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ABSTRACT 

The Digital European Cordless Telecommunications (DECT) standard defines a high 

performance digital communications system for two-way transfer of speech and data 

information. This thesis is concerned with the development of a frequency hopping 

Spread spectrum transceiver based on the DECT radio frequency (RF) front end, and fully 

compliant with FCC Part 15 rules for transmissions in the 902-928 MHz ISM band. A 

theoretical design of a slow frequency hopper (SFH) based on an existing DECT RF front 

end and a custom designed system controller was developed. An innovative FH 

synchronization technique that eliminates the need for a separate FH tracking loop and can 

be implemented completely at baseband was designed. The practicality of the design was 

verified through extensive simulations. The SFH design was then implemented in 

prototype hardware using a digital signal processor acting as the system controller and 

using the DECT RF front end. Results show that the existing DECT physical layer can be 

successfully modified for spread spectrum transmissions in the ISM band fully compliant 

with FCC regulations.
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Chapter1: Frequency Hopping Spread Spectrum Radic - Introduction 

Chapter 1 

Introduction 

1.1 Introduction 

Portable (cordless) radio telephone communication systems are used extensively 

today. Cordless telecommunications have been recognized to complement mobile radio 

telephony in many areas of applications. The first generation cordless telephone systems 

were analog Frequency Modulation (FM) systems with limited range and no multiple 

access capability. Today’s cordless systems are fully digital and provide more and better 

services than conventional analog cordless systems. 

The Digital European Cordless Telecommunications (DECT) standard [1] defines a 

high performance wireless communications system suitable for the two-way transfer of 

voice, data and video information. DECT is a Frequency Division Multiple Access 

(FDMA), Time Division Multiple Access (TDMA), Time Division Duplexed (TDD) 

multi-purpose telecommunication system based on low power, portable telephones (or 

data terminals) that access a fixed micro-cellular infrastructure. An effective range of up 

to 100 meters is possible indoors, 300 meters outdoors. DECT is designed to provide full, 

on site, mobile telecommunications for both voice and data services. 
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Chapter1: Frequency Hopping Spread Spectrum Radio - Introduction 

The objective of this thesis is to study the DECT system, model one of its 

implementations, and finally devise a transceiver design for portable communications that 

would enable the system to operate in the 902-928 MHz ISM band. The 902 - 928 MHz 

band has been assigned, on a non-protected basis, to unlicensed spread spectrum devices 

subject to constraints outlined in the FCC Part 15.247 specifications [2]. The rules allow 

for the transmissions of Direct Sequence, Frequency Hopping, and hybrid combinations of 

both. 

Since transmissions in the ISM band have to be spread spectrum for unlicensed 

operation, this calls for the design of a spread spectrum transceiver compliant with FCC 

Part 15 rules, and which makes use of the existing DECT radio frequency front end. The 

DECT implementation used for this thesis is based on the implementation by National 

Semiconductor Corporation (NSC). The entire DECT physical layer has been extensively 

modeled and simulated using the Signal Processing WorkSystem (SPW), which is a 

popular simulation environment. A study of the different spread spectrum techniques and 

their suitability for implementation using the DECT RF front end was then carried out. 

The spread spectrum technique chosen is packet-based slow frequency hopping (SFH) 

with each data frame transmitted on a different carrier frequency. 

Slow frequency hopped portable systems have a number of advantages over non- 

hopped systems: 

1. Since the system is designed to be a portable cordless transceiver, the channel can be 

frequency selective and fairly static, and in this situation SFH provides a form of 

frequency diversity through exploitation of frequency selectivity over the given bandwidth 

(of 26 MHz). The fading process is decorrelated from hop to hop over the duration of long 

fades [3]. This highlights the advantage of the SFH system, which is able to sample a 

number of channels, over a non-hopped system, which if assigned a poor channel, would 

experience a prolonged period of unsatisfactory performance. 
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Chapter1: Frequency Hopping Spread Spectrum Radio - Introduction 

2. In a multi-user environment, the intercell co-channel interference is sampled rather than 

summed. Hence there is no danger of a single rogue user disrupting an entire cell. This 

interference reduction effect has been termed interferer diversity. Interference diversity 

causes the interference experienced by any user to be reduced since the interference 

experienced by the user comes not from a single dominant interferer, but rather from the 

aggregate of all users, each sampled one at a time. 

3. The hardware architecture of the DECT system makes it more amenable to implement a 

slow frequency hopper. 

A theoretical design of the SFH system based on the DECT RF front end was developed. 

The SPW models developed for the DECT system were then suitably modified to model 

and simulate the SFH system. Once the simulations verified the practicality of the design, 

the SFH transceiver was then implemented in prototype form. One of the main challenges 

in the design of the SFH system was the development of a simple, rapid, and robust 

frequency hop synchronization technique. An innovative SFH synchronization technique 

has been developed that permits its implementation entirely at baseband and in software. 

The flexibility of this (software) approach is that the (synchronization) algorithm can be 

modified or even changed without any (major) hardware modifications. In addition, this 

synchronization technique eliminates a separate tracking loop for FH synchronization. 

Instead, the existing DECT bit timing recovery loop is also used as the FH tracking loop, 

and this results in a significant saving in terms of the implementation complexity. 

1.2 Format of the Thesis 

The thesis is organized as follows: 

Chapter 2 describes the technical details of the physical layer of the DECT system 
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Chapter1: Frequency Hopping Spread Spectrum Radio - Introduction 

and National Semiconductor’s implementation of a DECT transceiver. 

Chapter 3 deals with the issues associated with the design of the frequency hop 

spread spectrum transceiver in detail. 

Chapter 4 details the Signal Processing Workstation (SPW) modeling of the 

frequency hopping radio based upon the DECT RF front end. 

Chapter 5 details the hardware implementation of the frequency hopping radio. The 

hardware interface between the DECT RF front end and the Analog Devices AD-2111/ 

AD-21020 DSP development systems that serve as the burst mode controllers is discussed 

in detail. The software that controls the scheduling of the various housekeeping jobs and 

the frequency management algorithms is detailed. 

Chapter 6 details the simulation results obtained from SPW. 

Chapter 7 summarizes the results of this work and also details how the transceiver 

can be further improved and expanded to include more modes of operation. 
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Chapter2: Frequency Hopping Spread Spectrum Radio - The DECT System 

Chapter 2 

The Digital European Cordless Telecommunicati- 

ons System 

2.1 Introduction to the DECT System 

The Digital European Cordless Telecommunications (DECT) standard was defined 

by the European Telecommunications Standards Institute (ETSI). The DECT standard 

defines a high performance wireless communications system suitable for the two-way 

transfer of voice, data and video information. DECT is a multi-purpose telecommunica- 

tion system based on low power, portable telephones (or data terminals) that access a fixed 

micro-cellular infrastructure. The DECT system is a microcellular system with cell sizes 

ranging from 50 to 300 meters in diameter. The DECT standard is extremely robust, and 

when configured in a multi-cell configuration, the handsets are able to roam throughout an 

area and maintain continuous connectivity during the call. This is possible due to the 

mobile directed cell to cell handoff capability built into the DECT standard. The Generic 

Access Protocol (GAP) specification allows interoperability between handsets and base 

stations manufactured by different companies. The DECT system was originally designed 
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Chapter2: Frequency Hopping Spread Spectrum Radio - The DECT System 

for the cordless telephone segment, and in this regard was designed for the transmission of 

Adaptive Differential Pulse Code Modulation digitized speech data at 32 kbps. Since 

then, applications for DECT have evolved and some of the more recent ones include wire- 

less PBX for business, wireless local area networks, and wireless local loops. 

2.1.1 Applications 

A wide number of applications for the DECT system have developed over the years. 

Some of the more important ones [4] are discussed below : 

2.1.1.1 Wireless Private Branch Exchange (WPBX) 

WPBXs will significantly enhance business communications. One of the most valu- 

able features of a DECT WPBX is a roaming capability and seamless hand-over between 

cells. This means that a user may move freely throughout a building or a campus while 

maintaining uninterrupted phone connections. Dynamic channel allocations greatly sim- 

plify the installation of base stations throughout the site since the need for complex fre- 

quency planning is eliminated. 

2.1.1.2 Residential DECT Cordless Telephones 

The current generation of cordless telephones suffers from poor voice quality, lack 

of privacy, interference and limited range. The DECT standard provides a much higher 

level of quality through the use of digitized voice. Privacy is guaranteed by the use of 

sophisticated encryption techniques. In addition, the DECT access scheme allows a single 

base station to serve up to 12 cordless extensions throughout the home simultaneously. 

They are also expected to be less expensive than current systems. 
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2.1.1.3 Wireless DECT Local Area Networks (WLANs) 

WLANs will remove the limitations of current LANs. WLANs will allow multiple 

laptop or palmtop computers to coordinate and collaborate on common projects indepen- 

dent of their physical location. DECT’s high throughput and built-in data and networking 

capability, coupled with seamless hand-over, makes it ideal for WLANs and for applica- 

tions such as batch file transfers, real time file access, and remote terminal service. 

2.1.1.4 Wireless Local Loop 

In places where the telecommunications infrastructure is relatively undeveloped, the 

use of radio links to replace the copper links is an attractive alternative for providing sub- 

scribers fast and low cost links. 

2.2 Details of the Physical Layer of the DECT System 

The DECT system is based on a microcellular system architecture, with cell sizes 

ranging from 50 to 300 meters in diameter. Ten radio carrier frequencies in the 1.88-1.90 

GHz band, each 1.728 MHz wide, carry 12 full duplex channels organized in a Time Divi- 

sion Multiplex, Time Division Duplex (TDM/TDD) manner [5][6]. Figure 2.1 shows the 

structure of the DECT frame. The entire frame is 10 ms in duration, with a 5 ms transmit 

and a 5 ms receive sub-frame. Each sub-frame is divided into 12 time slots, each contain- 

ing 480 bits for a total duration of 415.67 microseconds. The DECT specifications are 

detailed in Table 2.1. 
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<a TDMA/TDD Frame (10 ms, 11520 bits) ———_ > 

~a— Radio Fixed Part Transmit —? <— Portable Part Transmit 
  

0]/1}/---—----- lifo}]1}/---—-——-- 11 

ee 
                  

  

Preamble | Sync Control RCRC Data Field | XCRC | Z Field | Guard 

16 Bits | 16 Bits 48 Bits 16 Bits 320 Bits 4 Bits                     

    
—_ its 

~< Full Slot (480 bits, 415.67 microsecs) 60 Bits “> 

Figure 2.1 Slot and Frame Structure of the DECT System 

Table 2.1 Technical Specifications of the DECT System 

  

  

  

Parameters Specification 

Access TDMA/TDD & FDMA 

RF Channels 0: 1.897344 GHz 

9: 1.881792 GHz 

  

  

  

  

Number of RF Channels 10 

Channel Spacing 1.728 MHz 

Peak Transmitted Power 250 milliwatts 

Frequency Accuracy 50 KHz         
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Parameters Specification 

Synthesizer Switching Base Station : 30 usecs 

Speed Handset : 450 psecs 

Frame Length 10 milliseconds 

Modulation GMSK 

Data Rate 1.152 Mbps 

FM Deviation 288 KHz 

Baseband Filter Gaussian BT = 0.5 

Speech Codec ADPCM @ 32 Kbps         
2.3 General Implementation of the DECT System 

Figure 2.2 shows the general block diagram of the DECT transmitter. Figure 2.3 

shows the block diagram of the DECT receiver [7]. Speech is sampled at 8 KHz, and dig- 

itized using an ADPCM codec at 32 kbps. A transmit frame is constructed by the burst 

mode controller and the resulting frame is then sent to the gaussian filter for pulse shaping 

in the proper time slot. The burst mode controller simultaneously programs the frequency 

sythesizer for the desired RF channel. Gaussian Minimum Shift Keying (GMSK) modula- 

tion is then carried out. The RF signal is then sent to the power amplifier, and finally 

through the final bandpass filter to attenuate out of band spectral energy before being fed 

to the antenna. The receiver at the proper time (after timing synchronization has been 

achieved) switches the antenna output to the Low Noise Amplifier (LNA). After the 

received signal voltage has been amplified by the LNA, the RF signal is downconverted to 

an Intermediate Frequency (IF), which for DECT has been specified to be 110.592 MHz. 
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The output of the mixer is then filtered by the IF bandpass filter to remove the image fre- 

quencies before being demodulated at the IF by a Limiter-Discriminator. The output of 

the demodulator is then lowpass filtered to recover the baseband data signal. The analog 

baseband signal is then shaped into a Non-Return to Zero (NRZ) digital signal before 

being sent to the burst mode controller where the header and the control information are 

stripped from the received signal. The digitized speech data 1s then buffered and fed to the 

ADPCM codec for reconstruction of the speech signal. 

  
      

              
          

  

      

        

                        

  

ADPCM Gaussian GMSK Power 
Speech Codec Filter Modulator Amplifier te Antenna 

Frequency 

Synthesizer 

Figure 2.2 Block Diagram of the DECT Transmitter 

; RF IF GMSK Baseband 
From |. Filter x Filter Demodulator Processor To 

Antenna CODEC 

Frequency 

Synthesizer       

Figure 2.3 Block Diagram of the DECT Receiver 
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2.4 National Semiconductor Implementation of the DECT Sys- 

tem 

National Semiconductor’s solution for the DECT system makes use of a direct con- 

version transmitter and a single conversion limiter discriminator receiver [8][9]. The 

entire transceiver can be implemented using four National chips along with a few other 

basic components. The four National Semiconductor integrated circuits which form the 

basis of the DECT transceiver are 

1. LMX2411 Baseband Processor. 

2. LMX2315 Phase Locked Loop. 

3. LMX2240 IF Limiter Discriminator. 

4. LMX2216 Low Noise Amplifier. 

The block diagram of the NSC implementation is shown in Figure 2.4. 

2.4.1 Transmitter 

The transmitter essentially consists of the speech CODEC, gaussian filter, the FM 

modulator, and the RF power amplifier. 

2.4.1.1 Gaussian Filter 

The transmit frame is constructed by the burst controller using the digitized speech 

samples from an external ADPCM speech CODEC. The data bits are then fed to the 

LMX2411 baseband processor [10][11] through the TX_Data input pin. The transmit por- 

tion of the LMX2411 serves as a pulse shaper for the input serial data, delivering a gauss- 

ian filtered data stream capable of modulating a VCO directly to create the GMSK signal. 

The LMX2411 uses a mask-programmable Read-Only Memory (ROM) look-up table to 
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Chapter2: Frequency Hopping Spread Spectrum Radio - The DECT System 

construct the data pulse response of the gaussian filter. The gaussian filter ROM DAC uses 

a three bit memory to represent the filter’s pulse response. The result is an effective 3 bit 

time delay from input of the first bit to the time when that bit is actually output from the 

filter. When using the LMX2411 transmit section, the bits must be sent two bit times 

before they are seen at the antenna to account for this small delay in the ROM DAC. 

There is also a half bit delay to allow the LMX2411 to sample the data near the center of 

the data bit. Also, the end of the information data stream must be padded by three data 

bits to push the last data bit through the filter. Finally, it should be noted that after the 

TX_PD pin goes LOW, the ROM filter output will be at the mid-band voltage until the first 

edge of TX_Data, which is used for synchronizing the internal clock with the transmitted 

clock. For DECT, this filter has a bandwidth of half the input bit rate (BT=0.5). Three 

different system clocks selected by two external pins can be used with the ROM based fil- 

ter. These pins (ROM Sell & 2) choose the desired oversampling clock. The oversam- 

pling clocks used are 6X, 8X and 9X. The output of the ROM addresses an 8 bit voltage 

mode digital to analog converter (DAC). 

2.4.1.2 FM Modulator 

The output of the DAC of the LMX2411 Baseband Processor is used to modulate 

directly the VCO of the LMX2315 PLL [12]. There are several techniques that can be 

used to modulate a VCO directly. The most common are modulation “in the loop” and 

modulation “over the loop” [13]. Modulation in the loop can be used when the output sig- 

nal is narrowband with respect to the loop filter, and modulation over the loop can be used 

when the time required to switch frequencies is relatively long. Neither of these condi- 

tions are valid for the DECT system. The lock times of the phase locked loop must be 

very fast (about 30 microseconds) and the output signal is much wider than the loop filter 

bandwidth. National’s solution is to use a technique called “open loop modulation.” In 

open loop modulation, the PLL loop is actually opened for a brief period to allow the mod- 

ulation to occur. When transmission is required, the loop is closed to lock the VCO to the 
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desired carrier frequency. The modulating signal is then turned on, and the loop remains 

closed to re-lock to the center frequency. The modulating voltage is then added to the loop 

filter voltage (the voltage required to maintain the VCO at the desired center frequency) at 

either a modulation port or a tuning port. The loop is then opened and the modulation 

occurs. Once the modulation is finished, the loop is closed again, and the PLL can be 

tuned to the receive frequency. This technique can be used since the DECT transmissions 

are bursty in nature, thus allowing PLL loop to be opened and closed as required. There 

are some elements of open loop modulation that can limit performance. Some of the main 

ones include frequency pushing, load pulling, and frequency drift. Frequency pushing is 

normally described as a change in the VCO output frequency caused by a change in the 

supply voltage. Load pulling is a change in the VCO output frequency caused by a change 

in the load that the VCO output buffer sees. Frequency drift can be caused by RF coupling 

or by droop in the VCO tuning voltage. Droop in the VCO tuning voltage can be caused 

by leakage from the PLL charge pump, the loop filter components, or the VCO’s tuning 

varactor. The PLL is rated to 2.0 GHz operation and the VCO used is about 130 MHz 

wide. The PLL is optimized for fast lock times. 

2.4.2 Receiver 

The receiver essentially consists of a front end RF filter, a low noise amplifier/mixer, 

an IF limiter discriminator, a baseband lowpass filter, and a baseband processor to reshape 

the pulses, provide DC compensation, and recover timing information. 

2.4.2.1 Front End RF Filter 

The front end RF filter is a ceramic bandpass filter with a passband from 1.88-1.90 

GHz. Any commercially available RF filter meeting the bandpass specifications can be 

used. 
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2.4.2.2 LNA/Mixer 

The LNA/Mixer ts implemented by the LMX2216 [14]. The LMX2216 is a low 

voltage and bias current device. The mixer used is based on the Gilbert cell structure, 

which has highly desirable characteristics in terms of the isolation, and the harmonic sup- 

pression due to its balanced structure. 

2.4.2.3 IF Filter 

The output of the mixer is then filtered by the IF bandpass filter to eliminate the dou- 

ble frequency terms and higher harmonics generated by the mixing operation. The IF fil- 

ter used is a SAW filter with a center pass frequency of 110.592 MHz. 

2.4.2.4 IF Limiter-Discriminator 

NSC’s DECT implementation uses an IF based limiter discriminator to demodulate 

the GMSK signal [15][16]. There are two types of discriminators that can be used to 

demodulate FM signals. The first is a delay line discriminator, which uses a delay in one 

path of the received signal to introduce a phase difference between it and the received sig- 

nal. The operation of the delay line discriminator is derived as follows [17]: 

Assume that the FM modulated signal can be expressed as 

S(t) = cos(@ f+ m(t)) (2.1) 

t 

where m(t) = m | b(t)dt and b(t) is the modulating baseband signal. The constant m is 

—oO 

defined as m = 2AfT b> where Af is the frequency deviation constant and 7 b is the bit 

period. The signal S(t) must be delayed by some Tt so that 
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I(t) = S(t+t) = cos(@ (+t) + m(t+7)) (2.2) 

If the delay t is such that 

poor 1 — 

Oot = Zant sn = 0,1, 2,... (2.3) 

then 

S(t+t) = sin(@ t+ m(t+7)) (2.4) 

Multiplying (2.1) and (2.2), we get 

S(f)I(t) = cos(@ (1) + m(t))sin(@ (2) +m(t+T)) (2.5) 

= Ssin(2o.¢ + m(t)-+ m(t+ 1) +5 sin(m(e+ t)—m()) (2.7) 

The double frequency component can be filtered off with a lowpass filter. If t is 

kept small, then 

5 Sin(m(¢+ 1) —m(t)) = 5[m(2 +t) —m(0)] (2.8) 

met? 71 f = 5 { b(t)a(t) — 5 [ bat) (2.9) 

(t+T) 
=5 [  b(t)at (2.10) 

t 

nM ~ 5 1b(t) (2.11) 

Therefore the object of a delay line is to maximize the delay while retaining the 

approximations necessary to satisfy (2.3), t< 0.1T b: 

The second type of discriminator relies on a quadrature tank to introduce directly a 

phase shift in the received signal. A quadrature is produced by passing the FM signal 

through a capacitor connected in series with a parallel resonant circuit that is tuned to the 
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carrier frequency. The series capacitance produces a 90 degree phase shift, and the reso- 

nant circuit produces an additional phase shift proportional to the instantaneous frequency 

deviation from the carrier frequency. The operation of the quadrature discriminator is 

derived as follows : 

The FM signal can be expressed as 

S(t) = cos(@ t+ m(t)) (2.12) 

and the quadrature signal as 

  I(t) = K, sin( o,f + m(t) KO) (2.13) 

where K, and K> are constants that depend upon the component values used in the series 

capacitor and the parallel resonant circuit. These two signals are multiplied together to 

produce the output signal, which after lowpass filtering can be expressed as 

  
_ 1 , dm(t) 

V out) = 5K sin[K, Hh (2.14) 

dm(t) ; , , 
For K> and a sufficiently small, sin(x) ~ x, and the output can be written [18] as 

! 
V outh)) = 5K | Kymbl) (2.15) 

The discriminator operates best when the inputs to it are hard limited. If the input 

signal is small enough such that the IF amplifier cannot limit it, the limiter output voltage 

swing will suffer. The two inputs to the discriminator can have different peak to peak volt- 

age swings as long as both are over the minimum limit for the discriminator. This allows 

some insertion loss for the quadrature tank circuit. The quadrature circuit can also affect 

the discriminator output voltage swing. The discriminator output voltage swing specified 

assumes perfect quadrature at the frequency of interest. Practically, this is not possible. 

This is in part due to the high frequency of the IF and the proportionally very narrow band- 

width of the desired signal, thus making the quadrature circuit difficult to construct. With 
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�i�n�t�e�r�n�a�l� �a�n�a�l�o�g� �D�C� �c�o�m�p�e�n�s�a�t�i�o�n� �c�i�r�c�u�i�t� �i�s� �d�e�s�i�g�n�e�d� �t�o� �p�r�o�v�i�d�e� �a� �s�i�m�p�l�e� �y�e�t� �a�c�c�u�r�a�t�e� �w�a�y� 

�t�o� �t�r�a�c�k� �a�n�d� �c�o�r�r�e�c�t� �t�h�e� �e�f�f�e�c�t�s� �o�f� �D�C� �d�r�i�f�t� �d�u�e� �t�o� �c�e�n�t�e�r� �c�a�r�r�i�e�r� �d�r�i�f�t�.� �T�h�i�s� �l�o�o�p� �p�r�o�v�i�d�e�s� 

�a�n� �a�c�c�u�r�a�t�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �c�e�n�t�e�r� �v�o�l�t�a�g�e� �o�f� �t�h�e� �r�e�c�e�i�v�e�d� �s�i�g�n�a�l�.� �H�e�r�e�,� �t�h�e� �r�e�c�e�i�v�e�d� 

�d�e�m�o�d�u�l�a�t�e�d� �s�i�g�n�a�l� �i�s� �i�n�p�u�t� �t�o� �a� �s�a�m�p�l�e� �a�n�d� �h�o�l�d� �(�S� �&� �H�)� �b�u�f�f�e�r� �a�m�p�l�i�f�i�e�r�.� �T�h�e� �S� �&� �H� �c�i�r�-� 

�c�u�i�t� �a�l�l�o�w�s� �a� �s�i�n�g�l�e� �R�C� �f�i�l�t�e�r� �t�o� �a�v�e�r�a�g�e� �t�h�e� �D�C� �v�a�l�u�e� �o�f� �t�h�e� �r�e�c�e�i�v�e�d� �s�i�g�n�a�l� �w�i�t�h�o�u�t� �d�i�s�-� 

�t�o�r�t�i�n�g� �i�t�.� �T�h�e� �a�c�q�u�i�s�i�t�i�o�n� �t�i�m�e� �o�f� �t�h�e� �D�C� �c�o�m�p�e�n�s�a�t�i�o�n� �c�i�r�c�u�i�t� �f�r�o�m� �f�u�l�l� �d�i�s�c�h�a�r�g�e� �o�f� �t�h�e� 

�h�o�l�d� �c�a�p�a�c�i�t�o�r� �t�o� �a� �3�5�%� �d�u�t�y� �c�y�c�l�e� �i�s� �a�b�o�u�t� �3�7� �m�i�l�l�i�s�e�c�o�n�d�s�.� �T�h�i�s� �D�C� �v�a�l�u�e� �i�s� �c�o�n�n�e�c�t�e�d� 

�t�o� �t�h�e�  ��- �� �i�n�p�u�t� �o�f� �t�h�e� �c�o�m�p�a�r�a�t�o�r�.� 

�D�C� �c�o�m�p�e�n�s�a�t�i�o�n� �w�o�r�k�s� �a�s� �f�o�l�l�o�w�s�:� �W�h�e�n� �t�h�e� �D�E�C�T� �p�r�e�a�m�b�l�e� �s�t�a�r�t�s�,� �t�h�e� �C�M�O�S� 

�s�w�i�t�c�h� �o�f� �t�h�e� �s�a�m�p�l�e� �a�n�d� �h�o�l�d� �b�u�f�f�e�r� �i�s� �c�l�o�s�e�d�,� �a�l�l�o�w�i�n�g� �t�h�e� �h�o�l�d� �c�a�p�a�c�i�t�o�r� �t�o� �c�h�a�r�g�e� �u�p� �t�o� 

�t�h�e� �m�e�a�n� �D�C� �v�a�l�u�e� �o�f� �t�h�e� �d�e�m�o�d�u�l�a�t�e�d� �s�i�g�n�a�l�.� �W�h�e�n� �t�h�e� �p�r�e�a�m�b�l�e� �i�s� �o�v�e�r�,� �t�h�e� �s�w�i�t�c�h� �i�s� 

�o�p�e�n�e�d� �a�n�d� �t�h�e� �t�h�r�e�s�h�o�l�d� �v�o�l�t�a�g�e� �i�s� �h�e�l�d� �u�n�t�i�l� �t�h�e� �n�e�x�t� �b�u�r�s�t�.� �T�h�i�s� �s�o�l�u�t�i�o�n� �a�v�o�i�d�s� �t�h�e� 

�p�r�o�b�l�e�m� �o�f� �l�o�n�g� �s�t�r�i�n�g�s� �o�f� �1 ��s� �a�n�d� �0 ��s� �t�h�a�t� �c�o�n�v�e�n�t�i�o�n�a�l� �a�v�e�r�a�g�i�n�g� �c�i�r�c�u�i�t�s� �h�a�v�e�,� �w�h�i�l�e� �s�t�i�l�l� 

�r�e�a�c�t�i�n�g� �q�u�i�c�k�l�y� �t�o� �a�c�q�u�i�r�e� �t�h�e� �p�r�o�p�e�r� �D�C� �a�v�e�r�a�g�e� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �a� �b�u�r�s�t�.� 

�2�.�4�.�2�.�7� �S�y�m�b�o�l� �T�i�m�i�n�g� �R�e�c�o�v�e�r�y� 

�N�a�t�i�o�n�a�l� �S�e�m�i�c�o�n�d�u�c�t�o�r� �d�o�e�s� �n�o�t� �h�a�v�e� �a� �c�u�s�t�o�m� �s�o�l�u�t�i�o�n�,� �a�n�d� �t�h�e� �s�y�m�b�o�l� �t�i�m�i�n�g� 

�P�a�g�e� �1�9



�C�h�a�p�t�e�r�2�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �T�h�e� �D�E�C�T� �S�y�s�t�e�m� 

�r�e�c�o�v�e�r�y� �b�l�o�c�k� �i�s� �u�s�u�a�l�l�y� �i�m�p�l�e�m�e�n�t�e�d� �u�s�i�n�g� �t�h�e� �s�q�u�a�r�i�n�g� �l�o�o�p� �[�1�9�]�.� �T�h�e� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� 

�s�y�m�b�o�l� �t�i�m�i�n�g� �r�e�c�o�v�e�r�y� �c�i�r�c�u�i�t� �i�s� �t�o� �e�x�t�r�a�c�t� �t�h�e� �f�r�e�q�u�e�n�c�y� �a�n�d� �p�h�a�s�e� �o�f� �t�h�e� �t�r�a�n�s�m�i�t�t�e�r�s �� 

�d�a�t�a� �c�l�o�c�k�.� �T�h�e� �t�i�m�i�n�g� �r�e�c�o�v�e�r�y� �s�c�h�e�m�e� �m�u�s�t� �a�l�s�o� �a�c�c�o�u�n�t� �f�o�r� �d�e�l�a�y�s� �e�n�c�o�u�n�t�e�r�e�d� �o�v�e�r� 

�t�h�e� �c�h�a�n�n�e�l� �a�n�d� �w�i�t�h�i�n� �t�h�e� �t�r�a�n�s�m�i�t�t�e�r� �a�n�d� �r�e�c�e�i�v�e�r� �h�a�r�d�w�a�r�e�.� �T�h�e� �r�e�c�o�v�e�r�e�d� �c�l�o�c�k� �i�s� 

�n�e�v�e�r� �i�d�e�a�l�,� �a�n�d� �t�h�e� �e�r�r�o�r� �i�t� �c�a�u�s�e�s� �m�a�n�i�f�e�s�t�s� �i�t�s�e�l�f� �i�n� �t�h�e� �f�o�r�m� �o�f� �j�i�t�t�e�r�.� �T�i�m�i�n�g� �j�i�t�t�e�r� �i�s� 

�u�s�u�a�l�l�y� �d�o�m�i�n�a�t�e�d� �b�y� �t�h�e� �f�o�l�l�o�w�i�n�g� �[�2�0�]�:� 

�1�.� �P�a�t�t�e�r�n� �n�o�i�s�e� �w�h�i�c�h� �i�s� �d�a�t�a� �d�e�p�e�n�d�e�n�t� �a�n�d� �c�a�u�s�e�d� �b�y� �t�h�e� �i�n�t�e�r�s�y�m�b�o�l� �i�n�t�e�r�f�e�r�e�n�c�e� 

�p�r�e�s�e�n�t� �w�i�t�h�i�n� �t�h�e� �G�M�S�K� �s�i�g�n�a�l�.� �P�a�t�t�e�r�n� �n�o�i�s�e� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �B�T� �p�r�o�d�u�c�t�.� 

�2�.� �Z�e�r�o� �c�r�o�s�s�i�n�g� �j�i�t�t�e�r�,� �w�h�i�c�h� �i�s� �m�a�i�n�l�y� �c�a�u�s�e�d� �b�y� �t�h�e� �r�e�c�e�i�v�e�r� �I�F� �f�i�l�t�e�r�.� �Z�e�r�o� �c�r�o�s�s�i�n�g� �j�i�t�t�e�r� 

�i�n�c�r�e�a�s�e�s� �a�s� �t�h�e� �r�e�c�e�i�v�e�r� �I�F� �b�a�n�d�w�i�d�t�h� �d�e�c�r�e�a�s�e�s�.� �T�h�e� �j�i�t�t�e�r� �a�l�s�o� �i�n�c�r�e�a�s�e�s� �r�a�p�i�d�l�y� �a�s� �t�h�e� �I�F� 

�f�i�l�t�e�r� �g�r�o�u�p� �d�e�l�a�y� �d�e�v�i�a�t�e�s� �f�r�o�m� �a� �c�o�n�s�t�a�n�t�.� 

�3�.� �A�d�d�i�t�i�v�e� �n�o�i�s�e�,� �w�h�i�c�h� �i�s� �d�u�e� �t�o� �t�h�e� �r�e�c�e�i�v�e�r� �t�h�e�r�m�a�l� �n�o�i�s�e�.� �I�t�s� �i�m�p�a�c�t� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� 

�t�h�e� �r�e�c�e�i�v�e�d� �s�i�g�n�a�l� �l�e�v�e�l�.� 

�P�a�t�t�e�r�n� �n�o�i�s�e� �a�n�d� �z�e�r�o� �c�r�o�s�s�i�n�g� �j�i�t�t�e�r� �s�e�t� �a� �l�o�w�e�r� �b�o�u�n�d� �o�n� �t�h�e� �r�e�c�o�v�e�r�e�d� �c�l�o�c�k� �J�i�t�t�e�r�,� 

�r�e�g�a�r�d�l�e�s�s� �o�f� �t�h�e� �s�i�g�n�a�l� �s�t�r�e�n�g�t�h�.� �T�h�e� �s�i�g�n�a�l� �a�t� �t�h�e� �o�u�t�p�u�t� �o�f� �t�h�e� �d�i�s�c�r�i�m�i�n�a�t�o�r� �h�a�s� �a� �c�o�n�t�i�n�-� 

�u�o�u�s� �s�p�e�c�t�r�u�m� �a�n�d� �h�e�n�c�e� �c�a�n�n�o�t� �b�e� �d�i�r�e�c�t�l�y� �u�s�e�d� �f�o�r� �t�i�m�i�n�g� �r�e�c�o�v�e�r�y�.� �I�f� �t�h�e� �d�i�s�c�r�i�m�i�n�a�t�o�r� 

�o�u�t�p�u�t� �i�s� �a�p�p�l�i�e�d� �t�o� �a�n� �e�v�e�n� �o�r�d�e�r� �n�o�n�l�i�n�e�a�r�i�t�y�,� �t�h�e� �o�u�t�p�u�t� �o�f� �t�h�e� �n�o�n�l�i�n�e�a�r�i�t�y� �c�o�n�t�a�i�n�s� �a� 

�d�i�s�c�r�e�t�e� �c�o�m�p�o�n�e�n�t� �a�t� �t�h�e� �t�r�a�n�s�m�i�t�t�e�r� �c�l�o�c�k� �f�r�e�q�u�e�n�c�y�.� �T�h�e� �p�o�w�e�r� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �(�P�S�D�)� 

�a�t� �t�h�e� �o�u�t�p�u�t� �o�f� �t�h�e� �n�o�n�l�i�n�e�a�r�i�t�y� �c�o�n�t�a�i�n�s� �t�h�r�e�e� �c�o�m�p�o�n�e�n�t�s� �:� 

�1�.� �A� �D�C� �c�o�m�p�o�n�e�n�t� �t�h�a�t� �a�c�c�o�u�n�t�s� �f�o�r� �a�l�m�o�s�t� �h�a�l�f� �t�h�e� �t�o�t�a�l� �p�o�w�e�r�.� 

�2�.� �A� �d�i�s�c�r�e�t�e� �c�o�m�p�o�n�e�n�t� �a�t� �t�h�e� �d�a�t�a� �c�l�o�c�k� �f�r�e�q�u�e�n�c�y�.� 

�3�.� �A� �c�o�n�t�i�n�u�o�u�s� �c�o�m�p�o�n�e�n�t� �t�h�a�t� �i�s� �d�i�r�e�c�t�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� �r�e�c�e�i�v�e�d� �d�a�t�a� �p�a�t�t�e�r�n�.� 

�T�h�e� �d�i�s�c�r�e�t�e� �c�o�m�p�o�n�e�n�t� �a�t� �t�h�e� �d�a�t�a� �c�l�o�c�k� �f�r�e�q�u�e�n�c�y� �c�a�n� �t�h�e�n� �b�e� �f�i�l�t�e�r�e�d� �o�u�t�,� �t�o� �b�e� 

�u�s�e�d� �a�s� �t�h�e� �r�e�c�o�v�e�r�e�d� �c�l�o�c�k�.� 

�P�a�g�e� �2�0



�C�h�a�p�t�e�r�2�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �T�h�e� �D�E�C�T� �S�y�s�t�e�m� 

�O�n�e� �o�f� �t�h�e� �c�o�m�m�o�n� �i�m�p�l�e�m�e�n�t�a�t�i�o�n�s� �i�s� �t�h�e� �s�q�u�a�r�i�n�g� �l�o�o�p� �t�e�c�h�n�i�q�u�e�.� �I�n� �t�h�i�s� �t�e�c�h�-� 

�n�i�q�u�e�,� �t�h�e� �i�n�p�u�t� �s�i�g�n�a�l� �i�s� �d�e�l�a�y�e�d� �a�n�d� �t�h�e�n� �m�u�l�t�i�p�l�i�e�d� �b�y� �t�h�e� �s�i�g�n�a�l� �i�n� �t�h�e� �u�n�d�e�l�a�y�e�d� 

�b�r�a�n�c�h�.� �T�h�e� �o�u�t�p�u�t� �o�f� �t�h�e� �m�u�l�t�i�p�l�i�e�r� �c�a�n� �b�e� �r�e�p�r�e�s�e�n�t�e�d� �i�n� �a�n� �e�x�p�o�n�e�n�t�i�a�l� �F�o�u�r�i�e�r� �s�e�r�i�e�s� 

�w�i�t�h� �c�o�e�f�f�i�c�i�e�n�t�s� �[�2�1�]�:� 

�=� �(�-� �D�(�n�g�p�e�s�i�n�e�(�n� �7� �(�E�e� �p�o�s�t�e�r�,� �(�2�.�1�6�)� 

�w�h�e�r�e� �T�t� �i�s� �t�h�e� �d�e�l�a�y� �a�n�d� �7�,� �i�s� �t�h�e� �s�y�m�b�o�l� �p�e�r�i�o�d�.� �T�h�e� �p�o�w�e�r� �i�n� �t�h�e� �s�p�e�c�t�r�a�l� �c�o�m�p�o�n�e�n�t� �a�t� 

�T� 
�t�h�e� �b�i�t� �c�l�o�c�k� �i�s� �2�|�C�,�|�*�,� �a�n�d� �i�t� �c�a�n� �b�e� �s�h�o�w�n� �t�h�a�t� �i�t� �i�s� �a� �m�a�x�i�m�u�m� �f�o�r� �a� �d�e�l�a�y� �o�f� �t�T� �=� �>� 

�T�h�e� �o�u�t�p�u�t� �o�f� �t�h�e� �m�u�l�t�i�p�l�i�e�r� �1�s� �t�h�e�n� �a�p�p�l�i�e�d� �t�o� �a� �b�a�n�d�p�a�s�s� �f�i�l�t�e�r� �t�o� �e�l�i�m�i�n�a�t�e� �t�h�e� �D�C� �c�o�m�p�o�-� 

�n�e�n�t� �a�n�d� �l�i�g�h�t�l�y� �f�i�l�t�e�r� �t�h�e� �c�o�n�t�i�n�u�o�u�s� �c�o�m�p�o�n�e�n�t�.� �T�h�e� �d�i�s�c�r�e�t�e� �f�r�e�q�u�e�n�c�y� �a�t� �t�h�e� �b�i�t� �c�l�o�c�k� 

�f�r�e�q�u�e�n�c�y� �i�s� �n�o�t� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �f�i�l�t�e�r�i�n�g�,� �a�n�d� �i�s� �t�h�e�n� �t�r�a�c�k�e�d� �b�y� �a� �n�a�r�r�o�w�b�a�n�d� �P�L�L�.� �I�n� 

�s�t�e�a�d�y� �s�t�a�t�e�,� �t�h�e� �V�C�O� �o�f� �t�h�e� �P�L�L� �w�i�l�l� �f�o�l�l�o�w� �t�h�e� �p�h�a�s�e� �o�f� �t�h�e� �d�i�s�c�r�e�t�e� �c�o�m�p�o�n�e�n�t�,� �w�i�t�h� �a� 

�s�l�i�g�h�t� �j�i�t�t�e�r� �d�u�e� �t�o� �t�h�e� �p�a�t�t�e�r�n� �n�o�i�s�e�,� �z�e�r�o� �c�r�o�s�s�i�n�g� �j�i�t�t�e�r� �a�n�d� �t�h�e� �a�d�d�i�t�i�v�e� �n�o�i�s�e�.� 

�P�a�g�e� �2�1



�C�h�a�p�t�e�r�3�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �D�e�s�i�g�n� �o�f� �t�h�e� �H�o�p�p�e�r� 

�C�h�a�p�t�e�r� �3� 

�D�e�s�i�g�n� �o�f� �t�h�e� �F�r�e�q�u�e�n�c�y� �H�o�p�p�e�r� 

�3�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�T�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�i�s� �c�h�a�p�t�e�r� �i�s� �t�o� �o�u�t�l�i�n�e� �t�h�e� �i�s�s�u�e�s� �a�n�d� �t�h�e� �d�e�s�i�g�n� �o�f� �t�h�e� �f�r�e�q�u�e�n�c�y� 

�h�o�p�p�i�n�g� �t�r�a�n�s�c�e�i�v�e�r� �f�o�r� �o�p�e�r�a�t�i�o�n� �i�n� �t�h�e� �9�0�2�-�9�2�8� �M�H�z� �I�S�M� �b�a�n�d�.� �T�h�e� �c�h�a�p�t�e�r� �b�e�g�i�n�s� �w�i�t�h� 

�a� �r�e�v�i�e�w� �o�f� �t�h�e� �F�C�C� �P�a�r�t� �1�5� �r�e�q�u�i�r�e�m�e�n�t�s� �f�o�r� �t�h�e� �9�0�2�-�9�2�8� �M�H�z� �b�a�n�d�.� �A� �d�e�s�i�g�n� �i�s� �t�h�e�n� 

�d�e�t�a�i�l�e�d� �a�n�d� �t�h�e� �v�a�r�i�o�u�s� �i�s�s�u�e�s� �a�n�d� �t�r�a�d�e�-�o�f�f�s� �a�r�e� �d�i�s�c�u�s�s�e�d�.� 

�3�.�2� �F�C�C� �P�a�r�t� �1�5� �S�p�e�c�i�f�i�c�a�t�i�o�n�s� �f�o�r� �F�r�e�q�u�e�n�c�y� �H�o�p� �S�p�r�e�a�d� 

�S�p�e�c�t�r�u�m� �T�r�a�n�s�m�i�s�s�i�o�n�s� �i�n� �t�h�e� �9�0�2�-�9�2�8� �M�H�z� �I�S�M� �B�a�n�d� 

�M�i�n�i�m�u�m� �n�u�m�b�e�r� �o�f� �h�o�p�p�i�n�g� �f�r�e�q�u�e�n�c�i�e�s� �=� �5�0�.� 

�M�a�x�i�m�u�m� �a�l�l�o�w�e�d� �2�0� �d�B� �b�a�n�d�w�i�d�t�h� �=� �5�0�0� �k�H�z�.� 

�A�v�e�r�a�g�e� �o�c�c�u�p�a�n�c�y� �t�i�m�e� �=� �0�.�4� �s�e�c�s� �/� �2�0� �s�e�c�s�.� 

�M�a�x�i�m�u�m� �p�e�a�k� �o�u�t�p�u�t� �p�o�w�e�r� �=� �|� �w�a�t�t�.� 

�M�a�x�i�m�u�m� �a�n�t�e�n�n�a� �g�a�i�n� �=� �6� �d�B�i�.� 

�P�a�g�e� �2�2



�C�h�a�p�t�e�r�3�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �D�e�s�i�g�n� �o�f� �t�h�e� �H�o�p�p�e�r� 

�3�.�3� �D�e�s�i�g�n� �I�s�s�u�e�s� 

�3�.�3�.�1� �C�h�o�i�c�e� �o�f� �t�h�e� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �M�o�d�u�l�a�t�i�o�n� 

�T�h�e� �s�p�r�e�a�d� �s�p�e�c�t�r�u�m� �t�e�c�h�n�i�q�u�e� �c�h�o�s�e�n� �f�o�r� �u�s�e� �i�s� �f�r�e�q�u�e�n�c�y� �h�o�p�p�i�n�g�.� �T�h�e� �r�e�a�s�o�n�s� 

�w�h�y� �f�r�e�q�u�e�n�c�y� �h�o�p�p�i�n�g� �i�s� �c�h�o�s�e�n� �a�r�e� �a�s� �f�o�l�l�o�w�s� �:� 

�1�.� �I�n� �o�r�d�e�r� �t�o� �k�e�e�p� �t�h�e� �c�o�m�p�l�e�x�i�t�y�,� �a�n�d� �h�e�n�c�e� �t�h�e� �c�o�s�t� �o�f� �t�h�e� �t�r�a�n�s�c�e�i�v�e�r� �d�o�w�n�,� �h�y�b�r�i�d� �c�o�m�-� 

�b�i�n�a�t�i�o�n�s� �o�f� �D�i�r�e�c�t� �S�e�q�u�e�n�c�e� �(�D�S�)� �a�n�d� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �(�F�H�)� �w�e�r�e� �n�o�t� �c�o�n�s�i�d�e�r�e�d�.� 

�2�.� �M�u�l�t�i�p�a�t�h� �i�s� �a� �m�a�j�o�r� �i�m�p�a�i�r�m�e�n�t�.� �D�S� �i�s� �a�b�l�e� �t�o� �r�e�j�e�c�t� �m�u�l�t�i�p�a�t�h� �b�y� �a� �f�a�c�t�o�r� �p�r�o�p�o�r�t�i�o�n�a�l� 

�t�o� �t�h�e� �p�r�o�c�e�s�s�i�n�g� �g�a�i�n�,� �b�u�t� �o�n�l�y� �i�f� �t�h�e� �d�e�l�a�y�s� �a�r�e� �o�f� �t�h�e� �o�r�d�e�r� �o�f� �a� �c�h�i�p� �p�e�r�i�o�d� �o�r� �m�o�r�e�.� �T�h�e� 

�D�S� �s�y�s�t�e�m� �i�f� �u�s�e�d� �w�i�t�h� �D�E�C�T�,� �c�a�n� �h�a�v�e� �a� �m�a�x�i�m�u�m� �c�h�i�p�p�i�n�g� �r�a�t�e� �o�f� �1�.�1�5�2� �M�c�h�i�p�s� �p�e�r� 

�s�e�c�o�n�d� �s�i�n�c�e� �t�h�e� �e�x�i�s�t�i�n�g� �D�E�C�T� �R�F� �f�r�o�n�t� �e�n�d� �c�a�n� �a�c�c�o�m�o�d�a�t�e� �a� �m�a�x�i�m�u�m� �d�a�t�a� �r�a�t�e� �o�f� 

�1�.�1�5�2� �M�c�h�i�p�s� �p�e�r� �s�e�c�o�n�d� �w�i�t�h�o�u�t� �a�n�y� �m�o�d�i�f�i�c�a�t�i�o�n�s� �t�o� �t�h�e� �e�x�i�s�t�i�n�g� �h�a�r�d�w�a�r�e�.� �I�t� �i�s� �p�o�s�s�i�-� 

�b�l�e� �t�o� �g�o� �t�o� �a� �h�i�g�h�e�r� �c�h�i�p�p�i�n�g� �r�a�t�e� �b�u�t� �t�h�i�s� �w�o�u�l�d� �r�e�q�u�i�r�e� �t�h�e� �b�a�n�d�w�i�d�t�h�s� �o�f� �t�h�e� �f�i�l�t�e�r�s� �u�s�e�d� 

�i�n� �b�o�t�h� �t�h�e� �t�r�a�n�s�m�i�t�t�e�r� �a�n�d� �t�h�e� �r�e�c�e�i�v�e�r� �t�o� �b�e� �w�i�d�e�n�e�d�.� �T�h�e� �c�h�i�p� �p�e�r�i�o�d� �i�s� �t�h�u�s� �8�6�8� �n�a�n�o�-� 

�s�e�c�o�n�d�s�;� �t�h�e�r�e�f�o�r�e�,� �t�h�e� �m�i�n�i�m�u�m� �d�e�l�a�y� �s�p�r�e�a�d� �t�h�a�t� �t�h�e� �D�S� �s�y�s�t�e�m� �w�i�l�l� �b�e� �a�b�l�e� �t�o� �r�e�s�o�l�v�e� �i�s� 

�8�6�8� �n�a�n�o�s�e�c�o�n�d�s�.� �T�y�p�i�c�a�l� �i�n�d�o�o�r� �d�e�l�a�y� �s�p�r�e�a�d�s� �a�r�e� �u�s�u�a�l�l�y� �l�e�s�s� �t�h�a�n� �3�0�0� �n�a�n�o�s�e�c�o�n�d�s�.� �I�n� 

�t�h�i�s� �c�a�s�e�,� �t�h�e� �D�S� �s�i�g�n�a�l� �w�i�l�l� �f�a�d�e� �j�u�s�t� �a�s� �a� �n�a�r�r�o�w�b�a�n�d� �s�i�g�n�a�l� �w�i�l�l�.� �T�h�e� �e�f�f�e�c�t� �o�n� �a� �f�r�e�-� 

�q�u�e�n�c�y� �h�o�p�p�e�r� �i�s� �d�i�f�f�e�r�e�n�t�.� �T�h�e� �f�r�e�q�u�e�n�c�y� �s�e�l�e�c�t�i�v�e� �f�a�d�i�n�g� �c�a�u�s�e�d� �b�y� �m�u�l�t�i�p�a�t�h� �w�i�l�l� �p�r�o�-� 

�d�u�c�e� �a� �s�e�r�i�e�s� �o�f� �n�o�t�c�h�e�s� �a�c�r�o�s�s� �t�h�e� �b�a�n�d�.� �A�n� �e�c�h�o� �o�f� �a�b�o�u�t� �2�0�0� �n�a�n�o�s�e�c�o�n�d�s� �w�o�u�l�d� 

�p�r�o�d�u�c�e� �a�b�o�u�t� �f�o�u�r� �1� �M�H�z� �n�o�t�c�h�e�s� �a�c�r�o�s�s� �t�h�e� �2�6� �M�H�z� �b�a�n�d� �[�2�]�.� �S�i�n�c�e� �t�h�e� �m�a�x�i�m�u�m� 

�a�l�l�o�w�e�d� �F�H� �b�a�n�d�w�i�d�t�h� �t�s� �5�0�0� �K�H�z�,� �8� �o�u�t� �o�f� �t�h�e� �5�0� �f�r�e�q�u�e�n�c�i�e�s� �w�o�u�l�d� �b�e� �u�n�u�s�u�a�b�l�e�,� �a� 

�r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �t�h�r�o�u�g�h�o�u�t� �b�y� �a�b�o�u�t� �1�5� �%�.� �T�h�u�s� �i�n� �t�h�i�s� �s�i�t�u�a�t�i�o�n�,� �t�h�e� �D�S� �s�i�g�n�a�l� �e�x�p�e�r�i�-� 

�e�n�c�e�s� �s�e�v�e�r�e� �f�a�d�i�n�g� �w�h�e�r�e�a�s� �a� �F�H� �s�y�s�t�e�m� �s�u�f�f�e�r�s� �f�r�o�m� �a� �s�l�i�g�h�t� �t�h�r�o�u�g�h�p�u�t� �l�o�s�s�.� 

�3�.� �F�r�e�q�u�e�n�c�y� �h�o�p�p�i�n�g� �s�h�o�w�s� �m�o�r�e� �t�o�l�e�r�a�n�c�e� �f�o�r� �h�i�g�h� �p�o�w�e�r� �n�a�r�r�o�w�b�a�n�d� �i�n�t�e�r�f�e�r�e�r�s� �t�h�a�n� 

�d�i�r�e�c�t� �s�e�q�u�e�n�c�e� �[�2�]�.� �T�h�e� �F�H� �s�y�s�t�e�m� �i�s� �a�b�l�e� �t�o� �a�v�o�i�d� �n�a�r�r�o�w�b�a�n�d� �i�n�t�e�r�f�e�r�e�r�s�,� �a�t� �l�e�a�s�t� �p�a�r�t� �o�f� 

�t�h�e� �t�i�m�e�,� �a�s� �1�t� �h�o�p�s� �a�c�r�o�s�s� �t�h�e� �b�a�n�d� �o�f� �i�n�t�e�r�e�s�t�.� �A� �D�S� �s�y�s�t�e�m� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d� �w�i�l�l� �b�e� �s�u�b�-� 

�P�a�g�e� �2�3



�C�h�a�p�t�e�r�3�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �D�e�s�i�g�n� �o�f� �t�h�e� �H�o�p�p�e�r� 

�j�e�c�t� �t�o� �t�h�e� �i�n�t�e�r�f�e�r�e�r� �a�l�l� �o�f� �t�h�e� �t�i�m�e� �i�f� �i�t� �e�x�i�s�t�s� �i�n� �t�h�e� �s�a�m�e� �b�a�n�d� �o�f� �i�n�t�e�r�e�s�t�.� �I�f� �t�h�e� �p�r�o�c�e�s�s�-� 

�i�n�g� �g�a�i�n� �o�f� �t�h�e� �D�S� �s�y�s�t�e�m� �i�s� �n�o�t� �s�u�f�f�i�c�i�e�n�t� �t�o� �o�v�e�r�c�o�m�e� �t�h�e� �i�n�t�e�r�f�e�r�e�n�c�e� �p�o�w�e�r�,� �t�h�e� �B�E�R� 

�p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �D�S� �s�y�s�t�e�m� �w�i�l�l� �b�e� �d�e�g�r�a�d�e�d� �s�e�v�e�r�e�l�y�.� �S�i�n�c�e� �a� �p�r�o�c�e�e�s�i�n�g� �g�a�i�n� �o�f� �o�n�l�y� 

�a�b�o�u�t� �1�0� �t�o� �1�5� �i�s� �p�o�s�s�i�b�l�e� �f�o�r� �t�h�i�s� �a�p�p�l�i�c�a�t�i�o�n�,� �a� �h�i�g�h� �p�o�w�e�r� �i�n�t�e�r�f�e�r�e�r� �c�o�u�l�d� �e�a�s�i�l�y� �d�i�s�r�u�p�t� 

�o�p�e�r�a�t�i�o�n�.� 

�4�.� �F�H� �s�y�s�t�e�m�s� �d�o� �n�o�t� �s�u�f�f�e�r� �f�r�o�m� �t�h�e� �n�e�a�r�-�f�a�r� �p�r�o�b�l�e�m� �t�h�a�t� �p�l�a�g�u�e� �c�o�n�v�e�n�t�i�o�n�a�l� �D�S� �r�e�c�e�i�v�-� 

�e�r�s� �[�2�2�]�.� 

�3�.�3�.�2� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�y�s�t�e�m� �P�a�r�a�m�e�t�e�r�s� 

�F�r�a�m�e� �d�u�r�a�t�i�o�n� �=� �4�.�6�0�8� �m�i�l�l�i�s�e�c�o�n�d�s�.� 

�D�i�g�i�t�i�z�e�d� �s�p�e�e�c�h� �d�a�t�a� �r�a�t�e� �=� �5�2�.�0�8�3� �k�b�/�s�.� 

�N�u�m�b�e�r� �o�f� �C�V�S�D�M� �d�a�t�a� �b�i�t�s� �i�n� �e�a�c�h� �f�r�a�m�e� �=� �4�8�0� �b�i�t�s�/�f�r�a�m�e�.� 

�O�v�e�r�h�e�a�d� �a�d�d�e�d� �f�o�r� �t�h�e� �p�u�r�p�o�s�e�s� �o�f� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �a�n�d� �t�i�m�i�n�g� �=� �1�2�8� �b�i�t�s�/�f�r�a�m�e�.� 

�r�e�c�o�v�e�r�y� 

�O�v�e�r�h�e�a�d� �f�o�r� �s�e�t�t�i�n�g� �u�p� �a�n�d� �m�a�i�n�t�a�i�n�i�n�g� �t�h�e� �=� �1�1�2� �b�i�t�s�/�f�r�a�m�e�.� 

�p�h�y�s�i�c�a�l� �c�o�n�n�e�c�t�i�o�n� 

�T�o�t�a�l� �n�u�m�b�e�r� �o�f� �b�i�t�s� �i�n� �a� �f�r�a�m�e� �=� �7�2�0� �b�i�t�s�.� 

�O�v�e�r�a�l�l� �b�i�t� �r�a�t�e� �f�o�r� �e�a�c�h� �c�h�a�n�n�e�l� �=� �1�5�6�.�2�5� �k�b�/�s�.� 

�2�0� �d�B� �d�o�u�b�l�e� �s�i�d�e�d� �b�a�n�d�w�i�d�t�h� �f�o�r� �G�M�S�K� �=� �1�.�5�*�B�i�t� �R�a�t�e�.� 

�=� �2�3�4�.�3�7�5� �K�H�z�.� 

�N�u�m�b�e�r� �o�f� �f�r�e�q�u�e�n�c�y� �h�o�p�p�i�n�g� �c�h�a�n�n�e�l�s� �a�v�a�i�l�a�b�l�e� �=� �2�6� �M�H�z�/�2�3�4�.�3� �K�H�z�.� 

�=� �1�1�1� �c�h�a�n�n�e�l�s�.� 

�B�i�t� �p�e�r�i�o�d� �=� �6�.�4� �m�i�c�r�o�s�e�c�o�n�d�s�.� 

�S�y�n�t�h�e�s�i�z�e�r� �s�w�i�t�c�h�i�n�g� �s�p�e�e�d� �=� �1�0�0� �m�i�c�r�o�s�e�c�o�n�d�s�.� 

�T�r�a�n�s�m�i�t�t�e�d� �p�o�w�e�r� �=� �2�0�0� �m�i�l�l�i�w�a�t�t�s�.� 

�A�n�t�e�n�n�a� �=� �4�/�4� �m�o�n�o�p�o�l�e�.� 

�P�a�g�e� �2�4



�C�h�a�p�t�e�r�3�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �D�e�s�i�g�n� �o�f� �t�h�e� �H�o�p�p�e�r� 

�3�.�3�.�3� �F�r�e�q�u�e�n�c�y� �H�o�p� �A�r�c�h�i�t�e�c�t�u�r�e� 

�T�h�e� �s�y�s�t�e�m� �b�e�i�n�g� �p�r�o�p�o�s�e�d� �i�s� �a� �T�i�m�e� �D�i�v�i�s�i�o�n� �D�u�p�l�e�x� �/� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �s�y�s�t�e�m� 

�(�T�D�D�/�F�H�)�.� �E�a�c�h� �f�r�e�q�u�e�n�c�y� �h�o�p�p�i�n�g� �c�h�a�n�n�e�l� �w�i�l�l� �a�c�c�o�m�m�o�d�a�t�e� �a� �3�2� �k�b�/�s� �f�u�l�l� �d�u�p�l�e�x� 

�v�o�i�c�e�/�d�a�t�a� �c�o�m�m�u�n�i�c�a�t�i�o�n� �l�i�n�k�,� �w�i�t�h� �t�h�e� �f�o�r�w�a�r�d� �a�n�d� �r�e�v�e�r�s�e� �v�o�i�c�e�/�d�a�t�a� �l�i�n�k� �b�e�i�n�g� �o�r�g�a�-� 

�n�i�z�e�d� �i�n�a� �T�D�D� �f�a�s�h�i�o�n�.� �T�h�e� �u�s�e� �o�f� �a� �T�D�D� �a�r�c�h�i�t�e�c�t�u�r�e� �s�i�m�p�l�i�f�i�e�s� �t�h�e� �h�a�r�d�w�a�r�e� �c�o�n�s�i�d�e�r�-� 

�a�b�l�y�.� �B�y� �r�e�m�o�v�i�n�g� �t�h�e� �n�e�e�d� �t�o� �t�r�a�n�s�m�i�t� �a�n�d� �r�e�c�e�i�v�e� �s�i�m�u�l�t�a�n�e�o�u�s�l�y�,� �t�h�e� �d�i�p�l�e�x�e�r�/�b�a�n�d�p�a�s�s� 

�f�i�l�t�e�r�s� �r�e�q�u�i�r�e�d� �t�o� �s�e�p�a�r�a�t�e� �t�h�e� �t�r�a�n�s�m�i�t� �a�n�d� �r�e�c�e�i�v�e� �s�i�g�n�a�l�s� �c�a�n� �b�e� �r�e�m�o�v�e�d�.� �I�n� �a�d�d�i�t�i�o�n�,� �a� 

�n�u�m�b�e�r� �o�f� �t�h�e� �R�F� �h�a�r�d�w�a�r�e� �s�u�b�-�s�y�s�t�e�m�s� �s�u�c�h� �a�s� �t�h�e� �r�o�o�f�i�n�g� �R�F� �f�i�l�t�e�r� �a�n�d� �t�h�e� �f�r�e�q�u�e�n�c�y� 

�s�y�n�t�h�e�s�i�z�e�r� �c�a�n� �n�o�w� �b�e� �s�h�a�r�e�d� �b�e�t�w�e�e�n� �t�h�e� �t�r�a�n�s�m�i�t� �a�n�d� �r�e�c�e�i�v�e� �s�e�c�t�i�o�n�s� �o�f� �t�h�e� �t�r�a�n�s�-� 

�c�e�i�v�e�r�.� �F�i�n�a�l�l�y�,� �t�h�e� �T�D�D� �s�t�r�u�c�t�u�r�e� �p�e�r�m�i�t�s� �a� �s�i�m�p�l�e�r� �f�r�e�q�u�e�n�c�y� �s�y�n�t�h�e�s�i�z�e�r� �t�o� �b�e� �u�s�e�d� 

�s�i�n�c�e� �t�h�e� �g�u�a�r�d� �i�n�t�e�r�v�a�l� �b�e�t�w�e�e�n� �t�h�e� �t�r�a�n�s�m�i�t� �a�n�d� �r�e�c�e�i�v�e� �s�l�o�t�s� �c�a�n� �b�e� �u�s�e�d� �t�o� �s�w�i�t�c�h� �t�h�e� 

�s�y�n�t�h�e�s�i�z�e�r�.� 

�3�.�3�.�4� �H�o�p� �R�a�t�e� 

�T�h�e� �p�r�o�p�o�s�e�d� �s�y�s�t�e�m� �h�a�s� �a� �h�o�p� �r�a�t�e� �o�f� �1�0�9� �h�o�p�s� �p�e�r� �s�e�c�o�n�d� �w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� 

�f�r�a�m�e� �r�a�t�e�,� �i�.�e�.� �e�a�c�h� �f�r�a�m�e� �i�s� �t�r�a�n�s�m�i�t�t�e�d� �o�n� �a� �d�i�f�f�e�r�e�n�t� �c�a�r�r�i�e�r� �f�r�e�q�u�e�n�c�y�.� �T�h�e� �F�H� �s�y�s�t�e�m� 

�c�a�n� �t�h�u�s� �b�e� �d�e�s�c�r�i�b�e�d� �m�o�r�e� �a�c�c�u�r�a�t�e�l�y� �a�s� �a� �f�r�e�q�u�e�n�c�y� �a�g�i�l�e� �p�a�c�k�e�t� �r�a�d�i�o� �s�y�s�t�e�m�.� �A�l�t�h�o�u�g�h� 

�a� �h�i�g�h�e�r� �h�o�p� �r�a�t�e� �w�o�u�l�d� �h�a�v�e� �r�e�s�u�l�t�e�d� �i�n� �b�e�t�t�e�r� �p�e�r�f�o�r�m�a�n�c�e� �e�s�p�e�c�i�a�l�l�y� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

�m�u�l�t�i�p�a�t�h�,� �t�h�i�s� �h�o�p� �r�a�t�e� �w�a�s� �c�h�o�s�e�n� �f�o�r� �t�h�r�e�e� �r�e�a�s�o�n�s� �:� 

�1�.� �A� �h�i�g�h�e�r� �h�o�p� �r�a�t�e� �w�o�u�l�d� �h�a�v�e� �r�e�q�u�i�r�e�d� �t�h�e� �u�s�e� �o�f� �a� �m�o�r�e� �c�o�m�p�l�e�x� �f�r�e�q�u�e�n�c�y� �s�y�n�t�h�e�-� 

�s�i�z�e�r�,� �s�u�c�h� �a�s� �a� �d�u�a�l� �P�L�L� �f�r�e�q�u�e�n�c�y� �s�y�n�t�h�e�s�i�z�e�r�,� �s�i�n�c�e� �t�h�e� �c�u�r�r�e�n�t� �f�r�e�q�u�e�n�c�y� �s�y�n�t�h�e�s�i�z�e�r� 

�h�a�s� �a� �s�w�i�t�c�h�i�n�g� �s�p�e�e�d� �o�f� �a�b�o�u�t� �1�0�0� �m�i�c�r�o�s�e�c�o�n�d�s�,� �a�n�d� �t�h�u�s� �c�a�n�n�o�t� �s�w�i�t�c�h� �f�r�e�q�u�e�n�c�i�e�s� 

�w�i�t�h�i�n� �t�h�e� �c�u�r�r�e�n�t� �b�i�t� �p�e�r�i�o�d� �o�f� �6�.�4� �m�i�c�r�o�s�e�c�o�n�d�s�.� 

�2�.� �T�h�e� �u�s�e� �o�f� �m�u�l�t�i�p�l�e� �h�o�p�s� �w�i�t�h�i�n� �a� �f�r�a�m�e� �w�o�u�l�d� �h�a�v�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �c�o�m�p�l�i�c�a�t�e�d� �t�h�e� �s�y�n�-� 

�c�h�r�o�n�i�z�a�t�i�o�n� �s�c�h�e�m�e�.� 

�P�a�g�e� �2�5



�C�h�a�p�t�e�r�3�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �D�e�s�i�g�n� �o�f� �t�h�e� �H�o�p�p�e�r� 

�3�.� �T�h�e� �u�s�e� �o�f� �m�u�l�t�i�p�l�e� �h�o�p�s� �w�i�t�h�i�n� �a� �f�r�a�m�e� �w�o�u�l�d� �h�a�v�e� �r�e�d�u�c�e�d� �t�h�e� �d�a�t�a� �t�h�r�o�u�g�h�p�u�t� 

�b�e�c�a�u�s�e� �o�f� �t�h�e� �e�x�t�r�a� �o�v�e�r�h�e�a�d� �r�e�q�u�i�r�e�d� �f�o�r� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n�.� 

�3�.�3�.�5� �F�r�e�q�u�e�n�c�y� �H�o�p� �S�y�n�c�h�r�o�n�i�z�a�t�i�o�n� 

�S�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �i�s� �t�h�e� �m�o�s�t� �c�r�i�t�i�c�a�l� �e�l�e�m�e�n�t� �a�n�d� �d�r�i�v�e�s� �t�h�e� �c�o�s�t� �a�n�d� �c�o�m�p�l�e�x�i�t�y� �o�f� 

�t�h�e� �p�r�o�p�o�s�e�d� �s�y�s�t�e�m�.� �T�i�m�e� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �o�f� �t�h�e� �f�r�e�q�u�e�n�c�y� �h�o�p� �r�e�c�e�i�v�e�r� �t�o� �t�h�e� �t�r�a�n�s�m�i�t�-� 

�t�e�d� �h�o�p� �s�e�q�u�e�n�c�e� �c�a�n� �b�e� �s�e�p�a�r�a�t�e�d� �i�n�t�o� �t�w�o� �p�h�a�s�e�s�.� �T�h�e�r�e� �i�s� �a�n� �i�n�i�t�i�a�l� �a�c�q�u�i�s�i�t�i�o�n� �p�h�a�s�e� 

�a�n�d� �a� �t�r�a�c�k�i�n�g� �p�h�a�s�e� �a�f�t�e�r� �t�h�e� �s�i�g�n�a�l� �t�i�m�i�n�g� �h�a�s� �b�e�e�n� �a�c�q�u�i�r�e�d�.� 

�3�.�3�.�5�.�1� �A�c�q�u�i�s�i�t�i�o�n� 

�F�r�e�q�u�e�n�c�y� �h�o�p� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �g�e�n�e�r�a�l�l�y� �i�n�v�o�l�v�e�s� �a� �t�w�o� �d�i�m�e�n�s�i�o�n�a�l� �s�e�a�r�c�h� �i�n� �t�i�m�e� 

�a�n�d� �f�r�e�q�u�e�n�c�y�.� �T�h�e� �p�r�o�b�l�e�m� �o�f� �i�n�i�t�i�a�l� �a�c�q�u�i�s�i�t�i�o�n� �c�a�n� �b�e� �v�i�e�w�e�d� �a�s� �o�n�e� �i�n� �w�h�i�c�h� �w�e� 

�a�t�t�e�m�p�t� �t�o� �s�y�n�c�h�r�o�n�i�z�e� �i�n� �t�i�m�e� �t�h�e� �r�e�c�e�i�v�e�r� �c�l�o�c�k� �t�o� �t�h�e� �t�r�a�n�s�m�i�t�t�e�r� �c�l�o�c�k�.� �I�n� �a�d�d�i�t�i�o�n�,� 

�t�h�e�r�e� �i�s� �a�n�o�t�h�e�r� �t�i�m�i�n�g� �u�n�c�e�r�t�a�i�n�t�y� �d�u�e� �t�o� �r�a�n�g�e� �u�n�c�e�r�t�a�i�n�t�y� �b�e�t�w�e�e�n� �t�h�e� �t�r�a�n�s�m�i�t�t�e�r� �a�n�d� 

�t�h�e� �r�e�c�e�i�v�e�r�.� �T�h�e� �c�l�a�s�s�i�c� �a�c�q�u�i�s�i�t�i�o�n� �F�H� �t�e�c�h�n�i�q�u�e�s� �a�r�e� �t�h�e� �s�e�r�i�a�l� �s�e�a�r�c�h� �t�e�c�h�n�i�q�u�e� �[�2�3�]� 

�a�n�d� �t�h�e� �m�a�t�c�h�e�d� �f�i�l�t�e�r� �t�e�c�h�n�i�q�u�e� �[�2�4�]�.� �T�h�e� �s�e�r�i�a�l� �s�e�a�r�c�h� �t�e�c�h�n�i�q�u�e� �r�e�q�u�i�r�e�s� �e�x�t�e�n�s�i�v�e� �u�s�e� 

�o�f� �R�F� �c�i�r�c�u�i�t�r�y� �s�u�c�h� �a�s� �m�u�l�t�i�p�l�i�e�r�s�,� �f�i�l�t�e�r�s� �a�n�d� �v�o�l�t�a�g�e� �c�o�n�t�r�o�l�l�e�d� �o�s�c�i�l�l�a�t�o�r�s�.� �I�n� �a�d�d�i�t�i�o�n�,� 

�t�h�e� �s�e�r�i�a�l� �s�e�a�r�c�h� �t�e�c�h�n�i�q�u�e� �i�s� �n�o�t� �w�e�l�l� �s�u�i�t�e�d� �f�o�r� �a� �s�l�o�w� �F�H� �s�c�h�e�m�e� �b�e�c�a�u�s�e� �o�f� �t�h�e� �t�i�m�e� 

�r�e�q�u�i�r�e�d� �t�o� �a�c�h�i�e�v�e� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n�.� �A�l�t�h�o�u�g�h� �t�h�e� �m�a�t�c�h�e�d� �f�i�l�t�e�r� �t�e�c�h�n�i�q�u�e� �1�s� �q�u�i�t�e� �f�a�s�t� 

�(�i�n� �a�c�h�i�e�v�i�n�g� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n�)�,� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �i�s� �q�u�i�t�e� �c�o�s�t�l�y�.� �N�e�i�t�h�e�r� �o�f� �t�h�e�s�e� �t�e�c�h�-� 

�n�i�q�u�e�s� �a�r�e� �v�e�r�y� �f�l�e�x�i�b�l�e� �i�f� �f�u�t�u�r�e� �c�h�a�n�g�e�s� �n�e�e�d� �t�o� �b�e� �m�a�d�e�.� �T�h�e� �t�e�c�h�n�i�q�u�e� �p�r�o�p�o�s�e�d� �f�o�r� 

�u�s�e� �h�e�r�e� �i�s� �k�n�o�w�n� �a�s� �t�h�e� �t�r�a�n�s�m�i�t�t�e�d� �r�e�f�e�r�e�n�c�e� �t�e�c�h�n�i�q�u�e�,� �a�n�d� �i�s� �d�e�s�c�r�i�b�e�d� �i�n� �d�e�t�a�i�l� �b�e�l�o�w�.� 

�3�.�3�.�5�.�1�.�1� �T�h�e� �T�r�a�n�s�m�i�t�t�e�d� �R�e�f�e�r�e�n�c�e� �T�e�c�h�n�i�q�u�e� 

�I�n� �t�h�i�s� �t�e�c�h�n�i�q�u�e�,� �a�l�l� �t�r�a�n�s�m�i�s�s�i�o�n�s� �s�t�a�r�t� �a�t� �o�n�e� �p�r�e�-�a�s�s�i�g�n�e�d� �f�r�e�q�u�e�n�c�y� �c�h�a�n�n�e�l� �d�e�s�-� 

�i�g�n�a�t�e�d� �t�h�e� �a�c�q�u�i�s�i�t�i�o�n� �c�h�a�n�n�e�l�.� �S�i�n�c�e� �a�l�l� �t�r�a�n�s�m�i�s�s�i�o�n�s� �s�t�a�r�t� �a�t� �o�n�e� �p�r�e�-�a�s�s�i�g�n�e�d� �f�r�e�-� 
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�C�h�a�p�t�e�r�3�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �D�e�s�i�g�n� �o�f� �t�h�e� �H�o�p�p�e�r� 

�q�u�e�n�c�y�,� �t�h�e� �a�c�q�u�i�s�i�t�i�o�n� �p�r�o�c�e�s�s� �r�e�d�u�c�e�s� �t�o� �a� �s�i�n�g�l�e� �d�i�m�e�n�s�i�o�n�a�l� �s�e�a�r�c�h� �i�n� �t�i�m�e� �t�o� �e�s�t�a�b�l�i�s�h� 

�t�i�m�i�n�g� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n�.� �I�n� �e�v�e�r�y� �f�r�a�m�e�,� �t�h�e� �t�r�a�n�s�m�i�t�t�e�r� �t�r�a�n�s�m�i�t�s� �a� �3�1� �b�i�t� �p�s�e�u�d�o�-�n�o�i�s�e� 

�s�e�q�u�e�n�c�e� �t�h�a�t� �i�s� �u�s�e�d� �t�o� �e�s�t�a�b�l�i�s�h� �t�i�m�i�n�g� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �a�t� �t�h�e� �r�e�c�e�i�v�e�r�.� �T�h�e�r�e� �a�r�e� �t�w�o� 

�t�e�c�h�n�i�q�u�e�s� �t�o� �d�e�t�e�c�t� �t�h�i�s� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �s�e�q�u�e�n�c�e�:� �m�a�t�c�h�e�d� �f�i�l�t�e�r�i�n�g� �a�n�d� �c�o�r�r�e�l�a�t�i�o�n�.� �T�h�e� 

�p�r�o�c�e�s�s� �o�f� �m�a�t�c�h�e�d� �f�i�l�t�e�r�i�n�g� �p�r�o�v�i�d�e�s� �a� �c�o�m�p�l�e�t�e�l�y� �a�s�y�n�c�h�r�o�n�o�u�s� �m�e�t�h�o�d� �o�f� �d�e�t�e�c�t�i�n�g� �t�h�e� 

�s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �s�e�q�u�e�n�c�e�.� �T�h�e� �p�r�o�c�e�s�s� �o�f� �c�o�r�r�e�l�a�t�i�o�n� �a�g�a�i�n�s�t� �a�n� �a�c�t�i�v�e�l�y� �g�e�n�e�r�a�t�e�d� �r�e�f�e�r�-� 

�e�n�c�e� �c�o�d�e� �p�r�o�v�i�d�e�s� �a� �s�y�n�c�h�r�o�n�o�u�s� �m�e�t�h�o�d� �o�f� �d�e�t�e�c�t�i�o�n�.� �W�h�i�l�e� �m�a�t�c�h�e�d� �f�i�l�t�e�r�i�n�g� �c�r�e�a�t�e�s� 

�a�n� �o�u�t�p�u�t� �t�h�a�t� �i�s� �c�o�n�t�i�n�u�o�u�s� �i�n� �t�i�m�e� �a�n�d� �r�e�p�r�e�s�e�n�t�s� �a�l�l� �t�h�e� �t�i�m�e� �r�e�l�a�t�i�o�n�s�h�i�p�s� �o�f� �t�h�e� �r�e�f�e�r�-� 

�e�n�c�e� �a�n�d� �t�h�e� �s�i�g�n�a�l�,� �c�o�r�r�e�l�a�t�i�o�n� �c�r�e�a�t�e�s� �o�n�l�y� �o�n�e� �o�u�t�p�u�t� �s�a�m�p�l�e�,� �r�e�p�r�e�s�e�n�t�i�n�g� �o�n�e� �v�a�l�u�e� �o�f� 

�t�h�e� �t�i�m�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �r�e�f�e�r�e�n�c�e� �a�n�d� �t�h�e� �s�i�g�n�a�l� �[�2�5�]�.� �T�h�i�s� �m�e�a�n�s� �t�h�a�t� �t�h�e� �c�o�r�r�e�-� 

�l�a�t�o�r� �w�o�u�l�d� �t�a�k�e� �l�o�n�g�e�r� �t�o� �d�e�t�e�c�t� �t�h�e� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �s�e�q�u�e�n�c�e� �t�h�a�n� �t�h�e� �m�a�t�c�h�e�d� �f�i�l�t�e�r�.� 

�T�h�e� �m�a�t�c�h�e�d� �f�i�l�t�e�r� �w�a�s� �c�h�o�s�e�n� �a�s� �t�h�e� �d�e�t�e�c�t�o�r� �o�f� �c�h�o�i�c�e� �i�n� �t�h�i�s� �d�e�s�i�g�n� �s�i�n�c�e� �w�e� �n�e�e�d� �t�o� 

�d�e�t�e�c�t� �t�h�e� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �s�e�q�u�e�n�c�e� �i�m�m�e�d�i�a�t�e�l�y�.� �A� �s�o�f�t�w�a�r�e� �d�i�g�i�t�a�l� �m�a�t�c�h�e�d� �f�i�l�t�e�r� �i�s� 

�u�s�e�d� �t�o� �s�e�a�r�c�h� �f�o�r� �t�h�i�s� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �s�e�q�u�e�n�c�e�,� �a�n�d� �o�n�c�e� �t�h�e� �s�e�q�u�e�n�c�e� �i�s� �d�e�t�e�c�t�e�d�,� �t�h�e� 

�r�e�c�e�i�v�e�r� �i�n�i�t�i�a�l�i�z�e�s� �i�t�s� �o�w�n� �h�o�p� �s�e�q�u�e�n�c�e� �g�e�n�e�r�a�t�o�r�.� �K�n�o�w�i�n�g� �t�h�e� �n�u�m�b�e�r� �o�f� �b�i�t�s� �t�h�a�t� �a�r�e� 

�b�e�i�n�g� �t�r�a�n�s�m�i�t�t�e�d� �a�n�d� �w�h�e�n� �t�h�e� �(�i�n�c�o�m�i�n�g�)� �t�r�a�n�s�m�i�s�s�i�o�n� �e�n�d�s�,� �t�h�e� �r�e�c�e�i�v�e�r� �w�o�u�l�d� �k�n�o�w� 

�w�h�e�n� �t�o� �c�h�a�n�g�e� �i�t�s� �f�r�e�q�u�e�n�c�i�e�s�,� �e�i�t�h�e�r� �t�o� �r�e�c�e�i�v�e� �a�n� �i�n�c�o�m�i�n�g� �t�r�a�n�s�m�i�s�s�i�o�n� �o�r� �t�o� �t�r�a�n�s�m�i�t� 

�i�t�s� �o�w�n� �f�r�a�m�e�.� �T�h�e� �m�a�i�n� �f�e�a�t�u�r�e� �o�f� �t�h�i�s� �t�e�c�h�n�i�q�u�e� �i�s� �t�h�a�t� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �i�s� �i�m�m�e�d�i�a�t�e� �a�n�d� 

�i�s� �a�c�h�i�e�v�e�d� �i�n� �t�h�e� �f�i�r�s�t� �f�r�a�m�e� �i�t�s�e�l�f�,� �p�r�o�v�i�d�e�d� �t�h�e� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �s�e�q�u�e�n�c�e� �i�s� �d�e�t�e�c�t�e�d�.� 

�T�h�i�s� �t�e�c�h�n�i�q�u�e� �p�u�s�h�e�s� �a�l�l� �t�h�e� �p�r�o�c�e�s�s�i�n�g� �n�e�c�e�s�s�a�r�y� �(�f�o�r� �t�h�e� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n�)� �t�o� �b�a�s�e�b�a�n�d�,� 

�a�n�d� �c�a�n� �t�h�u�s� �b�e� �r�e�a�d�i�l�y� �i�m�p�l�e�m�e�n�t�e�d� �b�y� �t�h�e� �D�S�P� �p�r�o�c�e�s�s�o�r� �w�i�t�h� �a�t�t�e�n�d�a�n�t� �a�d�v�a�n�t�a�g�e�s� �i�n� 

�f�l�e�x�i�b�i�l�i�t�y�.� �T�h�e� �d�i�g�i�t�a�l� �m�a�t�c�h�e�d� �f�i�l�t�e�r� �i�s� �i�m�p�l�e�m�e�n�t�e�d� �a�s� �a� �3�1� �s�t�a�g�e� �t�a�p�p�e�d� �d�e�l�a�y� �l�i�n�e� �F�I�R� 

�f�i�l�t�e�r�,� �w�i�t�h� �t�h�e� �f�i�l�t�e�r� �c�o�e�f�f�i�c�i�e�n�t�s� �b�e�i�n�g� �t�h�e� �m�i�r�r�o�r� �i�m�a�g�e� �o�f� �t�h�e� �3�1� �b�i�t� �P�N� �s�e�q�u�e�n�c�e� �u�s�e�d� �f�o�r� 

�t�h�e� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n�.� �F�i�g�u�r�e� �3�.�1� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �p�r�o�c�e�s�s� �o�f� �a�c�q�u�i�s�i�t�i�o�n�.� �T�w�o� �d�i�f�f�e�r�e�n�t� 

�r�e�c�e�i�v�e�r� �a�l�g�o�r�i�t�h�m�s� �h�a�v�e� �b�e�e�n� �i�m�p�l�e�m�e�n�t�e�d� �f�o�r� �t�h�e� �t�r�a�n�s�m�i�t�t�e�d� �r�e�f�e�r�e�n�c�e� �t�e�c�h�n�i�q�u�e�,� �a�n�d� 

�a�r�e� �d�i�c�u�s�s�e�d� �i�n� �d�e�t�a�i�l� �b�e�l�o�w�.� 

�3�.�3�.�5�.�1�.�1�.�1� �A�l�g�o�r�i�t�h�m� �I� 
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�C�h�a�p�t�e�r�3�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �D�e�s�i�g�n� �o�f� �t�h�e� �H�o�p�p�e�r� 

�A�l�g�o�r�i�t�h�m� �|� �i�s� �t�h�e� �b�a�s�i�c� �r�e�c�e�i�v�e�r� �a�l�g�o�r�i�t�h�m� �f�o�r� �t�h�e� �t�r�a�n�s�m�i�t�t�e�d� �r�e�f�e�r�e�n�c�e� �t�e�c�h�n�i�q�u�e�.� 

�T�h�e� �f�l�o�w� �c�h�a�r�t� �f�o�r� �t�h�e� �a�l�g�o�r�i�t�h�m� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�2�,� �a�n�d� �t�h�e� �s�i�g�n�a�l� �f�l�o�w� �g�r�a�p�h� �i�s� �s�h�o�w�n� 

�i�n� �F�i�g�u�r�e� �3�.�3�.� �S�i�n�c�e� �a�l�l� �t�r�a�n�s�m�i�s�s�i�o�n�s� �s�t�a�r�t� �a�t� �o�n�e� �p�a�r�t�i�c�u�l�a�r� �f�r�e�q�u�e�n�c�y� �c�h�a�n�n�e�l�,� �t�h�e� 

�r�e�c�e�i�v�e�r� �r�e�m�a�i�n�s� �c�a�m�p�e�d� �a�t� �t�h�i�s� �p�a�r�t�i�c�u�l�a�r� �f�r�e�q�u�e�n�c�y� �c�h�a�n�n�e�l� �u�n�t�i�l� �i�t� �d�e�t�e�c�t�s� �t�h�e� �3�1� �b�i�t� �P�N� 

�f�r�a�m�e� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �s�e�q�u�e�n�c�e�.� �S�i�n�c�e� �t�h�e� �h�o�p�p�i�n�g� �s�e�q�u�e�n�c�e� �i�s� �k�n�o�w�n� �a�p�r�i�o�r�i� �a�t� �t�h�e� 

�r�e�c�e�i�v�e�r�,� �o�n�c�e� �a� �t�i�m�i�n�g� �r�e�f�e�r�e�n�c�e� �h�a�s� �b�e�e�n� �e�s�t�a�b�l�i�s�h�e�d� �a�t� �t�h�e� �r�e�c�e�i�v�e�r�,� �t�h�e� �r�e�c�e�i�v�e�r� �m�a�i�n�-� 

�t�a�i�n�s� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �b�y� �t�r�a�c�k�i�n�g� �t�h�e� �n�u�m�b�e�r� �o�f� �r�e�c�e�i�v�e�d� �b�i�t�s�,� �a�n�d� �s�w�i�t�c�h�i�n�g� �t�h�e� �r�e�c�e�i�v�e�r� 

�l�o�c�a�l� �o�s�c�i�l�l�a�t�o�r� �f�r�e�q�u�e�n�c�y� �t�o� �t�h�e� �n�e�x�t� �r�e�c�e�i�v�e� �c�h�a�n�n�e�l� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �t�r�a�n�s�m�i�t� �f�r�a�m�e�.� �T�h�i�s� 

�a�l�g�o�r�i�t�h�m� �r�e�q�u�i�r�e�s� �t�h�a�t� �t�h�e� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �s�e�q�u�e�n�c�e� �b�e� �d�e�t�e�c�t�e�d� �i�n� �e�a�c�h� �f�r�a�m�e� �f�o�r� �t�h�e� 

�a�l�g�o�r�i�t�h�m� �t�o� �m�a�i�n�t�a�i�n� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n�.� �T�h�e� �s�y�s�t�e�m� �l�o�s�e�s� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �l�o�c�k� �i�f� �t�h�e� �s�y�n�-� 

�c�h�r�o�n�i�z�a�t�i�o�n� �s�e�q�u�e�n�c�e� �i�s� �n�o�t� �d�e�t�e�c�t�e�d�.� 

�A� �m�o�d�i�f�i�e�d� �v�e�r�s�i�o�n� �o�f� �t�h�e� �a�b�o�v�e� �a�l�g�o�r�i�t�h�m� �u�s�e�s� �m�u�l�t�i�p�l�e� �f�r�a�m�e� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� 

�s�e�q�u�e�n�c�e�s� �i�n�s�t�e�a�d� �o�f� �o�n�l�y� �o�n�e� �a�s� �i�n� �t�h�e� �o�r�i�g�i�n�a�l� �a�l�g�o�r�i�t�h�m�.� �H�e�r�e�,� �t�h�e� �s�a�m�e� �3�1� �b�i�t� �s�y�n�c�h�r�o�-� 

�n�i�z�a�t�i�o�n� �s�e�q�u�e�n�c�e� �i�s� �r�e�p�e�a�t�e�d� �f�o�u�r� �t�i�m�e�s� �i�n� �e�a�c�h� �t�r�a�n�s�m�i�t� �f�r�a�m�e�.� �T�h�e� �r�a�t�i�o�n�a�l�e� �b�e�h�i�n�d� �t�h�i�s� 

�s�c�h�e�m�e� �i�s� �t�h�a�t� �a�t�l�e�a�s�t� �o�n�e� �o�f� �t�h�e� �f�o�u�r� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �s�e�q�u�e�n�c�e�s� �w�i�l�l� �b�e� �d�e�t�e�c�t�e�d�.� �T�h�e� �s�i�g�-� 

�n�a�l� �f�l�o�w� �g�r�a�p�h� �f�o�r� �t�h�i�s� �t�e�c�h�n�i�q�u�e� �i�s� �t�h�e� �s�a�m�e� �a�s� �t�h�a�t� �o�f� �t�h�e� �o�r�i�g�i�n�a�l� �a�l�g�o�r�i�t�h�m� �a�n�d� �i�s� �s�h�o�w�n� 

�i�n� �F�i�g�u�r�e� �3�.�3�.� �T�h�e�r�e� �a�r�e� �t�w�o� �d�i�s�a�d�v�a�n�t�a�g�e�s� �w�h�i�c�h� �m�a�k�e� �t�h�i�s� �s�c�h�e�m�e� �i�m�p�r�a�c�t�i�c�a�l�.� �T�h�e� 

�f�i�r�s�t� �i�s� �t�h�a�t� �d�a�t�a� �t�h�r�o�u�g�h�p�u�t� �i�s� �r�e�d�u�c�e�d� �b�e�c�a�u�s�e� �o�f� �t�h�e� �i�n�c�r�e�a�s�e�d� �o�v�e�r�h�e�a�d�.� �T�h�e� �s�e�c�o�n�d� �r�e�a�-� 

�s�o�n� �i�s� �t�h�a�t� �t�h�e�r�e� �i�s� �a� �t�i�m�i�n�g� �u�n�c�e�r�t�a�i�n�t�y� �s�i�n�c�e� �t�h�e� �r�e�c�e�i�v�e�r� �d�o�e�s� �n�o�t� �k�n�o�w� �w�h�i�c�h� �o�f� �t�h�e� �f�o�u�r� 

�r�e�p�e�a�t�e�d� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �s�e�q�u�e�n�c�e�s� �h�a�s� �b�e�e�n� �d�e�t�e�c�t�e�d�.� 

�3�.�3�.�5�.�1�.�1�.�2� �A�l�g�o�r�i�t�h�m� �2� 

�I�n� �a�l�g�o�r�i�t�h�m� �1�,� �i�f� �t�h�e� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �s�e�q�u�e�n�c�e� �i�s� �n�o�t� �d�e�t�e�c�t�e�d� �d�u�e� �t�o� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

�b�u�r�s�t� �e�r�r�o�r�s�,� �t�h�e� �s�y�s�t�e�m� �w�i�l�l� �l�o�s�e� �l�o�c�k� �a�n�d� �t�h�e� �r�e�c�e�i�v�e�r� �w�i�l�l� �r�e�m�a�i�n� �c�a�m�p�e�d� �a�t� �t�h�a�t� �f�r�e�-� 

�q�u�e�n�c�y� �c�h�a�n�n�e�l�.� �S�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �c�a�n� �b�e� �r�e�a�c�q�u�i�r�e�d� �o�n�l�y� �w�h�e�n� �t�h�e� �t�r�a�n�s�m�i�t�t�e�d� �f�r�e�q�u�e�n�c�y� 

�c�h�a�n�n�e�l� �m�a�t�c�h�e�s� �t�h�e� �c�h�a�n�n�e�l� �a�t� �w�h�i�c�h� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �w�a�s� �l�o�s�t�.� �F�o�r� �a� �N� �h�o�p� �p�a�t�t�e�r�n�,� �t�h�i�s� 

�m�e�a�n�s� �t�h�a�t� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �c�a�n� �b�e� �r�e�a�c�q�u�i�r�e�d� �o�n�l�y� �a�f�t�e�r� �a�n�o�t�h�e�r� �N�-�/� �h�o�p�s� �a�f�t�e�r� �t�h�e� �t�i�m�e� 

�P�a�g�e� �2�9
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�C�h�a�p�t�e�r�3�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �D�e�s�i�g�n� �o�f� �t�h�e� �H�o�p�p�e�r� 

�s�l�o�t� �d�u�r�i�n�g� �w�h�i�c�h� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �w�a�s� �l�o�s�t�.� �A�l�g�o�r�i�t�h�m� �2� �i�s� �d�e�s�i�g�n�e�d� �t�o� �p�r�e�v�e�n�t� �t�h�e� �s�y�s�t�e�m� 

�f�r�o�m� �l�o�s�i�n�g� �l�o�c�k� �e�v�e�n� �i�f� �i�t� �d�o�e�s� �n�o�t� �d�e�t�e�c�t� �t�h�e� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �s�e�q�u�e�n�c�e�.� �T�h�i�s� �i�s� �p�o�s�s�i�b�l�e� 

�s�i�n�c�e� �t�h�e� �p�r�o�c�e�s�s�i�n�g� �i�s� �d�i�g�i�t�a�l�,� �a�n�d� �t�h�e� �s�y�s�t�e�m ��s� �p�a�s�t� �s�t�a�t�e�s� �a�r�e� �s�t�o�r�e�d� �i�n� �m�e�m�o�r�y�.� �T�h�e� 

�a�l�g�o�r�i�t�h�m� �t�r�i�e�s� �t�o� �m�a�i�n�t�a�i�n� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �u�s�i�n�g� �t�h�i�s� �p�a�s�t� �s�t�a�t�e� �i�n�f�o�r�m�a�t�i�o�n�.� �T�h�e� �a�l�g�o�-� 

�r�i�t�h�m� �i�s� �a�b�l�e� �t�o� �m�a�i�n�t�a�i�n� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �s�i�n�c�e� �t�h�e� �n�u�m�b�e�r� �o�f� �b�i�t�s� �i�n� �t�h�e� �t�r�a�n�s�m�i�t�t�e�d� 

�f�r�a�m�e�,� �t�h�e� �o�r�d�e�r� �o�f� �t�h�e� �h�o�p�p�i�n�g�,� �a�n�d� �t�h�e� �h�o�p�p�i�n�g� �f�r�e�q�u�e�n�c�i�e�s� �a�r�e� �k�n�o�w�n� �t�o� �t�h�e� �r�e�c�e�i�v�e�r�.� 

�A�l�l� �t�h�a�t� �t�h�e� �a�l�g�o�r�i�t�h�m� �r�e�q�u�i�r�e�s� �t�o� �m�a�i�n�t�a�i�n� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �l�o�c�k� �i�s� �k�n�o�w�l�e�d�g�e� �o�f� �t�h�e� �e�n�d� 

�o�f� �t�h�e� �t�i�m�e� �s�l�o�t�s� �i�n� �o�r�d�e�r� �t�o� �s�w�i�t�c�h� �t�h�e� �f�r�e�q�u�e�n�c�y� �t�o� �t�h�e� �n�e�x�t� �h�o�p� �c�h�a�n�n�e�l�.� �S�i�n�c�e� �t�h�e� �a�l�g�o�-� 

�r�i�t�h�m� �k�e�e�p�s� �t�r�a�c�k� �o�f� �t�h�e� �n�u�m�b�e�r� �o�f� �d�a�t�a� �b�i�t�s� �r�e�c�e�i�v�e�d�,� �k�n�o�w�l�e�d�g�e� �o�f� �t�h�e� �e�n�d� �o�f� �t�h�e� �t�i�m�e� 

�s�l�o�t�s� �i�s� �a�v�a�i�l�a�b�l�e� �t�o� �t�h�e� �a�l�g�o�r�i�t�h�m�.� �T�h�e� �a�l�g�o�r�i�t�h�m� �t�h�u�s� �m�a�i�n�t�a�i�n�s� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �b�y� 

�s�w�i�t�c�h�i�n�g� �f�r�e�q�u�e�n�c�i�e�s� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �h�o�p�p�i�n�g� �p�a�t�t�e�r�n� �a�t� �t�h�e� �e�n�d� �o�f� �e�a�c�h� �t�i�m�e� �s�l�o�t�.� �I�f�,� 

�a�f�t�e�r� �a� �c�e�r�t�a�i�n� �n�u�m�b�e�r� �o�f� �h�o�p�s�,� �t�h�e� �r�e�c�e�i�v�e�r� �h�a�s� �s�t�i�l�l� �n�o�t� �d�e�t�e�c�t�e�d� �t�h�e� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� 

�s�e�q�u�e�n�c�e�,� �t�h�e� �a�l�g�o�r�i�t�h�m� �d�e�c�i�d�e�s� �t�h�a�t� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �h�a�s� �b�e�e�n� �l�o�s�t� �c�o�m�p�l�e�t�e�l�y� �a�n�d� �r�e�-� 

�s�t�a�r�t�s� �t�h�e� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �p�r�o�c�e�d�u�r�e�.� �T�h�e� �f�l�o�w�c�h�a�r�t� �f�o�r� �t�h�i�s� �t�e�c�h�n�i�q�u�e� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� 

�3�.�4�,� �a�n�d� �t�h�e� �s�i�g�n�a�l� �f�l�o�w� �g�r�a�p�h� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�5�.� 

�3�.�3�.�5�.�2� �T�r�a�c�k�i�n�g� 

�S�i�n�c�e� �t�h�e� �n�u�m�b�e�r� �o�f� �b�i�t�s� �i�n� �t�h�e� �t�r�a�n�s�m�i�t�t�e�d� �f�r�a�m�e�,� �t�h�e� �o�r�d�e�r� �o�f� �t�h�e� �h�o�p�p�i�n�g�,� �a�n�d� �t�h�e� 

�h�o�p�p�i�n�g� �f�r�e�q�u�e�n�c�i�e�s� �a�r�e� �k�n�o�w�n� �a�p�r�i�o�r�i�,� �a�n�d� �s�i�n�c�e� �t�i�m�e� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �(�a�c�q�u�i�s�i�t�i�o�n�)� �h�a�s� 

�a�l�r�e�a�d�y� �b�e�e�n� �e�s�t�a�b�l�i�s�h�e�d�,� �F�H� �t�r�a�c�k�i�n�g� �r�e�d�u�c�e�s� �t�o� �t�h�e� �t�a�s�k� �o�f� �t�r�a�c�k�i�n�g� �t�h�e� �f�r�e�q�u�e�n�c�y� �v�a�r�i�a�-� 

�t�i�o�n�s� �i�n� �t�h�e� �d�a�t�a� �c�l�o�c�k�.� �S�i�n�c�e� �t�h�i�s� �t�a�s�k� �i�s� �a�l�r�e�a�d�y� �c�a�r�r�i�e�d� �o�u�t� �b�y� �t�h�e� �D�E�C�T� �t�i�m�i�n�g� �r�e�c�o�v�e�r�y� 

�s�u�b�s�y�s�t�e�m�,� �a� �s�e�p�a�r�a�t�e� �F�H� �t�r�a�c�k�i�n�g� �l�o�o�p� �i�s� �n�o�t� �r�e�q�u�i�r�e�d�.� �T�h�e� �t�i�m�i�n�g� �r�e�c�o�v�e�r�y� �t�e�c�h�n�i�q�u�e� 

�u�s�e�d� �i�s� �b�a�s�e�d� �o�n� �t�h�e�  ��s�q�u�a�r�i�n�g� �l�o�o�p ��.� 

�3�.�3�.�6� �S�l�o�t� �a�n�d� �F�r�a�m�e� �F�o�r�m�a�t� 

�T�h�e� �s�l�o�t� �a�n�d� �f�r�a�m�e� �f�o�r�m�a�t� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�6�.� �E�a�c�h� �t�i�m�e� �s�l�o�t� �i�s� �9�.�2�1�6� �m�i�l�l�i�s�e�c�-� 

�o�n�d�s� �l�o�n�g� �a�n�d� �c�o�n�s�i�s�t�s� �o�f� �t�w�o� �f�r�a�m�e�s�.� �A�s� �s�e�e�n� �f�r�o�m� �t�h�e� �f�i�g�u�r�e�,� �e�a�c�h� �f�r�a�m�e� �c�o�n�s�i�s�t�s� �o�f� 
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�C�h�a�p�t�e�r�3�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �D�e�s�i�g�n� �o�f� �t�h�e� �H�o�p�p�e�r� 

�f�o�u�r� �f�i�e�l�d�s�:� 

�1�.� �H�e�a�d�e�r� �f�i�e�l�d�.� 

�2�.� �S�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �f�i�e�l�d�.� 

�3�.� �D�a�t�a� �f�i�e�l�d�.� 

�4�.� �G�u�a�r�d� �f�i�e�l�d�.� 

�T�h�e� �h�e�a�d�e�r� �f�i�e�l�d� �i�s� �3�2� �b�i�t�s� �l�o�n�g� �a�n�d� �c�o�n�s�i�s�t�s� �o�f� �t�h�e� �3�2� �b�i�t� �D�E�C�T� �h�e�a�d�e�r�,� �a�n�d� �i�s� �u�s�e�d� 

�f�o�r� �r�e�c�o�v�e�r�i�n�g� �t�h�e� �a�v�e�r�a�g�e� �D�C� �v�a�l�u�e� �o�f� �t�h�e� �d�e�m�o�d�u�l�a�t�e�d� �s�i�g�n�a�l� �a�t� �t�h�e� �r�e�c�e�i�v�e�r�.� �T�h�e� �3�2� �b�i�t� 

�p�a�t�t�e�r�n� �i�s� �a�l�s�o� �u�s�e�d� �f�o�r� �s�y�m�b�o�l� �c�l�o�c�k� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n�.� �T�h�e� �D�E�C�T� �h�e�a�d�e�r� �p�a�t�t�e�r�n� �i�s� �:� 

�1�0�1�0�1�0�1�0�1�0�1�0�1�0�1�0�1�1�1�0�1�0�0�1�1�0�0�0�1�0�1�0� 

�T�h�e� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �f�i�e�l�d� �i�s� �3�1� �b�i�t�s� �l�o�n�g� �a�n�d� �c�o�n�t�a�i�n�s� �a� �3�1� �b�i�t� �P�N� �s�e�q�u�e�n�c�e�,� �w�h�i�c�h� �i�s� 

�u�s�e�d� �t�o� �e�s�t�a�b�l�i�s�h� �f�r�e�q�u�e�n�c�y� �h�o�p� �t�i�m�i�n�g� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �a�t� �t�h�e� �r�e�c�e�i�v�e�r�.� �T�h�e� �P�N� �s�e�q�u�e�n�c�e� 

�u�s�e�d� �i�s� �a� �m�a�x�i�m�a�l� �l�e�n�g�t�h� �P�N� �s�e�q�u�e�n�c�e�,� �a�n�d� �t�h�e� �g�e�n�e�r�a�t�o�r� �p�o�l�y�n�o�m�i�a�l� �o�f� �t�h�i�s� �s�i�x�t�h� �o�r�d�e�r� 

�g�e�n�e�r�a�t�o�r� �i�s�:� �1� �+� �X� �+� �x� �[�2�6�]�.� �T�h�e� �3�1� �b�i�t� �P�N� �s�e�q�u�e�n�c�e� �u�s�e�d� �i�s�:� 

�0�1�1�0�1�1�1�0�1�0�1�0�0�0�0�1�0�0�1�0�1�1�0�0�1�1�1�1�1�0�0�.� 

�T�h�e� �d�a�t�a� �f�i�e�l�d� �i�s� �5�9�2� �b�i�t�s� �w�i�d�e� �a�n�d� �c�o�n�t�a�i�n�s� �t�h�e� �4�8�0� �C�V�S�D�M� �d�a�t�a� �b�i�t�s�.� �T�h�e� �g�u�a�r�d� 

�f�i�e�l�d� �i�s� �6�5� �b�i�t�s� �l�o�n�g� �a�n�d� �i�s� �u�s�e�f�u�l� �i�n� �p�r�e�v�e�n�t�i�n�g� �I�S�I�.� �I�t� �i�s� �a�l�s�o� �u�s�e�d� �t�o� �p�r�o�g�r�a�m� �t�h�e� �f�r�e�-� 

�q�u�e�n�c�y� �s�y�n�t�h�e�s�i�z�e�r� �f�o�r� �t�h�e� �n�e�x�t� �t�r�a�n�s�m�i�t�/�r�e�c�e�i�v�e� �f�r�e�q�u�e�n�c�y�.� 

�3�.�3�.�7� �T�h�e� �E�x�e�c�u�t�i�v�e� 

�T�h�e� �e�x�e�c�u�t�i�v�e� �r�e�f�e�r�s� �t�o� �t�h�e� �c�o�m�m�a�n�d� �a�n�d� �c�o�n�t�r�o�l� �s�u�b�-�s�y�s�t�e�m� �t�h�a�t� �i�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� 

�s�c�h�e�d�u�l�i�n�g� �a�n�d� �i�m�p�l�e�m�e�n�t�i�n�g� �t�h�e� �v�a�r�i�o�u�s� �t�a�s�k�s� �r�e�q�u�i�r�e�d� �o�f� �t�h�e� �F�H� �t�r�a�n�s�c�e�i�v�e�r�.� �S�i�n�c�e� �t�h�e� 

�F�H� �a�r�c�h�i�t�e�c�t�u�r�e� �i�s� �t�i�m�e� �d�i�v�i�s�i�o�n� �d�u�p�l�e�x�e�d�,� �t�h�e� �c�o�m�m�a�n�d� �a�n�d� �c�o�n�t�r�o�l� �e�x�e�c�u�t�i�v�e� �c�a�n� �b�e� �d�i�s�-� 

�t�i�n�c�t�l�y� �s�e�p�a�r�a�t�e�d� �i�n�t�o� �t�w�o� �e�x�e�c�u�t�i�v�e� �s�u�i�t�e�s�:� �t�r�a�n�s�m�i�t� �a�n�d� �r�e�c�e�i�v�e�.� �T�h�e� �s�y�s�t�e�m� �e�x�e�c�u�t�i�v�e�s� 

�f�o�r� �b�o�t�h� �t�h�e� �t�r�a�n�s�m�i�t� �a�n�d� �r�e�c�e�i�v�e� �s�e�g�m�e�n�t�s� �a�r�e� �i�m�p�l�e�m�e�n�t�e�d� �b�y� �D�S�P� �p�r�o�c�e�s�s�o�r�s�.� �B�o�t�h� 
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�C�h�a�p�t�e�r�3�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �D�e�s�i�g�n� �o�f� �t�h�e� �H�o�p�p�e�r� 

�h�a�r�d�w�a�r�e� �a�n�d� �s�o�f�t�w�a�r�e� �i�n�t�e�r�f�a�c�e�s� �a�r�e� �r�e�q�u�i�r�e�d� �t�o� �i�n�t�e�r�f�a�c�e� �t�h�e� �D�S�P� �s�y�s�t�e�m�s� �w�i�t�h� �t�h�e� �R�F� 

�f�r�o�n�t� �e�n�d�.� �T�h�e�r�e� �a�r�e� �s�e�v�e�r�a�l� �a�d�v�a�n�t�a�g�e�s� �t�o� �u�s�i�n�g� �a� �D�S�P� �p�r�o�c�e�s�s�o�r� �t�o� �a�c�t� �a�s� �t�h�e� �s�y�s�t�e�m� 

�e�x�e�c�u�t�i�v�e� �r�a�t�h�e�r� �t�h�a�n� �h�a�r�d� �w�i�r�i�n�g� �t�h�e� �e�x�e�c�u�t�i�v�e�.� �T�h�e� �m�a�i�n� �a�d�v�a�n�t�a�g�e� �i�s� �t�h�e� �f�l�e�x�i�b�i�l�i�t�y� �p�r�o�-� 

�v�i�d�e�d� �t�o� �t�h�e� �d�e�s�i�g�n�e�r� �a�n�d� �t�h�e� �u�s�e�r�.� �M�o�s�t� �o�f� �t�h�e� �s�u�b�-�s�y�s�t�e�m�s� �a�r�e� �b�a�s�e�d� �o�n� �s�i�g�n�a�l� �p�r�o�c�e�s�s�i�n�g� 

�a�l�g�o�r�i�t�h�m�s� �t�h�a�t� �a�r�e� �b�e�s�t� �i�m�p�l�e�m�e�n�t�e�d� �b�y� �D�S�P� �p�r�o�c�e�s�s�o�r�s� �w�h�i�c�h� �a�r�e� �o�p�t�i�m�i�z�e�d� �f�o�r� �s�u�c�h� 

�t�a�s�k�s�.� �F�i�n�a�l�l�y�,� �a�d�d�i�t�i�o�n�a�l� �s�u�b�-�s�y�s�t�e�m�s� �c�a�n� �b�e� �a�d�d�e�d� �w�i�t�h�o�u�t� �a�n�y� �m�a�j�o�r� �i�m�p�a�c�t� �t�o� �o�t�h�e�r� 

�s�u�b�-�s�y�s�t�e�m�s�.� �T�h�e� �e�x�e�c�u�t�i�v�e� �b�l�o�c�k� �f�o�r� �t�h�e� �t�r�a�n�s�m�i�t�t�e�r� �i�s� �i�m�p�l�e�m�e�n�t�e�d� �b�y� �a�n� �A�n�a�l�o�g� 

�D�e�v�i�c�e�s� �A�D�-�2�1�1�1� �D�S�P� �m�i�c�r�o�c�o�n�t�r�o�l�l�e�r�,� �a�n�d� �t�h�a�t� �f�o�r� �t�h�e� �r�e�c�e�i�v�e�r� �b�y� �a�n� �A�n�a�l�o�g� �D�e�v�i�c�e�s� 

�A�D�-�2�1�0�2�0� �m�i�c�r�o�p�r�o�c�e�s�s�o�r�.� �T�h�e� �A�D�-�2�1�1�1� �i�s� �a� �1�6� �b�i�t� �f�i�x�e�d� �p�o�i�n�t� �p�r�o�c�e�s�s�o�r� �w�i�t�h� �a� �c�o�m�p�u�-� 

�t�a�t�i�o�n�a�l� �r�a�t�e� �o�f� �1�5� �m�i�l�l�i�o�n� �i�n�s�t�r�u�c�t�i�o�n�s� �p�e�r� �s�e�c�o�n�d� �[�2�7�]�.� �T�h�e� �A�D�-�2�1�0�2�0� �i�s� �a� �3�2� �b�i�t� �f�l�o�a�t�i�n�g� 

�p�o�i�n�t� �p�r�o�c�e�s�s�o�r� �w�i�t�h� �a� �c�o�m�p�u�t�a�t�i�o�n�a�l� �r�a�t�e� �o�f� �2�5� �m�i�l�l�i�o�n� �i�n�s�t�r�u�c�t�i�o�n�s� �p�e�r� �s�e�c�o�n�d� �[�2�8�]�.� 

�A�n�a�l�o�g� �D�e�v�i�c�e�s� �D�S�P� �p�r�o�c�e�s�s�o�r�s� �w�e�r�e� �c�h�o�s�e�n� �b�e�c�a�u�s�e� �o�f� �t�h�e� �s�i�m�p�l�i�c�i�t�y� �o�f� �t�h�e� �a�s�s�e�m�b�l�y� 

�l�a�n�g�u�a�g�e� �o�f� �t�h�e�i�r� �D�S�P� �p�r�o�c�e�s�s�o�r�s�.� �T�h�i�s� �i�s� �i�m�p�o�r�t�a�n�t� �i�n� �t�h�i�s� �a�p�p�l�i�c�a�t�i�o�n� �s�i�n�c�e� �t�h�e� �c�o�m�p�u�t�a�-� 

�t�i�o�n�a�l� �c�o�m�p�l�e�x�i�t�y� �r�e�q�u�i�r�e�d� �i�s� �q�u�i�t�e� �h�i�g�h� �a�n�d� �h�a�n�d�c�o�d�e�d� �a�s�s�e�m�b�l�y� �o�p�t�i�m�i�z�e�s� �t�h�e� �c�o�m�p�u�t�a�-� 

�t�i�o�n�a�l� �p�o�w�e�r� �a�v�a�i�l�a�b�l�e� �t�o� �t�h�e� �d�e�s�i�g�n�e�r�.� �I�t� �h�a�s� �b�e�e�n� �w�i�d�e�l�y� �r�e�p�o�r�t�e�d� �i�n� �l�i�t�e�r�a�t�u�r�e� �[�2�9�]�[�3�0�]� 

�t�h�a�t� �t�h�e� �u�s�e� �o�f� �a� �c�r�o�s�s�-�c�o�m�p�i�l�e�r� �t�o� �g�e�n�e�r�a�t�e� �D�S�P� �a�s�s�e�m�b�l�y� �f�r�o�m� �a� �h�i�g�h�e�r� �l�e�v�e�l� �l�a�n�g�u�a�g�e� 

�s�u�c�h� �a�s�  ��C �� �d�e�c�r�e�a�s�e�s� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n�a�l� �p�o�w�e�r� �a�v�a�i�l�a�b�l�e� �t�o� �t�h�e� �d�e�s�i�g�n�e�r� �b�y� �a�s� �m�u�c�h� �a�s� �a�n� 

�o�r�d�e�r� �o�f� �m�a�g�n�i�t�u�d�e�.� �A� �g�e�n�e�r�a�l� �b�l�o�c�k� �d�i�a�g�r�a�m� �o�f� �t�h�e� �h�a�r�d�w�a�r�e� �i�n�t�e�r�f�a�c�e� �a�r�c�h�i�t�e�c�t�u�r�e� �i�s� 

�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�7�.� 

�3�.�3�.�7�.�1� �T�h�e� �T�r�a�n�s�m�i�t� �E�x�e�c�u�t�i�v�e� 

�T�h�e� �f�l�o�w�c�h�a�r�t� �f�o�r� �t�h�e� �t�r�a�n�s�m�i�t� �s�e�q�u�e�n�c�e� �o�f� �o�p�e�r�a�t�i�o�n�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�8�.� �A�s� 

�s�o�o�n� �a�s� �t�h�e� �c�a�l�l�i�n�g� �s�u�b�s�c�r�i�b�e�r� �i�n�i�t�i�a�t�e�s� �t�h�e� �c�a�l�l� �b�y� �p�r�e�s�s�i�n�g� �t�h�e�  ��T�a�l�k �� �k�e�y� �o�n� �t�h�e� �h�a�n�d�s�e�t�,� 

�a�n� �i�n�t�e�r�r�u�p�t� �i�s� �g�e�n�e�r�a�t�e�d� �t�o� �t�h�e� �D�S�P� �m�i�c�r�o�-�c�o�n�t�r�o�l�l�e�r� �(�t�h�e� �e�x�e�c�u�t�i�v�e�)�.� �O�n� �r�e�c�e�p�t�i�o�n� �o�f� �t�h�e� 

�i�n�t�e�r�r�u�p�t�,� �t�h�e� �t�r�a�n�s�m�i�t� �s�e�c�t�i�o�n� �o�f� �t�h�e� �D�E�C�T� �R�F� �f�r�o�n�t� �e�n�d� �w�h�i�c�h� �i�s� �i�n�i�t�i�a�l�l�y� �i�n� �t�h�e� �p�o�w�e�r� 

�d�o�w�n� �m�o�d�e� �t�o� �s�a�v�e� �b�a�t�t�e�r�y� �p�o�w�e�r�,� �i�s�  ��w�o�k�e�n� �u�p �� �b�y� �t�h�e� �D�S�P� �f�o�r� �t�r�a�n�s�m�i�s�s�i�o�n�.� �S�e�r�i�a�l� �d�a�t�a� 

�b�i�t�s� �f�r�o�m� �t�h�e� �C�o�n�t�i�n�u�o�u�s�l�y� �V�a�r�i�a�b�l�e� �S�l�o�p�e� �D�e�l�t�a� �M�o�d�u�l�a�t�o�r� �(�C�V�S�D�M�)� �c�o�d�e�c� �a�r�e� �a�c�c�u�m�u�-� 

�l�a�t�e�d� �i�n� �a� �d�a�t�a� �b�u�f�f�e�r� �u�n�t�i�l� �t�h�e�r�e� �a�r�e� �e�n�o�u�g�h� �b�i�t�s� �t�o� �t�r�a�n�s�m�i�t� �i�n� �a� �f�r�a�m�e�.� �A� �t�r�a�n�s�m�i�t� �f�r�a�m�e� �i�s� 

�P�a�g�e� �3�7
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�C�h�a�p�t�e�r�3�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �D�e�s�i�g�n� �o�f� �t�h�e� �H�o�p�p�e�r� 

�t�h�e�n� �c�o�n�s�t�r�u�c�t�e�d�.� �T�h�e� �D�S�P� �t�h�e�n� �p�r�o�g�r�a�m�s� �t�h�e� �P�L�L� �i�n� �t�h�e� �f�r�e�q�u�e�n�c�y� �s�y�n�t�h�e�s�i�z�e�r� �t�o� �t�h�e� 

�d�e�s�i�r�e�d� �R�F� �c�h�a�n�n�e�l�.� �O�n�c�e� �t�h�e� �P�L�L� �h�a�s�  ��s�e�t�t�l�e�d� �d�o�w�n �� �t�o� �i�t�s� �d�e�s�i�g�n�a�t�e�d� �c�a�r�r�i�e�r� �f�r�e�q�u�e�n�c�y�,� 

�t�h�e� �P�L�L� �f�e�e�d�b�a�c�k� �l�o�o�p� �i�s� �o�p�e�n�e�d� �a�n�d� �t�h�e� �d�a�t�a� �b�i�t�s� �o�f� �t�h�e� �t�r�a�n�s�m�i�t� �f�r�a�m�e� �a�r�e� �a�l�l�o�w�e�d� �t�o� �f�r�e�-� 

�q�u�e�n�c�y� �m�o�d�u�l�a�t�e� �t�h�e� �V�C�O� �d�i�r�e�c�t�l�y�.� �O�n�c�e� �a�l�l� �t�h�e� �b�i�t�s� �h�a�v�e� �b�e�e�n� �t�r�a�n�s�m�i�t�t�e�d�,� �t�h�e� �P�L�L� �l�o�o�p� 

�i�s� �c�l�o�s�e�d� �a�n�d� �t�h�e� �D�S�P� �r�e�a�d�i�e�s� �t�h�e� �t�r�a�n�s�c�e�i�v�e�r� �f�o�r� �r�e�c�e�p�t�i�o�n�.� �D�a�t�a� �b�i�t�s� �f�r�o�m� �t�h�e� �C�V�S�D�M� 

�c�o�d�e�c� �c�o�n�t�i�n�u�e� �t�o� �a�c�c�u�m�u�l�a�t�e� �f�o�r� �t�r�a�n�s�m�i�s�s�i�o�n� �i�n� �t�h�e� �n�e�x�t� �t�r�a�n�s�m�i�t� �f�r�a�m�e�.� 

�3�.�3�.�7�.�2� �T�h�e� �R�e�c�e�i�v�e� �E�x�e�c�u�t�i�v�e� 

�T�h�e� �f�l�o�w�c�h�a�r�t� �f�o�r� �t�h�e� �r�e�c�e�i�v�e� �s�e�q�u�e�n�c�e� �o�f� �o�p�e�r�a�t�i�o�n�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�9�.� �I�n� �t�h�e� 

�r�e�c�e�i�v�e� �m�o�d�e�,� �t�h�e� �D�S�P� �s�w�i�t�c�h�e�s� �t�h�e� �r�e�c�e�i�v�e� �p�o�r�t�i�o�n� �o�f� �t�h�e� �R�F� �f�r�o�n�t� �e�n�d� �t�o� �a�c�t�i�v�e� �m�o�d�e� 

�f�r�o�m� �t�h�e� �p�o�w�e�r� �d�o�w�n� �m�o�d�e�.� �T�h�e� �P�L�L� �i�s� �t�h�e�n� �p�r�o�g�r�a�m�m�e�d� �t�o� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �r�e�c�e�i�v�e� �f�r�e�-� 

�q�u�e�n�c�y�.� �O�n�c�e� �t�h�e� �P�L�L� �h�a�s� �b�e�e�n� �p�r�o�g�r�a�m�m�e�d�,� �t�h�e� �a�n�t�e�n�n�a� �o�u�t�p�u�t� �i�s� �s�w�i�t�c�h�e�d� �t�o� �t�h�e� �l�o�w� 

�n�o�i�s�e� �a�m�p�l�i�f�i�e�r�/�m�i�x�e�r� �c�i�r�c�u�i�t�.� �T�h�e� �a�c�q�u�i�s�i�t�i�o�n� �s�u�b�-�b�l�o�c�k� �i�m�p�l�e�m�e�n�t�e�d� �b�y� �t�h�e� �s�o�f�t�w�a�r�e� 

�m�a�t�c�h�e�d� �f�i�l�t�e�r� �i�s� �a�l�s�o� �a�c�t�i�v�a�t�e�d� �a�t� �t�h�e� �s�a�m�e� �t�i�m�e�.� �T�h�e� �m�a�t�c�h�e�d� �f�i�l�t�e�r� �i�s� �u�s�e�d� �t�o� �s�e�a�r�c�h� �f�o�r� 

�t�h�e� �3�1� �b�i�t� �s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �s�e�q�u�e�n�c�e� �i�n� �t�h�e� �t�r�a�n�s�m�i�t� �f�r�a�m�e� �a�n�d� �e�s�t�a�b�l�i�s�h� �t�i�m�i�n�g� �s�y�n�c�h�r�o�n�i�-� 

�z�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �t�r�a�n�s�m�i�t�t�e�r� �a�n�d� �t�h�e� �r�e�c�e�i�v�e�r�.� �O�n�c�e� �t�h�e� �P�N� �s�e�q�u�e�n�c�e� �h�a�s� �b�e�e�n� �d�e�t�e�c�t�e�d�,� 

�t�h�e� �m�a�t�c�h�e�d� �f�i�l�t�e�r� �s�u�b�-�b�l�o�c�k� �i�s� �d�e�a�c�t�i�v�a�t�e�d� �f�o�r� �t�h�e� �r�e�s�t� �o�f� �t�h�e� �r�e�c�e�i�v�e� �f�r�a�m�e�,� �a�n�d� �t�h�e� �r�e�s�t� �o�f� 

�t�h�e� �r�e�c�e�i�v�e�r� �b�a�s�e�b�a�n�d� �f�u�n�c�t�i�o�n�s� �a�r�e� �a�c�t�i�v�a�t�e�d�.� �T�h�e� �r�e�c�o�v�e�r�e�d� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �t�h�e� �d�e�m�o�d�-� 

�u�l�a�t�e�d� �s�i�g�n�a�l� �i�s� �h�e�l�d� �f�o�r� �t�h�e� �r�e�m�a�i�n�d�e�r� �o�f� �t�h�e� �r�e�c�e�i�v�e� �f�r�a�m�e� �b�y� �d�i�s�c�o�n�n�e�c�t�i�n�g� �t�h�e� �i�n�p�u�t� �t�o� 

�t�h�e� �h�o�l�d� �c�a�p�a�c�i�t�o�r� �i�n� �t�h�e� �L�M�X�2�2�4�0� �b�a�s�e�b�a�n�d� �p�r�o�c�e�s�s�o�r�.� �T�h�e� �d�a�t�a� �b�i�t�s� �f�r�o�m� �t�h�e� �r�e�c�e�i�v�e�d� 

�f�r�a�m�e� �a�r�e� �t�h�e�n� �b�u�f�f�e�r�e�d� �a�n�d� �t�h�e� �r�e�c�e�i�v�e� �f�r�a�m�e� �d�e�f�o�r�m�a�t�t�e�d�.� �T�h�e� �t�r�a�n�s�m�i�t�t�e�d� �C�V�S�D�M� 

�c�o�d�e�c� �d�a�t�a� �b�i�t�s� �a�r�e� �b�u�f�f�e�r�e�d� �a�n�d� �s�e�n�t� �t�o� �t�h�e� �C�V�S�D�M� �c�o�d�e�c� �f�o�r� �s�p�e�e�c�h� �r�e�c�o�n�s�t�r�u�c�t�i�o�n�.� �A�t� 

�t�h�e� �e�n�d� �o�f� �t�h�e� �r�e�c�e�i�v�e� �f�r�a�m�e�,� �t�h�e� �f�r�e�q�u�e�n�c�y� �s�y�n�t�h�e�s�i�z�e�r� �i�s� �p�r�o�g�r�a�m�m�e�d� �t�o� �t�h�e� �n�e�x�t� �t�r�a�n�s�m�i�t� 

�f�r�e�q�u�e�n�c�y�.� �T�h�e� �a�n�t�e�n�n�a� �i�s� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �p�o�w�e�r� �a�m�p�l�i�f�i�e�r� �o�u�t�p�u�t�,� �a�n�d� �t�h�e� �i�n�p�u�t� �t�o� �t�h�e� 

�h�o�l�d� �c�a�p�a�c�i�t�o�r� �i�s� �r�e�s�t�o�r�e�d�.� �T�h�i�s� �p�r�o�c�e�s�s� �i�s� �r�e�p�e�a�t�e�d� �u�n�t�i�l� �t�h�e� �l�i�n�k� �i�s� �b�r�o�k�e�n� �b�y� �o�n�e� �o�r� �b�o�t�h� 

�o�f� �t�h�e� �p�a�r�t�i�e�s� �i�n�v�o�l�v�e�d�.� 

�P�a�g�e� �4�1



�C�h�a�p�t�e�r�4�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �S�P�W� �M�o�d�e�l�s� 

�C�h�a�p�t�e�r� �4� 

�S�P�W� �M�o�d�e�l�s� �o�f� �t�h�e� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� 
�T�r�a�n�s�c�e�i�v�e�r� 

�4�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�T�h�e� �e�n�t�i�r�e� �F�H� �t�r�a�n�s�c�e�i�v�e�r� �h�a�s� �b�e�e�n� �m�o�d�e�l�e�d� �a�n�d� �s�i�m�u�l�a�t�e�d� �i�n� �a� �s�o�f�t�w�a�r�e� �s�i�m�u�l�a�t�i�o�n� 

�e�n�v�i�r�o�n�m�e�n�t� �c�a�l�l�e�d� �t�h�e� �S�i�g�n�a�l� �P�r�o�c�e�s�s�i�n�g� �W�o�r�k�S�y�s�t�e�m� �(�S�P�W�)� �[�3�1�]�.� �S�P�W� �i�s� �a� �p�o�w�e�r�f�u�l� 

�s�o�f�t�w�a�r�e� �p�a�c�k�a�g�e� �f�o�r� �d�e�v�e�l�o�p�i�n�g�,� �s�i�m�u�l�a�t�i�n�g�,� �d�e�b�u�g�g�i�n�g�,� �a�n�d� �e�v�a�l�u�a�t�i�n�g� �D�S�P� �a�n�d� �c�o�m�m�u�-� 

�n�i�c�a�t�i�o�n�s� �s�y�s�t�e�m�s� �a�l�g�o�r�i�t�h�m�s�.� �T�h�e� �S�P�W� �m�o�d�e�l�i�n�g� �o�f� �t�h�e� �F�H� �t�r�a�n�s�c�e�i�v�e�r� �h�a�s� �b�e�e�n� �s�p�l�i�t� 

�i�n�t�o� �t�h�r�e�e� �m�a�i�n� �s�e�g�m�e�n�t�s�:� �t�h�e� �t�r�a�n�s�m�i�t�t�e�r�,� �t�h�e� �r�e�c�e�i�v�e�r�,� �a�n�d� �t�h�e� �s�y�s�t�e�m� �e�x�e�c�u�t�i�v�e� �(�c�o�n�t�r�o�l�-� 

�l�e�r�)�.� �T�h�e� �d�e�t�a�i�l�s� �o�f� �t�h�e� �v�a�r�i�o�u�s� �b�l�o�c�k�s� �a�r�e� �d�i�s�c�u�s�s�e�d� �i�n� �d�e�t�a�i�l� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�e�c�t�i�o�n�s�.� 

�4�.�2� �T�h�e� �T�r�a�n�s�m�i�t�t�e�r� 

�4�.�2�.�1� �T�h�e� �D�a�t�a� �G�e�n�e�r�a�t�i�o�n� �B�l�o�c�k� 

�T�h�e� �d�a�t�a� �g�e�n�e�r�a�t�i�o�n� �b�l�o�c�k� �1�s� �a� �s�u�b�-�s�y�s�t�e�m� �o�f� �t�h�e� �c�o�n�t�r�o�l�l�e�r� �b�l�o�c�k� �(�d�i�s�c�u�s�s�e�d� �i�n� �d�e�t�a�i�l� 

�l�a�t�e�r�)� �a�n�d� �i�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �g�e�n�e�r�a�t�i�o�n� �o�f� �a� �l�o�g�i�c�a�l� �b�i�n�a�r�y� �d�a�t�a� �b�i�t� �s�t�r�e�a�m�.� �T�h�e� �b�l�o�c�k� 

�d�i�a�g�r�a�m� �o�f� �t�h�e� �d�a�t�a� �g�e�n�e�r�a�t�i�o�n� �b�l�o�c�k� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�1�.� 

�P�a�g�e� �4�2



�C�h�a�p�t�e�r�4�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �S�P�W� �M�o�d�e�l�s� 

�T�h�e� �d�a�t�a� �g�e�n�e�r�a�t�o�r� �i�s� �a� �c�u�s�t�o�m� �c�o�d�e�d� �b�l�o�c�k�,� �c�o�d�e� �i�n�  ��C ��.� �T�h�i�s� �b�l�o�c�k� �r�e�a�d�s� �a�n� �A�S�C�I�I� 

�f�i�l�e� �w�h�e�r�e� �t�h�e� �b�a�s�e�b�a�n�d� �d�a�t�a� �b�i�t�s� �p�e�r�t�a�i�n�i�n�g� �t�o� �a� �t�y�p�i�c�a�l� �D�E�C�T� �t�r�a�n�s�m�i�s�s�i�o�n� �a�r�e� �s�t�o�r�e�d� �a�s� 

�b�i�n�a�r�y� �d�i�g�i�t�s� �(�O�s� �a�n�d� �1�s�)�.� �A�n�y� �d�a�t�a� �f�i�l�e� �c�a�n� �b�e� �s�p�e�c�i�f�i�e�d�.� �T�h�e� �p�a�r�a�m�e�t�e�r�s� �o�f� �t�h�e� �b�l�o�c�k� �a�r�e� 

�g�i�v�e�n� �b�e�l�o�w�:� 

�D�e�f�a�u�l�t� �P�a�r�a�m�e�t�e�r�s�:� 

�1�.� �F�i�l�e� �n�a�m�e� �:�  ��/�h�o�m�e�/�u�6�/�c�s�i�/�c�a�e�d�a�t�a�/�d�o�m�/�d�a�t�a�.�d�a�t ��.� 

�2�.� �D�a�t�a� �r�a�t�e� �:� �1�0�0� �k�b�/�s�.� 

�3�.� �S�a�m�p�l�i�n�g� �f�r�e�q�u�e�n�c�y� �:� �2�.�1� �M�H�z�.� 

�E�d�i�t�a�b�l�e� �P�a�r�a�m�e�t�e�r�s�:� 

�1�.� �D�a�t�a� �r�a�t�e�.� 

�2�.� �S�a�m�p�l�i�n�g� �f�r�e�q�u�e�n�c�y�.� 

�3�.� �D�a�t�a� �f�i�l�e� �n�a�m�e�.� 

�4�.�2�.�2� �T�h�e� �L�e�v�e�l� �S�h�i�f�t�e�r� 

�T�h�e� �l�e�v�e�l� �s�h�i�f�t�e�r� �i�s� �a� �h�i�e�r�a�r�c�h�i�c�a�l� �b�l�o�c�k� �t�h�a�t� �h�a�s� �b�e�e�n� �c�o�n�s�t�r�u�c�t�e�d� �u�s�i�n�g� �e�x�i�s�t�i�n�g� �S�P�W� 

�b�l�o�c�k�s�.� �T�w�o� �t�y�p�e�s� �o�f� �l�e�v�e�l� �s�h�i�f�t�e�r�s� �a�r�e� �u�s�e�d�.� �T�h�e� �f�i�r�s�t� �t�y�p�e� �d�e�s�i�g�n�a�t�e�d�  ��l�e�v�e�l� �s�h�i�f�t�e�r� �#�1 ��i�s� 

�d�e�s�i�g�n�e�d� �t�o� �c�o�n�v�e�r�t� �t�h�e� �b�i�n�a�r�y� �d�a�t�a� �s�t�r�e�a�m� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �0 ��s� �a�n�d� �1 ��s� �i�n�t�o� �a� �b�i�-�l�e�v�e�l� �n�o�n�-� 

�r�e�t�u�r�n� �t�o� �z�e�r�o� �r�e�p�r�e�s�e�n�t�a�t�i�o�n�.� �A�n�y� �d�e�s�i�r�e�d� �s�i�g�n�a�l� �l�e�v�e�l� �c�a�n� �b�e� �g�e�n�e�r�a�t�e�d�.� �T�h�e� �S�P�W� �m�o�d�e�l� 

�o�f� �t�h�i�s� �l�e�v�e�l� �s�h�i�f�t�e�r� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�1�.� �T�h�e� �s�e�c�o�n�d� �t�y�p�e�,� �w�h�i�c�h� �i�s� �d�e�s�i�g�n�a�t�e�d�  ��l�e�v�e�l� 

�s�h�i�f�t�e�r� �#�2 ��,� �i�s� �d�e�s�i�g�n�e�d� �t�o� �c�o�n�v�e�r�t� �a� �b�i�-�l�e�v�e�l� �N�R�Z� �d�a�t�a� �s�t�r�e�a�m� �i�n�t�o� �a� �l�o�g�i�c�a�l� �1 ��s� �a�n�d� �0 ��s� �b�i�t� 

�s�t�r�e�a�m�.� �T�h�e� �S�P�W� �m�o�d�e�l� �f�o�r� �t�h�i�s� �l�e�v�e�l� �s�h�i�f�t�e�r� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�1�3�.� �T�h�e� �p�a�r�a�m�e�t�e�r�s� �o�f� 

�t�h�e�s�e� �b�l�o�c�k�s� �a�r�e� �g�i�v�e�n� �b�e�l�o�w�:� 

�D�e�f�a�u�l�t� �P�a�r�a�m�e�t�e�r�s�:� 

�L�e�v�e�l� �S�h�i�f�t�e�r� �#�1� 

�1�.� �O�u�t�p�u�t� �a�m�p�l�i�t�u�d�e� �>� �+�1� �t�o� �-�1� �v�o�l�t�.� 

�P�a�g�e� �4�3
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�C�h�a�p�t�e�r�4�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �S�P�W� �M�o�d�e�l�s� 

�L�e�v�e�l� �S�h�i�f�t�e�r� �#�2� 

�1�.�O�u�t�p�u�t� �a�m�p�l�i�t�u�d�e� �:� �+�1� �t�o� �0� �v�o�l�t�.� 

�E�d�i�t�a�b�l�e� �P�a�r�a�m�e�t�e�r�s�:� 

�1�.� �O�u�t�p�u�t� �a�m�p�l�i�t�u�d�e�.� 

�4�.�2�.�3� �T�h�e� �L�M�X� �2�4�1�1� �B�a�s�e�b�a�n�d� �P�r�o�c�e�s�s�o�r� �(�T�r�a�n�s�m�i�t� �S�e�c�t�i�o�n�)� 

�T�h�e� �t�r�a�n�s�m�i�t� �s�e�c�t�i�o�n� �o�f� �t�h�e� �b�a�s�e�b�a�n�d� �p�r�o�c�e�s�s�o�r� �i�m�p�l�e�m�e�n�t�s� �t�h�e� �p�u�l�s�e� �s�h�a�p�i�n�g� �f�o�r� �t�h�e� 

�n�o�n�-�r�e�t�u�r�n� �t�o� �z�e�r�o� �b�a�s�e�b�a�n�d� �d�a�t�a� �s�t�r�e�a�m�.� �T�h�i�s� �i�s� �a�n� �h�i�e�r�a�r�c�h�i�c�a�l� �b�l�o�c�k�.� �T�h�e� �G�a�u�s�s�i�a�n� �f�i�l�-� 

�t�e�r� �i�s� �i�m�p�l�e�m�e�n�t�e�d� �b�y� �t�h�e� �c�o�m�p�l�e�x� �G�a�u�s�s�i�a�n� �f�i�l�t�e�r� �b�l�o�c�k� �a�v�a�i�l�a�b�l�e� �i�n� �t�h�e� �e�x�i�s�t�i�n�g� �S�P�W� 

�l�i�b�r�a�r�y�.� �T�h�e� �f�i�l�t�e�r� �m�o�d�e�l�e�d� �h�a�s� �a� �3� �d�B� �b�a�n�d�w�i�d�t�h� �o�f� �5�0� �k�H�z�,� �a�n�d� �t�h�e� �t�a�p� �l�e�n�g�t�h� �u�s�e�d� �i�s� �3�2� 

�(�t�h�e� �t�a�p� �l�e�n�g�t�h� �o�f� �t�h�e� �c�o�m�p�l�e�x� �G�a�u�s�s�i�a�n� �f�i�l�t�e�r� �a�v�a�i�l�a�b�l�e� �i�n� �S�P�W� �m�u�s�t� �b�e� �a� �p�o�w�e�r� �o�f� �2�;� �3�2� 

�i�s� �c�h�o�s�e�n� �a�s� �i�t� �i�s� �t�h�e� �c�l�o�s�e�s�t� �t�o� �2�1�,� �w�h�i�c�h� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �s�a�m�p�l�e�s� �p�e�r� �d�a�t�a� �b�i�t�)�.� �T�h�e� �o�u�t�-� 

�p�u�t� �o�f� �t�h�i�s� �f�i�l�t�e�r� �i�s� �c�o�m�p�l�e�x� �a�n�d� �o�n�l�y� �t�h�e� �r�e�a�l� �p�a�r�t� �i�s� �u�s�e�d�.� �T�h�e� �G�a�u�s�s�i�a�n� �p�u�l�s�e� �s�h�a�p�i�n�g� �h�a�s� 

�b�e�e�n� �i�m�p�l�e�m�e�n�t�e�d� �a�s� �a� �f�i�l�t�e�r�i�n�g� �o�p�e�r�a�t�i�o�n� �r�a�t�h�e�r� �t�h�a�n� �a�s� �a� �R�O�M� �b�a�s�e�d� �r�e�a�d�o�u�t� �(�a�s� �a�c�t�u�a�l�l�y� 

�i�m�p�l�e�m�e�n�t�e�d� �i�n� �p�r�a�c�t�i�c�e�)�,� �s�i�n�c�e� �i�t� �e�n�a�b�l�e�s� �t�h�e� �b�a�n�d�w�i�d�t�h� �o�f� �t�h�e� �p�u�l�s�e� �s�h�a�p�i�n�g� �f�i�l�t�e�r� �t�o� �b�e� 

�v�a�r�i�e�d� �e�a�s�i�l�y�.� �T�h�e� �G�a�u�s�s�i�a�n� �f�i�l�t�e�r� �o�u�t�p�u�t� �i�s� �t�h�e�n� �s�c�a�l�e�d� �b�y� �a� �s�u�i�t�a�b�l�e� �f�a�c�t�o�r� �a�n�d� �t�h�e�n� �p�a�s�s�e�d� 

�t�h�r�o�u�g�h� �t�h�e� �q�u�a�n�t�i�z�e�r� �b�l�o�c�k� �t�o� �s�i�m�u�l�a�t�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� �f�i�n�i�t�e� �p�r�e�c�i�s�i�o�n� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� 

�G�a�u�s�s�i�a�n� �p�u�l�s�e� �s�a�m�p�l�e�s�.� �T�h�e� �q�u�a�n�t�i�z�e�r� �o�u�t�p�u�t� �i�s� �t�h�e�n� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �a� �f�i�r�s�t� �o�r�d�e�r� �I�I�R� �b�u�t�-� 

�t�e�r�w�o�r�t�h� �f�i�l�t�e�r� �t�o� �s�m�o�o�t�h� �t�h�e� �q�u�a�n�t�i�z�e�d� �v�a�l�u�e�s�.� �T�h�e� �b�l�o�c�k� �d�i�a�g�r�a�m� �o�f� �t�h�e� �t�r�a�n�s�m�i�t� �s�e�c�t�i�o�n� 

�o�f� �t�h�e� �b�a�s�e�b�a�n�d� �p�r�o�c�e�s�s�o�r� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�2�.� �T�h�e� �p�a�r�a�m�e�t�e�r�s� �o�f� �t�h�e� �b�l�o�c�k� �a�r�e� �g�i�v�e�n� 

�b�e�l�o�w�:� 

�D�e�f�a�u�l�t� �P�a�r�a�m�e�t�e�r�s�:� 

�1�.�3� �d�B� �f�r�e�q�u�e�n�c�y� �:� �5�0� �k�H�z�.� 

�2�.� �F�i�l�t�e�r� �o�r�d�e�r� �:� �3�2�.� 

�3�.� �S�c�a�l�e� �f�a�c�t�o�r� �:� �0�.�2�5� 
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�C�h�a�p�t�e�r�4�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �S�P�W� �M�o�d�e�l�s� 

�4�.� �N�u�m�b�e�r� �o�f� �b�i�t�s� �u�s�e�d� �i�n� �t�h�e� �q�u�a�n�t�i�z�a�t�i�o�n� �:� �8�.� 

�5�.� �O�r�d�e�r� �o�f� �t�h�e� �s�m�o�o�t�h�i�n�g� �I�I�R� �f�i�l�t�e�r� �D�1�.� 

�6�.� �B�a�n�d�w�i�d�t�h� �o�f� �t�h�e� �I�I�R� �f�i�l�t�e�r� �:� �2�0�0� �k�H�z�.� 

�E�d�i�t�a�b�l�e� �P�a�r�a�m�e�t�e�r�s�:� 

�1�.� �3� �d�B� �f�r�e�q�u�e�n�c�y�.� 

�2�.� �O�r�d�e�r� �o�f� �t�h�e� �c�o�m�p�l�e�x� �g�a�u�s�s�i�a�n� �f�i�l�t�e�r�.� 

�3�.� �S�c�a�l�e� �f�a�c�t�o�r�.� 

�4�.� �N�u�m�b�e�r� �o�f� �b�i�t�s� �u�s�e�d� �f�o�r� �t�h�e� �q�u�a�n�t�i�z�a�t�i�o�n�.� 

�5�.� �O�r�d�e�r� �o�f� �t�h�e� �s�m�o�o�t�h�i�n�g� �I�I�R� �f�i�l�t�e�r�.� 

�6�.� �B�a�n�d�w�i�d�t�h� �o�f� �t�h�e� �D�R� �f�i�l�t�e�r�.� 

�4�.�2�.�4� �T�h�e� �L�M�X� �2�3�1�5� �F�r�e�q�u�e�n�c�y� �S�y�n�t�h�e�s�i�z�e�r� 

�T�w�o� �v�e�r�s�i�o�n�s� �o�f� �t�h�e� �L�M�2�3�1�5� �f�r�e�q�u�e�n�c�y� �s�y�n�t�h�e�s�i�z�e�r� �h�a�v�e� �b�e�e�n� �m�o�d�e�l�e�d�.� �T�h�e� �f�i�r�s�t� 

�v�e�r�s�i�o�n� �m�o�d�e�l�s� �a� �s�i�m�p�l�i�f�i�e�d� �v�e�r�s�i�o�n� �o�f� �t�h�e� �f�r�e�q�u�e�n�c�y� �s�y�n�t�h�e�s�i�z�e�r�.� �A�s� �s�e�e�n� �i�n� �F�i�g�u�r�e� �4�.�3�,� 

�s�i�n�c�e� �t�h�e� �s�y�n�t�h�e�s�i�z�e�r� �i�s� �m�o�d�e�l�e�d� �a�s� �a� �V�C�O�,� �t�h�i�s� �m�o�d�e�l� �o�f� �t�h�e� �s�y�n�t�h�e�s�i�z�e�r� �d�o�e�s� �n�o�t� �r�e�q�u�i�r�e� 

�a�n�y� �s�e�t�t�l�i�n�g� �t�i�m�e�.� �F�r�e�q�u�e�n�c�i�e�s� �c�a�n� �b�e� �c�h�a�n�g�e�d� �i�n�s�t�a�n�t�a�n�e�o�u�s�l�y�.� �T�h�e� �a�d�v�a�n�t�a�g�e� �o�f� �t�h�i�s� 

�b�l�o�c�k� �i�s� �t�h�a�t� �d�u�r�i�n�g� �b�i�t� �e�r�r�o�r� �s�i�m�u�l�a�t�i�o�n�s�,� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� �r�e�d�u�c�e� �s�i�m�u�l�a�t�i�o�n� �t�i�m�e� �s�i�n�c�e� 

�t�h�e�r�e� �w�o�u�l�d� �b�e� �n�o� �t�i�m�e� �w�a�s�t�e�d� �i�n� �w�a�i�t�i�n�g� �f�o�r� �t�h�e� �P�L�L� �t�o� �s�e�t�t�l�e� �d�o�w�n�.� �T�h�e� �s�e�c�o�n�d� �v�e�r�s�i�o�n� 

�o�f� �t�h�e� �s�y�n�t�h�e�s�i�z�e�r� �m�o�d�e�l�s� �t�h�e� �P�L�L� �e�x�a�c�t�l�y� �a�s� �i�m�p�l�e�m�e�n�t�e�d�.� �T�h�e� �f�i�r�s�t� �v�e�r�s�i�o�n� �o�f� �t�h�e� �s�y�n�-� 

�t�h�e�s�i�z�e�r� �i�s� �u�s�e�d� �f�o�r� �t�h�e� �m�o�d�e�l� �o�f� �t�h�e� �s�y�s�t�e�m� �s�i�m�u�l�a�t�e�d� �a�t� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e� �f�r�e�q�u�e�n�c�y�.� 

�4�.�2�.�4�.�1� �V�e�r�s�i�o�n� �1� 

�T�h�i�s� �v�e�r�s�i�o�n� �o�f� �t�h�e� �f�r�e�q�u�e�n�c�y� �s�y�n�t�h�e�s�i�z�e�r� �i�s� �b�a�s�e�d� �o�n� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �V�C�O� �a�s� �m�o�d�-� 

�e�l�e�d� �i�n� �S�P�W� �w�o�u�l�d� �n�o�t� �e�x�p�e�r�i�e�n�c�e� �a�n�y� �f�r�e�q�u�e�n�c�y� �d�r�i�f�t� �(�u�n�l�e�s�s� �s�p�e�c�i�f�i�c�a�l�l�y� �i�n�d�u�c�e�d� �t�o� �d�o� 

�s�o�)� �a�n�d� �t�h�u�s� �t�h�e�r�e� �i�s� �n�o� �n�e�e�d� �t�o� �u�s�e� �a� �p�h�a�s�e� �l�o�c�k�e�d� �l�o�o�p� �(�l�o�c�k�e�d� �t�o� �a� �c�r�y�s�t�a�l� �r�e�f�e�r�e�n�c�e� 

�o�s�c�i�l�l�a�t�o�r�)� �t�o� �s�t�a�b�i�l�i�z�e� �t�h�e� �c�e�n�t�e�r� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� �f�r�e�q�u�e�n�c�y� �s�y�n�t�h�e�s�i�z�e�r�.� �A�s� �s�e�e�n� �i�n� �F�i�g�u�r�e� 
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�C�h�a�p�t�e�r�4�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �S�P�W� �M�o�d�e�l�s� 

�4�.�3�,� �t�h�e� �c�a�r�r�i�e�r� �(�c�e�n�t�e�r�)� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� �V�C�O� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �c�o�n�t�r�o�l� �v�o�l�t�a�g�e� �a�p�p�l�i�e�d� 

�a�t� �t�h�e� �t�u�n�i�n�g� �v�o�l�t�a�g�e� �p�o�r�t� �o�f� �t�h�e� �a�d�d�e�r�.� �T�h�e� �m�o�d�u�l�a�t�i�n�g� �v�o�l�t�a�g�e� �i�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �s�e�c�o�n�d� 

�i�n�p�u�t� �o�f� �t�h�e� �a�d�d�e�r�.� �T�h�e� �t�w�o� �t�o� �o�n�e� �m�u�l�t�i�p�l�e�x�e�r� �i�s� �u�s�e�d� �e�i�t�h�e�r� �t�o� �s�w�i�t�c�h� �i�n� �t�h�e� �m�o�d�u�l�a�t�i�n�g� 

�v�o�l�t�a�g�e� �t�o� �a�l�l�o�w� �G�M�S�K� �m�o�d�u�l�a�t�i�o�n� �t�o� �o�c�c�u�r� �o�r� �t�o� �u�s�e� �t�h�e� �f�r�e�q�u�e�n�c�y� �s�y�n�t�h�e�s�i�z�e�r� �a�s� �a� �l�o�c�a�l� 

�o�s�c�i�l�l�a�t�o�r�.� 

�D�e�f�a�u�l�t� �P�a�r�a�m�e�t�e�r�s�:� 

�V�C�O� �B�l�o�c�k�:� 

�1�.� �S�a�m�p�l�i�n�g� �f�r�e�q�u�e�n�c�y� �>� �2�.�1� �M�H�z�.� 

�2�.� �Q�u�i�e�s�c�e�n�t� �f�r�e�q�u�e�n�c�y� �:� �0� �H�z�.� 

�3�.� �V�C�O� �g�a�i�n� �:� �1�0�0� �k�H�z�/�V�o�l�t�.� 
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�C�h�a�p�t�e�r�4�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �S�P�W� �M�o�d�e�l�s� 

�E�d�i�t�a�b�l�e� �P�a�r�a�m�e�t�e�r�s�:� 

�1�.� �R�e�f�e�r�e�n�c�e� �f�r�e�q�u�e�n�c�y�.� 

�2�.� �O�r�d�e�r� �o�f� �t�h�e� �I�I�R� �l�o�o�p� �f�i�l�t�e�r�.� 

�3�.� �H�R� �f�i�l�t�e�r� �t�y�p�e�.� 

�4�.� �B�a�n�d�w�i�d�t�h� �o�f� �t�h�e� �I�I�R� �f�i�l�t�e�r�.� 

�5�.� �L�o�o�p� �G�a�i�n�.� 

�6�.� �T�r�a�n�s�f�e�r� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �V�C�O�.� 

�7�.� �Q�u�i�e�s�c�e�n�t� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� �V�C�O�.� 

�4�.�3� �T�h�e� �R�e�c�e�i�v�e�r� 

�T�h�e� �r�e�c�e�i�v�e�r� �c�h�a�i�n� �f�o�r� �t�h�i�s� �v�e�r�s�i�o�n� �o�f� �t�h�e� �s�y�s�t�e�m� �c�o�n�s�i�s�t�s� �o�f� �t�h�e� �L�N�A�/�M�i�x�e�r�,� �I�F� �f�i�l�t�e�r�,� 

�I�F� �l�i�m�i�t�e�r� �d�i�s�c�r�i�m�i�n�a�t�o�r�,� �l�o�w�p�a�s�s� �b�a�s�e�b�a�n�d� �f�i�l�t�e�r�,� �r�e�c�e�i�v�e� �s�e�c�t�i�o�n� �o�f� �t�h�e� �b�a�s�e�b�a�n�d� �p�r�o�c�e�s�s�o�r� 

�a�n�d� �t�h�e� �s�y�m�b�o�l� �t�i�m�i�n�g� �r�e�c�o�v�e�r�y� �b�l�o�c�k�.� 

�4�.�3�.�1� �T�h�e� �L�N�A�/�M�i�x�e�r� 

�T�h�e� �L�N�A�/�M�i�x�e�r� �i�s� �m�o�d�e�l�e�d� �b�y� �a� �s�i�m�p�l�e� �m�u�l�t�i�p�l�i�e�r�.� �F�i�g�u�r�e� �4�.�6� �s�h�o�w�s� �t�h�e� �S�P�W� 

�m�o�d�e�l� �f�o�r� �t�h�i�s� �b�l�o�c�k�.� 

�4�.�3�.�2� �T�h�e� �I�F� �F�i�l�t�e�r� 

�T�h�e� �I�F� �f�i�l�t�e�r� �n�e�e�d�s� �t�o� �b�e� �a� �l�i�n�e�a�r� �p�h�a�s�e� �f�i�l�t�e�r� �t�o� �a�v�o�i�d� �s�i�g�n�a�l� �d�i�s�t�o�r�t�i�o�n� �.� �A�s� �s�u�c�h�,� �t�h�e� 

�I�F� �f�i�l�t�e�r� �i�s� �m�o�d�e�l�e�d� �a�s� �a� �F�i�n�i�t�e� �I�m�p�u�l�s�e� �R�e�s�p�o�n�s�e� �(�F�I�R�)� �f�i�l�t�e�r�.� �T�h�e� �F�I�R� �f�i�l�t�e�r� �i�s� �a� �l�i�n�e�a�r� 

�p�h�a�s�e� �f�i�l�t�e�r�,� �w�i�t�h� �a� �c�o�n�s�t�a�n�t� �g�r�o�u�p� �d�e�l�a�y� �a�c�r�o�s�s� �t�h�e� �b�a�n�d� �o�f� �i�n�t�e�r�e�s�t�.� �T�h�e� �m�a�g�n�i�t�u�d�e� 

�r�e�s�p�o�n�s�e� �o�f� �t�h�e� �F�I�R� �f�i�l�t�e�r� �i�s� �a�l�m�o�s�t� �e�x�a�c�t�l�y� �e�q�u�a�l� �t�o� �t�h�a�t� �o�f� �t�h�e� �a�c�t�u�a�l� �i�m�p�l�e�m�e�n�t�e�d� �f�i�l�t�e�r�.� 

�T�h�i�s� �b�l�o�c�k� �h�a�s� �b�e�e�n� �i�m�p�l�e�m�e�n�t�e�d� �a�s� �a� �g�e�n�e�r�a�l� �p�u�r�p�o�s�e� �f�i�l�t�e�r� �b�l�o�c�k� �i�n� �S�P�W�,� �a�n�d� �i�t� �r�e�q�u�i�r�e�s� 

�t�h�e� �f�i�l�t�e�r� �c�o�e�f�f�i�c�i�e�n�t�s� �t�o� �b�e� �i�n�p�u�t� �i�n� �a� �s�e�p�a�r�a�t�e� �d�a�t�a� �f�i�l�e�.� �T�h�e� �f�i�l�t�e�r� �c�o�e�f�f�i�c�i�e�n�t�s� �h�a�v�e� �b�e�e�n� 

�g�e�n�e�r�a�t�e�d� �u�s�i�n�g� �a� �c�u�s�t�o�m� �M�A�T�L�A�B� �p�r�o�g�r�a�m�.� �T�h�i�s� �M�A�T�L�A�B� �p�r�o�g�r�a�m� �c�a�n� �b�e� �u�s�e�d� �t�o� 
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�C�h�a�p�t�e�r�4�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �S�P�W� �M�o�d�e�l�s� 

�d�e�s�i�g�n� �a�n�y� �b�a�n�d�p�a�s�s� �F�I�R� �f�i�l�t�e�r�.� �S�P�W ��s� �f�i�l�t�e�r� �d�e�s�i�g�n� �s�y�s�t�e�m� �(�F�D�S�)� �c�a�n� �a�l�s�o� �b�e� �u�s�e�d� �t�o� 

�d�e�s�i�g�n� �t�h�e� �f�i�l�t�e�r�.� �T�h�e� �m�a�g�n�i�t�u�d�e� �a�n�d� �p�h�a�s�e� �r�e�s�p�o�n�s�e� �o�f� �t�h�e� �I�F� �F�I�R� �f�i�l�t�e�r� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�-� 

�u�r�e�s� �4�.�7� �a�n�d� �4�.�8�.� 

�D�e�f�a�u�l�t� �P�a�r�a�m�e�t�e�r�s�:� 

�1�.� �S�a�m�p�l�i�n�g� �f�r�e�q�u�e�n�c�y� �:� �2�.�1� �M�H�z�.� 

�2�.� �C�e�n�t�e�r� �f�r�e�q�u�e�n�c�y� �:� �2�0�0� �k�H�z�.� 

�3�.� �B�a�n�d�w�i�d�t�h� �:� �1�5�0� �k�H�z�.� 

�4�.� �O�r�d�e�r� �o�f� �f�i�l�t�e�r� �:� �2�0� �(�2�1� �c�o�e�f�f�i�c�i�e�n�t�s�)�.� 

�5�.� �D�a�t�a� �f�i�l�e� �n�a�m�e� �:�  ��/�h�o�m�e�/�u�6�/�c�s�i�/�c�a�e�d�a�t�a�/�d�o�m�/�i�f�_�f�i�l�t�e�r�_�b�e�r�.�a�s�c�-� 

�f�i�l�t ��.� 

�E�d�i�t�a�b�l�e� �P�a�r�a�m�e�t�e�r�s�:� 

�1�.� �D�a�t�a� �f�i�l�e� �n�a�m�e�.� 

�2�.� �S�a�m�p�l�i�n�g� �f�r�e�q�u�e�n�c�y�.� 

�3�.� �C�e�n�t�e�r� �f�r�e�q�u�e�n�c�y�.� 

�4�.� �B�a�n�d�w�i�d�t�h�.� 

�5�.� �F�i�l�t�e�r� �o�r�d�e�r�.� 

�4�.�3�.�3� �T�h�e� �L�M�X� �2�2�4�0� �I�F� �L�i�m�i�t�e�r� �D�i�s�c�r�i�m�i�n�a�t�o�r� 

�T�h�i�s� �i�s� �a� �h�i�e�r�a�r�c�h�i�c�a�l� �b�l�o�c�k�.� �T�h�e� �b�l�o�c�k� �d�i�a�g�r�a�m� �o�f� �t�h�e� �L�M�2�2�4�0� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� 

�4�.�9�.� �T�h�e� �l�i�m�i�t�e�r� �a�s� �m�o�d�e�l�e�d� �s�a�t�u�r�a�t�e�s� �a�t� �+�1� �a�n�d� �-�1� �v�o�l�t�s�.� �T�h�e� �f�r�e�q�u�e�n�c�y� �d�i�s�c�r�i�m�i�n�a�t�o�r� 

�u�s�e�d� �i�s� �a� �q�u�a�d�r�a�t�u�r�e� �d�e�t�e�c�t�o�r�.� �T�h�e� �f�r�e�q�u�e�n�c�y� �d�i�s�c�r�i�m�i�n�a�t�o�r� �e�f�f�e�c�t�i�v�e�l�y� �u�s�e�s� �a�n� �a�n�a�l�o�g� 

�m�i�x�e�r� �a�s� �a� �p�h�a�s�e� �d�e�t�e�c�t�o�r� �a�n�d� �t�r�a�n�s�l�a�t�e�s� �i�n�s�t�a�n�t�a�n�e�o�u�s� �f�r�e�q�u�e�n�c�i�e�s� �(�r�a�t�e�s� �o�f� �p�h�a�s�e� �c�h�a�n�g�e�s�)� 

�t�o� �d�i�f�f�e�r�e�n�t� �v�o�l�t�a�g�e� �l�e�v�e�l�s�.� �T�o� �a�c�h�i�e�v�e� �o�p�t�i�m�u�m� �p�e�r�f�o�r�m�a�n�c�e� �f�r�o�m� �t�h�e� �d�i�s�c�r�i�m�i�n�a�t�o�r�,� �a� 

�1�8�0�°� �p�h�a�s�e� �s�h�i�f�t� �s�h�o�u�l�d� �b�e� �i�n�t�r�o�d�u�c�e�d� �a�c�r�o�s�s� �t�h�e� �b�a�n�d� �o�f� �i�n�t�e�r�e�s�t�.� �I�d�e�a�l�l�y�,� �t�h�e� �p�h�a�s�e� �s�h�i�f�t� 

�a�c�h�i�e�v�e�d� �s�h�o�u�l�d� �b�e� �9�0�°� �+� �9�0�°�.� �T�h�e� �q�u�a�l�i�t�y� �f�a�c�t�o�r� �o�f� �t�h�e� �t�a�n�k� �u�s�e�d� �t�o� �i�m�p�l�e�m�e�n�t� �t�h�e� �f�r�e�-� 

�q�u�e�n�c�y� �d�e�p�e�n�d�e�n�t� �p�h�a�s�e� �s�h�i�f�t� �s�h�o�u�l�d� �b�e� �a�s� �h�i�g�h� �a�s� �p�o�s�s�i�b�l�e� �t�o� �k�e�e�p� �t�h�e� �p�h�a�s�e� �l�i�n�e�a�r� �a�c�r�o�s�s� 
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�C�h�a�p�t�e�r�4�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �S�P�W� �M�o�d�e�l�s� 

�t�h�e� �b�a�n�d� �o�f� �i�n�t�e�r�e�s�t�.� �T�h�e� �t�a�n�k� �c�i�r�c�u�i�t� �u�s�e�d� �h�a�s� �a� �Q� �o�f� �7�0�.� �T�h�e� �t�u�n�e�d� �c�i�r�c�u�i�t� �i�s� �m�o�d�e�l�e�d� �i�n� 

�S�P�W� �a�s� �a� �H�i�l�b�e�r�t� �T�r�a�n�s�f�o�r�m�e�r� �i�n� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �a� �F�I�R� �f�i�l�t�e�r�.� �T�h�e� �H�i�l�b�e�r�t� �T�r�a�n�s�f�o�r�m�e�r� �i�s� 

�u�s�e�d� �t�o� �i�n�t�r�o�d�u�c�e� �t�h�e� �n�o�m�i�n�a�l� �9�0�°� �p�h�a�s�e� �s�h�i�f�t� �a�s� �r�e�q�u�i�r�e�d�,� �a�n�d� �i�t� �e�x�i�s�t�s� �a�s� �a� �S�P�W� �b�l�o�c�k�.� 

�T�h�e� �b�a�n�d�p�a�s�s� �f�i�l�t�e�r� �u�s�e�d� �t�o� �a�c�h�i�e�v�e� �t�h�e� �f�r�e�q�u�e�n�c�y� �d�e�p�e�n�d�e�n�t� �p�h�a�s�e� �s�h�i�f�t� �f�o�r� �q�u�a�d�r�a�t�u�r�e� 

�d�e�t�e�c�t�i�o�n� �i�s� �m�o�d�e�l�e�d� �b�y� �a� �F�I�R� �f�i�l�t�e�r� �o�f� �s�u�i�t�a�b�l�e� �o�r�d�e�r� �d�e�s�i�g�n�e�d� �t�o� �g�i�v�e� �a� �p�h�a�s�e� �s�h�i�f�t� �o�f� 

�a�b�o�u�t� �5�0�°� �(�w�h�i�c�h� �i�s� �r�e�a�l�i�z�a�b�l�e� �w�i�t�h� �p�r�a�c�t�i�c�a�l� �c�i�r�c�u�i�t�s�)� �a�c�r�o�s�s� �a� �f�r�e�q�u�e�n�c�y� �s�p�a�n� �o�f� �1�5�0� 

�K�H�z�.� �A� �F�I�R� �f�i�l�t�e�r� �h�a�s� �b�e�e�n� �u�s�e�d� �s�i�n�c�e� �w�e� �r�e�q�u�i�r�e� �t�h�a�t� �t�h�e� �f�i�l�t�e�r� �b�e� �l�i�n�e�a�r� �p�h�a�s�e�.� �T�h�e� �F�I�R� 

�f�i�l�t�e�r� �i�s� �i�m�p�l�e�m�e�n�t�e�d� �b�y� �t�h�e� �g�e�n�e�r�a�l� �f�i�l�t�e�r� �b�l�o�c�k� �i�n� �S�P�W�,� �w�h�i�c�h� �c�a�n� �m�o�d�e�l� �b�o�t�h� �F�I�R� �a�n�d� 

�I�I�R� �f�i�l�t�e�r�s�.� �T�h�i�s� �b�l�o�c�k� �r�e�q�u�i�r�e�s� �t�h�a�t� �t�h�e� �f�i�l�t�e�r� �c�o�e�f�f�i�c�i�e�n�t�s� �b�e� �g�i�v�e�n� �i�n� �a� �s�e�p�a�r�a�t�e� �d�a�t�a� �f�i�l�e�.� 

�T�h�e� �f�i�l�t�e�r� �i�s� �d�e�s�i�g�n�e�d� �i�n� �M�A�T�L�A�B� �u�s�i�n�g� �t�h�e� �w�i�n�d�o�w� �t�e�c�h�n�i�q�u�e�,� �i�m�p�l�e�m�e�n�t�e�d� �b�y� �t�h�e� 

�M�A�T�L�A�B� �f�u�n�c�t�i�o�n� �F�I�R�1� �[�3�2�]�.� �T�h�e� �m�a�g�n�i�t�u�d�e� �a�n�d� �p�h�a�s�e� �r�e�s�p�o�n�s�e�s� �o�f� �t�h�e� �t�a�n�k� �c�i�r�c�u�i�t� �a�r�e� 

�s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �4�.�1�0� �a�n�d� �4�.�1�1�.� �T�h�e� �o�u�t�p�u�t� �o�f� �t�h�e� �d�i�s�c�r�i�m�i�n�a�t�o�r� �i�s� �c�e�n�t�e�r�e�d� �a�t� �1�.�5� �v�o�l�t�s�.� 

�D�e�f�a�u�l�t� �P�a�r�a�m�e�t�e�r�s�:� 

�1�.� �O�r�d�e�r� �o�f� �t�h�e� �H�i�l�b�e�r�t� �T�r�a�n�s�f�o�r�m�e�r� �:� �3�2�.� 

�2�.� �O�r�d�e�r� �o�f� �t�h�e� �b�a�n�d�p�a�s�s� �F�I�R� �f�i�l�t�e�r� �:� �1�0� �(�1�1� �c�o�e�f�f�i�c�i�e�n�t�s�)�.� 

�3�.� �C�e�n�t�e�r� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� �F�I�R� �f�i�l�t�e�r� �:� �2�0�0� �k�H�z�.� 

�4�.� �B�a�n�d�w�i�d�t�h� �o�f� �t�h�e� �F�I�R� �f�i�l�t�e�r� �:� �1�5�0� �k�H�z�.� 

�5�.� �F�i�l�e� �n�a�m�e� �o�f� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t� �f�i�l�e� �:�  ��/�h�o�m�e�/�u�6�/�c�s�i�/�c�a�e�d�a�t�a�/�d�o�m�/�t�a�n�k�_�b�e�r�.�a�s�c�f�i�l�t ��.� 

�E�d�i�t�a�b�l�e� �P�a�r�a�m�e�t�e�r�s�:� 

�1�.� �O�r�d�e�r� �o�f� �t�h�e� �H�i�l�b�e�r�t� �T�r�a�n�s�f�o�r�m�e�r�.� 

�2�.� �O�r�d�e�r� �o�f� �t�h�e� �F�I�R� �f�i�l�t�e�r�.� 

�3�.� �C�e�n�t�e�r� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� �F�I�R� �f�i�l�t�e�r�.� 

�4�.� �B�a�n�d�w�i�d�t�h� �o�f� �t�h�e� �F�I�R� �f�i�l�t�e�r�.� 

�4�.�3�.�4� �T�h�e� �L�o�w�p�a�s�s� �B�a�s�e�b�a�n�d� �F�i�l�t�e�r� 

�T�h�e� �l�o�w�p�a�s�s� �f�i�l�t�e�r� �u�s�e�d� �i�n� �t�h�e� �a�c�t�u�a�l� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �i�s� �a� �s�i�x�t�h� �o�r�d�e�r� �b�u�t�t�e�r�w�o�r�t�h� �f�i�l�-� 

�P�a�g�e� �5�9
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�C�h�a�p�t�e�r�4�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �S�P�W� �M�o�d�e�l�s� 

�t�e�r� �a�n�d� �i�s� �m�o�d�e�l�e�d� �i�n� �S�P�W� �a�s� �s�u�c�h� �b�y� �a� �s�i�x�t�h� �o�r�d�e�r� �b�u�t�t�e�r�w�o�r�t�h� �I�n�f�i�n�i�t�e� �I�m�p�u�l�s�e� �R�e�s�p�o�n�s�e� 

�(�I�I�R�)� �f�i�l�t�e�r�,� 

�D�e�f�a�u�l�t� �P�a�r�a�m�e�t�e�r�s�:� 

�1�.� �S�a�m�p�l�i�n�g� �f�r�e�q�u�e�n�c�y� �:� �2�.�1� �M�H�z�.� 

�2�.�3� �d�B� �f�r�e�q�u�e�n�c�y� �:� �1�0�0� �k�H�z�.� 

�3�.� �F�i�l�t�e�r� �o�r�d�e�r� �:� �4�,� 

�E�d�i�t�a�b�l�e� �P�a�r�a�m�e�t�e�r�s�:� 

�1�.� �S�a�m�p�l�i�n�g� �f�r�e�q�u�e�n�c�y�.� 

�2�.� �3� �d�B� �f�r�e�q�u�e�n�c�y�.� 

�3�.� �F�i�l�t�e�r� �o�r�d�e�r�.� 

�4�,� �F�i�l�t�e�r� �t�y�p�e�.� 

�4�.�3�.�5� �T�h�e� �L�M�X� �2�4�1�1� �B�a�s�e�b�a�n�d� �P�r�o�c�e�s�s�o�r� �(�R�e�c�e�i�v�e� �S�e�c�t�i�o�n�)� 

�T�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�e� �b�a�s�e�b�a�n�d� �p�r�o�c�e�s�s�o�r� �i�s� �t�o� �r�e�c�o�v�e�r� �t�h�e� �D�C� �v�a�l�u�e� �f�r�o�m� �t�h�e� �l�o�w�p�a�s�s� 

�f�i�l�t�e�r�e�d� �d�e�m�o�d�u�l�a�t�e�d� �s�i�g�n�a�l�,� �a�n�d� �t�o� �u�s�e� �t�h�i�s� �v�a�l�u�e� �t�o� �s�h�a�p�e� �t�h�e� �a�n�a�l�o�g� �l�o�w�p�a�s�s� �s�i�g�n�a�l� �i�n�t�o� �a� 

�n�o�n�-�r�e�t�u�r�n� �t�o� �z�e�r�o� �d�i�g�i�t�a�l� �s�i�g�n�a�l�.� �T�h�e� �D�C� �v�a�l�u�e� �i�s� �o�b�t�a�i�n�e�d� �b�y� �a�v�e�r�a�g�i�n�g� �o�v�e�r� �t�h�e� �f�i�r�s�t� �1�6� 

�b�i�t�s� �o�f� �t�h�e� �h�e�a�d�e�r� �s�e�q�u�e�n�c�e�.� �T�h�e� �f�i�r�s�t� �o�r�d�e�r� �i�n�t�e�g�r�a�t�o�r� �u�s�e�d� �t�o� �a�v�e�r�a�g�e� �t�h�e� �D�C� �v�a�l�u�e� �i�s� 

�m�o�d�e�l�e�d� �b�y� �a� �f�i�r�s�t� �o�r�d�e�r� �b�u�t�t�e�r�w�o�r�t�h� �I�I�R� �f�i�l�t�e�r�.� �T�h�e� �b�l�o�c�k� �d�i�a�g�r�a�m� �o�f� �t�h�e� �b�a�s�e�b�a�n�d� �p�r�o�c�e�s�-� 

�s�o�r� �1�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�1�2�.� �T�h�e� �c�o�n�t�r�o�l� �s�i�g�n�a�l�s� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�e� �v�a�r�i�o�u�s� �o�p�e�r�a�t�i�o�n�s� �a�r�e� 

�s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �4�.�4�.� 

�D�e�f�a�u�l�t� �P�a�r�a�m�e�t�e�r�s�:� 

�1�.� �S�a�m�p�l�i�n�g� �f�r�e�q�u�e�n�c�y� �:� �2�.�1� �M�H�z�.� 

�2�.� �F�i�l�t�e�r� �o�r�d�e�r� �1�,� 

�3�.�3� �d�B� �f�r�e�q�u�e�n�c�y� �:�4� �k�H�z�.� 
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�C�h�a�p�t�e�r�4�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �S�P�W� �M�o�d�e�l�s� 

�E�d�i�t�a�b�l�e� �P�a�r�a�m�e�t�e�r�s�:� 

�1�.� �S�a�m�p�l�i�n�g� �f�r�e�q�u�e�n�c�y�.� 

�2�.� �F�i�l�t�e�r� �o�r�d�e�r�.� 

�3�.� �3� �d�B� �f�r�e�q�u�e�n�c�y�.� 

�4�.�3�.�6� �T�h�e� �S�y�m�b�o�l� �T�i�m�i�n�g� �R�e�c�o�v�e�r�y� �B�l�o�c�k� 

�T�h�e� �s�y�m�b�o�l� �t�i�m�i�n�g� �r�e�c�o�v�e�r�y� �t�e�c�h�n�i�q�u�e� �m�o�d�e�l�e�d� �i�s� �t�h�e� �s�q�u�a�r�i�n�g� �l�o�o�p� �t�e�c�h�n�i�q�u�e�.� �F�i�g�-� 

�u�r�e� �4�.�1�3� �s�h�o�w�s� �t�h�e� �b�l�o�c�k� �d�i�a�g�r�a�m� �o�f� �t�h�i�s� �b�l�o�c�k�.� �T�h�e� �i�n�p�u�t� �s�i�g�n�a�l� �i�s� �d�e�l�a�y�e�d� �b�y� �h�a�l�f� �t�h�e� 

�d�a�t�a� �b�i�t� �p�e�r�i�o�d�,� �u�s�i�n�g� �t�h�e� �b�u�l�k� �d�e�l�a�y� �b�l�o�c�k� �i�n� �S�P�W�.� �T�h�e� �d�e�l�a�y�e�d� �s�i�g�n�a�l� �a�n�d� �t�h�e� �o�r�i�g�i�n�a�l� 

�(�u�n�d�e�l�a�y�e�d�)� �s�i�g�n�a�l� �a�r�e� �t�h�e�n� �m�u�l�t�i�p�l�i�e�d� �t�o�g�e�t�h�e�r� �u�s�i�n�g� �a�n� �e�x�-�o�r� �g�a�t�e� �t�o� �g�e�n�e�r�a�t�e� �a� �d�i�s�c�r�e�t�e� 

�s�p�e�c�t�r�a�l� �l�i�n�e� �a�t� �t�h�e� �b�i�t� �r�a�t�e�.� �T�h�e� �o�u�t�p�u�t� �o�f� �t�h�e� �e�x�-�o�r� �g�a�t�e� �i�s� �t�h�e�n� �a�p�p�r�o�p�r�i�a�t�e�l�y� �l�e�v�e�l� �s�h�i�f�t�e�d� 

�t�o� �t�r�a�n�s�i�t�i�o�n� �f�r�o�m� �t�h�e� �l�o�g�i�c� �l�e�v�e�l�s� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�e� �e�x�-�o�r� �o�p�e�r�a�t�i�o�n� �t�o� �a� �p�o�l�a�r� �N�R�Z� �s�i�g�n�a�l�.� 

�T�h�e� �s�p�e�c�t�r�u�m� �a�t� �t�h�e� �o�u�t�p�u�t� �o�f� �t�h�e� �m�u�l�t�i�p�l�i�e�r� �c�o�n�s�i�s�t�s� �o�f� �a� �d�i�s�c�r�e�t�e� �s�p�e�c�t�r�a�l� �l�i�n�e� �a�t� �m�u�l�t�i�p�l�e�s� 

�o�f� �t�h�e� �b�i�t� �r�a�t�e�,� �a� �c�o�n�t�i�n�u�o�u�s� �c�o�m�p�o�n�e�n�t�,� �a�n�d� �a� �D�C� �c�o�m�p�o�n�e�n�t�.� �T�h�e� �l�e�v�e�l� �s�h�i�f�t�e�d� �s�i�g�n�a�l� �i�s� 

�t�h�e�n� �c�o�a�r�s�e�l�y� �f�i�l�t�e�r�e�d� �u�s�i�n�g� �a� �f�o�u�r�t�h� �o�r�d�e�r� �b�u�t�t�e�r�w�o�r�t�h� �I�I�R� �d�i�g�i�t�a�l� �b�a�n�d�p�a�s�s� �f�i�l�t�e�r� �c�e�n�t�e�r�e�d� 

�a�t� �1�0�0� �k�H�z� �t�o� �e�l�i�m�i�n�a�t�e� �t�h�e� �D�C� �c�o�m�p�o�n�e�n�t� �a�n�d� �l�i�g�h�t�l�y� �f�i�l�t�e�r� �t�h�e� �c�o�n�t�i�n�u�o�u�s� �c�o�m�p�o�n�e�n�t�.� 

�T�h�e� �d�i�s�c�r�e�t�e� �s�p�e�c�t�r�a�l� �c�o�m�p�o�n�e�n�t� �a�t� �t�h�e� �d�a�t�a� �r�a�t�e� �p�a�s�s�e�s� �u�n�c�h�a�n�g�e�d� �t�h�r�o�u�g�h� �t�h�e� �b�a�n�d�p�a�s�s� 

�f�i�l�t�e�r� �a�n�d� �i�s� �t�h�e�n� �t�r�a�c�k�e�d� �b�y� �a� �s�e�c�o�n�d� �o�r�d�e�r� �P�L�L�.� �T�h�e� �l�o�c�k� �r�a�n�g�e� �o�f� �t�h�e� �P�L�L� �i�s� �1�0� �k�H�z�.� �I�n� 

�s�t�e�a�d�y� �s�t�a�t�e�,� �t�h�e� �P�L�L� �w�i�l�l� �t�r�a�c�k� �t�h�e� �p�h�a�s�e� �o�f� �t�h�e� �d�i�s�c�r�e�t�e� �s�p�e�c�t�r�a�l� �c�o�m�p�o�n�e�n�t� �a�t� �t�h�e� �b�i�t� �r�a�t�e�.� 

�T�h�e� �o�u�t�p�u�t� �o�f� �t�h�e� �P�L�L�,� �w�h�i�c�h� �i�s� �s�i�n�u�s�o�i�d�a�l�,� �i�s� �t�h�e�n� �s�e�n�t� �t�o� �a� �z�e�r�o� �c�r�o�s�s�i�n�g� �d�e�t�e�c�t�o�r� �t�o� �s�h�a�p�e� 

�t�h�e� �r�e�c�o�v�e�r�e�d� �c�l�o�c�k� �i�n�t�o� �a� �d�i�g�i�t�a�l� �s�i�g�n�a�l�.� �T�h�i�s� �i�s� �a� �h�i�e�r�a�r�c�h�i�c�a�l� �b�l�o�c�k�.� 

�W�e� �c�a�n� �a�l�s�o� �m�a�k�e� �u�s�e� �o�f� �t�h�e� �a�n�a�l�o�g� �v�e�r�s�i�o�n� �o�f� �t�h�e� �s�q�u�a�r�i�n�g� �l�o�o�p� �t�e�c�h�n�i�q�u�e�,� �w�h�e�r�e� 

�i�n�s�t�e�a�d� �o�f� �u�s�i�n�g� �t�h�e� �d�e�l�a�y� �a�n�d� �e�x�-�o�r� �m�e�t�h�o�d�,� �w�e� �w�o�u�l�d� �m�a�k�e� �u�s�e� �o�f� �a�n� �a�b�s�o�l�u�t�e� �v�a�l�u�e� �c�i�r�-� 

�c�u�i�t� �t�o� �g�e�n�e�r�a�t�e� �t�h�e� �s�p�e�c�t�r�a�l� �c�o�m�p�o�n�e�n�t� �a�t� �t�h�e� �b�i�t� �r�a�t�e�.� �I�n� �t�h�i�s� �c�a�s�e�,� �t�h�e� �s�y�m�b�o�l� �t�i�m�i�n�g� 

�r�e�c�o�v�e�r�y� �b�l�o�c�k� �i�n�p�u�t� �w�o�u�l�d� �b�e� �t�a�k�e�n� �f�r�o�m� �t�h�e� �p�o�r�t� �l�a�b�e�l�e�d�  ��T�o� �S�T�R ��,� �a�n�d� �n�o�t� �f�r�o�m� �t�h�e� �o�u�t�-� 

�p�u�t� �o�f� �t�h�e� �c�o�m�p�a�r�a�t�o�r� �i�n� �t�h�e� �b�a�s�e�b�a�n�d� �p�r�o�c�e�s�s�o�r� �a�s� �i�n� �t�h�e� �d�i�g�i�t�a�l� �i�m�p�l�e�m�e�n�t�a�t�i�o�n�.� 
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�C�h�a�p�t�e�r�4�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �S�P�W� �M�o�d�e�l�s� 

�D�e�f�a�u�l�t� �P�a�r�a�m�e�t�e�r�s�:� 

�1�.� �S�a�m�p�l�i�n�g� �f�r�e�q�u�e�n�c�y� �>� �2�.�1� �M�H�z�.� 

�2�.� �A�m�o�u�n�t� �o�f� �d�e�l�a�y� �:� �1�0� �s�a�m�p�l�e�s�.� 

�3�.� �F�i�l�t�e�r� �o�r�d�e�r� �o�f� �B�P�F� �:� �4�,� 

�4�.� �C�e�n�t�e�r� �f�r�e�q�u�e�n�c�y� �o�f� �B�P�F� �:� �1�0�0� �k�H�z�.� 

�5�.�3� �d�B� �b�a�n�d�w�i�d�t�h� �:� �1�0�.�0� �k�H�z�.� 

�6�.� �P�L�L� �c�e�n�t�e�r� �f�r�e�q�u�e�n�c�y� �:� �1�0�0� �k�H�z�.� 

�7�.� �L�o�c�k� �r�a�n�g�e� �o�f� �P�L�L� �:� �1�0� �k�H�z�.� 

�E�d�i�t�a�b�l�e� �P�a�r�a�m�e�t�e�r�s�:� 

 �
� �.� �S�a�m�p�l�i�n�g� �f�r�e�q�u�e�n�c�y�.� 

�.� �A�m�o�u�n�t� �o�f� �d�e�l�a�y�.� 

�.� �F�i�l�t�e�r� �o�r�d�e�r� �o�f� �B�P�F�.� 

�.� �C�e�n�t�e�r� �f�r�e�q�u�e�n�c�y� �o�f� �B�P�F�.� 

�.� �3� �d�B� �b�a�n�d�w�i�d�t�h�.� 

�.� �P�L�L� �c�e�n�t�e�r� �f�r�e�q�u�e�n�c�y�.� 

�.� �L�o�c�k� �r�a�n�g�e� �o�f� �P�L�L�.� 
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�.� �l�e�v�e�l� �s�h�i�f�t�s�.� 

�4�.�3�.�7� �T�h�e� �D� �F�l�i�p�-�f�l�o�p� 

�T�h�e� �D� �f�l�i�p�-�f�l�o�p� �i�s� �u�s�e�d� �t�o� �r�e�s�a�m�p�l�e� �t�h�e� �i�n�c�o�m�i�n�g� �r�e�c�o�v�e�r�e�d� �d�a�t�a� �s�t�r�e�a�m� �f�r�o�m� �t�h�e� 

�b�a�s�e�b�a�n�d� �p�r�o�c�e�s�s�o�r� �u�s�i�n�g� �t�h�e� �d�a�t�a� �c�l�o�c�k� �r�e�c�o�v�e�r�e�d� �b�y� �t�h�e� �s�y�m�b�o�l� �t�i�m�i�n�g� �r�e�c�o�v�e�r�y� �b�l�o�c�k�.� 

�T�h�e� �D� �f�l�i�p�-�f�l�o�p� �s�a�m�p�l�e�s� �t�h�e� �i�n�p�u�t� �d�a�t�a� �a�n�d� �i�t� �i�s� �r�i�s�i�n�g� �e�d�g�e� �a�c�t�i�v�e�.� �T�h�i�s� �i�s� �a� �h�i�e�r�a�r�c�h�i�c�a�l� 

�b�l�o�c�k�.� 

�D�e�f�a�u�l�t� �P�a�r�a�m�e�t�e�r�s�:� 

�N�o�n�e�.� 
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�C�h�a�p�t�e�r�4�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �S�P�W� �M�o�d�e�l�s� 

�E�d�i�t�a�b�l�e� �P�a�r�a�m�e�t�e�r�s�:� 

�N�o�n�e�.� 

�4�.�3�.�8� �T�h�e� �B�i�t� �E�r�r�o�r� �R�a�t�e� �B�l�o�c�k� 

�T�h�e� �b�i�t� �e�r�r�o�r� �r�a�t�e� �(�B�E�R�)� �b�l�o�c�k� �i�s� �a� �s�u�b�-�s�y�s�t�e�m� �o�f� �t�h�e� �c�o�n�t�r�o�l�l�e�r� �b�l�o�c�k� �a�n�d� �i�s� �u�s�e�d� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �d�a�t�a� �b�i�t� �e�r�r�o�r� �r�a�t�e� �f�o�r� �a� �s�i�m�u�l�a�t�i�o�n�.� �T�h�i�s� �b�l�o�c�k� �h�a�s� �b�e�e�n� �c�u�s�t�o�m� �c�o�d�e�d� �i�n� 

 ��C ��.� �T�h�i�s� �b�l�o�c�k� �r�e�a�d�s� �t�h�e� �o�r�i�g�i�n�a�l� �(�t�r�a�n�s�m�i�t�t�e�d�)� �d�a�t�a� �d�i�r�e�c�t�l�y� �f�r�o�m� �t�h�e� �i�n�p�u�t� �d�a�t�a� �f�i�l�e� �a�n�d� 

�c�o�m�p�a�r�e�s� �i�t� �w�i�t�h� �t�h�e� �d�e�m�o�d�u�l�a�t�e�d� �d�a�t�a� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �e�r�r�o�r� �r�a�t�e�.� �T�h�e� �b�i�t� �e�r�r�o�r� �r�a�t�e� �i�s� 

�t�h�e�n� �w�r�i�t�t�e�n� �t�o� �a�n� �o�u�t�p�u�t� �f�i�l�e�.� �T�h�e� �f�u�n�c�t�i�o�n�a�l� �b�l�o�c�k� �d�i�a�g�r�a�m� �o�f� �t�h�i�s� �b�l�o�c�k� �i�s� �s�h�o�w�n� �i�n� �F�i�g�-� 

�u�r�e� �4�.�1�4�.� 

�D�e�f�a�u�l�t� �P�a�r�a�m�e�t�e�r�s�:� 

�1�.� �N�u�m�b�e�r� �o�f� �d�a�t�a� �b�i�t�s� �f�o�r� �t�h�e� �s�i�m�u�l�a�t�i�o�n� �:�1�0�0�0�0�.� 

�2�.� �I�n�p�u�t� �f�i�l�e� �n�a�m�e� �:�  ��/�n�o�m�e�/�u�6�/�c�s�i�/�c�a�e�d�a�t�a�/�d�o�m�/�d�a�t�a�.�d�a�t ��.� 

�3�.� �O�u�t�p�u�t� �f�i�l�e� �n�a�m�e� �:�  ��/�h�o�m�e�/�u�6�/�c�s�i�/�c�a�e�d�a�t�a�/�d�o�m�/�B�E�R�.�d�a�t ��.� 

�E�d�i�t�a�b�l�e� �P�a�r�a�m�e�t�e�r�s�:� 

�1�.� �N�u�m�b�e�r� �o�f� �d�a�t�a� �b�i�t�s� �f�o�r� �t�h�e� �s�i�m�u�l�a�t�i�o�n�.� 

�2�.� �I�n�p�u�t� �f�i�l�e� �n�a�m�e�.� 

�3�.� �O�u�t�p�u�t� �f�i�l�e� �n�a�m�e�.� 

�4�.�4� �T�h�e� �C�o�n�t�r�o�l�l�e�r� 

�T�h�e� �c�o�n�t�r�o�l�l�e�r� �b�l�o�c�k� �i�s� �t�h�e� �s�y�s�t�e�m� �e�x�e�c�u�t�i�v�e�,� �a�n�d� �i�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �s�c�h�e�d�u�l�i�n�g�,� �s�y�n�-� 

�c�h�r�o�n�i�z�i�n�g� �a�n�d� �c�a�r�r�y�i�n�g� �o�u�t� �t�h�e� �v�a�r�i�o�u�s� �h�o�u�s�e�k�e�e�p�i�n�g� �t�a�s�k�s� �r�e�q�u�i�r�e�d� �t�o� �o�p�e�r�a�t�e� �t�h�e� �t�r�a�n�s�-� 

�c�e�i�v�e�r�.� �T�h�e� �c�o�n�t�r�o�l�l�e�r� �p�e�r�f�o�r�m�s� �a�l�l� �t�h�e� �f�u�n�c�t�i�o�n�s� �a�s� �o�u�t�l�i�n�e�d� �i�n� �s�e�c�t�i�o�n� �3�.�3�.�7� �i�n� �c�h�a�p�t�e�r� �3�.� 

�T�h�e� �c�o�n�t�r�o�l�l�e�r� �b�l�o�c�k� �c�a�n� �b�e� �d�i�v�i�d�e�d� �i�n�t�o� �t�w�o� �m�a�i�n� �b�l�o�c�k�s�:� �t�r�a�n�s�m�i�t� �a�n�d� �r�e�c�e�i�v�e�.� �T�h�i�s� �i�s� �a� 

�c�u�s�t�o�m� �c�o�d�e�d� �b�l�o�c�k�,� �c�o�d�e�d� �i�n�  ��c ��.� �A� �g�e�n�e�r�a�l� �b�l�o�c�k� �d�i�a�g�r�a�m� �o�f� �t�h�e� �S�P�W� �m�o�d�e�l� �o�f� �t�h�i�s� 
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�C�h�a�p�t�e�r�4�:� �F�r�e�q�u�e�n�c�y� �H�o�p�p�i�n�g� �S�p�r�e�a�d� �S�p�e�c�t�r�u�m� �R�a�d�i�o� �-� �S�P�W� �M�o�d�e�l�s� 

�b�l�o�c�k� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�1�5�.� 

�4�.�4�.�1� �T�h�e� �T�r�a�n�s�m�i�t� �B�l�o�c�k� 

�T�h�e� �o�p�e�r�a�t�i�o�n� �o�f� �t�h�i�s� �b�l�o�c�k� �i�s� �i�n� �a�c�c�o�r�d�a�n�c�e� �w�i�t�h� �t�h�e� �f�l�o�w�c�h�a�r�t� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�8�.� 

�T�h�e� �t�r�a�n�s�m�i�t� �b�l�o�c�k� �c�a�n� �b�e� �f�u�r�t�h�e�r� �d�i�v�i�d�e�d� �i�n�t�o� �t�h�r�e�e� �m�a�i�n� �s�u�b�-�b�l�o�c�k�s�:� �t�h�e� �d�a�t�a� �g�e�n�e�r�a�t�i�o�n� 

�s�u�b�-�b�l�o�c�k�,� �t�h�e� �t�r�a�n�s�m�i�t� �f�r�e�q�u�e�n�c�y� �c�o�n�t�r�o�l� �s�u�b�-�b�l�o�c�k� �a�n�d� �t�h�e� �a�n�t�e�n�n�a� �s�w�i�t�c�h� �c�o�n�t�r�o�l� �s�u�b�-� 

�b�l�o�c�k�.� 

�T�h�e� �d�a�t�a� �g�e�n�e�r�a�t�i�o�n� �s�u�b�-�b�l�o�c�k� �i�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �g�e�n�e�r�a�t�i�o�n� �o�f� �t�h�e� �t�r�a�n�s�m�i�t� 

�f�r�a�m�e�.� �T�h�e�r�e� �i�s� �a� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �w�a�y� �t�h�e� �d�a�t�a� �g�e�n�e�r�a�t�i�o�n� �i�s� �s�i�m�u�l�a�t�e�d�.� �T�o� �r�e�d�u�c�e� �t�h�e� 

�s�i�m�u�l�a�t�i�o�n� �t�i�m�e�,� �d�a�t�a� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �a�v�a�i�l�a�b�l�e� �i�n� �a�n� �a�s�c�i�i� �f�i�l�e�,� �a�n�d� �t�h�e� �d�a�t�a� �g�e�n�e�r�a�t�i�o�n� 

�s�u�b�-�b�l�o�c�k� �t�h�u�s� �s�i�m�p�l�y� �r�e�a�d�s� �o�u�t� �t�h�e� �b�i�n�a�r�y� �b�i�t�s� �s�t�o�r�e�d� �i�n� �t�h�e� �d�a�t�a� �f�i�l�e�s�.� �A�n� �A�S�C�I�I� �t�e�x�t� �f�i�l�e� 

�i�s� �c�r�e�a�t�e�d� �f�o�r� �t�h�e� �d�a�t�a� �f�i�l�e� �a�n�d� �b�i�n�a�r�y� �d�a�t�a� �i�n� �t�h�e� �f�o�r�m� �o�f� �1�s� �a�n�d� �O�s� �i�s� �e�n�t�e�r�e�d� �w�i�t�h�o�u�t� �a�n�y� 

�c�a�r�r�i�a�g�e� �r�e�t�u�r�n�s�.� �G�e�n�e�r�a�t�i�o�n� �o�f� �t�h�e� �s�a�m�p�l�e�s� �i�s� �i�n� �a�c�c�o�r�d�a�n�c�e� �w�i�t�h� �t�h�e� �d�e�s�i�r�e�d� �s�a�m�p�l�i�n�g� 

�r�a�t�e�.� �T�h�e� �t�r�a�n�s�m�i�t� �f�r�e�q�u�e�n�c�y� �c�o�n�t�r�o�l� �s�u�b�-�b�l�o�c�k� �i�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �g�e�n�e�r�a�t�i�n�g� �t�h�e� �p�r�o�p�e�r� 

�c�o�n�t�r�o�l� �s�i�g�n�a�l�s� �r�e�q�u�i�r�e�d� �t�o� �p�r�o�g�r�a�m� �t�h�e� �f�r�e�q�u�e�n�c�y� �s�y�n�t�h�e�s�i�z�e�r� �f�o�r� �t�h�e� �d�i�f�f�e�r�e�n�t� �t�r�a�n�s�m�i�t� 

�c�a�r�r�i�e�r� �f�r�e�q�u�e�n�c�i�e�s�.� �A�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �e�a�c�h� �f�r�a�m�e�,� �t�h�e� �f�r�e�q�u�e�n�c�y� �c�o�n�t�r�o�l� �s�u�b�-�b�l�o�c�k� �o�u�t�-� 

�p�u�t�s� �a� �c�o�n�t�r�o�l� �v�o�l�t�a�g�e� �t�o� �t�h�e� �t�u�n�i�n�g� �v�o�l�t�a�g�e� �p�o�r�t� �o�f� �t�h�e� �f�r�e�q�u�e�n�c�y� �s�y�n�t�h�e�s�i�z�e�r�.� �T�h�e� �c�o�n�t�r�o�l� 

�v�o�l�t�a�g�e�s� �r�e�q�u�i�r�e�d� �d�e�p�e�n�d�s� �u�p�o�n� �t�h�e� �q�u�i�e�s�c�e�n�t� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� �f�r�e�q�u�e�n�c�y� �s�y�n�t�h�e�s�i�z�e�r� 

�V�C�O�,� �a�n�d� �t�h�e� �t�r�a�n�s�f�e�r� �g�a�i�n� �o�f� �t�h�e� �V�C�O�.� �T�h�e� �c�o�n�t�r�o�l� �v�o�l�t�a�g�e� �v�a�l�u�e�s� �u�s�e�d� �i�n� �t�h�e� �m�o�d�e�l� �a�r�e� 

�g�i�v�e�n� �i�n� �T�a�b�l�e� �4�.�1�.� �I�f� �v�e�r�s�i�o�n� �1� �o�f� �t�h�e� �f�r�e�q�u�e�n�c�y� �s�y�n�t�h�e�s�i�z�e�r� �i�s� �u�s�e�d�,� �t�h�e�n� �o�n�l�y� �t�h�e� �c�o�n�t�r�o�l� 

�v�o�l�t�a�g�e� �i�n�p�u�t�s� �a�r�e� �r�e�q�u�i�r�e�d� �f�o�r� �o�p�e�r�a�t�i�o�n�.� �I�f� �v�e�r�s�i�o�n� �2� �i�s� �u�s�e�d�,� �t�w�o� �e�x�t�r�a� �c�o�n�t�r�o�l� �s�i�g�n�a�l�s� �a�r�e� 

�r�e�q�u�i�r�e�d�.� �T�h�e� �f�i�r�s�t� �i�s� �t�h�e�  ��h�o�l�d �� �s�i�g�n�a�l�,� �w�h�i�c�h� �i�s� �u�s�e�d� �t�o� �o�p�e�n� �t�h�e� �f�e�e�d�b�a�c�k� �l�o�o�p� �o�f� �t�h�e� �P�L�L� 

�i�n� �t�h�e� �f�r�e�q�u�e�n�c�y� �s�y�n�t�h�e�s�i�z�e�r� �t�o� �a�l�l�o�w� �F�M� �m�o�d�u�l�a�t�i�o�n� �t�o� �o�c�c�u�r�.� �T�h�e� �s�e�c�o�n�d� �i�s� �t�h�e�  ��s�e�l�e�c�-� 

�t�i�o�n� �c�o�n�t�r�o�l �� �s�i�g�n�a�l� �r�e�q�u�i�r�e�d� �t�o� �s�e�l�e�c�t� �t�h�e� �p�r�o�p�e�r� �f�r�e�q�u�e�n�c�y� �d�i�v�i�s�i�o�n� �r�a�t�i�o� �i�n� �t�h�e� �f�e�e�d�b�a�c�k� 

�l�o�o�p� �o�f� �t�h�e� �P�L�L� �f�r�e�q�u�e�n�c�y� �s�y�n�t�h�e�s�i�z�e�r�.� �T�h�e� �r�e�q�u�i�r�e�d� �s�e�l�e�c�t�i�o�n� �c�o�n�t�r�o�l� �v�a�l�u�e�s� �a�r�e� �a�s� �s�h�o�w�n� 

�i�n� �T�a�b�l�e� �4�.�2�.� �B�o�t�h� �t�h�e� �s�i�g�n�a�l�s� �a�r�e� �g�e�n�e�r�a�t�e�d� �b�y� �t�h�e� �t�r�a�n�s�m�i�t� �f�r�e�q�u�e�n�c�y� �c�o�n�t�r�o�l� �s�u�b�-�b�l�o�c�k�.� 

�T�h�e� �a�n�t�e�n�n�a� �s�w�i�t�c�h� �c�o�n�t�r�o�l� �s�u�b�-�b�l�o�c�k� �i�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �p�r�o�p�e�r� �r�o�u�t�i�n�g� �o�f� �t�h�e� �t�r�a�n�s�m�i�t� 
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�C�h�a�p�t�e�r� �5� 

�I�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �F�r�e�q�u�e�n�c�y� �H�o�p�p�e�r� 

�5�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�T�h�e� �t�r�a�n�s�c�e�i�v�e�r� �i�s� �s�p�l�i�t� �i�n�t�o� �t�w�o� �d�i�s�t�i�n�c�t� �s�e�g�m�e�n�t�s� �f�o�r� �i�m�p�l�e�m�e�n�t�a�t�i�o�n�:� �t�h�e� �t�r�a�n�s�m�i�t�-� 

�t�e�r� �a�n�d� �t�h�e� �r�e�c�e�i�v�e�r�.� �E�a�c�h� �o�f� �t�h�e�s�e� �s�e�g�m�e�n�t�s� �i�s� �f�u�r�t�h�e�r� �s�u�b�-�d�i�v�i�d�e�d� �i�n�t�o� �t�w�o� �o�t�h�e�r� �s�e�g�-� 

�m�e�n�t�s�:� �t�h�e� �r�a�d�i�o� �f�r�e�q�u�e�n�c�y� �f�r�o�n�t� �e�n�d� �a�n�d� �t�h�e� �b�a�s�e�b�a�n�d� �p�r�o�c�e�s�s�i�n�g�.� 

�F�i�g�u�r�e� �5�.�1� �s�h�o�w�s� �t�h�e� �v�a�r�i�o�u�s� �f�u�n�c�t�i�o�n�a�l� �b�l�o�c�k�s� �t�h�a�t� �m�a�k�e� �u�p� �t�h�e� �t�r�a�n�s�c�e�i�v�e�r�.� �T�h�e� 

�d�e�s�i�g�n� �i�s� �a�i�m�e�d� �a�t� �a�c�h�i�e�v�i�n�g� �m�a�x�i�m�u�m� �f�l�e�x�i�b�i�l�i�t�y� �b�y� �p�r�o�v�i�d�i�n�g� �t�h�e� �r�e�q�u�i�r�e�d� �p�r�o�c�e�s�s�i�n�g� 

�a�n�d� �c�o�n�t�r�o�l� �f�u�n�c�t�i�o�n�s� �i�n� �a� �s�e�t� �o�f� �p�r�o�g�r�a�m�m�a�b�l�e� �s�o�f�t�w�a�r�e� �m�o�d�u�l�e�s� �t�h�a�t� �c�a�n� �b�e� �e�a�s�i�l�y� 

�c�h�a�n�g�e�d� �o�r� �r�e�p�l�a�c�e�d� �w�i�t�h�o�u�t� �c�h�a�n�g�i�n�g� �t�h�e� �h�a�r�d�w�a�r�e� �a�r�c�h�i�t�e�c�t�u�r�e� �o�f� �t�h�e� �r�a�d�i�o�.� �H�a�n�d�c�o�d�e�d� 

�a�s�s�e�m�b�l�y� �l�a�n�g�u�a�g�e� �m�o�d�u�l�e�s� �w�e�r�e� �u�s�e�d� �d�u�e� �t�o� �t�i�m�i�n�g� �c�o�n�s�t�r�a�i�n�t�s�.� �F�i�g�u�r�e� �5�.�2� �s�h�o�w�s� �a� 

�d�e�t�a�i�l�e�d� �b�l�o�c�k� �d�i�a�g�r�a�m� �o�f� �t�h�e� �s�y�s�t�e�m� �a�r�c�h�i�t�e�c�t�u�r�e� �a�n�d� �t�h�e� �v�a�r�i�o�u�s� �i�n�t�e�r�f�a�c�e�s� �b�e�t�w�e�e�n� �t�h�e� 

�b�a�s�e�b�a�n�d� �p�r�o�c�e�s�s�i�n�g� �s�e�g�m�e�n�t� �a�n�d� �t�h�e� �r�a�d�i�o� �f�r�e�q�u�e�n�c�y� �f�r�o�n�t� �e�n�d�.� 

�5�.�2� �T�h�e� �T�r�a�n�s�m�i�t�t�e�r� 

�T�h�e� �t�r�a�n�s�m�i�t�t�e�r� �c�o�n�s�i�s�t�s� �o�f� �a�n� �R�F� �f�r�o�n�t� �e�n�d� �a�n�d� �a� �b�a�s�e�b�a�n�d� �c�o�n�t�r�o�l�l�e�r�.� �A� �p�h�o�t�o�g�r�a�p�h� 
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