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For the United States Naval Research Laboratory
Executive Summary
Detection and discrimination of live and inanimate radar targets through building walls holds great utility for public safety and disaster relief agencies. Numerous through-wall life detection schemes have been developed in recent years, but their utility has been dampened by excessive cost. The 2004 Indian Ocean tsunami and 2008 earthquake in China are prime examples of widespread disasters where the ability to quickly determine if living humans were trapped behind building rubble might have saved numerous lives. A low cost through-obstruction life detection device may have saved countless people who survived the initial disaster, only to succumb after days trapped beneath rubble.

The Naval Research Laboratory (NRL) sponsored design team developed a proof-of-concept radar that will help to show the utility of an inexpensive through-wall radar system. The radar system will use a National Instruments CompactRIO chassis for data acquisition and signal processing. The design team investigated a key problem with portable through-wall radars; namely, receive sensitivity loss due to self-interference inherent in compact linear frequency modulated continuous wave (FMCW) radars.  This loss of sensitivity means the radar cannot “see” as deeply through obstructions or detect smaller targets due to self-interference. Low-cost embedded microprocessors and microwave devices available as commercial off-the-shelf (COTS) items enable these interference-canceling abilities. The final product from the design team is a compact radar system facilitating the implementation and test of various interference-canceling techniques.  It uses a laptop PC for near real-time display of one-dimensional target data.
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Chapter 1: Introduction and Background

Introduction

The radar system developed by the Michigan State University senior design team provides a proof-of-concept for low-cost through wall radar applications. The radar developed is not a final production prototype, as the sponsor’s (NRL) focus for this project was on the underlying concepts of the radar instead of creating a system ready for manufacture. NRL loaned the design team several components, including the National Instruments CompactRIO chassis, equipment enclosures, and numerous microwave modules. The CompactRIO contains a 266MHz embedded processor and a Xilinx Spartan 3 field programmable gate array (FPGA). NRL also provided the team with the National Instruments LabVIEW suite for software and programmable hardware development. The team designed and built certain devices that were not readily available, and developed all software necessary for the system. The radar system uses a laptop PC to display data processed by the CompactRIO and also allows the end user to dynamically adjust radar parameters.

The design team investigated low-cost methods for linear frequency modulated continuous wave (FMCW) radar self-interference cancellation presented in the literature, and constructed an experimental radar system built for the purpose of testing these methods.  A modifiable system geared toward the addition of interference canceling components did not previously exist.  Now, the design team has delivered a functional and flexible linear FMCW radar system, designed with these future extensions in mind. 


One goal was to create a radar system that is capable of operating without exotic modules and materials.  These exotic modules are the main reason that similar systems cost as much as they do, resulting in prohibitive expense to deploy them in the field.  The system developed by the design team provides a proof-of-concept for similar through wall systems to be created at lower cost for possible deployment on human and robotic platforms.  These systems could be used with other low cost sensor systems to generate information to locate humans or animals that need rescue.  This system also reduces the environmental impact by reducing the use of toxic materials that other systems would normally carry.

It was not a requirement of this radar to discriminate one type of shape from another, but rather to observe targets given various test conditions. In order to characterize these observations, it was essential to have radar targets with well-characterizable radar cross sections (RCS), such as trihedral corner reflectors (following [1]). By determining the response from these targets under various test conditions, the low-cost radar sensitivity can be compared with more advanced radar systems. 
Background

Linear FMCW Radar

Linear FMCW radar techniques have been used for over sixty [2] years in a variety of applications, from aircraft altimeters to short-range high resolution synthetic aperture radar [3].
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Figure 1
Following [10], Figure 1 shows the overall parameters of linear FMCW radar. The transmitter sweeps over a bandwidth W within time tm. If a single point scatterer exists, after time tR, the return signal appears at the frequency received f. Because the homodyne receiver of the linear FMCW radar is by definition locked to the transmit frequency, the radar energy received with time lag tR appears as frequency fR at the homodyne receiver output. It is noted that:
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Equation 1
where tm is by definition the up-ramp time of the swept waveform. The radar system designer chooses tm and W, and using:
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Equation 2
the range frequencies for given target distances are determined.
Interference Cancellation

One of the main goals of the system developed by the design team is to facilitate the investigation of self-interference cancelation.  As implied in by the name, frequency modulated continuous wave radars transmit at the same time as receiving.  Practical concerns dictate that the radar’s transmit and receive antennas must be closely co-located [4-8].  That is, they are either the same antenna, or two antennas with very close physical proximity. This co-location creates a self-interference problem, which reduces the normal receive sensitivity. This means that very low energy radar returns coming from small and/or heavily obscured targets will be more difficult to detect. This interference has two primary forms: interference from the transmit carrier and interference from sideband noise.  The severity of each depends upon the power level and modulation used by the radar.

The first form of self-interference is the transmit carrier coupling into the receive chain.  This results in receive chain overload, driving it into saturation. Informally, saturation means that one or more amplifiers in the radar receive chain have been driven beyond their P1dB point. The P1dB point is a value (typically specified in dBm) that indicates the amplifier would have given 1dB more output for the given input, had the amplifier been in the linear region of operation.  This is also referred to as clipping.  A saturated amplifier has effectively less gain for weak signals, thereby causing weak targets to be missed. Recent work at MSU used a band-pass technique with an HF intermediate frequency (IF) and multiple IF filter sections to filter out both the transmit carrier and undesired strong radar returns from nearby objects. Other workers from the 1960s through the present day have used various forms of vector modulation to feed an amplitude scaled, frequency shifted, and phase shifted version of the transmit carrier back into the receiver front-end. Both methods experienced success in their respective experiments.
The second form of self-interference comes from sideband noise originating in the transmitter chain. The voltage controlled oscillator (VCO) is a significant source of sideband noise. Sideband noise refers to broadband undesired emissions at frequencies other than the center carrier frequency of the VCO. It is well-known in the radar industry that inexpensive VCOs generally have greater amounts of sideband noise than expensive VCOs. Because the radar is trying to detect the weakest signals possible, and the transmit and receive antennas are close together, it is possible that sideband noise might overwhelm weak targets. That is, the sideband noise may be stronger than the thermal noise floor and the receive chain noise, thereby covering up otherwise visible targets. Additionally, practical microwave amplifiers both create their own broadband noise and amplify noise injected from previous stages. If vector modulation is an effective technique for reducing self-interference for sideband noise, a possibility exists that the broadband noise from amplifiers in the transmit chain is reduced. In theory, if the real and imaginary parts of a vector A = α+ jβ are known, a vector B may be determined such that A + B = 0. In the O’Hara experiment [7], analog control circuitry was used to tune the vector modulator to cancel the self-interference. More recent work [4, 8] has achieved 20-30dB of cancellation with FMCW radars.
Chapter 2: Approach and Solution Space

FAST Diagram

The complete system design and its logical components are more easily expressed through the use of a FAST diagram.  Such a diagram provides a functional overview of the design and better describes the motivation for each component as well as which components support it.  The FAST diagram developed by the team for this design is depicted below.
[image: image4.emf]
Figure 2
Overall Design Methodology

It was anticipated that the system would experience further development beyond the work of the team.  As such, the design methodology for the project was one that would allow for robustness, flexibility, and ease of modification.  To support these goals, modularity was a key design decision that the team made early on and adhered to throughout development.  The team also designed components, both in hardware and software, with further expansion in mind. 

It was determined in an early stage of development that the radar system could be separated into three logical components: power hardware, radar hardware, and signal processing software and hardware.  To keep with the chosen design methodology of modularity, the system was then built in three separate modules pertaining to these components.  A block diagram of overall system is shown below.
[image: image5.emf]
Figure 3
This methodology facilitates the overall goal of the project in that the radar component hardware (i.e. the "RF Modules" box above) is "hot-swappable."   Indeed, this module will be modified to test the various self-interference cancellation techniques in future work.  However, in doing so, it will not be necessary to modify the other two modules.  Therefore, additions to the RF modules can be made and then tested with less turnaround time. 

To further support the goal of facilitating ease of modification, many of the components designed for the system were made to be reconfigurable.  For example, the team could not predict what amount amplification or filtering would need to be done during the receive chain given the various types of test systems that could be configured using the product.  Therefore, the design of this amplifier includes four separate amplifiers.  Two of these amplifiers can be used as low pass filters.  The other two can be used for two stages of gain.  A block diagram of this example is shown below. 
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Figure 4
There are many challenges associated with this type of design methodology.  For example, the hardware design requires a considerable amount of time to determine the appropriate logical components, and physical orientation.  For example, if the entire system was made in a single box, it would not have been necessary to find and drill holes in three separate boxes or fabricate cables to connect them.  It also requires a great deal of effort in order to design for reconfigurability.  With regard to the amplifier example above, it would have taken much less time to design a circuit and circuit board that had only a single amplification stage.  However, there would not have been the option to add filters or second stage of gain if the user desired.  So, while this design methodology may not have been easy, the team felt that the benefits it provides to the user— someone who will be modifying the product–were well worth the extra effort.

House of Quality

The House of Quality for this project provides excellent insight towards which components and requirements are most valuable to the overall design.  The methodology used during its construction forced the team to consider goals and requirements beyond simple specifications.  As a result, it revealed a prioritization of specifications and requirements that were used to guide the project to a successful completion.  The House of Quality for the team's product is shown below. 
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Figure 5
Budget
The team was provided with a standard initial budget of $500 per class policy.  Furthermore, the Naval Research Laboratory provided an additional $500 budget to use on project purchases.  As shown in the information below, the team used $927.16 of the $1,000 budget.  The Naval Research Laboratory also donated equipment that would have been prohibitively expensive for this design team, yet necessary for a functional design.  See below for budget details.
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Figure 6
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Figure 7
Gantt Chart
The Gantt chart was maintained weekly throughout the semester.  As project goals were completed, sometimes new goals were laid out by the sponsor, especially with regard to the canceller hardware and software.  Thus, the Gantt chart was updated with these new goals.  As the semester progressed, it was realized that there would not be enough time and/or money to meet every goal, and so some goals were put off until a future semester, especially with regard to final implementation of the cancellation hardware.

Below are the two copies of the team’s Gantt chart.  The first shows the initial version of the chart:
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Below is the final version of the team’s Gantt chart:


[image: image10]
 SHAPE  \* MERGEFORMAT 



Finally, the Gantt chart describing future work is shown below:
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Chapter 3: Technical Description
Overall Design

An FMCW radar differs from pulsed radar systems in that with an FMCW system, the transmitter is continuously on.  In a pulsed radar, the transmitter only turns on for very short periods of time, and the radar receiver may be switched on only when the transmitter is off.  This avoids overloading or even damage to the radar receiver.  With a pulsed radar, transmitter power may rise to the megawatt level, as long as the radar receiver can be protected from the potentially damaging levels of transmitter energy.  Since an FMCW radar transmitter is continuously on, the receiver implicitly cannot be shut off while the transmitter is on.

An FMCW radar system topology might be chosen when low cost and simplicity of design is a priority.  The most basic radar system is a CW radar system, which gives virtually no range information, indicating only the rate of movement toward or away from the radar.  A CW radar continuously transmits at a single frequency, and as an object moves toward or away from the radar, the number of wavelengths N between the radar and the object changes from what it was the moment before.  This low-frequency energy appears at the radar demodulator output, with the frequency of the return energy proportional to the speed of the object moving toward or away from the radar [2].

Since any radar must have a transmitter and receiver, the most basic radar system is the CW radar.  The next level of complexity is added by sweeping the frequency of the radar.  A further level of complexity would be added by precisely pulsing the radar transmitter.  For the task at hand, sufficient target range information is obtained from sweeping the frequency of the radar, and so the FMCW topology was chosen.

A block diagram for the overall as-built system is shown in Figure 8.
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Figure 8
Since the radar system allows for the easy integration of various methods of self-interference cancellation, block diagrams of possible configurations are shown in Figures 8 and 9.
[image: image14.wmf]
Figure 9
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Figure 10
Figure 11 depicts the initial plan for a self-interference cancellation unit.
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Figure 11
Finally, a generic block diagram for any canceller addition to the system is shown in Figure 12.
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Figure 12
Hardware Design

VCO Op Amp
Several operational amplifiers were used throughout the system in order to shift, scale, and otherwise process baseband (video) signals.  On the transmit path, there exists a connection between the CompactRIO and voltage controlled oscillator (VCO).  The VCO converts the voltage generated by the CompactRIO into a frequency within a specific microwave band, which is amplified and then radiates out of the antenna.   The CompactRIO is capable of outputting, a maximum of 10 volts while the VCO needs up to 20 volts.  This mismatched criterion requires the use of an operational amplifier to satisfy the difference.  The solution used was a non-inverting operational amplifier with a gain of two.  This design preserved the frequency of the incoming signal while increasing the output amplitude.  The circuit schematic can be seen in Figure 13.   The PCB layout is given in Figure 14.
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Figure 13
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Figure 14 

The values of resistors R1 and R2 dictate the amount of gain.  A resistor value of 10kΩ was used for both R1 and R2 and produced the desired gain of two.  C1 is 0.1uF and is used for power supply stabilization.  The formula for gain of a non-inverting operational amplifier used can be seen in Equation 3.
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Equation 3: Gain for non-inverting op amp

Due to the importance of signal integrity, a SMA connector was integrated into the design as input pin.  The use of coaxial cables throughout the radar reduces the introduction of external interference as the signals propagate from device to device.  This schematic was designed using a free demo of EAGLE for circuit fabrication.  The schematic components were then converted into layout format, seen in Figure 14 and routed manually.  The layout CNC files were then sent to the MSU ECE shop for fabrication.

VCO 

The choice of the Minicircuits ZX95-2800 VCO was primarily based on the frequency range it covered, 1.4GHz to 2.8GHz.  This range overlapped with existing radars built at MSU, so that in the future, performance could be compared between these systems and the capstone system.  The RF output of the VCO was compatible with the Minicircuits ZX60-33LN amplifier used for the transmitter.  The VCO tune control input was not exactly compatible with the CompactRIO analog output module, so the VCO op amp was constructed to interface the VCO to the CompactRIO. 

Directional Coupler 

The MSU ECE shop was unable to fabricate a directional coupler using the coupled-line method as described in [23, 24].  Thus, a 6dB directional coupler was purchased from Pasternack that covered 2.0GHz to 4.0GHz.  This directional coupler was measured to have adequate performance down to at least 1.5GHz, and so this directional coupler functioned well with the other parts of the radar system.  The directional coupler takes a specific portion of the RF energy generated by the transmitter (the VCO's amplified output) and injects this energy into the L.O. port of the mixer.  This injection sets the receive frequency of the radar.  The receive frequency of the radar is ideally centered exactly on the transmit frequency.  Due to the finite time delay of the coaxial cable, when the transmitter is sweeping in frequency, the receiver frequency lags behind the transmit frequency.  This frequency lag appears as an error term in the mixer output, and is compensated for in the radar software algorithm.

Low Noise Receive Amplifier 

A radar system is typically designed to be as sensitive and stable as possible.  To increase the sensitivity of the radar to small targets, a low-noise RF amplifier (LNA) is typically the first stage of the receive system after the antenna.  The capstone radar used a Minicircuits ZX60-33LN for the LNA.  This LNA has about 13dB of gain across the frequency range of interest, with an excellent typical noise figure of 1.1dB.  A low noise figure means that the LNA is adding little noise above the thermal noise floor, maximizing the sensitivity of the radar receiver.  LNAs are typically designed with protective circuitry that helps avoid damage to the LNA from static electricity discharges coming from the antenna.  The P1dB point of the LNA is rated at +14.5dBm.
The capstone laboratory did not possess the necessary equipment (vector network analyzer) to directly measure the coupling between the antennas, thus, the coupling could only be estimated indirectly.  Because the output of the 1,000x gain op amp showed less than 2V amplitude with no targets present, it was assumed that the output of the mixer due to coupling between the radar transmitter and receiver was less than 2mV.  Using the form of Ohm's Law where 
[image: image21.wmf]R

V

P

2

=

, it is observed that (2e-3)^2/50 = 80nW, which is approximately -71dBm observed at the mixer output.  Because the rated conversion loss of the ZX05-30W is about 9dB, it is expected that -60dBm is present at the input to the mixer. The ZX60-33LN amplifier is to provide 13dB of gain, so it is expected that -73dBm of coupling is present at the LNA input.  This would seem to indicate that the with a +10dBm transmitter, the coupling level is -83dB.  Because a VNA was not available, it was not possible to directly measure the level of coupling.  The calculated level seems abnormally low, so a future priority will be to measure the level of coupling with a VNA. 

Assuming the coupling level measured is correct,  there is -73dBm of output from the LNA.  The LNA is operating well below its input and output limits, so no problems are expected with this subsystem.  However, it was noted that the radar would intermittently have difficulty picking up targets at even short distances.  The radar was tested along the lines outlined in the troubleshooting procedures of Chapter 3, but everything tested normal.  Then the radar would fail again after a while.  Finally, the radar system continuously failed to observe targets at even short ranges, and so the radar was again taken to the electromagnetics laboratory for testing.  It was determined that the transmitter and directional coupler subsystems were working properly.  Moving on to the receiver, it was observed that it took -20dBm of RF input to the receiver to generate the response that -50dBm should generate.  That is, the radar had very poor receive sensitivity.  Taking the LNA out of circuit, its gain was measured at about -5dB instead of +13dB.  This gain figure was probably changing over time, which explains the intermittent difficulties with the system.  Substituting a Minicircuits ZRL-3500 amplifier intended for future radar transmitter upgrades in place of the LNA, it was observed that the radar once again exhibited normal receive sensitivity.  A likely cause of this failure is static electricity, especially considering the large metal surfaces of the antennas used on the radar, the low humidity of the capstone lab, and the plastic bin the antennas were stored on.  The antennas likely built up a static electric charge, which was discharged into the LNA input.  Over time, the protection on the LNA input may have been increasingly damaged to the point that the amplifier functioned as an attenuator, decreasing the signal instead of increasing the signal.
Video Op Amp 

The "video" signal is the baseband demodulated signal present at the IF port of the mixer.  In a homodyne or zero-IF receive system such as used in the capstone radar system, the received RF energy is directly converted to near DC frequencies.  There are advantages to using a more advanced receiver with an intermediate frequency above DC (such as in the radar developed for [3]), most notably increased receive sensitivity due to higher receive chain gain.  However, the purpose of the capstone radar was to serve as a proof-of-concept for feed-forward self-interference cancellation, thus the receiver was designed to meet the essential requirements of an FMCW radar. 
If we assume that an A/D converter is an essential part of a radar receiver, a priority design constraint is providing the A/D converter with appropriate signal levels.  If the signal level is too low, the dynamic range of the system is very limited, and excessive amounts of quantization noise will overwhelm the radar target display, causing the radar to become very insensitive.  The output of the mixer in the capstone system was experimentally measured to be at most about 5mV in amplitude.  Because the A/D convertor is only 12 bits, this means that 2^12=4,096 discrete quantization levels exist.  The maximum design input of the CompactRIO ADC is +/- 10V, or 20Vpp.  Because the maximum unamplified input signal is 10mVpp, and each quantization step is 20/4096=4.88mV, only three quantization steps might be expected to be used with an unamplified signal.  It would be very difficult to detect signals that were below the maximum amplitude value (as any normal target would be).  In fact, even at the maximum unamplified amplitude, the sinusoid would not look like a sinusoid at all, since only three discrete amplitude values would be measured.  The received data would effectively be useless for even the strongest signals. 

There are multiple possible approaches to give the ADC the proper input signal level.  A more complex approach would use a combination of RF, IF, and video amplification, such as used in the Charvat system and other advanced radars.  Because the capstone radar uses a homodyne receiver, the IF and video are at the same frequency range.  An RF amplifier is used before the mixer, but if multiple RF amplifiers were cascaded, the strong signal that inevitably is present from the continuous transmitter carrier can overload the cascaded RF amplifiers.  If the RF amplifiers become saturated or overloaded, the amplifiers are no longer operating linearly.  A consequence of non-linear operation is that targets of distinct amplitudes appear as if they had the same amplitude.  As the saturation increases, the waveforms might become clipped and show false targets, making the information provided by the radar less useful.  Thus, in the capstone project, cascaded RF amplifiers were not used.  Only a single RF amplifier was used before the mixer.  The next logical location for an amplifier is the video signal subsystem. 

To amplify weak video signals, a low-noise op amp is a useful device.  The initial design approach used a Texas Instruments THS4021.  The THS4021 is available on an evaluation board for a cost of about $55, with the convenience of SMA connectors for inputs and output.  While the THS4021 is one of the highest performing op amps on the market in terms of gain and low noise, the expense of this op amp and the surface mount components used make the circuit difficult to modify.  Another factor affecting the design of the video op amp is that due to imperfections in the diodes used in the mixer, a small but non-negligible DC bias appears at the mixer output.  The op amp itself will have a small input offset voltage.  The effect of the superposition of the mixer DC bias with the input offset voltage on a high-gain op amp is that the op amp will tend to have a DC bias on the output.  When using a gain on the order of 1,000x such as in the capstone project, a DC input bias in the millivolt range (as experienced with the capstone radar) becomes volts of DC bias on the output.  When the op amp circuit is designed so as to maximize input signals to +/- 10V, the maximum range of the ADC, this superposed DC bias drives the output beyond this range.  There are limits on the maximum voltage excursions of the op amp, especially due to the power supply voltages used.  The THS4021 was provided with approximately +/- 12V in the capstone radar (the absolute maximum is +/- 15V).  The op amp can only approach the power supply voltages at the maximum output voltage excursions, and the output never exceeds the power supply voltages under normal use.  As a result, the typical effect of a large DC bias appearing at the output is a clipped waveform.  A MATLAB model of this clipping is shown in Figure 14, with the MATLAB code given in Appendix C.  A PSPICE simulation is also given in Appendix C.
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Figure 15
A clipped waveform appearing at the ADC input is very disruptive to the proper functionality of the radar.  Because an essential function of the radar algorithm is converting time-domain information into a frequency-domain display, a clipped sinusoid will present broadband noise in the frequency domain, as understood through basic Fourier analysis.  A basic MATLAB model of this phenomenon is shown below in Figure 16.  It is obvious that a large amount of harmonic energy is present with the clipped sinusoid that will appear as numerous false targets in the radar display.  These false targets will not be filtered out by the anti-aliasing filter, since the false targets are below the 250kHz Nyquist frequency of the ADC.
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Figure 16
Thus, it is evident that the high gain op amp circuit must be provisioned with a facility for adjusting DC bias.  Some op amps have "null offset" inputs that allow for limited adjustment with a potentiometer to correct for the op amp's input offset voltage.  If the external DC input bias is large enough, the null offset input may lack sufficient range to correct for this additional DC bias.  As a result, the clipping shown in the MATLAB simulation could result, and in fact did result with the initial THS4021 evaluation board circuit. Because the team also needed to create an active low-pass filter with relatively linear phase, it was decided to choose a less expensive op amp with through-lead circuitry.  The op amp chosen to replace the THS4021 was the Maxim MAX414.
Multiple op amps were needed for the video amplifer portion of the radar to perform signal conditioning tasks.  The tasks included active low-pass filtering, 1,000x amplification, and DC bias.  It was also decided that it would be convenient to add a variable gain stage with a maximum gain of about 5x, so that if the mixer or other receive chain components were changed, the op amp could be adjusted to restore maximum possible dynamic range at the ADC.  This maximization occurs when the ADC will receive its maximum rated input (+/- 10V) for the maximum expected input signal strength. Because 4 op amps were deemed necessary to complete these tasks, it was determined that the MAX414 in a DIP package would be best suited for the project.  The MAX414 costs about $15 in single quantities. 

The final low-pass filter design was not completed, but the PCB fabricated has space for the necessary components.  The filter topology chosen was the Sallen-Key type, and the component layout on the PCB has spaces for components following this topology.  It is anticipated that a Bessel filter will be implemented.  The transition bandwidth for this anti-aliasing filter is not a critical design parameter, but it was believed that having a "flat" group delay and hence linear phase across the widest possible band of frequencies was important for the future self-interference cancellation, and the Bessel filter is said to be optimal for these considerations.  The PCB layout for the MAX414-based video op amp subsystem is shown in Figure 17.  The schematic of the MAX414-based video op amp is shown in Figure 18.  The MAX414 runs off of an on-board +/- 5V supply.
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Figure 17
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Figure 18

The low-pass filter was not implemented due to lack of time.  Of course, it is not necessarily wise to run an ADC with no anti-aliasing filter at all, if frequency content above the Nyquist frequency will possibly be present at the ADC.  The team notes that the simulated MAX414 still has about 40dB of gain at the Nyquist frequency of 250kHz, and so caution must be used in the experiments such that no energy above 250kHz is present.  The simulated video amp output is given in Appendix C.  For stability purposes, most production op amps have a pole built into the op amp control circuitry.  This allows for an adequate phase margin across the intended op amp bandwidth.  If this low-pass effect was not built into the op amp, the op amp could oscillate or even self-destruct due to inadequate phase margin.  The earliest generation of op amps was notorious for this self-destructive behavior.  For now, there is no active low-pass filter, but one will be constructed in the future to ensure signals above the Nyquist frequency do not reach the ADC in significant quantities (i.e. above the LSB of the ADC).


The MAX414 possesses extremely low noise characteristics, and so as noted in the MAX414 datasheet, the resistors connected to the input of the MAX414 may generate more noise than the MAX414 itself.  Because higher values of resistance generate more noise than lower resistances, and a 1 Megaohm resistor was necessary to get 1,000x gain, precision metal-film low noise resistors were implemented for the video amplifier.  To provide stabilization to the MAX414 power supply inputs, 0.1uF polyfilm capacitors were applied to the +/- Vcc inputs.  The MAX414 may break into oscillation without these stabilization capacitors due to the inductance of the power supply traces.  
The core of the high gain op amp circuit is the typical non-inverting op amp circuit.   The DC bias present at the op amp input was so large that clipping occurred at the op amp output.  To mitigate this occurrance, a bias compensation circuit was added to the high gain circuit, comprised of R5, R6, and R7 as seen in Figure 18.  One way to resolve a DC bias present at the non-inverting input of the op amp is to present an equal amplitude DC signal with the opposite sign.  For example, if +3mV DC bias is present at the non-inverting input, applying -3mV DC to the inverting input will theoretically exactly cancel the input bias, leading the output waveform to be centered at zero volts.  It is a non-trivial matter to introduce precise levels of DC at the millivolt level in this circuit, since any error or noise on the corrective bias will be multiplied 1,000-fold.  It was thus decided to move the power supply for the MAX414 directly onto the MAX414 PCB, and to make a variable resistive divider circuit to allow for plus and minus DC shifts, with the supply voltage used as an input to the variable resistive voltage divider.
As a practical matter, all resistors have tolerances.  There are dynamic elements to resistor value tolerance.  For example, perhaps due to manufacturing error, a 1,000 ohm resistor is actually produced at 1,050 ohms at room temperature.  This is a 5% error in resistance value.  Resistor values are also temperature dependent, i.e., they have a thermal coefficient.  Over the range of temperatures experienced during normal use, a resistor's value will also change. The dynamic resistance values present difficulties when trying to precisely set a DC bias at the millivolt level.

It was desired to be able to adjust the DC bias with a screwdriver, thus a multi-turn potentiometer was used.  The potentiometer suffers from the dynamic resistance characteristics of fixed-value resistors, and also has additional mechanical non-idealities.  For example, a typical potentiometer has dead-zone and backlash considerations.  Dead-zone refers to the non-linear behavior of the potentiometer when a turn is initiated in a direction opposite that of the last turn.  The potentiometer does not immediately begin to change value, and then suddenly jumps in value once the mechanism is fully seated.  This makes fine adjustments of resistance values difficult and even frustrating.  The backlash of the potentiometer refers to the tendency of the potentiometer to slide back slightly in value to the direction from which it was adjusted.  For example, turning the potentiometer from 500 to 600 ohms, then releasing the screwdriver might see the potentiometer sliding back to 595 ohms.  If 600 ohms is the desired value, a further corrective turn of the pot will see the dead-zone take effect, and the potentiometer may jump from 595 ohms to 610 ohms.  When turning the pot back again to correct, backlash and dead-zone once again destructively impact the measurement.  It is readily seen that the resistive divider should not require extremely precise settings of potentiometer value.  The DC bias circuit resistor values were chosen to minimize the potentiometer value sensitivity.  Many such circuits are possible.  An important constraint on the variable resistive voltage divider circuit is that finite current draw from the bias circuit will vary the voltage provided by the bias circuit.  This varying bias is superposed on the desired amplified waveforms, distorting those waveforms.  It would be ideal to have a regulated millivolt voltage source, with an unvarying bias voltage regardless of load.  The resistance voltage divider's output voltage is a function of the load impedance.  Reducing the effective source impedance of the DC bias circuit moved the bias circuit closer to an ideal voltage source, that is, a voltage source with an output voltage that is independent of load impedance.   
The final DC bias circuit implemented used two fixed resistors with a single potentiometer.  The fixed resistors were chosen as 3.3k ohm each, and the potentiometer as 1,000 ohms.  This was deemed to be the lowest value of system resistance desirable, as reducing the overall resistance further would cause excessive current flow through the resistors.  A 3.3k ohm resistor was placed on either side of the potentiometer.  With this configuration, the potentiometer could provide in excess of 100mV DC bias, which is more than necessary, but was deemed an adequate design.  Future upgrades might include low noise fixed resistors of optimized values for the DC bias range of interest, which is perhaps +/-25mV of DC bias range.  
The last component of the video amplification is the variable gain stage, intended to maximize the dynamic range of the system by "filling" the ADC to its maximum designed input voltage.  This stage is configured as a non-inverting amplifier, with the feedback resistor in series with one end and the wiper of a potentiometer, comprised of R12 and R13.  The resistance values chosen allow the gain to be varied between approximately 2x to 5x.  Because low-noise resistors were not available in time for the final project deadline, this circuit was bypassed on the PCB, although all the components (using noisier resistors) are installed on the PCB.

The overall video op amp subsystem consists of four op amp circuits.  Two of the op amp sections are devoted to low-pass filtering as a fourth-order low-pass filter (to be constructed in the future).  The third op amp section is the 1,000x high-gain non-inverting amplifier. The fourth op amp section is the variable gain stage.  In the final configuration, only the high-gain stage is used.  The PCB is provisioned with pads on the input and output of each op amp stage such that the op amps may be configured in any desired combination.  The most typical application would be with the signal from the mixer first going through the fourth-order low-pass filter, then going through the high-gain amplification and bias stage, then finally through the variable gain stage and on into the ADC.  The full op amp subsystem will provide anti-aliasing filtering to ensure that valid data is acquired at the ADC sampling rate, correct any DC bias present at the input, and amplify the signal to the maximum amplitude that the ADC is designed for.  This will maximize the dynamic range of the video and ADC subsystems, providing the best possible radar sensitivity.  As the sensitivity of the radar is improved, smaller targets may be visible at a given distance (unless ambient noise, jamming, or self-interference has a more dominant effect).

Mixer 

The Minicircuits ZX05-30W mixer was selected for its compatibility in terms of RF input level with the LNA and directional coupler.  Specifically, the L.O. input of +4dBm is compatible with the directional coupler output, and the maximum 50mW input is compatible with the expected LNA output level (since the RF present due to coupling will generally always be less than the transmitter output).
RF Design 

Most of the RF modules used were chosen nearly solely on their availability from Minicircuits.  Many other RF module manufacturers exist, but sparingly few have the off-the-shelf delivery or the very low prices that Minicircuits has.  One of the most basic design considerations when interfacing RF modules is the level of RF required for each module's input, and that provided at each module's output.  A key specification is P1dB, the level of input for which if the amplifier had been operating linearly, the amplifier would have given 1dB more output than it does at the P1dB point.  An example of this specification is an amplifier with a gain of 20dB and a P1dB of +10dBm that would ideally give 20dB of gain for input level less than about -10dBm.  At an input level of -9dBm, the output level would have been +11dBm if the amplifier were not past the P1dB point.  Since the P1dB point is +10dBm, the output will instead be +10dBm for a -9dBm input.  Further increase in input power will cause the input/output relationship to become even more non-linear.  This condition is to be avoided, thus in practice, the designer ideally keeps the input a few dB below the point where P1dB is encountered.  As the P1dB point is approached, the harmonics and other spurious output of the device typically increase much faster than the increase in input level.  These undesired emissions may cause interference to other devices using frequencies in the spurious output bands.  If the platform is a UAV for example, the UAV control frequency could receive interference from a device with excessive spurious emissions, potentially causing loss of control of the UAV. 

It is time-consuming to design an RF module (such as an amplifer), even if using MMICs.  Previous work at the freshman/sophomore level has shown that such modules can be designed with rudimentary knowledge, however, the goal was to accelerate the development of the core radar as much as possible so that the key focus of the project--the self-interference cancellation--could begin on or before week 8 of the project.  Because the RF modules were selected from only those available off-the-shelf at the lowest cost, it was necessary to apply op amps to the baseband inputs and outputs of some modules, and the RF levels from module to module were considered so that excessive noise and overloading were avoided. 

Antennas 

In general, the range resolution of a radar (that is, the ability for a radar to discern distinct targets at close spacings) is inversely proportional to bandwidth [1,2,10,9].  Within the constraints imposed by the wavelength of the RF, increased RF bandwidth allows smaller targets to be discerned.  For an FMCW radar of the type used for this project, 500MHz is a useful amount of bandwidth.  Many conventional antenna types struggle to achieve more than 10% bandwidth, thus, broadband antenna designs were considered.  A perhaps obvious choice is one of the many types of horn antennas.  However, since these antennas typically cost several hundred dollars or more, horn antennas were too expensive for this project. 
Another type of broadband antenna is the linear tapered slot antenna.  These antennas have been shown in the literature to be readily constructed on inexpensive PCB laminate.  A downside to these antennas is their relatively large physical size. Since the antennas are relatively easy to construct from widely available materials, the LTSA topology was selected for the capstone project.  A 10k ohm resistor was soldered between the two copper plates of each antenna to provide static protection, while minimizing the impact on RF performance.  A photo of a typical LTSA as used for this capstone project is shown in Figure 19.  The references used for the LTSA are [16-25].
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Figure 19
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Figure 20
The LTSA shown in Figure 20 is a general design for an LTSA. Parameter “L”, the length of the tapered aperture, affects primarily the directivity, and hence the beam width of the LTSA. Several of the following parameters are developed in references [16-20]. “L” is typically chosen to be greater than 2.6 times the free-space wavelength as in Equation 6. Parameter “W”, the aperture width, is typically chosen to be greater than ½ the free-space wavelength of the lowest frequency the LTSA will be used at, as in Equation 7.  As a good design practice, the cutoff frequency should be set about 10% lower than the actual frequency of lowest use, to avoid the risk of the traveling waves failing to propagate as expected near the lower edge of the desired frequency band [24, 25].   The feed method for the LTSA is shown in Figure 21.  The LTSAs may be fed with common coaxial cable, such as RG174 (higher loss) or RG402 (preferable for lower loss).
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Figure 21
The peak gain of the LTSA (near boresight) is approximated by Equation 10. The beamwidth of the antenna is approximated by Equation 11. A useful value for the aperture angle  has been cited in the literature as 11.2 degrees [17-20], however, minor variations from 11.2 degrees do not adversely affect the antenna performance from the mentioned equations. Increasing has been observed to reduce antenna beamwidth. In this radar application, a broader beamwidth is desired, so the angle  will be maintained near 11 degrees.  
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Equation 11
Two distinct LTSA designs were measured in the MSU electromagnetics lab anechoic chamber.  Both followed the geometry of Figure 19, but had unique L and 
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 values.  The data are given in Table C.1.
	LTSA
	L (m)
	W (m)
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(mm)
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(deg)

	A
	0.451
	0.162
	61.9
	10.2

	B
	0.368
	0.162
	101.6
	12.4


Table C.1:  As-built LTSA geometry

The experimental measurements in the MSU electromagnetics laboratory anechoic chamber were observed to not meet expectations above 1.6GHz, as expected from conversation with the technical staff.  Performance parameters were calculated at 2.0GHz, since 2.0GHz was the lowest frequency the LTSAs were designed for.  It is expected that since the LTSAs are measured at 1.6GHz, there may be some deviation of the measurements from the calculated values.  These calculated data are given in Table C.2.  It is apparent from the calculated cutoff frequency that there is a potentially critical issue, since the antenna may perform poorly below the cutoff frequency due to the traveling waves necessary for the LTSA to function not behaving as expected.

	LTSA
	Gain (dB)
	Beamwidth (deg)
	Cutoff freq. fc (GHz)

	A
	10.8
	25.6
	1.85

	B
	9.9
	31.3
	1.85


Table C.2:  LTSA calculated performance

Since it is difficult to work out the absolute gain of the antenna with the equipment used and the configuration of the anechoic chamber, a first glance at the antenna pattern data should focus on the front-to-back ratio (FBR) of the antenna.  A basic desirable FBR would be on the order of 10 to 20dB for a laboratory radar system [2,3].  The FBR of the LTSA helps the radar avoid “seeing” targets behind it.  In a communications system, FBR helps the system receive and transmit to only stations in one direction, within the finite beamwidth of the antenna.

For the sake of brevity, only antenna pattern plots taken at 1.6GHz will be shown.  It is known from MSU technical staff experience that the antenna measurement configuration in the MSU Electromagnetics teaching laboratory does not work above 1.6GHz.  Going lower than 1.6GHz will just take the LTSA even further outside its designed RF bandwidth.  Such a configuration runs the risk of getting bad results, which can sometimes be worse than no results if the bad results lead to false design conclusions.  The justification for taking the risk in this case is that since the return loss of the LTSA could be measured across 1.4-2.8GHz, and the LTSA return loss was adequate across much of this range, the physics of traveling wave antennas would be relied upon.  That is, literature spanning the past three decades discusses the robustness of the LTSA design when the angle 
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 is maintained near 11 degrees on substrates similar to the FR4 type used to build these LTSAs.  Finally, since the antenna characteristics can be informally verified with the sensitive magnitude display of the radar using a known calibration target moved horizontally about the antenna center, the anechoic chamber results are not relied upon as the sole source of antenna performance information.  Essentially, a well-known antenna design (LTSA) is being used with design parameters within commonly used limits.  The anechoic chamber tests are being used as a rough verification that something has not gone critically wrong with the construction of the LTSAs, versus an exact measurement of performance, which is not possible with the antenna measurement system used.

The LTSA “A” antenna pattern at 1.6GHz is shown in Figure 22.  It is again noted that all antenna patterns in this application note are azimuthal only, since azimuthal information is of primary interest for the particular laboratory radar system these LTSAs will be used with.  It is noted that the peak gain is approximately -44dB relative near boresight, while the gain in the anti-boresight direction is at about the -58dB relative level.  Thus, LTSA “A” exhibits 24dB of front-to-back ratio, despite being outside its designed frequency range.  Tentatively, it can be said that the LTSA appears to be functioning “OK” with respect to FBR.
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Figure 22
The azimuthal antenna pattern for LTSA “B” is shown in Figure 23.  Boresight gain of -40dB relative is observed, with anti-boresight gain of -54dB relative.  Thus, a FBR of 14dB is realized, which is an adequate level of performance, considering that the LTSA is being operated outside of its intended frequency band.  Note that for both LTSAs, the gains given were relative.  It could be instructive to compare these results with an antenna designed to radiate at 1.6GHz.
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Figure 23
A manufactured horn antenna designed for at least 1.0GHz to 2.0GHz was available for testing.  The manufacturer of the horn antenna is unknown, but the horn antenna was in like new condition, with a specified gain of 10dBi.  The horn antenna pattern was measured at 1.6GHz in an effort to establish an order of magnitude estimate for the gain of the LTSAs.  The horn antenna pattern is given in Figure 24.  A photo of a typical horn antenna is given in Figure 25.  This is not the actual horn antenna used in testing; a photo of the tested horn was not available.

It is instructive to compare the antenna pattern measurements of the horn antennas with both LTSAs, as shown in Table C.3.  It is tentatively noted that LTSA “B” appears to have 16dBi gain, and LTSA “A” appears to have 12dBi gain.  These assertions are based on that the horn antenna has -46dB relative gain, and given that the horn antenna is supposed to have 10dB gain, the LTSA “A” relative gain of -44dB yields 10dBi+2dB=12dBi gain.  For LTSA “B” with a relative gain of -40dB, comparing the relative gain with the horn antenna yields 10dBi+6dB=16dBi.  The calculated gains for these LTSAs were 9.9dBi and 11.3dBi, respectively.  The absolute gain measurements should not be relied on too much, because of the near-field interactions occurring in the test setup, among other factors.  The absolute gain measurements here do provide a bit more assurance of functionality than if the LTSAs measured -20dB gain relative to the horn antenna, as an informal check.

	Antenna
	Relative Gain (dB)
	Beamwidth (deg)
	FBR (dB)

	LTSA “A”
	-44
	40
	24

	LTSA “B”
	-40
	45
	14

	Horn
	-46
	50
	14


Table C.3:  Antenna measured performance comparison

Table C.3 shows that LTSA “B” has the highest gain, but that LTSA “A” has the best FBR.  For a radar system, typically a high FBR is valued, so it could be tempting to state that LTSA “A” is the “best” antenna, even beating out a commercial horn antenna.  It is seen that the measured beamwidth is roughly 1.5 times the calculated beamwidth.  The beamwidth is not critical to the radar project, thus the measured performance is considered adequate for the radar.  However, LTSA “A” has some design irregularities that impair return loss performance, also very important to radar systems design, and the irregularities would be difficult to duplicate.  Essentially, LTSA “A” is actually not the best design, and details on this assertion will be seen presently through an examination of the return loss.
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Figure 24
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Figure 25
The return loss of an RF device essentially refers to how well a device absorbs power (versus reflecting it back to the source, an undesirable situation) [2].  Ideally, the magnitude of the return loss will be a large negative value (e.g. 
-40dB).  For antennas, a “good” return loss is often taken as being -10dB or less, from the author’s experience.  An alternative expression of how well a device is absorbing the power transmitted to it is VSWR, the voltage standing wave ratio.  Ideally, VSWR=1.  For antennas, a VSWR less than 2 is considered desirable (VSWR=2 is approximately equivalent to a return loss of -10dB) [24].  The return loss of an LTSA is optimized by selecting the feedpoint distance 
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 from the LTSA apex.  
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 is typically experimentally determined by connecting the feedpoint of the antenna to a VNA through a coaxial cable, and then sliding the feedpoint back and forth along the slit (increasing or decreasing 
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 until the best overall return loss is observed over the band of interest [19].  At frequencies far from the design frequency band of the LTSA, poor return loss will typically be observed, indicating that the antenna is rejecting most of the power sent to it—hence, the antenna will radiate signals very poorly when the return loss is poor (return loss>>-10dB or VSWR >> 2).
The return loss of the LTSAs was measured using a configuration similar to that seen in Figure 26.  The VNA is on the right-hand side of the photo.  The VNA was calibrated using the standard procedures (calibration of the VNA is device-specific, and outside the scope of this report).  It is noted that only return loss magnitude was measured across the frequency band of interest, thus, no electrical delay compensation was applied.  The LTSA did not appear overly sensitive to the orientation of the cables as shown in the photograph.  Adverse affects on return loss were observed if objects were brought within the “vee” area of the LTSA, so the sliding of the feedpoint was accomplished from behind the antenna, that is, the upper right hand quadrant of Figure 26.  It is best for the engineer to read a primer on return loss measurements if they are unfamiliar with return loss measurements; such documents are entire booklets unto themselves, and so this information cannot be contained within this report.  References 23 and 24 are suggested for a discussion of return loss measurement considerations.
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Figure 26
The GPIB interface between the computer and VNA was non-functional, so as a last resort, photographs were taken of the VNA display.  This is a crude method, and limits the amount of analysis that can be accomplished.  However, the LTSAs were successfully tuned visually under these conditions.
Figure 27 shows the VSWR for LTSA “A”.  The LTSA “A” has VSWR worse than 2 across much of the band of interest.  The VSWR does stay below 3, so the match is not extremely terrible, but this is not an antenna desirable for use on a radar transmitter.  High amounts of reflected power can disrupt the proper operation of a radar transmitter.  It was elected to put LTSA “A” on the radar receiver, since the main impact the poor VSWR would have on the receiver is believed to be slightly increased loss (reduction in maximum possible gain) [25].  It is apparent in Figure 28 that the VSWR for LTSA “B” is under 2 from just over 2.0GHz to 2.8GHz.  Thus, more than adequate VSWR=2 bandwidth was accomplished for LTSA “B”.  The VSWR for the horn antenna is shown in Figure 29.  It is apparent that the horn antenna has VSWR<2 as high as 7GHz.  The lower frequency for VSWR<2 is around 1.4GHz, but the jumps up to about 2.5 VSWR are noted around 2GHz.  These imperfections are to be expected in a broadband antenna, even manufactured antennas.
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Figure 28
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Figure 29
Signal Processing Unit

All signal processing performed by this radar is performed upon a Compact RIO-9072 manufactured by National Instruments.  The 9072 provides an onboard Spartan-3 Field Programmable Gate Array unit, a host microprocessor, three Input/Output buffers, eight expansion slots, an ethernet port for communication with a host computer, and a 24 volt power input.  Of those eight expansion slots, two are used by the National Instruments NI-9201 Analog Input module and the NI-9263 Analog Output module.  The 9072 provides the radar software with seamless hardware integration as the 9072 was designed specifically for LabVIEW.  As a result of this seamless hardware integration, all signal processing including sampling, transformations, unit conversions, and distance calculations are developed in LabVIEW and executed on the RIO-9072, delegating only the front panel display to the host computer. 

  

To conform to a plug-and-play design philosophy, the RIO-9072 is housed in an enclosure custom designed for the needs of this radar system.  As a result of these needs, the enclosure provides five BNC connectors.  The first BNC connector is directly wired to the 9201 Analog Input module and provides the RIO-9072 with input from the radar.  The second BNC connector is directly wired to the 9263 analog output module and provides the radar with the signal necessary to drive the Voltage Controlled Oscillator.  Finally, the other three BNC connectors are reserved for future use, in the case that a hardware canceller is implemented.  The enclosure also a connection to power the RIO-9072 from the radar system's power supply and an RJ-45 connector used for the RIO-9072's communication with a host machine.  This enclosure, while providing the ability to communicate to the other parts of the radar with industry standard connections, also securely mounts the RIO-9072 and provides a layer of protection to the hardware. 
Power Supply Unit

In order to make the power supply easier to build and troubleshoot it was decided that the individual line voltages in the system should be generated using commercial off-the-self modules. Because of the size of these supplies and safety issues it became a necessity to create a box that was used to hold the power supplies. This box would make it easier to move and reconfigure as necessary while allowing for an easy way to attach to each of the main modules. 

Individual Components 

There are five individual power supplies used in order to create the line voltages needed by the various components these include: 
· 24 V Lamba Electronics LDS-X-24 

· 6 V – Acopian Model 6EB175 

· 15 V – Acopian Power Supply 

· 12 V – Acopian Power Supply 

· 5 V – Acopian Power Supply 

The power supply box also contains: 
· 2 (two) wire strips ( 1 (one) for DC levels and 1 (one) for AC levels) 

· 60 mm fan (Toyo TF92115A) 

· switch (with integrated lamp) 

· fuse holder (with 1 A fuse) 
Wiring 

The wiring of the power supply was done with an interest in making sure that each of the power supply modules could be easily replaced. Because of this, none of the main modules were wired directly together and instead were wired to a terminal block. In order to reduce the number of potential problems terminals were added to the end of all the wires or tinned. The wire itself is comprised of two different gauges 24 gauge for the AC wiring and 26 gauge for the DC wiring. The wire gauge was selected in order to maximize the teams ability to move the wire around during the construction and testing portion of the test while still allowing for enough current to be drawn through the AC wire.
AC 

The AC circuit is fairly simple and only required a few special considerations. The most important part of the AC circuit is the fuse. This is because there is the potential for a voltage/current spike that could damage the individual power supplies. The inclusion of a fuse was a simple addition. The other important part of the AC power system is the switch. The switch was picked because it contained a lamp that turned on when the switch was on. This allows for a safe way to determine if the power supplies are running which will reduce the chance of electrical shock. The final piece of the AC circuit is the fan. The fan itself is set to run whenever the box is plugged into an outlet in order to reduce any heat build up problems. 
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Figure 30
DC 

The DC circuit is much simpler than the AC circuit wiring. In order to obtain the correct voltage levels for the circuit the individual power supplies needed to be hooked up together in series. The voltage sources that were needed were +24 V DC, -6 V DC, +12 V DC, -15 V DC, and +5 DC. This was easily obtained by attaching the negative terminal of the 24 V supply to the positive terminal of the 6 V supply, the negative terminal of the 12 V supply to the 15 V supply's positive terminal, and the 5 V supply wasn't attached to any other supply. 

[image: image50.emf]+24 V

-6 V 6 V DC

24 V DC +12 V

-15 V

12 V DC

15 V DC

+5 V 5 V DC


Figure 31
The following wire colors were used to indicate the different voltages in the power supply and CompactRIO. 

	Voltage Level
	Wire Color

	+24 V DC
	Yellow

	-6 V DC
	Gray

	+12 V DC
	Blue

	-15 V DC
	Brown

	+5 V DC
	White

	120 V AC Hot
	Red

	120 V AC Cold
	Black


Connectors 

In order to move the voltage levels between the different boxes in our system we used 8-pin SMC connectors. The following pins were used for the different voltage levels: 

	SMC Pin
	Connection

	A
	+12 V DC

	B
	-6 V DC

	C
	GND

	D
	+24 V DC

	E
	GND

	F
	+5 V DC

	G
	-15 V DC

	H
	GND


  

Power Supply Cables 

The power supply cables are eight-conductor cables. These were chosen due to availability in the ECE shop. 
Software and Interface Design

The software component controls the radar system and processes radar data such that it is meaningful to a human operator.  NRL determined that development would be done using National Instruments (NI) LabVIEW software, utilizing its built-in Field Programmable Gate Array (FPGA) and signal processing IP modules available.  This functionality was especially helpful when writing code for the CompactRIO FPGA, as LabVIEW automated much of the Hardware Description Language (HDL) generation process.

The software design can be divided into four major modules: analog input (AI), analog output (AO), signal processing, and display.  NRL provided an NI CompactRIO system (comprised of an FPGA, analog input and output modules, and an embedded microprocessor), as well as a laptop PC for displaying data and program control.  The LabVIEW software development spanned three platforms: the FPGA, Host Processor, and PC.  The multi-platform topology is shown in Figure 32.  Development of the display and control module beyond aesthetics was not necessary since LabVIEW provided extensive built-in support for this purpose.
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Figure 32
Analog Input and Output

In order to extract meaningful information from the radar system, the analog baseband signal from the radar receiver must first be captured and converted to a digital data stream.  This process must occur in tandem with the generation of a linearly ramped voltage for the Voltage Controlled Oscillator (VCO) in order to control the FMCW frequency sweep. The AI module converts radar signals reflected from targets into fixed point data.  The AO module provides the ability to control the VCO sweep frequencies and the interference cancellation hardware.  The sampling rates at which these two modules operate can be changed.  Critical design considerations for both modules are shown in the table below.  The overall design choice balanced available design time and CompactRIO resources with system performance.
	
	FPGA-Controller w/ Interrupt Synchronization
	FPGA-Controller No Synchronization
	Custom VHDL
	Weight

	Uniformity of Samples
	Reliable (5): FPGA clock
	Unreliable (1): Samples could be overwritten in buffer
	Excellent (5): Direct control over samples
	1

	Efficiency of Data Transfer
	Reliable (5): Blocking IRQ scheme with DMA
	Slow(2): Read and write operations compete
	Difficult (3): Requires extensive knowledge of VHDL and microcontroller communications
	.8

	Time Effectiveness
	Excellent (5): LabVIEW Support
	Excellent(5): LabVIEW support
	Poor (2): Custom VHDL development is time intensive
	.7

	Interface
	Excellent (5): LabVIEW Supported
	Excellent(5): LabVIEW Supported
	Difficult (3): Requires custom UI development
	.6

	SUM
	15.5 Best
	9.1
	10.6
	


The implementation for these modules underwent a significant amount of iterative design.  The proposed design, shown below in Figure 33, still captures the overall idea behind the architecture, but is vastly simplified.  Figure 34 shows the final implemented design.
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Figure 33
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Figure 34
The main challenge was synchronization of the input and output operations. Analog input must occur precisely when the sweep is generated by the analog output since the reflected sweep energy contains the information necessary to determine distance.  If these operations are not synchronized, then the analog input data collected might not correspond to the sweep at all.  Since interrupt request (IRQ) lines exist between the CompactRIO's embedded microprocessor and the FPGA, it was possible to use them to provide synchronization functionality.  The software running on the host (embedded) processor acts as a orchestrator, directing the actions of the analog input and output modules running on the FPGA.  While the input and output modules are collecting data, the host processor is performing other tasks such as signal processing and display. 
When the FPGA modules have completed their respective tasks, each sets a different IRQ number and waits for an acknowledgment.  The host processor waits for both IRQs to be set before performing data movement operations: reading the information from the analog input module, and writing data to the analog output module.  When these operations (and an extra process described below) are complete, the host processor acknowledges both interrupts simultaneously, allowing for the FPGA modules to run again with updated information (i.e. a clean memory buffer for the input module to write to and new output data for the output module).  When they have finished, they again set an IRQ and wait.  The process then repeats indefinitely until an operator turns off the system.
A secondary challenge involved the resources available to move data between the FPGA modules and the embedded processor.  The CompactRIO supports three Direct Memory Access (DMA) modules that can quickly move data between the two hardware platforms.  This proved sufficient in a preliminary design stage when using a single input and single output channel.  However, when the ability to output two more channels (for a total of three) to support cancellation hardware became necessary, three DMA modules was not enough.  Thus, a new method had to be designed.  The team decided on a serialization scheme.  Using this method, a single DMA module transfers all data from the microprocessor to the FPGA.  The host processor serializes all three output channels to form a single data structure, which is then transferred to the FPGA through one DMA module.  When the output module receives this data, it then unpacks (de-serializes) the data to three separate local memory blocks.  From here, all three channels can be output simultaneously.  The process is pictured in Figure 35.  A similar method could be used if the system were to be modified to accept more than one input channel. 
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Figure 35
Ramp Waveform Generation

As explained earlier, the Voltage Controlled Oscillator (VCO) is used to generate the frequency sweep required for proper operation of the radar.  The VCO, however, cannot generate the frequency sweep on its own.  To drive the VCO to perform such a sweep, a ramp waveform is needed to generate a linear sweep of frequencies.  With the hardware available to this project, this can only be done in LabVIEW.  LabVIEW provides a ramp waveform, but to meet this system's design criteria, this function block needed to be augmented. For example, while the ramp waveform provided by LabVIEW uses voltages for its start and end points, the front panel designed for this radar system takes start and end points in terms of frequency.  To find the appropriate conversion between the frequency to be outputted by the VCO and the voltage passed into the VCO, the line of best fit was found using all of the voltage-frequency relationships in the VCO.  After this line of best fit was found, the user-desired frequency sweep could be then inputted in the front panel, converted to their corresponding voltages, and then translated into start and end points for the ramp waveform.  The VCO signal also requires that the start voltage be maintained between sweeps or else the hardware will be damaged.  This can't be done by simply using the ramp waveform in LabVIEW, so the software was designed to output the start voltage after completion of the sweep for the duration of the remaining samples in the output buffer. 
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Figure 36
Signal Processing

Once the analog input data has been collected from the radar, a signal processing algorithm extracts the frequency content.  From this frequency content, distance information can be determined.  There are many components involved in this portion of the software.  First, the software performs a Discrete Fourier Transform (DFT) utilizing the Fast Fourier Transform (FFT) algorithm.  This brings the time domain data from the analog input module into the frequency domain.  This data is then passed to two optional modules: background subtraction and a Moving Target Indicator (MTI).  The background subtraction algorithm allows for an operator to eliminate normal environmental return in order to better distinguish targets within the environment.  The MTI algorithm is able to detect target motion.  Specifically, it is able to identify when a target with more than 20dB SNR has been moving for at least 200ms.  The final component of the signal processing software takes the data from these modules and converts the frequency information to distance information through a physics based formula.  A high level view of the signal processing module is shown below in Figure 37.
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Figure 37
Discrete Fourier Transform

Due to the topology of an LFM radar system (described above), target distance is directly related to the frequency content of the received signal.  Therefore, the team employed the commonly-used FFT algorithm in order to extract this information from the time domain signal received by the analog input module through the DFT.  Since this algorithm is so common, the LabVIEW software includes a module that provides this functionality.  In order to provide good frequency and amplitude resolution using a finite-length DFT, the team also applied a Hamming window to the input before applying the FFT algorithm.  Due to the sample length of the pulse, it was determined that zero padding was not necessary.  A block diagram of the exact DFT algorithm is show below in Figure 38.
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Figure 38
Background Subtraction

In order to provide an operator the ability to better discern a target from his surroundings (clutter), the signal processing software created by the team includes background subtraction functionality.  This allows for the operator to "calibrate" the radar to ignore its surroundings.  That is, a normal environmental return is established based on the sweep used to calibrate the background subtraction algorithm.  This return is then subtracted from subsequent returns, effectively passing information exclusively from "new" targets and ignoring return information that is common between the calibration sweep and the current one (i.e. environmental return).  The process is depicted in Figure 39 below.
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Figure 39
Moving Target Indicator

The MTI algorithm designed and implemented by the team is based on a delay line canceler.  This is one of the simplest and most effective methods of moving target information extraction. A block diagram of the system is shown in Figure 40 below.
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Figure 40
Assuming a pulsed radar system is used (i.e. the RF energy is transmitted periodically for discrete amounts of time), if the delay L corresponds to the time between pulses, then the output y(t) appears as the error between consecutive pulses. Therefore, the output only contains information pertaining to changes in the surroundings that have occurred since the last pulse, i.e. moving targets. The single delay line canceller shown above can also be described by the discrete time difference equation
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Equation 12
The concept of a single delay line canceller MTI filter was extended in order to facilitate its use within the team's embedded system. That is, the filter was modified to work in a system in which pulse data arrives in discrete blocks with an undetermined amount of time between successive pulses. Since the purpose of the filter is to subtract the previous pulse observation from the current one, it was sufficient to simply store pulse data in memory and use this data in the modified implementation of the MTI filter. A block diagram of the modified filter is shown below in Figure 41.
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Figure 41
Thus, the values of the continuous input x[n] between pulses are no longer of importance. Likewise, knowledge of the delay L is no longer necessary. This information is in essence replaced by the assumptions that each pulse is of exactly the same in length and was captured in exactly same manner as its predecessor. These requirements are met by the team's system through the analog input, analog output, and synchronization software modules.

Distance Determination

As discussed in Chapter One, the primary theory driving the operation of this radar system is that the distance of objects relative to the antennas of the radar is a function of the object's response to a frequency sweep.  This response, in practice, is usually a small band of frequencies.  In software, these small bands of frequencies found at different points on a waveform display of the Fast Fourier Transform (FFT) can be used to determine distance.  This is done by converting the frequency axis that the results of the FFT are mapped against to appropriate distances by implementing a series of arithmetic function blocks provided by LabView.  These function blocks provide the operations necessary to extract distance information from frequency using the formula presented in Chapter One and shown again below.
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Equation 13
Since this conversion operation merely scales the frequencies mapped along the axis and doesn’t change the number of points along the frequency axis, the distance points retain the one-to-one mapping to FFT points that the frequency points have.
Software Implementation

Two LabVIEW virtual instruments (VIs) were developed for this project.  It is important to note that programming in LabVIEW is not done in the traditional sense.  Instead of writing lines of code, the programmer places blocks, draws wires, and performs other graphical operations.  As such, the code presented in this section is necessarily in the form of screen captures, since any form of textual code is nonexistent. 

The first VI developed by the team is compiled by LabVIEW to VHDL and then mapped to hardware on the CompactRIO's Xilinx Spartan 3 FPGA.  This VI handles signal acquisition and generation.  It sets IRQ lines when these operations have completed for a single pulse, and waits for the embedded processor to acknowledge these interrupts before duplicating the operation for the next pulse.  In addition, it is responsible for the de-serialization of the data sent from the embedded hardware.  A screen capture of this VI is shown below. 
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The second VI developed for this project determines the code that runs on the CompactRIO's embedded microprocessor.  This VI acts as the orchestrator for the synchronization scheme implemented for the project.  It is responsible for the serialization of the data sent to the FPGA, as well as moving data between the embedded processor and the FPGA.  It also implements the signal processing module described in detail above.  A screen capture of this VI is shown below. 
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Cancellation Research

Both methods of self-interference cancellation involved taking a sample of the transmitter waveform based on references [4-8].  The waveform sample is amplitude scaled to be equal in amplitude to the self-interference being experienced.  Then, the waveform is phase shifted such that it is anti-phase to the self-interference.  Given a vector A = α+ jβ, a vector B= -α - jβ when summed with A will theoretically completely cancel A.  Because vectors away from the center frequency will have distinct phases, and the canceller will not perfectly track the transmitter, the result of the cancellation will be non-zero in amplitude.  The inspiration for both cancellation methods proposed came from a variety of journal articles, especially those by Beasley and Lin.  The Beasley system used primarily analog control to implement the feed-forward cancellation, while the Lin system used a high-speed DSP.  It was planned to use an FPGA-based algorithm to control the canceller, since the FPGA can run in closed-loop control at up to 1MHz.  The FPGA is precisely timed, based off the 40MHz FPGA clock, and the number of cycles to execute an operation is known, since in effect dedicated hardware is setup in the FPGA to implement each function.  The embedded processor, even with a real-time system, may experience jitter than could corrupt the performance of any algorithm needing consistent high-speed updates.  The embedded processor acts as a supervisor to time-critical tasks executed by the FPGA.

Phase 1
The first method proposed by the capstone team was the method denoted in this report as the polar method.  In this method, the self-interference cancellation would tentatively be accomplished by finding the appropriate phase shift, then scaling the amplitude to obtain the best cancellation possible.  This method was not as optimal as a method that used feedback, i.e., that examined the self-interference vectors coming from the transmitter, and calculated a solution to cancel the vectors.  Thus, during the course of the semester, NRL opted to change the method to the method in Phase 2, the vector modulator method.


Phase 2
The second method proposed by the team used a vector modulator and an IQ demodulator for more efficient cancellation.  That is, instead of seeking out the best solution by trial and error as in Phase 1, the Phase 2 method would calculate a solution based on observations of the self-interference.  The "I" represents in-phase data, which is the same as provided by a normal mixer.  The "Q" represents quadrature data, which is data ideally shifted exactly 90 degrees from the in-phase data.  The IQ demodulator is a one-way device, that is, it can only down convert from RF to baseband information.  The IQ demodulator is a powered device, while the mixer used previously was unpowered--the mixer is a bidirectional device that could be thought of as passive, though it contains diodes to generate the non-linear action necessary for mixing. 
The Phase 2 method used an IQ demodulator that required a +15dBm input level.  Because this was the transmit power available directly out of the transmit amplifier (that was needed to be sent directly to the antenna), a Minicircuits ZRL-3500 amplifier was purchased.  The ZRL-3500 has a P1dB point of +24dBm, versus the +16dBm P1dB point of the Minicircuits ZX60-33LN amplifier previously used.  Using the 6dB Pasternack directional coupler, it was expected that +15dBm would be available for the IQ demodulator.
The radar hardware had preliminary provisions made for the expanded Phase 2 canceller hardware.  This included the extra BNC connectors and parts ordered for the canceller.  The radar software was upgraded to allow for more than three channels to be used at once, by multiplexing the DMA channels in the CompactRIO.  Several parts for the cancellation hardware are at NRL in Washington, DC, to be completed over the winter and spring.  The video op amp subsystem will need upgrades to handle two input channels (I and Q).  Differential amplifiers will be needed instead of the existing single-ended amplifiers in the video op amp.  The IQ demodulator gives differential (i.e., not referenced to ground) outputs for the I and Q channels.  The mixer gives a single ended (referenced to ground) output and so a different type of amplifier circuit is used in the video subsystem.

Chapter 4: Test Results
Test Procedure

The radar system was tested in the capstone laboratory, with the radar system elevated about 50cm above the tabletop.  This elevation was necessary so that the tabletop did not excessively intercept the radar energy, effectively wasting radar energy in heating the table.  Despite the fact that no efforts were undertaken to reduce interference from external sources, the radar successfully detected 0dBsm targets across the full available length of the room (7.5 meters).  The current radar hardware is designed to work in the 2.0 to 2.8GHz range.  The bandwidth may be selected by the user to any single continuous frequency window in this range.  The radar hardware could be operated as low as 1.4GHz (the lowest frequency the VCO can produce), but with the potential for reduced performance due to the antennas and directional coupler being operated below their 2.0GHz frequency design limit. 

The primary test targets used for this system were trihedral corner reflectors.  Trihedral corner reflectors are a popular radar characterization target because they have a relatively large radar cross section (RCS) for their physical size.  The RCS of a flat plate changes dramatically as the plate is rotated away from perpendicular incidence.  The corner reflector RCS changes much more gradually with small rotations away from perpendicular, based on [1].  The trihedrals were constructed from cardboard covered with household aluminum foil.  The foil was adhered with Scotch tape.  There are inevitably small imperfections (roughness of surface, etc.) with such construction, but as long as the imperfections are much smaller than a wavelength (e.g., less than 1/100 of a wavelength), such irregularities have a relatively minor impact on RCS.

Since the radar is typically operated in the 2.4GHz ISM band, it is probable that Wi-Fi, Bluetooth, and other devices may interfere with the radar.  The bursts of energy transmitted by such devices are thought to appear as random bursts in the FFT display.  Despite the proliferation of such devices in and near the capstone library, the radar was able to detect targets across the full length of the room, and through the simulated wall.  The radar is "calibrated" using a single snapshot of the FFT from an observation where no targets were downrange.  This calibration FFT data is then used for background subtraction, by subtracting this data from subsequent magnitude measurements.  This allows the use of the radar outside an anechoic chamber, without frivolous data from the known objects in the room interfering with the measurement of test targets.  It is important to note that any movement of the radar antennas or of non-test objects in the room will result in false targets appearing, until another background subtraction calibration is implemented.  In a synthetic aperture radar configuration, the radar antennas move, but first a background subtraction calibration is executed at each position the radar antennas will occupy during the actual data acquisition runs. 
Ideally, tests of the radar system would occur inside an appropriately equipped anechoic chamber.  Since such a facility was not available to the capstone team, the radar was tested inside the capstone laboratory.  A relatively uncontrolled RF environment such as the capstone laboratory has two primary impacts on radar performance testing.  The first is multipath reflections coming the floor, walls and ceiling of the room. Other objects in the laboratory also contribute to multipath interference.  Instead of incident radar energy impinging on the target and reflected back in a direct ray only, multipath interference causes non-direct path reflections to arrive at the radar at later times than the direct ray.  This causes additional false targets to appear on the radar display.  The wall behind the target(s) the radar is facing causes a large direct ray reflection, but also has non-direct rays that are detected by the radar receiver, similarly causing false targets to appear downrange from the actual wall.  Such multipath interference raises the effective noise floor of the radar, masking weak targets that otherwise might have been detected by the radar.
After the radar receive amplifier was replaced with a Minicircuits ZRL-3500, the radar was much more sensitive.  It was then decided to move the radar into the hall to avoid the problems described above.  The radar was then tested in the hallway with two 0 dBsm targets at five meters and seven meters.  These results could be seen in Figure 43.
Findings

Based on the tests described above, we found the radar performed to specifications.  Figure 43 shows the radar correctly detecting two small objects at 5 and 7 meters away from the radar in the lower right hand data display.  
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Figure 42
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Figure 43
Figure 45 demonstrates that the radar detected two large objects at 5 and 7.5 meters as set up in Figure 44.
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Figure 44
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Figure 45
Figure 47 shows that the radar detected two large objects at 5 and 7.5 meters through the wall shown in Figure 46. 
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Figure 46
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Figure 47
Radar System Troubleshooting 
The ability to troubleshoot the capstone radar with limited test equipment is important, as even the most well-designed systems eventually fail.  An ideal test equipment suite for the capstone radar would include the following equipment:
· Spectrum analyzer covering 1.0-3.0GHz 

· Power meter capable of measuring S-band power from -40dBm to +20dBm 

· Signal generator covering 1.0-3.0GHz with amplitude capability from 
-110dBm to +10dBm 

· Typical laboratory digital multimeter 

· Oscilloscope with at least 10MHz bandwidth and capable of 30V DC inputs and having at least two input channels and an external trigger channel 

· Variable power supply covering 0 to +25V DC 

· Vector network analyzer covering 1.0-3.0GHz

  

the homodyne receiver depends on the transmitter for proper operation, a single point failure may become difficult to troubleshoot when the proper test equipment is not available.  Because of this interdependence, it is most meaningful to follow the following troubleshooting tips when problems occur.  These scenarios assume the program and CompactRIO have been first tested for proper functionality. 

· Check that the +5, +/-12, +24, -6 volt supplies are all presenting power throughout the radar system.

· Check the RF power at the transmit antenna port for at least +10dBm of power. 

· Terminate the transmit antenna port with a 50 ohm resistive load, then inject an unmodulated -50dBm carrier 10kHz away from the transmit frequency into the receive antenna port.  A 10kHz sinusoid with at least 20mV amplitude should be observed on the time-domain waveform display. 

· Check that the RF level going into the mixer L.O. port is between +4dBm and +10dBm. 

· Check that the DC bias potentiometer is tuned to center receive waveform centered on 0 volts.

· Check the antenna VSWR across the frequency band of interest--it should generally be below a VSWR of 3 across the frequencies of interest.

Chapter 5: Overview
Summary

The through-wall radar system developed by the capstone team was experimentally shown to be able to distinguish between two 0dBsm targets at 5m and 7m downrange distance.  Detection of multiple targets through a test wall comprised of 2 layers of drywall and 2x4 studs (i.e. construction typical to residences) was experimentally shown to be possible.  Methods for self-interference cancellation were researched, and a design solution was proposed.  The hardware for the self-interference cancellation has been ordered and is now at NRL.  The radar was experimentally shown to be able to distinguish between moving and fixed objects within 200ms of the object beginning motion.  Thus, the system has met every design goal specified by NRL.

Improvised test methods were developed for performance verification and troubleshooting of system modules.  Preventative design actions were taken to prevent failure of system modules.  In particular, static electricity protection was provided to the radar antennas after the low noise receive amplifier unexpectedly failed.  It is possible that the large metal surface area of the antennas acts as a capacitor, and despite the integral static protection of the amplifier modules, repeated static electricity discharge may have led to the failure of the amplifier module.  The protection consists of a 10K ohm resistor soldered between the two plates of the metal on the antenna.

Because of various difficulties encountered by the team, including time constraints and the difficulty of measuring equipment performance and troubleshooting without the proper microwave test equipment, the self-interference cancellation hardware and software was not implemented during the course of the capstone project.  The canceller hardware has been purchased, and will be assembled at NRL in DC this upcoming winter and spring. 

The capstone project involved engineering disciplines from control systems to digital and analog circuits through programming.  Innovative solutions were developed to overcome hardware limitations, such as multiplexing data across limited DMA resources.  Experience with planning for and overcoming unexpected practical implementation difficulties was gained throughout the capstone project.  The cross-disciplinary skills needed to design and build a radar system were developed by each team member, along with the practical concerns of using a radar system in an uncontrolled environment.
Final Cost

The final total cost of the radar system is $12,953.96.  The final cost of the system as built is $12,897.90 when cancellation-hardware related costs of $56.06 are deducted.  When the donated hardware total value of $12,026.80 is considered, the final cost to the team is $927.16 including hardware purchased to be implemented in the canceller.
Future Work

The primary focus of future work on the radar system will be the addition of the self-interference cancellation hardware and software.  The software will also be extended to synthetic aperture radar for 2-D imaging (the current system is limited to 1-D data acquisition and display).  The maximum transmit power of the system will be increased by a factor of ten to facilitate deeper penetration of building structures (thicker walls increasingly attenuate radar signals).  The transmit power of the system may be made electronically variable using TTL control signaling with a Minicircuits digitally variable attenuator.
Conclusions

The team encountered many challenges in realizing its goal of developing an LFMCW radar.  Such challenges included component failures and limited time and financial resources.  However, the team was able to overcome these challenges and as a result was successful in designing a LFMCW radar system that is modifiable and adaptable for the purpose of future exploration of self-interference cancellation techniques while staying within allotted budgetary constraints.
Appendix 1: Individual Technical Roles
Ali Aqel

Ali’s technical contribution to the project primarily focused on software.    While Garrett Warnell focused on the underlying sampling architecture and developing the time synchronization framework, Ali’s work consisted on manipulating the underlying architecture to present useful information.  The first example of such work was the development of the ramp waveform used for the frequency sweep.  Using voltage-frequency mapping information found in the data sheet of the Voltage Controlled Oscillator (VCO), he found a line of best fit that would convert user input in terms of frequency to the voltage necessary to drive the VCO to produce said frequency.  Next, he developed the mechanism for generating the ramp waveform in LabVIEW using the constraints defined by the user in the front panel. 

  

The second example of his work is extensive work in conversion of samples to actual, readable data.  When LabVIEW receives samples, the samples are only indexed by sample number and amplitudes of input data are plotted against their sample number.  Ali developed code that would map the sampled data from the radar against their respective frequency using a conversion involving the sampling rate of the signal processing hardware.  Mapping amplitude against frequency, however, is not enough so Ali then developed the code that would implement the fundamental function of this radar system that extracts distance as a function of the frequency response of the radar input. 

  

In addition to his software work, Ali also contributed to the design of the “black-box” Signal Processing module.  Ali determined the chassis necessary to enclose the Compact RIO and laid out the mapping of the connectors on the signal processing enclosure that are needed for operation of the Compact RIO hardware.  With this contribution, the signal processing hardware resides in a clean enclosure that protects it from external elements and allows for ease of portability. 

Michael Volz
Michael Volz was most directly involved with the design of the RF subsystems.  Each RF module needed to have the appropriate level of DC and RF power applied under all possible system conditions.  Because the RF modules were not custom manufactured to work with each other, careful planning was necessary to ensure that "off-the-shelf" modules could be used.  For example, the directional coupler used covered 2.0GHz to 4.0GHz, but the VCO only covered 1.4GHz to 2.8GHz.  The overall system design had to consider how the system would function with only 800MHz of bandwidth.  Specifically, reduced RF bandwidth implied that the radar system will have poorer downrange resolution, meaning targets had to be increasingly far apart to be detected as distinct targets.  Besides selecting each individual RF module, he also selected the National Instruments CompactRIO as the platform for the system.  Michael had to ensure not only that the A/D and D/A convertors had sufficient sampling rates, but also he had to be reasonably sure that the CompactRIO had sufficient processing power and data bandwidth to handle the radar system demands.  
Michael also verified that the existing antennas donated to the capstone team would work at the frequency range of interest.  Michael verified the performance of the antennas with a vector network analyzer and anechoic chamber.  He developed design procedures based off of the relevant literature for new antennas to be constructed.  He specified the appropriate types of cables and connectors for signals throughout the system, and constructed many of those cable assemblies. 

Michael developed the overall concept for the capstone project based on the interests and requirements of NRL.  Michael presented and defended the design of the system in multiple meetings with NRL staff before the semester started.  He borrowed or otherwise obtained the components that could not readily be purchased within the design team budget or schedule.  He was responsible for understanding the underlying physics of FMCW radar so that the overall system design would be the most expedient for the task at hand.  He helped provide direction and insight to the software and hardware development.  In particular, Michael ensured that the hardware designs for all subsystems were appropriate for an RF-congested environment, and were designed with the appropriate stability and longevity considerations.  He helped ensure that the software was scalable to future phases of radar development, so that the code was efficient enough such that it could be built upon with the self-interference cancellation components. 
Garrett Warnell
Garrett's technical work was focused on the software developed for the system.  He lead the software team, designing many of the components to be implemented.  There were many requirements for the software module, including accurate signal acquisition and generation, signal processing, and display.  Garrett investigated methods to use LabVIEW and the CompactRIO system for the signal acquisition and generation portion, and chose and implemented the most effective existing method.  When this method proved to be insufficient for the multiple channels required for the system design, he designed and a new method involving serialization of data.  Garrett also designed the software architecture used to support the ability to perform synchronized signal processing and data acquisition tasks.  This allowed for maximally efficient signal processor operation in that both tasks could be performed simultaneously.  Further, Garrett helped design the software components necessary for a coherent user display.  He developed a method to allow a user-controlled threshold for the FFT data to aid a radar operator.  He also helped determine which parameters within the software should be user controlled from the graphical user interface to allow for a more easily reconfigured system.
Garrett was also involved in cancellation research, primarily investigating an in-phase and quadrature cancellation method to take place within the signal processor.  He investigated the concept of I and Q processing, presented a design that would help to cancel an interferer.  He presented his findings to the sponsor, where it was determined that the method would not be implemented for this project. 

When hardware development slowed, Garrett also helped contribute to the design of a new video amplifier.  He investigated methods of adding a DC bias to an operational amplifier in order to eliminate clipping in the video op amp.  He also aided in the design and fabrication of the video op amp, designing it to be as reconfigurable as possible to help achieve project goals.
Scott Warren
As agreed on in week six, Scott Warren would be involved with integrating the hardware and software together as the project moved forward. However, the team didn't take into account all the hours that would be required in order to actually fabricate and test all the individual components of the system. Because of this, Scott spend most of his time working solely with the hardware group.  He built and tested various components of the radar system to ensure functionality. 
Most of Scott's time was put into building and testing the power supply and Compact Rio boxes. This was a necessity because if the power supply box didn't work correctly, it would be impossible to power any of the other components in the system. Technical issues such as how to correctly wire the power supply boxes with 120 V AC, how the boxes would be wired together in order to achieve the correct DC voltages , and correct fusing of the 120 V AC supply all had to be addressed. As these systems were set up it became necessary to test each component in order to make sure everything was working correctly. 
Scott also spent time amongst the other groups and helped whenever possible. He built and tested two op-amp boards that were used in the construction of the radar box. He helped design and build custom power and network cables which formed connections between the major components. He helped build the targets and wall used to test the radar system. While these were not necessarily technical portions of the project they were a necessity in order to make sure the project worked to the specifications that were given to the team by the sponsor. 
Michael Weingarten

Michael Weingarten’s technical contributions to this project focused around hardware.  One criteria of this project was to create a low cost system.  Michael helped investigate different hardware solutions to problems where the easiest fix may have been the most expensive one.  In doing so, Michael designed several operational amplifier circuits and created several layout designs for printed circuit boards.  These designs were fabricated using Michigan State University resources at no additional team expense.  As design changes occurred in the system, Michael was responsible for updating the layouts and conforming his designs to the needs of other team members.  Associated with these designs and purchased components, Michael soldered and tested many circuits to ensure proper functionality.  This testing helped reduce upfront problems and isolate later ones resulting in a successful radar system. 

Michael also spent a significant portion of his time in the electrical and mechanical shop creating enclosures, adapters, and mounting components.  His precision craftsmanship resulted in custom made enclosures that tailored to the needs of both the engineers and consumers.  His design efforts made the final product as close to consumer ready as possible.  He also assisted in the design and construction of radar targets used in the final performance testing of the radar system.  Michael’s creativity and passion for design resulted in a product that was both inexpensive and aesthetically appealing with high standards, least maintenance, and consumer safety in mind. 
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Datasheets

Data sheet for Acopian 6EB175 AC-to-DC Power Supply
Data sheet for Lambda LDS-X-24 AC-to-DC Power Supply 

Data sheet for ZX73-2500-S Variable Attenuator 

Data sheet LM741 Amplifier 

Data sheet for JSPHS-2484 Phase Shifter 

Data sheet for ZX95-2800 Voltage Controller Oscillator 

Data sheet for ZX60-33LN-S RF Amplifier 

Data sheet for ZX05-30W-S Mixer 

Data sheet for 595-THS4021EVM High-Speed Amplifier 

Data sheet for ZAPD-30-S 2 Way Splitter 

Data sheet for PE2202-6 2.0 – 4.0 GHz -6dB Directional Coupler 

Manual for cRIO-9072 Compact Rio 

Data sheet for NI9263 cRIO Analog Output Module 

Data sheet for NI9201 cRIO Analog Input Module 

Data sheet for TF92115A Fan 

Data sheet for RG-174 SMA Male Crimp 

Data sheet for RG-174 BNC Crimp 
Appendix 3: Technical Attachments

PSPICE Simulations
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LM741 VCO Op Amp Simulation
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*LM741 OPERATIONAL AMPLIFIER MACRO-MODEL

*//////////////////////////////////////////////////////////

*

* connections:      non-inverting input

*                   |   inverting input

*                   |   |   positive power supply

*                   |   |   |   negative power supply

*                   |   |   |   |   output

*                   |   |   |   |   |

*                   |   |   |   |   |

.SUBCKT LM741/NS    1   2  99  50  28

*

*Features:

*Improved performance over industry standards

*Plug-in replacement for LM709,LM201,MC1439,748

*Input and output overload protection

*

****************INPUT STAGE**************

*

IOS 2 1 20N

*^Input offset current

R1 1 3 250K

R2 3 2 250K

I1 4 50 100U

R3 5 99 517

R4 6 99 517

Q1 5 2 4 QX

Q2 6 7 4 QX

*Fp2=2.55 MHz

C4 5 6 60.3614P

*

***********COMMON MODE EFFECT***********

*

I2 99 50 1.6MA

*^Quiescent supply current

EOS 7 1 POLY(1) 16 49 1E-3 1

*Input offset voltage.^

R8 99 49 40K

R9 49 50 40K

*

*********OUTPUT VOLTAGE LIMITING********

V2 99 8 1.63

D1 9 8 DX

D2 10 9 DX

V3 10 50 1.63

*

**************SECOND STAGE**************

*

EH 99 98 99 49 1

G1 98 9 5 6 2.1E-3

*Fp1=5 Hz

R5 98 9 95.493MEG

C3 98 9 333.33P

*

***************POLE STAGE***************

*

*Fp=30 MHz

G3 98 15 9 49 1E-6

R12 98 15 1MEG

C5 98 15 5.3052E-15

*

*********COMMON-MODE ZERO STAGE*********

*

*Fpcm=300 Hz

G4 98 16 3 49 3.1623E-8

L2 98 17 530.5M

R13 17 16 1K

*

**************OUTPUT STAGE**************

*

F6 50 99 POLY(1) V6 450U 1

E1 99 23 99 15 1

R16 24 23 25

D5 26 24 DX

V6 26 22 0.65V

R17 23 25 25

D6 25 27 DX

V7 22 27 0.65V

V5 22 21 0.18V

D4 21 15 DX

V4 20 22 0.18V

D3 15 20 DX

L3 22 28 100P

RL3 22 28 100K

*

***************MODELS USED**************

*

.MODEL DX D(IS=1E-15)

.MODEL QX NPN(BF=625)

*

.ENDS
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Simulation of clipped video amp output due to uncorrected bias
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Simulation of Unclipped video amp op, corrected by bias circuit.
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Performance versus frequency
*The bias circuit is not included in this simulation
V1 INPUT 0 SIN(0 4m 10K 0 0 0)

*V1 INPUT 0 PULSE(3 8 0 1m 1n 1n 3m)

Vcc 5 0 DC 5

Vdd 6 0 DC -5

R1 1 0 1K

R2 1 OUT 1MEG

*EOA 1 3 0 2 100MEG

XOP INPUT 1 5 6 OUT MAX410

.PROBE

*.AC DEC 1000 1 100K

.TRAN .4U 0.2m 0 .4U

* MAX410 FAMILY MACROMODELS 

* ------------------------- 

* * FEATURES: 

* 100% tested low voltage noise ------  1.8nv/root Hz typ. 

* Low Supply Voltage Operation ------   +-2.4V to +-5V 

* Low Offset Voltage ----------------   250uV max. 

* High Voltage Gain -----------------   115dB min. 

* Available as single/dual/quad -----   MAX410/412/414 

* 

* SUBCIRCUIT      PART NUMBER     DESCRIPTION 

* __________      ___________     ___________ 

* MAX410          MAX410          SINGLE, 1.8nV/rt.Hz typ.

* MAX410B         MAX410B         SINGLE, 2.4nV/rt.Hz typ. 

* MAX412          MAX412          DUAL,  1.8nV/rt.Hz typ.

* MAX412B         MAX412B         DUAL,  2.4nV/rt.Hz typ.

* MAX414          MAX414          QUAD,  1.8nV/rt.Hz typ.

* MAX414B         MAX414B         QUAD,  2.4nV/rt.Hz typ.

*

*////////////// MAX410 MACROMODEL ////////////////// 

* 

* connections:          non-inverting input 

*                       |      inverting input 

*                       |      |      positive power-supply 

*                       |      |      |    negative power-supply 

*                       |      |      |      |       output 

*                       |      |      |      |       | 

* NODE CONNECTIONS:     1      2      99     50      97 

* 

.SUBCKT MAX410 1 2 99 50 97 

****************INPUT STAGE********************** 

* 

IOS 2 1 40N 

I1 4 50 2MA 

GIN 2 1 2 1 50E-9 

CIN 1 2 4PF 

G16 0 1 106 0 .87E-3 

G19 0 2 109 0 .87E-3 

****VCCS NOISE INPUT CURRENTS**** 

G1 5 99 5 99 38.5E-3 

G2 6 99 6 99 38.5E-3 

EOS 1 3 POLY(1) 98 30 .25M 1 

*               ^       OFFSET VOLTAGE 

EN 3 9 POLY(1) 103 0 0 1 

Q1 5 2 4 QX 

Q2 6 9 4 QX 

Dsub 50 99 DX 

*Fp2=65MHz, Second Pole 

C4 5 6 23.5PF 

* 

*****************NOISE GENERATORS************** 

* 

***VOLTAGE NOISE GENERATOR*** 

VN1 101 0 2V 

VN2 0 102 2V 

DN1 101 103 D1 

DN2 103 102 D1 

.MODEL D1 D(KF=4E-15 RS=300) 

****CURRENT NOISE GENERATOR + IN**** 

VN3 104 0 2V 

VN4 0 105 2V 

DN3 104 106 D2 

DN4 106 105 D2 

****CURRENT NOISE GENERATOR - IN**** 

VN5 107 0 2V 

VN6 0 108 2V 

DN5 107 109 D2 

DN6 109 108 D2 

.MODEL D2 D(KF=3.1E-16 RS=300) 

* 

***************SECOND STAGE****************** 

IS 99 50 .5m 

*         SETS IS ^ 

****OUTPUT VOLTAGE LIMITING**** 

V2 99 11 1.7 

D1 12 11 DX 

D2 10 12 DX 

V3 10 50 1.7 

****LEVEL TRANSLATION **** 

EH 99 98 99 50 0.5 

****GAIN, 1ST POLE**** 

G3 98 12 5 6 29.3E-3 

*1ST POLE 21HZ,AVOL 1E6 

G4 12 98 12 98 29.3E-9 

C3 98 12 215E-12 

* 

**************FREQUENCY SHAPING STAGES******** 

* 

****POLE STAGE**** 

G5 98 15 12 98 1E-3 

G6 98 15 98 15 1E-3 

D13 50 15 DX 

*R5 98 15 1E3 

C5 98 15 2.45E-12 

*                  ^ POLE AT 65MEGHZ 

****DELAY STAGE**** 

ED 16 98 15 98 1 

RD1 16 17 20 

RD2 17 18 20 

RD3 18 19 20 

CD1 17 98 18PF 

CD2 18 98 18PF 

CD3 19 98 18PF 

****COMMON-MODE STAGE**** 

G11 98 30 4 98 316E-12 

G13 30 98 30 98 1E-3 

D11 50 30 DX 

* 

*******************OUTPUT STAGE**************** 

F6 99 50 VA7 1 

F5 99 38 VA8 1 

D9 40 38 DX 

D10 38 99 DX 

VA7 99 40 0 

**************** 

G12 98 32 19 98 1E-3 

R15 98 32 1E3 

D3 32 36 DX 

D4 37 32 DX 

V5 35 37 0.3V 

V4 36 35 0.3V 

R16 34 35 30 

E1 99 33 99 32 1 

VA8 33 34 0V 

L 35 96 50P 

R17 96 97 40 

* 

***** MODELS USED ****** 

.MODEL DX D(IS=1E-15) 

.MODEL QX NPN(BF=6.25E4) 

.ENDS 

*////////////// MAX410B MACROMODEL ////////////////// 

* 

* connections:          non-inverting input 

*                       |      inverting input 

*                       |      |      positive power-supply 

*                       |      |      |    negative power-supply 

*                       |      |      |      |       output 

*                       |      |      |      |       | 

* NODE CONNECTIONS:     1      2      99     50      97 

* 

.SUBCKT MAX410B 1 2 99 50 97 

****************INPUT STAGE********************** 

* 

IOS 2 1 40N 

I1 4 50 2MA 

GIN 2 1 2 1 50E-9 

CIN 1 2 4PF 

G16 0 1 106 0 .87E-3 

G19 0 2 109 0 .87E-3 

****VCCS NOISE INPUT CURRENTS**** 

G1 5 99 5 99 38.5E-3 

G2 6 99 6 99 38.5E-3 

EOS 1 3 POLY(1) 98 30 .12M 1 

*               ^       OFFSET VOLTAGE 

EN 3 9 POLY(1) 103 0 0 1 

Q1 5 2 4 QX 

Q2 6 9 4 QX 

Dsub 50 99 DX 

*Fp2=65MHz, Second Pole 

C4 5 6 23.5PF 

* 

*****************NOISE GENERATORS************** 

* 

***VOLTAGE NOISE GENERATOR*** 

VN1 101 0 2V 

VN2 0 102 2V 

DN1 101 103 D1 

DN2 103 102 D1 

.MODEL D1 D(KF=4E-15 RS=580) 

****CURRENT NOISE GENERATOR + IN**** 

VN3 104 0 2V 

VN4 0 105 2V 

DN3 104 106 D2 

DN4 106 105 D2 

****CURRENT NOISE GENERATOR - IN**** 

VN5 107 0 2V 

VN6 0 108 2V 

DN5 107 109 D2 

DN6 109 108 D2 

.MODEL D2 D(KF=3.1E-16 RS=300) 

* 

***************SECOND STAGE****************** 

IS 99 50 .5m 

*         SETS IS ^ 

****OUTPUT VOLTAGE LIMITING**** 

V2 99 11 1.7 

D1 12 11 DX 

D2 10 12 DX 

V3 10 50 1.7 

****LEVEL TRANSLATION **** 

EH 99 98 99 50 0.5 

****GAIN, 1ST POLE**** 

G3 98 12 5 6 29.3E-3 

*1ST POLE 21HZ,AVOL 1E6 

G4 12 98 12 98 29.3E-9 

C3 98 12 195E-12 

* 

**************FREQUENCY SHAPING STAGES******** 

* 

****POLE STAGE**** 

G5 98 15 12 98 1E-3 

G6 98 15 98 15 1E-3 

D13 50 15 DX 

*R5 98 15 1E3 

C5 98 15 2.45E-12 

*                  ^ POLE AT 65MEGHZ 

****DELAY STAGE**** 

ED 16 98 15 98 1 

RD1 16 17 20 

RD2 17 18 20 

RD3 18 19 20 

CD1 17 98 18PF 

CD2 18 98 18PF 

CD3 19 98 18PF 

****COMMON-MODE STAGE**** 

G11 98 30 4 98 316E-12 

G13 30 98 30 98 1E-3 

D11 50 30 DX 

* 

*******************OUTPUT STAGE**************** 

F6 99 50 VA7 1 

F5 99 38 VA8 1 

D9 40 38 DX 

D10 38 99 DX 

VA7 99 40 0 

**************** 

G12 98 32 19 98 1E-3 

R15 98 32 1E3 

D3 32 36 DX 

D4 37 32 DX 

V5 35 37 0.3V 

V4 36 35 0.3V 

R16 34 35 30 

E1 99 33 99 32 1 

VA8 33 34 0V 

L 35 96 50P 

R17 96 97 40 

* 

***** MODELS USED ****** 

.MODEL DX D(IS=1E-15) 

.MODEL QX NPN(BF=6.25E4) 

.ENDS 

*////////////// MAX412 MACROMODEL ////////////////// 

*

* connections:          non-inverting input 

*                       |      inverting input 

*                       |      |      positive power-supply 

*                       |      |      |    negative power-supply 

*                       |      |      |      |       output 

*                       |      |      |      |       | 

* NODE CONNECTIONS:     1      2      99     50      97 

*  

.SUBCKT MAX412 1 2 99 50 97 

****************INPUT STAGE********************** 

* 

IOS 2 1 40N 

I1 4 50 2MA 

GIN 2 1 2 1 50E-9 

CIN 1 2 4PF 

G16 0 1 106 0 .87E-3 

G19 0 2 109 0 .87E-3 

****VCCS NOISE INPUT CURRENTS**** 

G1 5 99 5 99 38.5E-3 

G2 6 99 6 99 38.5E-3 

EOS 1 3 POLY(1) 98 30 .12M 1 

*               ^       OFFSET VOLTAGE 

EN 3 9 POLY(1) 103 0 0 1 

Q1 5 2 4 QX 

Q2 6 9 4 QX 

Dsub 50 99 DX 

*Fp2=65MHz, Second Pole 

C4 5 6 23.5PF 

* 

*****************NOISE GENERATORS************** 

* 

***VOLTAGE NOISE GENERATOR*** 

VN1 101 0 2V 

VN2 0 102 2V 

DN1 101 103 D1 

DN2 103 102 D1 

.MODEL D1 D(KF=4E-15 RS=300) 

****CURRENT NOISE GENERATOR + IN**** 

VN3 104 0 2V 

VN4 0 105 2V 

DN3 104 106 D2 

DN4 106 105 D2 

****CURRENT NOISE GENERATOR - IN**** 

VN5 107 0 2V 

VN6 0 108 2V 

DN5 107 109 D2 

DN6 109 108 D2 

.MODEL D2 D(KF=3.1E-16 RS=300) 

* 

***************SECOND STAGE****************** 

IS 99 50 .5m 

*         SETS IS ^ 

****OUTPUT VOLTAGE LIMITING**** 

V2 99 11 1.7 

D1 12 11 DX 

D2 10 12 DX 

V3 10 50 1.7 

****LEVEL TRANSLATION **** 

EH 99 98 99 50 0.5 

****GAIN, 1ST POLE**** 

G3 98 12 5 6 29.3E-3 

*1ST POLE 21HZ,AVOL 1E6 

G4 12 98 12 98 29.3E-9 

C3 98 12 195E-12 

* 

**************FREQUENCY SHAPING STAGES******** 

* 

****POLE STAGE**** 

G5 98 15 12 98 1E-3 

G6 98 15 98 15 1E-3 

D13 50 15 DX 

*R5 98 15 1E3 

C5 98 15 2.45E-12 

*                  ^ POLE AT 65MEGHZ 

****DELAY STAGE**** 

ED 16 98 15 98 1 

RD1 16 17 20 

RD2 17 18 20 

RD3 18 19 20 

CD1 17 98 18PF 

CD2 18 98 18PF 

CD3 19 98 18PF 

****COMMON-MODE STAGE**** 

G11 98 30 4 98 316E-12 

G13 30 98 30 98 1E-3 

D11 50 30 DX 

* 

*******************OUTPUT STAGE**************** 

F6 99 50 VA7 1 

F5 99 38 VA8 1 

D9 40 38 DX 

D10 38 99 DX 

VA7 99 40 0 

**************** 

G12 98 32 19 98 1E-3 

R15 98 32 1E3 

D3 32 36 DX 

D4 37 32 DX 

V5 35 37 0.3V 

V4 36 35 0.3V 

R16 34 35 30 

E1 99 33 99 32 1 

VA8 33 34 0V 

L 35 96 50P 

R17 96 97 40 

* 

***** MODELS USED ****** 

.MODEL DX D(IS=1E-15) 

.MODEL QX NPN(BF=6.25E4) 

.ENDS 

*////////////// MAX412B MACROMODEL ////////////////// 

* 

* connections:          non-inverting input 

*                       |      inverting input 

*                       |      |      positive power-supply 

*                       |      |      |    negative power-supply 

*                       |      |      |      |       output 

*                       |      |      |      |       | 

* NODE CONNECTIONS:     1      2      99     50      97 

*  

.SUBCKT MAX412B 1 2 99 50 97 

****************INPUT STAGE********************** 

* 

IOS 2 1 40N 

I1 4 50 2MA 

GIN 2 1 2 1 50E-9 

CIN 1 2 4PF 

G16 0 1 106 0 .87E-3 

G19 0 2 109 0 .87E-3 

****VCCS NOISE INPUT CURRENTS**** 

G1 5 99 5 99 38.5E-3 

G2 6 99 6 99 38.5E-3 

EOS 1 3 POLY(1) 98 30 .12M 1 

*               ^       OFFSET VOLTAGE 

EN 3 9 POLY(1) 103 0 0 1 

Q1 5 2 4 QX 

Q2 6 9 4 QX 

Dsub 50 99 DX 

*Fp2=65MHz, Second Pole 

C4 5 6 23.5PF 

* 

*****************NOISE GENERATORS************** 

* 

***VOLTAGE NOISE GENERATOR*** 

VN1 101 0 2V 

VN2 0 102 2V 

DN1 101 103 D1 

DN2 103 102 D1 

.MODEL D1 D(KF=4E-15 RS=580) 

****CURRENT NOISE GENERATOR + IN**** 

VN3 104 0 2V 

VN4 0 105 2V 

DN3 104 106 D2 

DN4 106 105 D2 

****CURRENT NOISE GENERATOR - IN**** 

VN5 107 0 2V 

VN6 0 108 2V 

DN5 107 109 D2 

DN6 109 108 D2 

.MODEL D2 D(KF=3.1E-16 RS=300) 

* 

***************SECOND STAGE****************** 

IS 99 50 .5m 

*         SETS IS ^ 

****OUTPUT VOLTAGE LIMITING**** 

V2 99 11 1.7 

D1 12 11 DX 

D2 10 12 DX 

V3 10 50 1.7 

****LEVEL TRANSLATION **** 

EH 99 98 99 50 0.5 

****GAIN, 1ST POLE**** 

G3 98 12 5 6 29.3E-3 

*1ST POLE 21HZ,AVOL 1E6 

G4 12 98 12 98 29.3E-9 

C3 98 12 195E-12 

* 

**************FREQUENCY SHAPING STAGES******** 

* 

****POLE STAGE**** 

G5 98 15 12 98 1E-3 

G6 98 15 98 15 1E-3 

D13 50 15 DX 

*R5 98 15 1E3 

C5 98 15 2.45E-12 

*                  ^ POLE AT 65MEGHZ 

****DELAY STAGE**** 

ED 16 98 15 98 1 

RD1 16 17 20 

RD2 17 18 20 

RD3 18 19 20 

CD1 17 98 18PF 

CD2 18 98 18PF 

CD3 19 98 18PF 

****COMMON-MODE STAGE**** 

G11 98 30 4 98 316E-12 

G13 30 98 30 98 1E-3 

D11 50 30 DX 

* 

*******************OUTPUT STAGE**************** 

F6 99 50 VA7 1 

F5 99 38 VA8 1 

D9 40 38 DX 

D10 38 99 DX 

VA7 99 40 0 

**************** 

G12 98 32 19 98 1E-3 

R15 98 32 1E3 

D3 32 36 DX 

D4 37 32 DX 

V5 35 37 0.3V 

V4 36 35 0.3V 

R16 34 35 30 

E1 99 33 99 32 1 

VA8 33 34 0V 

L 35 96 50P 

R17 96 97 40 

* 

***** MODELS USED ****** 

.MODEL DX D(IS=1E-15) 

.MODEL QX NPN(BF=6.25E4) 

.ENDS 

*////////////// MAX414 MACROMODEL ////////////////// 

* 

* connections:          non-inverting input 

*                       |      inverting input 

*                       |      |      positive power-supply 

*                       |      |      |    negative power-supply 

*                       |      |      |      |       output 

*                       |      |      |      |       | 

* NODE CONNECTIONS:     1      2      99     50      97 

* 

.SUBCKT MAX414 1 2  99 50 97 

****************INPUT STAGE********************** 

* 

IOS 2 1 40N 

I1 4 50 2MA 

GIN 2 1 2 1 50E-9 

CIN 1 2 4PF 

G16 0 1 106 0 .87E-3 

G19 0 2 109 0 .87E-3 

****VCCS NOISE INPUT CURRENTS**** 

G1 5 99 5 99 38.5E-3 

G2 6 99 6 99 38.5E-3 

EOS 1 3 POLY(1) 98 30 .15M 1 

*               ^       OFFSET VOLTAGE 

EN 3 9 POLY(1) 103 0 0 1 

Q1 5 2 4 QX 

Q2 6 9 4 QX 

Dsub 50 99 DX 

*Fp2=65MHz, Second Pole 

C4 5 6 23.5PF 

* 

*****************NOISE GENERATORS************** 

* 

***VOLTAGE NOISE GENERATOR*** 

VN1 101 0 2V 

VN2 0 102 2V 

DN1 101 103 D1 

DN2 103 102 D1 

.MODEL D1 D(KF=4E-15 RS=300) 

****CURRENT NOISE GENERATOR + IN**** 

VN3 104 0 2V 

VN4 0 105 2V 

DN3 104 106 D2 

DN4 106 105 D2 

****CURRENT NOISE GENERATOR - IN**** 

VN5 107 0 2V 

VN6 0 108 2V 

DN5 107 109 D2 

DN6 109 108 D2 

.MODEL D2 D(KF=3.1E-16 RS=300) 

* 

***************SECOND STAGE****************** 

IS 99 50 .5m 

*         SETS IS ^ 

****OUTPUT VOLTAGE LIMITING**** 

V2 99 11 1.7 

D1 12 11 DX 

D2 10 12 DX 

V3 10 50 1.7 

****LEVEL TRANSLATION **** 

EH 99 98 99 50 0.5 

****GAIN, 1ST POLE**** 

G3 98 12 5 6 29.3E-3 

*1ST POLE 21HZ,AVOL 1E6 

G4 12 98 12 98 29.3E-9 

C3 98 12 195E-12 

* 

**************FREQUENCY SHAPING STAGES******** 

* 

****POLE STAGE**** 

G5 98 15 12 98 1E-3 

G6 98 15 98 15 1E-3 

D13 50 15 DX 

*R5 98 15 1E3 

C5 98 15 2.45E-12 

*                  ^ POLE AT 65MEGHZ 

****DELAY STAGE**** 

ED 16 98 15 98 1 

RD1 16 17 20 

RD2 17 18 20 

RD3 18 19 20 

CD1 17 98 18PF 

CD2 18 98 18PF 

CD3 19 98 18PF 

****COMMON-MODE STAGE**** 

G11 98 30 4 98 316E-12 

G13 30 98 30 98 1E-3 

D11 50 30 DX 

* 

*******************OUTPUT STAGE**************** 

F6 99 50 VA7 1 

F5 99 38 VA8 1 

D9 40 38 DX 

D10 38 99 DX 

VA7 99 40 0 

**************** 

G12 98 32 19 98 1E-3 

R15 98 32 1E3 

D3 32 36 DX 

D4 37 32 DX 

V5 35 37 0.3V 

V4 36 35 0.3V 

R16 34 35 30 

E1 99 33 99 32 1 

VA8 33 34 0V 

L 35 96 50P 

R17 96 97 40 

* 

***** MODELS USED ****** 

.MODEL DX D(IS=1E-15) 

.MODEL QX NPN(BF=6.25E4) 

.ENDS 

*////////////// MAX414B MACROMODEL ////////////////// 

* 

* connections:          non-inverting input 

*                       |      inverting input 

*                       |      |      positive power-supply 

*                       |      |      |    negative power-supply 

*                       |      |      |      |       output 

*                       |      |      |      |       | 

* NODE CONNECTIONS:     1      2      99     50      97 

* 

.SUBCKT MAX414B 1 2  99 50 97 

****************INPUT STAGE********************** 

* 

IOS 2 1 40N 

I1 4 50 2MA 

GIN 2 1 2 1 50E-9 

CIN 1 2 4PF 

G16 0 1 106 0 .87E-3 

G19 0 2 109 0 .87E-3 

****VCCS NOISE INPUT CURRENTS**** 

G1 5 99 5 99 38.5E-3 

G2 6 99 6 99 38.5E-3 

EOS 1 3 POLY(1) 98 30 .15M 1 

*               ^       OFFSET VOLTAGE 

EN 3 9 POLY(1) 103 0 0 1 

Q1 5 2 4 QX 

Q2 6 9 4 QX 

Dsub 50 99 DX 

*Fp2=65MHz, Second Pole 

C4 5 6 23.5PF 

* 

*****************NOISE GENERATORS************** 

* 

***VOLTAGE NOISE GENERATOR*** 

VN1 101 0 2V 

VN2 0 102 2V 

DN1 101 103 D1 

DN2 103 102 D1 

.MODEL D1 D(KF=4E-15 RS=580) 

****CURRENT NOISE GENERATOR + IN**** 

VN3 104 0 2V 

VN4 0 105 2V 

DN3 104 106 D2 

DN4 106 105 D2 

****CURRENT NOISE GENERATOR - IN**** 

VN5 107 0 2V 

VN6 0 108 2V 

DN5 107 109 D2 

DN6 109 108 D2 

.MODEL D2 D(KF=3.1E-16 RS=300) 

* 

***************SECOND STAGE****************** 

IS 99 50 .5m 

*         SETS IS ^ 

****OUTPUT VOLTAGE LIMITING**** 

V2 99 11 1.7 

D1 12 11 DX 

D2 10 12 DX 

V3 10 50 1.7 

****LEVEL TRANSLATION **** 

EH 99 98 99 50 0.5 

****GAIN, 1ST POLE**** 

G3 98 12 5 6 29.3E-3 

*1ST POLE 21HZ,AVOL 1E6 

G4 12 98 12 98 29.3E-9 

C3 98 12 195E-12 

* 

**************FREQUENCY SHAPING STAGES******** 

* 

****POLE STAGE**** 

G5 98 15 12 98 1E-3 

G6 98 15 98 15 1E-3 

D13 50 15 DX 

*R5 98 15 1E3 

C5 98 15 2.45E-12 

*                  ^ POLE AT 65MEGHZ 

****DELAY STAGE**** 

ED 16 98 15 98 1 

RD1 16 17 20 

RD2 17 18 20 

RD3 18 19 20 

CD1 17 98 18PF 

CD2 18 98 18PF 

CD3 19 98 18PF 

****COMMON-MODE STAGE**** 

G11 98 30 4 98 316E-12 

G13 30 98 30 98 1E-3 

D11 50 30 DX 

* 

*******************OUTPUT STAGE**************** 

F6 99 50 VA7 1 

F5 99 38 VA8 1 

D9 40 38 DX 

D10 38 99 DX 

VA7 99 40 0 

**************** 

G12 98 32 19 98 1E-3 

R15 98 32 1E3 

D3 32 36 DX 

D4 37 32 DX 

V5 35 37 0.3V 

V4 36 35 0.3V 

R16 34 35 30 

E1 99 33 99 32 1 

VA8 33 34 0V 

L 35 96 50P 

R17 96 97 40 

* 

***** MODELS USED ****** 

.MODEL DX D(IS=1E-15) 

.MODEL QX NPN(BF=6.25E4) 

.ENDS 

MATLAB code for op amp clipping modeling

clear all, 
close all, 
clc
Fs=10000; %[Hz] given in assignment
freq=100;
t=0:1/Fs:.1;
%sqwave=10*square(2*pi*freq*t);
snwave=10*sin(2*pi*freq*t);
sqwave=5+snwave;
for i=1:numel(sqwave)
if sqwave(i)>10
    sqwave(i)=10;
end
end
LastTDSample=t(end);
TDgraphMin=-11;
TDgraphMax=11;
%N=length(clean); % number of samples
N = 2.^nextpow2(length(sqwave));
%% Display time-domain waveforms
stopplot=201;
figure, 
subplot(2,1,1),plot(t(1:stopplot),sqwave(1:stopplot))
title('\fontsize{12}Clipped waveform')
xlabel('Time [sec]'), ylabel('Amplitude [V]')
axis([0 t(stopplot) TDgraphMin TDgraphMax])
grid on
subplot(2,1,2),plot(t(1:stopplot),snwave(1:stopplot))
title('\fontsize{12}Unclipped waveform')
xlabel('Time [sec]'), ylabel('Amplitude [V]')
axis([0 t(stopplot) TDgraphMin TDgraphMax])
grid on
%% Window data
wind=hanning(numel(snwave)).';
snwave=wind.*snwave;
sqwave=wind.*sqwave;
%======================================================================
%% FFT
%get frequency spectrum
titleMag1='\fontsize{12}Magnitude spectrum of clipped sinusoid';
titleMag2='\fontsize{12}Magnitude spectrum of UNclipped sinusoid';
[RawSqFFT RawSnFFT] =  mydBfft(sqwave,snwave,N,Fs,titleMag1,titleMag2);
%======================================================================
function [RawFFT1 RawFFT2]=  mydBfft(TDsamples1,TDsamples2,FFTsize,Fs,title1,title2)
if FFTsize<length(TDsamples1); % must be at least as large as # of time-domain samples
    error('FFT length must be >= to number of time domain samples')
elseif FFTsize<length(TDsamples2)
    error('FFT length must be >= to number of time domain samples')
end
T = FFTsize ./ Fs;
k(1:FFTsize)=-FFTsize/2:FFTsize/2-1; 

freqAxis=k(1:FFTsize) ./ T;
RawFFT1=fft(TDsamples1,FFTsize);
ShiftedFFT1=fftshift(RawFFT1) 
MagFFT1=abs(ShiftedFFT1);
%========

RawFFT2=fft(TDsamples2,FFTsize);
ShiftedFFT2=fftshift(RawFFT2); 
MagFFT2=abs(ShiftedFFT2);
figure 
subplot(2,1,1)
plot(freqAxis(1:FFTsize),20*log10(MagFFT1))
xlabel('Freq [Hz]'), ylabel('dB relative')
title(title1)
axis([0 Fs/10 0 80]) 
grid on
subplot(2,1,2)
plot(freqAxis(1:FFTsize),20*log10(MagFFT2))
xlabel('Freq [Hz]'), ylabel('dB relative')
title(title2)
axis([0 Fs/10 0 80]) 
grid on
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