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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.




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.
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Figure 1: The Approach to the Design 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 90 2. 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 R, =220Q2 and R, =150Q.

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

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




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 SmA -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




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 IMHz 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.




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.
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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.
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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.

12




Bea?“ Interface Radar
Sieering Board — Arra
Subsystem Y

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.

Beam Protot
Steering Interface rI({ (:iyp ¢
Subsystem Sl ——>,  Radar
Array

LabVIEW
/
FPGA

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.

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

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.

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
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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.

Antenna

\ Propagation /
% > \ Target
/ Cross
/ Section

. Reflected

Transmitted Pulse
Pulse (“echo”)

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.

Transmitter}« Waveform
Generator
T/R Switch Signal Processor
Receiver » A/D S . —> DOPPI'?F
Compression Processing
Antenna Main Computer i
Tracking & » Display
Detection *»| Parameter
Estimation Recording

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:

_Arx

G e

Equation 1

where A, = effective area of the antenna and A = 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]”

Broadside Beam Scan To 30 deg

Element
Number

R avavi

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, 20006]

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

— v

degrees.

Response
Response

230 0 30 220 0 30
Direction Direction

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 1II system block diagram for phased array

radar.
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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]

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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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 (RUWYVS) 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].

510 Radars. 7 Tvoes 334 Radars, 1 Type

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]

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 MPAR:s,
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].
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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.

S?eiiﬁ .| Interface R T/R
g Board ~ Modules
Subsystem

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.

Virtex-5 FPGA

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.
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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.

.:>o:>

Array Panel Module
5,000 — 20,000 64 T/R 1 T/R
T/R Modules Modules Module

Figure 16: Modularization of MPAR
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
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account for the panel’s larger number of 1/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

90Q.

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; OV 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 OV 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 SmA 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.
Input Output
From . to T/R

—» Termination Level Shift Fan-out / Buffer —»
FPGA Module

A

Figure 17: Top-Level Progression Diagram

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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INPUTS OUTPUTS
Function w Description Function M Description
Pins of Pins
DGND 52 Ref Phase DGND ? Ref Phase
Data In 64 Ref Phase Data Out 64 Ref Phase
Clock 1 Data Shiézsg(;n Rising Clock 8 Data Shiézsg(;n Rising
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-switchl 1 Crossover Control 1 Xover-switchl 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
TRswitchl 1 T/R Switch Control TRswitchl 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 Description Function Number Description
Zunction Pins —eseription Zunction of Pins —eserpiion
Data In 1 Ref Phase Data Out 1 Ref Phase
Clock 1 Data Shifts on Rising Clock 1 Data Shifts on Rising
Edge 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 (Vry), which is dependent
on the driving characteristics of the FPGA evaluation board.

Vi =Vouaun — Lo (Ro +Z,) Equation 2

In this equation V, is the physical voltage corresponding to the high logic output, |, is the

physical output current corresponding to the high logic output, and R, is the output impedance;
all of the PXI-7851R. This information can be found on the PXI-7851R datasheet, see Appendix
9.2.1. Z,, is the characteristic impedance of the transmission line, which was given as 90Q2 by
the Lincoln Laboratory lead engineers. Substituting values:

Vi, =2.4-0.004(0.5+90)=2.038V

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

directly with the following equations:
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Z,*V Z, *V
0 “cCc Equation 3 Rz —_—0 “cC

R =
Vi Vee =V

Equation 4

V¢ 1s +5V. All of the other values are known at this point. Substituting values:

1 :%:220.89 R, :90—*5:151.99
2.038 5-2.038

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 [SV / (150Q +220Q)]; 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,
150Q and 220Q respectively. These are 16-pin surface mount, isolated network resistors;

meaning that each set of pins designates separate resistor.

44



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 OV 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 OV. 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 Vgpr
or Vg 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, Vopr and Vg are seen on the output, and thus define
the output logic level voltages. When Vopr is connected to 0V and Vg 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; Iy refers to current output during the high logic state, and oy 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 Current Drive Differential Transition Cost (SUS) |
Family Speed Quantity
(MAX — MIN)

SN74ABT244A BiCMOS lon =-32mA, tpLg = 3.6ns 0.44 | 1ku
IOL = 64mA tpHL = 3.6ns

SN74F241 TTL lon=—-15mA, tpLg = 4.5ns 0.40 | Iku
IOL = 64mA tpuL = 4.5ns

SN74S244 TTL IOH = —151’1]A7 tpLH =9.0ns 2.20 | lku
IOL = 64mA tpaL = 9.0ns

SN74AS244A TTL lon=—-15mA, tprg = 4.2ns 2.27 | 1ku
IOL = 64mA tpuL = 4.2ns

SN74AHC541 CMOS lon =—-8mA IoL tpLg = 7.5ns 0.31 | lku
= 8mA tpyL = 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 V¢ 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.

47




Gl ~ P
1A1 [] ] 20E
2v4 [] ] 1Y1
1A2 [ ] 2A4
2Y3 ] ] 1y2
1A3 [] ] 2A3
2v2 || ] 1v3
1A4 [] ] 2A2
2Y1 ] ] 1v4
GND ] ] 2A1

Figure 20: Pin-Out of the SN74ABT244A Octal Buffer
10E controls 1A1-1A4, and output on 1Y1-1Y4 (left to right)
20E 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
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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
Pin | Pin
Description | Output | # # | 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 DI024 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 DI020 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
Pin | Pin
Description Output | # # | 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
TRswitchl DIO6 41 7 DGND GND
Sngl Dual DIO5 40 6 DGND GND
Xover-switchl 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 DIOO 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 47uF capacitor and a 1uF capacitor lie in parallel from +5v to GND and -5V to
GND. Also, as added protection, a 0.1uF 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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+5V GND -5V

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.

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

53




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.

Function Oscilloscope
Generator Power Supply CH1 CH2
5 o S $ 5

+5V GND -5V
o' Lo

O
_ Level Octal
o Shifter - Buffer
SWD-119 utte PCB

Output Output

Module PCB

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

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

output cable length, and output cable termination. The following sections explain the reasoning
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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 1IMHz
and 20MHz, OV 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 1KQ pull-up

resistor, to OV, to terminate the cable connecting the interface board to the T/R module. This idea
was tested against the use of a 220€2 /330Q2 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.

GND

220Q

eable o Test Point

33002

-5V

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.

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.
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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 220€Q network resistor to
+5V and a 150Q 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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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

Figure 25: The Module Design

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
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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.
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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;
2200hms to Vce and 1500hms 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 Vce 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 2200} network resistors to Vcc and eight 150Q 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 OV to SV 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 Vee 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 Vcec 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 Vce (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,
Im, 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 220€Q resistor to Ground and a
330€Q 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

Eﬁ
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4
&

Measure P1:fall(C3) P2rize(C3) P freq(C3) P4:mean(C2) PS:mean(c3) PE:pkpk(C3) PTmin(C3) Piaimax(C3)

value 1912454 p= 10360 MHz S35 my -326 mY 213 mv -7 my -204 mv

mean 16405371 ns 17395082 ns  416.00727 MHz -35.70mY = -B18 68 mv = 203.5 mv -918E6mY =752 my

min 295 ps 276 ps  -2.3248572 THz -40 mY =-4.9931 % =157 mv STASY =401

M 1.969790 p= 1989239 p= 16414867 THz -3 omy =1.434 Y =105 141 =313

soley 209.36564 ns K703 ns 589346531 GHz 115 my =1.373068 W = 1934 mY 1.3526 W = 13723

num 7246de+3 72 465e+3 GE75147e+6 15.215e+3 15.215e+3 15.2159e+3 159.215e+3 15.215e+3

stetus A H A W v

i L b Fy B

Figure 37: No Cable, PCB Output, No Termination, Static 0V Input
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Measure P1:fall(C3) P2rize(C3) P3:freq(C3) P4:mean(C2) P& meani(C3) PE:pkpk(C3) P7:min(C3) P max(C3)
value 409 362 ns 13916 nz 192.51 MHz -3 my -4.959 Y 209 m -5.09 -4 B85
mean 16410739 ns 17419532 ns 41532111 MHz -39.71 mY =317 32mY = 2032 mY -9171 mY =38 my
min 292 ps 276 ps  -2.3248572 THz -40 mY =-4.951 % =157 mY PG AY =491
s 1 969790 ps 1989239 ps 16414867 THz -3 my =1.494 % =10.58 Y 14 =313y
sdday 209.28596 ns 21790219 ns 58526666 GHz 115mY =137218 Y =191 9mYy 13815 =1.3714 %
num 73.555e+3 T354Te+3 §.799550e+6 15.457e+3 15.457e+3 15.457e+3 15.457e+3 15.457e+3
status i A A g s ' g v

histo L L L ‘ 1 L 1 i l
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Figure 37 and Figure 38 show the results of a static 0OV 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.

[}

4
&
Measure P1:fall(C3) P2rize(C3) P freq(C3) P4:mean(C2) PS:mean(c3) PE:pkpk(C3) PTmin(C3) Piaimax(C3)
value 41526 n= 159961 n= 605 .2 MHz -3 m F2my 196 mW -60 m 136 m
mean 164.19528 ns 17565830 n= 41349620 MHz -35.76 mY = -8985 .30 mY = 2022 my -1.0845 % =523 mY
min 295 ps 2T6ps  -2.3248572 THz -40 mY =-5136 Y =157 my -TdsY =-5.06%
Mg 1 969790 ps 1989239 ps 16414867 THz -3 omy =1.494 % =10.58 Y 141 % =313y
soley 209.11942 ns 22003568 ns 96174555 GHz 116 my =1.29739 Y = 15836 mY 1.6040 % =1.89876 W
num 79.683e+3 79.503e+3 9569457 e+6 16.683e+3 16.563e+3 16.553e+3 16.6853e+3 16.6638+3
status i i v 4 4 v

e A v
\ L N . 1

Figure 39: No Cable, SWD-119 Qutput, No Termination, Static 0V Input
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&
Measure P1:fall(C3) P2rize(C3) P freq(C3) P4:mean(C2) PS:mean(c3) PE:pkpk(C3) PTmin(C3) Piaimax(C3)
value 38.960 n= E16.604 ns 210.36 MHz 36 mY -5.008 % 215 m S512W -4.90%
mean 16428248 ns 17566968 ns 41343463 MHz -35.76 mv =-389.48 mv = 2022 mv -1.0887 % =-886.5 mv
min 295 ps 276 ps  -2.3248572 THz -40 mY =-5136 Y =157 mv STASY =506
M 1.969790 p= 1989239 p= 16414867 THz -3 omy =1.434 Y =105 141 =313
soley 20921028 ns 22000149 ns  S6072927 GHz 116 my =1 60314 % = 18353 mY 1.60496 W = 1.60534 v
num G0.165e+3 50.0535e+3 960431 2e+6 16.947e+3 16.947e+3 16.947e+3 16.947e+3 16.947e+3
status L R i o v ' g v

Figure 40: No Cable, SWD-119 Output, No Termination, Static SV 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 IMHz 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

C3
m A H\ Y
L‘H Tl AN 1 W e
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|
4 w
Fy
Measure P1:fall(iC3) FZrize(C3) P3freq(C3) Pd:mean(C2) PS:mean(C3) PE:pkpkiC3) P7:min(C3) Pa:max(C3)
value 4223 ns 4114 nz 1.00001 3 MHz -3amy -3.245W ERER -9.64 W -G95 my
mean 5949072 ns T4 B0SES Nz 394 23430 MHz -35.14 my -3.28939 W 389358V -5.2437 Y -1.53079 Y
min 3463 ns 466 pz  -9.896907 GHz -3 my 4185 Y 173 mY -5.86 W -39
Mg 895 .5585 ns 1188640 ps 42.059349 GHz -2 my -2.004 % SAT Y -20ey -B3T mY
adlay 149.24573 ns 19157532 ns 60455232 MHz 111 mY S00.32my 20042 % 11123 11023 %
num 139 138 6.337e+3 54 549 54 a9 29
status W L' W W s ' W v

s N Y SRR TR VIR N P

Figure 41: 3m Cable, PCB Output, Terminated, IMHz Square Wave Input
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Measure P1:fall(C3) P2rize(C3) P freq(C3) P4:mean(C2) PS:mean(c3) PE:pkpk(C3) PTmin(C3) Piaimax(C3)
value 5206 ns 4873ns  1.000036 MHz -33my -2535 Y 4.40% 477 -3T2my
mean a7 2T44G8 ns 72538539 ns  378.0490 MHz -35.28 mh -243792 Y JEMEN -4.28901 & -663.5 m+'
min 4805 ns 2208 ns  -19.45946 GHz =38 m 2535 163 mY 452 -1.84%
M 930.835 ns 1.708951 ps 4500000 GHz -33my -2.024 % 447 Y 2 =337 my
soley 126.79932 ns 197 59116 nz 504 9915 MHz 1.20 my 197 66 mv 16535 W 1.0455 W B09.5 mv
num 167 187 7. 759e+3 0] &0 1] 0] &0
status W s W o v ' g v
histo L L s e ._u.l.l.‘lLLuL T | Y T [ _LJM_ | T T

These results were taken using a three meter cable with an input signal of IMHz 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 IMHz.
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4.2.2.2 - 20MHz 0V-5V Square Wave Input

T T
v IV ERRAVEERAY

&
Measwure P1:fall{C3) P2:rise(C3) P3:freq(C3) P4:mean(C2) PS:mean(ic3) PE:pkpk(C3) P7:min(C3) P&:max=(C3)
value 235895 ns 11.164 ng 20,0021 MHz -32my -3487 W 493 -L92y -994 m\
mean 17 48704 n= §.71537 nz 200000292 MHz -35.91 mY -3.45347 Y 48345 Y -5837E Y -1.0028
min 3.793ns 2046 ns 19.9515 MHz -42my -3.490 W 455 -5.98Y -1.04 %
max 24 443 nz 11.409 ng 20,0394 MHz -32my -3.480 W 499 -5.490% -959 mW
dew 565795 n= 3276 Nz 13.545 kHz 1.76 my 210my 228my 170 my 1589 my
num a04 376 332 126 126 126 126 126
status fl. i A v 'Y v v v

Figure 43: 3m Cable, PCB Output, Terminated, 20MHz Square Wave Input
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Measwure P1:1all{C3) PZrize(C3) P3:freq(C3) P4:mean(C2) PS:mean(ic3) PE:pkpk(C3) P7:min(C3) P&:max(C3)
value 5.868 ns 5.282ns 20,0003 MHz -36 mY -2.8358 W 424 -4.73Y -545 mh
mean 10.45569 ns 9.05555 ns  157.91656 MHz -35.74 mY -2.78614 Y 38952 Y -4 G025 -B07.3 mY
min 2466 ns 4180 ns 19.9357 MHz -41 my -2.841 W 133 my -4.64 -183Y
107 636 ns 147761 ns 41854812 GHz =3 my -2.023 W 436 -209Y -4d1 m
614363 nz 9.60459 ns  245.61565 MHz 1.79 my 19145 mY 1.0241 % ES5.6 my 371.2my
1.495e+3 141e+3 1.938e+3 385 385 385 385 385

4 4

Figure 44: 3m Cable, SWD-119 Output, Terminated, 20MHz Square Wave Input
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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 IMHz 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

[EETAES
ryuu-
-
gt
Fy
Measure P1:fall(C3) P2 rize(C3) P3:freq(C3) P4:mean(C2) PS:mean(C3) P& pkpk(C3) PT:min(C3) P& max(C3)
value 3215ns 2.024 nz 1.0001 26 MHz -32mv -2HB35 W 310 -4.14 W S04 %
mean 320493 ns 190457 nz 10000013 MHzZ -30.54 my -2E3459 W 31147V -41361 W S1.0214 %
min 28910ns 1.748 nz 999.693 kHz <34 my -2E3EY 3.06 v 418 Y 107y
s 3516 ns 2083ns  1.000295 MHz -2 my 2EM Y 319 41y -96T mt
sdev 82.04 pz 5046 ps 7358 Hz 9380 pY 1.05 mY 20.4 my 133 mYy 15.5 my
num 2610e+3 2610e+3 1.104e+3 522 922 922 222 922
status v 4 4 4 v U4 4 v
histo

S00kS ._ 11

Figure 45: No Cable, PCB Output, Terminated, IMHz Square Wave Input
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Measure P1:fall(C3) P2rize(C3) P freq(C3) P4:mean(C2) PS:mean(c3) PE:pkpk(C3) PTmin(C3) Piaimax(C3)
value 26825 ns 2379ns  1.000007 MHz -34 m -3.260% 3 -5.86 Y -557 mv
mean 2 64620 ns 223407 ns 10000209 MHz -35.49 mv -326031 % 52642 -5.8337 W -569.5 mY
min 2526 ns 2.092 nz 999926 kHz S35 mY S32E3 W 522 S5ET Y -559 mY
M 2866 ns 2410ns  1.000144 MHz S33my -3259 53 -5.80W -S43 my
soley 57 .32 ps 5252 ps 63.60 Hz 113 my 914 v 255 my 15.4 my 13.2my
num a6 a6 25 25 26

stetus v v v W v

bt _-d.dl.-_.__._ _..-l.m_u__lel_ LL.I | LI. 1

Figure 46: 1m Cable, PCB Output, Terminated, IMHz Square Wave Input
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Measure P1:fall(iC3) FZrize(C3) P3freq(C3) Pd:mean(C2) PS:mean(C3) PE:pkpkiC3) P7:min(C3) Pa:max(C3)
value 4223 ns 4114 nz 1.00001 3 MHz -3amy -3.245W ERER -9.64 W -G95 my
mean 5949072 ns T4 B0SES Nz 394 23430 MHz -35.14 my -3.28939 W 389358V -5.2437 Y -1.53079 Y
min 3463 ns 466 pz  -9.896907 GHz -3 my 4185 Y 173 mY -5.86 W -39
Mg 895 .5585 ns 1188640 ps 42.059349 GHz -2 my -2.004 % SAT Y -20ey -B3T mY
adlay 149.24573 ns 19157532 ns 60455232 MHz 111 mY S00.32my 20042 % 11123 11023 %
num 139 138 6.337e+3 54 549 54 59 29
status W L' W W s ' W v

N R PR ¥ T T S WP

Figure 47: 3m Cable, PCB Output, Terminated, IMHz 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
IMHz 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
|

o

-
|
|
J
Measure P1:fall(C3) P2rize(C3) P3mean(C3) P4:mean(C2) P meaniC3) PG pkpk(C3) P7min(C3) P max(C3)
valle 3027 nz 1834 nz -3.004 S27my -3.004 W 301 -4.09% 108
mean 716384 nz 7.33234 nz -2. 31367 W -30.06 my -2 36T Y 23423 -3.729 -530.6 mv
min 348 ps 282 ps -4 033 W =36 mt -4.033 % 128 mW -4.24% S3AT
max 181202 nz 164.508 n= 1095 W -23my 1.085 % 328 103% 1AT Y
sdev 16.06679 ns 1827797 n= 1.32384 v 1.75my 1.32384 v 12736 W 17426 594.0 mY
num 9.252e+3 731 3e+3 2E16e+3 2E1Be+3 2E16e+3 2 E16e+3 2.516e+3 2E16e+3
status 'y 4 w 4 4 w 4 W

-750.4 nz| [Tricoer
200 Lto
2.00 kS 10

¥1= BS04nz AX= 00ns
H2= BS04nz 1iAK=

Figure 48: No Cable, PCB Output, Terminated, 20MHz Square Wave Input
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Measure P1:fall(C3) P2rize(C3) P freq(C3) P4:mean(C2) PS:mean(c3) PE:pkpk(C3) PTmin(C3) Piaimax(C3)
value 8.375ns 18.453 ns 20,0064 MHz S35 my -3.489 % S41 -6.04 % -B30 mY
mean 10.41588 ns 1650915 ns 27540629 MHz S35TT mY -313406 ¥ 41858 W 51147 W -928.9 mW
min 2939ns T3ps 19.5480 MHz -4 mY -3497 Y 169 mv -5.03 Y 185
M 156.062 n= 173358 ns 57584763 GHz -3 omy -1.959Y 547 -204 W -568 mY
soley 1219125 ns 1780430 ns 294 23650 MHz 1.77 my G44 31 mv 21880 W 16767 W 2118 mv
num 1.1356e+3 00 3.041e+3 319 39 319 319 39
status A H R o v ' g v

hito i | S VR : | |

g ) \. B
E i il v L

s
Measure P1:fall(iC3) FZrize(C3) P3freq(C3) Pd:mean(C2) PS:mean(C3) PE:pkpkiC3) P7:min(C3) Pa:max(C3)
value 23893 ns 11.164 nz 20,0021 MHzZ -32mv -3.487 W 483 -5.82 W -394 mv'
mean 17.48704 nz 871537 nz 20.000292 MHz -35.91 my -3.45547 W 49345 W -5837E Y -1.0029 v
min 3753 ns 2.046 nz 19.9515 MHz -42my -3.490 % 485V -5.98 W S04 %
Mg 24443 ns 11.409 ng 20,0394 MHz -2 my -3.480Y 499 -5.80Y -959 my
adlay 8.65798 ns 3276 Ns 13.845 kHz 1.76mY 210my 229my 171 mYy 15.9 my
num 504 375 332 126 126 126 126 126
status i A A

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 IMHz.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.

83




4.2.4 — Output Cable Termination

el
Fy
Measuwre PA:fall{C3) P2rise(C3 P freg(C3) P4:mean(C2) PS5 mean(iC3) PE: pkpkiC3) P7:minfC3) P&:max(C3)
value 15509 ns 12301 ns 19.9956 MHz S35 my -3610 102 -355Y 168
mean 16.99266 nz 1230827 ns 19996533 MHz -3 44 mY -3B0932 Y 10321 % -5E024 W 17187 W
mir 13773 ns 637 ns 19.9323 MHz 42 my S3ES3 Y 102 -BraY 1.61 %
M 21187 ns 13830 ns 20.0472 MHz -33my -3E74 1054 -G48y 1.83%
sy 1.89397 ns 7T6.63 ps 21.549 kHz 1.57 my 16.45 my &7 my 524 my 447 mYy
num o5 531 449 177 177 177 177 177
status 4 s W 4 + + 4 4

200kS Edn_q_e F'.

Figure 51: 3m Cable, PCB Output, 1KQ Pull-Up Termination, 20MHz Squar Wave Input
Observing Figure 51 shows that using a 1K 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
220€/330Q 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.

84



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 IMHz 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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Measure P1:fall(C3) P2:rize(C3) P3:freq(C3) P4:mean(C2) PS:mean( 3 PE:pkpk(C3) PT:min(C3) P& max(C3)
value - 1.734 nz - =37 my -3.045 W 463 -4.95 W =391 my
mean - 177187 ns - S3T4 my -3.02796 W 45641 -4.9541 v -420.0 my
min - 1.623 nz - -43my -3.089 Y 446 -5.04 W -495 my
ma - 1.891 nz - -3 my -3 Y 465V -4.95 W -300 my
soley - 4239 p= - 1.70 m 1005 mv 336 mY 126 my 3.6 mh
num 0 1.740e+3 0 1.740e+3 1.740e+3 1.7402+3 1.740e+3 1.740e+3
status il s iy W L L W v
histo ol

¥2= 124 nz 1JARE

Figure 52: Differential Propagation — No Cable, PCB Output, No Termination, IMHz Squar
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Measure P1:falliC3) P2Zrise(C3) P3freq(C3) P4:mean(C2) P3:mean(C3) PE:phpk(C3) PT:min(C3) Pa:max(C3)
value -—- 2237 n= - =36 my 287 441 -85 =567 m
mean -—- 213383 ns - -35.30 my -2.82809 % 44242 -4 9862 -571.8my
min -—- 1.867 nz - -48 my -2.847 W 434 -5.05 % -B5E m
ma -—- 2369 Nz - -26 my -2810% 452 -4.85% -430 my
soley - 584 .26 ps - 4.06 m Fa2amy 307 m 159 my 257 mh
num 0 456 0 456 456 456 456 456
status iy
higta

Figure 53: Differential Propagation — No Cable, PCB Output, No Termination, 20MHz Square
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Measure P1:fall(C3) P2:rize(C3) P3:freq(C3) P4:mean(C2) PS:mean(C3) PE:pkpk(C3) PT:min(C3) Pa:max(C3)
value - 3.667 nz - =36 m -3.050 % 4.10% -4.97 W -G74 my
mean 19.95350 ns 377855 ns 1 GHz S3T1emy -3.04805 v 40331 W -4 9636 v -930.5 my
min 5549 ns 1480 nz 0THz -44 mv -3428 W 123 m¥ -5.04 W BERC RN
ma 30807 ns 11.884 nz 0THz -32my -2ME Y 414 -2.08 W -GBS my
soley 92141 ns 51420 ps 0 GHz 2.09 my 181 myv 2898 mY 1952 mY 1146 mv
num 4 466 a6 464 464 464 464 464
status il s iy W L L W v

¥i= B4 ns m
i 1 ¥2= 200ps 1M b

Figure 54: Differential Propagation — 3m Cable, PCB Output, Termination, IMHz Square Wave Input
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Measure P1:fall(C3) P2rize(C3) P3:freq(C3) P4:mean(C2) PS:mean(C3) PE:pkpk(C3) PT:min(C3) P& max(C3)
value 3856 ns 2639 nz - =36 m -3.981 W 487 BN -G5d my'
mean 13.18365 ns 10.95690 nz 0 GHz S3T.63 mY -286339 W 27382V 4033 SLEHY
min 323 ps 3549 ps -0THz -44 mv 4511 Y 122 mY -5.88 W -4.39%
ma 94 366 nz 92438 nz 0THz -3 my -34my 496 Y -102 my 40 m+
soley 1465167 ns 14 02957 n= 0 GHz 215 my BO03.70mY 20405V 1.5807 W 5146 mv
num 1637e+3 1.5408+3 13.190e+3 1.643e+3 1.6438+3 1.6438+3 1.643e+3 16438+3

status v

v oy v
A i | ]

¥2= 200ns 170

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 OV. 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

SMHz AMH

1V Diw

Fy

200ns/Thv
Figure 56: 3m Cable, PCB Output, Terminated, IMHz 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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IV/Dav n

20ns/Div
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 IMHz signal. Observing Figure 56 shows that any input signal over SMHz
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

C3

—

1V/Div
]
M‘"— Sl

200ns Div 4
Figure 58: 3m Cable, SWD-119 Output, Terminated, IMHz Square Wave Input

IV/Div

20ns/Dhv

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 IMHz
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 IMHz 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.

f[ﬁ\\ //\\\ JA\ //\\\
ety S B L S

IV/Div

20ns/Div

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
|

N

1V/Dav

20ns/Div
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 1KQ pull-up resistor to terminate the cable connecting

the interface board to the T/R modules. Their idea was tested against a 220€2/330Q2 Thevenin
termination. Figure 62 shows that using the 1K€ pull-up resistor outputs a 10.2V peak to peak
waveform, with voltages from +1.68V to -8.55V. Therefore, using the 1K€ pull-up resistor is
not a viable option. Using the 220€2/330Q2 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.

2V/Diw

20ns/Div
Figure 62: 3m Cable, PCB Output, 1KQ Pull-Up Termination, 20MHz Square Wave Input
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5.6 — Differential Propagation
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Measure P1:fall(C3) P2 rize(C3) Pa:freg(C3) P4:mean(C2) Pa:meani( 3 PE:pkpk(C3) P7:min(C3) P& max(C3)
valle 3858 ns 2639 ns - 36 mt -3.951 % 487 W -5.TaN -554 mv
mean 13.18568 n= 1085690 n= 0GHz S3T.63 mY -2.88359 Y 27362 -4.0513 % SLH3 Y
min 323ps 359 ps= -0 THz -44 mt -4.511 Y 122 mW -5.55 % -4.39%
M 94 366 nz 92438 n= 0THz -3 my =34 my 495 % -102 my 40 my
sdev 14 65167 nz 14025957 n= 0GHz 215 my 03.70my 20405 W 1.5807 v 5146 my
num 1 B37e+3 1.540e+3 13.190e+3 1.643e+3 1 E43e+3 1 E435e+3 1.643e+3 1643e+3
status v 4 i, U4 v 4 v v
hista ] d ' .‘ [ l

H2= 200wps

Figure 63: Differential Propagation — 3m Cable, PCB Output, Termination, 20MHz Square We Input
At 20MHz the differential propagation delay measured was only 4.8ns.

The worst case differential propagation delay was measured during a 1IMHz 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 220€ pull-up resistor and a 330€2 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.

Embedded PC ~ PXI-7851R Radar Array
PXI v v Interface
Chassis > Board [——>

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.
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Interface Board Radar Array

ROSA 1T Virtex-5
— | IR ——">

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.
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.
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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.

Voltage
Regulators

DDR2 DRAM

FPGA
Virtex 5

FMC Connector

-

Known Good Tile

" RAPID Design Flow
{Known Good Board)

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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Figure 67: RAPID PCB Design
Memory and voltage regulators are the major components needed to use the FPGA. [Nguyen, 2008]

The Lincoln Laboratory group working on the RAPID initiative provided a PCB layout
of the RAPID FPGA platform for reference. Included on the PCB layout are labels marking the
components required for FPGA integration. Figure 67 and Figure 68 clearly label the required

components needed when translating the FPGA from an evaluation board to the interface design.

FPGA
Voltage
Regulator DDR2
BN
Ivlill.elr.l..x > RAM
Oscillators

SRAM FLASH

Figure 68: Hardware Solution to FPGA Design by Group 102
This is a section of the prototype hardware designed for RAPID. This section of the board
contains all necessary components to run the FPGA for 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.

! Interface
RosATT ) GigE Y Board
Controller .
T Level Shifting,
» DDR2-RAM FPGA Output > Fan-out,
Buffering
Voltage
A
Regulator
SRAM |e— FLASH
ROM
+
Oscillators 4

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.

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.
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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 1KQ 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.
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Measure P1:fall(C3) P2 rize(C3) P freq(C3) P4:mean(C2) Pa:meani( 3 PE:pkpk(C3) P7:min(C3) P& max(C3)
value --- 1912454 ps 103.60 MHz =35 my =326 mY 213 mv 417 my =204 mt
mean 164.03571 n= 17393062 n: 41600727 MHz -35.70 my = =316 66 my = 2035 mY -FEE my =-715.2my
min 295 ps PG ps -2.32483572 THz -40 m =-4.991 W =157 m¥ STAS N =-491 %
max 1.869790 ps 18589239 ps 16.414867 THz -3 my =1.494 % =10.55 W 141 % =313
sdev 209365864 ns A7 03 ne 585934631 GHz 115 my =1.37308 W = 1934 m¥ 1.3826 W = 13723
num 72 4Bde+3 T2 ABSe+3 SETE147e+B 15.215e+3 15.215e+3 15.215e+3 15.215e+3 15.215e+3
status i R i 4 4 4 'y W
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Measure P1:fall(C3) P2rize(C3) P freq(C3) P4:mean(C2) PS:mean(c3) PE:pkpk(C3) PTmin(C3) Piaimax(C3)
value 409362 ns 13916 n= 18251 MHz -38 my -4.8989 % 209 mY -5.08 % -4.88Y
mean 164 10789 ns 17419552 ns 41532111 MHz S35 my =817 52 mY = 2032 mY ST my =138 mY
min 295 ps XEps 23248572 THz -40m' =-4.991 % =157 mY -T45Y ERCR Y
M 1 869790 ps 1889239 ps 16414867 THz -3 my =1.494 % =10.58 % 141 % =313
soley 209255596 ns 21780219 ns 58526666 GHz 115 my =137218Y =191 9 mY 1355815 =1.3714 W
num 73.5998+3 F3.547e+3 5.799550e+6 15.457e+3 15.457e+3 15.457e+3 15.457e+3 15.457e+3
status L R i o v ' g v
hista L L b A, 1 1 L

[asc} ) el -t "
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Fy

Measure P1:fall(iC3) FZrize(C3) P3freq(C3) Pd:mean(C2) PS:mean(C3) PE:pkpkiC3) P7:min(C3) Pa:max(C3)
valug 41 5326 nz 159961 nz G052 MHz -3 my J2my 186 my -60 m 136 my
mean 16419529 ns 17565930 ne 41349620 MHz S35 76 mY = -985 30 mY = 2022 mY -1.0845 % = -BE2.3mY
min 295 ps 2FEps -2.3248572 THz -40 my =-5136 Y =157 m¥ STAS N = -506 W
Mg 1 969790 ps 1989239 ps 16414867 THz -3 mY =1.494 % = 1058 Y 141 % =33
adlay 209.11942 ns 22003588 ne 56174598 GHz 116 mY =1.89739 Y =183.6 mYy 1.6040 Y =1.5076 %
num 79.883e+3 79.803e+3 9569457 e+6 16.883e+3 16.883e+3 16.883e+3 16.883e+3 16.883e+3
status i H A g s ' W v
hista L L h A 1 | L
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Measure P1:fall(C3) P2rize(C3) P freq(C3) P4:mean(C2) PS:mean(c3) PE:pkpk(C3) PTmin(C3) Piaimax(C3)
value 35960 n= E16.604 ns 210.36 MHz -36 mY -5.008 % 215 my -512% -4.80%
mean 164 28248 ns 17566965 ns 41343463 MHz -35.76 mY = -8989. 45 mY = 2022 my -1.0887 % = -856.5 mY
min 295 ps XEps 23248572 THz -40m' =-5136% =157 mY -T45Y =506 %
M 1 869790 ps 1889239 ps 16414867 THz -3 my =1.494 % =10.58 % 141 % =313
soley 20921028 ns 22000149 ns  S6072927 GHz 116 my =1 60314 % = 18353 mY 1.60496 W = 1.60534 v
num G0.165e+3 50.0535e+3 960431 2e+6 16.947e+3 16.947e+3 16.947e+3 16.947e+3 16.947e+3
status L H R o v ' g v
hista L L k ,‘, 1 L 1 L
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Measure P1:fall(iC3) FZrize(C3) P3freq(C3) Pd:mean(C2) PS:mean(C3) PE:pkpkiC3) P7:min(C3) Pa:max(C3)
value 3.408 ns 49 676 nz 999 941 kHz -3 my 2014 435 -4.29% 59 my
mean 3.35954 ns 4921735 ns 999.99720 kHz -31.35 my 211222 W 43747V -4.2927 S2.0mh
min 3215ns 45955 nz 999 8695 kHz -33my =214 435V -4.32 W F2mh
Mg 3478 ns S0.822ns  1.0001979 MHz =30 mY 210 440 427y a7 m
adlay 6037 pz 86110 ps 72584 Hz 98 Y 1.30my 77 131 mYy 7.4 my
num a0 a0 40 10 10 10 10 10
status v L' W g s ' W v

1 |||_|]| 1
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Measure P1:fall(C3) P2rize(C3) P3:freq(C3) P4:mean(C2) P& meani(C3) PE:pkpk(C3) P7:min(C3) P max(C3)
valle 3215ns 2024ns  1.000126 MHz -2 my S2E3Y 310 414 -1.04%
mean 3.20493 ns 180457 ns  1.000004 3 MHz -30.54 mY -2E3459 Y ERAETRY -4 4361 W -1.0214 %
min 2810ns 1.748 nz 939693 kHz =34 my -2E3EY 3.06 Y -4458Y 10Ty
max 3516 ns 2.0583 nz 1.000285 MHz S2Tmy 283 W 319 41 -967 my
sdev 5204 ps 5046 ps 7358 Hz 9580 pv 1.05 mY 20.4 mY 133 my 15.5 mh
num 2610e+3 2610e+3 1.104e+3 522 522 522 522 522
status ' W v

v v "4 v v
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Measure P1:fall(C3) P2rize(C3) P3:freq(C3) P4:mean(C2) P& meani(C3) PE:pkpk(C3) P7:min(C3) P max(C3)
value 2532 ns 3.834 nz 1.000043 MHz -36 my -2.594 % 575 -5.48 W 270 mv
mean 10432549 ns 10854464 ne  350.70546 MHz -36.80 mYy 187229 43699 Y -4.1950 % 2148 my
min 2351 nz 926 ps  -92.55817 GHz -39 my -2E00Y 198 mv B Y 93 my
s 447487 ps 2506936 ps 93661972 GHz <34 my 147 mv ERERY Homy 294 mv
sdday 333.42564 ns HMTB6134ns 94294310 MHz 868 pY 11183 ¥ 23065 % 22722y 8.5 my
num 276 276 14.587e+3 a5 55 55 55 55
status e L' L' g s ' g v
histo L LL . _._.u.l.ujhu_ T | _.JM T I R A N |

Figure 76: No Cable, SWD-119 Output, No Termination, IMHz Square Wave Input
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Measure P1:fall(C3) P2rize(C3) P3:freq(C3) P4:mean(C2) P& meani(C3) PE:pkpk(C3) P7:min(C3) P max(C3)
valle 2192 nz 1.646 nz 19.9857 MHz -2 my 3010 327 425 -979 my
mean 224536 ns 165593 ns 199998597 MHz -30.25 mY SGMHEY J2HIY -4.2230 % -991.8 m¥
min 2080 nz 1481 nz 19.9505 MHz =35 my 3018 318 425V -1.04 %
max 2433 ns 1.891 ns 20.0404 MHzZ -2amy -3.005 W 329 -418 W -9358 my
sdev 2542 ps 54.03 pz 15.445 kHz 1.59 my 1.85 my 218 mY 146 my 17.3my
num 2.000+3 1 SUDe+3 1.001 e+3 SEID SUEI SDU SDD SUD
status W

Figure 77: No Cable, PCB Output, No Termination, 20MHz Square Wave Inpu
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Measure P1:fall(C3) P2rize(C3) P3mean(C3) P4:mean(C2) P meaniC3) PG pkpk(C3) P7min(C3) P max(C3)
valle 3027 nz 1834 nz -3.004 S27my -3.004 W 301 -4.09% 108
mean 716384 nz 7.33234 nz -2. 31367 W -30.06 my -2 36T Y 23423 -3.729 -530.6 mv
min 348 ps 282 ps -4 033 W =36 mt -4.033 % 128 mW -4.24% S3AT
max 181202 nz 164.508 n= 1095 W -23my 1.085 % 328 103% 1AT Y
sdev 16.06679 ns 1827797 n= 1.32384 v 1.75my 1.32384 v 12736 W 17426 594.0 mY
num D 2823+3 7.3 39+3 261 Be+3 251 Be+3 2E1 Be+3 251 Ee+3 281 Be+3 261 Be+3
status

histo _L____.._LL__L._LL__L_L__‘____M_

¥1= BS04nz AX= 00ns
H2= BS0.4 ns 1AK= —

Flgure 78: No Cable, PCB Output, Terminated, 20MHz Square Wave Input
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Measure P fall(iC3) P2 rise(iC3) P3:frec(C3) P4 meaniC2) PS:meani(is3) PE: pkpk(C3) PT:min(C3) P&:max(C3)
value 2701 n=s 3.895 n= 19.9950 MHz -35 mh -3.105 Y 579N -5.48 W 311 mA
mean 26.62920 ns 30.065854 ns 497 56102 MHz -36.63 mY -119.45 my 424 7 mi -FS3mY 109.5 mv
min 252 ps 258 ps -1.5400000 THz -43 mh -4.593 % 124 m% -G14 % 452
M 196 966 nz 197573 ne  1.6329569 THz =30 my a2 my 5.94 BE3 my 836 mv
sdew 29.53293 ns 31.94746 ns 34200553 GHz 1.78 mY TO0.54 my 11478 % 11902 227 amv
num B7 942e+3 B 869e+3 1 BEG082e+6 25 .956e+3 28 8956e+3 28 956e+3 28.956e+3 28 956e+3
status v v w v ' w v v

histo k N o S RE— . | 1 I

Eﬁ

o

Fy

Measure P1:fall(iC3) FZrize(C3) P3freq(C3) Pd:mean(C2) PS:mean(C3) PE:pkpkiC3) P7:min(C3) Pa:max(C3)
value 136717 ns 47 953 nz 240.30 MHz -36 m -1.629Y 156 m' T2 185
mean 161.10077 ns 175 80MES ne 42316293 MHz -35.64 my -361 .46 mh 2055 mY -462.0 my -256.2 my
min 295 ps 2FEps -2.3248572 THz -40 my -4 805 W 157 mY -4.92 W 4T
Mg 1 969790 ps 1989239 ps 16414867 THz -3 mY 112my 327 22my 232mv
adlay 20616538 ns 21892245 ns 685923114 GHz 115 mY G27.50my 189.7 mY 845.5my 8206 mY
num 50.610e+3 50 619e+3 61231 28e+6 10.584e+3 10.584e+3 10.584e+3 10.584e+3 10.584e+3
status A H A g s ' W v

histo L L L

e
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Measure P1:fall(C3) P2rize(C3) P freq(C3) P4:mean(C2) PS:mean(c3) PE:pkpk(C3) PTmin(C3) Piaimax(C3)
value 2566 ns 114140 ns 1551 MHz -7 my -3826 Y 183 m¥ -4 W -3E2
mean 162.50946 ns 175.29007 ns 42120419 MHz -35.66 m -403.39 my 2056 my -503 .8 my -2953.3 my
min 295 ps XEps 23248572 THz -40m' -4.805 % 157 mY -4.92% 472N
M 1 869790 ps 1889239 ps 16414867 THz -3 my M2m 32T 22 my 232 mY
soley 205.01573 ns 21526503 ns  G.7667093 GHz 115 my G42.41 mv 1895 mY G525 my §35.9mv
num S2609e+3 92 629e+3 5.356429e+6 11.043e+3 11.0435e+3 11.0435e+3 11.0435e+3 11.0435e+3
status L R i o v ' g v
hista L L 5 N ] |
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Measure P tall(C3) P2rize(C3) P fren(C3) P4:mean(C2) P mean(iz3) P& pkpk(C3) PTmin(C3) Pi:max(C3)
value 5418 ns 295.716 ns 375.40 MHz -3amy 1AW 177 m¥ S1.23 W BIRUERY
mean 16386219 ns 17347403 nz 417 39265 MHz -35.69 mY SFAEs2my 2029 mY -B25.1 my -B25.2 my
min 295 ps 2FEps -2.3248572 THz -40 my -4 805 W 157 mY -4.92 W 4T
Mg 1 969790 ps 1989239 ps 16414867 THz -3 mY 183 my 327 a0 my 281 mv
adlay 209.11397 ns 29717351 ne 61289416 GHz 115 mY 124458 % 1716 my 1.2544 1.2428 %
num 66.549e+3 66.543e+3 7 879099e+6 13.9Me+3 1394 e+3 13941e+3 13941 e+3 1394 e+3
status i A i g s ' W v
| L k A [

Figure 82: 1m Cable, SWD-119 Output, Terminated, Static 0V Input

112




4
&

Measure P1:fall(C3) P2rize(C3) P freq(C3) P4:mean(C2) PS:mean(c3) PE:pkpk(C3) PTmin(C3) Piaimax(C3)
value 454 536 ns 22622 ns 173.70 MHz =34 mh -3 184 m¥ -3ETY -3EAY
mean 164 353165 ns 173.39477 ns 417 04636 MHz -35.70mY -754 85 my 202.9 my -854 6 m4 -651.6 my
min 295 ps XEps 23248572 THz -40m' -4.542 % 157 mY -4.95% -4 76N
M 1 869790 ps 1889239 ps 16414867 THz -3 my 183 mY 32T S0 mY 25 m
soley 209536920 ns 21686511 ns  B.OS65527 GHz 115 my 1.25906 W 171.53 m¥ 1.2659 W 1.2574 %
num 57 467e+3 57 444e+3 5.094571e+6 14.195e+3 14.155e+3 14.155e+3 14.195e+3 14.155e+3
status L R i o v ' g v
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Measure P1:fall(iC3) FZrize(C3) P3freq(C3) Pd:mean(C2) PS:mean(C3) PE:pkpkiC3) P7:min(C3) Pa:max(C3)
value 2625 ns 2379 ns 1.000007 MHz =34 my -3.260 % 231 -9.66 W -357 my
mean 2E4620 ns 223407 nz  1.0000209 MHz -35.49 mY -3.26031 W 52642V SSEIETY -SE9.5 my
min 2526 ns 2.092 nz 999 926 kHz -3 my -3.263 Y 522 SSET W -S89 my
Mg 2866 nz 2410ns  1.000144 MHz -33mY -3.299 Y BRI IR -S.E0Y -243 my
adlay 6732 ps 6252 ps 63.80 Hz 113 mY 914 pv 255 mY 184 mYy 13.2my
num a6 56 28 28 28 28 28 28
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Figure 84: 1m Cable, PCB Output, Terminated, IMHz Square Wave Input
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Measure P1:fall(C3) P2rize(C3) P freq(C3) P4:mean(C2) PS:mean(c3) PE:pkpk(C3) PTmin(C3) Piaimax(C3)
value 3739ns 4592ns  999.9499 kHz -34 m 2519 4.04 -4 57N -534 mv
mean 376198 ns 450348 ns 99999246 kHz -35.38 mv 251793 40544 W -4.5893 ¥ -534.9 mv
min 35740z 4234ns  999.8306 kHz 237 mY 2520 403 -4 52 -560 mY
M 4.033ns 473 nz  1.0001631 MHz -34 my 2EI5Y 409 -4.56 -495 mY
soley 5245 ps 102 .56 ps 5156353 Hz a4 pv 1.23my 16.6 mY 138 my 12.6 my
num G4 54 32 32 32 32 32 32
status o s W o v ' o v
histo ||M 1 Iuhl ‘th" ] |“” . ”iIL Iulnl IleLI IJ“ .

[C2]

I Edoe

Figure 85: 1m Cable, SWD-119 Output, Terminated, IMHz Square Wave Inpu

C3
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Measure P1:fall(iC3) FZrize(C3) P3freq(C3) Pd:mean(C2) PS:mean(C3) PE:pkpkiC3) P7:min(C3) Pa:max(C3)
value 5375 ns 15.453 nz 20.0064 MHzZ -3amy -3.489 W 241 -6.04 W -G30 my
mean 10.415858 ns 1650915 ns 27540629 MHz S35.7TmY -3.13406 W 41858 W -5A147 -925.9my
min 2939 ns T3 ps 19.9450 MHz -4 my -3.497 W 169 m -B.09 W S188 Y
Mg 156.062 ns 173.358 ns 57984763 GHz -3 mY -1.829 Y S47 -204 Y -968 mY
adlay 1219125 ns 17.80430 ne 294 23650 MHz 1.77 mYy 64431 my 21880 Y 16767 Y S11.8my
num 1.136e+3 900 304 e+3 34 Ha M9 319 k]
status i H i W s ' W v
i T PR R L 1

imebaze 200.0 n=| | Trigger =

Figure 86: 1m Cable, PCB Output, Terminated, 20MHz Square Wave Input
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Measure P1:fall(C3) P2rize(C3) P freq(C3) P4:mean(C2) PS:mean(c3) PE:pkpk(C3) PTmin(C3) Piaimax(C3)
value 3515 ns 4.580 n= 19.9851 MHz -7 my -2.867 Y 3TN -4.45% -7a9my
mean 638445 ns 5742353 ns 26542455 MHz -36.47 mh -2 9756 Y J.0617 -4 0237 Y -962.0 my
min 2250 ns 1159 ns 19.9497 MHz -4 mh S2ETIY 166 mY -4.52% -1.Eay
M 142753 ns 174842 ns 40035026 GHz -3 my -1 967 % 380 -205% -T2 my
soley 1222415 ns 17 76044 ns 254 56564 MHz 1.69 m 342.09mv 135937 W 9220my 431.9mv
num 706 249 1.665e+3 194 194 194 194 194
status o s W g v ' o v
histo | L A Ml L iy i . ]

Fi

C3
m A H\ A
L‘H Yyl s 1 W e
-4
TWL ; i f"ﬁ P,
|
4 w
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Measure P1:fall(iC3) FZrize(C3) P3freq(C3) Pd:mean(C2) PS:mean(C3) PE:pkpkiC3) P7:min(C3) Pa:max(C3)
value 4223 ns 4114 nz 1.00001 3 MHz -3amy -3.245W ERER -9.64 W -G95 my
mean 5949072 ns T4 B0SES Nz 394 23430 MHz -35.14 my -3.28939 W 389358V -5.2437 Y -1.53079 Y
min 3463 ns 466 pz  -9.896907 GHz -3 my 4185 Y 173 mY -5.86 W -39
Mg 895 .5585 ns 1188640 ps 42.059349 GHz -2 my -2.004 % SAT Y -20ey -B3T mY
adlay 149.24573 ns 19157532 ns 60455232 MHz 111 mY S00.32my 20042 % 11123 11023 %
139 135 6.337e+3 54 549 54 59 29
W

Figure 88: 3m Cable, PCB Output, Terminated, IMHz Square Wave Input

115



]
L W._ a l’I W_ I " ]
¥ L
&

Measure P1:fall(C3) P2rize(C3) P freq(C3) P4:mean(C2) PS:mean(c3) PE:pkpk(C3) PTmin(C3) Piaimax(C3)
value 5206 ns 4873ns  1.000036 MHz -33my -2535 Y 4.40% 477 -3T2my
mean a7 2T44G8 ns 72538539 ns  378.0490 MHz -35.28 mh -243792 Y JEMEN -4.28901 & -663.5 m+'
min 4805 ns 2208 ns  -19.45946 GHz =38 m 2535 163 mY 452 -1.84%
M 930.835 ns 1.708951 ps 4500000 GHz -33my -2.024 % 447 Y 2 =337 my
soley 126.79932 ns 197 59116 nz 504 9915 MHz 1.20 my 197 66 mv 16535 W 1.0455 W B09.5 mv
num 167 187 7. 759e+3 0] &0 1] 0] &0
status W s W o v ' g v
histo L L s e ._u.l.l.‘lLLuL T | Y T [ _LJM_ | T T

I Edge
e Input
C3
S / e \\ ; L ‘\\ / J‘\ /
\J \/ \J \J
s
Measure P1:fall(iC3) FZrize(C3) P3freq(C3) Pd:mean(C2) PS:mean(C3) PE:pkpkiC3) P7:min(C3) Pa:max(C3)
value 23893 ns 11.164 nz 20,0021 MHzZ -32mv -3.487 W 483 -5.82 W -394 mv'
mean 17.48704 nz 871537 nz 20.000292 MHz -35.91 my -3.45547 W 49345 W -5837E Y -1.0029 v
min 3753 ns 2.046 nz 19.9515 MHz -42my -3.490 % 485V -5.98 W S04 %
Mg 24443 ns 11.409 ng 20,0394 MHz -2 my -3.480Y 499 -5.80Y -959 my
adlay 8.65798 ns 3276 Ns 13.845 kHz 1.76mY 210my 229my 171 mYy 15.9 my
num 504 375 332 126 126 126 126 126
status i o A g s ' g v
imebaze  -749.2 n=| [Trigger =

Figure 90: 3m Cable, PCB Output, Terminated, 20MHz Square Wave Input
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Measure P1:fall(C3) P2rize(C3) P freq(C3) P4:mean(C2) PS:mean(c3) PE:pkpk(C3) PTmin(C3) Piaimax(C3)
value 8.868 ns 5282 ns 20,0003 MHz 36 mY -2.838 Y 424 -4.79Y -545 my
mean 1045569 ns 905858 ns 157 31656 MHz S35.74 mv 278614 39952 -4 6025 W -B07.3 mY
min 2466 ns 4180 n= 19.9357 MHz -4 mY 2841 155 m -4.54 W -1.85%
M 107 B36 n= 147761 ns 41854812 GHz -3 omy 2023 436 -2.09% -441 mv
soley 5.14363 ns 960439 ns 245 61565 MHZ 1.79 my 191 43 mv 1.0241 % G556 mY JT2mv
num 1.495e+3 114 1e+3 1.8955e+3 369 355 3585 359 359
status o s W o v ' g v

Fi

b.l_‘l- i L“""‘. 7 »
o
- J [
Fy

Measure P tall(C3) P2rize(C3) P fren(C3) P4:mean(C2) P mean(iz3) P& pkpk(C3) PTmin(C3) Pi:max(C3)
value 3045 ns 2263 ns 9999043 kHz -33my 2795 380 -4.51 W 101
mean 295690 ns 232965 ns  999.95045 kHz -35.40 my -2.79600 v 38030V -4.5142% Sz
min 2798 ns 2181 nz 999 7150 kHz -3Tmy 2798 Y 346 -4.55 W S04 %
Mg 3203 nz 2609ns 1000137 MHzZ -33mY -2.794 Y 385 -4.48Y -986 mY
adlay a7 73ps 10266 ps 77564 Hz 1.01 mY 1.09 my 18.8 mYy 157 mYy 14.6 m¥
num 62 62 i 3 | 3 3 |
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Measure P1:falliC31 P2irize(C3) P3freq(C3) P4:mean(C2) PS mean(3) PE:pkpkiC3) PT:min(C3) Pa:max(C3)
value 3154 ns 3467 ns  999.8528 kHz 36 mY 2434 322 -4.07 -849 mv
mean 3.24851 ns 341551 ns 99997622 kHz -35.20 mv 24312 32205 -4.0603 ¥ -839.9 mW
min 3057 n= 3235 ns 999,809 kHz S35 mY 2436 Y ERERY -4.03 % -862 mY
M 3473ns 3584 ns  1.000105 MHz S33my 2432 325 -4.03 % -808 mY
soley 94 66 ps 97 .44 ps 65.45 Hz 965 P 1.09 my 16.9 mY 134 my 13.8 my
num 45 45 24 24 24 24 24 24
status o s ' o v ' o v

[asc}
/ \ / \ 4
Mg Vi it

3

Measure P1:fall(iC3) FZrize(C3) P3freq(C3) Pd:mean(C2) PS:mean(C3) PE:pkpkiC3) P7:min(C3) Pa:max(C3)
value 2311 ns 23563 ns 19.99357 MHZ -3amy -2852 W 302 -4.57 W -1 06 %
mean 1521596 ns 19670588 ne  472.35391 MHz -36.07 my -1 B7247 W 21340 -2 6536 Y -519.6 my
min 320 ps 321 ps 1566255 GHz -42my -3.496 Y 127 m¥ -B14W 181
197 283 ns 193130 ns  28.235294 GHz -29my 146 my 558V 6 my 265 my

221876 ns 231924 ng  589.99180 MHz 1.73mY 183611 % 20583 % 24385 Y BB2.5 mY

16.004e+3 13.497e+3 174.851e+3 5.112e+3 5112e+3 5112e+3 5.112e+3 5.112e+3

W L' W g s ' W v
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Measure P1:fall(C3) P2rize(C3) P freq(C3) P4:mean(C2) PS:mean(c3) PE:pkpk(C3) PTmin(C3) Piaimax(C3)
value 5057 ns 4145ns 20,0020 MHz -34 m -2B3E Y EAEAY -4.02% -853 mv
mean 4.81808 ns 457245 ns  114.83008 MHz S35.31 mv -2 60485 ¥ 31407 W -3.9823 % -841 6 mv
min 2247 nz 3646 Nz 19.8530 MHz -39 mY -2E40Y 166 m -4.07 W 192
M 73758 ns 114444 ns 11503742 GHz S32mY -1.993 Y 3E7 Y -208 Y =290 mY
soley 370223 ns 6093585 ns  193.50390 MHzZ 1.57 my 11299 mv 450.2 mY 2567 my 1941 mv
num 724 253 36 163 183 183 183 183
status o s W g v ' o v
histo 1 ] 1 L

Figure 95: 1m Cable, swd-119 Output, Dual Termination, 20MHz Square Wave Input
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Measure P1:fall(iC3) FZrize(C3) P3freq(C3) Pd:mean(C2) PS:mean(C3) PE:pkpkiC3) P7:min(C3) Pa:max(C3)
value 4853 ns 2474 ns 9999723 kHz =34 my 2795 362 -4.59 % -970my
mean 4. 74355 ns 545817 ne 999.97996 kHz -34.25 my -2.79361 W JEM19V 45719 -9E0.0 my
min 3985 ns 5.209 nz 999 7E7 kHz -36 my -2.79E Y 355V -4.59 W -985 my
Mg 532ns 5881 ns 1.000152 MHz -2 my 2T 363V -4.54 Y -933 mY
adlay 204 46 ps 14343 ps 9297 Hz 1.18mY 1.1 my 18.0 mY 128 mYy 13.5 my
num 46 46 23 23 23 23 23 23
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Measure P1:fall(C3) P2rize(C3) P freq(C3) P4:mean(C2) PS:mean(c3) PE:pkpk(C3) PTmin(C3) Piaimax(C3)
value 5.256 ns E622ns  1.000046 MHz -33my -2455 Y 33T -414% -TTamy
mean 104 22785 ns 136.70550 ns 397 57995 MHz -34.897 mh -2.35166 Y 1.8796 % -3.2630% -1.3854 %
min 2736 ns B30 ps  -5.816327 GHz =38 m -2803 % 184 m¥ EERERY 22
M 957348 ns 1.026815 ps 19.268293 GHz -32my 2023 % kXY 2 -T2 my
soley 15563747 ns 201 28058 ns 317 63353 MHz 117 my 256 .92 mv 15136 W 9387 my 510.4 mv
num 195 197 14.452e+3 1 71 71 1 71
status o s W g v ' g v
histo I._ L e b, | h | . I.

Figu

[asc}
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Measure P1:fall(iC3) FZrize(C3) P3freq(C3) Pd:mean(C2) PS:mean(C3) PE:pkpkiC3) P7:min(C3) Pa:max(C3)
value 24325 ns 11.393 nz 2001435 MHzZ -36 m -2899 Y 309 -4.65 W -1 06 %
mean 2440513 ns 11208584 ns 19.999151 MHz -34 .95 m -3.00028 W JEO0TOV -4 GEO01 W -1.0831 W
min 3473ns 2160 nz 19.5643 MHz -39 my -3.007 % 385 471 140
Mg 25899 ns 12.004 ng 20,0550 MHz -3 omY -2.896 Y 368V 463 Y -999 mY
adlay 345777 ns 1.07352 ng 17 452 kHz 1.69 mY 186 my 21.7 mY 13.5mYy 16.0 m¥
num 2916e+3 2187e+3 1.527e+3 729 729 29 729 729
status i A i g s ' W v
histo 1 1 i ‘ . “ i e

120



WA RW RN EWAWANEW AN RW)!

NN, N N N ANON N WYY

FY
Measure P1:fall(C3) P2rize(C3) P freq(C3) P4:mean(C2) PS:mean(c3) PE:pkpk(C3) PTmin(C3) Piaimax(C3)
value 9.400 ns 8467 n= 19.9941 MHz S35 my 2E12Y 314 -4.05% -319 mv
mean 1970187 ns 1083929 n=  312.98354 MHz S3513mv -2.53206 % 24324 -3.7060 % -1.2736 W
min 541 ps 634 pz  -50.00000 GHz -39 mY 2733 155 mi -4.29 % -1.85%
M 371694 nz 404 262 ns 48322530 GHz S32mY -2.020% 32 S210% -B75 mY
soley 23.44992 ns 2612319 ns  631.54505 MHz 1.36 my 25343 mv 12317 W G749 my I7ES mY
num 4 GEGe+3 4 .51 Ge+3 20.025e+3 257 257 257 257 257

status v v U4 4 v

v & v
histo L L TP W 3 b . i L . Ll

|
|
C3 |
| 1
A Al
{ i ﬂy s R
}| [
|
NI
|
&
Measure P1:fall(C3) P2rize(C3) P freg(C3) P4:mean(C2) PS:mean(C3) PE:pkpk(C3) PTmin(C3) Piamax(C3)
valle - 1.73nz - -3T mY -3.048 Y 463V -4.83 Y =351 my
mean - 177187 ns - 3T mY -3.02796 v 45641 W -4.8841 W -420.0 m+
min - 1623 ns - -43 mY -3.089 % 446 -5.04 % -498 mt
s - 1.891 ns - -3 my 30T 465 -4.85Y =300 mb
sdev --- 4239 ps - 1.70mY 10.05 mY 336 my 126 mYy 316 my
num o 1. 740e+3 ul 1.740e+3 1.740e+3 1.740e+3 1.740e+3 1.740e+3
status il v il v v v v v
s N A T Y S
imebase 0.0 ns| [Trigoer =

Edge
H1= 100ps AxX= 123ns
2= H2= 124 ns 1hH= 813 MHz

Figure 100: Differential Propagation — No Cable, PCB Output, No Termination, IMHz Square Wave
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Measure P1:fall(C3) P2:rize(C3) P3:freq(C3) P4:mean(C2) PS:mean(C3) PE:pkpk(C3) PT:min(C3) P& max(C3)
value - 2227 nz - =36 m 2917 4.41 % -4.95 W =367 my
mean - 213385 ns - -359.30 m -2.82809 v 44242 -4.9962 -a71.8amy
min - 1.867 nz - -49 my -2947 W 434 -5.05 W -B5E my
ma - 2369 nz - -26 mY 2910 452 -4.95 %W -430 my
soley - 584 .26 ps - 4.06 m Fa2amy 307 m 159 my 257 mh
num 0 456 0 456 456 456 456 456
i

Hl= 380ps AX= 132ns
¥2= 170ns 1iAK= 755 MHz

Figure 101: Differential Propagation — No Cable, PCB Output, No Termination, 20MHz Square Wave

Fy

Measure P1:fall(C3) P2rize(C3) P freg(C3) P4:mean(C2) PS:mean(C3) PE:pkpk(C3) PTmin(C3) Piamax(C3)
valle - 3667 nz - 36 mY -3.080 Y 410 487y -874 my
mean 19.98550 ns 377888 ns 1 GHz S3TA9myY -3.04908 v 40351 W -4 9656 % -930.5 mY
min 5849 nz 1.460 nz 0THz -44 m -3428 Y 123 m -5.04 % S233Y
s 30.807 ns 11.884 ns 0THz -32my 20e Y 4144 208 -868 mY
sdev 921141 ns 514 20 ps 0GHz 2.09 mY 7181 my 2898 mY 1852 my 114.6 my
num 4 456 5] 464 464 454 4654 464
status il v il v v v v v
hista 1 M s ol | | L

imebase -400 ps| [Triguer =

¥l= -Bdnz NX= EEnz
H2= 200 ns 1/AM= 152 MHz

Figure 102: Differential Propagation — 3m Cable, PCB Output, Termination, IMHz Square Wave
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Measure P1:fall(C3) P2rize(C3) P3:freq(C3) P4:mean(C2) PS:mean(C3) PE:pkpk(C3) PT:min(C3) P& max(C3)
value 3856 ns 2639 nz - =36 m -3.981 W 487 BN -G5d my'
mean 13.18365 ns 10.95690 nz 0 GHz S3T.63 mY -286339 W 27382V 4033 SLEHY
min 323 ps 3549 ps -0THz -44 mv 4511 Y 122 mY -5.88 W -4.39%
ma 94 366 nz 92438 nz 0THz -3 my -34my 496 Y -102 my 40 m+
soley 1465167 ns 14 02957 n= 0 GHz 215 my BO03.70mY 20405V 1.5807 W 5146 mv
num 1637e+3 1.5408+3 13.190e+3 1.643e+3 1.6438+3 1.6438+3 1.643e+3 16438+3
status v v iy v v

S N

¥1= 46nz AkX= 48 nz
¥2= 200 ps 1hhH= 208 MHZ

Figure 103 Differential Propagation — 3m Cable, PCB Output, Termination, 20MHz Square Wave
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Measure P1:fall{C3) P2irise(C3) P3:freg(C3) P4:mean(C2) PI:mean(C3) PG pkpkiC3) P7:min(C3) Pa:max(C3)
value 4224 nz 2016 ns 200172 WHzZ -36 m 2506 W 241 -146 m D26
mean 428404 n= 5217033 ns  20.000035 MHzZ S36.71 mY 250539 v SA4114 Y 1579 my 52935 Y
mir 3996 ns 4918 ns 19.9494 MHz -43 my 2499 Y 536 -8 my AR
M 4520 ns 5468 ns 20.0445 MHz =30 my 2512 551V 123 my 532
Sclev G710 ps &1.39 p= 12224 kHz 1.72mv 204 mv 216 my 142 mv 16.53 my
nLm . 904e+3 B. B?Be+3 B. E?Be+3 3. 232e+3 2226e+3 2.226e+3 2. 22Ee+3 2. 22Be+3
status -/ -/

pisto __L___L___L___L___‘____‘.._.___.l.___i__

Figure 104: Input Waveform 20MHz
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Measuwre PA:fall(C3) P2:rize(C3) P3:freg(C3) P4:mean(C2) PS:mean(C3) PE:pkpk(C3) P7:minfC3) P&:max(C3)
value 15509 ns 12301 ns 19.9956 MHZ -3amy 3610 102 -3.93 W 1.6 %
mean 1699266 n= 12.30927 ne 19.996833 MHz SITA44 mY -360932 Y 10321 % -5.6024 ¥ 17187 Y
mir 13773 ns 6317 ns 19.9355 MHz -42 my -3ES3 Y 102 -BraY 161 %
21187 ns 134930 ns 20.0472 MHz S33my -3E574 105 -343Y 183
1.89397 n=s F76.63 ps 21549 kHz 187 my 1645 my 57 mY 224 mv 447 my
705 a3 449 177 177 177 177 177

Figure 105: 3m, PCB Output, 1K Pull-up, 20MHz Square Wave
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9.2.1 — NI PXI-7851R

9.2 — Appendix B: Datasheets of Used Components

R Series Intelligent DAQ with Onboard Processing
=

NI R Series

& (Onboard FPGA chip, programmable with

the LabVIEW FPGA Module
» |ker-defined triggenna, timing, and
decision making in hardware with
25 s resolution
Up to 8 analog inputs, independent
sampling rates up to 750 kHz,
16-it resolution
Up to & analog outputs, independant
update rates upto 1 MHz,
16-bit resolution
Up to 160 digital lines configurable as

Operating Systems
& indomas XPF 2000
* Lablf/IEW Real-Time

Recommended Software

o LabVIEWY

o LabVIEW FPGA Module
« LabVIEW code compiler for FRGAs
» Emulated debugging mode

« LabVIEW Real-Time Module

Driver Software (included)
« NI-RIO

inputs, outputs, counters, or custom
Ingic at rates up to 40 MHz

Direct memory access (OMA) channels
for high-speed data straaming
Irmplement custom control logie,

inline signal processing, and digital
communication protocols

Calibration Certificate Available

Max Sampling Rate

Max Updae Rate
per Channel {MS s}

Product BusFfom Factor PGA 16-Bit Analog Inputs per Channel {kS/s} 16-Bit Analog 0 uputs Digital ¥
Multifunction k Series
M 7851R Pl Virter-5 L0 g 70 8 1 %
M 7852R Pl Virtes-5 {80 8 750 8 1 e i
M 7841R ) Virtes-§ L0 g ] 8 1 %
Ml 7842R Pl Virtex-5 L0 g 0 8 1 %
Ml 7530R PCI Pl Wirewll 1M gates 4 00 1 1 5
Hl 7831R PCI Pl Yirtex-ll 1M gates i 0 g 1 i}
M 7833R FCIL Al Wirtex-Il 3M gates 8 200 8 1 s3]
Digital R Senes
M 7a1R PCI, P Wirtex-Il 1M gates - - - - 160
N 78 13R PCL Pl Wirtex-l 30 gates - - - - 1600
Tatida 7. R Serigs Sefaction Guide
Overview Key Features

Intelligent DAQ is multifunction data acquisition that features user-
defined onboard processing as well as complete flexibility of [0
timing and triggering. You can configure all device functionality by
creating NI LabVIEW block diagrams with the LabVIEW FPGA Madule
Your block diggram executes in hardware, giving you direct, immediate
contral af all 170 signals an the Pl or PCl device. With B Series and
LabVWIEWW FPGA, you can canfigure user-defined hardware for a wide
variety of applications requiring precise timing and contral such as

+ Data acquisition with flexible riggering and anboard pracessing

+ High-speed analog and discrate control |oops

+ Pulse-width maodulation (PYW) and encoder interfacing

+ User-defined digital communication protocals

+ Custom counters with up to B4-hbit resolution

+ Hardware-timed decision making at 40 kHz

Through programming in LabVIEVW FPGA, vou can cantrol each of the
[/0 signal lines independantly or synchranize a line with ather channels
You can configure the digital /0 lines as custam caunter/timers, PR
channels, ar communication buses for user-defined pratacals. Al
multifunction B Series devices have dedicated analog-to-digital
converters/digital-to-analog converters an every analog /0 channal.
This affers specialized functionality such as multirate sampling and
individual channel triggering, which are beyond the capabilites of
typical data acquisition hardware. You can sample every analog input
channel on an R Series davice simultaneously at rates up ta 750 kHz,
and you can program every analog output on an A Series device to
update simultanecusly atrates up to 7 MHz. You can also store vour
compiled LabWIEW FPGA application in the onboard flash memory of
any [ Seres device and configure 1t for automatic loading and/or
execution at power up

NATIONAL
INSTRUMENTS
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R Series Intelligent DAQ with Onboard Processing

New Yirtex-5 FPGAs

The newe NI PXI-784x and PXI-785¢ R Series modules use new Virtex-5 field-programmable gate arrays (FPGAs) with improved optimization
capahilities that provide faster code execution and increased code capacity, These Virtex-5 FPGAs feature a new six-input look-up table (LUT)
architecture for substantially improved resource utilization aswell as DSP48 slices that make it possible for you to implement more complex
digital signal processing at faster rates. Previous-generation Virtex-Il FPGAs use four-input LUTs for up to 16 combinations of digital logic values.
The new Yirtex-5 FPGAS use six-input LUTs for up to 64 combinations, increasing the amount of logic that you can implement per slice. In addition,
the slices themselves are placed in closer proximity to each other to reduce the propagation delay of electrons and increase overall execution rates.
The single-cycle timed loop structure in LabYIEW FPGA takes full advantage of six-input LUTs for substantially improved resource utilization, This
means you can optimize more LabVIEW FPGA code to fit within Virtex-5 FPGAs and perform more operations per clock eycle,

= Virtme-ll = Virteorl|
= Virtax-5 u Virtex-5
P e e R
E
£ B
H 2
-] w2
Ty £
5 £
g i
5 3
@ & I
&
|
1M Ginta versus LX30 3M Gate versis LX50
Figure 7. General iogic benchmarks show that Virtex-5 FPGAs offer larger sizes when Figure 2. Exgeution speed benchmarks shaw that Virtex-5 FPG s feature faster pracessing
compared ta Virtex-H FPGA s, capahilites when compared to Wirtex-if FPGAs

Faor more information on LabVIEW FPGA benchmarks for Virtex-0 FPGAs, visit ni.com/info and enter lvfpgabenchmarks.

BUY ONLINE at ni.com or CALL 800 813 3693 (U.8.)
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Recommended Accessories

High Performance

SHC68-68-RMIO - High-performance shielded 68-conductor cable
terminated with a VHOCI 68-pin male connector at one end and a
B8-pin female 0,050 D-type connector at the other end that has been
specifically designed for the multifunction 1/0 connector on R Series
intelligent DAQ devices.

Tm 189588-01
2m 189588-02
SHCE8-68-RDI0 — High-performance shielded 68-conductar cable

terminated with a YHOC] 68-pin male connector at one end and a
68-pin female 0,050 D-type connector at the other end that has been
specifically designed for the digital 1/0 connector on R Series intelligent
DA devices.

im 191667-01

SCB-68 — Shielded I/0 connector block for rugged, very low-noise signal
termination for connecting to 68-pin devices. The SCB-68 also includes

two general-purpgse breadbgard areas.

Dimensions — 195 by 15.2 by 45 om {7.7 by 6.0 by 1.8 in}
SCB-68 /76844-01
Low Cost

SH68-C68-S - General-purpose shielded cable that connects any type
of B Series connectar to 68-pin connector blocks

D5m 186361-0R5
im 186361-01
7m 186381-02
Custom Cabling

SHC68-NT-S - Shielded 68-conductor cable terminated with a 68-pin
male VHOC! connector at gne end and unterminated bare wires at the
ather. Use this cable, ideal for OEM applications, 10 create custom
cabling soluticns for R Series devices,

Zm 189041-02

NSCB8-262650 — Shielded cable terminated with a VHOC 68-pin male
connector at one end and two 26-pin ribbon connectors and one 50-pin
ribbon connector on the other; designed to connect the B Series RMID

connector to standard ribbon cable accessories.
Tm 189151-01

NSC68-5050 — Shielded cable terminated with a VHDC 68-pin male
connector at one end and two S0-pin ribbon connectars on the other;
designed to connect R Series ROIO connectors to standard ribbon

cable accessories.
im 189152-01

Required Software for R Series Intelligent DAQ

* NI 781K and 783xR devices require the LabVIEW FPGA Madule 7.1 or
later, and NI-RIO driver software 1.3 or later,

o NI 784xR and 785xR devices require the LabVIEW FPGA Module 8.5.1
or later, and NI-RIO driver software 2.4 or later.

Ordering Information

PCl

NI PCI-7811R 779363-M
NI PCI-7813R T19370-01
NI PCI-7830R. 179361-01
NI PCI-7831R 178797-M
NI PCI-7833R 779359-01
PXI

NI PXI-7811R 77880001
NI PXI-7813R T79362-01
NI PXI-7830R 779364-01
NI PXI-7831R 77866801
NI PXI-7833R 179360-01
NI PXI-7841R 780337-01
NI PXI-7842R 780338-01
NI PXI-7851R 78033901
NI PXI-7852R 780340-01
Inchdes M-I driver soffware.

BUY NOW!

For comple d
info i 3 F go to ni.com/rseries.

s, pricing, and ac

BUY ONLINE at ni.com or CALL 800 813 3693 (U.5.)
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Specifications
Analog Input (NI 783xR/784xR/785xR Only)
Input Characteristics
Number of channels
NI 7830R ... e bty i}
] leHHHJdR;’?BfI‘I H,r’
1842R/T851R/7852R 8
Input modes ........o.o....... DIFF, RSE, NRSE
{soltware-selectable; selection
applies to all channels)
Type of AD Successive approximation

Resolution
Conversion time
NI 783xR/NI 784xR ...

16 bits, 1 in 65,536

4ps
Tps

Maximum sampling rate

NI 783xR/NI 784xR 200 kS/s {per channel}

TR0 kS/s {per channel}
10622 in parallel with 100 p
Powered off/overlpa .. A0k min
Input signal range ... 210V
Input bias current
1 J | |
NI 7844R/785:R ... £DA
Input offset current
HETBIHR oo +1nA
NI 784xR/785¢R +5nA
Input coupling ... ne

Maximum working voltage

{signal + common mode) ... Inputs should remain

within +12 V of ground
Overvoltage protection
Powered gn .. 22V
Powered of 216V

Data transfers... - OMA, interrupts, programmed |/0

Accuracy Information — NI 783xR

Absolute Accuracy Relative Accurzcy
Nominal Noise +
Renge (V) % of Rending Quantization Acowrscy  Resolution (V]
Pkits Hopatre Temp ot Full
Full 2 Ofsat g Single Drift  Scele Single
Seale s«u Hows 1 Year W Paint Averaged *°C} (V) poim  Averaged
100 100 00496 00507 2542 1778 165 0005 778 2170 217

Note: Accuracies arn valid foe moasurements follwang an intemal calibration. Averaged numbers
assume ditherieg and sveraging of 100 single-channel readings. Measurement accuracies are listed for
cpexabonal Bmperatyses within +1 *C of intemal calibration temperature and +10 *C of external o
factory-calivation temperature

Accuracy Information — NI 784xR/785xR

Absolite Accuracy Aelative Accuracy
MNominal Noise + Absolute
Range (V] % of Realing Qumntization Acourey Resolution (V)
Posilive Negative Temp ot Full
Full Pl 24 Diift  Scale

sm Single
Scale Hours 1Year M Point Averaged %"Cl {=mVl  point  Averaged
100 100 00186 0(@ZB 1,501 1,028 816 0005 347 1205 1
Note: Accuranes arp valld for moaswoments ilowang an meeenal caliration. Avraged numbers
s33ume ditheniag and sveraging af 100 singie-channe! readings Measurement acouraces ara listed for
cperstional Emperatues within 1 *G of intemal calibraion temperature and +10 *G of extemal of
Fattory-calibralion tempeestug

Scrle

DC Transfer Characteristics

INL

NEFBIHR oo 23 LSB typ, £6 LSB max

NI 784xR/T85R ... 21 LSB typ, £3 LSB max
DNL

NIET83XR ... =1.010 +2.0 LSB max

NI 784xR/ 78558 ... 204 LSB typ, 0.9 LSB max

No missing codes
16 bits typ, 15 bits min
16 bits quaranteed

CMRR, DC to 60 Hz. -86 dB
Settling Time
Accuracy
Device Step Size 16158 4158 L8
NI 785R 200V 15ps 102 ps 40ps
it 20V 274 4ps 51ps
02V 17ps 28ys 36ps
£200V 2ps 42ps Bps
NI&W $20V 135 16ps 18ps
02V 08 ps 11ps 12ps
Crosstalk -80 dB, DC to 100 kHz

Dynamic Characteristics
Bandwidth
NI 783xR
Small signal {-3 dB}.
Large signal (1% THO}
NI 784xR/785xR
Small signal {-3 dB}. 1 MHz
Large signal {1% THO} 500 kHz

Analog Output (NI 783xR/784xR/785xR Only}

650 kHz
55 kHz

Output Characteristics
Output type .. e SiNGle-ended, voltage output
Number of channels

NI 7830R . w4

NI 7831R/7833R/

TB42R/7851R,/7852F 8

Resolution ... 16 bits, 1 in 65,536
Update time 1.0ps

1 MS/s
Enhanced R-2R
DA,
pragrammed [/0

Maximum update rate
Type of DAC ...
Data f

BUY ONLINE at ni.com or CALL 800 813 3693 (U.5.)
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Voltage Output
Range

Output coupling......cocceeeisiccrnninecon

Output impedance

NI 7845/ 785xH 050
Current drive ......... +2.5 mA
Protection Short-circuit to ground
Power-on state .. User configurable
Accuracy Information
Absolute Accuracy
Nominal Range (V) % of Rending Absolute
Pusitive  Negative Temp Drift  Accuracy ot Full
Full Scale Full Scale 24Hours 1Year Offsetipw)  (%°C)  Scale imV]
100 100 00835 00351 2366 0006 588

10V
be

125Q

Nate: Accuracios arevalid for analog output followang an mmmal cabbraton. Aralog cutpet accuraoes ane
listed for operation tempera turos within +1 G of istenal calitration temparature and +10 °C of external or
faciony calirabon temperatee, Temperatwe dnft applies only if amient is greater than £10 *C of previous

extemal caliraion

DC Transfer Characteristics
INL
DNL
Montoniityasssimmsssmism
Settling Time
Step Size 16LSB
200V Glps
0V 22ps
IV 158

Dynamic Characteristics
W8 s sicisirsnsanssvssasisess s

+05 LSB typ, +4.0 LSB max
+05LSB typ, £1 LSB max
16 bits, guaranteed
Accimacy
4158 2158
G2ps T2ps
29ps 38ps
FLTT 36pe
10¥/us

Noise 150 Wins, DC 10 1 MHz
Glitch energy at midscale transition . +200mV for 3 ps
Digital 1/0
Number of channels
NI 7811R/7813R 160
NI 7830R 56
NI 7831R/7833R/ 7841 R/
T842R/7851R/7852R 96
Digital logic levels ....... 33VTIL 5V TTL Compatible
Lewal Min (¥} Max (¥}
Input low voltage Ve) 0ov o8y
Input high valtage Vi) 20v S5V
Output low voltage Ve, - n4v
whera layg =4 mA
Output high vaitage Vaul 24V aav
where log =4 mA
Qutput current
Souree... 4.0mA
Sink ... 4.0mA
Input leakage current +10 pA
Power-cn state......... Programmable, by line
Data transfers OMBA, interrupts,

programmed 1/0

Frotection
Input

NI TB1xR/TB3xR .

NI 784xR/TESKR ..

Cutputt ...ccovvivierns

Minimum pulse width

Minimum sampling period
NI 781xR/T83xR.......oooomcninriaiaacs
NI 784xR/785xR ...

Reconfigurable FPGA

NI 7811R/7830R/7831R
FPGAtype e
Number of flip-flops
Number of 4-input LUT:
Number of 18x18 multipliers
Embedded block RAM

NI 7813R/7833R

FPGA type ...........
Number of flip-flops
Number of 4-input LUT:
Number of 18x18 multipliers.
Embedded block RAM

NI 7841R/7851R
FFGA type ..

P
Number of G-input LUT:
Number of DSPA8
slices {75%18 multipliers)
Embedded block RAM

NI 7842R/7852R
FPGA type oo
Number of flip-flops
Number of G-input LUT:
Number of DSP48

slices (25x18 multipliers)
Embedded block RAM .

Timebases
NI 781xR/763xR..
NI 784xR/78558 .

limebase reference sources
NI PCI-781xR/783xR
NI PXI-78:R ...

Timebase accuracy, onboard clock.....

Phase-locked to PXI 10 MHz
clock (NI PX1-78xR only) ...ccoocoece.ee

0510 7.0V, single line
20,010 200V, single line
Short-circuit {up 1o eight lines
may be shorted at a time}

Hns
12.5ns

Sns
B33 ns

Virtex-1l 1000
10,240
10,240

Virtex-1l 3000
8672
8,677

96

1,728 kb

Virtex-5 LX30
19,200
19,200

32
1,152 kb

Virtex-5 LX50
28,800
28,800

48
1,728 kb

40, 80, 120, 160, or 200 MHz
40, 80, or 120 MHz

Onboard elock gnly

Onboard clock, phase-locked to
PXI 10 MHz clock

£100 ppm, 250 ps

paak-to-peak jitter

Adds 350 ps peak-to-peak jitter

BUY ONLINE at ni.com or CALL 800 813 3693 (U.5.)
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Additional frequency-dependent peak-to-peak jitter

NI 78148/ 7830
40 MHz. None
80 MHz. 400 ps
120 MHz 120 ps
160 MHz .., M0 ps
200 MHz ... 100 ps
NI 784xR/785xR
40 MHz. None
80 MHz. 460 ps
120 MHz 172 ps

Calibration (NI 7&3xRﬂ84xRﬂ85xR Only)

Recommended warm-up time
Calibeation interval ...............
Onboard calibration reference

(L

15 minutes
1 year

5000V {3 5mV} factual value
stared in flash memaory}

+5 ppm/~C max

+20 ppmi1,000 h

Note: Refer to Calibeation Certificates at ni.com/calibration to
generate a calibration certificate for the NI 783xR.

T P

Long-term stability .........c.oooocoovvivnnnne.

Bus Interface

PXI(NIPXI-78x¢R only) ...........cccoooo....  Master, slave
PCEH{NI PCI-781xR/783x%R only) ...........  Master, slave
Physical

Dimensions {not including connectors)

NIFCI-781xR/783xR .. 17 by 11 cm 6.7 by 4.3 in)

NIPXI-78x......... 16 by 10cm 5.3 by 3.9in.}
Weight
NI PCI-7816R/783xR . Mig
NIFXI-T8xxefR.......... 1529
1/0 connectors
NETBIKR oo FOUN BE-pin female

high-density VHOCI type
Three 68-pin female
high-density VHOCI type

NI 783xR/784xR/T85R ..................

Maximum Working Voltage

Maximum working voltage refers 1o the signal voltage plus the
common-mode voltage.

Channel-to-earth ...
Channel-to-channel ...

+12 ¥, Measurement Categaory |
+24 Y, Measurement Category |

Gaution: Do not use the NI 783xR/784xR/785xR for connection to
signals in Measurement Category II, I, or V.

Power Requirement
5 VDT {25%)
NI 78138 .........
NI TB30R/TB31R .

9mA {typl, 50 mA {max)

330 mA (typ), 355 mA {max}
364 mA (typ), 586 mA {max)
125 mA (typ), 252 mA (max)
136 mA {typlh, 291 mA {max}

NI 7841R/7851R ..
NI 7B42R/T85ZR
+3.3 VIIC (£5%)

650 mA (typ), 1,000 mA {max}
850 mA {typ}, 1,350 mA {max}
462 mA (typ}, 660 mA {max}

NI 7833R........ 727 mA {typh, 1,148 mA {max}
NI 7841R/7851R . 525 mA {typ), 1,244 mA {max}
NI 7842R/7852R . 604 mA {typ}, 1,484 mA {max)
12V
NI 784xR/785xR .. 05 A
12V
NI 784xR/T85KR oo, DB A
+5 V terminal
Connector 0. 05 Amax
Connector 1. 05 Amax

Connector 2. 05 Amax
All connectors.. 15 Amax®
To caleulate the u.tdl currenl suuoed by the digital outputs use
the following equation:
i
¥ current sourced on channel i
i=1
Pgwer available at /0 connectors ... 45010 525 VDC at 1 Atotal,
250 mA per |/0 connector pin
 Does not include cuvrent deawn fam the +3 Vline on the D conneclors
2 Does mat include curent sourced by the digital owlputs
¥ The M devices have a user stckefed fuse that Gpens when civrent
exceeds the current specification. Refer fo the R Series Intelligent DAQ User Manual, avadlable
a nf. com/manuals, for infarmation abowt fuse replacement

BUY ONLINE at ni.com or CALL 800 813 3693 (U.5.)

130




R Series Intelligent DAQ with Onboard Processing

Environmental
NI 78:xR devices are intended far indoar use anly

Operating Environment
MITBR e 010 85 °C (tested in
accordance with [EC-B0068-2-1
and [EC-B00RS-2-2)
NI 78308, NI 7831R

A0 ar 80 MHz timebase 0 to 55 °C (tested in
accordance with [EC-B0068-2-1
and [EC-B0065-2-2)
NI 78320 /7 84 1R,/7 B42R/7851R/7852R

40 MHz timehase ... 0toB5°Cltested in
accardance with |EC-B0068-2-1
and [EC-B0068-2-2)
0 tn 55 °C except the
following: 0 to 45 °C when
installed in an NI PX]-1000/B or
NI PXI-101x (tested in
acoordance with [EC-B0068-2-1
and [EC-B0088-2-2)
10 to 90%, nancondensing
(tested in accordance with
|EC-B006A-2-56)
2,000 mat 25 °C
ambient wmperature

80 MHz timebasa

Relative humidity range...................

AR et

Storage Environment

Ambient termperature range........... -20to70°C(tested in
accordance with |EC-60066-2-1
and [EC-60085-2-2)

5 to 95%, noncondensing
(tested in accordance with

|EC-B006B-2-58)

Note: Clean the device with a soft, nonmetallic brush. Make sure that
the device is completely dry and free from contaminants before retuming
It to service

Shock and Vihration {for NI PXI-78:oR Only)

30 g peak, half-sine, 11 ms
pulse (tested in accordance
with |EC-B0088-2-27; test
profile developed in accordance
with MIL-PRF-23300F)

Relative humidity range....................

Operational Shack

Random Wikration
OPBFating oo
Nehoperating. ..o

5 12 500 Hz, 0.3 0

5 10 500 Hz, 2.4 s

[tested in accordance with
|EC-E0068-2-64; nonoperating test
profile exceeds the requirements
of MIL-PRF-28500F, Class 3)

Safety and Compliance

Safety

NI 78R devices are designed to meet the requirements of the foll owing
standards of safety for electrical equipment for measurement, contral,
and laboratory use:

« [ECE1010-1, EN 81010-1

« UL 6107101, CSAB1010-1

Note: For UL and other safety certfications, refer to the product label or
visitni.com/certification, search by model number ar product line, and
click the apprapriate link in the Certification calumn

Electromagnetic Compatibility

This praduct is designed ta meet the requirements of the fallowing
standards of EMC far electrical equipment far measurement, control,
and laboratory use:

o EN 61326 EMC requirements; Minimum [mmunity

e EN 55011 Ermissions; Group 1, Class A

* [E, C-Tick, ICES, and FCC Part 15 Emissions; Class A

Note: For EMC compliance, operate this device according to
product documentation.

CE Compliance

This product meets the essential requirements of applicable Eurapean
Directives, as amended for CE marking, as follows:

o 2005/95/FC; Low-Voltage Directive (safety)

* 2004/108/EC; Flectramagnetic Campatibility Directive (EMC)

Note: Refer to the Declaration of Conformity (DoC) for this product for
any additional regulatory compliance information. To obtain the DaC for
this product, visit ni.com/fcertification, ssarch by madel number ar
product ling, and dlick the appropriate link in the Certification calumn

Environmental Management

Natinnal Instruments is committed to designing and manufacturing
products in an environmentally responsible manner. NI recognizes that
eliminating certain hazardous substances from our products is benaficial
not only to the environment but also to NI customers

For additional enviranmental information, refer to the Nl and the
Enviranment ¥Weh page atni.com/environment. This page contains the
enviranmental requlations and directives with which NI complies, as
weell as other environmental information not included in this document
Waste Electrical and Electronic Equipment (\WEEE)

EU Customers: At the end of their life cycle, all products must be

sent taa WEEE recycling centar For more infarmation abaut WEEE
recyeling centars and National Instruments WEEE initiatives,
visitni.com/environmentiweee.him.

ETEE RIS EINE (PE RoHS)

© @ PEEP datonal Instrumenis 16 5T EFEF S8 7 SORHERELE B4 £
& (Rors)e 3 National Instruments 9 R0HE SHIEES, , SHR
nd. con/envizonnent/zohs _chiaas (For imformation sbout Chira ReHS
compliance, 0o to 1. comdeny L oment /rohs_china,]

BUY ONLINE at ni.com or CALL 800 813 3693 (U.5.)
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NI Services and Support

NI has the services and suppart to meet
your needs around the globe and thraugh
the application life cycle — fram planning
and dewelopment through deployment
and angoing maintenance. We offer
services and service levels to meet
custamer requirements in research,
design, walidation, and manufacturing
Visit ni.com/services

Training and Certification

Nl training is the fastest, most certain route to productivity with our
products. NI training can sharten your learning curve, save development
time, and reduce maintenance costs over the application ife cycle. We
schedule instructor-led courses in cities worldwide, or we can hold a
course atyour facility We alsa offer a prafessional certificatian pragram
thatidentifies individuals wha have high levels of skill and knowledge on
using Ml products. Yisit ni.com/training

Professional Services

Our NI Professional Services team is compased of NI applicatians

and systermns enginears and a warldwide National Instruments Alliance

Partrier program of mare than 600 indepandant consultants and
inteqrators. Sendices range

NATIONAL from start-up assistance to
ﬂNSI'IIUMENTS' turnkey system Integration.

Fustified Allinunn Partuar \isit ni.comfalliance.
OEM Support

We offer design-in consulting and product integration assistance ifyou
want to use our products for OEM applications. For information about
special pricing and services for OEM customers, visit ni.com/oem.

NATIONAL
INSTRUMENTS'

ni.com « 800 813 3693

Mational Instrumerts + info@ni.com

Local Sales and Technical Support

In offices worldwide, our staff is local to the country, giving you access
tn enginears wha speak your language NI delivers industry-leading
technical suppart through anline knowledge bases, cur applications
enginears, and accass to 14,000 measurement and automatian
professionalswithin NI Developer Exchange forums. Find immediate
aNFwers to your questions atni.com/suppon

We also offer service programs that pravide automatic upgrades to
your application development environment and higher levels of technical
support. Visit ni.com/ssp.

Hardware Services

NI Factory Installation Services

NI Factory Installation Senvices (FIS) is the fastest and easiestway to
use yaur PXI ar PX1/5CK] cambination systems right out of the bax
Trained NI technicians install the saftware and hardware and configure
the systemn tayour specifications Nl extends the standard warranty by
aneyearan hardware compaonents (cantrallers, chassis, modules)
purchased with FIS Touse FIS, simply canfigure your system anling
with ni.comfpxiadvisar

Calibration Services

NI recognizes the need to maintain praperly calibrated devices for
high-accuracy measurements. We provide manual calibration
procedures, services to recalibrate your products, and automated
calibration software specifically designed for use by metrology
laboratories. Visit ni.com/calibration.

Repair and Extended Warranty

NI provides complete repair services far our products. Express repair
and advance replacement services are also available We offer
extended warranties to helpyou meet project life-cycle requirements
Visit ni.com/fservices

261528801 2002-9412.201-101-0

(©2002 National Instruments Corporation. All rights reserved. LabVWIEW, National Instruments, National Instruments Alliance Partner. W1, ni.com and SCX are trademarks of National
Instruments. Other product and company names listed are trademarks or trade names of their respective companies. & National I nstruments Aliance Partner is a business entity
independent from W1 and has no agency, partnership, or joint-venture relationship with Wl
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9.2.2 — SWD-119 Datasheet

tyco

Electronics

Quad Driver for GaAs FET Switches and Attenuators

SWD-119
V6

Features

High Speed CMOS Technology
Quad Channel

Pasitive Voltage Control

Low Power Dissipation

Low Cost Plastic SOIC-16 Package

Description

The SWD-119 is a quad channel driver used to
translate TTL control inputs into gate control
valtages for GaAs FET microwave switches and
attenuators. High speed analog CMOS technology
is utilized to achieve low power dissipation at
moderate to high speeds, encompassing most
microwave switching applications. The output HIGH
level is optionally 0 to +2.0V (relative to GND) to
optimize the intermedulation products of the control
devices at low frequencies.

Ordering Information

Functional Schematic

wee

Orprag
Laghc2
v
ovpetsz

Ovpatan

Logk£3 same a5
Dile 1Y
Ovprt
Ovprtat
Loghsé
G
ovptat

Part Number Package
SWO-119 PIN Bulk Packaging 5 3 =
Pin Configuration
SWO-119TR 1000 piece reel
Note: Reference Application Note M513 for reel size Pin No. Function Pin No. Function
information 1 Vee 9 Output A1
2 Vee 10 Output B1
Truth Table
3 4 1 CutpLt A2
Input Outputs 4 C3 12 Output B2
CX A B ) c2 13 CutpLt A3
Logic 0" Ve Vorr 8 1 14 Output B3
Logic"1" s e 7 Yopt 15 Output A4
8 Ground 16 Output B4

WA-COM Inc. and fts affiliates reserve the right to make changes to the
product(s) or information contained herein without notice. W/A-COM makes
na warranty, representation or guarantee regarding the suitahility of its
products for any particular purpose, nor does M/A-COM assume any liability
whatsoever arising out of the use or application of any product(s) or
information

« North America Tel 8003662266/ Fax: 078.366.2266
+ Europe Tel 44.1908.574 200/ Fax 44,1908 574.300
« Asia/Pacific Tel 81.44844 8296/ Fax: §1.44.844 5298

Wisitwww.macom.com for additional data sheets and product information.
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Quad Driver for GaAs FET Switches and Attenuators SWD-119
V6

Guaranteed Operating Ranges

Symbol Parameter ' Unit Min. Typ. Max.
Yoo Pasitive DC Supply Voltage W 45 50 5.5
Vee MNegative DC Supply Voltage v -85 -50 45

Vopr 2 Optional DC Cutput Supply Voltage % 0 1.0 20
Vopr-VeE Megative Supply Voltage Range V 45 65 85
Veo-Vee Positive to negative Supply Range v 9.0 100 140

Ta Operating Ambient temperature g7 -40 +25 +85
lon DC Output Current - High ma — — -1.0
lo DC Output Current - Low ma, — — 1.0
Triser Ttal Maximum Input Rise or Fall Time ns — — 500

1. All voltages are relative to GND

Wapr 1S grounded for mast applications. Toimprove the intermodulation performance and the 1 dB campression point of GaAs control
devices at low frequencies, Vepr can be increased to between 1.0 and 2.0V, The nonlinear characteristics of the Gafs control devices
will approximate performance at 500 MHz It should be noted that the control current that is on the Gass

MMICs will increase when positive controls are applied

[

DC Characteristics over Guaranteed Operating Range

Symbol Parameter Test Conditions Units Min. Typ. Max.
Vin Input High Voltage Guaranteed High Input Voltage v 20 — —
WL Input Low Yoltage Guaranteed Low Input Voltage i — — 08
Win Qutput High Yoltage lon =-1 mA, Ve = Max W Wopr -0.1 — —
VoL Output Low Woltage lor =1 mA Vee = Max v — — Vee +0.1
In Input Leakage Current Wiy = Ve or GND Wee = Min A -1.0 o] 1.0
lee Quiescent Supply Current Wee = Max Wee = Min [TES — 250 400
Wopr = Min orMax | Viy = Vg or GND
Alec Additional Supply Current, per Ve