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Abstract 
 The Multifunction Phased Array Radar (MPAR) project at Lincoln Laboratory is 

currently in its pre-prototype hardware design phase. Delivery of the first radar panel is expected 

in spring 2009 and therefore methods of testing the panel functionality are now being developed. 

A FPGA based evaluation board will be controlled with LabVIEW software to test this front end 

hardware of the radar. However, the output specifications of the FPGA do not match the input 

specifications of the radar panel, and the need for an interface becomes apparent. The focus of 

this project was to develop an interface board which facilitates the communication of digital 

signals between the FPGA and the radar panel. The interface board developed in this project has 

the responsibility of terminating and level shifting the digital signals at the input, buffering each 

of the outputs, and fanning-out a number of the digital signals. 

 To test the functionality of the design, a Printed Circuit Board (PCB) was developed from 

the design schematics. Hardware tests on this PCB showed that the interface board was 

successful at level shifting and fell within the differential propagation time constraints. However, 

the tests also concluded that there exists too much ringing on the output waveforms for the 

signals to be usable under MPAR. Suggestions are provided to correct this issue. 

 Speculating into the future of the MPAR project, the panel testing system will be 

replaced with a FPGA control by the phased array radars main computer. The integration of this 

FPGA onto the interface board has been a topic of discussion. A system level diagram has been 

presented showing the essential components required to amalgamate the FGPA and interface 

designs.     
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Executive Summary 

Introduction 
 Lincoln Laboratory, affiliated with Massachusetts Institute of Technology, has been 

involved with the Federal Aviation Administration on a project intending to replace multiple 

currently used civilian radar systems with a single network of next generation phased array 

radars. The project, named Multifunction Phased Array Radar or MPAR, highlights the 

advantages of phased array technology over dish antenna technology, and its ability to perform 

multiple radar functions simultaneously. The project is currently in its pre-prototyping hardware 

design phase with preliminary hardware deliveries planned for spring 2009. 

Phased array radar is made up of multiple faces comprised of many Transmit/Receive 

(T/R) modules, each of which is a directive antenna. The MPAR project predicts the use of 

around twenty-thousand T/R modules per face. Each face will be assembled from panels of 

sixty-four T/R modules. To test the functionality of the radar array, an FPGA based test system is 

being developed to test the sixty-four T/R module panel. Due to manufacturing limitations of the 

T/R modules, an interface board is required to appropriately translate and route control and data 

signals from the test-bed FPGA and potentially any upstream hardware to the radar panel. The 

design of the interface board is the project discussed in this report.  

The interface board will be implemented for use with a single radar panel, however to 

design and test the interface board a second design was implemented for a single T/R module. 

This approach shows the scalable modularity of phased array, as proving the interface board 

concept for a single T/R module, the module design, would prove the concept for the radar panel, 

the panel design, as well. To prove the concept of the single T/R module interface board design, 

the schematic design was developed into a PCB and tested under various conditions.        
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Hardware Design 
 The specifications for the radar panel are not explicitly known, as the overall radar design 

is still evolving. However, requirements were provided to begin the design process. The interface 

board will accept multiple 20MHz digital signals (data and control lines) from the output of the 

upstream FPGA over a cable, which needs to be terminated. These digital TTL logic based signal 

need to be level shifted on the interface board to comply with the digital voltage levels of the T/R 

modules. Also, each control signal needs to be fanned-out to eight individual lines and all of the 

signals require the use of a buffer to provide current to be able to drive the output through 

another cable. The last requirement was a differential propagation time of 50ns through the 

various paths of the interface board.  

 

  

 The design was broken down into three separate functional blocks; the first of which is 

termination. The length of the cable connecting the FPGA to the interface board was projected at 

being somewhere between one and three meters in length. To prevent reflections in the cable, 

which ultimately degrade signal quality, a Thevenin termination was included on the interface 

board to match the cable’s characteristic impedance of 90Ω . The two resistor approach, 

accounting for real impedance only, was realized with network resistors to save space on the 

PCB; each input requires a pair of the resistors. The network resistor values selected for 

termination are Ω= 2201R  and Ω= 1502R . 

 The T/R modules utilize shifted digital logic voltage levels. The FPGA outputs digital 

signals at 0V and +5V, logical 0 and 1 respectively. The T/R modules utilize -5V and 0V. To 

Termination Level Shift Fan-out / Buffer FPGA 
Input 

Output 
to array 

Figure 1: The Approach to the Design of the Interface Board.
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translate the voltage levels, a quad-channel level shifting IC was selected. Designated SWD-119, 

this surface mount device is efficient at providing the required functionality; however, it fails at 

providing enough current at its output, requiring the use of buffers at the next functional block.  

 The panel design requires that each of its input control lines be fanned-out to eight 

individual lines on the output. The current needed to drive each signal to the T/R module was not 

explicitly specified during the design, but rather a broad range of 5mA -25mA; therefore an octal 

buffer with a high output current drive was selected. The SN74ABT244A octal buffer provides 

64mA and -32mA, during low and high states respectively. Using the octal buffer provides an 

efficient way to fan-out the control lines, while keeping the layout of the design simple. 

Hardware Realization and Testing 
 Multisim was used to develop the schematic deliverables. The schematic, for the single 

T/R module design, was imported into Ultiboard to create a PCB layout, which can be observed 

as a 3-D model in Figure 2. Tests included variable input frequencies, two separate output 

locations from the PCB, variable output cable lengths, and evaluation sof differential propagation 

delay output cable termination. 

 

Figure 2: 3-D Representation of the Module PCB Design 
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Results 
 Schematics for both the module and panel design were developed. The testing produced a 

number of images taken directly from the oscilloscope showing the behavior of the output 

waveform under a variety of different configurations. From these oscilloscope images, 

conclusions were drawn about the interface board module design.   

Discussion 
 From the oscilloscope images, the level shifting functionality of the SWD-119 IC was 

proved valid. However the output of the IC shows an unexpected inversion. The IC which was 

provided is a new revision of the SWD-119, which exhibits an inverted behavior from the truth 

table in the current SWD-119 datasheet. Also, the differential propagation delay, seen on the 

output of multiple traces, was far within specification. 

 The output of the interface board, a 20MHz square wave driving a three meter terminated 

cable, proves that the design of the interface board needs to be improved to be a valid design for 

MPAR. The output of a 1MHz signal through the interface board shows a ringing of 200ns in 

duration and 1V in amplitude. This ringing is the main cause for severe distortion of the 20MHz 

output signal.  

 Four methods have been proposed as revisions to the interface design, which would help 

reduce the output ringing. The first involves redesigning the PCB, using shorter traces and wider 

traces could improve signal integrity. The second considers the termination of the output signal, 

suggesting the use of different techniques to account for complex impedances. The third 

proposed method was researching into a better IC buffer, which may help reduce the output 

ringing directly, as the output of the SWD-119 IC shows. Finally, minimizing output cable 

length and quality would greatly increase signal integrity. 
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Future Development 
 The FPGA based test-bed will remain in place of the beam steering subsystem during all 

preliminary hardware tests. However, looking into the future, the beam steering subsystem will 

be comprised of a FPGA as well. A system level investigation into the necessary steps needed to 

integrate the FPGA onto the interface board was completed. 

 

 
Figure 3: System Level Block Diagram of the Necessary Components to Isolate a FPGA 

The block diagram above shows all necessary components for FPGA operation specified by the MPAR 
project. The interactions of the components are designated by arrows.  

  

 This exercise required the extraction of information from various source including 

presentation slides, datasheets and even other Lincoln Laboratory staff. As it turns out, another 

group at Lincoln Laboratory has already taken the steps required to develop a FPGA based 

system, and offers a semi-customizable hardware solution utilizing the barebones essentials 

needed to operate the FPGA. The effort of researching into the required essentials to operate an 

FPGA yielded a system level block diagram of the necessary components, shown in Figure 3. In 

conclusion, to integrate the FPGA onto the interface board would require only a handful of extra 

components and would greatly reduce the amount of overhead hardware.  

DDR2-RAM 

Voltage 
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ROM 
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Output 
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1.0 – Introduction  
 In the past few years at Lincoln Laboratory, a research laboratory affiliated with the 

Massachusetts Institute of Technology, there has been a Federal Aviation Administration (FAA) 

sponsored project known as Multifunction Phased Array Radar (MPAR). This project highlights 

developing a new radar platform using phased array technology to perform multiple existing 

radar functions such as the monitoring of aircraft traffic and weather sensing. The idea is to 

replace the aging civilian radar networks currently deployed around the country with a single 

state-of-the-art network.  

 In the past, phased array radars have been too expensive for civilian use and therefore 

have only been used in military applications. For the MPAR to be an economically feasible 

alternative, it must be built at a dramatically lower cost than today’s military phased array 

systems. Work completed at Lincoln Laboratory shows that this may indeed be possible. The 

MPAR project is currently in its pre-prototype hardware design phase with a delivery of the RF 

front end panel planned for spring 2009. 

Our project targets preliminary development of the communication to the front end 

hardware of the radar array, the Transmit/Receive (T/R) module. The MPAR will utilize 20,000 

T/R modules in an array, all of which will be controlled by a beam steering subsystem. Due to 

manufacturing limitations, the radar array utilizes different hardware logic voltages than the 

upstream hardware. Our project is to design an interface board, placed directly between the 

subsystem and the radar array, see Figure 4, which will translate and fan-out control signals sent 

by the beam steering subsystem. 
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Figure 4: Block Diagram of Where the Interface Board is Physically Located 
The interface board in this design will be situated between the beam steering subsystem and the front-end of 

the radar hardware.  
 

In early hardware tests the prototyping array will utilize only 64 T/R modules and a 

National Instruments (NI) PXI-7851R Multifunction DAQ, which employs a Xilinx Virtex-5 

LX30 FPGA, will take the place of the beam steering subsystem. The FPGA will be controlled 

with LabVIEW and will connect to the interface board using standardized VHDCI connectors. 

The interface board being developed in this project will, at first, be used for testing of the 64 T/R 

module array.   

 

Figure 5: Early Testing Setup  
During the early prototyping stages, the beam steering subsystem is replaced with a NI PXI-7851R Virtex-5 

LX30 FPGA which will be control using LabVIEW software. 
 

The interface board will have a large number of inputs and outputs to be able to control 

each of the 64 T/R modules independently. To design the interface board within the nine weeks 

of allotted time, the design and testing of a hardware interface board developed for an individual 

T/R module will be completed first. Once it is found that the design is effective and it resolves 

all communication problems, a design will be developed which will encompass all I/Os. 
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After the prototyping array’s functionality is verified, the beam steering subsystem will 

replace LabVIEW and the PXI-7851R, the testing hardware. The beam steering subsystem has 

been determined to be kept a FPGA based system; however Lincoln Laboratory wants to reduce 

the amount of overhead hardware needed to use the FPGA. Therefore, the FPGA will be 

integrated onto the interface board. A system level block diagram has been developed to show 

the essential components needed to utilize the Xilinx Virtex-5 LX30 FPGA on the interface 

board. 

There are four goals which have been agreed upon to be deliverables by the end of the 

project. The first is a schematic design of the interface board for a single T/R module. The 

second is a hardware interface board developed by the schematics of the single T/R module 

design; accompanying the hardware will be test data which evaluates the functionality of the 

design. The third is a schematic design of the interface board which will be used to control the 64 

T/R modules of the prototype radar array. The last deliverable is a system level block diagram 

presenting the essential hardware component s needed to integrate the FPGA onto the interface 

board in design. This design will be used by Lincoln Laboratory to test preliminary radar 

hardware. 
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2.0 – Background / Literature Review 

2.1 – History 
 

Knowledge about the electromagnetic spectrum was extremely limited before the late 

1800’s. Heinrich Hertz, a German physicist, between 1886 and 1890 pioneered research in the 

field of electromagnetism and was the first person to demonstrate the generation and detection of 

radio waves. Hertz continued his scientific research in the UHF and VHF portions of the 

spectrum, never pursuing possible applications of his work [Bryant, 1994, p.1]. However, 

Hertz’s research did inspire others to develop uses for the electromagnetic spectrum early on, 

such as wireless telegraphy, diathermy, radio communications and broadcasting, and radio 

direction finding [Bryant, 1994, p.3]. 

 The first individual to submit a patent describing a radar-type device was a German 

engineer named Christian Hulsmeyer. The patent was submitted to the British patent office June 

10, 1904 and was titled, “Hertzian-wave projecting and receiving apparatus adapted to indicate 

or give warning of the presence of a metallic body, such as a ship or train, in the line of such 

waves [Burns, 1988, p.2].” The research for this device, performed in Dussledorf, Germany, led 

to a less than ideal product; however, it was able to detect targets at roughly 3000m. [Burns, 

1988, p.6] 

 The development of radar was quite during the early 1900’s. It wasn’t until the 1930’s, 

when political stress began mounting in Europe, that the need for radar became more apparent. 

The Committee for the Scientific Study of Air Defense was formed in Great Britain in 1934 and 

the National Defense Research Committee (NDRC), later to be renamed the Office of Scientific 

Research and Development (OSRD), was formed in the United States in 1940 to consider how 

scientific and technological advances could be used to change warfare. By the mid 1930’s the 
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development of basic radar was already in progress by several countries; of these countries, the 

United States, the United Kingdom, and Germany had major technological and operational 

impact. [Bryant, 1994, p.3] 

 In the early 1930’s, the United States was underfunded for radar research, as there was a 

lack of communication within the higher levels of government. However, during the mid-1930’s 

research had begun on developing pulsed radar, where pulses of electromagnetic energy are 

transmitted and received. This research took place at two separate facilities in the United States, 

the Naval Research Laboratory (NRL) in Washington, D.C. and in Signal Corps’ laboratory in 

Fort Monmouth, New Jersey [Bryant, 1994, p.5]. In the second half of the decade, United States 

research provided three technological developments which extended the usable portion of the 

electromagnetic spectrum; these were, “…the resonant cavity circuit, the klystron electron tube, 

and coaxial and waveguide transmission lines and components” [Bryant, 1994, p.4]. 

 During 1940, Great Britain required more engineering and manufacturing resources to 

effectively further the research and development of their radar program. [Bryant 7].Therefore, 

the British Scientific Mission to the United States and Canada was developed and held. During 

this conference, Great Britain transplanted their radar development program to the United States. 

Schematics, equipment, operation manuals, and new research results were brought over by Great 

Britain in hopes of the Unites States and Canada helping with their war effort. In direct response 

to this conference, the Massachusetts Institute of Technology (MIT) Radiation Laboratory was 

created to help further the advancement of radar. [Bryant 9]  

 By mid-1940, American industries were converting and expanding to supply Great 

Britain with wartime supplies. Radar had evolved into many applications during WWII such as, 

“…waning, gun laying, airborne interception (AI), ground control of intercept (GCI), air to 
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surface vessel (ASV), ground control of approach (GCA), blind bombing, navigation, fire-

control, and weather monitoring” [Bryant 9].When WWII ended, there was a buildup of wartime 

resources; an oversized labor force, reinforced with strong industrial resources, was met with a 

large demand for new consumer products and commercial exploitations of the new technologies. 

These factors marked the beginning of many civilian based radar applications. [Bryant 13] 

 In the U.S., the OSRD shut down and closed its laboratories, and most of its scientists 

returned to universities. There was major funding to these universities which led to the U.S. 

becoming the leader in scientific research. The abundant funding led to the founding of 

laboratories patterned after the MIT Radiation Laboratory, which include Lincoln Labs, labs at 

Columbia, Caltech, and the Universities of Michigan and Illinois. [Bryant, 1994, p.13] 

 During the 1950’s, radar experienced a complete overhaul. A second generation of radar 

was in development, employing new technologies made possible by the engineering and 

scientific advances of the previous decade. These new technologies, including the transistor, 

digital computer and advances in circuit manufacturing, led to lighter, smaller and more energy 

efficient electronics. [Bryant 14] 

 Radar can be categorized into three generations. The first generation was limited to 

obtaining information about its target’s position. Range was found by measuring the time of 

travel for a transmitted pulse, and direction was determined from the angular direction of the 

antenna. The second generation of radars, the types developed in the 1950’s, utilize both signal 

amplitude and phase of the received pulses to increase resolution while maintaining moderate 

pulse length and peak transmitted power. These analog radar systems can locate remote objects, 

and detect and measure motion, allowing the tracking of objects and the ability to distinguish 
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targets from severe background clutter, the reflections of nearby trees and buildings which can 

falsify readings.  [Bryant 15]  

 The third generation of radar systems came about during the 1960’s when analog systems 

began evolving toward digital systems. Upgrading to digital systems meant reduced costs and 

maintenance. Digital systems also provided, “Mathematical enhancement of weak or cluttered 

signals [enabling] better detection and tracking abilities” [Bryant, 17].      
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2.2 – Current Types of Radar  
  The current civilian radar systems in place around the country are diverse. There are 

primarily four types of radar systems, each with their own function. Working together, these 

systems provide information about weather and aircraft across the entire country.  

 
 Next-Generation Weather Radar (NEXRAD), or the WSR-88D, was designed in the 

1980’s by Unisys Corp, under the direction of the National Severe Storms Laboratory [Weber et 

al 2007]. This weather sensing system was designed for use by the National Weather Service 

(NWS), the Department of Defense (DoD), and the Federal Aviation Administration (FAA) for 

general meteorological use. NEXRAD was considered a significant upgrade to the WSR-57 and 

WSR-74 radars it replaced which provided limited information about the weather [Rinehart 184]. 

With 156 systems spread out in a gridded fashion around the country today, NEXRAD boast 

impressive nationwide coverage and is accessible by, “… essentially all operational weather 

personnel dealing with public and aviation weather services [Weber et al 2007].” 

 Terminal Doppler Weather Radar (TDWR) was developed as a supplemental system for 

sensing weather in the vicinity of airport terminals. The FAA realized the need for this additional 

Table 1: Currently Used Civilian Radar Systems  
There are currently four types of civilian radar in use around the country. Next-Generation Weather Radar or 

NEXRAD is used for national scale weather surveillance, assisting the Terminal Doppler Weather Radar 
(TDWR) which monitors weather in and around airport terminal areas. The Air Route Surveillance Radar 
(ARSR) provides national scale aircraft surveillance, assisting the Airport Surveillance Radar (ASR) which 

monitors approaching aircraft near airports.   

Radar Type Primary Function Model Names Number in Use 

NEXRAD National Weather WSR-88D 156 

TWDR Terminal Weather TDWR 45 

ARSR National Aircraft Surveillance ARSR-4, ARSR-1, ARSR-2 101 

ASR Terminal Aircraft Surveillance ASR-9, ASR-11 233 
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radar system after numerous aircraft accidents occurred in airport terminal areas in the late 

1980’s. TDWR was manufactured by Raytheon under strict specifications from the FAA, 

Lincoln Laboratory and the National Center for Atmospheric Research [Weber et al 2007].  

There are many benefits to using TDWR around airports. The radar employs advanced filtering 

algorithms which significantly reduce ground clutter, providing more accurate forecasting and 

current weather information. TDWR also recognizes microbursts, invisible strong gusts of wind 

which make taking off and landing dangerous [Rinehart p.185-186]. After deployment in 1993, 

TDWR became popular among major airport terminals. Currently there are forty-five in use by 

Air Traffic Control (ATC) around the country.     

Air Route Surveillance Radar (ARSR), most currently the ARSR-4, provides national-

scale aircraft surveillance. The coverage is accomplished with a grid of 101 ARSR located 

around the country. The ARSR-1 and ARSR-2, which are currently in use, date back to the 

1960s and require constant maintenance. The Department of Defense (DoD) and Department of 

Homeland Security (DHS) recently assumed control of updating these systems to the ARSR-4.  

Airport Surveillance Radar (ASR), currently with models ASR-9 and ASR-11, are 

located at 233 different airports. ASR provides ATC with information about approaching 

aircraft, allowing ATC to appropriately schedule landings and takeoffs. Thirty-four of the ASR-9 

systems across the country also assist in weather forecasting and provide information about wind 

shear and near-future storm locations. These systems are remotely operated by the United States 

Government, providing the information to ATC for the above stated purposes. 
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2.3 – How Radar Works 
Radar, as it exists today, is divided between two physical designs; dish radar and phased 

array radar. In this section, information about how both of these systems work will be presented 

so as to provide a background of current and future radar technologies. 

2.3.1 – Radar as a System 
Figure 6 below shows the basic idea of how radar operates. The antenna propagates 

electromagnetic energy in the form of pulses out from the reflector in a beam pattern. These 

waves propagate through the atmosphere indefinitely. Most of the energy is scattered by 

atmospheric impurities, however a very small amount is reflected directly back to the antenna 

from the target of interest, weather or aircraft. These echoes relay information about target size, 

location, speed, direction, and in some cases advanced images of the aircraft. Primary radar 

systems operate as mentioned above, without an active response from the target. Secondary radar 

systems also exist; requiring the target to respond to a radar pulse using a transponder. The 

transponder facilitates the radar in detecting the target by increasing effective detection range. 

The transponder replies with its own coded electromagnetic pulses, providing more energy at the 

radar than would be received by an echo. The MPAR project deals with primary radar only. 

 

Figure 6: How Radar Works [Noiseux, 2006] 
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2.3.2 – Dish Radar 
 Dish radar is composed of a transmitter, an antenna, a Transmit/Receive switch, receiver, 

a signal processor, main computer and a display. The following paragraphs will explain each of 

these components in detail. Figure 7 is a simplified block diagram of a basic dish radar system. 

 

Figure 7: Radar Subsystems  
There are many subsystems which give dish, and phased array, radar their functionality, although the only 

piece which can be seen is usually the antenna. [Noiseux, 2006] 
 

On the transmission side of the radar system there is a waveform generator and a 

transmitter. The waveform generator is used to create the pulses which will be sent out from the 

radar, but at a much lower power level. It is the transmitter which amplifies these pulses, 

providing the energy needed to propagate the pulses through the atmosphere. The transmitter is 

the source of electromagnetic radiation radiated by the radar. Over the course of radar’s history, 

several kinds have been developed. The most notable are the magnetron, the Klystron and solid-

state transmitters [Rinehart 12].  

The antenna includes the reflector, or dish, and feedhorn. The electromagnetic energy is 

fed from the feedhorn into the reflector. The reflector is used to direct the propagation of the 

electromagnetic energy from the radar, in the form of a beam, into the desired location in the sky. 
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A dish antenna requires mechanical movement to change the pointing direction of the antenna. 

The sky is referenced as elevation-azimuth space, where elevation is the angle from the horizon 

to the radar direction and azimuth is the angle left or right from a reference direction. The 

reflector also can be used on the receiving end as a collector. Radars which use the antenna for 

both transmitting and receiving are called monostatic, as drawn in Figure 7 above [Rinehart 7].  

One important characteristic of the antenna is the antenna gain, which quantifies how 

much the antenna concentrates the radar beam in the specified direction. As antenna gain 

increases, the main lobe beam becomes smaller in diameter, and as a result the angular resolution 

increases [Rinehart 14]. The size and shape of the antenna directly influence the antenna gain, 

with its equation given as: 

2

4
λ
π eAG ∗

=   Equation 1 

 
where eA = effective area of the antenna and λ = wavelength of the propagated electromagnetic 

energy [Kingsley 9]. Therefore, the antenna gain increases linearly as the area of the antenna 

increases. Different shaped antennas also provide different areas and therefore different antenna 

gains.  

 One of the most important modules of monostatic radar is the Transmit/Receive (T/R) 

switch. This switch is synchronized with the transmitting of the high energy outputs and 

receiving low energy inputs. The switch protects the receiver by appropriately isolating the 

receiver input from the transmitter output. Without this piece of hardware, bistatic radar, where 

the transmitter and receiver are two separate antennae, would be more popular [Rinehart 23].  

Once a low level signal is collected, it is passed down to the receiver. The receiver 

detects and amplifies weak signals so that they can be analyzed for pertinent information. 

Receivers used for radar applications are of very high quality as they amplify extremely weak 
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signals and any significant addition of noise would be detrimental to the understanding of the 

information [Rinehart 24]. From the receiver, the signal is passed through to a signal processor.  

The signal processor conditions the signals to be more accurately understood by the main 

computer. Here is where, most notably, ground clutter suppression and Doppler algorithms are 

applied. Ground clutter is the echo, or reflection, of unwanted nearby objects, in relation to the 

radar, such as trees or buildings, which significantly distort received data. Doppler algorithms 

provide information about target line-of-sight velocity.  

As a last step before displaying the information for human interpretation, the main 

computer is in control of detection and tracking. With help from range and Doppler information 

the radar can detect an object and can correctly track its trajectory throughout range-elevation-

azimuth space. These two functions are essential when tracking fast moving targets such as 

aircraft. 

2.3.3 – Phased Array Radars 
Phased array radar was developed shortly after dish radar, and was considered a 

breakthrough in radar technology. Phased array radar is composed of many of the same 

components as used in dish radar. However, what separates the phased array radar from dish 

radar is its antenna. Its beam steering control technique is far superior to the dish radar’s 

mechanical scan strategy. Fundamentally, phased array radar uses a directive antenna, which 

consists of numerous discrete antennas also known as the Transmit/Receive (T/R) elements. 

Thousands of these T/R elements are able to create single or multiple scan beams in any desired 

direction, and more importantly they can change the direction of the beam at a much greater rate 

than dish radar. [Skolnik 559-560] 
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As explained in the previous section, dish radar performs a scan by mechanically moving 

the antenna to change beam direction. The phased array technology allows the beam to be 

steered electronically, thus eliminating any mechanical parts used for steering the radar. Absence 

of the mechanical parts increases the scan speed of the radar, and reduces maintenance costs that 

are related to constant mechanical wear of the dish radars. Phased array radars are able to 

electronically scan because every element in the array is able to transmit and receive individually 

using precisely-controlled time differences or phase variances. The desired effect is to have all of 

the elements’, “… interfere constructively [add] in desired directions, and interfere destructively 

[cancel] in the remaining space. [Evans 2006]” 

 

Figure 8: Phased Array Radar Directional Capability  
Each element radiates energy in many directions. The energy needs to be phase shifted at each T/R module so 

that constructive interference occurs at the desired angle.   
[Evans, 2006] 

 
On the left side of the Figure 8, all of the elements propagate energy at the same instance, 

thus the waves interfere constructively at broadside, or 0 degrees, and interfere destructively 

everywhere else. The innovation of phased array technology becomes apparent when the desired 

scan angle is different from broadside. On the right side of the Figure 8, it can be seen that every 

wave interferes constructively at the 30 degree scan angle. Constructive interference is 
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accomplished by phase shifting the signal at every T/R module in the array, thus every element 

transmits at a different time and the signal interferes constructively at the desired angle only. 

Figure 14 below shows how the two different beam patterns appear on the Response vs. 

Direction (signal strength vs. scan angle) graph. In actuality, these patterns are three-

dimensional; what is shown in the figure below is a two-dimensional slice of the pattern. The 

graph on the left shows a scan at broadside, while the graph on the right shows a scan at 30 

degrees.  

 

Figure 9: Scan Angle and Response [Evans, 2006]  
This graphic shows the intensity, or response, of a phased array radar at two different scan angles. 

 
 

Ideally, the beam patterns would exhibit infinite response at the desired angle or range of 

angles, and zero response everywhere else. The patterns shown above are, as is the always case, 

not ideal and exhibit non-zero response at angles outside the target angle, known as side lobes. 

This effect can be reduced significantly by creating a phased array panel with a large number of 

elements. The number of elements in the array is inversely proportional to the width of the beam 

in the desired direction. Thus, as the number of elements increases, the beam width decreases. 

An important characteristic of a phased array is that the beam width defines the angular 
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resolution of the radar; meaning that as the number of elements increases, so does the overall 

resolution of the radar. [Evans 2006]. 

Even though phased array radar was developed shortly after dish radars, phased array 

technology has rarely been utilized for civilian applications. Due to the historically high cost of 

creating the individual T/R elements, the technology has been primarily used in military 

applications where high resolution and scan rates are significantly more important than at 

civilian airports. [Weber et al 2007]. 
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2.4 – Lincoln Laboratory Projects 

2.4.1 – Radar Open Systems Architecture (ROSA) 
Current radar systems are most often custom made and contain proprietary hardware and 

software components, presenting an inconvenience for the operator, due to forced dependency on 

the manufacturer for maintenance, as well as difficult communication between the different types 

of radars. One of the ways to fix this problem is to create an Open System Architecture that 

would be compatible with all radar, greatly facilitating the user-radar interaction with different 

types of radars, as well as the radar-to-radar interaction [MPAR-ROSA WPI MQP 2008].  

The development of ROSA was initiated by MIT Lincoln Laboratory in an effort to shift 

away from the inefficient traditional radar-specific architectures developed by private 

companies. Lincoln Laboratory’s ROSA consists of separate building blocks, each of which is 

responsible for different elements of radar, i.e. antenna, transmitter or timing. The uniqueness of 

these components is in their design, which is intended to be compatible with different hardware 

and interfaces.  

There are numerous benefits to ROSA, which include: reducing the operation and 

maintenance costs, more efficient use of resources, simpler communication with other radars, 

and most importantly, simplified modification of independent components. Because ROSA is an 

“open” architecture, any user has access to modify certain components to increase the overall 

functionality, without having to report technical difficulties to the company that developed the 

radar.  

ROSA II is the second generation architecture that is currently being developed by MIT 

Lincoln Laboratory, expanding the capabilities of the ROSA, which was only designed for dish 

radars application. Other than numerous functionality improvements, ROSA II software 
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development includes the phased array radar technology. Because, in the past, the phased array 

radars were not considered for civilian use, the implementation of the phased array technology 

into ROSA seemed unnecessary. However, the current development of MPAR sparked the 

software upgrade. Figure 10 below is the basic ROSA II system block diagram for phased array 

radar. 

 

 

  

 

 Every arrow in Figure 10 represents messages that are being sent between the different 

subsystems, the front-end hardware, and the main computer. It is intended for ROSA II to be 

fully compatible with MPAR once the radar is built, thus eliminating any custom made 

architecture specifically produced for MPAR. 
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Figure 10: ROSA Subsystems 
The projected structure of ROSA II and its subsystems (stripped). The Beam Steering and Beam 

Former subsystems are front-end hardware. [MPAR-ROSA WPI MQP, 2008] 
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2.4.2 – Multifunction Phased Array Radar (MPAR) 
As previously stated, there are multiple types of radars currently being used to survey the 

sky. Current U.S. surveillance networks consist of four types of radars: NEXRAD to predict 

general weather conditions and TDWR to assist NEXRAD in scanning for weather around 

airport terminals, ARSR to scan for long-range aircraft, and ASR to scan for short-range aircraft. 

These radars have been heavily relied on; some have been extensively used for more than 40 

years, and thus are in need of constant repairs. Incremental repairs have been less costly than 

completely replacing the whole system. However, there comes a point when the maintenance 

becomes inefficient and a new technology needs to be implemented in the current infrastructure. 

Phased array radars are a new technology to be introduced in civilian applications. This 

technology was never previously considered for use in common surveillance applications, such 

as commercial airplane tracking or weather sensing, because of the high cost associated with 

phased array radars [Weber et. al 2007]. 

MPAR is currently being developed at MIT Lincoln Laboratory with the goal of 

replacing the current network of civilian surveillance radars with a single “multifunction” radar. 

The phased array technology allows a single radar to have multifunction capability by 

performing aircraft and weather scans. Also, phased array technology allows the transmit beam 

to be “spoiled”. In brief, this technique, named beam spoiling, works as follows: at low elevation 

angles, the beam is pointed at the horizon and the distance to the sky ceiling is immense. When 

the elevation angles increase, the distance to the same sky ceiling becomes exponentially shorter. 

At these shorter distances the transmit power needed to attain the same resolution as at the large 

distances becomes much less. Thus, the technique of beam spoiling is the disbursement of beam 

energy over a larger area in the sky as the elevation angle increases, achieving the same 

resolution with a faster scan time [Weber et. al 2007]. 
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The “scan strategy” for MPAR has not yet been finalized and has been revised numerous 

times. The scan strategy refers to how the array will be utilized to perform the different types of 

scans, as each scan requires different scanning parameters. MPAR’s technology allows 

flexibility in scan patterns by allowing the user to control completely independent beams to 

perform different tasks. The original scan strategy chose to utilize the independent beams to 

perform different aircraft and weather scans simultaneously, which later on proved not to be the 

most efficient way to perform the tasks.  

The current scan strategy tries to interlace the scans. MPAR will output updated 

information every four seconds. A complete Aircraft Scan takes approximately 3.44 seconds. 

The remaining time, 0.56 seconds, is then used to perform small portions of the Wind Shear Scan 

and the 3D Weather Volume Scan. Table 2 below shows approximate timings for scan update 

periods [MPAR-ROSA WPI MQP 2008 Kickoff]. 

 

Function Scan Update Period (sec) 

Aircraft “Track While Scan” 4.0 

Rapid Update Weather Volume Scan 4.0 

Wind Shear Scans 60 

3-D Weather Volume Scan 120 

Table 2: Scan Types and Update Speeds for MPAR 
 

 “Track While Scan” or TWS is a concept that does not simply scan for objects, but also 

keeps track of the old positions of already identified targets, thus tracking objects while scanning 

the airspace. Due to MPAR’s flexibility, it is possible to devote full or partial resources strictly to 

tracking an object; however, the resources would only be utilized in special circumstances. The 
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data from an Aircraft Scan can also be analyzed for weather data, and thus allows a Rapid 

Update Weather Volume Scan (RUWVS) which gives a rough weather update every four 

seconds. The most important scan for a terminal weather radar is the Wind Shear Scan, which is 

extremely important for the safe approach or departure of an airplane. The Wind Shear Scan is 

outputted every 60.0 seconds or every 15 aircraft scans. The 3-D Weather Volume Scan, which 

is a detailed weather scan, is outputted every 120 seconds or every 30 aircraft scans. The Wind 

Shear Scan is a continuation of the 3D Weather Volume Scan, without repetitively scanning the 

same elevations in high-resolution. This scan strategy has been selected for its ability to match, 

and possibly exceed, current update times [MPAR-ROSA WPI MQP 2008 Kickoff]. 

The full scale MPAR is designed to have four faces to fully cover the sky. Each face 

would have 20,000 T/R modules, allowing the radar to achieve a 1° pencil beam, which is even 

thinner at broadside. Such immense numbers of elements allows MPAR to achieve the same type 

of resolution as today’s weather radars. Figure 11, below, shows future concepts of the MPAR. 

 

Figure 11: Future Concepts of MPAR [MPAR-ROSA WPI MQP, 2008] 
 

 The exact shape of the face is not yet final, but one of the greatest strengths of this radar 

is it scalability, meaning it can assume different shapes with different amount of elements per 

face [MPAR-ROSA WPI MQP 2008 Kickoff]. 

As an example showing scalability, the first prototype of MPAR will be the Terminal 

MPAR or TMPAR. TMPAR is a smaller version of MPAR, which will have only around 5,000 
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T/R modules per face instead of 20,000. Reducing element count significantly reduces the 

resolution, but it will have the same functionality as MPAR. There are multiple reasons to pursue 

the development of the TMPAR first. It is cheaper to build a TMPAR prototype, yet it will still 

confirm the functionality of MPAR. Also, TMPAR is targeted towards smaller airports that 

control much less air traffic than major airports and do not need as high resolution as the full-

scale version [MPAR-ROSA WPI MQP 2008 Kickoff]. 

 

 
As mentioned before, the current radar network coverage includes four general types of 

radars: NEXRAD, TDWR, ARSR, and ASR. There are, however, seven models of radars in use. 

There are ASR-9 and ASR-11 radars currently in use, as well as ARSR-1/2, ARSR-3 and ARSR-

4. Today’s radar network coverage consists of 510 radars, which are made up from these seven 

different types of radars. The same radar network coverage could be achieved with 334 MPARs, 

where half of these would be TMPAR. Figure 12 shows the coverage that could be achieved with 

MPAR versus the current coverage. There would be one type of radar instead of seven, requiring 

less radar types to maintain, and simplifying communication between radars [Weber et. al 2007]. 

 334 Radars, 1 Type  510 Radars, 7 Types

vs. 

Figure 12: Current Coverage and Future Coverage 
The left graphic shows the current radar coverage of the United State. The right graphic shows the 

projected coverage using MPAR. [MPAR-ROSA WPI MQP, 2008] 
 



   34  
   

2.5 – Relative Hardware Specific to the Interface Board Design 
 As mentioned before, the interface board is situated between the beam steering subsystem 

and the T/R modules of the phased array. This section will briefly describe the two pieces of 

hardware located directly on either side of the interface board.  

 

Figure 13: Block Diagram of Where the Interface Board is physically Located 
The interface board in this design will be situated between the beam steering subsystem and the front-end of 

the radar hardware.  

 

2.5.1 –The T/R Module 
As stated before, the T/R module is the one of the most important pieces of radar 

hardware; this is especially true in phased array radar where the T/R module is also the antenna; 

in fact, each T/R module has two independent antennas. The T/R module is functionally 

responsible for changing the scan angle of the radar. Changing the scan angle is accomplished by 

phasing and attenuating or amplifying the modules, which electronically changes the direction in 

which the antenna is looking. The data and control lines, shown in Figure 14, route the phase and 

attenuation information from the beam steering subsystem to the T/R module, where sub-circuits 

read in the “directions” and appropriately adjust the information being passed to and from the 

antenna.    
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Figure 14: Basic Block Diagram of a T/R Module  
This generic diagram is the basic driving force behind the Transmit/Receive module. The module itself is the 
antenna. It is also responsible for phasing and attenuating or amplifying the received and transmitted signals 

through the use of data and control lines.  
 

There are many additional sub-circuits inside of the T/R module design for MPAR. The 

functionality of these sub-circuits has not been made fully available to the public domain, and 

therefore cannot be explained in detail. However, inferring from the pin-out of the interface 

board, see Section 3.2.1, there are a series of switches. These switches are simply implemented 

to control the on and off state of the module as a whole, which antenna is being used, and which 

mode the module is in. There are clock and load controls which are used to synchronize the radar 

array with the beam steering subsystem.  

The T/R modules are being designed external to Lincoln Laboratory, at MA/COM. 

During the design process, there was a consensus to use Gallium Arsenic (GaAs) devices internal 

to the T/R module. GaAs devices’ fast switching times makes them ideal for radar applications. 
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The only downfall to using GaAs devices is the requirement for negative logic, -5V low and 0V 

high, resulting in the T/R modules using level shifted digital logic voltages. 

2.5.2 – Beam Steering Subsystem 
The beam steering subsystem will be developed from a Xilinx Virtex-5 FPGA. The 

Virtex-5 was chosen, over previous versions, because of its support for Gigabit Ethernet, among 

other advantages. This interface is important to the selection of the FPGA because it is projected 

to be the standardized connection type for ROSA II and its control messages. The FPGA receives 

the UCM from the phased array radar’s main computer. The job of the FPGA is to control the 

T/R module’s status using the information provided from the main computer. The FPGA does 

not support negative logic voltages, and therefore it become immediately apparent the need for 

some sort of interface board.  

 

Figure 15: The NI PXI-7851R Containing the Virtex-5 LX30 FPGA 
 

In the early testing stages, a National Instruments (NI) PXI-7851R evaluation board, 

containing a Virtex-5 LX30 FPGA, will replace the beam steering subsystem. Instead of 

receiving UCM messages from the radars main computer, LabVIEW software will be used to 

create equivalent commands to control the FPGA. 

Virtex-5 FPGA
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3.0 – Methods 
The overall goal of the project was to design an interface board which facilitates 

communication between the beam steering FPGA and the front end hardware of the radar array, 

as shown in Figure 16. The first array being developed in the MPAR project will contain only 

sixty-four T/R modules. This down scaled panel is a cost efficient way of prototyping and will 

provide the same functionality as the full-scale array; allowing functionality testing on all aspects 

of the radar design.   

 The modularization of the array extends to the T/R module level. The design of the 

interface board will take advantage of this fact; as it will be designed for a single T/R module 

first and will be realized in hardware. Because the array takes a modular design, once the 

functionality of the hardware for a single T/R module is verified, verification of the entire array 

is also verified. To help differentiate between the different sizes of hardware; array will refer to 

the full-scale MPAR, panel will refer to the prototyping array, and module will refer to the single 

T/R module; as seen below. 

 

There are three goals for this project. First, the interface board will be designed on 

Multisim for a module. Second, the module design will be realized in hardware and will be tested 

for functionality and timing. Finally, the interface board will be redesigned, on Multisim, to 

Panel 
64 T/R 

Modules 

Array 
5,000 – 20,000 
T/R Modules 

Module 
1 T/R  

Module 

Figure 16: Modularization of MPAR
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account for the panel’s larger number of I/Os, the panel design. Additionally, research will be 

conducted on how to, in the future of the MPAR project, integrate the beam steering FPGA on 

the interface board to make the system less dependent on external hardware.   

3.1 – Requirements 
 Most of the specifications for the interface board are vague at this point in time in the 

design cycle for MPAR. Without existing hardware on either side of the interface board it is 

difficult to provide accurate specifications. Instead, “guidelines” were provided by the lead 

engineers at Lincoln Laboratory to help initiate the design. The design of the interface board was 

given four major requirements; reflection reduction, level shifting, fan-out, and minimizing 

differential propagation delays. 

3.1.1 – Reflection Reduction 
 When driving a high frequency digital signal through a long cable, transmission effects 

need to be considered. The most detrimental effect to digital signals is reflections in the line 

caused by an impedance mismatch. These reflections can cause false triggering in clock lines and 

erroneous bits on data lines.  

To correct these issues, impedance matching at the end of the wire was needed, 

accomplished using a technique known as termination. The termination portion of the circuit 

matched this impedance to prevent echoing on the cable. The characteristic impedance 

specification of the one to three meter cable connecting the PXI-7851R to the interface board is 

90Ω.  

3.1.2 – Level Shifting 
The beam steering FPGA and the T/R modules use different digital logic voltage levels. 

The FGPA utilizes TTL logic; 0V for a logic 0 and +5V for a logic 1. The T/R modules use 
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negative logic; -5V for a logic 0 and 0V for a logic 1.  The level shifting portion of the system 

translates the FPGA’s digital voltage levels to be “readable” by the T/R module.  

3.1.3 – Fan-out 
The next portion of the system is in control of fanning-out the control lines and buffering 

them to make sure enough current is available to drive the signal through the cable connecting 

the interface board to the T/R modules. There are no precise specifications, yet, as to how much 

current is needed on the output. Instead, a range of possible current requirements per line has 

been provided as between 5mA and 25mA.  

3.1.4 – Minimizing Differential Propagation Delay 
True propagation delay was not considered in this design; the only requirement was to try 

to keep is as low as possible. The more important timing design consideration is differential 

propagation delay. It was expected that all of the signal paths have approximately the same delay 

in regards to each other; in other words it was expected that all information arrive at the outputs 

together. The specification provided by the lead engineers was that all data arrive within 50ns of 

each other at the outputs. Shorter differential propagation times are, of course, better. 
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3.2 – Approach to Design 
 The approach to satisfy each of the aforementioned requirements is explained in this 

section. Figure 17 shows the sequence of steps taken to fulfill the requirements. In addition to the 

requirements from the Lincoln Laboratory advisors, other design considerations have been 

developed and included in their own segment at the end of this section. To begin describing the 

design process, a description of the pin-out is included to clarify between the two designs that are 

being developed.  

 

3.2.1 – Pin-Out Description 
The interface board is used to manipulate data and control lines passing digital signals. 

The number of lines differs dramatically between the module and panel designs. Table 3 shows 

the pin-out for the interface board panel design. Notice how each of the control lines must fan-

out to eight separate lines on the output of the panel design; these are then fanned-out again on 

the panel to account for the sixty-four T/R modules.  

Table 4 shows the reduced number of I/Os for the module design; the main reason why 

the module design is the only design to be realized in hardware in this project. The use of only a 

single data line contributes to the low input pin count. The module design, as stated before, 

accounts for only a single T/R module; therefore this design does not require fan-out of the 

control lines on the output, as does the panel design. 
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Figure 17: Top-Level Progression Diagram
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INPUTS OUTPUTS 

Function Number Of 
Pins Description Function Number 

of Pins Description 

DGND 52 Ref Phase DGND ? Ref Phase 
Data In 64 Ref Phase Data Out 64 Ref Phase 

Clock 1 Data Shifts on Rising 
Edge Clock 8 Data Shifts on Rising 

Edge 
Load 1 Loads Information  Load 8 Load Information 

Tx_Data State 1 Part of TX Control Tx_Data_State 8 Part of TX Control 

Sngl_Dual 1 Part of TX Control Sngl_Dual 8 Part of TX Control 
Xover-switch1 1 Crossover Control 1 Xover-switch1 8 Crossover Control 1 
Xover-switch2 1 Crossover Control 2 Xover-switch2 8 Crossover Control 2 
Tx1 pwr on/off 1 Power Switch 1 Tx1 pwr on/off 8 Power Switch 1 
Tx2 pwr on/off 1 Power Switch 2 Tx2 pwr on/off 8 Power Switch 2 

TRswitch1 1 T/R Switch Control TRswitch1 8 T/R Switch Control 
TRswitch2 1 T/R Switch Control TRswitch2 8 T/R Switch Control 

TOTAL PINS 126     144+   
Table 3: Interface Board Pin-Out for Panel Design  

There are a large number of DGNDs on the input of the panel design because of the standardized connection 
from the NI PXI-7851R. In actuality, there are only seventy-six lines which are of concern on the input. The 
output connector has yet to determined, therefore the number of grounds being passed to the T/R module is 

undefined. Each of the control lines is fanned-out to eight separate lines. 
 

INPUTS OUTPUTS 

Function Number Of  
Pins Description Function Number 

of Pins Description 

Data In 1 Ref Phase Data Out 1 Ref Phase 

Clock 1 Data Shifts on Rising 
Edge Clock 1 Data Shifts on Rising 

Edge 

Load 1 Loads Information Load 1 Loads Information 
Tx_Data State 1 Part of TX Control Tx_Data_State 1 Part of TX Control 

Sngl_Dual 1 Part of TX Control Sngl_Dual 1 Part of TX Control 
Xover-switch1 1 Crossover Control 1 Xover-switch1 1 Crossover Control 1 
Xover-switch2 1 Crossover Control 2 Xover-switch2 1 Crossover Control 2 
Tx1 pwr on/off 1 Power Switch 1 Tx1 pwr on/off 1 Power Switch 1 
Tx2 pwr on/off 1 Power Switch 2 Tx2 pwr on/off 1 Power Switch 2 

TRswitch1 1 T/R Switch Control TRswitch1 1 T/R Switch Control 
TRswitch2 1 T/R Switch Control TRswitch2 1 T/R Switch Control 

TOTAL PINS 11     11   
Table 4: Interface Board Pin-Out for Module Design  

The module design, for a single T/R module, omits DGND inputs sixty-three of the data lines. Also, the fan-
out of the control lines is omitted. This proof of concept design will be realized in hardware. 
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The names of the pins have been taken from a document internal to Lincoln Laboratory 

outlining the basic parameters of the T/R module. As stated when describing the T/R module in 

Section 2.5.1, the functionality of these pins has not been made available to the public domain. 

However, observation of the tables above shows that they can be grouped into several categories. 

The data lines contain information about phase and attenuation for each T/R module. There are a 

series of switches which are used to select which antenna is being used or if the module is on or 

off. The clock and strobe lines are used to synchronize the T/R modules of the array to the beam 

steering system. Besides this brief contemplation of their functionality, the underlying contents 

of the digital information being passed through the interface board are irrelevant to the design, as 

long as their requirements are met.  

3.2.2 – Termination 
 There are five approaches to termination as described in an article written by John Nemec 

[Nemec, 2007]. These techniques are named: parallel termination, Thevenin termination, series 

termination, AC termination and Schottky-Diode termination. After conferring with the Lincoln 

Laboratory lead engineers, Thevenin termination was considered most applicable to this design. 

 Thevenin termination possesses benefits for digital signals. This two resistor design, 

shown in Figure 18, is effective at eliminating the reflections of mismatched impedances, while 

maintaining signal integrity by improving the noise margin of the system. Resistors R1 and R2 

are pull-up and pull-down resistors, respectively, assisting the FPGA in providing current to the 

load during both logic states.  
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Figure 18: Thevenin Termination  
The location of the termination resistors is on the input of the interface board.  

(Modified from [Nemec, 2007]) 
  

 Nemec [Nemec, 2007] describes how to determine optimal values for the pull up and pull 

down resistors, whose parallel equivalence matches the characteristic impedance of the 

transmission cable. The first step is determining a Thevenin voltage (VTH), which is dependent 

on the driving characteristics of the FPGA evaluation board. 

( )0)()( ZRIVV DMAXOHMINOHTH +−=    Equation 2 

In this equation OHV  is the physical voltage corresponding to the high logic output, OHI  is the 

physical output current corresponding to the high logic output, and DR  is the output impedance; 

all of the PXI-7851R. This information can be found on the PXI-7851R datasheet, see Appendix 

9.2.1. 0Z  is the characteristic impedance of the transmission line, which was given as Ω90  by 

the Lincoln Laboratory lead engineers. Substituting values: 

( ) VVTH 038.2905.0004.04.2 =+−=  

 Now that the Thevenin voltage has been determined, the resistor values can be found 

directly with the following equations: 
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TH

CC

V
VZR ∗

= 0
1   Equation 3  

THCC

CC

VV
VZR
−
∗

= 0
2   Equation 4 

CCV  is +5V. All of the other values are known at this point. Substituting values:  

Ω=
∗

= 8.220
038.2

590
1R    Ω=

−
∗

= 9.151
038.25
590

2R  

 The parallel equivalence of these resistor values is 89.9 Ohms, matching the 

characteristic impedance of the cable. In this configuration, it is expected that the reflections in 

the cable are minimized. Each input will need these termination resistors; therefore the number 

of resistors on the interface board will be numerous in both the panel and module designs. To 

save space and simplify PCB layout, surface mount network resistors were used. The closest 

network resistor values found were 150 Ohms and 220 Ohms at a 2% tolerance. The parallel 

equivalence of these values is 89.1 Ohms. Accounting for worst case, where both resistors 

exhibit maximum tolerance in the same direction, the range of parallel equivalences cover 88.3 

Ohms – 90.08 Ohms.  

  An undesired characteristic of the Thevenin termination approach is leakage current; the 

flow of current from the voltage rail to ground through the resistors. With this design there is a 

13.5mA leakage current per termination [5V / (150Ω  +220Ω )]; or close to 1A leakage current 

taking into account all seventy-six terminations of the panel design. As there are no power usage 

specifications, this amount of power leakage is acceptable.  

  The network resistor’s manufacturer numbers are 767163150-ND and 767163220-ND, 

150Ω  and 220Ω  respectively. These are 16-pin surface mount, isolated network resistors; 

meaning that each set of pins designates separate resistor. 



   45  
   

3.2.3 – Changing Logic Levels 
 One of the most important tasks of this design is the translation of logic level voltages. 

As stated before, the FPGA supports normal logic; that is, a low-logic state is 0V and a high-

logic state is 5V. The T/R modules require the use of “negative logic,” where a low-logic state is 

-5V and a high-logic state is 0V. The change in logic is not  a negation as one might think; it is a 

level shift. To accomplish this task, the SWD-119 digital IC has been selected, see Appendix 

9.2.2. 

 

Figure 19: One Channel of the SWD-119  
The SWD-119 is a quad driver for Gallium Arsenic (GaAs) devices. Its functionality is to output either VOPT 

or VEE depending on the input logic state. This is accomplished using a pair of BJTs. Because these two 
voltages are user selectable, this device can be used in the design as a level shifter.  

 
 
 The SWD-119 is a 16-pin surface mount, quad channel device. For each input, C, there is 

a pair of outputs, A and B; which are logic inverses of each other. For this design, only output A 

is used. Depending on the input logic state, VOPT and VEE are seen on the output, and thus define 

the output logic level voltages. When VOPT is connected to 0V and VEE is connected to -5V, the 

input logic to this device will be shifted to the required voltage levels. Therefore, when the input 

logic is high, the output logic voltage level is 0V, and when the input logic is low, the output 

logic voltage level is -5V.  
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3.2.4 – Buffering 
 While the idea of buffering is simple, it can prove difficult to find the type of buffer 

needed for a specific application. Buffers have been implemented in all logic families, 

diversifying their characteristics. Functionally, an octal buffer is preferred because, in the full 

design, each of the control lines is being fanned out to eight separate lines, suggesting in the full 

design the use of eight octal buffers for the sixty-four data lines and ten octal buffers for the 

control lines, one buffer for each input control line; minimizing complexity of the design and the 

PCB layout. 

 The digital signals will already have been converted to “negative” logic when they are 

inputted into the buffers. Therefore, the buffers need to operate at a shifted voltage themselves. 

The high-logic output voltage is still greater than the low-logic output voltage; which allows us 

to shift the GND and VCC pins of the buffer to -5V and 0V, respectively. This approach, still 

having a positive potential from GND to VCC, allows the buffer to act normally while buffering 

the shifted voltage level digital signals. 

There were two main considerations when choosing the buffer to use; minimizing 

differential propagation delay and providing sufficient current. Table 5, below, shows a selection 

of surface mount octal buffers and their different specifications. Current drive refers to the output 

current; IOH refers to current output during the high logic state, and IOL refers to the current output 

during the low logic state. The value listed under differential transition speed is the worst-case 

difference in switching times of the buffer,  found by taking the difference between the 

maximum delay and the minimum delay. 
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Part Number Logic 
Family 

Current Drive Differential Transition 
Speed 

(MAX – MIN) 

Cost ($US) | 
Quantity 

SN74ABT244A BiCMOS IOH = –32mA, 
IOL = 64mA  

tPLH = 3.6ns 0.44 | 1ku 
tPHL = 3.6ns 

SN74F241 TTL IOH = –15mA, 
IOL = 64mA  

tPLH = 4.5ns 0.40 | 1ku 
tPHL = 4.5ns 

SN74S244 TTL IOH = –15mA, 
IOL = 64mA 

tPLH = 9.0ns 2.20 | 1ku 
tPHL = 9.0ns 

SN74AS244A TTL IOH = –15mA, 
IOL = 64mA 

tPLH = 4.2ns 2.27 | 1ku 
tPHL = 4.2ns 

SN74AHC541 CMOS IOH = –8mA, IOL 
= 8mA 

tPLH = 7.5ns 0.31 | 1ku 
tPHL = 7.5ns 

Table 5: Choices of Octal Buffers  
The initial search of octal buffers provided this table. Listed are octal buffers from various logic families and 

their corresponding characteristics important to the design of the interface board. 
  

 The first choice buffer, SN74ABT244A, is part of the BiCMOS logic family, meaning it 

employs both BJTs and CMOS technology. This family is known for its low current 

consumption and is ideal for digital logic applications. It is able to provide more current and 

offer a lower differential propagation delay than the others chosen. This buffer is also among the 

least expensive.  

 The SN74ABT244A, see datasheet in Appendix 9.2.3, comes in a 20-pin surface mount 

package. Initially, it was believed that the input and outputs of the buffer would be separate sides 

of the package, simplifying the PCB design. However, this is not the case with any of the octal 

buffers. In addition to the VCC and GND pins, there are two output enable (OE) pins, which each 

control four of the buffers. To operate this octal buffer, both of the output enables need to be tied 

to -5V.  Four of the buffers input left to right, while the remaining four input right to left, as seen 

in Figure 20.  
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Figure 20: Pin-Out of the SN74ABT244A Octal Buffer  
1OE controls 1A1-1A4, and output on 1Y1-1Y4 (left to right) 
2OE controls 2A1-2A4, and output on 2Y1-2Y4 (right to left) 
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3.3 – Other Design Considerations 

3.3.1 – Connections on Interface Board Panel Design 

 

Figure 21: NI PXI-7851R Connector Pin Assignments and Locations 
This graphic describes the pin-out of the VHDCI connectors located on the NI PXI-7851R. The two bottom 

connectors are the ones which will be implemented into the design of the interface board. 
 
 The National Instruments (NI) PXI-7851R Multifunction DAQ utilizes three 68-pin high-

density VHDCI female connectors. The physical pin-out, taken from the PXI-7851R user 

manual, is shown above in Figure 21. Connector 1 and Connector 2 have forty digital I/Os each; 

enough to account for the seventy-six which will be used. Thus, Connector 0, which is mainly 

used for analog I/Os, will remain unused in this design. The module design will not utilize these 

standardized connectors, as it is a prototype used for verifying proof of concept. 
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CONNECTOR 1 

Description Output
Pin 
# 

Pin 
# Output Description 

DATA_33 DIO39 68 34 DIO38 DATA_34 
DATA_32 DIO37 67 33 DIO36 DATA_35 
DATA_31 DIO35 66 32 DIO34 DATA_36 
DATA_30 DIO33 65 31 DIO32 DATA_37 
DATA_29 DIO31 64 30 DIO30 DATA_38 
DATA_28 DIO29 63 29 DIO28 DATA_39 
DATA_27 DIO27 62 28  +5V UNUSED 
DATA_26 DIO26 61 27  +5V UNUSED 
DATA_25 DIO25 60 26 DGND GND 
DATA_24 DIO24 59 25 DGND GND 
DATA_23 DIO23 58 24 DGND GND 
DATA_22 DIO22 57 23 DGND GND 
DATA_21 DIO21 56 22 DGND GND 
DATA_20 DIO20 55 21 DGND GND 
DATA_19 DIO19 54 20 DGND GND 
DATA_18 DIO18 53 19 DGND GND 
DATA_17 DIO17 52 18 DGND GND 
DATA_16 DIO16 51 17 DGND GND 
DATA_15 DIO15 50 16 DGND GND 
DATA_14 DIO14 49 15 DGND GND 
DATA_13 DIO13 48 14 DGND GND 
DATA_12 DIO12 47 13 DGND GND 
DATA_11 DIO11 46 12 DGND GND 
DATA_10 DIO10 45 11 DGND GND 
DATA_9 DIO9 44 10 DGND GND 
DATA_8 DIO8 43 9 DGND GND 
DATA_7 DIO7 42 8 DGND GND 
DATA_6 DIO6 41 7 DGND GND 
DATA_5 DIO5 40 6 DGND GND 
DATA_4 DIO4 39 5 DGND GND 
DATA_3 DIO3 38 4 DGND GND 
DATA_2 DIO2 37 3 DGND GND 
DATA_1 DIO1 36 2 DGND GND 
DATA_0 DIO0 35 1 DGND GND 

Table 6: Connector 1 Pin-Out and Description  
Connector 1 is only responsible for transmitting forty of the sixty-four data lines from the PXI-7851R to the 

panel design.  
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 CONNECTOR 2 

Description Output
Pin 
# 

Pin 
# Output Description 

DATA_63 DIO39 68 34 DIO38 UNUSED 
DATA_62 DIO37 67 33 DIO36 UNUSED 
DATA_61 DIO35 66 32 DIO34 UNUSED 
DATA_60 DIO33 65 31 DIO32 UNUSED 
DATA_59 DIO31 64 30 DIO30 UNUSED 
DATA_58 DIO29 63 29 DIO28 UNUSED 
DATA_57 DIO27 62 28  +5V UNUSED 
DATA_56 DIO26 61 27  +5V UNUSED 
DATA_55 DIO25 60 26 DGND GND 
DATA_54 DIO24 59 25 DGND GND 
DATA_53 DIO23 58 24 DGND GND 
DATA_52 DIO22 57 23 DGND GND 
DATA_51 DIO21 56 22 DGND GND 
DATA_50 DIO20 55 21 DGND GND 
DATA_49 DIO19 54 20 DGND GND 
DATA_48 DIO18 53 19 DGND GND 
DATA_47 DIO17 52 18 DGND GND 
DATA_46 DIO16 51 17 DGND GND 
DATA_45 DIO15 50 16 DGND GND 
DATA_44 DIO14 49 15 DGND GND 
DATA_43 DIO13 48 14 DGND GND 
DATA_42 DIO12 47 13 DGND GND 
DATA_41 DIO11 46 12 DGND GND 
DATA_40 DIO10 45 11 DGND GND 

Load DIO9 44 10 DGND GND 
Tx_Data State DIO8 43 9 DGND GND 

TRswitch2 DIO7 42 8 DGND GND 
TRswitch1 DIO6 41 7 DGND GND 
Sngl_Dual DIO5 40 6 DGND GND 

Xover-switch1 DIO4 39 5 DGND GND 
Xover-switch2 DIO3 38 4 DGND GND 
Tx1 pwr on/off DIO2 37 3 DGND GND 
Tx2 pwr on/off DIO1 36 2 DGND GND 

Clock DIO0 35 1 DGND GND 
Table 7: Connector 2 Pin-out and Description  

Connector 2 is responsible for twenty-six data lines and all ten of the control lines of . The clock line is placed 
on the end pin of the connector to help minimize interference from the other lines. 

 
 Table 6 and Table 7 describe the strategy for transmitting the seventy-six digital lines 

through the standardized connections on the PXI-NI7851R. Connector 1 accounts for forty of the 

data lines; the rest of the data lines appear on Connector 2. All of the control lines appear on 
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Connector 2; next to accompanying grounds to minimize any interference between the lines. The 

+5V connections on either connector will not be used, as the interface board will not be powered 

using the NI7851R, but rather by an external source.   

 The output connections of the buffer board, those in route to the actual T/R modules, 

have yet to be defined by M/A-COM. Therefore these will be left open for the design to be 

finished when the specifications are defined. 

3.3.2 –Resistors on the Output 
 To provide protection to the T/R modules and compensate for possible impedance 

mismatches on the output stages of the interface, it was asked to place shunt resistors near the 

output of our board for each digital output. However, because the specifications from the 

manufacturer of the T/R module are still not finalized, determining these resistor values is 

impossible. To compensate for this step later on in the design, the locations for these surface 

mount resistors were left in the interface design. For each digital output, there is a resistor in 

series with the line, and a pull up resistor to GND.  

3.3.3 – Providing Power to the Interface Board 
 The interface board requires +5V, -5V and GND terminals to be operational. The power 

is to be supplied not by the PXI-7851R, but rather an external power supply. Therefore, the 

interface board will only require generic terminals for the external supply to connect. To 

compensate for any voltage rippling or any interference from the high frequency digital lines, an 

electrolytic 47µF capacitor and a 1µF capacitor lie in parallel from +5v to GND and -5V to 

GND. Also, as added protection, a 0.1µF capacitor is connected adjacent to each IC on the PCB, 

from the voltage supply at the pin to the appropriate “GND” at that point in the circuit.  
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3.4 – Multisim and Ultiboard 
National Instrument’s Multisim circuit simulation software was used to draw the 

schematics electronically. Multisim gives the user opportunity to draw and simulate schematics 

using the Spice models that represent real life components. Unfortunately, most of the 

components that were essential to the design of the interface board did not have an existing Spice 

model. To work around the missing Spice models and come up with a schematic which would 

represent the written design, graphic components were developed which had the same footprints 

as the real life components. These user design components were merely space holders and did 

not function as their real life counterparts; thus computer simulations were not feasible. 

To design the PCB, the schematics from Multisim were exported to another National 

Instrument software tool, Ultiboard. Imported from Multisim were the required parts and all the 

required connections. However, it was left up to the user how to topically arrange the design on 

the PCB. Placing the components required a click and drag of the appropriate footprint,  and 

making the required connections required using an auto-routing feature . Using the auto-routing 

feature it became apparent that the routing of the all the traces would be impossible to 

accomplish without multiple layers. Due to cost, two PCB layers were determined to be the 

+5V GND -5V 

47µF 

1µF 

47µF 

1µF 

Figure 22: Smoothing Power Supply Voltages at the Input of the Interface Board  
Placing filter capacitors at the input of the interface board’s power connections provides protection 

to the onboard components by insuring that the +5V, 0V, and -5V rails never spike, or pickup any ac 
voltages from the high frequency digital lines.  
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maximum number of layers which would be utilized. This software tool proved extremely 

difficult to work with, however after trial and error a finished two-layer PCB was created.  

The files which Ultiboard output, called Gerber files, were submitted to an online PCB 

manufacturing merchant. Advanced Circuits, the online merchant, reviewed the PCB design 

before completing any transactions. Advanced Circuits lets students order any number of PCB 

and offers a discount. Two PCBs of our design were ordered and delivered within a week.  

Populating a PCB was completed quickly, as the module design consists of a handful of 

parts. The soldering of the surface mount parts was completed with the use of a solder iron, 

among other techniques. Once the board was populated, functionality testing began.  
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3.5 – Testing of Module Design Hardware 
 Testing of the module hardware required the use of a dual power supply, function 

generator and oscilloscope; connected similarly to Figure 23: Setup of Testing Hardware. A dual 

channel power supply was used to create the +5V and -5V rail, using a standard technique. As 

can be seen in the figure below, the negative (-) input of the second channel is brought to the -5V 

rail of the PCB and the positive (+) input of the second channel is connected to ground. A 

function generator was connected to the input of the PCB, to simulate the FPGA’s output, and 

grounded with the power supply ground. An oscilloscope was used to probe different points in 

the circuit and was also grounded with the power supply ground.     

 

 
 

 

  

 Testing was conducted between four variables: input waveform, output test location, 

output cable length, and output cable termination. The following sections explain the reasoning 

Power Supply 
+   -   +   - 

 
 
 

 
 
 
 

Module PCB 

Level 
Shifter

Octal  
Buffer

…                …

Function 
Generator 
+ - 

Oscilloscope 
CH1      CH2 
+   -       +   - 

PCB  
Output 

SWD-119  
Output 

+5V GND -5V 

Figure 23: Setup of Testing Hardware  
A function generator, power supply, and oscilloscope was used to test the 

functionality of the module design PCB 
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behind testing these variables and how each test was set-up and conducted. Differential 

propagation delay was also tested. 

3.5.1 – Input Waveform 
 To test the level shifting functionality of the SWD-119 IC, static tests needed to be 

performed. For the static tests, the input to the PCB was not connected to the function generator, 

instead it was connected to the power supply +5V and 0V rails, at separate times. The output of 

the PCB was then observed with the oscilloscope.  

 Two additional waveforms were used to test the PCBs response to frequency. A 1MHz 

and 20MHz, 0V to 5V square wave with a 50% duty cycle were produced by the function 

generator. The actual beam steering subsystem performs at 20MHz, but the 1MHz input was 

tested to see how the output of the design changes with an increase in frequency. 

3.5.2 – Output Location 
 There are only two locations to observe an output waveform on the interface board 

design, from the output of the SWD-119 and from the output of the SN71ABT244A. These 

locations have been named the SWD-119 output and the PCB output, respectively. To test the 

different output locations, the oscilloscope probe was simply moved to each location. 

3.5.3 – Output Cable Length 
 As mentioned before, the output of the interface board will be connected with a cable 

between one and three meters in length to the radar array. To test what effect the cable length has 

on the output of the interface board three conditions were tested: the use of no cable, the use of a 

one meter cable and the use of a three meter cable. The cable used was a twisted-pair flat cable 

and it was soldered to the PCB.  
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3.5.4 – Output Cable Termination 
 MA/COM, the manufacture of the T/R module, suggested the use of a 1KΩ pull-up 

resistor, to 0V, to terminate the cable connecting the interface board to the T/R module. This idea 

was tested against the use of a 220Ω /330Ω Thevenin termination, suggested by Lincoln 

Laboratory, shown in Figure 24.  To test these scenarios, the actual resistor values were soldered 

to the end of the output cable. The oscilloscope was connected to the output of cables or the 

output of the PCB, between the termination resistors, if there was no cable.   

 

 

3.5.5 – Differential Propagation Delay 
 Testing differential propagation delay proved to be extremely easy. The same input signal 

was connected to two of the paths on the PCB at the same time. The oscilloscope was used to 

view both of the outputs concurrently. The oscilloscope showed two separate signals separated 

by a delay. The difference in time between the leading edges of each signal was measured using 

an oscilloscope function, providing the differential propagation delay.  

  

Test Point 

  GND 
 
220Ω 

 
330Ω 
   
 
-5V 

  Cable

Figure 24: Thevenin Termination at the Output of the PCB and Cable  
In most cases during testing the output was terminated as shown in the figure. Because of the shifted voltage 

levels at this point in the design, the pull-up resistor is connected to GND, and vice-versa.  
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4.0 – Results 
 

 The results are broken into two sections: schematics and test results. The schematics 

section contains both the module and panel designs, describing in detail the individual sub-

sections in the design.  The module design also includes the design of the PCB to show an 

Ultiboard PCB layout. In the test results section, the results of the module design PCB tests are 

included to begin drawing conclusions about the interface board design developed in this project. 

4.1 – Schematics 

4.1.1 – Module Design 
 The module design contains thirteen separate lines.  A clock line, a single data line and a 

group of control lines all utilizing a common “path” from the input to the output. Upon input into 

the PCB, a Thevenin termination is applied using network resistors. A 220Ω network resistor to 

+5V and a 150Ω network resistor to ground, with the signal lines being the point between the 

resistors, completes the termination. Next, the SWD-119 level shifts the voltages by -5V. The 

output labeled Vopt (Pin 7) of the SWD-119 is connected to ground to provide the correct  

0V/-5V on the output pins of the IC. From the SWD-119, the digital signals are buffered with the 

SN74ABT244A octal buffer. The buffers are operated at a shifted voltage level so that they 

correctly operate with the level shifted digital signals. Each buffer’s ground pin (Pin 10) is 

connected to -5V while the Vcc pin (Pin 20) is connected to ground. From the output of the 

buffers, the signals arrive at the output of the interface board. 

 The shunt resistors, which were supposed to have been located on the output of the 

buffers, have not been included in the module design. However, the voltage rails utilize the 

capacitors required to decouple the voltage supplies to the interface board and to each IC.
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Figure 25: The Module Design  

This design is simplified, compared to the panel design, because of the limited number of I/Os. All ten control lines and only a single data line are 
included. This figure shows the Thevenin termination, the level shifting and the buffering stages of the design. 
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4.1.2 – Module PCB design 
 

 

Figure 26: The PCB layout of the Module Design  
This figure shows the footprints where all the components will be mounted, in addition to all the traces 

connecting the components. As can be seen, only eleven ICs are included in this design, with fifteen 
capacitors. 

 
 When the Multisim schematic shown in Figure 25 was imported to Ultiboard, it was left 

to the user to arrange the ICs on the PCB design. Figure 26 shows the final layout of the PCB 

design, with all of the appropriate connections. The footprints for each IC and decoupling 

capacitors (each is 150nF) are represented on the layout above. Figure 27 shows a 3-D model of 

the PCB designed with Multisim and Ultiboard. 
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Figure 27: A 3-D Model of the Module Design PCB 
A three-dimensional representation of the module design PCB populated with all ICs and capacitors.  

 

4.1.3 – Panel Design 
 The panel design is the design which will be referenced by Lincoln Laboratory when 

developing their own interface board for their sixty-four module panel. Figure 28 shows the 

overall design schematic, the highest-level layout accounting for all data lines and all control 

lines. The figures following Figure 28 break the design up into sub-components and describe 

each part of the design. It is important to note that the panel design was developed after testing 

and verifying the module design, but appears here for the sake of organization. 
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Figure 28: The Panel Design  

This schematic is quite large as it accounts for all inputs and outputs. There are three separate sections to the design; the power input, the control lines 
and the data lines. Use of Multisim’s hierarchical blocks, or sub-circuits, are prevalent to simplify the schematic.  

 
 
Power Input 
 
 
 
 
 
 
Control Lines 
 
 
 
Data Lines 
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Figure 29: Panel Design Power Connection to the Interface Board  

The connection of the +5V, -5V, and Ground are all located at one place on the board. The capacitors are placed between the voltage rails to help 
“smooth” out any irregularities in the power supply voltage; helping to make sure that the voltage supplied does dip and cause intermittently 

malfunctions of the ICs on the interface board.   
 

 Figure 29 shows the approach to adding the decoupling capacitors at the power supply inputs on the interface board. 47uF 

polarized caps and 1uF non-polarized capacitors are used to accomplish this design requirement. These values are standard for this 

type of application. Figure 30 shows a larger representation of the control lines from input to output. The termination, and level 

shifting, can be easily observed in this top level schematic. Figure 31 shows the sub-circuit used to fan-out and buffer a single control 

line to eight separate lines.  
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Figure 30: Panel Design Control Lines  

All ten control lines are passed through the interface board through similar paths. Upon input the control lines are terminated with network resistors; 
220Ohms to Vcc and 150Ohms to Ground. Next, the control lines are level shifted, following the pin-out on the datasheet for the SWD-119. Only the 

non-inverting outputs (pins 10, 12, 14, 16 or the “A” outputs) are used. Vopt (Pin 7) is connected to Ground, to achieve the requested level shifted 
voltages.  The  0.1uF capacitors are placed close to the Vcc and Vee input pins of each IC to further buffer the input voltages. Following the level-
shifters is a fan-out sub-circuit, which outputs a bus of eight replicas of the control lines. The bus is used to ease the presentation of the schematic. 
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Figure 31: Panel Design Control Line Fan-Out and Shunt Resistors Sub-Circuit  

The single input is fanned-out to the input of each of the eight buffers, proving the current needed to drive the control signal to the T/R module. The 
Ground pin (pin 10) on the IC has been set to Vee and the Vcc pin (pin 20) on the IC has been set to Ground to be able to use the buffers at their level 
shifted values. Also, pin 1 and pin 19 are the inverted output enable pins for the two sets of buffers in the IC; these pins have been set to Vee (the new 
ground reference). Upon exiting the buffer a series network resistor of an unspecified value and a pull-up network resistor, to Ground, of unspecified 

value have been included. These resistor values will be determined later when the T/R modules specifications are resolved. 
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Figure 32: Panel Design Termination of Data Lines  

Sixty-four data lines are terminated with eight 220Ω network resistors to Vcc and eight 150Ω network resistors to Ground. The largest amount of 
leakage current will occur here; 13.5mA per path from Vcc through the network resistors to Ground.  
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Figure 33: Panel Design Paths To and From Level Shifting Sub-Circuits  

This portion of the schematic shows the level shifting sub-circuits. As there are sixty-four data lines and each sub-circuit handles eight data lines, there 
are eight sub-circuits included.  
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Figure 34: Panel Design Level Shifting Sub-Circuit  

As the SWD-119 is a quad channel chip, two chips are needed in this sub-circuit to handle the eight data lines being input. The inputs to this sub-circuit 
all use 0V to 5V logic voltage levels. At the output of this IC all signals are level shifted to -5V to 0V logic voltage levels. Only the non-inverting outputs 

(pins 10, 12, 14, 16 or the “A” outputs) are used. Vopt (Pin 7) is connected to Ground to achieve the requested level shifted voltages. The 0.1uF 
capacitors are placed close to the Vcc and Vee input pins of each IC to further buffer the input voltages. 

 
 
 Figure 32 shows the termination of all sixty-four data lines. The largest amount of leakage current will occur here; 13.5mA per 

path from Vcc through the network resistors to Ground. Figure 34 shows the how the data lines are level shifted, in the same manner 

as the control lines. 
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Figure 35: Panel Design Paths To and From the Buffering Sub-Circuit  

Each buffering sub-circuit handles eight data lines, and outputs the eight data lines in a bus. The busing symbols may or may not be used by Lincoln 
Laboratory. 
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Figure 36: Panel Design Data Line Buffering Sub-Circuit  

Eight separate data lines are passed into this sub-circuit and are buffered by the SN74ABT24A octal buffer. The Ground pin (pin 10) on the IC has 
been set to Vee and the Vcc pin (pin 20) on the IC has been set to Ground to be able to use the buffers at their level shifted values. Also, pin 1 and pin 19 

are the inverted output enable pins for the two sets of buffers in the IC; these pins have been set to Vee (the new ground reference). Upon exiting the 
buffer a series network resistor of an unspecified value and a pull-up network resistor, to Ground, of unspecified value have been included as requested 

by Lincoln Laboratory. The data lines are grouped into a bus on the output of the sub-circuit.  
 

 Figure 36 shows how the data lines are not fanned out, but still require the use of the buffer to provide current to drive the 

cable which sends the signals at the output of this circuit to the radar array. Notice how Vcc (Pin20) is grounded and GND (Pin 10) is 

set to -5V, allowing the operation of the buffer at the shifted voltage levels. 
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4.2 – Test Results 
 

 This section includes a collection of oscilloscope images from a series of different tests 

performed on the interface board. The major variables considered for testing were input signal, 

output cable length, output test location, and output cable termination. Also, there is a section 

which discusses differential propagation delay. Each caption lists the information needed to 

distinguish what the image is testing. The first piece of information is cable length (No cable, 

1m, or 3m), the second is output location (PCB output or SWD-119 output), the third is whether 

or not the signal has been terminated on the output, and the last is the input (static voltage, 1 

MHz, or 20MHz). Thevenin termination is accomplished with a 220Ω resistor to Ground and a 

330Ω resistor to -5V. The input waveforms are either static voltages of 0V and 5V or are a 

square wave with 5V peak to peak and offset by 2.5V, therefore exhibiting voltages of 0V and 

5V at the input. 

  For the following oscilloscope images, information regarding the axis scales is located 

across the bottom. The offset on the voltage scale is at different locations on a number of images, 

however 0V is determined by the marker on the left side of the image. The value of the offset can 

be found in the bottom left corner of the images. The timescale is found near the bottom right of 

the images.  
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4.2.1 – Static Voltages 

  
Figure 37: No Cable, PCB Output, No Termination, Static 0V Input 

 

 
Figure 38: No Cable, PCB Output, No Termination, Static 5V Input 
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 Figure 37 and Figure 38 show the results of a static 0V and 5V input at the output of the 

PCB with no termination. The most notable feature about these figures is that the output is 

inverted from what would be expected. If the input voltage is 0V, the output should be -5V. 

Instead, the output voltage is shown in Figure 37 to be -0.326V. Vice-versa in Figure 38, when 

the input voltage is 5V the output is expected to be 0V, while in fact it is -4.989V.  

 

 
Figure 39: No Cable, SWD-119 Output, No Termination, Static 0V Input 
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Figure 40: No Cable, SWD-119 Output, No Termination, Static 5V Input 

  

 The only difference between output of the PCB and the output of the SWD-119 in this 

static test is that the output of the SWD-119 has a voltage truer to the voltage rails. The output of 

the PCB, Figure 37 and Figure 38, are -0.326V and -4.989V where as the output voltages of the 

SWD-119 are 0.032V and -5.008V. All of these voltage values have been taken without a cable 

or termination. Therefore, without a simulated load, the output voltage values are expected to be 

within specification of the IC, near the voltage rail supplies.  
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4.2.2 –Output Test Location 
 The following section contains comparisons between the PCB output and the SWD-119 

output at 1MHz and 20MHz input signals. As in the previous cases, cables have been used in 

testing these cases and the point of measurement remains at the end of the cable. The location of 

the cable interface to the PCB is what differs in these cases.  

4.2.2.1 – 1MHz 0V-5V Square Wave Input 

 
Figure 41: 3m Cable, PCB Output, Terminated, 1MHz Square Wave Input  
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Figure 42: 3m Cable, SWD-119 Output, Terminated, 1MHz Square Wave Input 

 
  

 These results were taken using a three meter cable with an input signal of 1MHz in 

frequency. The main point of these images is to show how the PCB output exhibits much more 

ringing than the SWD-119 output. Also, the SWD-119 output has a mean voltage around -2.54V, 

unlike the mean -3.24V of the PCB output; remember that the mean of the input voltage is 2.5V. 

With the reduced ringing, and stable logic voltage levels, it would seem that the SWD-119, 

promises better output voltages than the buffer at 1MHz. 
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4.2.2.2 – 20MHz 0V-5V Square Wave Input 

 
Figure 43: 3m Cable, PCB Output, Terminated, 20MHz Square Wave Input  

 
 

 
Figure 44: 3m Cable, SWD-119 Output, Terminated, 20MHz Square Wave Input 



 

   78  
   

 Figure 43 and Figure 44 show that at 20MHz the output of the PCB and the SWD-119 are 

similar in the fact that both no longer represent a square wave. In fact, the SWD-119 output is 

more smoothed out than the PCB output, leaving it to resemble more of a sine wave. One thing is 

for certain, these signals cannot be used in the T/R modules. There are no clear high or low logic 

voltage levels, and therefore determining a logic state would prove difficult. The rippling during 

the high and low logic voltages is so severe that there is no clear way to determine the voltages.  
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4.2.3 – Output Cable Length 
 Although the cable connecting the interface board to the radar array has been estimated to 

be around three meters in length, it was requested by the lead Lincoln Laboratory engineers to 

test using no cable, a twisted-pair flat one meter cable, and a twisted-pair flat three meter cable.  

The following sections show the effect of increasing cable length when passing the 1MHz and 

20MHz square waves. The 1MHz input waveform represented a square wave quite well, while 

the 20MHz input waveform showed very slight overshoot on its edges. 

4.2.3.1 – 1MHz 0V-5V Square Wave Input 

 
Figure 45: No Cable, PCB Output, Terminated, 1MHz Square Wave Input 
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Figure 46: 1m Cable, PCB Output, Terminated, 1MHz Square Wave Input 

 

 
Figure 47: 3m Cable, PCB Output, Terminated, 1MHz Square Wave Input  

Note: This figure is the same as Figure 41, and is presented again here for ease of comparison to the data in 
Figure 46.  
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 Figure 45, Figure 46, and Figure 47 show how a difference in cable length affects a 

1MHz square wave (0V-5V) input, from the output of the PCB. The main feature to notice in 

these three images is how an increase in cable length increases the amplitude and duration of 

ringing on the edges of the output.  With the three meter cable, the duration of ringing is longer 

than a full period of 20MHz, which highlights a problem to be observed at the higher frequency. 

At 1 MHz the signal is clearly recognizable, and the peak to peak voltage is approximately the 

same for all waveforms, between 2.8 V and 3.1V. Figure 45 shows a minimum voltage of 

approximately 4.1V, which with ringing will cause the digital circuitry to misinterpret the signal; 

however in this case the signal is not driving a cable. In the cable driving cases the low voltage 

levels are near -4.5V, which is hopefully within tolerance for the T/R modules.   

4.2.3.2 – 20MHz 0V-5V Square Wave Input 

 
Figure 48: No Cable, PCB Output, Terminated, 20MHz Square Wave Input 
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Figure 49: 1m Cable, PCB Output, Terminated, 20MHz Square Wave Input 

 

 
Figure 50: 3m Cable, PCB Output, Terminated, 20MHz Square Wave Input  

Note: This figure is the same as Figure 43, and is presented again here for ease of comparison to the data in 
Figure 49.  
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 Figure 48, Figure 49 and Figure 50 also show how cable length affects the output signal. 

Within these images, however, the signal is at a much higher frequency of 20MHz. Without a 

cable connected, the signal is very much still representative of a square wave; however the high 

logic voltage is rippled. As the cable length increases to a single meter, the output signal begins 

to become messy as a shoulder begins to develop, severely limiting the ability to distinguish 

which state the signal is in. As the cable extends to three meters, the signal is even more 

unreadable due to the rippling effects observable in the 1MHz output waveform, . As mentioned 

before, the 20MHz signal period falls within the duration of the ringing seen at 1MHz.The 

rippling of the voltages provides a peak to peak voltage range of approximately 5V; however the 

mean voltage is shifted from -2.5V to -3.5V. This means that the maximum voltage is near 1V 

while the minimum voltage is approximately -6V, with overshoot. 
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4.2.4 – Output Cable Termination 

 
Figure 51: 3m Cable, PCB Output, 1KΩ Pull-Up Termination, 20MHz Square Wave Input  

 
 Observing Figure 51 shows that using a 1KΩ termination resistor on the end of the three 

meter output cable increases output waveform peak to peak voltage to 10.2V; Figure 51 

expresses the voltage divisions as 2V/Div. The single pull up resistor also severely degrades 

signal integrity by forming the output into a triangle-looking waveform. Figure 50 shows the 

220Ω/330Ω Thevenin termination technique, through the same three meter cable. The output, 

using this technique, does not exhibit the a large peak to peak voltage, showing an expected 

4.93V peak to peak.  



 

   85  
   

4.2.5 – Differential Propagation Delay 
 One of the most important design constraints was to make sure that the signals arrived at 

the output within 50ns of each other, ensuring proper loading of information from the signal lines 

into the T/R module. Testing the same signal through two separate paths on the interface board 

was fairly simplistic. The differential propagation delay was measured at 1MHz and 20MHz, 

with no cable and no termination and with a three meter cable with termination 

  Figure 52, Figure 53, Figure 54, and Figure 55 each show that the differential 

propagation delay does indeed fall below the 50ns margin. At worst case, a 12.3ns differential 

was measured leaving 37.3ns of time remaining in the margin. The differential propagation time 

is listed in the bottom right hand corner of the following images marked with a red circle. The 

value in the red circle is the differential time, in ns, between the two vertical measurement bars 

in each of the figures. 
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Figure 52: Differential Propagation – No Cable, PCB Output, No Termination, 1MHz Square Wave Input 

 
Figure 53: Differential Propagation – No Cable, PCB Output, No Termination, 20MHz Square Wave Input 
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Figure 54: Differential Propagation – 3m Cable, PCB Output, Termination, 1MHz Square Wave Input 

 
Figure 55: Differential Propagation – 3m Cable, PCB Output, Termination, 20MHz Square Wave Input 
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5.0 – Discussion 
 

 The differences in input waveform, output test location, output cable length, output cable 

termination, and differential propagation delay will be discussed to advance the development of 

the interface board. At the conclusion of the discussion, a restatement of project goals and 

requirements will be made and an analysis of the project’s progression toward these goals will be 

reviewed. Figures have been repeated in this section for the ease of the reader to compare 

between the different scenarios being described. 

5.1 – Static Voltages 
 

The fundamental operation of the interface board was confirmed with the static tests, 

however an inversion was observed on the output. When +5V is present at the input of the PCB 

the output is expected to be 0V, and when 0V is at the input of the PCB the output is expected to 

be at -5V. Instead, when +5V is at the input the output showed -5V and when 0V is at the input 

the output showed 0V. This inversion was traced back to the SWD-119 IC. The IC which is used 

in this project is a new, unreleased revision of the SWD-119; however no datasheet accompanies 

the new revision. Therefore, the datasheet for the older revision was referenced when 

determining the connections to the IC; see Appendix 9.2.2 for the datasheet. Apparently, the new 

revision of the SWD-119 inverses the outputs, inversing the truth table in the datasheet 

explaining the output connections. There are two outputs for each channel of the IC, labeled A 

and B, which are inverses of each other. The module design PCB utilized the A output, while it 

should have used the B output.  For the purpose of subsequent testing with square waves, this 

inversion could be ignored.  
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The testing was done at two different points on the circuit board: at the output of the 

PCB, and at the output of the SWD-119 IC. The second testing point was introduced bypassing 

the SN74ABT244A buffer to be able to analyze the buffer’s effect on the signal. The results 

from the static voltage tests show that the output of the SWD-119 exhibits practically ideal 

output voltage levels (0V and -5V) of 0.032V and -5.008V, while the output of the buffer shows 

-0.326V and -4.989V.  

5.2 – Input Signal Frequency 

 
Figure 56: 3m Cable, PCB Output, Terminated, 1MHz Square Wave Input 

The red and green lines in the plot above show where the rising edge of an 8MHz and a 4MHz square wave 
signal would be expected. This shows that any signal greater than 8MHz in frequency would complete a full 

cycle while still in the ringing region of the signal.   
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Figure 57: 3m Cable, PCB Output, Terminated, 20MHz Square Wave Input  

The output is severely distorted because, at 20MHZ, the signal does not have enough time to resolve its 
transient, and while in overshoot the signal is being driven to its opposite state.  

 
 Observing the output waveform of a three meter terminated cable with a 1MHz square 

wave input shows an interesting fact. The transient observed at the rising and falling edges has 

duration near 200ns and approaches near 1V in excess from the steady-state voltage. The period 

of a 20MHz signal is 50ns, which means that the entire cycle of the 20MHz signal lies within the 

ringing region of the 1MHz signal. Observing Figure 56 shows that any input signal over 8MHz 

will fall entirely within the overshoot region, severely distorting the output signal. Figure 57 

shows the 20MHz signal and its distortion caused by the ringing. Both of these signals leave the 

PCB at the PCB output, the output of the SN74ABT244A buffers. Therefore, the next section 

describes the difference between the PCB output and the SWD-119 output for non-static inputs. 
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5.3 – Output Test Location 

 
Figure 58: 3m Cable, SWD-119 Output, Terminated, 1MHz Square Wave Input 

 

 
Figure 59: 3m Cable, SWD-119 Output, Terminated, 20MHz Square Wave Input 

 
 Figure 56 and Figure 58 compare the PCB output against the SWD-119 output for 1MHz 

square wave inputs driven through a three meter cable. It is immediately noticeable that the 

SWD-119 significantly reduces the ringing duration and amplitude of the output wave. While not 

nearly as bad as the PCB output, attention still needs to be paid to the ringing, as it still has a 

negative effect on the signal at 20MHz, shown in Figure 59.  

 Although the SWD-119 reduces ringing on the output it also has the tendency to raise the 

mean voltage, from -3.245V to -2.535V for the 1MHz input. The input waveform has a mean 
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voltage of +2.5V, and therefore an output mean of -2.5V would be expected. However, because 

the peak to peak voltage is reduced from 5V to 3.7V, the raising of the mean voltage is actually 

not beneficial. At the SWD-119 output, the output high voltage is -0.6V but the output low 

voltage is near -4.3V, which may be too high to be considered a logic low output; the voltage 

requirements for the T/R module are not yet specified. Conversely, for the PCB output, the 

output high voltage is near -1.5V and output low voltage is near -4.8V. The SWD-119 actually 

increases the peak to peak voltage, from 3.3V from the PCB output. However, the adjustment to 

the mean voltage renders the signal unusable. This effect causes the 20MHz signal output from 

the SWD-119 IC to ripple around -4.2V, as shown in Figure 60.  

 
Figure 60: Acceptable Logic Level Voltages Based on TTL Logic Voltage Levels  

In TTL logic, voltages from 0V to 0.8V are considered Logic 0 and voltages from3V to 5V are considered 
Logic 1. Level shifted, these values correspond to -5V to -4.2V and -2V to 0V. Here, the lower logic voltage 

ripples above and below the threshold which may cause the determination of the logic state to become false. 
 
 The digital voltage level requirements for T/R modules have yet to be specified. 

Therefore, for the sake of interpreting the oscilloscope plots, a TTL based logic description will 

be used, of course it is level shifted.  Any voltage between the lower green line (-4.2V) and the 

lower black line (-5V) in Figure 60 would be considered logic 0 while any voltage between the 

higher green line (-2V) and the higher black line (0V) would represent logic 1.  
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 The rippling above and below the logic voltage threshold will cause a false reading of the 

logic state. This means, in all aspects, that this voltage waveform would not be satisfactory to use 

for this application; again basing the digital logic voltages levels to be as TTL logic. When the 

manufacturer of the T/R module has a clearer idea of the required voltage levels, the design can 

be modified.  

 In addition, the SWD-119 IC can only provide 1mA of current at its output, but the 

control signals need to be fanned-out eight ways, the main reason why the buffer stage is 

included. However, in case there is a signal that has specifications that require higher logic 

levels, the output of the SWD-119 is one option. Depending on the requirements of the T/R 

module, the output of the SWD-119 might be a suitable alternative. 

5.4 – Output Cable Length 

 
Figure 61: No Cable, PCB Output, Terminated, 20MHz Square Wave Input 

 
 The cable length projected to connect the interface board to the radar array is three 

meters. Observing Figure 57 and Figure 61, it is apparent that cable length is a large factor in 

signal coherence. With no cable, the output represents, very well, the square wave input; 

however not using an output cable is an extremely unlikely scenario in the MPAR design. 

Without using a cable, the peak to peak voltage of the output waveform has been reduced from 
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5V, on the input, to approximately 2.5V. This makes the use of this scenario even more unlikely 

as it is unable to attain a low logic voltage near -5V.  

 The 20MHz output waveform, Figure 57, is an extremely messy signal which does not 

resemble a square wave at all. The distortion of the signal can be attributed to the 

aforementioned ringing issues, in addition to an increased impedance mismatch caused by 

adding the cable to the path. The impedance mismatch causes reflections and increases the 

presence of harmonics of the square wave ultimately distorting the signal.  
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5.5 – Output Cable Termination  
  MA/COM suggested the use of a 1KΩ pull-up resistor to terminate the cable connecting 

the interface board to the T/R modules. Their idea was tested against a 220Ω/330Ω Thevenin 

termination. Figure 62 shows that using the 1KΩ pull-up resistor outputs a 10.2V peak to peak 

waveform, with voltages from +1.68V to -8.55V. Therefore, using the 1KΩ pull-up resistor is 

not a viable option.  Using the 220Ω/330Ω Thevenin termination, see Figure 57, provides an 

output waveform with a peak to peak voltage near 4.8V. Even though the output waveform with 

the Thevenin termination is still distorted, the signal will most likely not damage any 

downstream digital ICs, making it a better termination technique than the MA/COM suggestion.  

 

 
Figure 62: 3m Cable, PCB Output, 1KΩ Pull-Up Termination, 20MHz Square Wave Input 
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5.6 – Differential Propagation  

  
Figure 63: Differential Propagation – 3m Cable, PCB Output, Termination, 20MHz Square Wave Input  

At 20MHz the differential propagation delay measured was only 4.8ns. 
 
 The worst case differential propagation delay was measured during a 1MHz input and 

was only measured at 12.3ns. Figure 63 exhibits a signal with only a 4.8ns differential 

propagation delay, even though it is being driven through a three meter cable . The output 

waveform shown in Figure 63 looks to be distorted more than previously recorded, which can be 

attributed to the shorter timescale being observed, 10ns instead of 20ns. However, using this 

figure to show the differential propagation delay proves that the interface design falls within spec 

of the suggested 50ns limitation.   
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5.7 – Suggestions  
Four ideas have been developed which could help to increase integrity of the 20MHz 

output waveform. The first of these methods includes using a low-pass filter at the output of the 

PCB to remove any high frequency noise on the signal, which results in a general distortion of 

the output waveform. Using this technique, however, will also round the square wave corners.  

The second method includes redesigning the PCB into a more efficient design. Because 

of the cost and debugging capabilities, the PCB traces were not placed in the most efficient way. 

Some of the traces’ lengths greatly exceeded the shortest required distance, making unnecessary 

bends in order to be able to route on a 2-layer PCB. At such high frequencies, these bends act as 

inductors and add to the reflections in the trace, greatly distorting the signal. The PCB  may have 

been the leading cause for distortions, which could be avoided by cutting down the length of the 

traces or even using wider traces.   

The third method would require rethinking the termination technique used in testing the 

PCB. The termination used in the testing represents the termination at the input of the T/R 

modules.  Although using the 220Ω pull-up resistor and a 330Ω pull-down resistor is a standard 

way to terminate a long wire, other termination methods might be considered. Using a purely 

resistive termination technique does not account for the complex impedances found in the lines 

and traces.   

The last idea was to research into a buffer which would reduce output ringing and 

provide better output voltage range specifications. If the buffer could reduce the ringing duration 

and amplitude, the output waveform would resemble a level shifted square wave much more than 

it does now. All of these methods are pure speculation, and future research into these ideas may 

prove better functionality of the interface design.  
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6.0 – Virtex-5 FPGA Development in MPAR 

6.1 – Introduction 
 In the current phase of the MPAR project, most of the front end hardware has yet to be 

optimized for space. Each sixty-four T/R module panel requires its own FPGA, and considering 

that the full-scale MPAR array consists of twenty-thousand T/R modules, there will need to be 

approximately three-hundred-thirteen FPGA units. Using the NI PXI-7851R evaluation board to 

accomplish this task would be extremely inefficient due to the amount of overhead hardware 

required to operate it. The evaluation board requires the use of a NI PXI chassis and an 

embedded computer to actively input signals to the FPGA itself, see Figure 64. 

  

Figure 64: Current Hardware Setup  
The PXI-7851R contains the Virtex-5 FPGA and needs to be housed in a PXI chassis, requiring the use of an 

embedded computer. The amount of overhead hardware will be too much to realize a full MPAR. 
  

 Looking ahead into the future of the MPAR project, the beam steering subsystem, which 

is currently substituted by the PXI-7851R controlled by LabVIEW software, will still utilize a 

Xilinx Virtex-5 FPGA. However, the FPGA will be integrated onto the interface board 

developed in this report instead of being located on an evaluation board. This change implies 

modifications to the interface board design which will result in a condensed piece of hardware, 

less reliant on auxiliary hardware. 

PXI 
Chassis 

Interface 
Board 

Radar Array PXI-7851R Embedded PC 
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 The FPGA is not a standalone piece of hardware. To integrate the Virtex-5 onto the 

interface board additional components need to be included to assist FPGA operation. The goal of 

this section is to develop a system level description of the essential components needed to 

implement the FPGA onto the interface board for the MPAR project. 

6.2 – Collection of Information 
 Various sources were utilized to gather information about the Virtex-5 FPGA. The 

FPGA’s user guide, numerous PDF documents from the Xilinx website, Lincoln Laboratory 

Presentations, and even Lincoln Laboratory personnel were used to determine the best approach 

to this task. Most of the information about the FPGA on the Xilinx website was too technical to 

be utilized in a system level design. The bulk of the information determined to be useful for this 

discussion came from internal Lincoln Laboratory resources.  

 Another group at Lincoln Laboratory had already researched into the topic and developed 

hardware prototypes in an initiative named RAPID or Rapid Advanced Processor In 

Development. One of the goals of this initiative was to develop a semi-customizable FPGA 

platform which can be easily integrated into various applications. Their method of approach was 

very intuitive and is the subject of the next section. 

Virtex-5 
FPGA 

Interface Board Radar Array 

ROSA II 

Figure 65: Projected Hardware Setup  
Isolating the FPGA and required components from the PXI-7851R and integrating 
them onto the interface board design removes reliance on auxiliary hardware and 

optimizes the physical space required for implementation. 
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6.3 – Method of Determining Needed Components  
 When researching into how to isolate the Virtex-5 FPGA from an evaluation board, it 

was perceptive to realize that most of the work had already been done by Xilinx, the FPGA’s 

manufacturer. The evaluation board contains all of the needed components to run the FPGA in 

addition to a handful of other non-essential peripherals. The “extras” on the evaluation board are 

the components that are unwanted in the MPAR project and therefore are the components which 

want to be removed, minimizing the space requirements for the FPGA. Xilinx was contacted and 

asked to share the PCB layout and schematics for the evaluation board. Xilinx granted the 

request, providing the group access to the files.  

 With the files in hand, it was easy to determine the essential components needed to 

provide the FPGAs functionality, as they were grouped together on the evaluation board. The 

files also provided the required connections from the FPGA to the components, significantly 

reducing development time for the RAPID prototype.  The working “tile” was schematically 

extracted and integrated onto the custom RAPID PCB. 

    

 

 
 
 
  

Figure 66: A Graphical Representation of RAPID’s Method to Isolating the Virtex-5 FPGA  
From layout and schematic files of an evaluation board, the FPGA and required components were 

extracted and incorporated into RAPID. [Nguyen, 2008] 
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6.4 – The Required Components 
 As stated before, the FPGA is not a standalone piece of hardware. It requires additional 

hardware to function properly under the requirements of the MPAR project. The components 

needed to provide the requested functionality are SRAM, FLASH memory, DDR2 RAM, a 

voltage regulator, oscillators and a gigabit Ethernet controller. 

  It is extremely important to provide a constant DC voltage to the FPGA. Doing so 

prevents damage to the FPGA and prevents intermittent problems in FPGA functioning. To 

provide a constant voltage to the FPGA a voltage regulator is implemented near the FPGA. The 

regulator provides a constant output voltage with reference to another voltage potential, usually 

ground. 

 A gigabit Ethernet controller was requested by Lincoln Laboratory to allow an interface 

with ROSA II. ROSA II is expected to utilize gigabit Ethernet as a standard. Therefore 

complying with this standard will minimize the effort to interface the FPGA and ROSA II later 

on in development. 

 There are multiple types of memory utilized to provide versatile functionality of the 

FPGA. The FLASH memory provides a non-volatile storage which will be utilized to store 

routines to initialize the FPGA during power-up. The SRAM and DDR2 RAM provide volatile 

storage for the FPGA. The DDR2 RAM could be utilized to store ROSA II Universal Control 

Messages while they wait for processing. The SRAM is located closer to the FPGA to be utilized 

as a separate memory dedicated for FPGA operations. 
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6.5 – FPGA Conclusions 
 Figure 69 shows a system level block diagram of FPGA integration onto the interface 

board design. ROSA II information would be sent to the FPGA over gigabit Ethernet, where it 

would be sent to the DDR2 RAM to wait for the FPGA to process it. The FPGA uses the FLASH 

memory to initialize itself upon startup. The SRAM is located close to the FPGA, as it is 

dedicated for FPGA operations.   

 

 

 

 

 

 

 

 

 

 The engineers for the MPAR project have a choice; they can utilize RAPID or they can 

design a more customized PCB with the FPGA blocks mentioned above. The first option would 

significantly reduce development time for the MPAR project. Although RAPID requires the use 

of some auxiliary hardware, the reduced physical size of the hardware and the technical 

experience of RAPID’s development team are definite benefits. The later choice might prove to 

be better fitted with the previously developed form factor requirements of the interface board 

expected to be fitted on the back of the radar panel; however this method would require 

substantial resources.  

DDR2-RAM 

Voltage 
Regulator 

FPGA 

FLASH 
ROM 

SRAM 

GigE 
Controller 

Oscillators 

ROSA II 

Output 

Interface 
Board 

Level Shifting, 
Fan-out, 

Buffering 

Figure 69: System Level Block Diagram of FPGA Integration onto the Interface Board  
The block diagram above shows all necessary components for FPGA operation specified by the MPAR 

project. The interactions of the components are designated by arrows.  
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7.0 – Conclusions 
 The goals for this project, as listed in the Introduction, included a module schematic 

design, a hardware realization of the module design accompanied with test results proving the 

functionality of the design, a panel schematic design, and a system level block diagram 

concerning the integration of the beam steering FPGA on the interface board. Each of these goals 

have been met satisfactorily, with the exception of testing the module PCB design. Due to time 

constraints in ordering the PCB, only a single day was allotted to test the PCB. This proved to be 

barely enough time to fully understand the functioning of the interface design. With more time, 

some of the suggested ideas for resolving the output waveform ringing could have been tested to 

further advance the design. 

 Testing, however, did prove the functionality of the level shifter, although inverted, while 

also verifying the differential propagation delay requirement. The tests also helped determine 

that a 1KΩ pull-up terminating resistor on the T/R module side of a transmitted cable is not an 

effective method of terminating, and requires the use of both pull-up and pull-down resistors. 

 Testing also gave light to negative results. The worst case output possible in the testing 

environment, achievable by driving a 20MHz square wave through a three meter cable from the 

output of the PCB, terminated with generic Thevenin resistor values, renders the design in its 

current state to be, most likely, unusable by Lincoln Laboratory. The two major concerns for the 

output of the PCB are the ringing and the output voltage levels.  

 Lincoln Laboratory does however, have an appropriate preliminary interface board 

design, which could later be redesigned when more specifications for the MPAR project are 

established. The second revision of the PCB could be much smaller, reducing the issues found in 

this first revision and making it an ample design to be used for MPAR. 
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9.0 – Appendices 

9.1 – Appendix A: Oscilloscope Images 
 For the following oscilloscope images, information regarding the axis scales is located 

across the bottom. The offset on the voltage scale is at different locations on a number of images; 

however 0V is determined by the marker on the left side of the image. The value of the offset, 

along with the voltage scale, can be found in the bottom left corner of the images. The timescale 

is found near the bottom right of the images. 

 
Figure 70: No Cable, PCB Output, No Termination, Static 0V Input 
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Figure 71: No Cable, PCB Output, No Termination, Static 5V Input 

 

 
Figure 72: No Cable, SWD-119 Output, No Termination, Static 0V Input 
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Figure 73: No Cable, SWD-119 Output, No Termination, Static 5V Input 

 

 
Figure 74: No Cable, PCB Output, No Termination, 1MHz Square Wave Input 
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Figure 75: No Cable, PCB Output, Terminated, 1MHz Square Wave Input 

 
 

 
Figure 76: No Cable, SWD-119 Output, No Termination, 1MHz Square Wave Input 
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Figure 77: No Cable, PCB Output, No Termination, 20MHz Square Wave Input 

 

 
Figure 78: No Cable, PCB Output, Terminated, 20MHz Square Wave Input 
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Figure 79; No Cable, SWD-119 Output, No Termination, 20MHz Square Wave Input 

 

 
Figure 80: 1m Cable, PCB Output, Terminated, Static 0V Input 
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Figure 81: 1m Cable, PCB Output, Terminated, Static 5V Input 

 

 
Figure 82: 1m Cable, SWD-119 Output, Terminated, Static 0V Input 
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Figure 83: 1m Cable, SWD-119 Output, Terminated, Static 5V Input 

 

 
Figure 84: 1m Cable, PCB Output, Terminated, 1MHz Square Wave Input 
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Figure 85: 1m Cable, SWD-119 Output, Terminated, 1MHz Square Wave Input 

 

 
Figure 86: 1m Cable, PCB Output, Terminated, 20MHz Square Wave Input 
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Figure 87: 1m Cable, SWD-119 Output, Terminated, 20MHz Square Wave Input 

 

 
Figure 88: 3m Cable, PCB Output, Terminated, 1MHz Square Wave Input 
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Figure 89: 3m Cable, SWD-119 Output, Terminated, 1MHz Square Wave Input 

 

 
Figure 90: 3m Cable, PCB Output, Terminated, 20MHz Square Wave Input 
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Figure 91: 3m Cable, SWD-119 Output, Terminated, 20MHz Square Wave Input 

 

 
Figure 92: 1m Cable, PCB Output, Dual Termination, 1MHz Square Wave Input 
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Figure 93: 1m Cable, SWD_119 Output, Dual Termination, 1MHz Square Wave Input 

 

 
Figure 94: 1m Cable, PCB Output, Dual Termination, 20MHz Square Wave Input 
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Figure 95: 1m Cable, swd-119 Output, Dual Termination, 20MHz Square Wave Input 

 

 
Figure 96: 3m Cable, PCB Output, Dual Termination, 1MHz Square Wave Input 
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Figure 97: 3m Cable, SWD-119 Output, Dual Termination, 1MHz Square Wave Input 

 

 
Figure 98: 3m Cable, PCB Output, Dual Termination, 20MHz Square Wave Input 
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Figure 99: 3m Cable, SWD-119 Output, Dual Termination, 1MHz Square Wave Input 

 

 
Figure 100: Differential Propagation – No Cable, PCB Output, No Termination, 1MHz Square Wave  
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Figure 101: Differential Propagation – No Cable, PCB Output, No Termination, 20MHz Square Wave  

 

 
Figure 102: Differential Propagation – 3m Cable, PCB Output, Termination, 1MHz Square Wave  
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Figure 103: Differential Propagation – 3m Cable, PCB Output, Termination, 20MHz Square Wave  

 
 

 
Figure 104: Input Waveform 20MHz 
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Figure 105: 3m, PCB Output, 1K Pull-up, 20MHz Square Wave 
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9.2 – Appendix B: Datasheets of Used Components 

9.2.1 – NI PXI-7851R 
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9.2.2 – SWD-119 Datasheet   
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9.2.3 – SN74ABT244A Datasheet 
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9.2.4 – 767 Series Network Resistor Datasheet 
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