power levels to avoid harmonic distortion. 

2.5.2 Third-Order Intercept Point 
The third-order intercept point (IP3) is an IMD merit used to characterize linearity in terms 

of third-order products. This merit is typically specified for devices intended to be operated 
with several frequency components i.e., for amplifiers exited with modulated signals or 
frequency mixers etc.  

The IP3 is characterized by exciting a nonlinear device with a two-tone signal, i.e., two 
closely spaced tones of equal power. The input power of the two-tone is then increased until 
the output power of the combined third-order products equals the combined power of the two-
tone input. This is illustrated in the plot shown in Figure 2.2: Third-order intercept point.. The 
IP3 is where the tangents of linear and third-order responses intersects.  

The theoretical third-order response VS linear response has a slope of 3:1 in dB. This is 
because the linear response of third-order components is proportional to the cube of the input 
power level as shown in (2.19).  
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Figure 2.2: Third-order intercept point. 

2.6 Superheterodyne Receiver Circuit 
The block diagram in Figure 2.3 shows a single-conversion heterodyne FM receiver circuit. 

The function of each of the component shown in this block diagram will be explained in the 
following sections of this chapter. 

 

Figure 2.3: Single-conversion superheterodyne FM receiver circuit. 

2.6.1 Antenna and Pre-select filter 
The first components of a superheterodyne receiver are the antenna and a pre-select filter. 

The antenna is designed to resonate at the carrier frequency, thus absorbing some of the 
energy broadcasted by the transmitter. Even though the antenna is tuned to a specific 
frequency band, it may still be susceptible to undesirable out of band frequencies. This 
problem can be alleviated by implementing a pre-select band-pass filter (BPF) in conjunction 
with the antenna. In addition, this filter limits the bandwidth of the antenna; hence it reduces 
overall noise level of the receiver. 

2.6.2 Low-Noise Amplifier 
A Low-noise amplifier (LNA) is a special type of amplifier device optimized to provide 

gain without adding additional noise to its input signal. The LNA improves the receiver 
performance in terms of NF by increasing power level and SNR of the incident signal. This 
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device is placed as the first active device in the receiver front-end, hence its gain and NF 
merits has the most dominant effect on the overall noise performance of the receiver system. 

2.6.3 Mixer 
The fundamental mixer circuit is a three-port device as shown in Figure 2.4. The purpose of 

a mixer, in a superheterodyne receiver application, is to combine signal frequencies at     and     to promote difference products at a either               or              . This is 
known as frequency down-conversion.  

  

Figure 2.4: Mixer device. 

2.6.3.1 Down-converting Mixer 
In a superheterodyne receiver, a down-converting mixer can operate using the upper-

sideband (USB) or lower-sideband (LSB) of the     signal, i.e.,          or         . 
Figure 2.5 (a) and (b) illustrates the operation of an ideal LSB and USB down-converting 
mixer.  

 

Figure 2.5: Down-converting mixer. (a): LSB mixing. (b): USB mixing. 

A superheterodyne receiver is tuned by adjusting frequency of     in relation to the carrier 
at    . The     signal is generated by a tunable local oscillator (LO) that is part of the receiver. 
A lower frequency baseband or intermediate frequency (IF) signal is produced at    . This 
signal contains the information modulated on the carrier at     and is typically at a much 
lower frequency than both     and    . 

2.6.3.2 Image Frequencies 
In down-converting mixers, image frequencies are signals other than     that produces an 

identical frequency at     as the signal at    .  Possible image frequencies at     are calculated 
in (2.17) [7]. 
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      {                                                                   (2.17) 

 

Image frequencies are potentially a problem in a superheterodyne receiver implementation. 
This is because it may be impossible to separate signals at     from signals at     after these 
signals have been down-converted to    . To illustrate the problem, consider the mixing 
frequencies shown in Table 2.4.  

 

Image frequencies at     can be attenuated with an image reject filter placed before the first 
mixer stage of the receiver. However, as shown by the example in Table 2.4, it may in some 
cases be difficult to implement image reject filters with a sharp enough filter response. 
Especially if the spacing between     and     is relatively small. Some superheterodyne 
receivers are implemented using several mixer stages. This allows image frequencies to be 
moved further apart from the desired carrier frequency.  

2.6.3.3 Conversion Loss  
Despite being designed to produce second-order sum and difference products exclusively, 

realistic mixer devices do also produce unwanted higher order signals that consume energy. In 
addition, there will always be some internal losses dissipating energy from the device. The 
conversion efficiency of a passive mixer is typically expressed in terms of conversion loss as 
shown in (2.18) [8].  

         (      ) 岷  峅 (2.18) 

 

The conversion loss, varies across different     and     frequency combinations and is 
defined as the reduction in power from the RF port to the IF port of the mixer device. Figure 
2.6 below illustrates the conversion loss of a passive mixer device at fixed     and     
frequencies.  

 

Table 2.4: Mixing frequencies.      
(Intermediate Frequency) 

     
(Local Oscillator Frequency) 

     
(Carrier) 

     
(Image frequency)                                                                                                                                                                                           
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Figure 2.6: Conversion loss of a passive mixer device. 

2.6.4 Local Oscillator 
The local oscillator (LO) is an electronic oscillator device connected to the LO port of the 

mixer in a superheterodyne receiver system. A LO device connected to a mixer is shown in 
Figure 2.7.  

 

Figure 2.7:A local oscillator connected to a mixer device. 

Crystal oscillators, made from precisely cut piezoelectric quartz crystals, may provide an 
oscillator source at a fixed frequency. However, most receiver implementations require 
several different LO frequencies in order to tune between different carrier frequencies. 

Manufacturing crystal oscillators capable of MW frequencies is another problem. This is 
because the cut of the quartz crystal determines the crystal’s natural resonant frequency [9]. 
Crystal oscillators capable of MW frequencies are for that reason difficult to manufacture 
since the piezoelectric crystal inside the oscillator needs to be very small. Eventually, if made 
small enough, the crystal becomes susceptible to damage from handling and vibrations [9]. 
Some manufactures do however supply crystal oscillators capable of operation up to a few 
hundred MHz [9].     

Superheterodyne receiver systems operating at MW frequencies do require a different LO 
frequency synthesis method. Integrated circuits featuring phase-locked loops (PLL) with 
internal (or external) voltage controlled oscillator (VCO) cores can be used to implement such 
frequency synthesis device. This type of frequency synthesis method is popular in modern 
receiver systems and is capable of deriving a large number     signals at precise MW 
frequencies. 
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2.6.4.1 Phase-noise  
The phase-noise performance of the LO is critically important in a superheterodyne receiver 

system. Besides adding to the overall noise level of the receiver, any noise injected to the LO 
port of the mixer may cause down-conversion of adjacent carrier signals, thus limiting the 
selectivity of the receiver and how closely other carriers may be spaced [10].  

Phase-noise is caused by short-term random frequency fluctuations due to noise in an 
oscillator device, and is typically measured in terms of decibel relative to the carrier power 
per unit Hertz of bandwidth (dBc/Hz) [10]. An illustration of a phase-noise measurement is 
shown in Figure 2.8. 

 

Figure 2.8: Phase-noise measurement. 

Since phase-noise is measured relative to the carrier power, it is specified at a defined offset 
frequency   . For instance, a typical oscillator phase-noise specification for a FM cellular 
radio may be -110 dBc/Hz at the offset frequency    = 25 kHz [10].  

Any measurement equipment, typically a spectrum analyser (SA) or signal source analyser 
(SSA), used to conduct phase-noise measurements will exhibit some degree of intrinsic phase-
noise. It is for that reason necessary that the measurement equipment has a superior phase-
noise performance than the oscillator being measured. 

2.6.5 IF Filter 
A superheterodyne receiver uses an IF filter to provide selectivity and to reject undesirable 

mixing products at the down-converted IF. These products include adjacent frequency 
channels as well as unwanted harmonic and spurii signals due to nonlinearities in the mixer 
and its preceding stages. Image frequencies may also be a source of interference at IF. Such 
frequencies can be rejected if a pre-select filter is placed before the mixer. Figure 2.9 
illustrates the function of an IF and pre-select filter in a single-conversion receiver system.  
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Figure 2.9: Filtering in a down-converting superheterodyne receiver system. 

 

2.6.5.1 IF Bandwidth 
The IF filter need to be carefully designed to provide enough bandwidth for the modulating 

signal at IF. If a too narrow intermediate frequency bandwidth (IFBW) is used, it will distort a 
modulated signal as shown in Figure 2.10 (a).  

 

Figure 2.10: Intermediate frequency bandwidth. 

In contrast, if an IFBW greater than the modulated signal, it may allow adjacent RF 
channels to interfere with the desired signal, as shown in Figure 2.10 (c). In addition, the 
noise power of thermal noise is proportional to bandwidth as shown by the Rayleigh-Jeans 
approximation in (2.13). Hence, if the IF bandwidth is reduced by a factor of 10, then the 
noise floor of the receiver will effectively be reduced by a factor of 10.  

The ideal IFBW is the bandwidth of the modulated signal as shown in Figure 2.10 (b). The 
bandwidth of an FM signal can be estimated using Carson’s rule in Section 2.1.1. 

2.6.5.2 Quality Factor  
The quality factor, or Q factor is an important characteristic to consider when implementing 

an IF filter. The Q factor is defined as the ratio of the energy stored to energy lost per cycle in 
a component or network [11].  

Capacitors and inductors store energy in either an electric or a magnetic field, and are often 
used to implement IF filters and other resonant circuit. However, due to losses, primarily 
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caused by leakage between the plates for the case of a capacitor and resistance in the windings 
for the case of an inductor, some energy will be dissipated when energy is stored or extracted 
from the component. [11].  

If a resonant circuit is implemented using a capacitive and inductive elements, it will 
resonate when the inductive and capacitive reactance has been balanced (     ) [11]. 
However, due to losses, the resonant circuit will only continue resonating if energy is 
continuously added. 

A resonant circuit with a high Q factor indicates a lower rate of energy loss relative to the 
energy being stored, hence it will continue resonate for a long time after it has been energized. 
A resonant circuit with a low Q factor contains more losses and will for that reason stop 
resonating quicker and at a wider frequency range. Since any type of filter essentially is a 
resonant circuit, the Q factor can also be used to characterize its selectivity. The Q factor for a 
filter where    is the resonant frequency of the filter and        is the 3-dB bandwidth of the 
filter is defined in (2.19) [12]. 

            (2.19) 

 

2.6.6 IF  Gain Control 
Power levels at the receiver antenna port may vary several orders of magnitude when the 

distance between a receiver and transmitter changes. The superheterodyne receiver circuit 
shown in Figure 2.3 consists of fixed gain devices from the antenna port to the IF filter. This 
design will cause the IF signal level to be proportional to the RF signal level at the antenna 
port.  

If the signals at IF are too powerful i.e., if the receiver is at a close proximity to the 
transmitter, it may cause devices to operate at a nonlinear power level, causing unwanted 
harmonics and IMD products. It can even damage devices down-streams the IF signal path. In 
contrast, too weak signal levels at IF will reduce the SNR performance at the demodulator. 
Eventually, it will be impossible for the modulator to distinguish between noise and the 
wanted IF signal. In addition, any practical device in a receiver will produce nonlinear 
frequency components at weak power levels.  

2.6.6.1 Friss’ Transmission Equation  
The relationship between transmitted and received power levels of two antennas, for a given 

distance, can be approximated using Friss’ transmission equation in (2.20) [13]. 

 

                        (     ) (2.20) 
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Where the wavelength and the distance between the antennas are   and    The decibel-
isotropic (dBi) gain of transmitter and receiver antennas are    and    . The available decibel-
power at each antenna port are expressed as    and    . 

Friss’ transmission equation is valid when [13]: 

1. Transmission occurs in free space, i.e., in vacuum without any obstacles or 
reflections. 

2. Polarizations of the antennas are ideally aligned.  
3. The maximum directivity of the antennas is aligned for maximum gain. 
4. The distance between antennas is much greater than the wavelength (   ). 

 

2.6.6.2 Automatic Gain Control 
Because of the dynamic range requirements of a receiver system, amplification and 

limitation of the IF power level is generally needed. This can be achieved using an automatic 
gain control (AGC) circuit. Figure 2.11 shows a simple AGC circuit that can be implemented 
to maintain a constant IF power level. This AGC loop consists of a variable gain amplifier 
(VGA) device, a logarithmic detector, and an voltage offset circuit.  

 

 

Figure 2.11: Automatic gain control loop. 

The gain of a VGA device is controlled with a voltage input. The logarithmic detector is a 
feed-though device that is connected to the output of the VGA. This device converts the 
output of the ACG to a voltage that is proportional-in-decibel to its input power level. An 
adjustable offset circuit forms a negative feedback loop from the logarithmic detector to the 
VGA. The voltage offset produced by this circuit controls the desired output power of the IF 
signal. 
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2.6.7 PLL FM Demodulator  
The superheterodyne FM receiver block diagram shown in Figure 2.3 uses a PLL (Phase 

Locked-Loop) FM demodulator to extract the modulated signal from the down-converted IF 
signal. The fundamental PLL FM demodulator circuit consists of a phase detector, a loop 
filter and a voltage controlled oscillator (VCO) connected in a negative feedback loop. A 
block diagram of such circuit is shown in Figure 2.12.   

 

Figure 2.12: PLL FM demodulator block diagram. 

The first component of a PLL FM demodulator is the phase detector. The phase detector 
compares the phase of the input FM waveform with the phase of the signal generated by the 
VCO and outputs a square-wave with a duty-cycle proportional to the phase difference. The 
square-wave is then filtered in the loop-filter. The loop-filter, a low-pass filter, integrates the 
duty cycle of the square-wave into a error voltage that is fed back into the VCO. The feedback 
loop is closed when the error voltage is fed back to the VCO and the VCO output signal is fed 
back to the phase detector. The feedback action tracks the phase of the input FM waveform 
with the phase of the VCO signal. This means that the error voltage controlling the VCO is 
proportional to the carrier deviation, i.e., the modulating signal.  

2.6.8 FM Pre-Emphasis  
The final component of the superheterodyne FM receiver block diagram, shown in Figure 

2.3, is a de-emphasis network. Emphasis networks are extensively used FM radio systems to 
reduce the effect of noise and distortion [14]. 

In FM, the amplitude of the modulating signal governs the frequency deviation of the 
carrier.  The amplitude of a high frequency modulating signal tends to be significantly smaller 
than that of a low frequency modulating signal [14]. Essentially, half the modulation 
amplitude means half the frequency deviation. For that reason, the noise suppression ability of 
FM systems decreases with higher modulation frequencies. This effectively reduces the SNR 
of higher frequency signals in a FM modulator [14]. 

To increase the SNR of high frequency modulating signals, a pre-emphasis network is can 
be inserted before the FM modulator stage at the transmitter-end of wireless FM system. The 
pre-emphasis network is a high pass filter intended to equalize the modulating signal 
amplitude in terms of deviation. 
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However, the pre-emphasis network distorts the original modulating signal. To restore the 
modulating signal at the receiver of an FM system, a reciprocal de-emphasis network is 
necessary. The de-emphasis network is a low-pass filter with the same time-constant and cut-
off frequency as the pre-emphasis network, and is placed after the demodulator in the FM 
receiver-end. Some arbitrary emphasis network frequency responses are shown in Figure 
2.13. 

 

Figure 2.13: Frequency responses of arbitrary pre- and de-emphasis networks. 
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3 Video Receiver Implementation 
This chapter presents the 5.8 GHz transmitter-to-receiver path from the portable 

broadcasting station (PBS) to the receiver implementation and the PAL monitor, as described 
in Section 1.1 .  

3.1 Portable Broadcasting Station (PBS) 
A self-contained, 5.8 GHz portable broadcasting station (PBS) platform was built to transmit 
a video signal for the video receiver implementation. The PBS was built solely for testing and 
demonstrational purposes and was constructed using consumer-of-the-shelf (COTS) products 
intended for drone and home surveillance applications. A picture of the finished PBS 
assembly is shown in Figure 3.1. 

 

Figure 3.1: Portable broadcasting station (PBA) assembly. 

The PBS consists of a 6 cell, 25.2 V lithium-polymer battery, a 12 V linear voltage 
regulator, a 5.8 GHz FM transmitter manufactured by ImmersionRC and a PAL composite 
video camera manufactured by RunCam. The ImmersionRC transmitter is designed using 
three external components; a AWM683GTX transmitter [15], a 7.5 dB power amplifier and a 
digital control circuit. The functional block diagram in Figure 3.2 illustrates the operation of 
the PBS. 

The AWM683GTX module is manufactured by Airwave. This module features an integrated 
video pre-emphasis network, two 6 and 6.5 MHz audio modulators (for stereo audio 
channels), a video modulator and an output amplifier stage. The sum of each modulator signal 
is propagated to a PLL and VCO to generate the carrier. A digital control circuit configures 
the PLL to seven selectable channels at 5740 – 5860 MHz, using discrete switches mounted to 
the ImmersionRC PCB. The output of the ImmersionRC transmitter is fitted with a right-hand 
circular-polarized (RHCP) 1.2 dBi cloverleaf antenna.  
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Electrical characteristics and specifications for the ImmersionRC transmitter are summarized 
in Table 3.1. 

 

 

Figure 3.2: Portable broadcasting station. 

Table 3.1: ImmersionRC transmitter. 

Parameter Specification 
RF Output level (50Ω) 600 mW / 27.5 dBm   1 dB 
Audio/video modulation type FM/FM 
FM Deviation Video (Input 10KHz, 1 Vp-p) 4 MHz 
FM Deviation Audio (Input 1KHz, 1.5Vpp) 80 kHz (Both L and R) 
FM bandwidth* ~20 MHz 
Video input (75 Ω) 1  Vp-p 
Audio input (10 kΩ) 1  Vp-p 

Video carrier (channels) 
5740, 5760, 5780, 5800, 
5820, 5840, 5860 MHz 

Audio sub-carriers (L/R) 6 MHz, 6.5 MHz 
Video to audio sub-carrier ratio 25 to 29 dBc 
Dimensions (L x W x H) 50 x 23 x 15 mm 
Supply Voltage 6 – 26 V DC 
Power Consumption 3 W 

*Lab measurement with spectrum analyzer. 

 

3.2 Video Receiver Design Requirements 
A list of design requirement was considered to make the video receiver system compatible 

with the portable broadcasting station (PBS). These requirements are summarized in Table 
3.2. The specified parameters were decided experimentally and though examination of various 
datasheets available for ImmersionRC [1] and Airwave AWM683GTX [15] transmitter 
modules.  
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Video Receiver Layout 
The video receiver system was implemented of four separate receiver stages interconnected 
with sub-miniature version A (SMA) connectors. A block diagram of the final receiver system 
design is depicted in Figure 3.3.   

Table 3.2: General requirements for the video receiver system. 
Channels CH1 CH2 CH3 CH4 CH5 CH6 CH7 Unit 
RF frequency 5740 5760 5780 5800 5820 5840 5860 MHz 
LO frequency 5260 5280 5300 5320 5340 5360 5380 MHz 
   
Video receiver  Minimum Preferred Maximum Unit 
Bandwidth 5740  5860 MHz 
Input power level -90  -30 dBm 
IF frequency - 480  MHz 
IF bandwidth 15 20 30 MHz 
Channel spacing - 20  MHz 
Antenna port impedance - 50  Ω 
Channel selection                  Digitally Controlled Phase-locked Loop Frequency Synthesizer 
   
FM demodulator  Minimum Preferred Maximum Unit 
Video output format Phase Alternating Line (PAL)  
Output signal amplitude 0.8 1.1 1.4 Vp-p 
Output signal offset level 0 0.5 1.0 V 
Output passband  0.25  5.5 MHz 
Output stopband (5.5 - 6 MHz) 20   dB 
Output video port impedance  75  Ω 
Demodulation scheme  FM  
Demodulator carrier frequency  480  MHz 
Deviation response 0.125 0.1 0.7 V/MHZ 
Relative deviation  
(de-emphasis network) 

 10  dB 

De-emphasis response  
(50 Hz - 5.5 MHz)* 

     Unknown  
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Figure 3.3: Receiver layout block diagram. 

The receiver antenna is connected directly to a front-end stage. This stage provides 
amplification, pre-selection and down-conversion of the 5.8 GHz RF signal transmitted by the 
PBS. The front-end stage consists of a 16 dB LNA, a planar element pre-selection filter and a 
passive double-balanced mixer.  

A separate local oscillator stage provides seven low-side injection frequencies at 5260-5380 
MHz to the mixer located on the front-end stage. Each LO frequency is generated using a 
programmable PLL frequency synthesizer device with an integrated VCO. 

The down-converted IF originating from the front-end stage is at 480 MHz. This signal is 
propagated to the intermediate frequency stage and selected using a 25 MHz surface acoustic 
wave (SAW) filter. The IF is then boosted with a fixed frequency 32 dB monolithic 
microwave integrated circuit (MMIC) amplifier. A 60 dB AGC feedback loop regulates the IF 
power level to the final FM demodulator stage of the receiver system.  

The FM demodulator stage uses a PLL FM demodulator IC intended for direct-broadcast 
satellite (DBS) signals. This device is used to demodulate the 480 MHz IF back to the original 
video signal produced by the PAL video camera fitted to the PBS transmitter. This stage does 
also contain some signal conditioning circuits that are necessary before the demodulated 
video signal is ready to be viewed on a PAL monitor.  

A picture of the final receiver implementation is shown in Figure 3.4 
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Figure 3.4: Final receiver implementation. 

3.2.1 Laminate and Manufacturing Considerations 
Each receiver stage was manufactured in-house using RO4360G2 laminates manufactured 

by Rogers Corporation [16]. The RO4360G2 laminate features a low-loss substrate with a 
dissipation factor (DF) of 0.0037 and a relative dielectric constant of     6.15. This 
particular laminate is available in different substrate and copper thicknesses. A RO4360G2 
laminate with a substrate thickness of 0.41 mm and a copper thickness of 18 µm was selected 
for the circuit boards used throughout the receiver implementation. Specifications for this 
RO4360G2 laminate are presented in Table 3.2. 

 

  

Table 3.2: Specifications for the RO4360G2 laminate. 

Parameter : Specification: Condition: 
Lamination Copper-Substrate-Copper  
Relative dielectric constant 6.15 ± 0.15 10 GHz, 23°C 
Dissipation Factor 0.0037 10 GHz, 23°C 
Surface Resistivity 9.0 x 1012 Ω  
Copper thickness 18 µm (1/2 oz)  
Substrate thickness 0.41 mm (0.016”)  
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3.3 Front-end Stage 
The antenna is connected directly to the front-end stage of the video receiver. The purpose 

of this stage is to amplify, filter and down-convert FM signal broadcasted by the PBS video 
transmitter. A block diagram and a picture of the final implementation of the front-end stage 
are shown in Figure 3.5 and Figure 3.6.  

 

Figure 3.5:   Block diagram of the front-end stage. 

 

Figure 3.6:   Final 5.8 GHz front-end implementation. 

3.3.1 Low-noise Amplifier  
The first component of the front-end stage is a low-noise amplifier (LNA) device. The 

purpose of this device is to improve the performance of the video receiver in terms of 
sensitivity and noise figure (NF) by immediately amplifying of the incident signal delivered 
by the antenna.  

Since the front-end stage is fitted with a single LNA device, this device was selected to have 
a high gain across the frequency band of interest (5740-5860 MHz) and as low NF as 
possible. The video receiver system also had to be capable of signals at up to -30 dBm when 
used in close proximity to the transmitter (without the 20 dB attenuator fitted). Linearity and 
gain compression as well as damage level at that power level were for that reason considered.  

1.2 dBi RHCP  
cloverleaf antenna 

Agilent 20 dB 
attenuator (optional) 

  

Guerilla RF  
GRF2501  
LNA  

Hittite HMC218AMS8E  
mixer device 

Distributed  
Pre-select filter LO port 

IF port 

Low-noise 3.3V  
voltage regulator 

EMI cover 
(removed) 
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A GRF2501 LNA manufactured by Guerilla RF was selected to provide an initial 
amplification for the video receiver system. The GRF2501 is a 1.5 x 1.5 mm device featuring 
an ultra-low noise amplifier with an internal biasing network and DC blocking capacitors. A 
functional block diagram of the GRF2501 device is shown in Figure 3.7. 

 

Figure 3.7: Functional block diagram of the GRF2501 LNA device. 

The GRF2501 is designed for operation across 4900 – 5925 MHz and has a peak gain of 
approximately 16.2 dB at 5.8 GHz. Figure 3.8 shows an S-parameter simulation using a 
network parameter model (Touchstone .s2p file) for the GRF2501 device. The network 
parameter model was provided by Guerilla RF and plotted in Keysight’s Advanced Design 
System (ADS). 

 

Figure 3.8: S-parameter simulation. (a) Forward transmission. (b): Smith-chart showing the input 
reflection coefficient across 1-10 GHz. 

The GRF2501 device is specified to a very low noise figure of approximately 0.8 to 1 dB. It 
is for that reason suitable for amplification in the first stages of a receiver system. 
Furthermore, the GRF2501 features an input P1dB and IP3 levels of -10 dBm and +3 dBm, 
well above the requirement of -30 dBm, and a gain flatness of ± 0.5 dB across 5100- 5825 
MHz. Table 3.4 present as summary of the figure of merits provided by Guerilla RF for the 
GRF2501 LNA device.  
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3.3.2 Pre-select Filter  
The pre-select filter was designed to reject out-of-band signals and to reduce the overall 

noise level of the receiver system. Potential image frequencies were considered as shown in 
Table 3.5. Although some low-power wireless local area network (WLAN) bands are licensed 
at 5 and 5.9 GHz [18], it was decided to omit these bands from consideration since the output 
power of the PBS is specified at 600 mW. In addition, this receiver system will primarily be 
operated outdoors, away from urban areas. Emphasis was instead focused on making a low 
insertion loss filter to optimize the overall noise figure of the receiver.  

 

 

 

 

 

3.3.2.1 Filter Implementation 
Four distributed-element, short-circuit quarter-wave (SCQW), filter prototypes were 

simulated and manufactured for evaluation. A picture of each filter prototype is shown in 
Figure 3.9. Each filter was designed and manufactured using Rogers RO4360G2 laminates, 
presented in Section 3.2.1.   

 

Table 3.4: Figure of merits for the GRF2501 LNA device. 
Parameter Minimum Typical Maximum Unit 
Frequency range 4900 5500 5925 MHz 
Gain 15.5 16.9 - dB 
Gain flatness 
(ΔS21 @ 5100- 5825 MHz) 

-0.5 - 0.5 dB 

Input/output impedance - 50 - Ω 
Input return loss (S11) - 9.6 - dB 
Output return loss (S22) - 14.4 20 dB 
Noise figure - 0.8 1.0 dB 
Maximum input power level - - 15 dBm 
Input 1-dB compression (IP1dB) -10 -8.0 - dBm 
Input third-order intercept point (IIP3) 2.0 3.0 - dBm 

Table 3.5: Possible image frequencies. 

Channel Desired mixing frequencies 岫           岻 Possible image frequencies: 
CH1:     = 5.74 GHz,     = 5.26 GHz     = 4.78 GHz / 16.26 GHz 
CH2:     = 5.76 GHz,     = 5.28 GHz     = 4.80 GHz / 16.32 GHz 
CH3:     = 5.78 GHz,     = 5.30 GHz     = 4.82 GHz / 16.38 GHz 
CH4:     = 5.80 GHz,     = 5.32 GHz     = 4.84 GHz / 16.44 GHz 
CH5:     = 5.82 GHz,     = 5.34 GHz     = 4.86 GHz / 16.50 GHz 
CH6:     = 5.84 GHz,     = 5.36 GHz     = 4.88 GHz / 16.56 GHz 
CH7:     = 5.86 GHz,     = 5.38 GHz     = 4.90 GHz / 16.62 GHz 
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Figure 3.9: Pre-select filter prototypes. 

Each filter prototype was designed using the filter design guide toolbox in ADS. This 
toolbox allows for automatic filter synthesis from a set of design goals, including desired 
frequency response, filter topology, pass-band ripple, etc. Design goals for each pre-select 
filter prototype are presented in Table 3.6.  

 

The output of the ADS filter design guide generates a schematic level design that consists of 
discrete transmission line elements and terminations as shown in Figure 3.10. Frequency 
responses of each filter were fine-tuned, by changing the length of each quarter-wave element 
at the schematic level. 

 

 

Figure 3.10: Synthesized filter design. 

Table 3.6: Design goals pre-select filter prototypes. 

Parameter: Filter A Filter B Filter C Filter D Unit 
Lower stop-band ≤ 2.2 ≤ 2 ≤ 1 ≤ 2.4 GHz 
Lower pass-band 3.8 4 4 3.8 GHz 
Upper pass-band 6.8 7 7.5 7.8 GHz 
Upper stop-band ≥ 8.2 ≥ 9.4 ≥ 12 ≥ 9.4 GHz 

Insertion loss < 0.1 < 0.1 < 0.1 < 0.1 dB 
Stop-band rejection: > 30 > 30 > 20 > 15 dB 

Pass-band ripple: < 0.1 < 0.1 < 0.1 < 0.1 dB 
Order: 5 4 5 3  

Z0 50 50 50 50 Ω 
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Each filter where then simulated using the ADS Momentum 3D planar EM simulator to 
generate more accurate S-parameters. Momentum simulations calculate EM dependencies 
between discrete filter elements and ground planes. It is for that reason far more accurate than 
a schematic level simulation. Boundary conditions above filters were set to air, to correct the 
effective permittivity of the interface between the RO4360G2 dielectric, transmission lines 
and air. A large amount of ground vias where placed on each filter prototype to reduce the 
effects of parasitic reactance. Ground plane vias were modelled as a loss-less, infinitely thin 
conductor, to reduce the duration of each EM simulation. Figure 3.11 shows an EM 
visualization of current density in a SCQW filter prototype resonating at 5.8 GHz. This is a 
feature that can be enabled in EM post-processing in ADS.  

 

Figure 3.11: SCQW filter resonating at 5.8 GHz. 

 

Each prototype was characterized using a Rohde & Schwarz ZVM (10 MHz - 20 GHz) 
vector network analyser (VNA). Actual measurements V.S. EM simulation results are shown 
in Figure 3.12 through Figure 3.15. Momentum EM simulation and VNA measurements were 
nearly identical in terms of forward transmission. The reflection coefficient indicated a greater 
discrepancy. Although EM simulations proposed an overall better input matching, each filter 
return loss is still 15 dB or better across the desired bandwidth of the video receiver system 
(5740 - 5860 MHz). A reflection coefficient of -15 dB or -40 dB does not make a big 
difference in practical applications, since -15 dB already is a very small relative quantity. 

Filter prototype A turned out to have the best shape factor, good return loss and a low 
insertion loss of 0.2 dB. Hence, this SCQW filter design was implemented on the final front-
end PCB. 
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Figure 3.12: Filter prototype A. 

 

Figure 3.13: Filter prototype B. 

 

Figure 3.14: Filter prototype C. 
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Figure 3.15: Filter prototype D. 

3.3.3 Mixer  
The final component of the front-end stage is a mixer device. The purpose of this mixer is to 

down-convert the 5.8 GHz signal broadcasted by the PBS video transmitter. A passive 
double-balanced HMC218BMS8E mixer device manufactured by Hittite was selected to 
provide down-conversion to IF at 480 MHz. A functional block diagram and key figure of 
merits for the HMC218BMS8E mixer device is presented in Figure 3.16 and Table 3.8. 

 

Figure 3.16: Functional block diagram of the HMC218BMS8E mixer device. 

 

The HMC218BMS8E mixer is designed for up- and down-conversion applications at RF 
frequencies ranging from 3.5 to 8 GHz. The video receiver operates at frequencies shown in 

Table 3.8: Figure of merits for the HMC218BMS8E mixer device. 

Parameter Minimum Typical Maximum Units 
Frequency range, RF 4.5  6.0 GHz 
Frequency range, LO 4.5  6.0 GHz 
Frequency range, IF DC  1.6 GHz 
Conversion loss  7 8.5 dB 
Input IP3 (IIP3) 12.5 17  dBm 
Input P1-dB (IP1dB)  10  dBm 
LO to RF isolation  38  dB 
LO to IF isolation 15 32  dB 
LO input power 9 13 15 dBm 
RF power level   13 dBm 
LO power level 8  27 dBm 
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Table 3.9. During operation of the receiver, it is anticipated that the maximum input power at 
the RF port of the HMC218BMS8E mixer will be less than -10 dBm. This particular mixer 
features input IP3 and P1dB merits at +17 and +10 dBm at RF frequencies of interest. The 
HMC218BMS8E return loss at RF, LO and IF ports indicate excellent matching at desired 
mixing frequencies as shown in Figure 3.17. 

 

 

 

 

 

 

 

The graph presented in Figure 3.17 was provided by the Hitite datasheet []  for the  

The conversion loss V.S. IF bandwidth for the HMC218BMS8E mixer, with a fixed LO at 6 
GHz, is shown in Figure 3.18 (a). Characteristics in terms of isolation between mixer ports are 
shown in Figure 3.18 (b).  

Table 3.9: Mixing frequencies. 

Channel RF port LO port 
CH1: 5740 MHz 5260 MHz 
CH2: 5760 MHz 5280 MHz 
CH3: 5780 MHz 5300 MHz 
CH4: 5800 MHz 5320 MHz 
CH5: 5820 MHz 5340 MHz 
CH6: 5840 MHz 5360 MHz 
CH7: 5860 MHz 5380 MHz 

Figure 3.17: Negative-signed return loss at RF, IF and LO ports at HMC218BMS8E. 

LO 

RF 

RF 
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Figure 3.18: HMC218BMS8E mixer device. (a): Conversion loss V.S. IF frequency. (b): LO to RF and 
LO to IF isolation. 

3.4 Local Oscillator Stage 
The Local Oscillator (LO) stage is designed to generate LSB injection LO frequencies for 

the HMC218BMS8E mixer located on the front-end stage. A functional block diagram and 
the finished PCB assembly of the LO stage is shown in Figure 3.19 and Figure 3.20. 

Each LO tone is generated using an integrated ADF4355-3 PLL frequency synthesizer 
device manufactured by Analog Devices. The ADF4355-3 is located on the frequency 
synthesis circuit shown in Figure 3.19 (b) and features a programmable integer-N and 
fractional-N PLL with an internal multi-octave VCO core. This allows the ADF4355-3 to 
generate precise LO frequencies at 5260 to 5380 MHz. An external programming circuit, 
shown in Figure 3.19 (a) is used as an interface for status monitoring and configuration of the 
ADF4355-3 device. The ADF4355-3 is configured using a serial peripheral interface (SPI). 

The output of the ADF4355-3 is connected to a 12.5 dB, Mini-Circuits ZX60-14012l 
amplifier device. This device, shown in Figure 3.19 (c), increases the drive power to the LO 
port for the HMC218BMS8E mixer located on the front-end stage.  

 

IF = 480 MHz 

LO = 5260 – 5380 
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Figure 3.19: Functional block diagram of LO stage. 

 

Figure 3.20: Picture of the LO stage assembly. (a): Programming circuit. (b): Frequency synthesis circuit. 
(c): External Mini-circuits amplifier. 

3.4.1 Frequency Synthesis Circuit 
A picture of the frequency synthesis circuit is shown in Figure 3.21. This circuit consist of 

the ADF4355-3 device, a Vectron 156.25 MHz crystal oscillator and a loop-filter placed on 
the secondary side of the PCB.  

The ADF4355-3 can be set to output power levels ranging from -4 to +5 dBm (50 Ω 
balanced). For this particular implementation, it is set to generate -1 dBm of output power. 
The output of the ADF4355-3 device is terminated using a 1:1 50 Ω, 5.5 GHz Würth 
electronics chip balun to convert the RF output to a single-ended 50 Ω output. The output 
from the external ZX60-14012L amplifier delivers approximately 11.5 dBm to LO port on the 
HMC218BMS8E mixer device fitted to the front-end stage.  A Würth EMI shield is fitted on 
top of frequency synthesizer circuit to protect it from interference and to improve its 
performance in terms of temperature stability and phase-noise.  

(a)                                         (b)         (c) 
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Figure 3.21: Frequency synthesis circuit. 

The ADF4355-3 frequency synthesizer device has can generate output frequencies from 
51.5625 MHz to 6600 MHz and is controlled using 13 programmable on-chip data registers. 
Each register configures functions of the ADF4355.3, such as its VCO core, integer and 
fractional dividers, the charge pump and several other blocks inside the device. A functional 
block diagram of the ADF4355-3 device is shown in Figure 3.22.   

Vectron 156.25 MHz  
crystal oscillator. 

Analog Devices ADM7150 
3.3V ultra-low noise voltage 
regulator 

Analog Devices ADF4355-3  
frequency synthesizer 
  

EMI shield 
(removed) 
 

5.5 GHz balun 

Mini-Circuits  
ZX60-14012L  
amplifier 

SPI bus  
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Figure 3.22: Functional block diagram of the ADF4355-3 frequency synthesizer device. 

Each data register is 4 bytes (32 bits) long, and most of them require configuration every 
time the device is activated. Furthermore, some registers needed to be re-configured, in a pre-
defined sequence, during operation to allow for the output frequency adjustments. Each data 
register inside the ADF4355-3 is configured with a 3-wire SPI bus.  

3.4.2 Programming Circuit  
An external programming circuit, shown in Figure 3.23 was implemented to program each 

register for the ADF4355-3. The programming circuit consists of a Texas Instruments TIVA 
C-series microprocessor development board [17], four push-buttons and a monochrome 2x16 
character liquid crystal display (LCD).  

The TIVA C-series microprocessor stores a list of pre-defined data register settings for the 
ADF4355-3. A menu interface, presented to the user on the LCD, allows the user to quicky 
set each desired LO frequency using the push-buttons. The current RF channel, PLL status 
and output frequency of the ADF4355-3 is presented on the LCD.  

The sequence and a list of pre-defined data register settings used to program each pre-
defined frequency setting is presented in Table 3.4.  
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Figure 3.23: Programming circuit for the ADF4355-3. 
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Table 3.4: Pre-defined register map and sequence. 

CH 1 (5260 MHz) CH 2 (5280 MHz) CH 3 (5300 MHz) CH 4 (5320 MHz) 

R0: 0x200210 R0: 0x200210 R0: 0x200210 R0: 0x200220 

R1: 0xA9FBE71 R1: 0xCAC0831 R1: 0xEB851E1 R1: 0xC49BA1 

R2: 0x4242712 R2: 0x2407D2 R2: 0x16807D2 R2: 0xB807D2 

R3: 0x3 R3: 0x3 R3: 0x3 R3: 0x3 

R4: 0x30008B84 R4: 0x30008B84 R4: 0x30008B84 R4: 0x30008B84 

R5: 0x800025 R5: 0x800025 R5: 0x800025 R5: 0x800025 

R6: 0x350544F6 R6: 0x350544F6 R6: 0x350544F6 R6: 0x350544F6 

R7: 0x100002E7 R7: 0x100002E7 R7: 0x100002E7 R7: 0x100002E7 

R8: 0x1A69A6B8 R8: 0x1A69A6B8 R8: 0x1A69A6B8 R8: 0x1A69A6B8 

R9: 0x45064399 R9: 0x45064399 R9: 0x45064399 R9: 0x45064399 

R10: 0x60003FFA R10: 0x60003FFA R10: 0x60003FFA R10: 0x60003FFA 

R11: 0x81200B R11: 0x81200B R11: 0x81200B R11: 0x81200B 

R12: 0x1050C R12: 0x1050C R12: 0x1050C R12: 0x1050C 

    

CH 5 (5340MHz) CH 6 (5360 MHz) CH 7 (5380 MHz) 
 R0: 0x200220 R0: 0x200220 R0: 0x200220 
 R1: 0x2D0E561 R1: 0x4DD2F11 R1: 0x6E978D1 
 R2: 0x807D2 R2: 0x14C07D2 R2: 0x9C07D2 
 R3: 0x3 R3: 0x3 R3: 0x3 
 R4: 0x30008B84 R4: 0x30008B84 R4: 0x30008B84 
 R5: 0x800025 R5: 0x800025 R5: 0x800025 
 R6: 0x350544F6 R6: 0x350544F6 R6: 0x350544F6 
 R7: 0x100002E7 R7: 0x100002E7 R7: 0x100002E7 
 R8: 0x1A69A6B8 R8: 0x1A69A6B8 R8: 0x1A69A6B8 
 R9: 0x45064399 R9: 0x45064399 R9: 0x45064399 
 R10: 0x60003FFA R10: 0x60003FFA R10: 0x60003FFA 
 R11: 0x81200B R11: 0x81200B R11: 0x81200B 
 R12: 0x1050C R12: 0x1050C R12: 0x1050C 
     

Sequence index: Register (Rn): Sequence index: Register (Rn): 

1 12 10 4 

2 11 11 3 

3 10 12 2 

4 4 13 1 

5 9 14 0 

6 8 15 4 

7 7 16 2 

8 6 17 1 

9 5 18 0 
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3.4.3 Loop-filter 
The ADF4355-3 PLL requires an external loop-fi lter to form a feedback loop between its 

internal charge pump and VCO core. Analog Devices software ADIsimPLL was used to 
design the loop-filter. The ADIsimPLL is a design software with simulation models for the 
ADF4355-3 and other PLL devices manufactured by Analog Devices. 

A loop-filter of order 5 was calculated for a fractional-N ADF4355-3 configuration with a 
156.25 MHz reference oscillator, using the software. The bandwidth, phase-margin and filter 
order was optimized for operation at 5.32 GHz. This frequency was selected since LO and IF 
freqencies at 5.32 GHz and 480 MHz gives the 5.8 GHz center frequency of the receiver 
system. The calculated loop-filter and its component values are shown in Figure 3.24Figure 
3.24. 

 

Figure 3.24: External loop filter for the ADF4355-3 device. 

The simulated 3-dB cut-off and phase-margin of this loop-filter is at 39.2 kHz and 135°. The 
phase-margin usually gives an indication of loop dampening. Larger phase-margins means a 
larger dampening factor, i.e., slower PLL lock-times but better lock-stability. In this case it 
was decided that a phase margin of 135° be a safe phase-margin. The loop-filter, shown in 
Figure 3.25 was implemented on the secondary side of the frequency synthesizer circuit 
board. The filter was implemented using high precision, surface mounted 0402 (imperial) 
components. Furtermore, effort was made to reduce the pad size for each loop-filter 
component, in order to minimize the effect of parasitic on the circuit board itself. This was 
done to make the loop-filter as ideal as possible, i.e., to make its frequency and phase 
response very similar to the simulated loop-filter.  
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Figure 3.25: External loop-filter placed on secondary side of the frequency synthesis circuit 
PCB. 

3.5 Intermediate Frequency Stage 
The intermediate frequency (IF) stage provides selectivity, amplification and automatic gain 

control (AGC) for the video receiver system. A functional block diagram and a picture of the 
finished IF stage PCB are shown in Figure 3.27 and Figure 3.27.   

 

Figure 3.26: Functional block diagram of the IF stage. 
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Figure 3.27: IF Stage PCB. 

 

3.5.1 IF Filter  
A discret 479.75 MHz surface acoustic wave (SAW) filter device manufactured by Sawtec was 

used to implement the IF selection for the receiver. This SAW filter, P/N: 855272, is specified 
to a 25.5 MHz (3-dB bandwidth) and an insertion loss of approximately 10 dB. Table 3.10 
specifies some of characteristics for the 855272 SAW filter. Figure 3.28 (a), (b) and (c) shows 
typical frequency responses for the Sawtec 855272 filter device. 

  

 

IF input port
IF output port

479.75 MHz 

SAW filter

BGA2869 MMIC 

Amplifier, 32 dB

ADM7150 

Linear Regulator, 3.3 V
4.5 – 3000 MHz, 50 Ω 
1:1 transformer baluns

ADL5330 Voltage 

Controlled 

Amplifier/Attenuator, 60 dB 

Anaren XC0450E-20S

directional coupler, 20 dB

ADL5513 Logarithmic 

Detector, 80 dB

AD8062 inverting 

operational amplifier Potentiometer for 

tuning output power 

level

Table 3.10: Sawtec 855272 characteristics. 
Parameter Minimum Typical Maximum Unit 
Center frequency 479.25 479.75 480.25 MHz 
Insertion loss - 9.8 13 dB 
1-dB bandwidth - 23.3 - MHz 
3-dB bandwidth 23 25.5 - MHz 
30-dB bandwidth - 33 - MHz 
Pass-band flatness - 0.75          1.5 dB 

Group delay variation - 25 50 ns 
Source impedance*  - 50 - Ω 
Load impedance*  - 50 - Ω 
*External matching networks. 
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Figure 3.28: Sawtec 855272 filter. (a): Narrow-band response. (b): Pass-band response. (c): Wide-band 
response. 

The Sawtec 855272 device requires external input and output matching networks. Surface 
mounted 0402 size (imperial) components recommended by the manufacturer were used to 
implement 50 Ω matching networks shown in Figure 3.29. 

 

Figure 3.29: Input and output matching networks for Sawtec 855272 filter. 

3.5.2 IF Amplifier  
A BGA2869 amplifier manufactured by NXP semiconductors were placed following the 
Sawtec 855272 filter. The BGA2869 is an internally matched, fixed gain Monolithic 
Microwave Integrated Circuit (MMIC) amplifier optimized for operation between 0.2 to 2.2 
GHz. This device require no external components except a supply de-coupling capacitor and 
DC-blocking capacitors as shown by the block diagram in Figure 3.30.  

 

Figure 3.30: Functional block diagram of the BGA2869 amplifier device. 

The BGA2869 amplifier has a power gain of approximately 30 dB at 480 MHz. Input power 
levels at -90 to -30 dBm, are is expected at the input of this device. With a power gain of a 30 
dB, the output of this amplifier will vary between approximately -60 to 0 dBm. Since the 
BGA2869 amplifier is placed following the Sawtec 855272 IF filter, its performance in terms 
linearity was considered to avoid distortion products down-stream in the receiver chain. The 
BGA2869 features an output 1-dB compression point and a third-order intercept point at 
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approximately 10 dBm and 23 dBm (at 250 MHz) respectively, well above 0 dBm. The noise 
figure of the device is approximately 3.1 dB across its entire bandwidth. Table 3.11 specifies 
some key performance merits of the BGA2869 amplifier device. Figure 3.31 shows an S-
parameter simulation using a network parameter model for the BGA2869 device. The network 
parameter model was provided by NXP semiconductors and plotted in ADS. 

 

. 

 

 

Figure 3.31: S-parameter simulation BGA2869. 

3.5.3 Automatic Gain Control Circuit 
The AGC circuit uses four discrete IC devices to either limit or amplify the signal delivered 

to the FM demodulator stage. These devices are shown in the functional block diagram in 
Figure 3.32. 

Table 3.11: Figure of merits for the BGA2869 device (VCC = 5.0 V). 
Parameter Minimum Typical Maximum Unit 
Frequency range 200 - 2200 MHz 
Gain @ 480 MHz - 31 - dB 
Input/output impedance - 50 - Ω 
Input return loss (S11 @ 480 MHz) - 15 - dB 
Output return loss (S22 @ 480 MHz) - 11 - dB 
Noise figure 2.6 3.1 3.5 dB 
Absolute maximum input power level - 10 - dBm 
Output 1-dB compression (OP1dB @ 250 MHz) 9 10 11 dBm 
Output third-order intercept point (OIP3 @ 250 MHz) 20 23 25 dBm 
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Figure 3.32: Functional block diagram showing devices used in the AGC circuit. 

The first device in the AGC circuit is a balanced Analog Devices ADL5330 voltage-
controlled Variable Gain Amplifier/Attenuator (VGA). This device has a linear-in-dB gain 
control range from -38 dB to +22 dB and is specified for operation at 10 MHz to 3 GHz. The 
gain of the device is controlled by applying a control voltage (0 to 1.4 V, 20 mV/dB) to the 
GAIN pin. A functional block diagram and a typical gain V.S. control voltage and error V.S. 
control voltage response of the ADL5330 are shown in Figure 3.33. 

 

Figure 3.33: Functional block diagram and gain response @450 MHz for the ADL5330 VGA device. 

As shown in the functional block diagram in Figure 3.40, the device uses balanced input and 
output ports. These ports have 50 Ω differential impedances. Components connected to the 
ADL5330 device use single-ended signals. For that reason, two 50 Ω 1:1 transformer baluns 
(MACOM ETC1-1-13) were placed at the input and output ports of the device to maintain 50 
Ω single-ended impedance, see Figure 3.34.  

In order to form the AGC loop, 20 dB of the ADL5330 VGA output signal is coupled to an 
Analog Devices ADL5513 demodulating logarithmic detector using a 20 dB directional 
coupler. The directional coupler is a discrete surface mounted Xinger II series XC0450E-20S 
device manufactured by Anaren. A picture of the device and its coupling factor VS frequency 
is shown in Figure 3.34.     



3 Video Receiver Implementation 
 
 

48 
 

The ADL5513 is a 1 MHz to 4 GHz demodulating logarithmic detector capable of 
accurately converting an RF input signal to a corresponding decibel-scaled output. The device 
uses a chain of cascaded amplifiers, each of which is equipped with a detector cell as shown 
in Figure 3.35.  

 

Figure 3.35: Functional block diagram illustrating the operation of the ADL5513 and its detected output 
voltage VS input power @ 900 MHz. 

The device operates by summing the output DC voltage of each detector cell to produce a 
voltage that is logarithmically proportional to the incident power delivered to the device. The 
ADL5513 has a dynamic range of 80 dB (-70 to +10 dBm) with a logarithmic output voltage 
swing from 0.4 to 2.0 V (20 mV/dB).  

An internal voltage controlled current source connected to the detector chain can be set by 
providing a voltage to the VSET pin of the device. The voltage applied to the VSET pin 
offsets the output detector voltage. This feature was used to set is desired output power of the 
AGC feedback loop. 

Both the ADL5330 VGA and the ADL5513 logarithmic detector device have positive linear 
responses in terms of gain V.S. input voltage and input power V.S. output voltage. Hence, the 

 

Figure 3.34: Anaren Xinger II XC0450E-20S directional coupler and its coupling factor VS frequency. 
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video output from the ADL5513 had to be inverted before closing the AGC feedback loop. 
Otherwise it would form a positive feedback loop causing the ADL5330 VGA device to get 
stuck at either full gain or maximum attenuation. In addition, the input and output voltage 
swings of each device had to be matched in order for the negative feedback loop to be able to 
make use of the entire dynamic range of each device. For that reason, an inverting operational 
amplifier circuit with a fixed output offset was implemented. This circuit was realized using 
an Analog Devices AD8062 device connected between the ADL5513 logarithmic detector 
and the ADL5330 VGA. Recall that the ADL5513 and ADL5330 had input and output 
voltage swings ranging from 0 to 1.4 V and 0.4 to 2.0 V. This meant that the inverting 
amplifier circuit required a gain of -0.875 and an offset of 0.4 V.  

3.6 FM Demodulator Stage 
The FM demodulator stage is the final stage of the video receiver system. The purpose of 

this stage is to extract the signal from the down-converted FM signal at 480 MHz. The FM 
de-modulation is realized using a TDA8730 device manufactured by Philips semiconductors. 
This device is a 479.5 MHz, PLL FM demodulator originally designed for DBS (Direct 
Broadcasting Satellite) composite video signals.  

The output of the TDA8730 is connected to a picture adjustment circuit. This circuit consist 
of two high-speed operational amplifiers and is necessary to tune the amplitude and offset of 
the de-modulated signal. This circuit sets the brightness and contrast level of the PAL 
composite video signal.  

The final circuit of the receiver system consist of a de-emphasis network and a 6-6.5 MHz 
audio carrier reject filter. This circuit equalizes the pre-emphasis filter in the PBS transmitter 
and removes unwanted audio signals that may otherwise distort the video signal. 

A functional block diagram and a picture of the final FM demodulator PCB is shown in 
Figure 3.36 Figure 3.37. 

 

 

Figure 3.36: Functional block diagram of the FM demodulator stage. 
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Figure 3.37: FM demodulator stage PCB. 

3.6.1 FM Demodulator 
The TDA8730 is a dual-inline-package PLL FM demodulator device that was released in 

mars 1991 by Philips Semiconductors. The device was originally intended for use in satellite 
tuners operating at 479.5 MHz. According to its datasheet, this frequency was the European 
standard IF for satellite tuners. Some key parameters for the TDA8730 device are presented in 
Table 3.12.  

  *(FM deviation, Δf = 13.5 MHz p-p) 

The TDA8730 device uses an internal oscillator block as shown in Figure 3.38 (a). The 
operation of the TDA8730 is understood by the application note circuit in Figure 3.38 (b). The 
center frequency of the TDA8730 device is tuned externally with a varactor diode. This diode 
is connected, in a feedback loop, to an internal loop amplifier. The loop amplifier controls a 
tuning voltage across the varactor diode. Together with a series 35 nH inductor and a 3.5 pF 
shunt capacitor, this varactor diode forms a voltage tunable resonant circuit. This resonant 
circuit is energized by a feedback from an internal phase detector. Two external 1 pF 
capacitors placed at pins 3 and 5, shifts the phase of the external resonant circuit by 180 
degrees, to make the internal oscillator block (amplifier) resonate. 

Table 3.12: Key parameters for the TDA8730 device. 
Parameter Minimum Typical Maximum Unit 

Frequency range 130 480 720 MHz 
Operating input level  70 74 dBµV 
Input reflection coefficient  0.07   
Output impedance  30 50 Ω 
AC load impedance 600   Ω 
Phase detector constant  0.45  V/rad 
VCO constant  12  MHz/V 
Video output signal amplitude*  1.1  V 

TDA8730 FM demodulator 

Picture adjustment circuit 
De-emphasis and audio  
reject filter 

 

PAL output IF port 



  3 Video Receiver Implementation 
 
 

51 
 

  

(a)                                                                                   (b) 

Figure 3.38: (a): Functional block diagram TDA8730. (b): Application note circuit (479.5 MHz). 

3.6.2 Picture Adjustment Circuit: 
The picture adjustment circuit, shown in Figure 3.39, is a sub-circuit of the FM demodulator 

stage. This circuit was implemented to allow for adjustments of the demodulated video signal 
and to operate as a high-impedance buffer device for the TDA8730. The circuit uses two high 
speed AD8099 operational amplifier devices manufactured by Analog Devices. The AD8099 
is specified to a 550 MHz gain product bandwidth and a slew-rate of 1350 V/µs for a voltage 
gain of 10. The bandwidth of a PAL signal is approximately 5 MHz  [19].  

The rightmost non-inverting operational amplifier (OP2) circuit in Figure 3.48, has two trim 
potentiometers that allows for adjustments of both the amplitude and offset of the PAL 
waveform. This is necessary to adjust the contrast and brightness settings of the PAL video 
signal. The output of the OP2 circuit is in the order of a few Ω.  The nominal impedance used 
in most co-axial composite video cables and monitors is 75 Ω. Hence a small 0402 (imperial) 
size, 75 Ω series resistor was placed at the output. This resistor is assumed to have zero 
reactance at low frequencies. 

The leftmost stage consists of an inverting operational amplifier (OP1) circuit with negative 
unity gain. This stage was implemented to add the possibility of changing the polarity of the 
PAL video signal. The datasheet for the ImmersionRC transmitter[1] did not specify the 
polarity of its FM modulator. The polarity of the modulated video signal was for that reason 
unknown during the design of the FM demodulator stage.  During initial testing of the 
receiver however, it turned out that the transmitter FM modulator has a positive response. 
Hence, the negative unity gain amplifier is not needed. The OP1 circuit is bypassed with 
jumpers during normal operation of the receiver system. 
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Figure 3.39: Picture adjustment circuit. 

3.6.3 De-emphasis and Audio Reject Filter 
The AWM683GTX module, fitted to the ImmersionRC transmitter PCB, has a specified pre-

emphasis of 10 dB [15]. Unfortunately, this module is not specified in terms of de-emphasis 
time-constant or frequency response. Attempts of characterizing the pre-emphasis response of 
the AWM653GTX module were conducted. Unfortunately, these attempts turned out to be 
unpractical since this module contains several modulators and other unknown stages 
following its pre-emphasis filter. The final de-emphasis filter was designed using 
recommendations for a 625 TVL system issued by the ITU radio communication assembly 
(ITU-R F.405-1) [20]. 

A notch filter were designed and connected to the output of the de-emphasis network. The 
purpose of this filter is to reject audio sub-carriers at 6 and 6.5 MHz (left and right audio 
channels). These signals are broadcasted by the AWM683GTX module and needs to be 
attenuated to avoid distorting the PAL video signal at the receiver. The notch filter was 
designed using the ADS design guide for lumped component filters. After filter synthesis, the 
filter was tuned manually to have a “sharp” cut-off across 5.5 MHz and 6 MHz.   

The final de-emphasis and audio reject filter design is shown in Figure 3.40. Both filters 
were designed for a 75 Ω system impedance. The frequency response of both filters are 
shown in Figure 3.41. 

Non-inverting bypass 
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Figure 3.40: De-emphasis and audio reject filter. 

 

Figure 3.41: De-emphasis and audio reject filter response. 

3.7 Receiver Tuning and Problems 
This section explains some of the problems that were encountered during initial testing of 

the receiver system. Solutions to problems and tuning of individual stages are presented. 

3.7.1 Disabled Reference Oscillator 
The first test of the LO stage was conducted using a 26.5 GHz Agilent E4407B spectrum 

analyser. The ADF4355-3 PLL synthesizer, uses 13 internal 32-bit registers to control its 
internal circuits. These registers must to be set in a specific sequence during start-up. The 
external programming circuit, that is part of the LO stage was for that reason connected to the 
frequency synthesis circuit board to configure the ADF4355-3.    

The first attempt of starting the ADF4355-3 PLL synthesizer failed. No signal could be 
detected with the spectrum analyzer. The voltage and current consumption of the LO stage 
seemed to be reasonable when compared to values specified for the various devices that is 
used in the circuit. At first, it was suspected that the rather complicated tri-wire SPI scheme, 
used to control the ADF4355-3, had failed. 
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However, before troubleshooting the SPI databus or any other complicated part of the LO 
stage - the output of the Vectron 156.25 MHz crystal oscillator was checked. This oscillator is 
used as a reference for the phase detector inside the ADF4355-3 PLL device. Without a 
reference tone, the PLL will not be able to lock and produce an output.   

 The output of the Vectron oscillator was measured using a high impedance probe (with a 
specially made, short ground return tip) and a 500 MHz oscilloscope connected to one of the 
oscillators balanced output ports. This measurement revealed that the reference oscillator did 
not produce any output. The reasons turned out to be that the enable pin on the Vectron 
oscillator needed to be set to a logic high state to turn on the oscillator. The enable pin of the 
oscillator had been left floating during design of this circuit, since its datasheet[] , (page 6.) 
specified: 

“Under normal operation the Enable/Disable is left open, or set to a logic high state, and 
the VCC6 is in oscillation mode and outputs are enabled (active). When the E/D is set to a 
logic low, the oscillator stops and the both the output and complementary outputs are in a 
high impedance state. This helps facilitate board testing and troubleshooting.” 

In hindsight it is poor design practice to leave a logic pin floating since the pin itself may 
start to oscillate or cause the circuit to fail intermittently. 

The enable pin was connected to logic high using a short piece of copper wire to resolve the 
issue. This did start the oscillator immediately. At this point, the PLL locked successfully and 
the frequency of the LO stage could be set to each desired LO frequency using the external 
programming circuit. The SPI line did not require any modifications. 

3.7.2 Weak LO at Mixer 
During initial design of the video receiver system, the front-end stage was tested together 

with the LO-stage. A Rohde & Schwarz SMIQ 06B signal generator was connected to the 
antenna input (RF port) of the front-end stage to produce a -40 dBm CW test carrier at 5.8 
GHz. The idea was to mix this signal with the output of the LO stage at 5.32 GHz to generate 
the desired IF at 480 MHz using the HMC218BMS8E mixer located on the front-end stage.  

A 26.5 GHz Agilent E4407B spectrum analyzer was setup to measure the IF output of the 
mixer. However, when RF and LO stimuli was applied to the mixer, almost no power could 
be observed at either 480 MHz or 11.12 GHz (first upper side-band mixing product). 

The problem turned out to be a too weak LO signal. Examination of the HMC218BMS8E 
datasheet[] revealed that the recommended LO power for the mixer was at around 11-13 dBm. 
The original LO stage could only deliver approximately 4-5 dBm or so at 5.3 GHz. An 
external Mini-Circuits ZX60-14012l amplifier was for that reason fitted between the output of 
the LO stage and the LO input port of the front-end stage resolve the problem.  

The ZX60-14012l  amplifier uses female SMA connectors and has a total bandwidth of 300 
KHz – 14 GHz with a peak gain of 12.5 dB at around 4-6 GHz. With the new amplifier fitted 
and the ADF4355-3 output power reduced (digitally) to -1 dBm, a new LO output at 
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approximately 11.5 dBm was achieved. This did solve the problem, the mixer started to 
operate properly and produce a strong IF at 480 MHz.  

In hindsight, it should have been obvious that the mixer would fail to operate properly using 
a LO at 4-5 dBm. The HMC218BMS8E is a passive double-balanced ring diode mixer. 
Without enough LO power, the diodes inside mixer cannot switch properly.  

3.7.3 FM Demodulator Tuning 
When implemented, the internal oscillator of the TDA8730 PLL FM demodulator turned out 

to oscillate at around 420 MHz rather than 479.5 MHz. The reason is unknown, perhaps due 
to parasitic capacitance in the RO4360G2 laminate, tolerances in varactor diode or any other 
reactive components forming the resonant circuit. To tune the oscillator however, the 3.5 pF 
capacitor in parallel with the varactor diode shown in Figure 3.45 (b) was replaced with 
asmaller value.     

3.7.4 De-emphasis Tuning 
During initial testing of the complete video receiver system, it was evident that the receiver 
had some problems with its chrominance and PAL sync signals as shown in Figure 3.42.  

 

Figure 3.42: : Loss of chrominance vertical and horizontal sync. 

The Foxtech monitor that is used to display the received composite video signal did not 
seem to be able to keep a steady video frame for more than a few seconds. The video signal 
would intermittently start to roll across the screen, both vertically and horizontally. In 
addition, the color (chrominance) signal seemed to be absent, or at least very dim.  

The proximity of the receiver and transmitter was experimented with in an attempt to 
alleviate the problems, however to no avail. The transmitter and receiver were also placed 
inside a semi-anechoic antenna chamber to eliminate interference issues. This did not seem to 
affect the problems either. 

Sync artifacts 
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Since it seemed to be a problem related to poor sync pulses, a custom 75 Ω RCA load 
adapter was made so that the composite video output from the FM demodulator stage could be 
examined using an oscilloscope with a high impedance probe. Unfortunately no data was 
stored from this measurement. This measurement did however point towards the frequency 
response of the de-emphasis filter. 

After several trial-and-error attempts, the 100 Ω PRL4 resistor shown in Figure 3.40, was 
replaced with a smaller 20 Ω resistor. This had the effect of flattening the response and 
increasing power at the low to mid frequency range of the video signal. After replacing this 
resistor, issues regarding color and sync pulses disappeared.    

The responses of original and modified de-emphasis network and audio sub-carrier rejection 
filter were simulated in ADS. A plot showing the result of the forward transmission (S21) 
simulation of this circuit is shown in Figure 3.43. The old response and new response is with 
the PRL4 resistor set to 100 Ω and 20 Ω respectively.  

 

 

Figure 3.43: Simulated responses of the de-emphasis and audio sub-carrier rejection filter. 
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4 Results 
Characterization measurements of the PBS and video receiver system are presented in 

section. Receiver tuning and problems specified in Section 3.7 were resolved prior to 
measurements presented in this section.  

4.1 PBS Transmitter   
Frequency-domain measurements of the PBS were conducted to characterize its 

performance in terms of FM sidebands and output power. Measurements were conducted 
using a 26.5 GHz Agilent E4408B spectrum analyser connected as shown in Figure 4.1. The 
output of the ImmersionRC transmitter antenna port was connected to the spectrum analyser 
using a 58 dB SMA attenuator and a DC-block. These components were used to avoid 
overloading the spectrum analyzer.  

 

Figure 4.1: Measurement setup for the PBS. 

Two measurements were conducted with the ImmersionRC transmitter set to channel 2 
(5760 MHz). Left and right audio channels on the ImmersionRC transmitter were terminated 
to ground during both measurements. 

Without video input: 

A spectrum measurement with the video input terminated to ground is shown in 

Figure 4.2 (a). This measurement shows the main video FM carrier at 5760 MHz and its 
audio sub-carrier (un-modulated) spaced at ±6 and ±6.5 MHz on either side of the video 
carrier. The video carrier power is at approximately -37 dBm. The estimated power with 58 
dB attenuation subtracted from this measurement gives approximately +21 dBm (125 mW) of 
output power. This is significantly less than the specified 600 mW output power for the 
ImmersionRC transmitter. 

With video input: 

Measurement with a video input signal is shown in  
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Figure 4.2 (b). In this measurement, the ImmersionRC transmitter was connected to the PBS 
composite video camera. This measurement was conducted to induce the maximum FM 
deviation of the transmitter, i.e., to measure the bandwidth of the FM sidebands produced by 
PBS. The video camera was for that reason exposed to a wide range of light conditions with 
the spectrum anayzers detector set to sample maximum-hold. This measurement shows that 
FM sidebands occupy approximately 20 MHz of bandwidth. 

 

   

 

Figure 4.2: PBS output spectrums. (a): Un-modulated output. (b): Modulated output. 

4.2 LO Stage 
Measurements of the LO stage were conducted to evaluate its performance in terms of 

output power, frequency error and phase-noise. These measurements were performed with the 
LO stage connected to a 26.5 GHz Agilent E4407B spectrum analyzer. A 20 dB attenuator 
and a DC-block were used to protect the spectrum analyzer. The measurement setup is shown 
in Figure 4.3.  

 

Figure 4.3: Measurement setup for LO stage. 

4.2.1 LO Output Power and Frequency Error  
  Output power and frequency error measurements were performed with the LO stage 

configured to 5280 MHz. The narrow-band output generated by the LO stage is shown in 
Figure 4.4. The fundamental output power level is at approximately -12.86 dBm. If  20 dB of 
loss (attenuation) is subtracted from this measurement, it gives approximately +9 dBm at the 
output port of the LO stage. The measured frequency error of the LO stage is 72.32 kHz 
above the intended output frequency for LO channel 2.  

(a)                                                          (b) 
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                                               Figure 4.4: Narrow-band spectrum of LO stage. 

 

4.2.2 Phase-noise Estimation  
A phase-noise estimation of the LO stage was performed with the Agilent E4407B spectrum 

analyzer set to a resolution bandwidth (RBW) of 1 Hz. Narrow-band measurements shown in 
Figure 4.5 were sampled using the maximum-hold detector setting on the E4407B. 

 

Figure 4.5: Maximum-hold sweep across 140 kHz with 1 Hz RBW. 

Data points from the measurement were then exported and post-processed in Matlab to 
estimate the phase-noise of the LO stage in terms of dBc/Hz. The post-processing was 
performed by removing data points on the left hand side of the LO stage peak power level at 
5280.7232 MHz. The difference between the peak power level and the 0 dBm power level 
was then subtracted to remaining data points, to convert each remaining data point to units of 
dBc. The frequency of each sample was then converted to a base 10 logarithmic scale to 
examine the phase-noise close to the LO at 5280.7232 MHz. Figure 4.6. shows the post-
processed data at frequency offsets from 1 kHz to 100 kHz.  
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Figure 4.6: Estimated phase-noise across 1 kHz to 100 kHz. 

4.3 Receiver Front-end 
The purpose of the receiver front-end stage is to pre-select, amplify and down-convert the 

FM signal transmitted by the PBS. To verify the operation - and to evaluate the performance 
in terms of input V.S. output power, a measurement of the front-end stage was performed as 
shown in Figure 4.7. In this measurement, the ImmersionRC transmitter was connected 
directly to the front-end stage using a 58 dB attenuator. The LO stage was attached to the LO 
port of the front-end stage to provide LO signal to its mixer. Output frequencies of the 
ImmersionRC and LO stage were set to 5760 MHz and 5280 MHz (channel 2). Audio and 
video inputs on the ImmersionRC transmitter were terminated to ground. 

Un-modulated ImmersionRC signals are compared before and after down-conversion in 
Figure 4.8 (a) andFigure 4.8 (b). The power level at the input of the front-end stage is 
approximately -37 dBm at 5760 MHz. After it has been down-converted to IF at 480 MHz, 
the power level is at around -35 dBm, giving the front-end stage a gain of 2 dB. Although the 
front-end stage is exited at a moderately low power level, there seems to be no unwanted IMD 
products above -82 dBm at the 480 MHz IF.  

 

Figure 4.7: Measurement setup used for the front-end stage. 
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Figure 4.8: Front-end stage. (a) Input signal. (b) Down-converted output signal. 

4.4 Receiver Dynamic Range and Sensitivity 
The receiver system is designed for input signals at -90 to -30 dBm. To characterize the 

dynamic range of the receiver system, each stage was connected as shown in Figure 4.9. A 
Rohde & Schwarz SMIQ 06B vector signal generator, set to 5760 MHz, was connected to the 
receiver front-end stage. The output of the IF stage was connected to an Agilent E4408B 
spectrum analyser. Two DC-block adapters were fitted to avoid damaging measurement 
equipment. The LO stage was set to 5280 MHz (channel 2) for down-conversion to IF to 480 
MHz. The Rohde & Schwarz SMIQ 06B was set to discrete power levels from -100 to -30 
dBm. The peak output power at the IF stage was measured for each input power level using 
the E4407B spectrum analyzer. A total of 36 peak measurements were collected and post-
processed on Matlab to plot the input power level response. Receiver input V.S. IF output 
power is shown in Figure 4.10. The FM demodulator stage can operate down to 
approximately -40 dBm.  

 

Figure 4.9: Dynamic range measurement setup. 

(b)                                                           (b) 
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Figure 4.10: Dynamic range measurement. 

 



  5 Conclusion 
 
 

63 
 

  

5 Conclusion 
The goal of this master thesis project was to design a build a fully working superheterodyne 

video receiver system operating at the 5.8 GHz ISM-band. The final video receiver did work 
as expected.  

5.1  Future Work 
The final receiver system did work as desired. There is however a few design changes that 

could be implemented to improve its performance significantly: 

 The AGC circuit on the IF stage was designed to have a 60 dB control range at 480 
MHz. Measurements did however show that the practical control range of the AGC 
circuit is limited to approximately 35 dB. It is possible that the control range of the 
AGC can be substantially improved with additional tuning of its feedback circuit.   
 

 Parasitics on the FM demodulator stage PCB seems to cause a lower the cut-off 
frequency of the audio sub-carrier reject filter. This is causing distortion of the PAL 
video signal. It would probably be a good idea to replace lumped components in this 
filter with crystal or other higher Q factor components. 
 

 The pre-select filter was design to reject out of band signal exclusively. In hindsight, 
it would not have been difficult to move the lower cut-off frequency of the pre-select 
above possible image frequencies at 4.9 GHz. 
 

 It is possible that the phase-noise performance of the ADF4355-3 PLL frequency 
synthesizer can be improved by reducing its loop-filter bandwidth. 
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