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Abstract

This paper presents a software based approach fdapraatic generation of digital
circuitry for synthesis and incorporation in a mixsignal circuit or system to provide Built-
In Self-Test (BIST) and measurement of the anatogitty. The measurements supported by
the BIST circuitry include frequency response (bg#in and phase), linearity and noise
figure. The measurements provide analog functitesting as well as the basis for on-chip
compensation to improve yield during manufacturiagd performance during system
operation?!

1. Introduction

A number of mixed-signal Built-In Self-Test (BISBpproaches have been proposed to
detect faults in analog circuitry [1][2]. Early mypaches were primarily aimed at defect-
oriented testing of the analog circuitry for marutfasing and system-level testing [2][3].
More recent approaches are target analog functiestland measurement, or specification-
oriented testing [4]-[6]. Some of the common fumeal measurements include frequency
response (both amplitude and phase measurementsg figure (NF), and linearity, also
known as third order intercept point (IP3) [2]. €Tkarly defect-oriented mixed-signal
BIST approaches could be developed with parametkriHDL or Verilog for easy
integration into most circuits and systems, as Wes case in [3]. While Fast Fourier
Transform (FFT) approaches have been parameteiizédrdware description languages,
such as VHDL, as in the case of [4] and [5], thediasaare overhead and power
consumption typically associated with an FFTs preniefrom being an efficient BIST
approach, unless the FFT is an inherent componénth® system. Other recent
specification-oriented test approaches, such af]6hre more difficult to parameterize due
to the computational complexity of trigopnometrictions such as sine, cosine, and tangent
[8]. Approximation techniques for these functiosesverely affect the quality of the test
signals produced as well as the measurements nyaithe BIST circuitry [7]. Furthermore,
the same computational complexity emphasizes tkd @ provide high-level synthesizable
VHDL or Verilog descriptions for easy integratianmixed-signal designs.

Rather than attempting to fully parameterize th&llvare description language, we present
software that automatically generates VHDL for thixed-signal BIST approach based on
the user-defined parameters for the mixed-signsiiesy to be tested and/or measured. We
begin with an overview of the architecture and apien of the mixed-signal BIST approach
in Section 2 followed by a detailed descriptiontbé software developed for automatic
generation of mixed-signal BIST VHDL in Section Bxamples of user interaction with the

1 This work was sponsored in part by the Natior@éSce Foundation Grant CNS-0708962.
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software and experimental results for implementaiio Field Programmable Gate Arrays
(FPGASs) in mixed-signal systems are presented atid®es 4 and 5, respectively, before the
paper is summarized and concludes in Section 6.

2. Background

The mixed-signal BIST architecture illustrated ig.FL has been developed and is capable
of accurate on-chip analog functional measuremehft§equency response, NF, and IP3
[6][7]. The majority of the BIST circuitry residaa the digital portion of a mixed-signal
system and includes a direct digital synthesizeD%p based test pattern generator
(TPG), a multiplier/accumulator (MAC) based outpasponse analyzer (ORA), and a
test controller. The only test circuitry addedthe analog domain is one or more analog
loopback pathes to facilitate direct measuremenh®test signals by the ORA. The number
and location of these loopback capabilities deteesithe accuracy and resolution of tests and
measurements associated with a given analog c[Gjuit
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Figure 1. Mixed-signal BIST architecture

The DDS-based TPG consists of three numericallytrotbed oscillators (NCOs) and
utilizes the existing digital-to-analog convertddAC) from the mixed-signal system to
complete the DDS. Fig. 2 shows a more detailed viethe NCO used in the TPG. The
phase accumulator is used to generate the phasesequence based on the frequency viord
and the initial phase worg. Then the NCO utilizes a look-up table (LUT) toneert the
truncated phase word sequence to a digital sine waguence. The frequency of the output
sinusoidal wave can be determined as

. xf
f = 2nclk (1)

wheren is the word width of the phase accumulator. Tigital sinusoidal wave serves two
purposes. One purpose is to produce an analogilemo the analog device under test
(DUT) through the DAC. The other purpose is tovide in-phase and out-of-phase test
tones for the MAC-based ORA. The ORA consistswaf $ets of MACs, as illustrated in Fig.
1. Each MAC receives the output from the DfiT.,). The other two inputs$;(nT.) and
fo(nTew), are the two digital sinusoidal waves generatethb TPG and used by the MAC pair
to perform selective spectrum analysis at the ddsirequency. The MAC-based ORA
facilitates selective spectrum analysis with lovearoverhead and power dissipation,
making the BIST architecture illustrated in FigaInore efficient approach for on-chip
analog functional measurements when compared telB&dSEd approaches.
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When performing frequency response measuremestspphbranch of MUX1 and MUX2
in Fig. 1 is activated and the DUT is driven byiasphase signal with a frequencyfof At
the same time, the NCO3 generates a 90 degreef-phiase signal at the frequenfiy In
this way the ORA is able to measure the DUT outpaimplitude and phase response at
frequencyf;. By sweeping the frequen€yover the bandwidth of interest, the DUT output’s
frequency response can be measured for both gdiptase [6].

When measuring NF, the top branch of MUX1 in Figs &ctivated and the DUT is driven
by a signal with a frequency &f At the same time, NCO2 and NCO3 generate inghas
out-of-phase signals, respectively, at frequencin this way the ORA is able to measure the
amplitude and phase response of any noise at fnegfie By sweeping the frequenéyver
the bandwidth of interest, the noise can be medsaeeraged, and compared to the DUT
output response at frequerfgyo calculate NF or the signal-to-noise ratio (SNR)
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Figure 2. Numerically controlled oscillator archit ecture

When performing linearity (IP3) measurement, thétdmo branch of MUX1 in Fig. 1
is activated and the DUT is driven by a two-tongnsil at frequencief andf,. Two
accumulations are performed by the ORA to deterntime spectrum at either the
frequency pairf, and 2*f;-f, or f, and 2*f,-f;. As a result, the magnitude of the
fundamental and '3order inter-modulation (IM3) terms can be obtaine@hen the
differenceDP (in dB) between these two terms can be determameldthe input referred
IP3 (IIP3) can be calculated [6]-[9].

3. Generation of Hardware Description

Commonly in hardware description languages, mamymehts of a design can be
parameterized to reduce the need to redevelop @waae model after a minor design
change to an existing, proven design. There ammes@&lements which become
increasingly difficult to parameterize as the lewal complexity of the code base
increases. This can result in a hardware desoripthat is difficult to verify and
maintain due to the vast number of conditional hgsts statements required to
universalize a model. Alternately, if a large nuenbf simplified models are created to
account for every possible design consideratioantbvery model must be individually
tailored to account for any future changes to tesigh.

To alleviate the problems associated with bothhese common solutions, a different
approach needs to be considered. For this, weggep@ solution utilizing a custom
written program, which can generate the correcdWare description given a set of
system hardware parameters. In essence, this agproan utilize many software
languages such as, but not limited to, C, C++, JAYAPERL. The single requirement
is that this language must be able to create filElsese files will eventually contain the
final hardware model in a hardware description leage such as VHDL or Verilog.
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This is a common feature among modern programmarguages that allows for a
broad range of options for generating the hardwaoelel. The design demonstrated in
this paper utilizes C++ to generate VHDL models.

The mixed-signal BIST described above has manyiegibns, but the components
which comprise the hardware model remain relativahgilar. The design will contain
multiple NCOs, multiplexers, multipliers and adadements as indicated by Fig. 1, but
for any given application the size of the sine waEl may vary to accommodate the
speed, size, and precision of the available andtbdligital converter which will
generate the analog waveform. In a similar fashiifferent multiplier architectures
such as array, Booth-encoded, or Wallace-tree tachires may be implemented to
perform the multiplication. By exploiting the fadhat the majority of these
components remain unchanged, we can use exact madetvery design using this
mixed-signal BIST. But for those components todhtered based on specific system
characteristics or other user parameters, the miged program can be used to insert,
remove or modify portions of the hardware descoiptio accommodate any changes.

This approach has other benefits beyond simplifyithg design process and
improving the uniformity and legibility of any gersded hardware description. To
generate an analog signal from digital element$éeadt one NCO is implemented in the
design. This is the foundation to generating soidial waveforms, but depending on
the system application, the speed and size of theeWorm may require alteration.
These sine wave values are loaded into LUTs in dbecriptive model. But the
calculation of these sinusoidal values are beydmdabilities most synthesis tools and
hardware description languages such as VHDL or lggri Utilizing an external
program allows use of prebuilt or customized libgarand functions of other language
compilers to perform the complex mathematics. &cwmple, we use the sine function
included in C++ libraries. Then the values geneddty this function can be converted
into the desired hardware description. This metl®dot limited to simply using
mathematical functions; any ability of that progréanguage can be utilized.

Once the program has interpreted any user paramittr the appropriate hardware
design decisions, the results can be saved as flaghe program with each flag
corresponding to a user input design choice. Adiedecisions have been evaluated by
the program, it can generate the hardware modelchBprogramming language has its
own method for creating and writing files. In gealethe procedure is to first create a
file, then line by line insert the contents intoetfile, followed by closing the file.
Following this guideline for the C++ language, waust first create the blank result
files (*.vhd) for a VHDL model. In C++ this is ez performed using thereatefile
function. Then using functions such wasitefile or fprintf the contents can be written
into the files. The exact contents are determibgdhe flags which have been set and
formatted to appear as VHDL statements. In corjonc with these hardware
descriptions, additional required files can be tedasuch as any project information
needed for synthesizing these models or constrditds for configuring the layout
procedure.

At this point we have properly formatted files caiming the desired hardware
description and constraint information. Many sggis tool sets can then automatically
be called to synthesize, layout, route, generatiimging information, and even to
generate a configuration file for FPGAs. It isRRGAs where this method is useful as
rapid prototyping of multiple design iterations asproven cost effective approach to
test designs prior to implementation in an applaraspecific integrated circuit (ASIC).
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4. Device and Parameter Selection and Program Intéace

Most hardware models have some level of parametioiz and the presented mixed-
signal BIST design is no exception. As presenthdre is a level of parameterization
that will result in code that is too complex to a®ptimize. Therefore using the
presented software-based method, it is possibler@ate the mixed-signal BIST model
without the complexity of utilizing mangeneratestatements.

The mixed-signal BIST model can be separated infoON, digital multiplexers,
adder units, multipliers, and accumulators for fHeG and ORA as show in Fig 1.
Additional components can be added to allow foromdted testing and recording of
the results. These components represent a testrotlen containing basic logic
elements and RAMs for storing the resulting meanem® data. The possible addition
of a communication interface for controlling tegtiand reporting results can be added
as well. As there are a large number of commuidcatnterfaces possible, using
generatestatements to insert a particular interface amngbeisted connections to the
hardware model becomes a more challenging taskhwthis method alleviates.

The NCO is created with three main components: medator, phase truncator, and
sinusoidal LUT. The most critical part of the NG©the sinusoidal LUT. This LUT
contains the phase location of the sinusoidal wawafat regular increments. This
converts a linearly incrementing number on the inpfithe LUT into trigonometric
increments on the output. This LUT can be conreetbea wide variety of DACs which
may operate with signed or unsigned numbers. REuanbre, the number of bits in the
LUT output word will vary with the resolution of ¢hDAC. Rather than truncating
input bits to the DAC, the LUT can be customizedwmaximum efficiency. Given how
many bits the phase accumulator will input into théT, how many bits the input word
to the DAC will require, and whether the DAC opesitusing signed or unsigned
numbers we can generate the LUT information utilizthe equation

2-m-f'

phase = A -2" - sin (T}
2 )

to determine the value of the LUT at each locatidn. this equationf' represent the
value seen on the input of the LUM,represents the number of bits entering the LUT,
andn represents the number of bits entering the DA@ally, the valueA represents
the relative amplitude from 0 to 1. To minimizeetispace required to generate a
sinusoidal LUT, only one quarter of the wavefornedse to be encoded into the LUT as
it repeats after changing direction every quarteavev Therefore, the two most
significant frequency word bits may be truncatedobe the LUT. These bits are
instead used to decide in which direction and fwhich starting location the LUT is
addressed. By plugging the above formula into stemdard sine function in the C++
math library, we generate a unique value for eyargsible input combination. With
each possible outcome described in VHDL usiage-wherstatements, we regenerate a
discrete sine wave from LUTs. The additional loggquired to access elements of this
array is fixed and can be simply added by the saféato the VHDL file which contains
the LUT hardware description.

The final TPG component is the phase accumulateigded to take an increment
value, called the frequency word, and add it to abeumulator each clock cycle. The
value of the frequency word determines the freqyewfcthe resulting sine wave; and
the value in the accumulator determines the curdengtion in the phase of the
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sinusoidal waveform. Since these elements aralfiredefinition, but not in size, they
can be simply defined using parameterized VHDL.atiag them as parameterizable
components allows the developer some level of sntuistomization after the model
has been generated. Alternatively, the programlmmronfigured to generate a fixed
phase accumulator, which can reduce the area oeduypi the accumulator.

The ORA accumulators are generated in a fashionlasirto those used in the TPG.
The size of the accumulator can be specified irapaterized VHDL or as a fixed
value. Unlike the accumulators, the adders uniié multiplexers in both the TPG and
ORA may need to be a fixed size for a given desigineir input width is determined
by the size of the DAC and ADC, which also deterasinthe NCO output word size.
Because the program collects this data to gendhatesine LUTs in the NCOs, it can
also calculate and generate VHDL models for addas multiplexers.

The final required component in the model is theltiplier unit. In many FPGAs
there are digital signal processing cores that aionmultiplier units. However, in an
ASIC, these components do not exist and must berg¢éed (usually at a gate level for
complex or high performance designs). Therefore, addition to automated
configuration of the NCO, the program offers configtion of the multiplier by
selecting the type of multiplier core to be use@Mbased multiplier for FPGA design,
array multiplier, Booth-encoded multiplier, or Watle-tree multiplier. But selecting
these multipliers is only half the challenge as wize of the multipliers is also
determined by the size of the sine waves that #reymultiplying. Once again rather
than generate a large array of conditiommnerate statements in VHDL, simple
mathematics in C can be utilized to calculate andimmze the combination of adders
and logic gates which form the multiplier. Aftdretcalculation is complete, VHDL can
be automatically generated to implement the mu#igl at the user’s request.

This concludes the basic elements that make udabedation of the mixed-signal
BIST core, but realistically a model must contaiorm elements to make it functional.
These additional elements may include a test ctetioclock interface, debug
interface, or communication port. The test conémtypically consists of registers and
counters tied to control and calibration signalhe size of each signal can be fixed or
parameterized as the model they connect to is fixedize for each signal. The
contents of the test controller however are spedifi the system in which the mixed-
signal BIST is to be implemented. Therefore, i€ ttesting procedure is known in
advance, it can be written into the C++ prograrhit Is not known, the C++ program
can generate a shell wrapper model to which a custontroller may be connected.

The clock interface is an important feature of thixed-signal BIST. It provides a
consistent timing source so that the NCOs can ga#eewaveforms at precise
frequencies. It also allows the test controlled&dermine the time to perform each test
has elapsed and perform any calculations to ddrisguency response or the linearity
of the DUT. The clock signal may be generated flamumber of sources. If it comes
from an external source, it can be an externaltatysscillator. Alternatively a faster
source can be used if it is derived from an inteosxillator, such as a ring oscillator.
Given these options and the desired operating feqy, a VHDL model can be created
within the C++ program to implement the oscillatmnnection or implement the ring
oscillator design using buffers and inverters tohiaee the desired frequency.
Realistically, the placement of these elements iwitthe device will have a major
impact on the timing considerations which cannot gredicted until the developer
places the components and routes the interconmectio
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The mixed-signal BIST is designed for two types afplications. The first is
autonomous control and calibration of the DUT. Tsecond is user controlled
calibration and testing of the DUT. In the firfusition there is no need to implement a
user interface as the device is to run autonomouwsligler the control of the test
controller. If an optional user interface is remui, then the communication channel,
registers and RAMs must be added to capture theds. To accommodate this, the
program is designed to place RAMs at key locatiamsthe design so that every
sinusoidal signal can be captured and transmittedt the user interface. The program
incorporates designs for three types of communicatinterface: Boundary Scan,
UART, and SPI.

After each option has been selected the developbr meeds to choose the build
option. This instructs the program to consider heaption selected and test for
incompatible selections. The program then generttie VHDL files for the complete
model in addition to any constraint files needetio allow a developer the ability to
modify each option in the design process a simpl@SDbased application was
developed. As illustrated in Fig. 3, this applicatallows the user to select one option
at a time and modify it based on a list of suppdrtgtions. When the program is
terminated, a save file is created to record theeligers options so that when the
program restarts the same options are preselected.

e+ c:\Documents and Settingsistarrgj\DesktopA\BACKLUP_AUBISTASIN Generator\ReleaselSIN Gen... HEE
Analog BIST Generator Program =

1. Device: : Epartan—3 5208

2. GCommunication Interface: : JTAG — BoundaryScan

3. BSCAN USER MODE IN: : BSCAM USER2

4. BSCAN USER MODE OUT: : BSCAM USER1

5. System Enable Port EXTERNAL-INTERMNAL: : ENABLE EXTERNAL

6. Port Self Internal Calbritation: : NO CALIBRATION

7. Table Word Size {Bits)>: = (7> 128 ENTRIES

8. Table Values Size (Bits)>: : (12> 4968 ENTRIES

?. ESignedsUnsigned S5in Wave: : SIGNED - 2°'s COMP

18. Starting Position: : OFFSET=8 DEGREES

11. Place BECAN imaging RAM=: : ENABLED

12. Clock Speed: : GBMH=

13. InternalsExternal Oscillator: : EXTERNAL

14. Generate UHDL-Project: : IS8E Project

15. Generate UHDL for Design _J

16. Quit without Generating UHDL

Command : _ ﬂ

Figure 3. Program to generate VHDL model for desig  ner requirements.

5. Experimental Results

The C++ program was verified by generating sevenated-signal BIST designs
which were then synthesized and downloaded in wiffe Xilinx FPGAs. One such
design for a mixed-signal system with 12-bit ADCdaDAC connected to a Spartan-3
S200 FPGA was generated with the parameters showkig. 3. By executing the
program with the options shown, a VHDL project inting VHDL files, constraints
files for pin assignments, and a project file foilidk ISE 10.1 were automatically
created in the program’s working directory. Theide after synthesis, placement, and
routing is shown in Fig. 4. This design was usedake measurements of the mixed-
signal system shown in Fig. 5, which contains abit2signed DAC, tunable lowpass
filter, tunable common-collector amplifier (for netducing non-linearity), an analog 2:1
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multiplexor, and 12-bit signed ADC arranged as ig. A. The lowpass filter in series
with the common-collector amplifier is collectivetgferred to as the tunable DUT.

Figure 4. Spartan-3 S200 FPGA layout (left) contai  ning analog BIST
structure. Mixed-signal test board (right-top) wit h Digilent S-3 Board (bottom).

The characteristics of three paths can be measwantrolling MUX3 and MUX4
as shown in Fig. 1. Only the path through the D&@ MUXS3, or the path through the
DAC, DUT, and MUX3 can be measured with externalipment. Frequency response
and IP3 measurements were taken for each of therredt paths using the BIST
circuitry implemented in the Spartan-3 FPGA. Thesasurements were retrieved via
Boundary Scan and compared to a simultaneous me@msumt made with an Agilent
E4446A spectrum analyzer (SA) and the results ofC&EPsimulation of the tunable
DUT. The results of simultaneous IP3 measuremenftthe tunable DUT with BIST
circuitry and the external SA are shown in Fig.d6 §even samples taken across the
tunable range of the DUT. Note that thé® measured with the BIST circuitry is
typically less than the P value measured with external equipment. Thisisause any
non-linearity introduced by the ADC is not measutegd the external SA since the
measurement is before conversion to the digital @iom Using the communication
interface discussed in Section 4, we can monitousdidal waveforms generated by the
FPGA - a screen capture of which is shown in Fig. 6

Figure 5. IP3 measurements of tunable DUT by BIST  circuitry compared
with external spectrum analyzer.
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Figure 6. Waveforms generated by TPG and captured  in RAMs include
500kHz and 510kHz sinusoids and resulting modulated waveforms.

6. Conclusions

Analog functional test and measurement using BE&Ritiques is complex and can require
considerable knowledge and effort by designersstmrcessful implementation in a mixed-
signal design. In an attempt to universalize tiyital portion of BIST hardware for easier
implementation in a mixed-signal system, we findttharameterized hardware descriptions
are not always the best solution to the probleror d@mplex designs which contain many
elements with many possible configurations, paraneition and generate statements lead to
overcomplicated and difficult to maintain modelS.0 simplify the hardware description
model, hardware elements can be conditionally ggedrusing software. In addition,
included trigonometric library functions can be dise generate some essential components
of the BIST architecture. The final result is agnam capable of automatically generating a
custom mixed-signal BIST model that can be useathinFPGA or custom ASIC design.
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