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Abstract—As the complexity and functionality of electronic
equipment increases over time, testing of modern gaelectronics
has brought about the need for more complex stimuki and
measurement capabilities. New methodologies such aértual
and Synthetic Instrumentation have emerged to prode a more
flexible ATE that can be re-configured to support avariety of
technologies required by the modern day unit undetest (UUT).
Synthetic instruments can provide a solution to oliescence in
legacy ATEs and the flexibility required for commercial ATEs.

A project was initiated to implement a prototype FRGA based
reconfigurable Synthetic Instrument Core Frameworkthat could
directly interpret and use IEEE 1641 signals. IEEEStd 1641
provides for the accurate definition of stimulus anl measurement
signals, each of which are supported by a mathematl
(functional) definition.

During this project, both the software and hardware were
developed for the core framework, which enabled theautomatic
generation and synthesis of synthetic instrumentsequired to
generate or measure a selection of IEEE 1641 signalodels. The
results obtained using the synthetic instruments add then be
validated against simulations from EADS newWaveX™ signal
development tool.

This paper provides an overview of the project andhe processes
used to determine and implement an appropriate arcitecture for
such a synthetic instrument system. It mainly focuess on the core
of the system, i.e. the controller and codec subggms. The paper
concludes by discussing the suitability of an FPGAystem for an
IEEE 1641 compliant synthetic instrument system, aoparing
synthesized signals with simulated waveforms, andnhdicating
suitable future enhancements to the system.
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the signals needed for test. IEEE Std 1641™, IEEBDd&ard
for Signal and Test Definition [1] is a tester ipdedent
standard for test signals and measurement definitBEE
1641 provides a collection of objects and assatiatterfaces
that are used to describe signal measurement amadiluss
components that are instrumentation independerd. prbject
involved the design of a FPGA based Periodic Wawefo
Generator System (PWGS) that is IEEE 1641 compbenat
allows dynamic attribute waveform modification. Thee of a
FPGA was important as it provides a generic reigandble
system that could be used to support other IEER Highals.
A key feature of the system is the ability to dyizatly
modify the signal using the waveform attributes haiit
modification to the hardware design. Due to profenescales,
a limited number of IEEE 1641 signals were impletadnbut
the fundamental design will allow further signals be
implemented in the future.

Il.  GENERATION OFIEEE 1641PERIODIC WAVEFORMS

A. General

In IEEE 1641, attributes are associated with theegeted
signal and are used to define the characteristidgebavior of
that signal. As an example; a 1641 sinusoid wawefoas an
attribute of ‘frequency’ and when this attributedignamically
changed at run time the frequency of the sinusadeform
will also change. A program written using IEEE 16defines
precisely what is required, but does not suggegtspecific
method of achieving the required result. This ift te the
implementer, who is free to choose the method reoiséd to
the ATE to be used. The 1641 signal definition nizgy
simulated to verify that the signal provided by #EE is the
correct one. The method of generating signals usedhis
project directly interprets the IEEE 1641 progracde and
does not require any intervening conversion program

Automatic Test Equipment (ATE) mainly consists of B. Selecting the periodic waveforms

custom or Commercial Off the Shelf (COTS) instrutaéion
and an ATE controller with programming languagepsupto
provide control of the ATE’s measurement and stimul
capabilities. Historically, military ATEsS were pn@nmed
using the ATLAS programming language, but in 2064 t
IEEE approved a new test language to more accyrdéfine

Specific bounds were defined for this project, vahimited
the waveform generation to certain periodic wavafrand
combinations of them. The waveforms chosen
Sinusoid, Trapezoid, Ramp, Triangle, and SquareW&lese
are all defined in IEEE 1641 as Basic Signal Corepts
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(BSCs) and may be accurately simulated using sodtwehe
Signal Modeling Language (SML) defined within IEEE41
may be used for very accurate simulation but theress is
slow and does not provide a real time outpatWaveX-SD, a
product developed by EADS Test Engineering Seryioes
used as a convenient method of obtaining simulatgdals.
This product has been benchmarked against the Fatfatl
SML definitions and the values from these simulatiavere
used to verify the results from the FPGA basedesyst

C. Sgnal definition and simulation

Fig. 1 shows a waveform that is typical of thoseduis this
project and identifies the attributes as definetElBE 1641.
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Figure 1. IEEE 1641 Sinusoid BSC with Attributes

This is a simple sinusoid, where the amplitudeivem by
the formula in (2).

a= Asin(at+¢) )

where
A is the amplitude
wis 2rx frequency
@is the initial phase angle
tis time

IEEE 1641 also defines combiners that perform wuetfic
operations on multiple input signals to combinenthiato a
single output. These include Sum, Product and Eiffee. The
effect of these may also be simulatednemw\WaveX, which
provides for the design and real-time simulationiest signals.
Using this tool, complex signals can be modeledsamdilated.

D. Generation of physical signals

The speed and complexity of signals that can beipally
generated on hardware byewWaveX is dependent on the
rendering device and the processor power of thelBtorm.
The following limitations of current rendering degs trialed
with nenWaveX are detailed in Table 1.

The need has been highlighted [2] for a dedicate
configurable hardware platform with dynamic sigsabpport
capability. This project focused on combiner andigakc
waveform generation of 1641 signals.

TABLE I LIMITATIONS OF CURRENT RENDERING DEVICES

Limitation
Speed of generated signal
frequencies

Device

PC audio card restricted to audio

Arbitrary Fixed signal requires downloading for every signal
waveform
genrators Very high download speed for large waveforms

A nenWaveX model showing the combiner addition of two
periodic sinusoidal waveforms is shown in Fig. 2heT
newWaveX viewer provides a dynamic simulation of the model,
as shown in Fig. 3. Modification of the waveforntriautes
results in an instantaneous update of the simulatadeform.
The objective was to achieve the same result usindware.

Source = Sinusoid
with attributes:
amplitude =1V
frequency = 3 kHz
phase =0 rad

Combiner = Sum

with no attributes \

Source = Sinusoid Viewer

with attributes:
amplitude =1V
frequency = 1 kHz
phase = 0 rad

Figure 2. newWaveX model of combined sinusoids
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Figure 3. newWaveX simulation of combined sinusoids

A review of waveform generation systems was un#erta
and the conclusion was that a Direct Digital Sysirer (DDS)
was the best solution for this application, esgbciwhen
compared to analog methods. DDS provides fine &aqu

Jesolution over a wide range of frequencies, arideal use for

periodic waveform generation.

Existing designs have demonstrated that DDS can be
implemented in a FPGA and is easily interfaced to a
embedded processor using memory mapped 1/O. Thesion
of a memory lookup table in the DDS architecturevjites



1641 periodic waveform generation with dynamic canbf
the waveform attributes. A USB communication limoyides
a 1641 PWGS capable of dynamic waveform generaiioier
PC control. Following this review the architectdoe a dual
channel three source 1641 PWGS with combiner wiisedk

. 1641PWGS
When combining 1641 periodic waveforms, it is intpat

that the direct digital synthesizers are synchmhito each

other to ensure the correct waveform samples angbired.
The direct digital synthesizers provide a signalattow the
DDS to be stopped and re-started. The system diagig. 4
shows the functional component blocks requiredriplément

a dual channel 1641 periodic waveform generatorh wit

combiner.
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Figure 4. DDS 1641 periodic waveform generator

A. DDSControl Block

The DDS control block is required to provide thédaing
functionality:

» Automatic generation of the 1641 discrete sampl

periodic waveform dependant on the attributes
» Download of the waveform lookup table (LUT)
e Control of the DDS frequency words and halt signal
» Interpretation of the PC commands.

The complexity of the control block functionalitgrds
itself to a microprocessor based implementatiorough not

based on DDS, a system architecture for an FPG/Adbas

Waveform Generator is shown in Fig. 5. This systgiiizes a
Xilinx MicroBlaze soft core embedded processor, udrsal
Asynchronous Receiver Transmitter (UART) and cdritrgic
to provide the PC communication interface and RApdlate
facility which is required by the 1641 Periodic Vééarm
generator.

| signal

Microprocessor

€| RAM | DAC B LP B>

¢ 12 bits out

Control Logic

Analog signals

© RAM =>{DAC D] 1P >

Q signal

Figure 5. FPGA based waveform generator

B. Communication Bus

There is always a tradeoff between bus bandwidith an
Latency in the performance of interface buses foonda
modern day PC. For the transfer of large data lsldéclka DDS
lookup table, a data bus with a high bandwidthegquired.
While for multiple command transfer, a low latenbys is
preferable. An ideal choice for the communicatiok lis the
PCI/PCIl Express as it provides high bandwidth aod |
latency, and is a popular choice in commerciallilable
waveform generators. Due to the timescales of togegt it
was considered a risk to design the 1641 systerh wit
PCI/PCI Express interface, so the Universal SeBias 2.0
(USB) was used for the 1641 communication linkt gsavides
a practical compromise of bandwidth versus latency.

C. PC Interface Block

The PC Interface block provides the message triimsla
from the PC USB 2.0 bus to the control block andeisendent
on the interface provided by the control block. &fective PC
interface that combines both USB and UART functiitya
without the need for additional peripheral ICs tenrealized
using a JTAG UART. The Joint Test Action Group (A
interface of an FPGA is used to download the design
configuration to the FPGA device (Altera 2008c). HAG
vendors provide a software driver and programmisngec that
allow the FPGA to be configured using the PC USE.®y
using the JTAG port and the JTAG UART availabldRagrom
both Xilinx and Altera, a USB UART can be realized
eliminating the need for a separate serial conoecti

&. Direct Digital Synthesizer Block

1) RAM LUT: The RAM LUT of the DDS is required to
accept write data from the control interface andpouthe
phase to amplitude data to the DAC. The use of gaat
RAM allows the LUT data to be updated using an petelent
clock at a slower rate than the higher clock ratpired by the
DDS to output the waveform data to the DAC. Thiewas the
RAM LUT update to be performed at a clock rate nmeuied
to the control block.

Another consideration when designing the RAM LUT is
whether to use internal on-chip SRAM or externalNRAThe
use of internal FPGA SRAM eradicates the problenspfed
degradation and signal integrity caused by extertigp
interconnection and is the principle choice for thaveform
DDS LUT memory for this design.

2) Control Block Interface: A common peripheral interface
method used in embedded systems design is mem@yeada
I/0. Memory mapped I/O maps the peripheral I/O devnto
the processor address bus memory space, allowieg th
processor to write directly to that device as a wgntocation.
The use of this method requires the I/0O devicehis case the
1641 periodic DDS, to implement register based robwif its
hardware. Fig. 6 shows the use of control registershe
Arbitrary Waveform Generator. Applying memory magpe
I/O control to the DDS allows the control blockwwite to the
LUT, update the frequency word and stop and stertDDS
and is the preferred option for the design.
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Figure 6. FPGA based instrument control using registers

E. 1641 Periodic Waveform Generator Summary

The architecture for a dual channel three sourcél 16

PWGS with combiner can be defined and is showrignF

REQ WORD| pDDS

Fi
HALT 1

Embedded | |7
Processor

CONTROL
REGISTER

RAM

i: FREQ WORD
= /‘ —{ JTAG UART ‘,— T‘ DDg

Combiner

CONTROL
REGISTER

USB to JTAG
Lead

RAM

System Bus

REQ WORD | pDDS

Fi
HALT 3

Mux

z
A

Sum / Diff / Mux
Select

DAC A

CONTROL
REGISTER

RAM

DAC B

Figure 7. 1641 Periodic Waveform Generator System

IV. PRACTICAL SOLUTION

Using the system architecture detailed above andrshn
Fig. 7, the 1641 PWGS was designed and synthegieda
FPGA bit stream for download into the developmdatfgrm.
The resultant system is summarized in Fig. 8, Fignd
Fig. 10, which show the build up of the 1641 PWGH). 8
shows the numerically controlled oscillator (NC®tt was
used as the basis of the 1641 DDS. It requireddlaiition of a
multiplexor to allow the wavedata register to badrdy the
microprocessor. The dual port RAM allows the DD®perate
at a different system clock frequency than the g@ssor or be
driven by an external clock. It was also designedhat the
Halt signal could be used for synchronization ofltiple

DDSs.
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Figure 8. NCO used as part of 1641 DDS

The DDS then required further modification to camveinto a
custom component (an Avalon MM Slave Component} tha
could be included in the System On a Programmalig C
SOPC). Fig. 9 shows the 1641 SOPC. The 1641 toel lev
PWGS is shown in fig. 10.

— 3| MainClocks
System Clk Digital PLL
125 MHz DAC Clk |< 125 MHz
— 100 MHz
-
NIOS Il Embedded
> 1641DDS
NCO 0 Restart in Avalon Processor
NCO 0 Restart out|< Slave 0 = Data
NCO 0 Wavedata |« Master
| 5| 1641DDS JTAG
NCO 1 Restart in Avalon Debug
Slave 1
NCO 1 Restart out [€ —
NCO 1 Wavedata |« q
Instruction
Master
> 1641DDS
NCO 2 Restart in Avalon
NCO 2 Restart out |« Slave 2
NCO 2 Wavedata |«
CPURAM
{—»{ Control
Port
Control Port [«

JTAG System Interconnect
UART Fabric
Resetn —>»

Figure 9. 1641 System On a Programmable Chip
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Figure 10.1641 top level PWGS



The application software to control and exercise th TABLE Il SQUAREWAVE ATTRIBUTE VALUES
systems functionality was written and commissioreatl
provided the test conditions that were used to fyetfe
performance of the 1641 FPGA based periodic wawefor DDS 0 0.25V 1 MHz 50%
generator system.

amplitude frequency dutyCycle

DDS 1 0.25V 1 MHz 30%
V.  SYSTEMVERIFICATION DDS 2 025V 1 MHz 20%
The performance and operation of the 1641 PWGSitand TABLE IV SOUAREWAVE DIFFERENCEMEASUREMENTS
constituent components shown in Fig. 10 were \etifby '
comparison of the measured results and the sironlaésults. Difference Amplitude Attribute Measured Amplitude
Measurement was performed using an oscilloscopgtgm
analyzer and universal counter. The Hewlett Pacléx@lE 1.000V 0.998 v
Spectrum Analyzer was used to pe(form the frequeloeyain 0.925V 0923V
measurements on the 1641 sinusoid waveform. The ARAC
DANA 1992 universal counter was used for frequeacyl 0850V 0851V
period measurements, while the Hewlett Packard (HP) | 0.775v 0.776 V
Infinium oscilloscope was used to measure the neimgil641
periodic waveform attributes. 0700V oro1v
Detailed measurements and comparisons of all the 0625V 0625V
characteristics itemized in Table Il were performed 0.550 V 0.548 vV
0.475V 0.479 V
TABLE Il. PERFORMANCECHARACTERISTICS MEASUREDS COMPARED
0.400 V 0.402 V
Functionality Characteristic
. : 0.325V 0.326 V
Spurious Free Dynamic Range
1641 DDS Component Key Verification 0.250 V 0.249 V
Performance Frequency Verification
quency 0175V 0175V
Spurious Free Dynamic Range 0.100 V 0.100 V
Amplitude Attribute 0025V 0025V

Phase Angle Attribute

Frequency Attribute

Setup  Measure Utilities Help
ed .

Period Attribute
1641 PWGS Functions

Rise Time Attribute

Pulse Width Attribute

Fall Time Attribute

Duty Cycle Attribute

newWaveX Simulation Comparison

Summation Functionality

1641 PWGS Combiner Difference Functionality

Functions
newWaveX Simulation Comparison
Frequency(2s) 1
¥ topl2) &
As an example of the measurements and comparisons Figure 11.Waveform captured from 1641 PWGS
performed for each element in Table ll, the restdts the
Combiner Difference functionality checks are predd The The verification measurements conducted on the 1641
three square wave signals used for the differere@smrement PWGS have shown that modification of the waveform
had the attributes shown in Table III. attributes produced the expected change to the farme as

i defined by the 1641 standard. They have also shbanthe
Table IV shows the difference measurements forethre,,4veforms generated by the system are comparabieose

square wave signals. obtained using theewWaveX simulator. A detailed analysis of
Fig. 11 & Fig. 12 show the comparison of the getera these results was conducted to ascertain the agclaad
difference signal with the simulated differencensig performance of the 1641 PWGS and to provide a cosgpa

of performance against a commercial function genera
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C. 1641 PWGS Combiner Verification

The 1641 PWGS combiner operation were assessed usin
the combiner test functions developed earlier tergze and
profile the combiner functionality. Analysis of g results
showed the 1641 PWGS combiner obtained a measured
accuracy of within= 0.9% of its expected amplitude value.
When compared to the amplitude accuracy ~00.633%
obtained using a single periodic waveform, the domb
function was deemed to operate correctly. Additiona
comparisons were performed to ascertain that theecto
combined 1641 Periodic waveform shape was produsied) a
combination of periodic waveforms and attributdisgs. The

1641 PWGS waveform generator produced comparabidtse
to the waveforms generated by tlWWaveX simulator.

Figure 12.Waveform simulated byew\WaveX VII.  CONCLUSIONS

This project and analysis of the 1641 PWGS systeomws
that a FPGA based system, when used in conjuneatitman
appropriate  DAC, provides a suitable platform fdre t

Initial verification was focused on the performarafethe  generation of the periodic waveforms defined by fi6et1
1641 DDS, with the results being compared to thterAIDDS. standard. Research into frequency synthesis tewbsiq
The Spurious Free Dynamic Range (SFDR) measurewssit highlighted a frequency synthesis methodology apstesn
conducted to determine the spectral purity of t6é11DDS  architecture that has been successfully designed an
relative to the Altera DDS. The level and frequerdythe  implemented on an FPGA development platform. The
spurs produced by the 1641 DDS were identical wséh development platform provided all the features meguby the

obtained with the Altera NCO, indicating the spakcpurity of 1641 PWGS allowing three 1641 DDSs to be incorgaratto
the 1641 DDS design was equivalent to the AlteraSDD the design.

Frequency measurements were taken with the 1641 DDS
producing comparable frequency accuracies to ther@ADDS.

VI. ANALYSIS OF RESULTS

The results analysis and functional verificatiamducted
on the 1641 PWGS have shown that the system peafarenis

A. 1641 PWGS SFDR and Frequency Verification comparable to that obtained using a commercial tiomc
' generator providing a practicable level of accuraltyis

The SFDR and frequency measurements were repeated gnticipated that the spectral purity and frequeacguracy of
the 1641 PWGS with the results compared againssetho the 1641 system can be improved by the implementad

obtained using a commercial function generator K&lu pps spur reduction techniques and increase in timeber of

those obtained with the PM5138A, but the spectaltyof the ] ) )

1641 PWGS showed periodic spurs which were notepiesn The inclusion of the embedded processor in the 1641
the PM5138A. Further research into DDS spur redacti PWGS allows the system to be controlled externiajiya PC.
techniques is required to improve the spectraltpuf the  This provided dynamic modification of the periogiaveform
1641 PWGS. Analysis of the 1641 PWGS frequencyltesu Signal, using the waveform attributes in real tinmethe same
showed that the PM5138A provided a higher resaiuind ~Manner as theewWaveX software simulator.

frequency accuracy to the 1641 PWGS although inrdnge The hardware design architecture provides the dtpes
from 3 MHz to 10 kHz the 10641 PWGS obtained a nletab  jhcorporate further functionality into the eiisf 1641
fr_equency accuracy 6f 0.0005%. By increasing the number of p\y g system, including generation of 1641 WavefdepS.
bits of the DDS phase accumula_tor, the resolutbﬂn@ 1641 WaveformRamp signals and an arithmetic product ¢oenb
PWGS could be improved to achieve the 0.1 mHz véisol of it the periodic waveform generation of the 164andard

the PM51381A. successfully implemented, the 1641 system can Ioéaeiu
) S enhanced to provide support for other areas of 16él

B. 1641 PWGSAttribute Verification standard, such as generation of non periodic wawvefaand

The ability of the 1641 PWGS to generate complisgtl  measurement functions.

waveforms was assessed using the waveform testidoac

developed earlier to exercise and profile the djmreof the REEERENCES

1641 PWGS. Analysis of these results showed thé P8HGS o

obtained an attrlbut_e accuracy of WItI’m’O..G.SSS% of its set Insitute of Electrical and Electronics Engineers, Inc.

value for each per_|0d|c waveform. A<_jd|t|onal COMPANS 11\ Comish and R. Hazlewood, PC based IEEE STDthes,

were performed usingewWaveX to verify that the correct enhanced through dedicated devices. IEEE AUTOTESYCO

waveform shape was produced. The 1641 PWGS waveform Proceedings 2004, pp 415-421.

generation was identical to the waveforms generates

newWaveX simulator.
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