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Abstract

Terms like co-design and mixed-signal prototyping have become high attention in the last years, because
of the rising need for even shorter time-to-market. Unified solutions for fast design of heterogeneous
systems would adequate reduce the overall time needed for their validation as if each subsystem was de-
signed separately. In the following, we will present an unique approach to mixed-signal system evalua-
tion based on the programmable hardware. The problem of the analog subsystem "on-Chip” prototyping
was realized with novel, patented Electrically Programmable Analog Array (EPAA). It was designed for
class of sensor signal conditioning problems. EPAA with its fully parameterizable architecture can be
configured either at transistor level or using pre-defined function blocks from macro-library. First mea-
surements on a couple of test-cases have proven the suitability of our approach, especially for low-power
smart sensors’ signal conditioning applications.

1 Introduction for analog signals are not so easy to find.

In the next, we will propose a new approach to
Nowadays rapid prototyping plays a key role in fast prototyping of mixed-signal complex sys-
the digital system design. Programmable logic tems based on the use of programmable analog
devices based on various principles of configu- and digital evaluation platforms. Furthermore,
ration storage (GAL, PAL, CPLD, FPGA) over- we will also describe the architecture and the
come the use of ASICs in many application seg- measurement results of a unique programmable
ments, due to their reliability, high performance analog chip — Electrically Programmable Analog
and ease of use. These features make them suitArray (EPAA). Its architecture and the possible
able for emulation of large systems, whose sim- working modes predestine it for the use in signal
ulation with either HDL or C based simulators conditioning. In this case, not the bandwidth or
would take an enormous long time. data/sample rate are the bottlenecks of the whole
On the other side, prototyping of analog and System, but the possibility of adaptive controlling
mixed-signal systems still takes the main time and low power consumption.
of the design cycle. New EDA tools, method-
ologies and models do not exhaustively cover ] ]
all problems arising by the development of 2 Rapid System Prototyping
complex VLSI systems. Thus, it is desired to
have a solution that would enable the emulation As the need of short time-to-market is stronger as
of analog circuits at electrical level prior to their ever before, reliable system verification approach
ASIC implementation. There is also need for at all levels of abstraction within the whole de-
configurable universal analog solutions with a sign flow have to be found. Speedup design cycle,
performance higher than that of solutions built of reduction of the redesigns needed and improve-
discrete devices. Success of the programmablement of the prototyping capability are the main
logic devices has shown the advantages ofrequirements of a successful product. Analog and
reconfigurable hardware. But similar solutions  mixed-signal ASIC design usually requires more
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than one design cycle, as there is still no reliable 2.1 Analog is the Key
physical verification technique available for the

analog domain. The reason can be seen in a care; . L .
dAs the analog signal processing is the most sig-

less design, neglecting some physical effects an nificant part of the system verification, there is

partially also in technology parameter scatteringa need for a simole approach to prototvoin
especially for short-channel transistors and deep- P P P yping

. . . . and evaluation of analog systems. One way for
submicron technologies. This article concerns the g sy y

: ; : emulating analog subsystem is to convert ana-
lowest level of mixed-signal system design, hard- ! . T
C . log inputs into their digital counterparts, process
ware physical implementation.

T ) ) them and then convert the results back to analog
For the verification of such systems either simu- a5 The main drawbacks of such approach were
lation, formal verification methods, emulation of |5\ver accuracy, for recurrent signal flow maybe

the functionality with discrete devices, or com- unacceptable, and slower maximal data process-
bination of all of them come into account. Due ing rate due to the conversion delays. The way
to the huge amount of resources needed and highg 1o implement special purpose programmable

time costs of a simulation at lower hierarchy lev- geyices acting as configurable analog signal pro-
els (transistor, parasitic simulations), production cessing arrays

costs rise rapidly. Big compannies use a farm of
thousands of workstations for hardware simula- Fi€ld programmable analog arrays (FPAAs) meet
tions of new Power-PCs. Emulation of the target €SPecially in the last period higher interests as

systems with programmable devices seems to beeVer before. Pure digital implementations can not
more acceptable way. supply sufficient efficiency in certain application

Our_evataton plaorm targets_embedded (90 15010 b e e o 2100 Socns,
mixed-signal systems and Systems on a Chip ! 9 gn-cy

(SoC), also enabling development of Intellectual ;g: ?a-lg?;ésm'ﬁid_fr:ggﬂ;etigrgéafea?gﬁtg-?t
Properties (IPs), reusable, characterized blocks g 'gns. uce :

with physical information (Hard-Macros). It multaneously make the verification more exten-
consists of a commercial ARM-based .ASIC sive, we have addressed analog hardware-based
Integrator Kit and an EPAA daughter-board, so emulation, as this proposes more fle_xible and ac-
that all features of target mixed-signal system curate results as the system simulation.

can be easily integrated and emulated. Simplified

view can be seen in the Fid. - P —— ‘
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Fig. 1. RDK — Rapid Development Kit for mixed- Principle of FPAAs is shown in the Fig.2.
signal systems Various filter characteristics can be achieved by
changing the signal path. Additionally, also
sizing of passive/active elements can be pro-
grammable.

The most critical part in a mixed-signal IC design
is the analog part of the chip. For example Infi-
neon’'s GSM Baseband IC consists of 20% analog
and 80% digital components. But the design ef- One specific application of such partial block is
fort for the analog part was 80%, for the digital shown in the Fig.3. Adaptive filter seeks in the
only 20% of the design time. It can be seen, how whole broadband for a tone and detects its ap-
important the disposal of early verification is. pearance.



Programmable Recrifier, There are also several other university re-
Filters L Filier Comparator search groups concentrating on the design of
Dni_f m N E > | programmable analog arrays. Edwards from
o John Hopkins University (Maryland) has pro-
1 1 il posed in P] an one-time programmable FPAA
—| Gt W) | based on Actel’'s Metal-to-Metal antifuse technol-
|_ ogy, desired for space-flight applications. Pre-
EJ mont (University of Lyon) presented irg] an
FPAA utilizing current conveyors connected to
Fig. 3: Dual-tone multi-frequency decoder using @ common current rails, where the switch resis-
adaptive filter implemented in an FPAA tance has only little effect on current-mode cir-
cuits. Continuous-time, as inl] and switched-
capacitor approache$][have became their at-
tention. Becker and Manoli have proposed a
2.2 Programmable Analog Arrays continuous-time FPAA based on recf)omfi)gurable

Gy cells [B].

Programmable analog devices built on a chip, that ecial-ournose  proarammable  devices  are
can be used as IP-cores or as stand-alone analo (geded pif tF;]e whc?le gflunctionalit of a mixed-
solutions have became a significant market seg- . ' . Y
ment in the last couple of years. The reasons areSlgnal system should be fa_uthfully implemented
lower NRE costs opposite to full-custom analog and emulated. For emulat!on of analog subsys-
ASICs, lower design effort due to the support- tems, we propose Electrlcglly Prpgrammable
ing development software and shorterdesigntimeAnalog Array — EPAA' This device suffers
(no re-spins needed). Field programmable arrays from the drawbacks of its counterparts produced
either gate arrays or analog arrays, provide nu-g?m%erf;ﬂ%aglgd dgx'zgts bgrsgcn Izrr'.?c'plzss
merous advantages over discrete design inCIUd_refirﬁ)edgfrom block to thrans'istor IeveL: IIril-fi\(lavld
ing high integration density and reliability, fast . - .
turn-around design cycle, lower mass, volume pargmeter adjustment and topologyconﬁguranon
and power consumption. Traditionally, standard gif&g?(;tefeimioﬁgAA tgrbii ur?;d g:)r?gigz%nand
mixed-signal circuits were used for industrial ap- Additional to [1] %y, il 'ntr(?d ce our EPAAg.
plications almost always implemented with dis- S illcould be 'invt\:llu&l:lald Iin a : sterﬁ for raid
crete devices, because the costs were opposite t0 " : ) y P
ASIC implementation still too big mixed-signal prototyping. We will also present
o o X first measurement results of the prototype.
Specific FPAAs containing also AD/DA convert- P P
ers for mixed-signal processing are sometimes

referred to as Field Programmable Mixed-signal El ricall Proarammabl
Arrays (FPMA). Incorporated logic parts are rel- 3 ectrica y ogra able

ative small, placed close to analog ones, allow- Analog Array — EPAA

ing for simple digital processing without need for

external FPGA. For the purpose of prototyping Compared to commercially available FPAAs, our
and rapid deve|opment’ short-time reconﬁgura- EPAA serves more degreeS of freedom, due to its
bility must be supplied. Therefore only FPAAs fine granularity, supposing its use not only as sen-
with their own development software and direct Sor signal conditioning unit, but also as prototyp-
download options can be used for fast emula-ing device for mixed-signal ASIC designers, or
tion. Summary of currently commercially avail- training chip for ASIC-design education classes.
able FPAAs (Anadigm, Zetex, Cypress, Lattice)

can be found in []. Each vendqr supplies also 3.1 Architecture

appropriate design software for its FPAAs. How-

ever, none of them offers a "full-custom” pro- EPAA is a fully configurable analog array dedi-
gramming capability, users can only connect pre- cated for implementation of analog and mixed-
designed, partial parameterizable analog macro-signal applications using both, continuous cur-
blocks, but they cannot build their own functional rent (CC) and switched-capacitor (SC) tech-
blocks. niques (e.g. sensor/actuator technology, com-



analog environment

munication, signal conditioning, controlling etc.). o ombweninmen
Overall architecture overview can be seen in —|F 0]
Fig. 4. Partitioning to 4 clusters (each con-

taining 4 cells) can be seen in the right-upper
part. Clock scheme generators enabling SC
techniques are on the left side. Mixed-signal
capability serve four cascadable AD/DA con-

verters working in various modes, associated
in pairs to cluster-columns, together with digi-

tal data/control high/low speed buses. Desired
EPAA configuration is autonomous downloaded
via serial system interface from EEPROM, im-

mediately after power-on sequence, activating [
appropriate connections between elementary de-

vices inside the EPAA analog core.

These build together signal paths (switch-
matrices), or bigger devices (device-size rating
switches). Also proper AD/DA conversion and
SC-clock generation scenarios are set in the dig-addition to the load transistors, all cells contain

ital configuration registers. Simple configura- also sizeable passive devices: resistors with high
tion scheme (either serial shift through the ana- resistance values in combination with poly-Si ca-

log core), or parallel write to digital registers al- pacitors as well as feedback resistors especially
lows for in-field parameter adjustment and topol- intended for series feedback. The channel con-
ogy modification (desired in sensor-signal inter- ductance type of the differential pair determines
faces and processing devices) by external micro-the cells to be called N- or P-cell. A cluster is
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Fig. 4. EPAA - Architecture. Two buses (high-
und low- speed) for configuration and data ex-
change

controller. formed by two N- and two P-cells arranged in a
chequered pattern. This way, the regular structure
Product | Applications Macro Blocks leads to a predictable device coupling. The set
Anadigm | analog fifters, filtering, of devices in each cluster can be used to imple-
(Anadigm) iatj‘. aCng'lst')t'on’ Summ.at'?.n’ ment a wide variety of functional blocks such as
m‘é&ﬁél ampiification phase—shiftgr, multiplier, amplifigr, VCO, fillters
ISPPAC analog filters, filtering, etc. 'I.'h.ere is an ana!og—macro Il'brary available,
(Lattice) power sequencing,| summation, containing parameterizable functional blocks op-
voltage monitoring,| amplification, timized for the EPAA architecture. Possible ap-
signal conditioning | integration
TRAC multipliers, addition, e oy - i
(Zetex) rectifipers, log, antilog, 1,;53“_0 - NTEE&M:J DZ:D“—GD umwoJm[;sm—“
modulators negation - P;E“—M oud OTE; M*SRQM
Table 1: Commercially available FPAAs T . “S:K

3 Ly
. . spif” spui” L spLg”
The EPAA layout structure is based on a hier- ,,L,;Ell—o OTE;,,M

sy sy

archical, regular arrangement of devices and re- °—H s ] “H:]LC OJ[::”
flects common requirements for analog circuit N o o

designs. As generally known, the basic com- e n sL° ng a
ponents of analog CMOS circuitry are differ- R S

ential amplifiers, current mirrors and transfer o % i

gates. Consequently, each of the analog array’s

cells contains all devices necessary for build-

ing these components: differential transistor pair, Fig. 5: EPAA: N-Cell Primitives

load transistor pair and current mirror transistor plication areas can be seen not only in analog
pair. Depending on the type of differential tran- subsystem prototyping, but also for instance in
sistor pairs, we distinguish between two basic cell signal processing (amplification, summation, fil-
types: N-Cells (in Fig5) and adequate P-Cell. In tering, integration etc.), sensor signal condition-



ing, analog front-end for data acquisition, preci- 3.2 Results

sion voltage monitoring, automated test and mea- _ _

surements, power supply sequencing, differential RPK research project comprises two tape-outs,
signaling etc. bpth in mlxed—3|gr_1al QMQS 0:6n technology.
Initial version of EPAA was implemented in Al-  First prototype, with die size o.3 x 5.5mm,
catel Mietec 0.5im CMOS technology, compris- asseémbled in PGA 120 package, is already be-
ing2 x 2 programmable clusters. Part of the dig- "9 measured. Part of the digital configuration
ital configuration and communication circuitry and communication circuitry is implemented in
is implemented in an additional FPGA, allow- a0 additional FPGA, allowing direct access to
ing direct access to AD/DA modules. Therefore AD/DA modules. For detailed overview, see Ta-
PGA120 package had to be used, contrary to theble 2.

initial idea of a small programmable analog array

with mixed-signal capabilities. Final version of | Parameter | Simulation | Maesurement |
the EPAA chip will be implemented completely | Voo 3.3V+10% | 3.3V+10%
in a CLCC44 (DIL28) package, communicating %DD | iolm'; l<51T)AA
with the digital subsystem via two 2-wire buses. L-22 (low power) | < .“ =K
The main EPAA features can be summarized ag_!MmPedance-converter : IN Mode
follows: Bandwidth 4.1 MHz 6.6 MHz
e Architecture: 2x2 Clusters, 4 cells per Clus- /(:ffset g.génv g'égnv
ter (2xPcell, 2xNcell) = ' '
22 lable el . h cell (12xMOS Impedance-converter : OUT Mode
¢ 22 scalable elements in each cell (12xMOS, =55 qwidth 124MHz | 22MHz
4xR, 2xC, 4.xclocked switches) Offset 3.5mV 69.1mV
e 12 analog pins, 8 analog pins with additional | A, 0.997 0.98
driver circuit Impedance-converter : INOUT Mode
e 4 AD/DA modules, various conversion- | Bandbwidth 4.0 MHz 5.1 MHz
schemes possible (SAR, integrating, flash,| Offset 54.1mV 67.8mV
pipelined, XA etc.) Ay 0.994 0.99
¢ Internal autonomous and/or data-depending| Diff. Amplifier in Analog Core Cr = 2 pF)
clock generation, 8 possible duty-cycle vari- | Bandwidth 7.6 MHz 7.1MHz
ations Offset 0.1mVv 1.5mV
e Both CC and SC techniques supported Au _ 40dB 31dB
e Bandwidth of 4 up to 12 MHz (depending }/CO in Analog Co;ezz iz 3K
: . H H MIN
on analog p_m dn\_/er c_onﬂguratmn) _ friax 45MHz 3.8 MHz
e Global configuration timez 8ms; Reconfig- Vour (fu) 331mvV 340mvV
uration time~ 60us (e.g. AD/DA Mode) Vour (fwax) | 321mV 322mv
¢ ég\t’;—zﬂged configuration bus, high-speed Table 2: Results of the first realization.

Vpe = 1.65V; Ry, = 16.5kQ; Cy, = 32pF
e Easily extendable due to the regular struc- pe B . P

ture, and parametric digital design

e Library of functional blocks optimized for ;
effective use of resources 4 EPAA DeSIQn Software

Advanced ASIC designers will profit from the Dedicated design tools have to be used for special
possibility of manual transistor-level schematic- purpose electronic devices, as they are unique in
based design, placement and routing, as theytheir architecture and paradigm. We have devel-
will be able to create their own reusable func- oped Java-based Eclipse plug-in "Corona”, meant
tional blocks optimized for the desired analog to support the whole design flow from initial idea,
subsystem. Intermediate users can prototype andip to the final configuration stream generation
evaluate their block-based designs without deepand download to EPAA, without the need of any
knowledge about EPAA structure, profiting from commercial EDA tool.

design block library. EPAA can be also used as Corona works on various abstraction levels, it
IP core, for later mixed-signal SoC applications. can be used for macro-block or transistor-level



placement, (manually or automatically). Routing

is also supported either in manual or automatic
mode (final user modifications are allowed). For
the simulation of the designed circuits, it is in-
tended to embed Berkeley SPICE into Corona.
There are three possible design views, depend-
ing on the user expertise level and the abstraction[3]
needed for specific design. "Author view” suf-
fers of all abstraction, regarding the functional-

ity of the created circuit. It is used for debug-
ging and characterization in prototyping phase
of the EPAA project. Ragular users, even ex- 4
pert ones, do not need the exhausting informa-
tion about array connections in such a detailed
matter. "Expert view” allows analog and mixed-
signal circuit design, as IC-designer do, at tran-
sistor level, with 3 degrees of freedom : pasive
devices sizing, active devices sizing and connect-
ing. "Application view” allows for system de-
sign at functional-block level, utilising libraries
of pre-designed macro blocks.

(5]

5 Conclusion

Our goal is to meet the needs for short mixed- [6]
signal systems’ prototyping time and low-cost de-
velopment of analog circuits especially for sen-
sor/actuator technology. Using the RDK eval-
uation platform, emulation of complex mixed-
signal systems can be done within short de-
sign cycle. Proposed programmable analog array
EPAA can be used as a fully configurable mixed-
signal SoC or as a hardware IP for the use in[7]
more complex systems. lIts in-field parameter ad-
justment and topology modification features, to-
gether with ease of use qualify it for the use in
many application areas described above.
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