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1 Introduction  
The students at the University of New Mexico Electrical and Computer Engineering Department are 
planning to use an integrated set of lectures and labs to better understand basic communications 
systems.  The lectures are based on the textbook by Ziemer and Tranter, Principles of 
Communications - Systems, Modulation, and Noise.  The labs are developed using the National 
Instruments Universal Software Radio Peripheral (USRP).  The choice of this radio provides 2 
advantages from an instructional perspective:  it minimizes the amount of lab equipment necessary 
for performing the labs, and its range of flexibility to support spectrum sensing, cognitive radio and 
alternate modulation schemes. 
 
The labs are written with the idea that the students not only need to make measurements, but also 
learn how to write their own Virtual Instruments (VIs) supporting the modulation schemes being 
studied. The first lab will include a demo where the USRPs are used to transmit and receive.  The 
students will have a chance to setup the radios and gain experience with USRP interface 
Input/Output. The review will build on this experience to familiarize them with the standard lab 
interfaces used in the training. The review will culminate with having them modify and use the 
Spectrum Monitoring example provided with the LabVIEW USRP toolkit.  
 
The other labs will build around a common interface and will have the students write their own 
modulation VIs.  The students will then integrate their Modulation VIs into the standard interface 
that was developed or discussed in the review labs.  The integration process will help the students 
become more advanced users as they need to plan and debug their application. The work involved in 
the resulting series of labs will be of increasing levels of difficulty.  This approach is to ensure that 
the students do not spend excessive amounts of time on the labs and not learn the theory in class.  
The initial level will be structured such that the students are given an almost working AM 
modulation module and have to just debug it to get it to work.  Essentially, using a working example, 
they would need to figure out what is missing and add it in.  The next lab will have more elements 
missing and more discussion of what needs to be done.  This will progress until the final lab where 
they will be given a description of what needs to be done, and they compose the final VI to 
accomplish the desire objective.  

1.1 Syllabus 
The following is an overview of the course and its labs.  The Class Lecture Topics in the syllabus were 
developed by Dr. Sudharman K. Jayaweera, and are summarized in the following table.  The 
supporting lab exercises and lectures are presented in the Lab Topics of the table. The main effort is 
synchronizing the material in the lab with the material being introduced in class.  In later labs, the 
emphasis is based on reinforcing or making the mathematical abstractions discussed in lecture more 
concrete.  Our experience is that the Engineering students learn by actually making things work 
(many students learn in different ways).  This practical kind of knowledge is what we hope will make 
good the students into thinking and productive individuals capable of handling new and diverse 
assignments.  
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Table I ς Training Course Overview 

Week Class Lecture Topic Lab Topics 

1.  Review and introduction of signal 
models and classifications 

Goal: This is an introductory lab exercise to:  

¶ Ensure that students have a working installation of 
LabVIEW on their computers. 

¶ Train the students to setup the USRP and gain 
experience with Radio interface Input/Output. 

¶ Gain familiarity with the standard lab interfaces 
used in the training and the desired coding 
practices. 

2.  Frequency-domain 
characterization of (periodic) 
signals (Fourier series analysis) 

Goals: This lab will discuss fourier transform in 
communications and its relationship with to an 
observed spectrum.  The students will: 

¶ Observe the amplitude spectrum of a given signal, 
and then modify the time domain signal parameters 
to observe the resulting impact in the frequency 
domain. 

¶ Learn how to use the USRP configured as a 
spectrum analyzer. 

3.  Power spectral density (PSD), 

correlation  
Goal: LabView training needed for the next set of 
weeks to include: 

¶ Learning to write and debug a simple LabVIEW 
Virtual Instrument in a group-lead exercise. 

¶ Familiarization with the USRP sub-VI functions for 
configuring/managing, transmitting data to, and 
receiving data from the radio. 

Signals and linear systems  

4.  Bandwidth, sampling, DFT  Goal: This lab will introduce the LabVIEW filter design 
toolkit and its use.  The students will: 

¶ Observe the power spectrum of a given signal (or 
combination of signals) 

¶ Design a series of digital filters that will allow the 
isolatation and analysis of a specific tone from a 
linear combination of tones. 

Hilbert transform, analytic signals, 
complex envelope representations 
of band-pass signals and band-
pass systems 

5.  Linear modulation (DSB, AM, SSB)  Goal: This lab focuses on:  

¶ Learning to write a VI that uses the USRP as an 
amplitude modulation (AM) transmitter and a 
receiver. 

¶ Designing and implementing envelope detectors for 
AM signals using LabVIEW Signal Processing Filter 
sub-VIs. 

Linear modulation (continued). 
(DSB, AM, SSB) 

6.  Angle modulation (PM and FM), 
Narrowband angle modulation, 
power efficiency  

Goal: This lab focuses on:   

¶ Learning to write a VI that uses the USRP as an 
frequency modulation (FM) transmitter and a 
receiver. 

¶ Investigating demodulation of an FM signal in 
software which is much simpler than demodulation 
procedures in the traditional hardware approach. 

Angle modulation (PM and FM), 
Narrowband angle modulation, 
Demodulation of angle-modulated 
signals, PLL. 

7.  Analog Pulse modulation (PAM, 
PWM, PPM), digital pulse 

Goal: This lab will explore the use of Pulse-Position 
Modulation (PPM) by learning to implement a PPM 
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Table I ς Training Course Overview 

Week Class Lecture Topic Lab Topics 

modulation (PCM, Delta 
modulation), multiplexing  

transmitter/ receiver. 

Probability, random variables, 
t5CΩǎΦ 

8.  Random processes, correlation, 
PSD  

Goal:  This lab provides an example use of Cross-
Correlation and Power Spectral Density (PSD) to predict 
the distance of an object (or target) by comparing the 
transmitted and reflected signal in the context of an 
ideal and a noisy RADAR environment. 

9.  Semester Break 
10.  Review for Mid=Term 
11.  Noise in linear systems, 

narrowband noise, quadrature 
components of narrowband noise. 

Goal: This laboratory exercise has two objectives: 

¶ Implementing an Additive Gaussian White Noise 
source in LabView.  

¶ Investigating the effects of noise on AM signal 
envelope detection. 

Noise sources, noise figure, 
narrowband noise, quadrature 
components of narrowband noise  

SNR, AM and noise (coherent and 
envelope demodulations) 

12.  Noise in Angle modulation 
systems, FM and noise (above 
threshold operation)  

Goal: This laboratory exercise has two objectives: 
¶ Investigating the effects of Additive Gaussian White 

Noise on FM signal envelope detection. 
¶ Comparison of FM to AM results from previous lab. Digital communication systems, 

Analog-to-digital conversion, 
sampling, quantization, 
compression, binary digital 
modulation and demodulation, 
probability of error analysis of 
integrate-and-dump receiver in 
AWGN 

13.  Binary data transmission, binary 
signal detection, Likelihood ratio 
(LR) detector, MAP and ML 
detectors  

Goal: In this lab, the students will design a serial 
interface by developing a Universal Asynchronous 
Receive Transmit (UART) receiver VI. The UART will 
accept a source string: 

¶ Encoded using the American Standard Code for 
Information Interchange (ASCII). 

¶ With replicated bits used to minimize bit error 
rates. 

 
Additionally, the lab will include designing state 
machines using LabVIEW. 

Binary data transmission with 
arbitrary signal shapes, matched 
filter receiver, optimality of 
matched filter in non-Gaussian 
noise 

14.  Coherent detection of binary 
signals in digital communication 
systems: BPSK, OOK, BFSK, and 
probability of error analysis  

Goal: In this lab, a bit stream is transmitted and 
received using Binary Phase Key Shifting (BPSK) as the 
modulation technique by:  
¶ Using the UART transmitter and receiver from the 

previous lab to generate the bit stream. 

¶ Using a binary phase mapping to convert bits into 
phase values for an FM transmitter. 

Non-coherent modulation 
schemes and non-coherent 
detection of binary digital signals: 
DPSK and non-coherent BFSK, 
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Table I ς Training Course Overview 

Week Class Lecture Topic Lab Topics 

probability of error analysis 
15.  Digital communication over band-

limited channels, Baseband 
modulation, Line-codes and their 
spectra  

Goal: This lab to develop an understanding of entropy 
coding by investigating Huffman coding algorithm:  

¶ Understanding the mechanisms and importance of 
source coding and data compression. 

¶ Investigating the efficiency of Huffman Coding 

¶ Implementation of Huffman Coding algorithm in 
LabVIEW 

Inter-symbol interference, Nyquist 
criterion for zero-ISI, Nyquist 
bandwidth, raised cosine pulses, 
Equalization, zero-forcing 
equalizer 

16. 1

4

. 

M-ary modulation, signal space 
concept 

Goal: The purpose of this lab is to: 

¶ Introduce the concept of frequency-division 
multiplexing. 

¶ Modulating two messages on separate sub-carriers. 

¶ Explore the concept of intermediate-frequency 
filtering in the receiver. 

Spread Spectrum, Multicarrier 
modulation, and OFDM 

17. 1

5

. 

 Project Presentations:  Best projects selected as new 
labs for next year.  All projects will be added to course 
content library. 

 

1.2 Structure  of Labs 

1.2.1 Lab Equiopment 
A typical lab configuration will include: 

1) One desktop computer with LabVIEW Student Developer License and access to the USRP 
driver and Modulation Toolkit.   

2) One data switch to support interfacing with the radios at 1 gigabit per second and an 
Ethernet interface running at 100 megabit per second. 

3) 2 USRP radios. 
 

1.2.2 Format  of Labs 
1. Summary 

This section should be a paragraph describing learning objectives and a list of learning tasks and 
activities.  The paragraph is meant to introduce the learning objectives.  These are meant to 
introduce the tasks or activities that the students are intended to accomplish in the lab.  The list is 
composed of simple sentences or phrases. 
 
2. Background 

This section should briefly summarize material presented during lecture with additional material 
needed to support making the observations needed to support the Objectives ǎŜŎǘƛƻƴΩǎ tasks or 
activities.  Note that the observation techniques are introduced here but they are explained in more 
detail in the Lab Procedure section.  
 
Additional subsections deal with configuring the USRP.  With a detailed description of creation of the 
transmitter/receiver VI needed to perform the lab.  
 
3. Pre-Lab 
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This would include any preliminary work that you might expect the students to have accomplished 
prior to the lab.  The preliminary work should include any programming assignments needed to 
support the lab.  It is important that you stress that this needs to be completed prior to the lab since 
no time has been allocated to do this in the lab. 
 
Transmitter 
A template for the transmitter will be provided.  This template contains the four interface VIs 
described in the Background ǎŜŎǘƛƻƴ ŀƭƻƴƎ ǿƛǘƘ ŀ άƳŜǎǎŀƎŜ ƎŜƴŜǊŀǘƻǊέ ǘƘŀǘ ƛǎ ǎŜǘ ǘƻ ǇǊƻŘǳŎŜ ŀ 
message signal.  Your task is to add blocks as needed to produce the modulated signal needed for 
the lab, and then to pass the modulated signal into the while loop to the Write Tx Data block.  The 
modulation index is to be user-settable in the range л Җ ҡ Җ м, and a front-panel control will be 
provided.  
 
Receiver 
A template for the receiver will also be provided.  This template contains the six interface VIs 
described in the Background section above along with a waveform graph on which to display your 
demodulated output signal. 
 
4. Lab Procedure 

This section provides instructions for making specific observations needed to complete the tasks or 
activities introduced in the Objectives section.  These instructions need to be very specific, providing 
details as to how to configure the VIs used in the observations, and also instructions for recording 
observations such as getting a screen capture, saving data off to a file for post processing, and lab 
notebook entries.  The Observation step should have simple direct questions that when answered 
ǿƛƭƭ ŘƻŎǳƳŜƴǘ ǘƘŜ ƭŀōΩǎ ŜȄŜŎǳǘƛƻƴΦ 
 
5. Lab Write-up 

This section should include directions for preparing the Lab write-up, including a secondary set of 
questions that ask the student: 

1) To describe what he/she learned in terms of the tasks or activities introduced in the 
Objectives section. 

2) To explain what could have possibly gone wrong and the consequences of these problems. 
3) How to improve the lab. 
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2 An Introduction to Digital Communications  Lab 

2.1 Summary  
The course will focus on applying the theory discussed in class. You will be using a software defined 
radio (SDR) that implements the algorithms necessary for digital communications.  In this lab, you 
will be designing and implementing SDR applications using National InstrumentsΩ Universal Software 
Radio Peripheral (¦{wtύ ƘŀǊŘǿŀǊŜ ŀƴŘ bŀǘƛƻƴŀƭ LƴǎǘǊǳƳŜƴǘǎΩ LabVIEW. Through the implementation 
of this SDR you will investigate practical design issues in digital communications. 
 
In this particular lab, you will setup the USRPs and run the provided lab Visual Instruments (2.2.3.1).  
It is important that you follow lab safety procedures to avoid damaging the equipment. The radios 
are sensitive and can burn out if not used correctly.  
 
This part of the lab will answer the following questions: 

¶ How does USRP work? 

¶ What is NI LabVIEW and why is it used in this lab? 

¶ Is there such a thing as good code style in LabVIEW? 

2.2 Background  
Overall, this lab is meant to introduce the basic functioning of the USRP, and LabVIEW as a tool to 
design digital communication systems in this course.  

2.2.1 Software and Other Materials for the Course  
Throughout the course you will be required to do some preparatory work (e.g., pre-labs) before 
entering the lab itself. In order to complete those assignments, you must have access to the 
following National Instruments software tools and packages outside of class. 
 

ω NI LabVIEW 2012 or later 
ω NI LabVIEW Modulation Toolkit 4.3.1 or later 

 
Note: Your instructor will provide information about how to access LabVIEW at your University.  

2.2.2 Introduction to NI USRP -2920  
 

NI USRP (Universal Software Radio Peripheral) is a flexible software defined radio that turns a 
standard personal computer into a high-performance wireless prototyping platform. Paired with NI 
LabVIEW software, NI USRP transceivers provide a powerful system to help you learn and program 
quickly. The NI USRP-292x transceivers used in this course labs are adequate for hands-on laboratory 
learning in the field of RF and communications. With the USRPs and LabVIEW software, you will have 
the opportunity of experimenting with real-world signals in digital communications laboratories. 
With this solution, you may focus on the actual implementation of algorithms and related real-world 
impairments. More product information and specifications can be found on the National 
Instruments website. 

2.2.3 Introduction to National Instruments LabVIEW  

2.2.3.1 What Is LabVIEW? 

LabVIEW is a graphical programming language developed by National Instruments.  The basic 
building block of LabVIEW is the virtual instrument (VI).  Conceptually, a VI is analogous to a 
procedure or function in conventional programming languages.  Each VI consists of a block diagram 
and a front panel (Fig. 1.). The block diagram describes the functionality of the VI, while the front 
panel is a top level interface to the VI.   
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Block Diagram Front Panel 

Fig. 1: LabVIEW VI Interfaces 

2.2.3.2 LabVIEW Environment VIs  

Many of the algorithms implemented in this lab (and in digital communications in general) use linear 
algebra. LabVIEW provides support for matrix and vector manipulation, and linear algebra, with VIs 
for functions like matrix inversion (Inverse Matrix.vi), matrix multiplication (A x B.vi), and reshaping 
arrays (Reshape Array.vi). LabVIEW also has many built-in signal processing functions, such as the 
fast Fourier transform (FFT.vi), inverse fast Fourier transform (Inverse FFT.vi), and convolution 
(Convolution.vi).  Additionally, the Modulation Toolkit is a toolset of common digital communication 
algorithms which will also be leveraged in the lab.  Note that many of the functions you will 
implement in this lab are already available in the Modulation Toolkit in some form. The objective of 
this course is to understand the principles of wireless digital communication by implementing the 
physical layer in as much detail as possible.  Once familiar with these concepts, you will be able to 
decide when to use existing VIs and when to write your own. It is recommended that you explore 
tool palettes such as the (1) Signal Processing palette, (2) Digital palette (part of the Modulation 
Toolkit palette), (3) Structures palette, (4) Complex palette (part of the Numeric palette), and (5) 
Array palette in order to acquaint yourself the VIs likely to be used in this course. 
 
Appendix B enumerates some common VIs and highlights how to access them.  
 
For this introductory lab, you will use only existing VIs, tailored specifically to the course material. 
The intention is to allow students to focus on the lab theory. These VIs have been rigorously tested 
checked out and should not be a source of error when checking lab results.  The VIs for this lab are 
divided into two categories- Transmitters and Receivers- and have been included in Appendix B for 
ease of reference. 

2.2.3.3 Coding Style in LabVIEW 

Pay close attention to the code used to create the VIs for this lab. In future labs you will be asked to 
write your own VIs, and the provided algorithms are excellent examples of the preferred coding 
styles. Remember that the coding style should exhibit the following qualities: 
  

1. Consistency - All code should follow the same coding style at all times. 
2. Readability - 

¶ The code should be organized in a modular fashion that promotes reuse and 
maintenance. 

¶ Connections (signals or lines) should be laid out with the least number of overlapping 
lines, and a signal should appear to enter a block at only one point. 
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¶ Connections should appear to enter or leave only the blocks being used. A connection 
should not be overlapped by a block that is not the starting point or ending point. 

3. Documentation - Documentation should not be few and far between. Good documentation 
includes not only free text labels (see the Decorations palette, which is part of the Structures 
palette), but also descriptive variable, block, and sub-±L ƴŀƳŜǎΦέ 

 
The design of a digital communication system is modular and sequential in nature. It therefore 
makes sense to adopt a coding style which makes use of modularity and hierarchy. Since many 
algorithms in digital communications can often be boiled down to a recipe (e.g., A then B then C), it 
is critical that you use sub-VIs whenever possible. 

2.3 Pre-Lab 
Prior to beginning the in-class portion of this lab, you will be expected to install LabVIEW on your 
laptop and familiarize yourself with its features using the information provided in Appendix A.  The 
following tutorials and reference material will help guide students through the process of learning 
LabVIEW: 

¶ LabVIEW 101 [5]; 

¶ LabVIEW Fundamentals from National Instruments [6]; 

¶ Online LabVIEW tutorials from NI[3], [4]. 
 
New LabVIEW programmers should carefully review all of the material in [5] and [4].  Please 
remember to refer to [6] and [4] often as they are excellent references for all basic LabVIEW 
questions. .ǊƛƴƎ ŀƴȅ ǉǳŜǎǘƛƻƴǎ ƻǊ ŎƻƴŎŜǊƴǎ ǊŜƎŀǊŘƛƴƎ [ŀō±L9² ƻǊ ǘƘŜǎŜ ǘǳǘƻǊƛŀƭǎ ǘƻ ȅƻǳǊ ƛƴǎǘǊǳŎǘƻǊΩǎ 
attention. 

2.4 Lab Procedure  

2.4.1 Global set-up 
Each workstation will have two USRP radios, one for transmission and the other one for reception. 
There are two possible configurations: 

a) Both radios connected to single computer (running both the transmitter and receiver VIs) 
with a dual-port Gigabit Ethernet interface, or using a data switch. 

b) Each radio connected to a different computer; one running the transmitter VI, and the other, 
the receiver VI.  

2.5 Set-up steps 

1. Connect the computer to the USRP using an Ethernet cable. 
2. Open the NI-USRP Configuration Utility found in the National Instruments directory under 

programs files as shown in Fig. 2. Be sure to record the IP addresses since you will need them to 
configure your software. 
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Fig. 2: Finding the IP Address Radio Connectivity Test 

If the IP address does not appear in the window then check your connections and ask the 
Teaching Assistant (TA) to verify that the LAN card has been configured correctly. 

2.5.1 VIs to be used in the lab:  

The following VIs, transmitter (Tx) and receiver (Rx), will be used on each of the ƭŀōΩǎ ŜȄŜǊŎƛǎŜǎΦ  

2.5.2 Tx VI:  
TƘŜ ά¦{wtψŦƳψǎƻǳƴŘψǘǊŀƴǎƳƛǘǘŜǊ нлмлΦǾƛέ (Tx VI) provided with the Lab1 material (also available at 
https://decibel.ni.com/content/docs/DOC-25893) which implements an FM transmitter that will 
transmit the contents of a wav file will be used as the Tx VI (Fig. 3.). 

2.5.3 Rx VI:  
Choose one from the two FM Demod VI examples provided with LabVIEW to be used as the Rx VI for 
this lab by following the path: Start Menu Ą All Programs Ą National Instruments Ą NI-USRP Ą 
Examples Ą LabVIEW Ą ModulationToolkitExamples. 

1. Select All Programs 
from menu 

2. Select the NI-USRP 
Configuration Utility 
from the National 
Instruments directory

3. Select Find Devices and record the IP 
address of the radio or radios since you 
will need them to configure the 
software in the lab.

https://decibel.ni.com/content/docs/DOC-25893
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Fig. 3: Appropriate Field Setup In TX And RX VIs  

 

2.5.4 Broadcast Mode 
The TA will be leading/moderating this exercise, and will set one of the USRPs in the classroom as 
the transmitter. All the students in their workstation will set one of their respective radios to receive 
at a given frequency, which will be announced by the TA.  

Important set-up notes: 
V Determine the IP addresses for your radios using the NI-USRP configuration utility. 
V Make sure the Tx and Rx VIs are always set to the same carrier frequency whenever 

you pair them up to communicate (see Fig. 3.).  
V Transmission should start only after receiving workstations are ready to receive. 
V Verify that device name fields in both Tx and Rx VIs are set to the IP address of the 

URSP in use (see fig 3). 
V Make sure to connect the provided attenuator between the receiver ¦{wtΩǎ Rx input 

and the antenna/loopback-cable. The attenuator is used to decrease the power level 
of the transƳƛǘǘŜŘ ǎƛƎƴŀƭ ƛƴ ƻǊŘŜǊ ǘƻ ŀǾƻƛŘ ŀ ƘƛƎƘ ǇƻǿŜǊ ǎƛƎƴŀƭ ŀǘ ǘƘŜ ǊŜŎŜƛǾŜǊΩǎ ŜƴŘΣ 
due to wȄ ŀƴŘ ¢Ȅ ƛƴǇǳǘǎΩ proximity to each other. 
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Fig. 4: Broadcast Setup 

2.5.5 3ÔÕÄÅÎÔÓȭ ÒÅÃÅÉÖÅÒ set-up 
1. Connect the VERT400 Antenna (Fig. 5) to the RX1/TX1 (Fig. 6) or RX2 input (Fig. 6) on one of 

the two radios connected to the workstation. Remember to connect the provided 
ŀǘǘŜƴǳŀǘƻǊ ōŜǘǿŜŜƴ ¦{wtΩǎ Rx input and antenna. 

 

Fig. 5: VERT400 Antenna 

 

Fig. 6: USRP Front Panel 

2. Connect a set of speakers to the computer to listen to the audio file transmitted from the 
¢!Ωǎ ǎǘŀǘƛƻƴ.  

3. Open the Rx VI.  
4. Set the Ψ/arrier FrequencyΩ on front panel to ƳŀǘŎƘ ¢!Ωǎ ¢Ȅ frequency. 
5. Set ΨActive AntennaΩ on the front panel to the right input according to the actual USRP Rx 

being used (connected to the antenna).  
6. Save this modified VI. 

TX1/RX1RX2
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7. Run the Rx VI when the TA indicates that the transmitter is broadcasting. Once the TA starts 
ǘǊŀƴǎƳƛǘǘƛƴƎΣ ǘƘŜ ŎƻƴǘŜƴǘǎ ƻŦ ǘƘŜ ǿŀǾ ŦƛƭŜ ǎƘƻǳƭŘ ōŜ ŀǳŘƛōƭŜ ƻƴ ǘƘŜ ŎƻƳǇǳǘŜǊΩǎ ǎǇŜŀƪŜǊǎΦ 

2.5.6 Point to point Wireless (P2PW)  
In this section we will get to check the effect of channel interference by broadcasting over a 
frequency that is already in use. You will use both USRPs, one for transmission and the other one for 
reception. 

 

Fig. 7: P2PW Wireless Setup 

1. Connect the VERT400 Antenna to the RX1 (or RX2) terminal (Fig. 6) on one radio and TX1 
terminal (Fig. 6) on the other. Remember to connect the provided attenuator between the 
¦{wtΩǎ wȄ ƛƴǇǳǘ ŀƴŘ ǘƘŜ ŀƴǘŜƴƴŀ. 

2. Connect a set of speakers to the computer. 
3. Set the Ψ/arrier frequencyΩ on the front panel to the frequency of a local radio station (e.g. 

101.3 FM).  Note: For this section to work you must have an USRP 292x series radio. 
4. Set ΨActive AntennaΩ on the front panel according to the actual USRP Rx input being used 

(connected to the antenna). 
5. Run the Rx VI to start listening to the tuned radio station. 
6. Open the Tx VI. 
7. {Ŝǘ ǘƘŜ ŦǊŜǉǳŜƴŎȅ ƻƴ ǘƘƛǎ ±LΩǎ ŦǊƻƴǘ ǇŀƴŜƭ ǘƻ ǘƘŜ ǎŀƳŜ ŦǊŜǉǳŜƴŎȅ ȅƻǳ ŀǊŜ ǊŜŎŜƛǾƛƴƎΦ 
8. Run the Tx VI with an appropriate wav file. 

 
The transmitted wav file should be heard over the radio channel. This is because the signal from 
the radio station is being overpowered by the stronger signal transmitted from the USRP over 
the same frequency channel. 

2.5.7 Loop-back (Cable Carrier Example)  
In this section, instead of the antennas, we use a loopback cable (SMA-M-to-SMA-M cable) as the 
transmission media.  
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Fig. 8: Loopback Setup Picture 

1. If still attached, detach the VERT400 vertical antennas from the USRPs. 
2. Connect one end of the loop-back cable to the RX1/TX1 (or RX2) terminal (Fig. 6) on one 

radio and RX1/TX1 terminal (Fig. 6) on the other. Remember to connect the provided 
ŀǘǘŜƴǳŀǘƻǊ ōŜǘǿŜŜƴ ǘƘŜ ¦{wtΩǎ wȄ ƛƴǇǳǘ ŀƴŘ ǘƘŜ loop-back cable. 

3. Connect a set of speakers to the computer. 
4. Verify that both the transmitter and receiver are set to the same carrier frequency. 
5. {Ŝǘ Ψ!ŎǘƛǾŜ !ƴǘŜƴƴŀΩ on the front panel according to the actual USRP Rx input being used 

(connected to the loopback cable). 
6. Open and run the Rx VI. 
7. {Ŝǘ ǘƘŜ ŦǊŜǉǳŜƴŎȅ ƻƴ ǘƘƛǎ ±LΩǎ ŦǊƻƴǘ ǇŀƴŜƭ ǘƻ ǘƘŜ ǎŀƳŜ ŦǊŜǉǳŜƴŎȅ ȅƻǳ ŀǊŜ ǊŜŎŜƛǾƛƴƎΦ 
8. Open and run the Tx VI with an appropriate wav file.  
¢ƘŜ ǘǊŀƴǎƳƛǘǘŜŘ ǿŀǾ ŦƛƭŜ ǎƘƻǳƭŘ ōŜ ŀǳŘƛōƭŜ ƻƴ ǘƘŜ ŎƻƳǇǳǘŜǊΩǎ ǎǇŜŀƪŜǊǎΦ 
 
 

2.6 TA Notes for Section 3.1 4!ȭÓ Transmitter S et-up  
1. Connect the VERT400 Antenna (provideŘ ǿƛǘƘ ǘƘŜ ¦{wt ǊŀŘƛƻǎύ ǘƻ ǘƘŜ άw·мκ¢·мέ terminal 

on the radio.  
2. Open the Tx VI.  
3. Set the frequency on the ±LΩǎ ŦǊƻƴǘ ǇŀƴŜƭ ǘƻ ŀ ǎǳƛǘŀōƭŜ ǾŀƭǳŜ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ǳǎŜŘ ŀƴǘŜƴƴŀ 

(VERT400 Tri-band omni-directional vertical antenna provided with the USRP).  
4. Announce this frequency to the students. 
5. Wait till all students run their Rx VIs. 
6. The TA will run the VI with an appropriate wav file. 
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2.7 Lab Writeup  

Performance Checklist 
Introduction to Digital Communications 

 

Short Answer Questions 
1. What is the USRP? What is LabView? 

 
 
 
 

2. What is a VI? Why do we use two VIs in this lab? 
 
 
 
 
 

3. 9ȄǇƭŀƛƴ άBroadcastέ, άPoint to Point όtнtύ ǿƛǊŜƭŜǎǎέΣ ŀƴŘ ά[ƻƻǇ-ōŀŎƪ ŎŀōƭŜέ 
transmissions. 

 
 
 
 
 
 
Performance Measures 

Task Standards Sat/Unsat 

Hardware Setup  Working setup for all 3 configurations: Broadcast, P2P 
wireless, and Loop-back cable. 

 

Running VIs  Successful transmission and reception of audio files 
for all 3 configurations: Broadcast, Point to point 
wireless, and Loopback-cable. 

 

QOS in P2P wireless 
configuration 

Quality of received signal heard over the radio channel in 
point to point wireless configuration.  

 

 
Discussion 
Did all configurations perform as expected?  
Did you have any difficulties completing the lab? 
Did your TA provide enough guidance? 
Do you have any recommendations to improve the lab? 
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3 Frequency -domain Characterization of Signals: A Look at the 
Fourier  Transform  

3.1 Summary  
This lab will discuss the importance of Fourier Transform and its use in digital communications. You 
will also receive some additional training in the use of LabVIEW. 
 
The LabVIEW training will consist of a set of lectures focused on writing and debugging an example 
code. The example will be provided at the start of the lecture and you and your partner are expected 
to follow along with the lecture. There is no Pre-Lab assignment and the Lab Procedure will be to 
follow along with the lecture. 
 
The Fourier Transform portion of this lab is divided into two parts: 

¶ The first part of this lab will introduce students to the Fourier Transform. You will write a VI 
to observe the amplitude spectrum of a given signal, and then modify the time domain 
signal parameters to observe the resulting impact in the frequency domain. 

¶ The second part will show you how to connect to the USRP radio and use it as a spectrum 
analyzer. You will use άniUSRP EX Spectral Monitoring (Interactive).viέ to monitor the 
spectrum, and use it to identify the different frequency components. 

3.2 Background  

3.2.1 Software and Other Materials for the lab  
To complete this lab you will need the following National Instruments software and radio 
equipment. 

¶ NI LabVIEW 2012 or later 

¶ NI LabVIEW USRP ŘŜƳƻƴǎǘǊŀǘƛƻƴ ŦƛƭŜ άniUSRP EX Spectral Monitoring (Interactive).viέ 

¶ NI LabVIEW USRP radio 

¶ VERT2450 Antenna 

¶ a data switch (optional manages transition from 1 Gigabit to 100 Megabit Ethernet 
interface) 

 

3.2.2 Introduction to the Fourier Transform   
Note: For a more in-depth discussion see ά{ƛƎƴŀƭǎ ŀƴŘ [ƛƴŜŀǊ {ȅǎǘŜƳǎ !ƴŀƭȅǎƛǎέ [1]. You should read 
his chapter, specifically the FT section, as it will help you to answer some of the write-up questions.  

3.2.2.1 What Is the Fourier Transform?  

All waveforms, no matter what you describe or observe in the universe, are actually just the sum of 
weighted sinusoid waveforms (both sines and cosines) of different frequencies. The representation 
of a periodic function, or of a function that is defined only on a finite interval as the linear 
combination of sines and cosines, is known as the Fourier series expansion of the function. 
Essentially, the Fourier series decomposes such functions into a sum of sinusoids. The Fourier 
Transform is the extension of this idea, and it is used for obtaining the amplitude and phase 
information in the frequency domain for sequences and functions which are not periodic in the time 
domain.  
 

The Fourier Transform is the mathematical tool (1) that deconstructs the waveform into an 
equivalent representation using sinusoidal components. In other words, the Fourier transform is the 
frequency-domain representation of a signal ØÔ, and it is denoted as ὢὪ. The Fourier transform is 
a function of the frequency Ὢ. ὢὪis often called the spectrum of ὼὸ. The amplitude spectrum of 
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8Æ, defined as a plot of ȿ8Æȿ vs. Ὢ, gives how much power ὼὸ contains at the frequency Ὢ, while 
the phase spectrum, defined as the plot of 8᷂Æ vs. Ὢ, will give the phase at Ὢ.  
 

ꞈὼὸ ὢὪ ὼὸὩ Ὠὸ (1) 

 
Conversion back from the frequency domain to the time-domain representation of the signal is then 

called the Inverse Fourier Transform (2).  
 

ꞈ ὢὪ ὼὸ ὢὪὩ ὨὪ (2) 

 
The previous two equations are referred to as the Fourier transform pair.  One of the most 
important of these pairs (Fig. 9) is the rectangle function (ɩÆ) and the ÓÉÎÃÔ function.  Nyquist in 
his work identified these as the ideal functions for representing a frequency band-limited/time-
sampled signal. The frequency band limiting is obvious from observing the rectangle function.  The 
ÓÉÎÃÔ function has a unique property, its value at t=0 zero is 1, and zero at any non-zero multiple of 
the sampling period (Ὕ).  As discussed in the next section, a signal sampled at regular intervals or 
sampling period (Ὕ results in a finite sequence of data that can be represented as  

ὼὸ ὼὲὝίὭὲὧ
ὸ ὲὝ

Ὕ
 (3) 

 
and, in the frequency domain, as 

ὢὪ ɩὪὝὢ Ὢ (4) 
 

  
 

ὃ ÓÉÎÃὸ
 ÓÉÎ

  

(a) 
ɩὪ

πȟȿὪȿ Ὢς†ϳ
ὃ

ς
ȟȿὪȿ Ὢς†ϳ

ὃȟ   ȿὪȿ Ὢς†ϳ

 

where † is the pulse width/duration  
(b). 

Fig. 9: sinc(t) and Rectangle Functions 

In the lab you will also be looking at the same transform pair, but in a different order.  This 
alternative way of looking at the transform pair is used in the in Orthogonal Frequency Division 
Multiplexing (OFDM) modulation technique.  This allows for a signal to be multiplexed in the time 
domain, and for each time interval to have its own orthogonal carrier frequency.  The orthogonality 
guarantees that the signals will not interfere with each other. 
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ɩὸ

πȟȿὸȿ †ςϳ
ὃ

ς
ȟȿὸȿ †ςϳ

ὃȟ   ȿὸȿ †ςϳ

 

where † is the pulse width/duration  
(a) 

 

ὃ † ÓÉÎÃ “Ὢ†
ὃ ÓÉÎ“Ὢ†

“Ὢ† 
 

(b) 

Fig. 10: OFDM sinc and Rectangle Functions 

The basic idea behind OFDM is the ability to map a window of time in the frequency domain to a 
specific carrier frequency. In practice it is possible to break a signal up into a sequence of windows 
the time domain, each having a unique orthogonal carrier frequency. The windows in time are 
represented as rectangle functions. The time-domain windowing function and its resulting frequency 

domain function are given by equations (5) and (6), respectively. 
 

ὃ † ÓÉÎÃ “Ὢ†
ὃ ÓÉÎ“Ὢ†

“Ὢ† 
 (5) 

ὢ Ὢ ὼὸ † ÓÉÎÃ “Ὢ† Ὡ  (6) 
 

3.2.2.2 Discrete Fourier Transform  

The Discrete Fourier Transform (DFT) is the equivalent of the continuous Fourier Transform for 
signals sampled at regular intervals or sampling period (4, resulting in a finite sequence of data. The 
DFT gives an approximation of the Fourier spectrum of the original signal at Æ Ë.4ϳ  , where 
Ὧ  πȟρȟςȟȣȟὔ ρ. The original signal is truncated to an N number of samples.[3] 
  
A given discrete sequence ὼὯὝ  ὼ, has the DFT transform:  
 

ὢὪ ὢ ὼὩ ȟ ύὬὩὶὩ Ὧ πȟρȟςȟȣȟὔ ρ (7) 

 

ὢὪ ὢ ὼὡ ȟ   ύὬὩὶὩ ὡ Ὡ  (8) 

 
The inverse DFT is then defined as:  
 

ὼ
ρ

ὔ
ὢὯὩ ύὬὩὶὩ ὲ πȟρȟςȟȣȟὔ ρ (9) 
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It should be noted that ὡ  for Ὧ πȟρȟςȟȣȟὔ ρ are called the Nth roots of unity. They are called 

this because, in complex arithmetic, ὡ ρ for all Ὧ. Theὡ  can be thought of as the 

vertices of a regular polygon inscribed in the unit circle of the complex plane (Fig. 11), with one 
vertex at (1; 0). Below are roots of unity for ὔ  ς, ὔ  τ and ὔ  ψ, graphed in the complex 
plane.[2] 

 

Fig. 11: N
th

 Roots of Unity 

Powers of roots of unity are periodic with period N, since the Nth roots of unity are points on the 
complex unit circle every ς“ὔϳ  radians apart, and multiplying by ὡ  is equivalent to rotation 

clockwise by this angle. Multiplication by ὡ  is rotation by ς“ radians, that is, no rotation at all. In 

general, ὡ ὡ  for all integer Ὦ. Thus, when raising ὡ  to a power, the exponent can be 
taken modulo N.[2] 

3.2.2.3 Fast Fourier Transform  

Before discussing the Fast Fourier Transform (FFT) algorithm, let us explore what is involved in just 
using the definition give in the preceding section. Suppose we wish to compute the DFT for ὔ ς. 

So starting with equation (8), we get the following 

ὢ ὼ ρ ȟ   ύὬὩὶὩ ὡ Ὡ ρ 

ὼ ρ Ͻ ὼ ρ Ͻ 
ὼ ρ ὼ 

 
ὢ ὼ ὼ 
ὢ ὼ ὼ 

(10) 

 
This is fairly easy, so let us move on to ὔ τ,  
 

ὢ ὼ Ὦ ȟ   ύὬὩὶὩ ὡ Ὡ Ὦ 

ὼ ὮϽ ὼ ὮϽ ὼ ὮϽ ὼ ὮϽ 
ὼ Ὦὼ Ὦ ὼ Ὦ ὼ 

 
ὢ ὼ ὼ ὼ ὼ    O   ὢ ὼ ὼ ὼ ὼ  

(11) 
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ὢ ὼ Ὦὼ ὼ Ὦὼ O   ὢ ὼ ὼ Ὦὼ ὼ  
ὢ ὼ ὼ ὼ ὼ     O   ὢ ὼ ὼ ὼ ὼ  
ὢ ὼ Ὦὼ ὼ Ὦὼ  O   ὢ ὼ ὼ Ὦὼ ὼ  

 
Notice that in the second part of the above calculations that we can perform the calculations by first 
determining ὼ ὼ ȟὼ ὼ ȟὼ ὼ ȟ  and ὼ ὼ . Next we can combine these as shown 
to solve for ὢ, ὢ, ὢ and ὢ. This process is faster than evaluating the formulas one at a time 
because we would compute ὼ ὼ ȟὼ ὼ ȟὼ ὼ  and ὼ ὼ  twice. 
 
The Fast Fourier Transform (FFT) is an algorithm to compute the DFT and its inverse by taking 
advantage of this computational savings. The computation is faster than computing the DFT using 
the definition, especially for the large data sets with which you will be working with in this lab. The 
FFT utilizes properties of the DFT summation to reduce the overall computations by computing 
elements of the summation only once and then reusing them as needed.  The key to the FFT involves 
realizing that what can be broken into two parts: a sum over the even-numbered indices (ςά  and a 
sum over the odd-numbered indices ςά ρ, and further realizing that the even summation and 

the odd summation have roughly the same form as shown in (12). 

ὢ ὼ ὡ

Ⱦ

ὡ ὼ ὡ

Ⱦ

 (12) 

 
The inverse FFT is given as 
 

ὼ
ρ

ὔ
ὢςάὡ

Ⱦ

ὡ ὢςά ρὡ

Ⱦ

 (13) 

 
So using the algorithm computes the exponential terms only once and then uses them as needed.  
The data flow for the FFT is shown in Fig. 12.  The E [ ] terms are the even terms and the O [ ] terms 
are the odd terms from above. 
 
The FFT will result in a spectrum of N points.  The spectrum sampling interval is given as  
 

ЎὪ
ςὪ

ὔ
 (14) 

 
The range of frequency values is ὪȟὪ .  So the center frequency (Ὢ) is located at the ổὔ ςϳỖ 
index of the FFT output. 

3.3 Pre-Lab 
In addition to reviewing the theory behind the Fourier Transform, prior to this lab you should look at 
ά¢ƘŜ CƻǳǊƛŜǊ ¢ǊŀƴǎŦƻǊƳέ Error! Reference source not found., and get familiarized with the concepts 
described there.  

3.4 Lab Procedure  

3.4.1 FFT 
In this activity, you we will use LabVIEW to compute the FFT of a given signal, e.g. a square window 
function. YouΩƭƭ ƳƻŘƛŦȅ the time domain parameters, in particular the time duration (or signal width) 
of a pulse waveform, and observe the impact of this change in the frequency domain representation 
of the signal. 
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For this exercise you will be given an existing VI to modify for the second part of the exercise.  
 
Note: The FFT is more efficient with a size (number of samples taken from the original time domain 
signal) power of 2, hence, you are going to use such a value in your LabVIEW VIs. 

3.4.2 Worksheet: The Effect of Varyi ng the Pulse Duration  
1. Open άfft_demo.viέΦ  
2. Set the FFT size of 512 samples (as shown in Fig. 12). 

3. Set the pulse width (t) (Fig. 12) to the first value in Table II. 

 

Fig. 12: FFT demo VI Block diagram (top) and Front panel (bottom) 

4. Before running the VI, modify the amplitude spectrum display by chŀƴƎƛƴƎ ǘƘŜ ŘƛǎǇƭŀȅΩǎ 
center point value from 0 to 256 as follows: right click the amplitude spectrum graph and 
then select Properties (Fig. 13ŀύΦ  ¦ǎƛƴƎ ǘƘŜ άScalesέ tab ƛƴ ǘƘŜ άtǊƻǇŜǊǘƛŜǎέ ǿƛƴŘƻǿΣ ŎƘŀƴƎŜ 
ǘƘŜ ά{ŎŀƭƛƴƎ CŀŎǘƻǊ hŦŦǎŜǘέ ǘƻ -256 (Fig. 13b).  

 

 
(a) 

 
(b) 

Fig. 13: Changing the scaling factor on the Amplitude Spectrum Display 

5. Start/Run άŦŦǘψŘŜƳƻΦǾƛέ. 
6. Observe the waveform on Amplitude Spectrum waveform chart and record the amplitude 

and bandwidth as indicated in Table II. 

7. Update the pulse width (t) (Fig. 12) to the next value in Table II and repeat steps 6 until the 
table is complete. 

  

2. Number of samples

3. Pulse width (t)
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Note:  Yoǳ ǿƛƭƭ ƘŀǾŜ ǘƻ ǳǎŜ ǘƘŜ ǇƭƻǘΩǎ ƳŀƎƴƛŦƛŎŀǘƛƻƴ ǘƻƻƭ ǘƻ ƳŀƪŜ ǘƘŜ ƻōǎŜǊǾŀǘƛƻƴǎΦ The waveform 
chart in the demo VI will have the Graph palette visible as shown in Fig. 14(a) in the lower left hand 
corner. When you click on the middle button, you will see the Graph Magnification Tools Palette. 
The please select the Horizontal magnification tool Fig. 14(b). This tool will allow you to zoom in 
along the x-axis without changing the y-axis. This will allow you to focus in on the point of contact on 
the x-axis (Fig. 14(c)). The cursor will show up as a pair of vertical lines delineating the range of x-
values of interest. Finally, you can see the point of contact (Fig. 14(d) green box) and record your 
observations. After observing the data, you should use the return to non-magnified mode using the 
return to original scaling tool (Fig. 14(d) red box). 
 

 
(a)  

(b) 

 
(c) 

 
(d) 

Fig. 14: Graph Palette Magnification Tools 

  

1. Select Magnification 
Button

2. Select Horizontal 
Magnification

3. Select Horizontal 
Range to be magnified 
ǳǎƛƴƎ ǘƻƻƭΩǎ ŎǳǊǎƻǊ

4. Observe data and return to 
non-magnified mode for next 
observation.
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Table II ς Pulse Duration Observations 

Pulse 
Width 

Bandwidth 
(Hz) 

Amplitude 

 

1   

3   

5   

7   

9   

 

3.4.3 Monitoring the spectrum with NI USRP and LabVIEW spectrum  monitoring  
example VI  

Spectrum monitoring involves examining the frequency content of a spectral band as a function of 
time. This display uses the FFT to obtain a spectrum from observed data.  
 

1. Connect the computer to the USRP using an Ethernet cable. 
2. Open the NI-USRP Configuration Utility found in the National Instruments directory under 

programs files as shown in Fig. 2. Be sure to record the IP addresses since you will need 
them to configure your software. 

Band Width (2t)

Amplitude

Important set-up notes: 
V Make sure the global set-up configuration (discussed in lab 1) has been performed before 

interfacing with the USRPs.  
V Verify that device name fields in both Tx and Rx VIs are set to the IP address of the URSP in use 

(see figure 16 below). 
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Fig. 15: Finding the IP Address: Radio Connectivity Test 

If the IP address does not appear in the window then check your connections and ask the 
Teaching Assistant (TA) to verify that the LAN card has been configured correctly. 

3. Connect the VERT2450 Antenna to the άRX2έ input on one of the radios connected to your 
workstation (see Fig. 16). CƻǊ ǘƘƛǎ ŜȄŜǊŎƛǎŜ ȅƻǳ ǿƻƴΩǘ ƴŜŜŘ ǘƻ connect/use the attenuator 
between the ¦{wtΩǎ wȄ ƛƴǇǳǘ ŀƴŘ the antenna. 
 

 

Fig. 16: USRP physical set-up: connecting the antenna to the RX2 input. 

4. Locate and open the VI άniUSRP EX Spectral Monitoring (Interactive).viέΦ Lǘ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ 
C:\Program Files\National Instruments\LabVIEW 2012\examples\ instr\niUSRP). When 
opened, you should see the front panel illustrated in Fig. 17. 

1. Select All Programs 
from menu 

2. Select the NI-USRP 
Configuration Utility 
from the National 
Instruments directory

3. Select Find Devices and record the IP 
address of the radio or radios since you 
will need them to configure the 
software in the lab.



Introduction to Communication Systems Draft September 11, 2014 
Using NI USRP Lab Manual  

25 
Printed on: 9/11/2014  © 2014, Anees Abrol and Eric Hamke 

5. Set the USRP IP Address (see Fig. 17) to the actual IP of the USRP you are using (each USRP 
should be labeled with its IP address). 

6. {Ŝǘ ǘƘŜ ŀŎǘƛǾŜ ŀƴǘŜƴƴŀ ǘƻ άw·нέ όǎee Fig. 17).  
 

 

Fig. 17: Front Panel of niUSRP EX Spectral Monitoring (Interactive).vi 

7. wǳƴ ǘƘŜ ±L όŦƻǊ ƴƻǿ ŘƻƴΩǘ ŎƘŀƴƎŜ ŀƴȅ ƻŦ ǘƘŜ ƻǘƘŜǊ ŎƻƴǘǊƻƭǎ ƻƴ ǘƘŜ CǊƻƴǘ ǇŀƴŜƭύΣ ŀƴŘ ƭƻƻƪ ŀǘ 
the resulting spectrum reading (see Fig. 18; the amplitude is shown in decibels: (Db)). 

 

Fig. 18: Observed Spectrum 

Note: The top display in Fig. 18 shows the quadrature signals (in-phase is shown in red, and 
out-of-phase in white) sensed by the radio. The USRP is designed use quadrature modulation 
and you ǿƛƭƭ ōŜ ǳǎƛƴƎ ǘƘŜ ǊŀŘƛƻΩǎ ŎŀǇŀōƛƭƛǘȅ ǘƻ ŀŘŀǇǘ ǘƘƛǎ ƳƻŘǳƭŀǘƛƻƴ ǘŜŎƘƴƛǉǳŜ ǘƻ ǎǳǇǇƻǊǘ 
other modulation approaches. For now you will focus only on the magnitude spectrum. 

8. [ŜŀǾŜ ŀƭƭ ƻǘƘŜǊ ǇŀǊŀƳŜǘŜǊǎ ǳƴŎƘŀƴƎŜŘ ŜȄŎŜǇǘ ŎƘŀƴƎƛƴƎ ǘƘŜ ά!ǾŜǊŀƎƛƴƎ ƳƻŘŜέ ǘƻ ŜƛǘƘŜǊ 
άRMS averagingέ ƻǊ άPeak holdέ ǳǎƛƴƎ ǘƘŜ ǳǇκŘƻǿƴ ōǳǘǘƻƴΦ ¢Ƙƛǎ ǿƛƭƭ ƎƛǾŜ ȅƻǳ ŀ ōŜǘǘŜǊ 
picture, showing the existing frequency peaks. 

2.

3.
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Fig. 19: Spectrum ǿƛǘƘ ŜƛǘƘŜǊ άRMS averagingέ or άPeak holdέ 

9. {Ŝǘ ǘƘŜ άCarrier Frequency [Hz]έ ŎƻƴǘǊƻƭ ǘƻ ǘƘŜ ƭƻŎŀƭ ǊŀŘƛƻ ǎǘŀǘƛƻƴ ŀǘ фмΦр aIȊ όFig. 20). What 
other radio stations do you see? 

10. /ƘŀƴƎƛƴƎ ǘƘŜ άIQ Sampling Rate [S/sec]έ ŎƻƴǘǊƻƭ ǘƻ ǳǇ ǘƻ нa ǎŀƳǇƭŜǎ ǇŜǊ ǎŜŎƻƴŘ ǿƛƭƭ ŀƭƭƻǿ 
you to observe a wider band of spectrum. Fig. 20 shows the spectrum reading results of 
changing the earlier mentioned controls. What additional radio stations do you see? 
 

 

Fig. 20: Observed Spectrum ǿƛǘƘ άIQ Sampling Rateέ ŀƴŘ άCarrier Frequencyέ ŎƘŀƴƎŜǎ 

  

7.

8.
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3.5 Lab Write -up 

Performance Checklist 
Fast Fourier Transforms 

 
1. Describe your observations about the pulse width. What happens to the amplitude spectrum of 

the signal when you change the pulse duration in the time domain?  

 

 

 

2. Calculate the actual frequency values for the first two zero intersections of the Amplitude 
spectrum corresponding to the equation in Fig. 10b. Use ̱  Ґ мл ŀƴŘ нлΦ  

 
 
 

3. Discuss the cause of the distortion in the spectrum analyzers at the center frequency (see Fig. 
19). 

 
 
 
4. άDƛǾŜƴ ȅƻǳǊ ŀƴǎǿŜǊǎ ǘƻ ǘƘŜ ǇǊŜǾƛƻǳǎ ǉǳŜǎǘƛƻƴǎΣ ƛŦ ȅƻǳ ƘŀŘ ŀ ƭƛƳƛǘŜŘ ǎǇŜŎǘǊǳƳ ǘƻ ǿƻǊƪ ǿƛǘƘΣ Ƙƻǿ 

would you select the size of the time window [symbols] in the OFDM windowing function given 
ƛƴ Ŝǉǳŀǘƛƻƴ όрύΚέ 

 
 
 
5. Given your observations of the FM spectrum usage in the second part of the lab procedure, is it 

possible to set up an OFDM frequency band in the FM spectrum?  What is the frequency spacing 
for FM radio stations? 

 
 
 

Performance Measures 

Task Standards Sat/Unsat 

Hardware Setup  Working setup for all 3 configurations: Broadcast, P2P 
wireless, and Loop-back cable. 

 

Running VIs  Successful transmission and reception of audio files 
for all 3 configurations: Broadcast, Point to point 
wireless, and Loopback-cable. 

 

QOS in P2P wireless 
configuration 

Quality of received signal heard over the radio channel in 
point to point wireless configuration.  

 

 
Discussion 
Did all configurations perform as expected?  
Did you have any difficulties completing the lab? 
Did your TA provide enough guidance? 
Do you have any recommendations to improve the lab? 
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4 Digital Filter Design: Introduction to LabVIEW Filter Design 
Toolkit.  

4.1 Summary  
This lab will introduce you to the LabVIEW filter design toolkit. You will be asked to observe the 
power spectrum of a given signal (or combination of signals). You will be asked to observe the power 
spectrum of a given signal (or combination of signals) and design a series of digital filters that will 
allow you to isolate and analyze specific signal frequencies. 
The NI software below will be used in the course: 

¶ NI LabVIEW 2012 or later.  

¶ NI LabVIEW Filter Design Toolkit 

4.2 Background  
You will be asked to observe the power spectrum of a given signal (or combination of signals) and 
design a series of digital filters that will allow you to isolate and analyze specific signal frequencies.. 
You have the option of designing both a Finite Impulse Response (FIR) and an Infinite Impulse 
Response (IIR) filters. You will need to determine a sampling frequency, filter specifications, and 
design method. 

4.2.1 Finite Impulse Response F ilter s 
A FIR or non-recursive filteǊ Ƙŀǎ ƴƻ ŦŜŜŘōŀŎƪΦ ¢ƘŜ ŦƛƭǘŜǊΩǎ ƻǳǘǇǳǘ ƛǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ƛƴǇǳǘ ǎƛƎƴŀƭ ƻƴƭȅΦ 
The difference equation is given by 
 

 

ώὲ  ὦὼὲ Ὧ (15) 

 

where, ώὲ is the filter output, ὼὲ is the signal being filtered, ὦ are the filter coefficients, and 
where ὔ is the filter order. The output signal ώὲ of the filter in response to an impulse is limited 
only the last ὔ values of ὼὲ, so after ὔ ρ samples the response returns to zero. For example, the 
response of a fifth order filter (Fig. 21) consists of a finite sequence of six (ὔ ρ) samples.  

 

Fig. 21: Low-pass FIR Filter: Impulse Response 

4.2.2 Infinite Impulse Response  filters  
Infinite Impulse Response (or recursive) filters are a more complex type of filter than a FIR filter, with 
an output at time n, given by: 
 

 

ώὲ  ὦὼὲ Ὧ ὥώὲ Ὥ  (16) 
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where, ώὲ is the filter output, ὼὲ is the signal being filtered, ὦ and ὥ are the filter coefficients, 
and whereὔ previous inputs and ὓ outputs. The output signal of the filter can be non-zero infinitely, 
even when the input signal has a value of zero. In theory, when a recursive filter is excited by an 
impulse, the output will persist forever. 

 

Fig. 22: Low-pass IIR Filter: Impulse Response 

The corresponding transfer function for an IIR filter is given by equation.  
 

Ὄᾀ  
В ὦᾀ

ρ В ὥᾀ  

ὔᾀ

Ὀᾀ
 (17) 

 
This equation, in addition to having ὔ zeros (as the FIR, the roots of ὔᾀ), it also has ὓ poles (the 
roots of Ὀᾀ), which for a stable filter, are required to be inside the unit circle in the z plane. 

4.2.3 Sampling frequency  
The symbol Ὢ denotes the sampling frequency, which is the expected rate at which you sample the 
input signal to the filter. In the LabVIEW Digital Filter Design Toolkit, the default sampling frequency 
is 1, which is the normalized sampling frequency. 

4.2.4 Filter design specifications  
In this lab, you will be asked to design low-pass, high-pass, band-pass, and band-stop filters, the 
characteristics of which are outlined below. 

 

Fig. 23: Absolute Low-pass Filter: Magnitude Frequency Response  
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Fig. 24: Absolute High-pass Filter: Magnitude Frequency Response 
[1] 

As illustrated in Fig. 23 and Fig. 24 (low-pass and high-pass), the frequency range from the pass-band 
edge frequency (cut-off frequency) to the stop-band edge frequency is the transition band, which 
has an unspecified frequency response. The filter pass-band and stop-band may contain oscillations, 
which are known as ripples. A typical example of a ripple appears in the circle (zoomed view) of the 
previous in Fig. 23. In the figure, ɻ P indicates the magnitude of the pass-band ripple (or the 
maximum deviation from the unity) and ɻ S indicates the magnitude of the response of the stop-band 
ripple (or the maximum deviation from zero). 
 

 

Fig. 25: Absolute Band-pass Filter: Magnitude Frequency Response 
[1] 

For band-pass filters (Fig. 25), stop-band edge frequency 1 indicates the maximum frequency of the 
lower frequency range to be attenuated, and the stop-band edge frequency 2 indicates the 
minimum frequency of the higher frequency range to be attenuated. The frequency range between 
pass-band edge frequencies 1 and 2 indicates the range of frequencies that can pass through the 
filter. 
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Fig. 26: Absolute Band-stop Filter: Magnitude Frequency Response 
[1] 

For band-stop filters, (Fig. 26), pass-band edge frequency 1 indicates the maximum frequency of the 
lower frequency range that can pass through the filter, and pass-band edge frequency 2 indicates 
the minimum frequency of the higher frequency range that can pass through the filter. The 
frequency range between stop-band edge frequencies 1 and 2 indicates the range of frequencies to 
be attenuated. 

4.2.5 Design methods  

The LabVIEW Digital Filter Design Toolkit
[1] 

provides the following finite impulse response (FIR) filter 
design methods: 

Á Kaiser Window 
Á Dolph-Chebyshev Window 
Á Equiripple FIR 

 

The Kaiser Window method and the Dolph-Chebyshev Window method allow you to obtain the filter 
coefficients directly from the analytical equations, making them easier to use than the Equiripple FIR 
method. The Equiripple FIR method is more complicated because it uses a least square optimization  
to produce an optimal filter and is often the best solution for most FIR filter design problems. 

In addition to the FIR-based methods, the Digital Filter Design Toolkit supports the following infinite 
impulse response (IIR) filter design methods: 

Á Butterworth 
Á Chebyshev 
Á Inverse Chebyshev 
Á Elliptic 

The following table summarizes the main features of the four IIR-based design methods so you can 
determine the best IIR filter design method to use. 
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Table III ς IIR Design Method Summary 

IIR Filter 
Ripple in 

Pass-
band? 

Ripple in 
Stop-band? 

Transition Bandwidth 
for a Fixed Order 

Order for Given Filter 
Specifications 

Butterworth No No Widest Highest 

Chebyshev Yes No Narrower Lower 

Inverse Chebyshev No Yes Narrower Lower 

Elliptic Yes Yes Narrowest (Sharpest) Lowest 

 

4.3 Pre-Lab 
In this lab, you will be designing four digital filters: low pass, high-pass, band-pass, and band-stop. 
For each filter type, you will analyze the power spectrum of a chosen signal and frame a set of 
specifications for a desired output. You will be using the Dual-Tone Multi-Frequency (DTMF) coding 
scheme. You have probably heard them when you dial a telephone number. Each key on the phone 
is assigned a pair of frequencies. Thus each key will two peaks in the power spectrum of the signal 
(Fig. 27). 

 

Fig. 27: DTMF Keypad Tone Frequencies 

Given a desired output, you can easily determine the frequency specifications of your filter design by 
using tones of the DTMF coding. 

a) A Low-pass filter that isolates the lower tone in the DTMF for a key press of 4 (Fig. 28). 
Record your specifications in Table IV for future reference. 

b) A High-pass filter that isolates the higher frequency in the DTMF for a key press of 4 (Fig. 28). 
Record your specifications in Table IV for future reference. 
 

1209 Hz 1334 Hz 1477 Hz 1633 Hz

697 Hz 1 2 3 A

770 Hz 4 5 6 B

852 Hz 7 8 9 C

941 Hz * 0 # D

A key press of 4 is encoded as 

() ( )( ) ( )( )

( ) ( )

sin 770 2 sin 1209 2

sin 4838 sin 7596

y t t t

t t

p p= +

= +
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Fig. 28: Key Press of 4 Time Domain and Frequency Spectrum (dtmf-4.wav) 

c) Band-pass filter to isolate a key press of 4 (Fig. 28) when both 3 and 4 keys are pressed at 
the same time (Fig. 29). Record your specifications in Table V for future reference. 

d) Band-stop filter to isolate a key press of 3 (Fig. 28) when both 3 and 4 keys are pressed at 
the same time (Fig. 29). Record your specifications in Table V for future reference. 
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Fig. 29: Combination of both 3 and 4 Keys DTMF Tones (dtmf-3.wav and dtmf-4.wav) 

Table IV - Specifications For Lowpass And Highpass Filters 

Specification Low-pass High-pass 

1. Pass-band edge frequency   

2. Pass-band Ripple   

3. Stop-band edge frequency   

4. Stop-band attenuation    

 
Table V - Specifications For Band-pass And Band-stop Filters 

Specification Band-pass Band-stop 

1. Pass-band edge frequency 1   

2. Pass-band edge frequency 2   

3. Pass-band ripple   

4. Stop-band edge frequency 1   

5. Stop-band edge frequency 2   

6. Stop-band attenuation   
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4.4 Lab Procedure  

4.4.1 Description  
You will be designing four VIs, each using a different filter type to filter a DTMF wav file or a 
combination of DTMF wav files. The specifications framed in the pre-lab are to be used for the first 
ƛƴǎǘŀƴŎŜΦ IƻǿŜǾŜǊΣ ƛƴ ŎŀǎŜ ȅƻǳǊ ŦƛƭǘŜǊǎ ŘƻƴΩǘ ǿƻǊƪ ǿŜƭƭΣ ȅƻǳΩƭƭ ŀƭǿŀȅǎ ƘŀǾŜ ǘƘŜ ƻǇǘƛƻƴ ƻŦ ǘǳƴƛƴƎ ǘƘŜ 
specifications later.  

4.4.1.1 Low-pass filter design  

1. hǇŜƴ άDTMF_Demo_LPF.viέ όFig. 30ŀύ ŀƴŘ Ǌǳƴ ƛǘΦ {ŜƭŜŎǘ άŘǘƳŦ-пΦǿŀǾέ ŀƴŘ ǘƘŜƴ ƻōserve the 
signal in the time and frequency domains (Fig. 30b). Note the sampling frequency, you will 
need it to configure the filter block. 

2. Navigate to tƘŜ ōƭƻŎƪ ŘƛŀƎǊŀƳ ŦƻǊ ǘƘŜ ŦƛƭǘŜǊΣ ŀƴŘ ǊŜƳƻǾŜ ǘƘŜ ōƭƻŎƪǎ ŦǊƻƳ ǘƘŜ άŘƛǎŀōƭŜŘέ 
structure as directed. 

3. 5ǊŀƎ ŀƴŘ ŘǊƻǇ ǘƘŜ ά/ƭŀǎǎƛŎŀƭ CƛƭǘŜǊέ ±L ŦǊƻƳ ǘƘŜ άŘƛǎŀōƭŜŘέ ǎǘǊǳŎǘǳǊŜ ƛƴǘƻ ǘƘŜ άǿƘƛƭŜέ ƭƻƻǇ 
structure. 

4. 5ƻǳōƭŜ ŎƭƛŎƪ ƻƴ ǘƘŜ ά/ƭŀǎǎƛŎŀƭ CƛƭǘŜǊέ ±L ŀƴŘ ŀ ǇƻǇ-up window (Fig. 31) will appear. This pop-
up window is your design tool screen where you enter the respective filter design 
specifications (Table IV). 

 

Note: This lab has been designed on LabVIEW 2012 edition. The signal processing/digital filter 
design  palettes and sub-VIs could be modified in future LabVIEW releases. If you cannot 
find the necessary functions or controls, ask the TA for help. 
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a) Block diagram 

 

b) Front panel 

Fig. 30: DTMF_Demo_LPF_Start VI 

  

Sampling 
Frequency
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Fig. 31: Classical Filter Design Tool Screen 

5. Select the appropriate filter type, sampling frequency (check the sound file details on front 
ǇŀƴŜƭύΣ ŀƴŘ ŘŜǎƛƎƴ ƳŜǘƘƻŘ όŎƘƻƻǎŜ ά.ǳǘǘŜǊǿƻǊǘƘέ ƻǊ ά/ƘŜōȅǎƘŜǾέύΦ Next, enter the 
specifications of the low-pass filter you designed (Table IV). 

6. To use the filter you designed above, ŘǊŀƎ ŀƴŘ ŘǊƻǇ ǘƘŜ άCƛƭǘŜǊƛƴƎέ ǎǳō-VI (Fig. 32) from the 
άŘƛǎŀōƭŜŘέ ǎǘǊǳŎǘǳǊŜ into ǘƘŜ άǿƘƛƭŜέ ƭƻƻǇΦ  

 

Fig. 32: Inserting tƘŜ άCƛƭǘŜǊƛƴƎέ {ǳō-VI 

7. ²ƛǊŜ ǘƘŜ ǎƻǳƴŘ ŦƛƭŜ ŀƴŘ ǘƘŜ ŘŜǎƛƎƴŜŘ ŦƛƭǘŜǊ ǘƻ ǘƘŜ ŦƛƭǘŜǊƛƴƎ ±LΩǎ ά{ƛƎƴŀƭ Lƴέ ŀƴŘ άCƛƭǘŜǊέ 
terminals respectively, respectively. 

8. To analyze the performance of your filǘŜǊΣ ŎƻƴƴŜŎǘ ǘƘŜ ŦƛƭǘŜǊŜŘ ǎƛƎƴŀƭ ǘƻ ǘƘŜ άtƭŀȅ ²ŀǾŜŦƻǊƳ 
5ŀǘŀέ ±L ǘƻ ƭƛǎǘŜƴΣ ŀƴŘ ǘƻ ǘƘŜ ǿŀǾŜŦƻǊƳ ŎƘŀǊǘǎ ǘƻ ŀƴŀƭȅȊŜ Ǉƭƻǘǎ ƛƴ the time and frequency 
domains. 

9. {ŀǾŜ ǘƘŜ ƳƻŘƛŦƛŜŘ ±L ŀǎ ά5¢aCψ5ŜƳƻψ[tCψYOUR_INITIALSΦǾƛέΦ  
10. Next, run your VI. You will see that your input signal has been filtered: the higher frequency 

peak is no longer present, and you have a clean sinusoid in the time domain (Fig. 33). 
 

Filters an input signal continuously. Wire data to the signal 
in input to determine the polymorphic instance to use or 
manually select the instance.
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Fig. 33: Desired Low-pass Filter Result.  

LŦ ȅƻǳ ŘƻƴΩǘ ƎŜǘ ǘƘŜ ǊƛƎƘǘ ǊŜǎǳƭǘΣ ǊƛƎƘǘ ŎƭƛŎƪ ƻƴ ǘƘŜ ά/ƭŀǎǎƛŎŀƭ CƛƭǘŜǊέ ±LΣ ǎŜƭŜŎǘ άtǊƻǇŜǊǘƛŜǎέΣ ŀƴŘ 
change the filter specifications. Keep testing until you get it right! The next task is to apply 
some logic to the VI so that filtering is done only when the filter is turned on from the front 
panel.  

11. Drag and drop the ά{ŜƭŜŎǘέ ŎƻƴǘǊƻƭ όFig. 34) ŦǊƻƳ ǘƘŜ άŘƛǎŀōƭŜŘέ ǎǘǊǳŎǘǳǊŜ ƛƴǘƻ ǘƘŜ άǿƘƛƭŜέ 
loop structure. 

 
 

 

Fig. 34: Inserting tƘŜ ά{ŜƭŜŎǘέ /ƻƴǘǊƻƭ. 

Wire the unfiltered and the filtered data to the FALSE and TRUE case terminals respectively. 
¢Ƙƛǎ ƳŜŀƴǎ ǘƘŀǘ ǘƘŜ ŦƛƭǘŜǊŜŘ Řŀǘŀ ǿƻǳƭŘ Ǝƻ ǘƘǊƻǳƎƘ ǿƘŜƴ ǘƘŜ ŎƻƴŘƛǘƛƻƴ ƛǎ ¢w¦9Φ ¢ƻ ǘƘŜ άǎέ 
terminal, you have to wire condition.  

12. Drag and drop the ά±ŜǊǘƛŎŀƭ-¢ƻƎƎƭŜέ όǎǿƛǘŎƘύ όFig. 35ŀύ ŀƴŘ ŀ άwƻǳƴŘ [95έ ό[95 ƛƴŘƛŎŀǘƻǊύ 
(Fig. 35b) ŦǊƻƳ ǘƘŜ άŘƛǎŀōƭŜŘέ ǎǘǊǳŎǘǳǊŜ ƛƴǘƻ ǘƘŜ άǿƘƛƭŜέ ƭƻƻǇ ǎǘǊǳŎǘǳǊŜ. When the switch is 

Returns the value wired to the t input or f
input, depending on the value of s. If s is 
TRUE, this function returns the value wired 
to t. If s is FALSE, this function returns the 
value wired to f.
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άƻƴέ ό¢w¦9 ŎŀǎŜύΣ ǘƘŜ ƛƴŘƛŎŀǘƻǊ ƛǎ ǘǳǊƴŜŘ ƻƴ ŀƴŘ ǘƘŜ ŦƛƭǘŜǊŜŘ Řŀǘŀ ƛǎ ǇŀǎǎŜŘ ǘƻ ǘhe waveform 
ŎƘŀǊǘΦ ²ƘŜƴ ǘƘŜ ǎǿƛǘŎƘ ƛǎ άƻŦŦέ όC![{9 ŎŀǎŜύΣ ǘƘŜ ƛƴŘƛŎŀǘƻǊ ƛǎ ǘǳǊƴŜŘ ƻŦŦ ŀƴŘ ǘƘŜ ŦƛƭǘŜǊŜŘ Řŀǘŀ 
is not passed to the waveform chart. 

 

 
 

Front Panel 
 

 
 

Front Panel 
 

 
 

Block Diagram 
(a) 

 
 

Block Diagram 
(b) 

Fig. 35: LƴǎŜǊǘƛƴƎ ǘƘŜ άwƻǳƴŘ [95έ ŀƴŘ ά±ŜǊǘƛŎŀƭ ¢ƻƎƎƭŜέ .ƻƻƭŜŀƴ /ontrols. 

Verify your results for both cases (Fig. 36). 
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a) Filter off 

 
b) Filter on 

Fig. 36: Low-pass Filter 
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4.4.1.2 High-pass filter design  

a) Copy and paste the low-pass filter design block diagram to a new VI. 
b) {ŀǾŜ ǘƘŜ ±L ŀǎ άDTMF_Demo_HPF_YOUR_INITIALS.viέΦ 
c) Double click on the filter you designed to open the properties window (filter design tool 

screen). Change the filter type to High-pass and modify the other specifications to the ones 
you designed in the pre-lab session (Table IV).  

d) Run the VI and verify your results for both cases (Fig. 37ύΦ LŦ ȅƻǳ ŘƻƴΩǘ ƎŜǘ ǘƘŜ ŘŜǎƛǊŜŘ ǊŜǎǳƭǘΣ 
modify the filter specifications. 

 

 
a) Filter off 

 
b) Filter on 

Fig. 37: High-pass Filter 
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4.4.1.3 Band-pass filter design  

1. Open the given VI: DTMF_Demo_BPF.vi (Fig. 38a) ŀƴŘ Ǌǳƴ ƛǘΦ {ŜƭŜŎǘ άŘǘƳŦ-оΦǿŀǾέ ŦƻǊ ǘƘŜ ŦƛǊǎǘ 
ŦƛƭŜ ŀƴŘ άŘǘƳŦ-пΦǿŀǾέ ŦƻǊ the second. Observe the signal in in the time and frequency (Fig. 
38b). 

 

a) Block diagram 

 

b) Front panel 

Fig. 38: DTMF_Demo_BPF_Start VI 

2. As before, Navigate to the block diagram for the filter, and remove the blocks from the 
άŘƛǎŀōƭŜŘέ ǎǘǊǳŎǘǳǊŜ ŀǎ ŘƛǊŜŎǘŜŘΦ 

3. Drag and ŘǊƻǇ ǘƘŜ ά/ƭŀǎǎƛŎŀƭ CƛƭǘŜǊέ ±L ŦǊƻƳ ǘƘŜ άŘƛǎŀōƭŜŘέ ǎǘǊǳŎǘǳǊŜ iƴǘƻ ǘƘŜ άǿƘƛƭŜέ ƭƻƻǇ 
structure. 
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4. 5ƻǳōƭŜ ŎƭƛŎƪ ƻƴ ǘƘŜ ά/ƭŀǎǎƛŎŀƭ CƛƭǘŜǊέ ±L ŀƴŘ ŀ ǇƻǇ-up window (Fig. 31) will appear. This pop-
up window is your design tool screen where you enter the respective filter design 
specifications (Table V).  

5. 5ǊŀƎ ŀƴŘ ŘǊƻǇ ǘƘŜ άCƛƭǘŜǊƛƴƎέ ǎǳō-VI (Fig. 32) ŦǊƻƳ ǘƘŜ άŘƛǎŀōƭŜŘέ ǎǘǊǳŎǘǳre ƛƴǘƻ ǘƘŜ άǿƘƛƭŜέ 
loop.  

6. ²ƛǊŜ ǘƘŜ ŎƻƳōƛƴŜŘ ǎƻǳƴŘ ŦƛƭŜ ŀƴŘ ǘƘŜ ŘŜǎƛƎƴŜŘ ŦƛƭǘŜǊ ǘƻ ǘƘŜ ŦƛƭǘŜǊƛƴƎ ±LΩǎ ά{ƛƎƴŀƭ Lƴέ ŀƴŘ 
άCƛƭǘŜǊέ ǘŜǊƳƛƴŀƭǎ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 

7. To analyze the performance of your filter, connect the filtered signal ǘƻ ǘƘŜ άtƭŀȅ ²ŀǾŜŦƻǊƳ 
5ŀǘŀέ ±LΦ 

8. SaǾŜ ǘƘŜ ƳƻŘƛŦƛŜŘ ±L ŀǎ ά5¢aCψ5ŜƳƻψBPF_YOUR_INITIALSΦǾƛέΦ  
9. Next, run your VI. You must see that your input signal has been filtered: the outer 

frequencies are no longer present, and you have just the inner frequencies in the power 
spectrum (Fig. 39). 

 

 

Fig. 39: Desired Band-pass Filter Result.  

10. LŦ ȅƻǳ ŘƻƴΩǘ ƎŜǘ ǘƘŜ ǊƛƎƘǘ ǊŜǎǳƭǘΣ ǊƛƎƘǘ ŎƭƛŎƪ ƻƴ ǘƘŜ ά/ƭŀǎǎƛŎŀƭ CƛƭǘŜǊέ ±LΣ ǎŜƭŜŎǘ άtǊƻǇŜǊǘƛŜǎέΣ ŀƴŘ 
change the filter specifications. Keep testing until you get it right! 

11. !ǎ ōŜŦƻǊŜΣ ŘǊŀƎ ŀƴŘ ŘǊƻǇ ά{ŜƭŜŎǘέ ŎƻƳǇŀǊƛǎƻƴ ±LΣ ά±ŜǊǘƛŎŀƭ ¢ƻƎƎƭŜέ όǎǿƛǘŎƘύ ŀƴŘ ŀ άwƻǳƴŘ 
[95έ ό[95 ƛƴŘƛŎŀǘƻǊύ (Fig. 34, Fig. 35ύ ŦǊƻƳ ǘƘŜ άŘƛǎŀōƭŜŘέ ǎǘǊǳŎǘǳǊŜ ƛƴǘƻ ǘƘŜ άǿƘƛƭŜέ ƭƻƻǇ so 
that filtering is done only when the filter is turned on from the front panel. Verify your 
results for both cases (Fig. 40). 
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4.4.1.4 Band-stop filter design  

1. Copy and paste the band-pass filter design block diagram to a new VI. 
2. {ŀǾŜ ǘƘŜ ±L ŀǎ άDTMF_Demo_BSF_YOUR_INITIALS.viέΦ 
3. Double click on the filter you designed to open the properties window (filter design tool 

screen). Change the filter type to band-stop and modify the other specifications to the ones 
you designed in the pre-lab session (Table V).  

4. Run the VI and verify your results for both cases (Fig. 41).  
 

 

a) Filter off 

 

b) Filter on 

Fig. 40: Bandpass Filter 
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a) Filter off 

 

b) Filter on 

Fig. 41: Band-stop Filter 
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4.5 Lab Write -up 
Performance Checklist 

Digital Filter Design 
 

Question: From any of the given sample VIs give the function of the following blocks: 

a)    

 

 

 

b)   

 

 

 

c)   

 

 

d)  

 

 

 

Performance Measures 

Task Standards 
Satisfactory/ 
Unsatisfactory 

Description of above sample VIs Quality of description: Scale (1-4)  

 
Filter Design 

Functionality achieved: 
1. Low-pass Filter                        (Yes/No) 
2. High-pass Filter                       (Yes/No) 
3. Band-pass Filter                      (Yes/No) 
4. Band-stop Filter                      (Yes/No) 

 

 
Discussion 
Have you started enjoying programming in LabVIEW? 
Did all VIs perform as expected? 
Did you have any difficulties completing the lab? 
Did your TA provide enough guidance? 
Do you have any recommendations to improve the lab?  
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4.6 References 
[1] National Instruments, NI Manuals: Digital Filter Design Basics, retrieved August 23, 2014.  

http://zone.ni.com/reference/en-XX/help/371988F-01/TOC2.htm?nisrc=LV-2013. 
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5 Amplitude Modulation  

5.1 Summary  
This laboratory exercise has two objectives.  The first is to gain experience in actually programming 
the USRP to act as a transmitter or a receiver.  The second is to investigate classical analog amplitude 
modulation and the envelope detector. 

5.2 Background  

5.2.1 Amplitude Modulation 
Amplitude modulation (AM) is one of the oldest of the modulation methods.  It is still in use today in 
a variety of systems, including, of course, AM broadcast radio.  In digital form it is the most common 
method for transmitting data over optical fiber [1]. 
 
If άὸ ƛǎ ŀ ōŀǎŜōŀƴŘ άƳŜǎǎŀƎŜέ ǎƛƎƴŀƭ ǿƛǘƘ ŀ ǇŜŀƪ ǾŀƭǳŜ ά , and ὃÃÏÓς“Ὢὸ ƛǎ ŀ άŎŀǊǊƛŜǊέ ǎƛƎƴŀƭ ŀǘ 
carrier frequency, Ὢ, then we can write the AM signal Ὣὸ as 
 

 
Ὣὸ ὃ ρ ‘

άὸ

ά
ÃÏÓς“Ὢὸ (18) 

 

where the parameter ‘ ƛǎ ŎŀƭƭŜŘ ǘƘŜ άƳƻŘǳƭŀǘƛƻƴ ƛƴŘŜȄέ ŀƴŘ ǘŀƪŜǎ ǾŀƭǳŜǎ ƛƴ ǘƘŜ ǊŀƴƎŜ π ‘ ρ (0 
to 100%) in normal operation.  For the special case in which άὸ ά ÃÏÓς“Ὢὸ where Ὢ is the 

frequency of the message, we can write equation (1) as 
 

 Ὣὸ ὃ ρ ‘ÃÏÓς“Ὢὸ ÃÏÓς“Ὢὸ 

ὃ ÃÏÓς“Ὢὸ
‘

ς
ÃÏÓς“Ὢ Ὢ ὸ ÃÏÓς“Ὢ Ὢ ὸ  

 

(19) 

 
In the above expression the first term is the carrier, and the second and third terms are the lower 
and upper sidebands, respectively.  Fig. 42 and Fig. 43 is a plot of a 20 kHz carrier modulated by a 1 
kHz sinusoid at 100% and 50% modulation. 
 

 

Fig. 42: AM Signal: Modulation Index = 1 
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Fig. 43. AM Signal: Modulation Index = 0.5 

When the AM signal arrives at the receiver, it has the form 
 

 
ὶὸ ὃ ρ ‘

άὸ

ά
ÃÏÓς“Ὢὸ — (20) 

 
where the angle — represents the difference in phase between the transmitter and receiver carrier 
oscillators.  We will follow a common practice and offset the rŜŎŜƛǾŜǊΩǎ ƻǎŎƛƭƭŀǘƻǊ ŦǊŜǉǳŜƴŎȅ Ὢ from 
ǘƘŜ ǘǊŀƴǎƳƛǘǘŜǊΩǎ ŎŀǊǊƛŜǊ ŦǊŜǉǳŜƴŎȅΣ Ὢ.  This provides the signal 
 

 
ὶὸ ὃ ρ ‘

άὸ

ά
ÃÏÓς“Ὢὸ — (21) 

 
where the so-ŎŀƭƭŜŘ άƛƴǘŜǊƳŜŘƛŀǘŜέ ŦǊŜquency (IF) is given by Ὢ Ὢ Ὢ.  The signal ὶὸ can be 
passed through a bandpass filter to remove interference from unwanted signals on frequencies near 
Ὢ.  Usually the signal ὶὸ is amplified since ὃ ὃ due to signal attenuation as it moves through 
the transmission medium. 
 
Demodulation of the signal ὶὸ is most effectively carried out by an envelope detector.  An 
envelope detector can be implemented as a rectifier followed by a lowpass filter.  The envelope ὃὸ 
of ὶὸ is given by 
 

 
ὃὸ ὃ ρ ‘

άὸ

ά
ὃ

‘ὃ

ά
άὸ (22) 
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5.3 Pre-Lab 

5.3.1 Transmitter  
The task is to add blocks as needed to produce an AM signal, and then to pass the AM signal into the 
while loop to the Write Tx Data block. A template for the transmitter has been provided in the file 
AM_Tx_Template.vi (Fig. 44). This template contains six interface controls, two waveform graphs to 
display your message signal and scaled amplitude modulated signal, and άƳŜǎǎŀƎŜ ƎŜƴŜǊŀǘƻǊέ 
controls set to produce a message signal consisting of three tones.  The three tones are initially set 
to 1, 2, and 3 kHz, but these frequencies can be changed using the message generator front-panel 
controls. 
 

 

Fig. 44: AM_Tx_Template Front Panel 

Tx Programming Notes: 
a) Observe that the baseband signal ὫὲὝ is actually two baseband signals.  By long-standing 

tradition, the real part Ὣ ὲὝ is calƭŜŘ ǘƘŜ άƛƴ-ǇƘŀǎŜέ ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ ōŀǎŜōŀƴŘ ǎƛƎƴŀƭ, 
and the imaginary part Ὣ ὲὝ ƛǎ ŎŀƭƭŜŘ ǘƘŜ άǉǳŀŘǊŀǘǳǊŜέ ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ ōŀǎŜōŀƴŘ 

signal.  The AM signal that you will generate in this lab project uses only the in-phase 
component, with 

 
 

Ὣ ὲὝ ὃ ρ ‘
άὸ

ά
 (23) 

 
And 
 

Ὣ ὲὝ π (24) 
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You will explore other modulation methods in subsequent lab projects that use both 
components. 
 
The baseband signal is expressed as 
 

ὫὲὝ Ὣ ὲὝ Ὦ Ὣ ὲὝ (25) 
 
The signal transmitted by the USRP is 
 

ὫὲὝ ὃ Ὣ ὲὝÃÏÓς“Ὢὸ ὃ Ὣ ὲὝ ÃÏÓς“Ὢὸ (26) 
 
These values are entered in the Tx Front Panel (Fig. 44) in the following fields 
 

¶ Ὢ is the carrier frequency.   

¶ Sampling interval Ὕ ƛǎ ǘƘŜ ǊŜŎƛǇǊƻŎŀƭ ƻŦ ǘƘŜ άLv ǊŀǘŜΦέ   
 

Note that the signal Ὣὸ produced by the USRP is a continuous-time signal; the discrete-to-
continuous conversion is done inside the USRP. 
 

b) The message generator creates a signal that is the sum of a set of sinusoids of equal 
amplitude.  You can choose the number of sinusoids to include in the set, you can choose 
their frequencies, and you can choose their common amplitude. The initial phase angles of 
the sinusoids are chosen at random, however, and will be different every time the VI runs. 
DŜǘ ǘƘŜ Řŀǘŀ ǾŀƭǳŜǎ ƻŦ ǘƘŜ ƎŜƴŜǊŀǘŜŘ ǎƛƎƴŀƭ ōȅ ǳǎƛƴƎ ǘƘŜ άDŜǘ ²ŀǾŜŦƻǊƳ /ƻƳǇƻƴŜƴǘǎέ ±L 
(Fig. 45) for amplitude modulation operations. 

 

Fig. 45: Get Waveform Components VI 

c) {Ŝǘ ǳǇ ŀ άaŀǘƘ{ŎǊƛǇǘ bƻŘŜέ όFig. 46) with data values of the generated signal {m}, maximum 
value of the generated signal {mp}, and modulation index {muϒ ŀǎ ƛƴǇǳǘǎΦ ¦ǎŜ ά!ǊǊŀȅ aŀȄ 
ŀƴŘ aƛƴέ ±L όFig. 47) to get the maximum value of the generated signal, and the 

άaƻŘǳƭŀǘƛƻƴ LƴŘŜȄέ ŎƻƴǘǊƻƭ ǇǊƻǾƛŘŜŘ ǘƻ ǎŜǘ ǘƘŜ ƳƻŘǳƭŀǘion index {mu}. Use equations (23), 

(24), and (25) to set up the text-based script to get the baseband signal {b].  
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Fig. 46: MathScript Node 

 

Fig. 47: Array Max and Min VI 

d) There is one practical constraint imposed by the D/A converters in the USRP: The maximum 
magnitude of the transmitted signal ȿὫὲὝȿ needs to have a maximum scaled value of 1. 
Set up a text-based script by dividing the baseband signal {b} by the maximum of its absolute 
value {max(abs(b))} to get the scaled baseband signal {A}. 
 

e) The USRP is designed to transmit using a quadrature modulation approach. So in order to 
use the radio to transmit an AM signal, it is necessary to represent the signal as a complex 
sequence. The quadrature modulation then transmits the real and complex sequences using 
two orthogonal waveforms. The real part is sent using a cosine carrier and the complex part 
using a sine function as the carrier. Set up a text-based script to convert the scaled 
amplitude modulated signal from 1D double {A} to 1D complex double form {G}. The 1D 

complex double form is attained by multiplying the 1D double form by { Ὡᶻ }.  
 

f) Set up both the forms of the scaled baseband signal as outputs of the MathScript Node. Plot 
the scaled baseband signal {Aϒ ōȅ ǳǎƛƴƎ ǘƘŜ ά.ŀǎŜōŀƴŘ {ƛƎƴŀƭέ ǿŀǾŜŦƻǊƳ ƎǊŀǇƘ ǇǊƻǾƛŘŜŘΣ 
and input the complex form {Gϒ ǘƻ ǘƘŜ άƴƛ¦{wt ²ǊƛǘŜ ¢Ȅ 5ŀǘŀέ ±L όFig. 48) to be transmitted. 
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Fig. 48: niUSRP Write Tx Data VI 

g) {ŀǾŜ ȅƻǳǊ ǘǊŀƴǎƳƛǘǘŜǊ ƛƴ ŀ ŦƛƭŜ ǿƘƻǎŜ ƴŀƳŜ ƛƴŎƭǳŘŜǎ ǘƘŜ ƭŜǘǘŜǊǎ ά!a_¢Ȅέ ŀƴŘ ȅƻǳǊ ƛƴƛǘƛŀƭǎΦ  
 

Note: Modulation with the carrier occurs after the baseband signal is sent to the buffer for 
transmission. To visualize the amplitude modulated signal, you may plot the waveform 
received at the receiver end. 

 

5.3.2 Receiver 
A template for the receiver has been provided in the file AM_Rx_Template.vi (Fig. 49). This template 
contains the six interface controls and two waveform graphs to display the received amplitude 
modulated signal and the demodulated baseband output. 
 

 

Fig. 49: Reciever VI Front Panel 

Rx Programming Notes: 
a) tƭƻǘ ǘƘŜ ǊŜŎŜƛǾŜŘ ŀƳǇƭƛǘǳŘŜ ƳƻŘǳƭŀǘŜŘ ǎƛƎƴŀƭ ŦǊƻƳ ǘƘŜ άƴƛ¦{wt CŜǘŎƘ wȄ 5ŀǘŀέ ±L όFig. 50) 
ǳǎƛƴƎ ǘƘŜ άwȄ !a {ƛƎƴŀƭέ ǿŀǾŜŦƻǊƳ ƎǊŀǇƘ ǇǊƻǾƛŘŜŘΦ  
 
 



Introduction to Communication Systems Draft September 11, 2014 
Using NI USRP Lab Manual  

55 
Printed on: 9/11/2014  © 2014, Anees Abrol and Eric Hamke 

 

Fig. 50: niUSRP Fetch Rx Data VI 

 
b) DŜǘ ǘƘŜ Řŀǘŀ ǾŀƭǳŜǎ ƻŦ ǘƘŜ ǎƛƎƴŀƭ ǊŜŎŜƛǾŜŘ ŦǊƻƳ ǘƘŜ άƴƛ¦{wt CŜǘŎƘ wȄ 5ŀǘŀέ ±L όFig. 50)by 
ǳǎƛƴƎ ŀ άDŜǘ ǿŀǾŜŦƻǊƳ ŎƻƳǇƻƴŜƴǘǎέ ±L όFig. 45) so as to perform filtering operations. 
 

c) To remove unwanted interferences around carrier frequency, design a fifth order 
ά/ƘŜōȅǎƘŜǾέ ōŀƴŘ-pass filter (Fig. 51)  with a high cutoff frequency of 105 kHz, a low cutoff 
frequency of 95 kHz, pass-band ripple of 0.1 dB, and a sampling frequency equal to the 
άŀŎǘǳŀƭ Lv ǊŀǘŜέ ƻōǘŀƛƴŜŘ ŦǊƻƳ ǘƘŜ niUSRP Configure Signal VI.  

 

Fig. 51: Chebyshev Filter VI 

d) Extract the real part of the complex filtered signal from the output of the Chebyshev band-
Ǉŀǎǎ ŦƛƭǘŜǊ ǳǎƛƴƎ ǘƘŜ ά/ƻƳǇƭŜȄ ǘƻ wŜŀƭκLƳŀƎƛƴŀǊȅέ VI (Fig. 52). The real part is expressed as 

shown in equation (21).   
 

 

Fig. 52: Complex to Real/Imaginary VI 
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e) ¦ǎŜ ά!ōǎƻƭǳǘŜ ±ŀƭǳŜέ ±L ǘƻ take the absolute value of the real part of the filtered signal for 
full-wave rectification.  
 

 

Fig. 53: Absolute Value VI 

f) To filter out high frequencies to complete envelope detection, design a second order 
ά.ǳǘǘŜǊǿƻǊǘƘέ ƭƻǿ-pass filter (Fig. 54) with a low cutoff frequency of 5 kHz, and a sampling 
frequency the same as the άŀŎǘǳŀƭ Lv ǊŀǘŜέ ƻōǘŀƛƴŜŘ ŦǊƻƳ ǘƘŜ niUSRP Configure Signal VI.   

 

Fig. 54: Butterworth Filter VI 

 
g) Build a waveform from the data values of the output of the low-pass filter designed above 
ōȅ ǳǎƛƴƎ ŀ άBuild Waveformέ VI, setting the sampling time interval same as that of the 
ǊŜŎŜƛǾŜŘ ǿŀǾŜŦƻǊƳΦ tƭƻǘ ǘƘŜ ǿŀǾŜŦƻǊƳ ƻōǘŀƛƴŜŘ ǿƛǘƘ ǘƘŜ άBaseband Outputέ waveform 
graph provided.  
 

h) Save your receiver in a file whose name includes the letǘŜǊǎ ά!aψwȄέ ŀƴŘ ȅƻǳǊ ƛƴƛǘƛŀƭǎ. 
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5.4 Lab Procedure  

1. Run LabVIEW and open the transmitter and receiver VIs that you created in the pre-lab. 
2. Connect the computer to the USRP using an Ethernet cable. 
3. Open the NI-USRP Configuration Utility found in the National Instruments directory under 

programs files as shown in Fig. 2. Be sure to record the IP addresses since you will need 
them to configure your software. 

 

Fig. 55: Finding the IP Address: Radio Connectivity Test 

If the IP address does not appear in the window then check your connections and ask the 
Teaching Assistant (TA) to verify that the LAN card has been configured correctly. 

4. Connect a loopback cable between the TX 1 and RX 2 antenna connectors. Remember to 
connect the attenuator to the receiver end. 

 

  

Fig. 56: Broadcast Setup 

5. Ensure that the transmitter VI is set up according to Table VI. 
  

1. Select All Programs 
from menu 

2. Select the NI-USRP 
Configuration Utility 
from the National 
Instruments directory

3. Select Find Devices and record the IP 
address of the radio or radios since you 
will need them to configure the 
software in the lab.
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Table VI ς Transmitter Settings 

Field Setting Field Setting 

Device Name 192.168.10.x Message Length 200,000 samples 

Carrier Frequency 915.1 MHz Modulation Index 1.0 

IQ Rate 200 kHz Start Frequency 1 kHz 

Gain 20 dB Delta Frequency 1 kHz 

Active Antenna TX1 Number of Tones 3 
 

 

6. wǳƴ ǘƘŜ ǘǊŀƴǎƳƛǘǘŜǊ ±LΦ [95 ά!έ ǿƛƭƭ ƛƭƭǳƳƛƴŀǘŜ ƻƴ ǘƘŜ ¦{wt ƛŦ ǘƘŜ ǊŀŘƛƻ ƛǎ ǘǊŀƴǎƳƛǘǘƛƴƎΦ ¦ǎŜ 
zoom operations to check the message and scaled baseband waveforms on the transmitter 
VI front panel. 

7. Stop the transmission by using the large ά{¢htϦ button on the front panel.  
bƻǘŜΥ ¦ǎƛƴƎ ǘƘŜ ά{¢htέ ōǳǘǘƻƴ ƻƴ ŦǊƻƴǘ ǇŀƴŜƭ ǊŀǘƘŜǊ ǘƘŀƴ ǎǘƻǇǇƛƴƎ ŦǊƻƳ ǘƘŜ ά!ōƻǊǘ 
9ȄŜŎǳǘƛƻƴέ button on the menu bar ensures that the USRP is stopped cleanly. 

8. Ensure that the receiver VI is set up according to Table VII. 
 

Table VII ς Receiver Settings 

Field Setting 

Device Name: 192.168.10.x 

Carrier Frequency: 915 MHz 

IQ Rate: 1 MHz 

Gain: 0 dB 

Active Antenna: RX2 

Number of Samples: 200,000 samples 
 

9. wǳƴ ǘƘŜ ǊŜŎŜƛǾŜǊ ±LΦ [95 ά/έ ǿƛƭƭ ƛƭƭǳƳƛƴŀǘŜ ƻƴ ǘƘŜ ¦{wt if the radio is receiving data.  
10. Next, run the transmitter. 
11. Use zooming operations from the graph palette to zoom into the άwȄ !a {ƛƎƴŀƭέ ŀƴŘ 
άBaseband OǳǘǇǳǘέ ǿaveforms on the receiver front panel. The demodulated AM waveform 
ά.ŀǎŜōŀƴŘ hǳǘǇǳǘέ ǎƘƻǳƭŘ ōŜ ƛŘŜƴǘƛŎŀƭ ǘƻ ǘƘŜ ά.ŀǎŜōŀƴŘ {ƛƎƴŀƭέ ǿŀǾŜŦƻǊƳ, except for 
scaling (receiver output has a DC offset) and marginal noise. 

  

Important set-up notes: 
V Make sure the global set-up configuration has been performed before interfacing with the 

USRPs.  
V Make sure the Tx and Rx VIs are always set to the same carrier frequency whenever you pair 

them up to communicate.  
V Transmission should start only after receiving workstations are ready to receive. 
V Verify that device name fields in both Tx and Rx VIs are set to the IP address of the URSP in use  
V Make sure to connect the provided attenuator between the receiver ¦{wtΩǎ Rx input and the 

antenna/loopback-cable. The attenuator is used to decrease the power level of the transmitted 
signal in order to avoid a high ǇƻǿŜǊ ǎƛƎƴŀƭ ŀǘ ǘƘŜ ǊŜŎŜƛǾŜǊΩǎ ŜƴŘΣ ŘǳŜ ǘƻ wȄ ŀƴŘ ¢Ȅ ƛƴǇǳǘǎΩ 
proximity to each other. 
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5.4.1 Worksheet: The Effect of Varying the M odul ation Index 
1. Set the transmitter to use one of the three tones. Please note that using more than one tone 

will make it very hard to make the observations. 
2. Set the Start Frequency to 1 kHz. 
3. Set the transmitter VI modulation index to the first value in Table VIII. 
4. Start the transmitter VI. 
5. hōǎŜǊǾŜ ǘƘŜ ŘŜƳƻŘǳƭŀǘŜŘ ǎƛƎƴŀƭ ƛΦŜΦ ά.ŀǎŜōŀƴŘ hǳǘǇǳǘέ ǿŀǾŜŦƻǊƳ ƻƴ ǘƘŜ ǊŜŎŜƛǾŜǊ ±LΦ bƻǘŜ 

the peak to peak voltage in Table VIIITable IX.  
6. Stop the receiver VI.  Update the modulation index to the next value in Table VIII and repeat 

steps 4 through 6 until the table is complete. 
 

Table VIII ς Modulation Index Observations 

Modulatio
n Index 

Amplitud
e 
(Peak to 
Peak) 

 

0.1  

0.2  

0.3  

0.4  

0.5  

0.6  

0.7  

0.8  

0.9  

1.0  

 
 
  

m = 0.1

Vpeak-to-peak
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5.4.2 Worksheet: The Effect of Varying th e Receiver Gain.  
 
Warning:  Too much receiver gain will overload the receiver A/D converters. 
 

1. Set the transmitter to use one of the 3 tones. Please note that using more than one tone will 
make it very hard to make the observations. 

2. Set the transmitter VI gain to 20 dB.  
3. Set the receiver VI gain to the first value in Table IX. 
4. Run the receiver VI, and then the transmitter VI.  
5. hōǎŜǊǾŜ ǘƘŜ ŘŜƳƻŘǳƭŀǘŜŘ ǎƛƎƴŀƭ ƛΦŜΦ ά.ŀǎŜōŀƴŘ hǳǘǇǳǘέ ǿŀǾŜŦƻǊƳΦ bƻǘŜ ǘƘŜ ǇŜŀƪ ǘƻ ǇŜŀƪ 

voltage in Table IX.  
6. Stop the receiver VI.  Update the receiver gain to the next value in Table IX and Repeat steps 

4 through 6 until the table is complete. 
 

 
Table IX ς Receiver Gain Observations 

Receiver 
Gain 
(dB) 

Voltage 
(Peak-to-
Peak) 

 

0  

1  

2  

3  

4  

5  

6  

7  

8  

9  

10  

 
  

TxGain = 20dB
Rx Gain= 10dB

Vpeak-to-peak
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5.5 Lab Write -up 
 

Performance Checklist 
Amplitude Modulation 

 
Short Answer Questions 
1. What is the relation between the message bandwidth and the IF and baseband filter 

bandwidths? 
 
 
 
 
 
 
 
 
 
2. What is the effect of varying the modulation index? 
 
 
 
 
 
 
 
 
 
3. What is the effect of varying the transmitter and receiver gain? 
 
 
 
 
 
 
 
 
 
Performance Measures 

Task Standards Sat/Unsat 

Hardware Setup  Working setup for all with Loopback-cable.  

Running VIs  Successful transmission and reception of tones.  

Data Collection Collect data to answer Short Answer Questions.  

 
Discussion 
Did all configurations perform as expected?  
Did you have any difficulties completing the lab? 
Did your TA provide enough guidance? 
Do you have any recommendations to improve the lab? 
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5.6 References 
[1] Lab 2:  Amplitude Modulation, Bruce A. Black, Rose-Hulman Institute of Technology, July 2013. 
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6 Frequency Modulation  

6.1 Summary  
This laboratory exercise introduces frequency modulation (FM) with two objectives. The first is to 
provide you an experience in programming the USRP to act as an FM transmitter or a receiver. The 
second is to investigate demodulating FM in software which is much simpler than demodulation 
procedures in the traditional hardware approach. 

6.2 Background  

6.2.1 Frequency Modulation 
Frequency modulation (FM) was introduced by E.A. ArƳǎǘǊƻƴƎ ƛƴ ǘƘŜ мфолΩǎ ŀǎ ŀƴ ŀƭǘŜǊƴŀǘƛǾŜ ǘƻ ǘƘŜ 
AM commonly in use at the time for broadcasting. The advantage to frequency modulation is that, 
for a given transmitted power, the signal-to-noise ratio is much higher at the receiver output than it 
is for AM. The digital version of FM, frequency-shift keying, has been in use since an even earlier 
date [2]. 
 
Of the two forms of angle modulation- frequency modulation (FM) and phase modulation (PM), this 
lab would focus on FM modulation, and provide you with a nice illustration of the utility of the easier 
to implement software-defined radio approach. The general angle of the modulated signal is the 
output (ὼ ὸ) in Fig. 57 and Fig. 58. 
 

 ὼ ὸ ὃÃÏÓ ς“Ὢὸ —ὸ  (27) 

 
where ὃ is the amplitude of the carrier signal and Ὢ is the carrier frequency. 
 

 

Fig. 57: Generating a FM Signal Using a Phase Modulator 
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Ὧ ρ 

 
Ὧ Ȣυ 

Fig. 58: FM Waveforms 

In FM, the instantaneous phase —ὸ of the carrier is varied linearly with the message signal άὸ. 
Thus, the instantaneous frequency, Ὢὸ, of the carrier signal varies linearly with the message signal 
άὸ and can be written  
 

 Ὢὸ Ὢ Ὧάὸ (28) 

 
where Ὧ is the άfrequency sensitivityέ of the FM modulator. The maximum instantaneous frequency 

change from the carrier frequency produced by the modulating signal is given by  
 

 ЎὪ ḯÍÁØ ȿὪὸ Ὢȿ  Ὧ ÍÁØ ȿάὸȿ (29) 
 
Given the instantaneous frequency, we can find the total instantaneous angle, ‰ὸ, of the carrier by 
integrating the instantaneous frequency as 
 

 
‰ὸ ς“ Ὢ‌Ὠ‌ ς“Ὢὸ ς“ЎὪ ά ‌Ὠ‌ (30) 

 
where ά ὸ is the normalized message signal, defined as 
 

 
ά ὸ

άὸ

ÍÁØ ȿάὸȿ
 (31) 

 
Using Equation (30), the FM signal can be expressed in terms of its instantaneous frequency and we 
can re-write Equation (27) for the FM signal ὼ ὸ, in terms of its instantaneous frequency. 
 

 
ὼ ὸ ὃÃÏÓς“Ὢὸ ς“ЎὪ ά ‌Ὠ‌ (32) 

 
Note that the second term in (32) represents —ὸ of the FM signal. Thus, the instantaneous phase is 
the integral of a normalized message multiplied by a peak frequency deviation (ЎὪ ).  
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To create an FM signal using the USRP, the complex-valued signal Ὣὸ is formed, where 
 

 
Ὣὸ ὃ  Ὡὼὴς“Ὢὸ Ὦ ς“ ЎὪ ά ‌Ὠ‌  (33) 

 
When generating a PM signal, the process is similar to that illustrated in Fig. 57, but it requires a 
differentiator and a frequency modulator, rather than an integrator and a phase modulator. 

6.2.2 Frequency Demodulation 
An FM demodulator recovers the message signal from the received FM waveform. This requires a 
circuit that produces an output that is linearly proportional to the instantaneous frequency of the 
input FM signal. FM demodulation is much easier to carry out using the USRP rather than 
conventional hardware. FM demodulation can be divided into three broad categories: Frequency 
discrimination, Phase-shift discrimination, and Phase-locked loop (PLL). This lab focuses solely on 
frequency discrimination as illustrated in Fig. 59.  

 

Fig. 59: FM Discriminator 

The signal ὼ ὸ received ideally is the same as the transmitted signal is the same as Ὣὸ,  
 

 ὼ ὸ  ὃÅØÐὮ ς“Ὢὸ —ὸ  (34) 
 
The ǊŜŀƭ ŎƻƳǇƻƴŜƴǘ ƻŦ ŘƛŦŦŜǊŜƴǘƛŀǘƻǊΩǎ output (Fig. 59) is given in (35), 
 

 
Ὡὸ ὑ ς“Ὢ

Ὠ—

Ὠὸ
ÓÉÎς“Ὢὸ —ὸ  (35) 

 
where ὑ ς“ὃ is the frequency discriminator gain constant, expressed in volts/Hz. 
And the output of the ideal discriminator is 
 

 
ώ ὸ  

ρ

ς“
ὑ
Ὠ‰

Ὠὸ
 (36) 

 
where 
 

 
‰ὸ ς“Ὢὸ ς“ЎὪ ά ‌Ὠ‌ (37) 

 
This means that we can write Equation (36) as 
 

 ώ ὸ ς“Ὢ ὑЎὪ ά ὸ (38) 
 
In practice, ὪḻὨ—Ὠὸϳ , so Ὢ Ὠ—Ὠὸϳ  is always positive. 
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6.3 Pre-lab 
Your pre-lab task is to design the transmitter VI for frequency modulating a given message signal.   

6.3.1 Transmitter 
A template for the transmitter has been provided in FM_Tx_Template.vi. The Basic Multi-tone VI is 
used as the άƳŜǎǎŀƎŜ ƎŜƴŜǊŀǘƻǊέ to produce a message signal άὸ consisting of a chosen number 
of tones, start frequency (frequency of first tone) and delta frequency (increment in frequency for 
next tones w.r.t. frequency of first tone). These values can be selected using front-panel controls. 
Fig. 60 shows the front panel of FM_Tx_Template.vi. 
 

 

Fig. 60: Front Panel of FM_Tx_Template.vi 

Your task is to add blocks as needed to produce the frequency modulated signal (Ὣὸ of Equation 
(33)), ŀƴŘ ǘƘŜƴ ǘƻ Ǉŀǎǎ ǘƘƛǎ ǎƛƎƴŀƭ ǘƻ ǘƘŜ ά²ǊƛǘŜ ¢Ȅ 5ŀǘŀ ōƭƻŎƪέΦ  
 
Step-by-step LabVIEW setup to create a FM modulated signal using USRP: 

a) Obtain the data values and sampling time interval of the analog message signal άὸ using 
άDŜǘ ²ŀǾŜŦƻǊƳ /ƻƳǇƻƴŜƴǘǎέ ±L όFig. 61), and get the normalized message signal ά ‌ by 
using the άvǳƛŎƪ {ŎŀƭŜέ ±L όFig. 62). 
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Fig. 61: Get Waveform Components VI 

 

Fig. 62: Quick Scale VI 

b) /ƻƴǾŜǊǘ ǘƘŜ Řŀǘŀ ǾŀƭǳŜǎ ƻŦ ǘƘŜ ǎŎŀƭŜŘ ƳŜǎǎŀƎŜ ǎƛƎƴŀƭ ƛƴǘƻ ŀ ǿŀǾŜŦƻǊƳ ǳǎƛƴƎ ά.ǳƛƭŘ 
ǿŀǾŜŦƻǊƳέ ±L όFig. 63) by setting the sampling time same as that of the original message 
signal. Plot the scaled message waveform using the waveform chart provided. This would 
allow you to do a comparison with the demodulated signal waveform charts in the receiver. 
You may do a similar comparison for the spectrum of the message waveform and its 
demodulated version. To get the message spectrum, connect the message waveform 
(original or scaled) to the FFT Power Spectrum and PSD VI (Fig. 8) found in Signal Processing 
palette, and then connect the output to a waveform graph.  
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Fig. 63: Build Waveform VI 

 

 

Fig. 64: FFT Power Spectrum and PSD VI 

 
c) Next, you have to convert the normalized analog signal ά ‌ to discrete time before 

multiplying by ς“ЎὪ T in equation (33). We have, 
 

 
ά ‌Ὠ‌ ά ὲὝὝȟ (39) 

 
where Ὕ is the reciprocal of the IQ sample rate. If we consider the equation 

 
 

ώὲ ά ὲὝὝȟ  (40) 

 
then 

 
 

ώὲ ώὲ ρ ά ὲὝὝ ά ὲὝὝ ὼὲὝὝ (41) 
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Equation (41) is a recurrence relation, or a difference equation of an IIR filter with άŦƻǊǿŀǊŘ 
ŎƻŜŦŦƛŎƛŜƴǘǎέ ŀǊǊŀȅ ƻŦ ρ and a άǊŜǾŜǊǎŜ ŎƻŜŦŦƛŎƛŜƴǘǎέ ŀǊǊŀȅ ƻŦ ρ ρ, and can be 
implemented ǳǎƛƴƎ άLLw ŦƛƭǘŜǊ ǿƛǘƘ ƛƴƛǘƛŀƭ ŎƻƴŘƛǘƛƻƴǎέ ±L όFig. 65) inside the while loop.  

 

 

Fig. 65: IIR Filter with Initial Conditions VI 

Use shift registers to feedback the final conditions of current loop iteration to be the initial 
conditions of the next loop iteration for the IIR filter. Initialize shift registers to a zero 
constant. 

 
d) Multiply the discrete filtered ά ‌ by ς“ЎὪ T, which produces  

 
 

—ὸ ς“ЎὪ ά ὲὝὝ (42) 

 
e) Form the complex value frequency modulated signal Ὣὸ (33) ōȅ ǳǘƛƭƛȊƛƴƎ ǘƘŜ άtƻƭŀǊ ǘƻ 

Complexέ VI (Fig. 66). Lƴ ǘƘƛǎ ŎŀǎŜΣ ƛƴǇǳǘǎ ǘƻ ǘƘŜ ǇƻƭŀǊ ǘƻ ŎƻƳǇƭŜȄ ±L άǊέ and theta are  ὃ and 
—ὸ respectively.  

 

 

Fig. 66: Polar To Complex VI 

f) Remember that the output signal generated by the IIR filter is a sequence. You need to 
convert it back into an analog waveform before sending it to the bǳŦŦŜǊΣ ά²ǊƛǘŜ ¢Ȅ 5ŀǘŀέ ±L. 
UǎŜ ά.ǳƛƭŘ ²ŀǾŜŦƻǊƳέ VI (See Fig. 63) to convert the data values into a waveform by setting 
in the sampling interval of the frequency modulated signal as the product of the sampling 
interval of the original message signal and the term ς“ЎὪ  (Ὢ : peak frequency 
deviation).  

g) ²ǊƛǘŜ ǘƘŜ ŦǊŜǉǳŜƴŎȅ ƳƻŘǳƭŀǘŜŘ ǿŀǾŜŦƻǊƳ ƻƴǘƻ ǘƘŜ ōǳŦŦŜǊΣ άƴƛ¦{wt ²ǊƛǘŜ ¢Ȅ 5ŀǘŀέ ±LΦ  
h) Plot the frequency modulated waveform using the waveform chart provided. Get the 

frequency modulated signal spectrum by connecting the waveform (original or scaled) to the 
FFT Power Spectrum and PSD VI (Fig. 8), and then connect the output to the waveform graph 
provided.  
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i) SŀǾŜ ȅƻǳǊ ǘǊŀƴǎƳƛǘǘŜǊ ŀǎ ŀ ŦƛƭŜ ǿƘƻǎŜ ƴŀƳŜ ƛƴŎƭǳŘŜǎ ǘƘŜ ƭŜǘǘŜǊǎ άCaψTȄέ ŀƴŘ ȅƻǳǊ ƛƴƛǘƛŀƭǎΦ 

6.4 Lab Procedure  

6.4.1 Receiver  
Your task is to add blocks as needed to the given ǊŜŎŜƛǾŜǊ ±L ǘŜƳǇƭŀǘŜ άCaψwȄψ¢ŜƳǇƭŀǘŜΦǾƛέ to 
demodulate the complex array Ὣὸ retrieved by ǘƘŜ άFetch Rx Dataέ VI and reproduce 
ὑЎὪ ά ὸ to get the quick scaled message signal ά ὸ. This template contains the six 
interface VIs along with a waveform graph on which to display your demodulated output signal. Fig. 
67 shows the front panel of FM_Rx_Template.vi. 
 

 

Fig. 67: Front panel of FM_Rx_Template.vi 

Step-by-step LabVIEW setup to demodulate the FM signal using USRP: 
1. After fetching ὼ ὸ from ǘƘŜ άƴƛ¦{wt CŜǘŎƘ wȄ 5ŀǘŀ ±Lέ, get data values and sampling time 

interval of this received waveform using ǘƘŜ άDŜǘ ²ŀǾŜŦƻǊƳ /ƻƳǇƻƴŜƴǘǎέ ±L (Fig. 61). 
2. Extract the angle of ὼ ὸ using the ά/ƻƳǇƭŜȄ ǘƻ tƻƭŀǊέ VI (Fig. 68). 

 

 

Fig. 68: Complex to Polar VI 

3. Unwrap the angle with the ά¦ƴǿǊŀǇ tƘŀǎŜέ VI (Fig. 69). 
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Fig. 69: Unwrap Phase VI 

4. The unwrapped sequence of angles is then passed into a differentiator. We recognize that in 
discrete time 

 
 Ὠ—

Ὠὸ
 
—ὲ —ὲ ρ

Ὕ
 (43) 

 
where T is the sampling time interval. The differentiator can be implemented using one of 

ǘƘŜ άCLw CƛƭǘŜǊέ ±Lǎ όFig. 70ύΦ CƻǊ ǘƘŜ άCLw ŎƻŜŦŦƛŎƛŜƴǘǎέ ŀǊǊŀȅ ǳǎŜ ȟ Ȣ Generate this array 

ōȅ ǳǎƛƴƎ ǘƘŜ ά.ǳƛƭŘ !ǊǊŀȅέ ±LΣ ǊŜŎƛǇǊƻŎŀƭ ōƭƻŎƪ ŀƴŘ ƴŜƎŀǘŜ ōƭƻŎƪΦ  
 

 

Fig. 70: FIR Filter with Initial Conditions VI 
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Fig. 71: Top: Build Array VI; Bottom: Negate and Reciprocal functions 

Use shift registers to feedback the final conditions of current loop iteration to be the initial 
conditions of the next loop iteration for the FIR filter. Initialize shift registers to a zero 
constant. The output from the differentiator is given as ς“ЎὪ ά ‌.  

 
5. The output from the differentiator is then passed into an envelope detector; a low-pass filter 

would be best since differentiation tends to enhance high-frequency noise. In this example, 
we use the Butterworth Filter VI (Fig. 13), but any low-pass filter will produce usable results. 
Set the filter type as low- pass, filter order as 5, low-cut off frequency as 5000 Hz, and the 
sampling frequency as reciprocal of sampling time. 

 

 

Fig. 72: Butterworth Filter VI 



Introduction to Communication Systems Draft September 11, 2014 
Using NI USRP Lab Manual  

73 
Printed on: 9/11/2014  © 2014, Anees Abrol and Eric Hamke 

6. Connect the output of the LPF to the ά.ǳƛƭŘ ²ŀǾŜŦƻǊƳέ VI (Fig. 63) to get the analog 
waveform. Set the sampling time interval to be the same as that of the FM signal fetched by 
the buffer.  

7. Downscale the amplitude of the waveform by a factor of ς“ЎὪ  to get the message signal 
ά ὸ.   

8. Plot the downscaled waveform and compare it with the original message signal you 
modulated and transmitted. Plot the spectrum of the demodulated signal using the άFFT 
tƻǿŜǊ {ǇŜŎǘǊǳƳ ŀƴŘ t{5έ ±L όFig. 64), and then connecting the output thereof to a 
waveform graph. 

9. Save your receivŜǊ ŀǎ ŀ ŦƛƭŜ ǿƘƻǎŜ ƴŀƳŜ ƛƴŎƭǳŘŜǎ ǘƘŜ ƭŜǘǘŜǊǎ άFaψwȄέ ŀƴŘ ȅƻǳǊ ƛƴƛǘƛŀƭǎΦ 

6.4.2 Testing the transmitter and receiver   
Test your designed transmitter and receiver VIs for this lab.  

1. Run LabVIEW and open the transmitter and receiver VIs that you created. 
2. Connect the computer to the USRP using an Ethernet cable. 
3. Open the NI-USRP Configuration Utility found in the National Instruments directory under 

programs files as shown in Fig. 2. Be sure to record the IP addresses since you will need 
them to configure your software. 

 

Fig. 73: Finding the IP Address: Radio Connectivity Test 

If the IP address does not appear in the window then check your connections and ask the 
Teaching Assistant (TA) to verify that the LAN card has been configured correctly. 

 
4. Connect a loopback cable between the TX 1 and RX 2 antenna connectors. Remember to 

connect the attenuator to the receiver end. 
 

1. Select All Programs 
from menu 

2. Select the NI-USRP 
Configuration Utility 
from the National 
Instruments directory

3. Select Find Devices and record the IP 
address of the radio or radios since you 
will need them to configure the 
software in the lab.
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Fig. 74: Broadcast Setup 

5. Ensure that the transmitter VI is set up according to Table II and Table XI. 
Table X ς Transmitter Settings 

Field Setting 

Device Name: 192.168.10.x 

Carrier Frequency: 915 MHz 

IQ Rate: 1 MHz 

Gain: Use default 

Active Antenna: TX1 

Message Length: 200,000 samples 

 
Table XI ς Transmitter Message Settings 

Field Setting 

Peak Frequency Deviation 30 kHz 

Start Frequency 1 kHz 

Delta Frequency 1 kHz 

Number of Tones 1 

 
6. Ensure that receiver VI is set up according to Table VII. 
 

Table XII ς Receiver Settings 

Field Setting 

Device Name: 192.168.10.x 

Carrier Frequency: 915 MHz 

IQ Rate: 1 MHz 

Gain: 0 dB 

Active Antenna: RX2 

Number of Samples: 200,000 samples 

Peak Frequency Dev. 30 kHz 

 
7. Run the receiver VI.  [95 ά/έ ǿƛƭƭ ƛƭƭǳƳƛƴŀǘŜ ƻƴ ǘƘŜ ¦{wt ƛŦ ǘƘŜ ǊŀŘƛƻ ƛǎ ǊŜŎŜƛving data. 
8. wǳƴ ǘƘŜ ǘǊŀƴǎƳƛǘǘŜǊ ±LΦ  [95 ά!έ ǿƛƭƭ ƛƭƭǳƳƛƴŀǘŜ ƻƴ ǘƘŜ ¦{wt ƛŦ ǘƘŜ ǊŀŘƛƻ ƛǎ ǘǊŀƴǎƳƛǘǘƛƴƎ ŘŀǘŀΦ  
9. After a few seconds, stop the receiver using the STOP button on the receiver VI, and then 

stop the transmitter using the STOP button on the transmitter VI. Use the large STOP button 
on the front panel of the VI to stop transmission; otherwise the USRP may not be stopped 
cleanly. 
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10. ¦ǎŜ ǘƘŜ ƘƻǊƛȊƻƴǘŀƭ ȊƻƻƳ ŦŜŀǘǳǊŜ ƻƴ ǘƘŜ ƎǊŀǇƘ ǇŀƭŜǘǘŜ ǘƻ ŜȄǇŀƴŘ ǘƘŜ άƳŜǎǎŀƎŜέ ǿŀǾŜŦƻǊƳ ƛƴ 
ǘƘŜ ǘǊŀƴǎƳƛǘǘŜǊ ±L ŀƴŘ ǘƘŜ άŘŜƳƻŘǳƭŀǘŜŘ ƻǳǘǇǳǘέ ǿŀǾŜŦƻǊƳ ƛƴ ǘƘŜ ǊŜŎŜƛǾŜǊ ±LΦ  .ƻǘƘ 
waveforms should be identical. If not, review the steps to do in the transmitter and receiver 
setup. If they seem identical, compare and analyse the plotted spectra. 

11. Once you get identical waveforms, change the number of tones, start frequency, delta 
frequency, and peak frequency deviation to different values and observe changes in the 
waveforms.    
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6.5 Lab Write -up 
Performance Checklist 
Frequency Modulation 

 
Short Answer Questions 
1. Let the number of tones in the message signal = 5, start frequency = 1 kHz, delta frequency = 1 

kHz, and peak deviation frequency = 30 kHz. You are asked to analyze the bandwidth 
requirement for the carrier signal frequency modulated by this message. 

 
 
 
 

a) Figure the bandwidth requirement by checking the spectrum of the FM modulated signal in 
ǘƘŜ ǘǊŀƴǎƳƛǘǘŜǊ ±L ōȅ ǳǎƛƴƎ άCC¢ tƻǿŜǊ {ǇŜŎǘǊuƳ ŀƴŘ t{5έ ±L ŀƴŘ ŀ ǿŀǾŜŦƻǊƳ ƎǊŀǇƘΦ 

 
 
 
 

b) Use /ŀǊǎƻƴΩǎ ǊǳƭŜ to evaluate the same. 
 
 
 
 

Comment on the similarities and differences of your findings in both parts.  
 
 
 
 

2. Why is the IIR filter used in the transmitter setup? Can it be used outside the while loop in this 
VI? Give reasoning.  

 
 
 
 

3. Why is the low-pass filter required, after the signal is differentiated in the receiver setup? 
 
 
 
 

Performance Measures 

Task Standards Sat/Unsat 

Running VIs  Successful modulation and demodulation of signal.  

Questions Quality of reasoning. 
  

 

 
Discussion 
Did all configurations perform as expected?  
Did you have any difficulties completing the lab? 
Did your TA provide enough guidance? 
Do you have any recommendations to improve the lab? 



Introduction to Communication Systems Draft September 11, 2014 
Using NI USRP Lab Manual  

77 
Printed on: 9/11/2014  © 2014, Anees Abrol and Eric Hamke 

6.6 References 
[1] wΦ9Φ ½ƛŜƳŜǊ ŀƴŘ ²ΦIΦ ¢ǊŀƴǘŜǊΣ /ƘŀǇǘŜǊ оΥ .ŀǎƛŎ aƻŘǳƭŀǘƛƻƴ ¢ŜŎƘƴƛǉǳŜǎΣ Lƴ άtǊƛƴŎƛǇƭŜǎ ƻŦ /ƻƳƳǳƴƛŎŀǘƛƻƴǎΥ 
{ȅǎǘŜƳǎΣ aƻŘǳƭŀǘƛƻƴ ŀƴŘ bƻƛǎŜέΣ CƛŦǘƘ 9ŘƛǘƛƻƴΦ 

[2] Lab 6:  Frequency Modulation, Bruce A. Black, Rose-Hulman Institute of Technology, July 2013. 
[3] aΦCΦ aŜǎƛȅŀΦ ά/ƻƴǘŜƳǇƻǊŀǊȅ /ƻƳƳǳƴƛŎŀǘƛƻƴ {ȅǎǘŜƳǎΦέ bŜǿ ¸ƻǊƪΥ ¢ƘŜ aŎDǊŀǿ-Hill Companies, Inc, 2013 

 
 
 

 

 
 

 

 

 

  



Introduction to Communication Systems Draft September 11, 2014 
Using NI USRP Lab Manual  

78 
Printed on: 9/11/2014  © 2014, Anees Abrol and Eric Hamke 

7 Pulse-Position Modulation  

7.1 Summary  
The objective of this lab is to explore Pulse-Position Modulation (PPM), a form of Pulse Time 
Modulation (PTM) in which analog sample values determine the position of a narrow pulse relative 
to the clocking time [1],[2]. At the receiving end, the original waveforms may be reconstituted from 
the PPM pulse train. 
 
Overall, this lab will answer the following questions: 

¶ How does PPM work? 

¶ How can signals be generated, modulated and demodulated in NI LabVIEW with respect to a 
particular modulation scheme? 

¶ How is transmission and reception carried on NI USRPs? 

7.2 Background  
7.2.1 Pulse-Position Modulation  
PPM signal is composed of a sequence of pulses displaced from a specific time reference in a manner 
proportional to the sample values of the signal at that time (Fig. 9). The value of the analog message 
signal at the clock pulses ώȟώȟỄ  is then converted to a time delay with greater time shifts 
assigned to larger sample  values (ώ).  One drawback to this approach is that the maximum 
magnitude of samples must be known. The maximum magnitude is used to scale the sampled values 
such that  
 

ώ

ȿώȿ

Ўὸ

Ὕ
Ўὸ

ώ

ȿώȿ
Ὕ (44) 

 
where Ὕ is the sampling period of the clock signal. This implies that if ȿώȿ ḻώ, then the 
respective samples are given a value very close to zero.  If this happens with a majority of the 
sampled values, the resulting reconstructed signal will be distorted. As the figure illustrates, the time 
delays occur after the clock signal at the receiver (lags behind the clock signal) for positive values, 
and before the clock signal at the receiver (or lead the clock signal) for negative values. 
 
Thus a PPM signal is represented by the expression ὼὸ as a series of signal pulses:  
 

ὼὸ  Ὣὸ ὶὩὧὸὸ ὲὝ Ўὸ

 

 (45) 

 
where Ὣὸ represents the shape of the individual pulses, and the occurrence times Ўὸ are related 
to the values of the message signal άὸ at the sampling instants ὲὝ. All signal information together 
with synchronizing pulses is transmitted at the sampling times only. Usually, Ὣὸ is a sinusoid 
oscillating at the carrier frequency (Ὢ).  The resulting transmitted and received pulses are shown in 
Fig. 76. 
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Fig. 75: Waveforms used to Create Transmitter PPM Signal 

 

Fig. 76: Transmitted Pulse Signal 

At the PPM receiver, the original signal can be reconstituted from information related to the 
samples. (Note: the signal needs to be sampled at a high enough frequency to avoid aliasing.) The 
resulting receiver output has negligible distortion, even though information related to the signal is 
not passed continuously as in AM/FM. Unlike these other methods, the pulse width and amplitude is 
kept constant in a PPM system, whereas the pulse positions, in relation to the clock pulse position, 
are varied by ǘƘŜ ƳƻŘǳƭŀǘƛƴƎ ǿŀǾŜΩǎ ǊŜǎǇŜŎǘƛǾŜ instantaneous sampled value. To do this, it is 
important that the transmitter aligns the receiver clock by sending synchronizing pulses (red arrow 
in Fig. 77) so as to operate the timing circuits. The Ўὸ now have the correct reference to accurately 
recover the values of ώ as shown in Fig. 77 and  

ώ

ȿώȿ

Ўὸ

Ὕ
ώ

Ўὸ

Ὕ
ȿώȿ ȟ   Ўὸ ὰὩὥὨί Ὑὢ ὅὰέὧὯ 

Ўὸ

Ὕ
ȿώȿ ȟ      Ўὸ ὰὥὫί Ὑὢ ὅὰέὧὯ

 

 

(46) 
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Fig. 77: Waveforms Used in Reconstruction of Message 

Another approach to using PPM is encoding a digital message composed of characters.  Each 
character has M bits, thus there are ς  possible characters.  Each character is assigned a unique 
time-shift (Ўὸ). As an example suppose that we are sending characters using the American Standard 
Character II (ASCII) codes.  This means that there are ς bits (256 characters). Each character in the 
ŎƻŘŜ ǊŜŎŜƛǾŜǎ ŀ ǾŀƭǳŜ ƭƛƪŜ ǘƘŜ ŎƘŀǊŀŎǘŜǊ ά!έ ƛǎ ŀǎǎƛƎƴŜŘ ǘƻ срΦ {ƻ ǘƘŜ ǘƛƳŜ ŘŜƭŀȅ ǿƻǳƭŘ ōŜ ŎŀƭŎǳƭŀǘŜŘ 

using (5): 
 

φυ

ςυφ

Ўὸ

Ὕ
Ўὸ

φυ

ςυφ
Ὕ 

 
(47) 

 
The message is then recovered by translating the character time delays back to characters, as shown 
in Fig. 78. 
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Fig. 78: Waveforms Used in Digital Message Reconstruction 

This form of digital encoding is primarily useful for optical communications systems, where there 
tends to be little or no multipath interference. The digital encoding is also being used in the the 
Automatic Dependent Surveillance-Broadcast (ADS-B) messages transmitted by aircrafts equipped 
with ADS-B to augment data used by the air traffic management systems around the world. 
 
Pulse-Position Modulation has the following advantages: 

1. High noise immunity as amplitude is constant, which implies lesser noise interference; 
2. Easy noise and signal separation; 
3. Suitability for applications that require low-noise interference over long distances. 
4. Constant transmission power for each pulse, due to constant amplitudes and pulse widths; 
5. Simple demodulation that requires least circuitry. 
6. And, high suitability for important applications such as ADS-B (Airplane tracking) [3]. 

 

7.3  Pre-Lab 
Prior to this lab it is expected that students- 
 

1. Understand PPM by reviewing the Summary section.   
2. Have basic knowledge of LABVIEW and NI USRPs. 

 
The students have to complete instructed steps on the Transmitter and Receiver VIs before coming 
to the lab. 
  

time
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7.3.1 VIs to be used in the lab:  

Two VI templates have been provided for this lab: a transmitter VI (PPM_Lab_TX.vi) and a receiver VI 
(PPM_Lab_RX.vi).  

7.3.2 Transmitter (PPM_Lab_TX.vi)  

This is the transmitter VI that needs to be designed. In the pre-lab, you have to generate the 
message and the modulated signals to be transmitted. Note: It is expected that you will save a copy 
of the VIs you design in the pre-lab before coming to the lab. 
 
The steps for generating the modulated signal to be transmitted are shown below. 
GeƴŜǊŀǘŜ ŀ ǿŀǾŜŦƻǊƳ ŎƻƴǘŀƛƴƛƴƎ ŀ άSquare waveέ ŀƴŘ ŀƴƻǘƘŜǊ ŎƻƴǘŀƛƴƛƴƎ ŀ Ψ{ƛƴŜ ǿŀǾŜΩ ǿƛǘƘ ǘƘŜ 
Ψ{ƛƳǳƭŀǘŜ {ƛƎƴŀƭ 9ȄǇǊŜǎǎ ±LΩ by selecting the relevant items from the Waveform generation palette 
(Fig. 79) and configure both waveforms using the specifications in Table XIII. 
 

 

Fig. 79: Simulate Signal Express VI in the Waveform Generation Palette 

 
Table XIII - Ψ{ǇŜŎƛŦƛŎŀǘƛƻƴǎ ŦƻǊ Ψ{ǉǳŀǊŜ ²ŀǾŜΩ ŀƴŘ Ψ{ƛƴŜ ²ŀǾŜΩ 

Signal Type Square Sine 

Frequency 5 Hz 5 Hz 

Amplitude 1 20 

Phase 0 0 

Offset 0 30 

Duty Cycle 10 -- 

Sampling Rate 1000 Hz 1000 Hz 

Number of Samples 10 10 

Timing Simulate Acquisition Timing Simulate Acquisition Timing 

Time Stamps Relative Relative 

Reset Signal Use Continuous Generation Use Continuous Generation 

Signal Name Square Sine 

 
a) Message Signal 

Convert the simulated sine wave from dynamic data into a scalar by using the Ψ/ƻƴǾŜǊǘ ŦǊƻƳ 
ŘȅƴŀƳƛŎ ŘŀǘŀΩ function from the Signal manipulation pallete (Fig. 80), and configure it using 
the specifications in Table XIV. 
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Fig. 80: Ψ/ƻƴǾŜǊǘ ŦǊƻƳ 5ȅƴŀƳƛŎ 5ŀǘŀΩ function in the Signal Manipulation Palette 

 
Table XIV - {ǇŜŎƛŦƛŎŀǘƛƻƴǎ ŦƻǊ Ψ/ƻƴǾŜǊǘ ŦǊƻƳ 5ȅƴŀƳƛŎ 5ŀǘŀΩ 

Conversion Single Scalar 

Data type Floating point numbers (double) 

Channel 0 

 
The output of this function is the original message signal (sinusoidal). Add a waveform chart 
to the front panel as illustrated below. 
 

 

Fig. 81: Adding a Ψ²ŀǾŜŦƻǊƳ /hartΩ to front panel 

After plŀŎƛƴƎ ǘƘŜ Ψ²ŀǾŜŦƻǊƳ /ƘŀǊǘΩ function on the front panel, feed the scalar message 
signal to this waveform chart icon on the block diagram to view your ΨaŜǎǎŀƎŜ {ƛƎƴŀƭΩ 
waveform. The message should be a sine wave as illustrated figure below.   
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Note: Scaling [5] may differ as per your settings. You may scale manually or auto-scale.  
 

 

Fig. 82: Message Signal  

b) Clock, PPM Waveforms 
Generate two waveforms (A- Gives Clock Signal, and B- Gives PPM signal) containing a 
square wave with the Ψ{ǉǳŀǊŜ ²ŀǾŜŦƻǊƳ ±LΩ from the Waveform Generation pallete (Fig. 83), 
and configure the waveforms using the specifications in Table XV. 
 

 

 

Fig. 83: !ŘŘƛƴƎ ŀ Ψ{ǉǳŀǊŜ ²ŀǾŜŦƻǊƳΩ ƎŜƴŜǊŀǘƻǊ 

Table XV - Specifications for the square waveforms A and B 

Square waveform 
VI number 

A B 

Offset 1 0 

Reset True True 

Frequency 100 100 

Amplitude 1 1 

Phase 
Signal from square wave 

Simulate Signal Express VI 

Scalar Message Signal + 90 
degrees 

(to get PPM waveform) 

Sampling rate 100000 Hz 100000 Hz 

Number of 
samples 

30000 30000 

Duty Cycle 1% 10% 

 
The output of the Ψ{ǉǳŀǊŜ ²ŀǾŜŦƻǊƳ ±L !Ω is the Ψ/ƭƻŎƪ ǎƛƎƴŀƭΩ, and the output of the Ψ{ǉǳŀǊŜ 
²ŀǾŜŦƻǊƳ ±L .Ω is the Ψtta ǎƛƎƴŀƭΩ.  
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c) PPM with Clock 
Scale the generated PPM signal to (-1, 1) by dividing it by 2 and then adding 0.5. Merge this 
scaled PPM signal with the clock signal by using the ΨaŜǊƎŜ {ƛƎƴŀƭsΩ function to get the Ψtta 
ǿƛǘƘ ŎƭƻŎƪΩ signal. The άaŜǊƎŜ {ƛƎƴŀƭǎέ VI can be added to the block diagram as shown in Fig. 
84. 
 

 

Fig. 84: !ŘŘƛƴƎ ŀ ΨaŜǊƎŜ {ƛƎƴŀƭǎΩ ±L  

Now, feed the PPM with clock signal to a waveform chart. The generated waveform should 
look like: 
 

 

Fig. 85: PPM with Clock waveform 

d) Transmitted Waveform 
Next, generate a sine waveform with the Ψ{ine ²ŀǾŜŦƻǊƳ ±LΩ with the specifications in Table 
XVI. 
 

Table XVI - Specifications for the sine waveform C 

Sine waveform VI number C 

Frequency 5000 

Amplitude 1 

 
e) Modulate Signal 

Scale (multiply) the scaled PPM signal (not the PPM with Clock signal) with the sine wave 
generated in the previous step to get the modulated waveform for transmission. The 
transmitted waveform should look like this: 
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Fig. 86: Transmitted Waveform 

f) Writing to the Transmission Buffer 
CƻǊ ǘǊŀƴǎƳƛǎǎƛƻƴΣ ǘƘŜ Ψtransmitted waveformΩ όŘƻǳōƭŜ-precision floating point data) 
generated in the previous step should be written into a waveform data type by wiring it to 
the data terminal of the NI USRP Write TX VI (configured in the CDB WDT mode).  
 

 

Fig. 87: NI USRP Write Tx Data VI (CDB WDT mode) 

The waveform data type is now written into the specified channel. Your pre-lab design for 
ǘƘŜ ǘǊŀƴǎƳƛǘǘŜǊ ƛǎ ƴƻǿ ǊŜŀŘȅ ǘƻ ōŜ Ǉǳǘ ǳǇ ƛƴ ǘƘŜ ǿƘƛƭŜ ƭƻƻǇ ƛƴ Ψttaψ[ŀōψ¢·ΦǾƛΩ ƛƴ ƻǊŘŜǊ ǘƻ 
repeat the operation until the stop button is enabled.  

g) Summary of overall transmission 
¢ƘŜ ΨbL ¦{wt hǇŜƴ wȄ {Ŝǎǎƛƻƴ ±LΩ ƻǇŜƴǎ ǘƘŜ wȄ ǎŜǎǎƛƻƴ ǘƻ ǘƘŜ ŘŜǾƛŎŜ ŀƴŘ ǘƘŜ ΨbL ¦{wt 
/ƻƴŦƛƎǳǊŜ {ƛƎƴŀƭǎ ±LΩ ŎƻƴŦƛƎǳǊŜǎ ǘƘŜ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǘƘŜ ŎƘŀƴƴŜƭΦ ¢ƘŜ ƳƻŘǳƭŀǘŜŘ ǎƛƎƴŀƭ ƛΦŜΦ 
Ψ¢ǊŀƴǎƳƛǘǘŜŘ ǎƛƎƴŀƭΩ you generate is fed into a buffer (NI USRP Write TX VI), the session 
handle terminal of which is wired to NI USRP Close Session VI to close the session handle to 
the device. 
 

7.3.3 Receiver (PPM_Lab_RX.vi)  
¢Ƙƛǎ ƛǎ ǘƘŜ ǊŜŎŜƛǾŜǊ ±L ǘƘŀǘ ƴŜŜŘǎ ǘƻ ōŜ ŘŜǎƛƎƴŜŘΦ ¢ƘŜ ΨbL ¦{wt hǇŜƴ wȄ {Ŝǎǎƛƻƴ ±LΩ ƻǇŜƴǎ ǘƘŜ wȄ 
ǎŜǎǎƛƻƴ ǘƻ ǘƘŜ ŘŜǾƛŎŜ ŀƴŘ ǘƘŜ ΨbL ¦{wt /ƻƴŦƛƎǳǊŜ {ƛƎƴŀƭǎ ±LΩ ŎƻƴŦƛƎǳǊŜǎ ǘƘŜ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǘƘŜ ŎƘŀƴƴŜƭ 
to match with that of the transmitted channel. The NI USRP Initiate VI starts the Rx acquisition and 
the acquired data is wired to the Ψ{Ŝǎǎƛƻƴ IŀƴŘƭŜΩ input terminal of the NI USRP Fetch Rx Data VI (in 
CBT WDT mode) which fetches data from the specified channel.   

 

Fig. 88: NI USRP Fetch Rx Data VI 
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Note: Make sure that the number of samples you enter here is same as that in your 
transmitted signal.  
 

a) Add a ά¢ƛƳŜ 5Ŝƭŀȅέ VI to perform synchronization to align the local clock with the beginning 
of each symbol. Configure it to a time delay of 0.02 seconds.  

 

 

Fig. 89: Time delay VI 

 
b) In the pre-lab for receiver design, you just have to input the fetched data to the 

demodulating function (Ψ.ŀǎƛŎ [ŜǾŜƭ ¢ǊƛƎƎŜǊ 5ŜǘŜŎǘƛƻƴ ±LΩύ, configure this function, and feed 
the output of this function to a waveform chart for comparison with the message signal.  

 

 

Fig. 90: Basic Level Trigger Detection VI 

c) The Ψ.ŀǎƛŎ [ŜǾŜƭ ¢ǊƛƎƎŜǊ 5ŜǘŜŎǘƛƻƴ ±LΩ finds the first level-crossing location in a waveform. 
For this lab you have to set up the trigger location as ΨLƴŘŜȄΩ and trigger condition as ΨwƛǎƛƴƎ 
9ŘƎŜΩ. The trigger location terminal gives the demodulated signal which should be wired to a 
waveform chart for a comparison with the original ΨaŜǎǎŀƎŜ {ƛƎƴŀƭΩ.  

 
From the theory, we know that the decoder/receiver units for PPM demodulation are required 
to be extremely simple. The simplicity of the receiver design for this lab is established by the 
ŦŀŎǘ ǘƘŀǘ ȅƻǳ ƘŀǾŜ ǘƻ ƛƳǇƭŜƳŜƴǘ ƻƴƭȅ ǘƘŜ ά.ŀǎƛŎ [ŜǾŜƭ ¢ǊƛƎƎŜǊ 5ŜǘŜŎǘƛƻƴέ ŀƴŘ ά¢ƛƳŜ 5Ŝƭŀȅέ 
functions to demodulate the received signal. 
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7.4 Lab Procedure  

1. Run LabVIEW and open the transmitter and receiver VIs that you created in the pre-lab. 
2. Connect the computer to the USRP using an Ethernet cable. 
3. Open the NI-USRP Configuration Utility found in the National Instruments directory under 

programs files as shown in Fig. 2. Be sure to record the IP addresses since you will need 
them to configure your software. 

 

Fig. 91: Finding the IP Address: Radio Connectivity Test 

If the IP address does not appear in the window then check your connections and ask the 
Teaching Assistant (TA) to verify that the LAN card has been configured correctly. 

4. Connect a loopback cable between the TX 1 and RX 2 antenna connectors. Remember to 
connect the attenuator to the receiver end. 
 

  

Fig. 92: USRP Setup 

5. Configure the transmitter VI controls using the parameters in Fig. 93Φ Lƴ ŎŀǎŜ ȅƻǳ ŘƻƴΩǘ ŦŜŜŘ 
values supported by the device, the USRP would coerce your values to values supported by 
the device. The coerced values are shown up as in the Ψ!Ŏǘǳŀƭ Lv wŀǘŜΩ, Ψ!Ŏǘǳŀƭ /ŀǊǊƛŜǊ 
CǊŜǉǳŜƴŎȅΩ and Ψ!Ŏǘǳŀƭ DŀƛƴΩ. 
 

1. Select All Programs 
from menu 

2. Select the NI-USRP 
Configuration Utility 
from the National 
Instruments directory

3. Select Find Devices and record the IP 
address of the radio or radios since you 
will need them to configure the 
software in the lab.
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Fig. 93: Transmitter VI Controls  

6. Ensure that the receiver VI is set up to use the correct Ψ5ŜǾƛŎŜ ƴŀƳŜΩ. Configure the receiver 
controls using parameters in Fig. 94. Note that the Ψ/ŀǊǊƛŜǊ CǊŜǉǳŜƴŎȅΩ and ΨLv wŀǘŜΩ values 
match those used by the transmitter, and the ΨbǳƳōŜǊ ƻŦ ǎŀƳǇƭŜǎΩ corresponds with the 
value of the transmitted waveform.  
 

 

Fig. 94: Receiver VI Controls 
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Important set-up notes: 
V Make sure the global set-up configuration has been performed before interfacing with the 

USRPs.  
V Make sure the Tx and Rx VIs are always set to the same carrier frequency whenever you pair 

them up to communicate.  
V Transmission should start after receiving workstations are ready to receive. 
V Verify that device name fields in both Tx and Rx VIs are set to the IP address of the URSP in 

use. 
V Make sure to connect the provided attenuator between the receiver ¦{wtΩǎ Rx input and 

the antenna/loopback-cable. The attenuator is used to decrease the power level of the 
transmitted signal in order to avoid a high poweǊ ǎƛƎƴŀƭ ŀǘ ǘƘŜ ǊŜŎŜƛǾŜǊΩǎ ŜƴŘΣ ŘǳŜ ǘƻ ǘƘŜ 
radios proximity. 
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7.4.1 Worksheet: The Effect of Removing Timer Sub -VI 
1. Run the receiver VI. ([95 ά/έ ǿƛƭƭ ƛƭƭǳƳƛƴŀǘŜ ƻƴ ǘƘŜ ¦{wt ƛŦ ǘƘŜ ǊŀŘƛƻ ƛǎ ǊŜŎŜƛǾƛƴƎ ŘŀǘŀΦ) 
2. Run the transmitter VI. ([95 ά!έ ǿill illuminate on the USRP if the radio is transmitting data.)  
3. After a few seconds, stop the receiver using the STOP button. 
4. Stop the transmitter. 
  
Note: Use the large STOP button on the front panel when you want to stop transmission or 
reception, otherwise the USRP may not be stopped cleanly. 
 
5. Observe waveform on the receiver VI and record your observations about the transmitted 

and the received signals. The received signal should be very similar to the original ΨaŜǎǎŀƎŜ 
{ƛƎƴŀƭΩ, except for the distortion. You may encounter a timing problem since the transmitter 
ǊŜŎŜƛǾŜǊ ǎȅƴŎƘǊƻƴƛȊŀǘƛƻƴ ƘŀǎƴΩǘ ōŜŜƴ ǇŜǊŦƻǊƳŜŘ ǘƻ ƪŜŜǇ ǘƘŜ ŎƛǊŎǳƛǘǊȅ ǎƛƳǇƭŜΦ {ƻ ƛǘ ƛǎ 
recommended you try again before making any conclusion. 

6. If you see the message and demodulated sine waves similar, go to the block diagram for the 
receiver VI and delete the time delay VI. 

7. Run the receiver VI and then the transmitter.  
8. After a few seconds, stop the receiver and transmitter using the STOP buttons. 
9. Observe waveform on the receiver VI, and record your observations about the message and 

the demodulated signals in the space below. Is the demodulated signal similar to the original 
ΨaŜǎǎŀƎŜ {ƛƎƴŀƭΩ? 
 

 
 
 
 
 
 
 
 
 
 

10. Go to the block diagram for the receiver VI and restore the timer sub-VI (Fig. 89). 
 

 
Note: Difference in your results (waveforms) and the provided illustrations could be due to 
different x/y scaling for a particular waveform charts. If you are unfamiliar with scaling 
charts and graphs, refer to the NI tutorial on customizing graphs and plots [5]. 
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7.4.2 Worksheet: The E ffect of The ClockȭÓ Duty Cycle  
1. /ƘŀƴƎŜ ǘƘŜ ŎƭƻŎƪΩǎ ά5ǳǘȅ ŎȅŎƭŜέ (Fig. 95) to 10%. 

 

Fig. 95: Transmitter Duty Cycle 

2. Run the receiver VI. ([95 ά/έ ǿƛƭƭ ƛƭƭǳƳƛƴŀǘŜ ƻƴ ǘƘŜ ¦{wt ƛŦ ǘƘŜ ǊŀŘƛƻ ƛǎ ǊŜŎŜƛǾƛƴƎ ŘŀǘŀΦ) 
3. Run the transmitter VI. ([95 ά!έ ǿƛƭƭ ƛƭƭǳƳƛƴŀǘŜ ƻƴ ǘƘŜ ¦{wt ƛŦ ǘhe radio is transmitting data.)  
4. After a few seconds, stop the receiver and transmitter using the STOP buttons. 

Note: Use the large STOP button on the front panel when you want to stop transmission or 
reception, otherwise the USRP may not be stopped cleanly. 

5. Observe waveform on the receiver VI and record your observations about the associated 
waveforms in the space below.  

 
 
 
 
 
 
 
 
6. ²ƘŜƴ ȅƻǳ ŦƛƴƛǎƘ ȅƻǳǊ ŀƴŀƭȅǎƛǎΣ ŎƘŀƴƎŜ ǘƘŜ ŎƭƻŎƪΩǎ ά5ǳǘȅ ŎȅŎƭŜέ (Fig. 95) back to 1%.  
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7.4.3 Worksheet: The E ffect of Phase on PPM Transmission  
1. Change the ά/ƻƴǘǊƻƭ tƘŀǎŜέ to the first entry in the table of observations (Fig. 96). 

 

 

Fig. 96: Transmitter Control Phase 

2. wǳƴ ǘƘŜ ǘǊŀƴǎƳƛǘǘŜǊ ±LΦ ό[95 ά!έ ǿƛƭƭ ƛƭƭǳƳƛƴŀǘŜ ƻƴ ǘƘŜ ¦{wt ƛŦ ǘƘŜ ǊŀŘƛƻ ƛǎ ǘǊŀƴǎƳƛǘǘƛƴƎ ŘŀǘŀΦύ  
3. wǳƴ ǘƘŜ ǊŜŎŜƛǾŜǊ ±LΦ ό[95 ά/έ ǿƛƭl illuminate on the USRP if the radio is receiving data.) 
4. After a few seconds, stop the receiver and transmitter using the STOP buttons. 

 
Note: Use the large STOP button on the front panel when you want to stop transmission or 
reception, otherwise the USRP may not be stopped cleanly. 
 

5. Observe waveform on the receiver VI and record your observations about the transmitted 
and received signals in Table XVII.  

6. Change the phase to 45 degrees and note the observation. 
7. Lastly, change the phase back to 90 degrees. 

 
Table XVII - Phase Observation Table 

Phase 
Value 

(Degrees) 
Observations 

0 
 
 
 

45 
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7.5 Lab Write -up 
Performance Checklist 

Pulse-Position Modulation 
Questions (Please attach your answers). 
1. What happens when you remove the time delay from the receiver? 
 
 
 
 
 
 
 
 
нΦ ²Ƙŀǘ ƛǎ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ Řǳǘȅ ŎȅŎƭŜ ƻŦ ǘƘŜ ŎƭƻŎƪ ǎƛƎƴŀƭ όΨ{ǉǳŀǊŜ ²ŀǾŜŦƻǊƳ !ΩύΚ  
 
 
 
 
 
 
 
 
оΦ ²Ƙȅ Řƻ ǿŜ ŀŘŘ фл ŘŜƎǊŜŜǎ ǘƻ ǘƘŜ ǇƘŀǎŜ ƻŦ ǘƘŜ {ƛƴŜ ²ŀǾŜ ǎƛƳǳƭŀǘŜŘ ōȅ ΨSimulate Signal Express 
VIΩΚ ώIƛƴǘΥ ¢Ǌȅ ŎƘŀƴƎƛƴƎ ǘƘƛǎ ǾŀƭǳŜ ǘƻ лΣ прΣ фл ŘŜƎǊŜŜǎΦ !ƴŀƭȅȊŜ ǘƘŜ tta ǿƛǘƘ /ƭƻŎƪ {ƛƎƴŀƭ ƻƴ ǘƘŜ 
transmitter VI and the demodulated signal on the receiver VI.] 
 
 
 
 
 
 
 
Performance Measures 

Task Standards 
Satisfactory/ 
Unsatisfactory 

Hardware Setup Working setup (transmission/reception). 

 

Running VIs  Successful modulation and demodulation. 
 

Data Collection Quality of argument to Short Answer Questions. 

 

 
 

 
Discussion 
Did all VIs perform as expected?  
Did you have any difficulties completing the lab? 
Did your TA provide enough guidance? 
Do you have any recommendations to improve the lab? 
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8 Random Process, Cross-correlation and Power Spectral Density  

8.1  Summary  
The objective of this laboratory would be to utilize LabVIEW and Universal Software Radio Peripheral 
(USRP) as a Radio Detection And Range (RADAR). This laboratory would illustrate how Cross-
Correlation and Power Spectral Density (PSD) can be used to predict the distance of an object (or 
target) by comparing the transmitted signal and received signal. 

8.2 Background  

8.2.1 RADAR  
The general principle is best understood by looking at the general relationship for a reflected signal.  
 
 ὶὲ ‌ ὴὲ † ύὲ (48) 
 
where, ὶ is the reflected pulse; ὴ is the transmitted pulse; ‌ represents an attenuation factor (or 
signal loss of power); ύὲ is an additive white noise (Gaussian distributed with zero mean a 
variance equal to the power of the noise). 
 
The lab uses a frequency-modulated continuous-wave (FMCW) RADAR pulse. In a FMCW RADAR a 
linear sweep in frequency is used. The resulting pulse is the signal (49). 
 
 ὴὸ ὥÃÏÓ‰ὸ  (49) 
 
where 
 

‰ὸ ς“Ὢὸ “
ὄ

Ὕ
ὸ (50) 

 
The phase (‰ὸ) is a function of the RADAR carrier frequency (Ὢ , the sweep width ὄ, and the pulse 
repetition period (Ὕ ). (See Fig. 97).  

 

Fig. 97: Phase Component 

The ŦǊŜǉǳŜƴŎȅ ƳƻŘǳƭŀǘƛƻƴΩǎ instantaneous frequency (Ὢὸ) is  
 
 

Ὢὸ
ρ

ς“

Ὠ

Ὠὸ
‰ὸ Ὢ

ὄ

Ὕ
ὸ (51) 

 
During the frequency sweepȟ the instantaneous frequency varies between the carrier frequency to 
the carrier frequency plus bandwidth. In FMCW RADAR, the signal generated by the RADAR is used 
for 2 purposes. The first purpose is determining the distance to the target by comparing the pulse 
with the echo signal. The other is to radiate out of the antenna. The radiated signal travels to the 
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target bounces back to the antenna. The return is an echo. This echo is a phased shifted version of 
the transmitted signal (49) as shown in Fig. 98. The distance (ὶ) to the target is given by  
 
 ὶὸ ὥÃÏÓ‰ὸ †  (52) 
 
where ὥ is the attenuated amplitude resulting from losses, reflectivity, and RADAR performance 
parameters. The propagation delay of the echo (†) is 
 
 † ςÒÃϳ (53) 
 
where, Ã is the speed of light (ςȢωψ ὼ ρπάȾίὩὧ). 
 

 

Fig. 98: Simulation of a Transmitted and Received Pulse (Echo) With a 0.1 Second Delay 

8.2.2 Cross-Correlation  
Cross-correlation [1] is a measure of similarity of two waveforms (pulse and return signal) as a 
function of time-lags. Given two real-valued sequences ὴὲ and ὶὲ of finite energy, the cross-
correlation of ὴὲ and ὶὲ is a sequence ὶ ὰ defined as 

 
 

ὶ ὰ ὴᶻὲὶὲ ὰ (54) 

 
Notice the change in index variable from ὲ to ὰ in (54).  This change indicates a change in focus from 
the individual observations (ὲ) to the time between an observation and all other observations with a 
time difference or lag (ὰ). Although the cross-correlation calculation is similar to convolution, they 
are not the same. The relationship is between the cross-correlation and convolution is given by (55).  
 
 ὶ ὰ ὼὰ ώz ὰ (55) 

 
To understand how this applies to a RADAR system, we will examine the pulse and its return in Fig. 
98. The cross-correlation of the transmitted and received signals shows they are correlated with a 
0.1 second delay (Fig. 99). The resulting cross-correlation with the transmitted signal clearly shows a 
correlation with a 0.1 second delay (Fig. 100). 
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Fig. 99: Cross-correlation between Signals with a 0.1 sec Delay and Noise 

Now suppose the target is further away, and the returned signal has an 0.8 sec delay. 
 

 

Fig. 100: Cross-Correlation with Noisy Echo with a 0.8 sec Delay with Noise 

8.2.3 Power Spectral Density  
The Power Spectral Density [3] can also be used to estimate the distance. In this approach the return 
signal and the pulse signal are multiplied together. The product contains the sum and difference 
frequencies. The sum of frequencies is approximately ςὪ. This frequency is beyond the frequencies 
the electronics can respond to. Only the terms related to the difference frequencies are retained 

(56). 
 

 άὸ ὥÃÏÓ‰ὸ ‰ὸ †  

ὥÃÏÓς“Ὢ ὸ ς“Ὢ†
“ὄ

Ὕ
†  

(56) 

 

where the returnΩǎ beat frequency (57) is a function of the pulse modulation frequency Ὢ Ὕ  

and the range resolution (Ὠὶ) (58). 
 

 
Ὢ

ὄ

Ὕ
† Ὢ

ὶ

Ὠὶ
 (57) 

 
 

 Ὠὶ ὧ ςὄϳ  (58) 
 
The Ὢ   is the largest peak in the spectrum of the product of the pulse and return signals (Fig. 
101). 
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Fig. 101: Power Spectral Density (M(f)) Showing Beat Frequencies 

8.3 Pre-Lab 
¢ƘŜ ¦{wt w!5!w ǘƘŀǘ ǿŜ ǿƛƭƭ ōŜ ƛƳǇƭŜƳŜƴǘƛƴƎ ƛƴ ǘƘƛǎ ƭŀō ƛǎ ŘŜǎƛƎƴŜŘ ǘƻ ǳǎŜ ǘƘŜ ¦{wtΩǎ ǘǊŀƴǎŎŜƛǾŜǊ 
(TX1/RX1) as the emitter and the second receiver (RX2)will act as the receiver of the reflections. The 
two functions are part of the same VI. This combination will allow for the use of the transmitted 
signal as a reference signal as well as the pulse generator. The focus of the lab is oƴ ǳǎƛƴƎ [ŀō±L9²Ωǎ 
signal processing tools for cross-correlation and Fast Fourier Transforms (FFT) analysis. 
 
Fig. 102 shows the general data flow for the data. The RADAR VI sends the pulse signal to the 
transmitter radio through the data switch. The radio emits the signal through the wave guide 
antenna (see Appendix C). The signal will bounce off a target such as the wall and picked up by the 
receiver wave guide (see Appendix C). The receiving radio will then collect the return signal and send 
it to the VI through the data switch. 

 

Fig. 102: Top Level Block Diagram of RADAR System for Lab 

8.3.1 RADAR Transmitter  
The RADAR Transmitter portion is divided into two parts.  The first part deals with the initialization 
of the transmitter. The second part involves the generation and modulation of the RADAR pulse. The 
initialization of the transmitter uses the Open Tx Session VI and Configure Signal VI as usual. The 
niUSRP Set Time VI (Fig. 103, 1a) resets the timer on the transmitting radio to 0 (Fig. 103, 1b). 
The niUSRP Configure Trigger V (Fig. 103, 2a) configures the trigger generated by the onboard 
device timer. The trigger specifies the time (Fig. 103, 2b) to acquire or generate the first sample. 
These additional blocks are necessary to ensure that the timing elements of the signals are 
consistent. 
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Fig. 103: Transmitter Setup Block Diagram 

The second half of the transmitter block diagram (Fig. 104) generates the RADAR pulse (equation 
(1)). The block diagram uses the modulation toolkits FM Modulation VI and the Write Tx Data VI to 
generate and write a baseband signal to the transmitter USRP for transmission. The phase 
component of the instantaneous frequency, Ὢὸ, for the triangular (Fig. 105) waveforms. The pulse 
height (ὄ“) should be set to “Ⱦς and a Ὕ  of 1 second. 
 

 

Fig. 104: Transmitter Pulse Generation and Transmitter Block Diagram 
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Fig. 105: Radar Pulse Train Block Diagram 

8.3.2 RADAR Return Processing 
Like the RADAR Transmitter, the Receiver portion is divided into two parts.  The first part deals with 
the initialization of the receiver. The second part calculates the cross correlation between the 
transmitted and returned pulses (ὶ ὰ) and the beat frequency (Ὢ ) PSD. The initialization of the 

transmitter uses the Open Rx Session VI, Configure Signal VI, and Rx Initiate VI as usual. The niUSRP 
Set Time VI (Fig. 106) resets the timer on the transmitting radio to 0. This additional block is 
necessary to ensure that the timing elements of the signals are consistent. 
 

 

Fig. 106: Receiver Setup Block Diagram 

The second half of the receiver block diagram (Fig. 107) processes the return signals. The block 
diagram uses the Fetch Rx Data VI and the MT FM Demodulation VI to convert the received signal 
into a baseband signal. In this lab you will be asked to compose both the PSD showing the beat 
frequency and the cross correlation. 
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Fig. 107: Return Processing Block Diagrams 

 
The beat frequency is determined by  

a) First multiplying the return signal with RADAR pulse signal. This is equivalent to performing 
Amplitude modulation with these signals. 

b) Next the product signal is passed through an Envelope Detector VI capturing the beat 
waveform. The envelope detector also needs the sampling frequency.  For convenience we 
will use the number of samples in the signal to represent the sampling frequency. This can 
be recovered using the Array Size subVI from the array palette (Fig. 109). 

c) ¢ƘŜ ƻǳǘǇǳǘ ƻŦ ǘƘŜ ŜƴǾŜƭƻǇŜ ŘŜǘŜŎǘƻǊΩǎ ƻǳǘǇǳǘ ƛǎ ǘƘŜƴ ǇŀǎǎŜŘ ǘƘǊƻǳƎƘ ŀ Fast Fourier 
Transform (FFT) subVI (Fig. 108).  To properly isolate the beat frequency we need to use the 
correct size for the FFT. 

d) This is done by connecting the output of the Next Power of 2 VI to the FFT subVI.  The input 
is the number of samples form the Array Size subVI. 

e) The output of the FFT is passed through a low pass filter. The output is then converted to a 
magnitude and phase using the Complex to Polar VI (Fig. 110).  

f) The filtered FFT magnitude is the beat frequency should be the frequency component with 
the largest magnitude. This frequency can been recovered by determining the index of the 
maximum value using the Array Max and Min Array VI (Fig. 109) 

g) The FFT output sent to Waveform Chart indicator for display on the front panel. The 
maximum frequency Index is scaled by 0.001 and then sent to the Gauge indicator. 

 

Sub VIs go here
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Fig. 108: Fast Fourier Transform On Signal Processing Palette 

 

Fig. 109: Array Palette 

 

Fig. 110: Mathematics Palette 

The cross-correlation function will use the Cross Correlation and Return Time Analyzer VI from the 
Signal Processing Palette (Fig. 111). 

a) The x-input should be wired to receive the RADAR Pulse and the y-input should be 
connected to RADAR Return waveforms. (Note: A negative lag time will result if they are 
connected otherwise. The algorithm input to the VI specifies the correlation method to use. 
Configure the VI computes the cross correlation using an FFT-based technique. Since the 
waveforms have a large number of points, the frequency domain method is faster (use a 
constant with the value 1).  

b) The VI outputs the cross-correlation coefficients. The correlation coefficients are displayed 
on Waveform Chart indicator. 

c) The lag index corresponding to the largest coefficient (the lag where the two waveforms are 
most alike) can be found using Array Max and Min Array VI (Fig. 109).  

d) The time delay can be recovered by subtracting the middle index (ὰ ) from (ὰ ) and 
multiplied by the sampling period (Ὕ ). It should be noted that the cross-correlation 

has 2 times the number of samples of the signals. So we can use the number of samples as 
the value of ὰ . 

 

(FastFourierTransform)
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Fig. 111: Signal Processing Palette 

8.3.3 Radar Simulation (Debugging of sub -VIs) 
Like the RADAR receiver, the simulation uses the same VIs developed in section 2.2 (Fig. 112). 
 

 

Fig. 112: Radar Return Processing Block Diagram 

 

Sub VIs go here
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Fig. 113: RADAR Simulation Page Front Panel 

Since the display measurement sub-VIs are the same, it is possible to use the simulator to check your 
work. A reference point you can use is given in Table XVIII. 
 

Table XVIII ς 20,000km Test Case Reference 

Simulated 

Distance to 

Target. (km) 

Return Signal Ramp 

Reset Time (Sec) 

Return Time (Sec) Beat Frequency (Hz) 

20000 0.86728 (see Fig. 115) 0.13272 (see Fig. 116) 0.337 (see Fig. 117) 
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8.4 Lab Procedure  

8.4.1 Worksheet: The Effect of Distance to Target on Cross -correlation and Beat 
Frequency Measurements  

Note: The lab space is at most 20 meters in length. Using (53), a RADAR target at 20 meters 

would imply a delay of πȢππφφχ‘ί (20m/299,792,458m/s) or 14.99GHz this is above the 

frequency threshold for the radios. A RADAR simulation (Fig. 113) has been provided to 

better understand how the cross correlation and beat frequency processing perform. 
 

1. Open the RADAR Simulator page of the J2 RADAR v2.vi. The page should look like Fig. 

113. 

2. Start LabVIEW and then click on the start simulation button (see Fig. 114). 

 

 

Fig. 114: RADAR Simulation Controls 

3. Set the Simulated distance to the first value in Table XIX .  

4. Observe the Waveforms (Sim) display (Fig. 115) and record the Return Signal Ramp Reset 

Time in Table XIX . You will have to use the waveform graph display tools to magnify the 

x-axis to do this. 

5. Observe the Sim Cross Correlation display (Fig. 116) and record the Return Time (Sec) in 

Table XIX .  

6. Observe the Beat Frequency (Sim) display (Fig. 117) and record the Beat Frequency (Hz) in 

Table XIX  and calculate the return time using calibration equation. 

 

1. Start 
Simulation

2. Simulated 
Distance Entry
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†
ρυ

σρ
Ὢ πȢπτρφ (59) 

 

For example, at 20,000 km the beat frequency is 1.956 Khz so ρȢωυφρπ multiplied by 

πȢςυ is 0.1327 seconds 

7. Repeat steps 4 through 6 for each distance entry in Table XIX . 

Table XIX ς Distance to Target Measurements 

Simulated 

Distance to 

Target. (km) 

Return Signal 

Ramp Reset 

Time (Sec) 

Return Time 

(Sec) 

Beat 

Frequency 

(Hz) 

Beat Frequency 

Return Time 

(sec) 

1000     

2000     

4000     

8000     

16000     

28000     

30000     

 
Fig. 115: Reading Waveforms (Sim) Display 

 

Fig. 116: Sim Cross Correlation Display 

 

Fig. 117: Beat Frequency Display 

 

  

Observed value is 0.13272 sec

Observed value is 0.307



Introduction to Communication Systems Draft September 11, 2014 
Using NI USRP Lab Manual  

108 
Printed on: 9/11/2014  © 2014, Anees Abrol and Eric Hamke 

8.4.2 Worksheet: The  Effect of Noise on Cross-correlation and Beat Frequency 
Measurements  

Note: The lab space is at most 20 meters in length. Using (53), a RADAR target at 20 meters 

would imply a delay of πȢππφφχ‘ί (20m/299,792,458m/s) or 14.99GHz this is above the 

frequency threshold for the radios. A RADAR simulation (Fig. 113) has been provided to 

better understand how the cross correlation and beat frequency processing perform. 
 

1. Open the RADAR Simulate page of the J2 RADAR v2.vi. The page should look like Fig. 

113. 

2. Start LabVIEW and then click on the start simulation button (see Fig. 118) 

 

 

Fig. 118: RADAR Simulation Controls 

3. Set the noise level to 1 standard deviation (Fig. 118). 

4. Enable noise injection into the return signal by clicking on ñStar t/Stopò Noise button (Fig. 

118). 

5. Set the Simulated distance to the first value in Table XX .  

6. Observe the Waveforms (Sim) display (Fig. 119) and record the Return Signal Ramp Reset 

Time in Table XX  \. You will have to use the waveform graph display tools to magnify the 

x-axis to do this. 

7. Observe the Sim Cross Correlation display (Fig. 120) and record the Return Time (Sec) in 

Table XX .  

8. Observe the Beat Frequency (Sim) display (Fig. 121) and record the Beat Frequency (Hz) in 

Table XX  and calculate the return time using calibration equation (59). For example, at 

1. Start
Simulation

2. Simulated 
Distance Entry

4. Enable 
Noise

3. Set Noise 
Level
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20,000 km the beat frequency is 1.956 Khz so ρȢωυφρπ multiplied by πȢςυ is 0.1327 
seconds. 

9. Repeat steps 4 through 6 for each distance entry in Table XX . 

 

Table XX ς Distance to Target With Noise Measurements 

Simulated 

Distance to 

Target. (km) 

Return Signal 

Ramp Reset 

Time (Sec) 

Return Time 

(Sec) 

Beat 

Frequency 

(Hz) 

Beat Frequency 

Return Time 

(sec) 

1000     

2000     

4000     

8000     

16000     

28000     

30000     

 

 

Fig. 119: Reading Waveforms (Sim) Display 

 

 

Fig. 120: Sim Cross Correlation Display 

 

Fig. 121: Beat Frequency Display 

Observed value is 0.86728 sec

Observed value is 0.13273 sec

Observed value is 0.307
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8.4.3 Worksheet: RADAR Operation  
Note: The lab space is at most 20 meters in length. Using (53), a RADAR target at 20 meters 

would imply a delay of πȢππφφχ‘ί (20m/299,792,458m/s) or 14.99GHz this is above the 

frequency threshold for the radios.  
 

1. Connect the computer to the USRP using an Ethernet cable. 
2. Open the NI-USRP Configuration Utility found in the National Instruments directory under 

programs files as shown in Fig. 2. Be sure to record the IP addresses since you will need 
them to configure your software. 

 

Fig. 122: Finding the IP Address Radio Connectivity Test 

If the IP address does not appear in the window then check your connections and ask the 
Teaching Assistant (TA) to verify that the LAN card has been configured correctly. 

 
3. Connect RX2 antenna to one of the two cantennas in the RADAR antenna fixture of the 

receiving USRP. Connect other cantennas to the TX1/RX1 antenna connector to the 
transmitting USRP. 

 

1. Select All Programs 
from menu 

2. Select the NI-USRP 
Configuration Utility 
from the National 
Instruments directory

3. Select Find Devices and record the IP 
address of the radio or radios since you 
will need them to configure the 
software in the lab.

Important set-up notes: 
V Determine the IP addresses for your radios using the NI-USRP configuration utility..  
V Make sure the Tx and Rx VIs are always set to the same carrier frequency whenever you 

pair them up to communicate. 
V Transmission should start after receiving workstations are ready to receive. 
V Verify that device name fields in both Tx and Rx VIs are set to the IP address of the URSP in 

use (see Fig. 122). 
V Make surÅ ÔÏ ÃÏÎÎÅÃÔ ÔÈÅ ÐÒÏÖÉÄÅÄ ÁÔÔÅÎÕÁÔÏÒ ÂÅÔ×ÅÅÎ ÔÈÅ ÒÅÃÅÉÖÅÒ 5320ȭÓ 2Ø ÉÎÐÕÔ ÁÎÄ 

the antenna/loopback-cable. The attenuator is used to decrease the power level of the 
ÔÒÁÎÓÍÉÔÔÅÄ ÓÉÇÎÁÌ ÉÎ ÏÒÄÅÒ ÔÏ ÁÖÏÉÄ Á ÈÉÇÈ ÐÏ×ÅÒ ÓÉÇÎÁÌ ÁÔ ÔÈÅ ÒÅÃÅÉÖÅÒȭÓ ÅÎÄȟ ÄÕÅ ÔÏ ÔÈÅ 
radios proximity. 
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Fig. 123: RADAR Connectivity 

 
4. Using the USRP Setup page (Fig. 124) ensure that the transmitter USRP is setup according to 

Table XXI. 
Table XXI ς Transmitter Settings 

Field Setting 

Device Name: 192.168.10.* 

Carrier Frequency: 1GHz 

IQ Rate: 500kHz 

Gain: 1 

Active Antenna: TX1 

 

 

Fig. 124: USRP Setup Page 

5. Again using the RADAR Setup Page (Fig. 124), setup the USRP according to Table XXII. 
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Table XXII ς Receiver Settings 

Field Setting 

Device Name: 192.168.10.* 

Carrier Frequency: 1GHz 

IQ Rate: 500kHz 

Gain: 10 

Active Antenna: RX2 

 

6. Open the RADAR Operate page of the J2 RADAR v2.vi. The page should look like Fig. 125. 

7. Start LABView and then click on the start Start TX button (see Fig. 125) 

8. Observe the Waveforms (Sim) display (Fig. 119) and record the Return Signal Ramp Reset 
Time in Table XXIII. You will have to use the waveform graph display tools to magnify the x-
axis to do this. 

9. Observe the Sim Cross Correlation display (Fig. 120) and record the Return Time (Sec) in 
Table XXIII. 

10. Observe the Beat Frequency (Sim) display (Fig. 121) and record the Beat Frequency (Hz) in 
Table XXIII. 

 
Table XXIII ς Actual RADAR Observations 

Return Signal Ramp Reset 

Time (Sec) 
Return Time (Sec) Beat Frequency (Hz) 

   

 

 

Fig. 125: RADAR Operate Page Front Panel 

Start 
Transmission 
Button
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8.5 Lab Write -up 
Short Answer Questions 

1. What are the benefits of using cross correlation or beat frequency to measure distances? 
 
 
 
 
 
 
 
 

2. Discuss possible reasons for having a constant of set in the RADAR calibration equation (59) 
which is not predicted by the beat frequency equation given by equation (57)? 

 
 
 
 
 
 
 
 

3. What is the minimum range of detection for your RADAR system using cross correlation?  
 
 
 
 
 
 
 
 
 
Performance Measures 
 

Task Standards Sat/Unsat 

Hardware Setup  Working setup for all with Loopback-cable.  

Running VIs  Successful transmission and reception of square wave signal.  

Determine Range and 
Velocity 

Setup VI's to determine range and velocity to targets.  

 
Discussion 
Did all configurations perform as expected?  
Did you have any difficulties completing the lab? 
Did your TA provide enough guidance? 
Do you have any recommendations to improve the lab? 
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8.6 References 
[1] WƻƘƴ DΦ tǊƻŀƪƛǎ ŀƴŘ 5ƛƳƛǘǊƛǎ DΦ aŀƴƻƭŀƪƛǎΣ /ƘŀǇǘŜǊ ІΥΣ Lƴ άDigital Signal Processingέ, 3rd Edition. 
[2] R.E. Ziemer and W.H. Tranter, Chapter 2: Signal and Linear System AnalyǎƛǎΣ Lƴ άtǊƛƴŎƛǇƭŜǎ ƻŦ 
/ƻƳƳǳƴƛŎŀǘƛƻƴǎΥ {ȅǎǘŜƳǎΣ aƻŘǳƭŀǘƛƻƴ ŀƴŘ bƻƛǎŜέΣ CƛŦǘƘ 9ŘƛǘƛƻƴΦ 

[3] ²ƻƭŦǊŀƳ 5ŜƳƻƴǎǘǊŀǘƛƻƴǎ tǊƻƧŜŎǘΣ aŀǊǎƘŀƭƭ .ǊŀŘƭŜȅΦ άCǊŜǉǳŜƴŎȅ-Modulated Continuous-Wave (FMCW) 
wŀŘŀǊέ ǊŜǘǊƛŜǾŜŘ !ǳƎǳǎǘ ммΣ нлмпΣ ŦǊƻƳ 
http://demonstrations.wolfram.com/FrequencyModulatedContinuousWaveFMCWRadar. 

[4] Cantenna Design Tutorial, Jeffrey Love, University of New Mexico. 
 
 
 
 
 

http://demonstrations.wolfram.com/FrequencyModulatedContinuousWaveFMCWRadar
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9 Amplitude Modulation with Additive Gaussian White No ise 

9.1 Summary  
This laboratory exercise has two objectives.  The first is to gain experience in implementing a white 
noise source in LabView.  The second is to investigate classical analog amplitude modulation [1] and 
the effects of noise on the modulated signal envelope. 

9.2 Background  

9.2.1 Additive Gaussian White Noise   
Additive white Gaussian noise (AWGN) is used to simulate the effect of many random processes too 
complicated to model explicitly. These random processes are the result of many natural sources, 
such as:  

¶ Thermal noise is the result of vibrations of atoms in conductors resulting thermal energy; 

¶ Shot noise is the result of random fluctuations in the movement of current in discrete 
electric charge quanta or electrons. 

¶ Electromagnetic radiation emitted by the sun, earth and other large masses in thermal 
equilibrium. 

¶ In the case of this lab, the distance between the transmitter and receiver, and background 
radiation from other nearby transmitters. 

AWGN is also used to simulate other types of noise such as background noise and interference 
between other transceivers in the network. 
 
The model is assumed to be linear so that the noise can be super imposed or added to the message 
or modulated signal. A white noise process is assumed to uniformly affect all frequencies in the 
ǎƛƎƴŀƭΩǎ spectrum. When the noise only affects a part of the spectrum it is referred to as colored 
noise. The noise in the time-domain results in a sequence of random terms that are added to the 
ǎƛƎƴŀƭΩǎ ŀƳǇƭƛǘǳŘŜΦ These values are determined by sampling a random process with a zero-mean-
normal distribution. A mean of zero is used since the process is not expected add a dc bias. A normal 
distribution is used because of the central limit theorem [2].  This theorem states that a random 
process that is sum of a large number of random variables tends toward a normally distribution 
random process. 
 
All this said, for the purposes of this lab it is a good enough approximation of background radiation 
sources and can easily illustrate its effects on an AM radio station channel. 
 
The AGWN is simulated using a pseudorandom number generator whose statistical profile is 

( )2,0sN , where 
2s  is the variance of random number generator whose output conforms to the 

following probability density function. 
 

 

( ) öö
÷

õ
ææ
ç

å
-==

2

2

2 2
exp

2

1
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n
nNf N  (60) 

 
! άǇǎŜǳŘƻǊŀƴŘƻƳ ƴǳƳōŜǊ ƎŜƴŜǊŀǘƻǊέ ƛǎ ŀƴ algorithm for generating a sequence of numbers that 
approximates the properties of random numbers. In terms of random number generation, the 
sequence is not truly random in that it is completely determined by a relatively small set of initial 
values, called the pseudorandom number generator state, which includes a truly random seed.  
Although sequences that are closer to truly random can be generated using hardware random 
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number generators, pseudorandom numbers are important in practice for their speed in number 
generation and their reproducibility. 
 
This is done using the Box-Muller Transformation, which uses two random variables to represent the 
angle and the radius of a circle.  The radius and the angle (U1 and U2) are generated as independent 
random variables that are uniformly distributed over the interval (0, 1].  When transformed back 
into a two-axis Cartesian coordinate (61), the coordinates represent two independent random 
variables with a standard normal distribution on the interval (0, 1]. 
 

 ( ) ( )

( ) ( )211

210

2sinln2

2cosln2

UUZ

UUZ

p

p

-=

-=
 (61) 

 

In LABVIEW this is implemented with the Gaussian White Noise Waveform VI (Fig. 128). 
The standard deviation can be estimated using a spectrum analyzer to observe the noise floor (Fig. 

126). The standard deviation is calculated using (19).  For the purposes of the lab you will want to 
set this at specific values to assess the impact of noise on the AM receiver.  
 

 

Fig. 126: Noise Floor Measurement 

 
 ( )FloorNoiseÖ= 2s  (62) 

 
In addition to measuring the noise floor, the signal-to-noise and distortion ratio (SINAD) can be 
used to measure the residual noise and distortion in a signal after being filtered or, in the case of a 
transmitter, the amount of noise and distortion introduced as a result of modulation.  SINAD is 
defined as the ratio (63) of the RMS energy of the received noisy signal to the RMS energy of 
received noisy signal less the energy in the fundamental frequency, expressed in dB. This implies 
that the higher the ratio is, the lower the power of the noise would be. As you will see in the lab, this 
implies the receiver will have a better chance of detecting the envelope. 
 

 

distortionnoise

distortionnoisesignal

PP

PPP
SINAD

+

++
=  (63) 

9.3 Pre-Lab 

9.3.1 Transmitter  
Your task is to add a data entry pane to the transmitter template (Fig. 127) to allow addition of white 
Gaussian noise to the amplitude modulated signal in AM_Noise_Tx_Template.vi. 
 

Noise Floor at 
0.005dBm
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Fig. 127: Transmitter VI Template Front Panel 

a) DŜƴŜǊŀǘŜ ŀ ǿƘƛǘŜ ƴƻƛǎŜ ǎƻǳǊŎŜ ǳǎƛƴƎ ǘƘŜ άDŀǳǎǎƛŀƴ ²ƘƛǘŜ bƻƛǎŜ ²ŀǾŜŦƻǊƳέ ±L όFig. 128).  
The VI generates a Gaussian distributed pseudorandom pattern with a mean of 0 and a 

standard deviation (s), where s  is the absolute value of the chosen standard deviation. The 
value of the standard deviation input is controlled by a switch and case structure as 
explained in the coming paragraphs. The sampling information for the generated white noise 
should be kept the same as the message signal generated by the basic multi-tone. 

 

 

Fig. 128: Gaussian White Noise Waveform VI 

b) Insert a switch and round LED indicator on the front panel to activate or deactivate noise 
addition from the front panel. So when you want the noise to be added, you would turn the 
ǎǿƛǘŎƘ ǘƻ ǘƘŜ άhƴέ Ǉƻǎƛǘƛƻƴ ŀƴŘ ǘƘŜ [95 ƛƴŘƛŎŀǘƻǊ ǿƻǳƭŘ ǘǳǊƴ άDǊŜŜƴέΦ ¢ƘŜǎŜ ŎƻƴǘǊƻƭǎ Ŏŀƴ ōŜ 
found in the Front Panel Boolean Controls Palette and wired as shown in Fig. 129. 
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Fig. 129: Boolean Switch and LED Palette Location and Wiring 

c) 5ŜǎƛƎƴ ŀ ŎŀǎŜ ǎǘǊǳŎǘǳǊŜ ǘƘŀǘ ǊŜƭŀǘŜǎ ǘƻ ǘƘŜ άhƴέ ŀƴŘ άhŦŦέ Ǉƻǎƛǘƛƻƴǎ ƻŦ ǘƘŜ ǎǿƛǘŎƘΦ Lƴ ǘƘŜ 
άhƴέ ǇƻǎƛǘƛƻƴΣ ǘƘŜ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ǘŜǊƳƛƴŀƭ ƻŦ ǘƘŜ Dŀǳǎǎƛŀn White Noise Waveform 
DŜƴŜǊŀǘƻǊ ǎƘƻǳƭŘ ǊŜŎŜƛǾŜ ǘƘŜ ǾŀƭǳŜ ƻŦ ά{ǘŀƴŘŀǊŘ 5ŜǾƛŀǘƛƻƴέ ǎŜǘ ǳǇ ŦǊƻƳ ǘƘŜ ŦǊƻƴǘ ǇŀƴŜƭΣ ŀƴŘ 
zero otherwise. 

d) DŜǘ ǘƘŜ Řŀǘŀ ǾŀƭǳŜǎ ƻŦ ǘƘŜ ƎŜƴŜǊŀǘŜŘ ƴƻƛǎŜ ǳǎƛƴƎ ŀ άDŜǘ ²ŀǾŜŦƻǊƳ /ƻƳǇƻƴŜƴǘǎέ ±L ŀƴŘ ŀŘŘ 
them to the complex form of the scaled baseband signal.  

e) ²ǊƛǘŜ ǘƘŜ ƴƻƛǎȅ ǎƛƎƴŀƭ ǘƻ ǘƘŜ άƴƛ¦{wt ²ǊƛǘŜ ¢Ȅ 5ŀǘŀέ ±L ōǳŦŦŜǊ ŦƻǊ ǘǊŀƴǎƳƛǎǎƛƻƴΦ  
f) 5ƻ ŀ ǉǳŀƴǘƛǘŀǘƛǾŜ ƴƻƛǎŜ ŀƴŀƭȅǎƛǎ ōȅ ŦŜŜŘƛƴƎ ǘƘŜ ƴƻƛǎȅ ǎƛƎƴŀƭ ǘƻ ǘƘŜ άǎƛƎƴŀƭ ƛƴέ ƛƴǇǳǘ ƻŦ ǘƘŜ 
ά{Lb!5 !ƴŀƭȅȊŜǊέ (Fig. 130). Set thŜ ŜȄǇƻǊǘ ƳƻŘŜ ǾŀƭǳŜ ǘƻ άƛƴǇǳǘ ǎƛƎƴŀƭέΦ CƻǊ ƻǳǘǇǳǘΣ ŘƛǎǇƭŀȅ 
ǘƘŜ ƳŜŀƴ ƻŦ млл {Lb!5 ǾŀƭǳŜǎ ǳǎƛƴƎ ǘƘŜ άaŜŀƴ tǘ.ȅtǘέ ±L (Fig. 131). 
 

 

Fig. 130: SINAD Analyzer VI 

To Case Statement
1) Select  Switch  and Round LED 
from Front Panel Controls Menu

2) Arrange the LED and switch on the 
front panel

3) Arrange the LED and switch in the 
block diagram



Introduction to Communication Systems Draft September 11, 2014 
Using NI USRP Lab Manual  

119 
Printed on: 9/11/2014  © 2014, Anees Abrol and Eric Hamke 

 

Fig. 131: Mean PtByPt VI 

g) tƭƻǘ ǘƘŜ ƴƻƛǎȅ ǎƛƎƴŀƭ ƛƴ ǘƛƳŜ ŀƴŘ ŦǊŜǉǳŜƴŎȅ ŘƻƳŀƛƴǎ ǳǎƛƴƎ ǘƘŜ ǿŀǾŜŦƻǊƳ ŎƘŀǊǘǎ ŀƴŘ άCC¢ 
tƻǿŜǊ {ǇŜŎǘǊǳƳ ŀƴŘ t{5έ ±L (Fig. 132) provided.  
 

 

Fig. 132: FFT Power Spectrum and PSD VI 

e) Save your transmitter in a file whosŜ ƴŀƳŜ ƛƴŎƭǳŘŜǎ ǘƘŜ ƭŜǘǘŜǊǎ ά!a_TxψbƻƛǎŜέ ŀƴŘ ȅƻǳǊ 
initials.  

9.3.2 Receiver 
The task is to design a Boolean or digital circuit that allows the selection of no filter, a Chebyshev 
low-pass filter, or a Butterworth low-pass filter to extract the tƻƴŜǎ ƛƴ ǘƘŜ ǘǊŀƴǎƳƛǘǘŜŘ ǎƛƎƴŀƭΩǎ 
envelope.  A template for the receiver has been provided in the file AM_Noise_Rx_Template.vi (see 
Fig. 49). 
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Fig. 133: Receiver VI Template Front Panel 

a) The Front Panel controls for the filter selection logic require you to construct the switching 
network shown in Fig. 134.  The network implements the following logic table. The name 
given on the front panel will be assigned to the switch and indicator VIs. 
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Table XXIV ς Switch and LED Settings 

Switches Indicator LEDs 

Low Pass on Filter Selector Low Pass On Chebyshev Butterworth 

Off Chebyshev Off On Off 

Off Butterworth Off Off On 

On Chebyshev On On Off 

On Butterworth On Off On 

 

 

Fig. 134: Filter Selection Logic 

The switches will be used to drive the nested Case Structures illustrated in Fig. 135.  The 
ƴŜǎǘŜŘ /ŀǎŜ ǎǘǊǳŎǘǳǊŜ ƛǎ ŘǊƛǾŜƴ ōȅ ǘƘŜ ά[ƻǿ-Ǉŀǎǎ CƛƭǘŜǊ hƴέ ǎǿƛǘŎƘΦ  ²ƘŜƴ ǘƘŜ ά[ƻǿ-pass 
CƛƭǘŜǊ hƴέ ƛǎ ƛƴ ǘƘŜ ƻŦŦ ǇƻǎƛǘƛƻƴΣ ǘƘŜ ǎƛƎƴŀƭ ŦǊƻƳ ǘƘŜ ōŀƴŘ-pass filter should be passed through 
ǿƛǘƘ ƴƻ ŦƛƭǘŜǊƛƴƎΦ  ²ƘŜƴ ǘƘŜ ά[ƻǿ-Ǉŀǎǎ CƛƭǘŜǊ hƴέ ƛǎ ƛƴ ǘƘŜ ƻƴ ǇƻǎƛǘƛƻƴΣ ǘƘŜ ǎƛƎƴŀƭ ƛǎ ǇŀǎǎŜŘ 
through the selected filter.  Remember to put the right filter in the right case structure pane. 

To outside case 
statement

To inside case 
statement



Introduction to Communication Systems Draft September 11, 2014 
Using NI USRP Lab Manual  

122 
Printed on: 9/11/2014  © 2014, Anees Abrol and Eric Hamke 

 

Fig. 135: Nested Case Structure for Filter Selection 

b) As in Lab 5 the filters will be found on the Filters palette shown in Fig. 136.  Unlike before, 
yoǳ ǿƛƭƭ ƳŀƪŜ ǘƘŜ άhǊŘŜǊέ ŀƴŘ ά[ƻǿ /ǳǘƻŦŦ CǊŜǉǳŜƴŎȅέ ŦƻǊ ǘƘŜ .ǳǘǘŜǊǿƻǊǘƘ ŦƛƭǘŜǊ ƛƴǘƻ ŎƻƴǘǊƻƭ 
inputs from the main panel.  This can be done by selecting the desired input for the VI on the 
left-hand side of the block and right clicking and selecting the create control option as shown 
in Fig. 137Φ  CƻǊ ǘƘŜ /ƘŜōȅǎƘŜǾ ŦƛƭǘŜǊΣ ŎƻƴǘǊƻƭ ƛƴǇǳǘǎ ŀǊŜ ǘƘŜ ǇŀǊŀƳŜǘŜǊǎ άhǊŘŜǊέΣ ά[ƻǿ /ǳǘƻŦŦ 
CǊŜǉǳŜƴŎȅέ ŀƴŘΣ άwƛǇǇƭŜέΦ 

 

Fig. 136: Filters Palette 

From Bandpass

To outside case 
statement

From Sample Info

Filtered 
Signal

Filtered 
Signal

Filtered 
Signal

Outer Case Structure is FALSE

Outer Case Structure is TRUE

Inner Case Structure is FALSE
(ChebyshevFilter)

Inner Case Structure is TRUE
(Butterworth Filter)

From Bandpass

To outside case 
statement

From Sample Info

To inside case 
statement

From Bandpass

To outside case 
statement

From Sample Info

To inside case 
statement

Outer Case Structure is TRUE










































































































































































