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Abstract. In particular, primary sensor electronics are prone EEPROM with finite number of correction cycles. Whereas
to deviations and degradation in its performance due to enin AD8555, trimming is done by DAC with volatile mem-
vironmental influences and manufacturing conditions. In or-ory/switches through infinite correction cycles. The so far
der to restore its functionality, calibration or trimming tech- discussed programmable analog devices are more concerned
niques are usually employed. More recent, programmablavith the calibration point of view. Other available recon-
or reconfigurable approaches from the field of evolution-figurable analog devices are Zetex TRAC, Cypress PSoC,
ary electronics offer great source of inspiration through theirLattice ispPAC30, Anadigm Vortex, IMTEK @C-Filters,
unique properties of fault-tolerance and self-repair. In ourand KIP FPTA. These devices differ from each other based
approach, we try to include efficiently, the available knowl- on their granularity. Most commercial versions are based
edge of recent reconfigurable devices into the otherwise aten building block level (course grained). These reconfig-
tractive concept. In our approach, a flexible FPTA architec-urable analog devices have strong relation to evolvable hard-
ture is developed meeting the requirement of sensor signalvare. Much more extensive concepts for practical engineer-
amplifier in particular for time continuous signal process- ing application are provided by the quite recent field of evo-
ing. The developed approach is verified and implementedutionary electronics (Zebulum et al., 2002), where circuits
in 0.35um CMOS technology. are bred by appropriate learning and optimization approach,
commonly affiliated to the field of evolutionary computation.
In particular, programmable, flexible special purpose hard-
ware can serve as the target or implementation platform for
such analog or mixed-signal circuits. A collection of such

Primary sensor electronics are susceptible to drifts due t@PProaches are denoted as Field-Programmable-Transistor-
changing environmental influences and manufacturing conArrays (FPTA). The general approach bases on homoge-
ditions like aging, thermal drifts, etching rate, material de- N€ouUs transistor array, where appropriate circuits are bred lit-
fects. These effects are capable of causing considerabl@rally according to prescribed specification (Zebulum et al.,
variations in the functionality of the analog corresponding 2002; Langeheine etal., 2003). In spite of interesting results,
circuits, as they have rich set of dynamics than the digitalthis approach has several drawbacks, like the circuit creation
counterpart. Recent measures to restore the functionality arBy €volutionary computation always starts from scratch or
performed through several ways like careful matched lay-from primal soup which can lead to peculiar solution. Sec-
out design, calibration or trimming at manufacturing time ondly, the use of homogeneous transistor arrays demands ex-
are mandatory. Normally these approaches are slow witif€ssive switching resources. The use of optimization algo-
respect to deployment time, costly, static and have to bdithms also wastes the existing knowledge of the experienced
performed repeatedly when done dynamically. Especiallydesigners. These drawbacks form the basis of our new ap-
on the fly calibrationcapability is desirable for sensor sys- Proach of reconfigurable analog electronics in particular to
tems. More recent improved approaches (Analog DevicesS€nsor signal amplifiers which are configured digitally. In
2004) extend these established procedures to compensatiddis Paper, we will report on the general concept of reconfig-
techniques during the actual operating phasa}(&uf et al., urable Operational amplifier, implementation of OPA, simu-
2002) Some recent approaches and products deve'opéation results and f|na”y on the status of the phySical Ch|p
and made available for dynamic self-calibration of analogimplementation and envisioned applications.
systems/components are ALD2724x (EPAD) and AD8555
(DigiTrim) amplifiers. The ALD2724x are developed by
Analog Linear Devices Inc. in which trimming is done by

1 Introduction

2 Concept of Reconfigurable OPA

Correspondence toA. Kodnig Our approach starts from medium granularity, and com-
(koenig@eit.uni-kl.de) bines the concepts presented in the previous section to obtain
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. Table 1. Some feasible aspect ratios for the FC-OPA design by
W! ordinary and scalable transistors.

Name =1 w=2 W=4 W=8 W=16
vine @—{ [ w1 1] B 1] u 1]
M1 1 2 4 8 16
M2 1 2 4 8 16

M3 32 64 64 64 128

M4 32 64 64 64 128

M5 128 128 128 128 128
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Fig. 1. Folded-cascode-operational amplifier and the replacement MI1 3 64 16 8 32

scheme of ordinary by scalable transistors.
MI12 128 128 128 128 128

digitally configurable sensor electronics and with regard to MI3 64 64 64 64 64
its performance, be continuously self calibrating during the

course of its operation. Current FPTAs are homogeneous | Ml4 16 16 16 16 16
transistor arrays. The arrays all together provide transis-
tors with variety of lengths and widths. These arrays can MI5 16 16 16 16 16
be interconnected using large number of switches to form
a novel circuitry. After investigation of the current FPTA, IlpA 100 100 100 100 100

we focused our work on the design of sensor signal am-
plifier with medium granular structl?re of the FPTA%hereby 2pA 100 100 100 100 100
making the transistor array heterogeneous. This is achiev- RI,
able through fixing the length of the transistor in the op- R2
erational amplifier circuit design to a suitable unit length.

The appropriate length is determined through simulations Mc Ip Ip Ip Ip Ip
and the choice was conservative. Furthermore, transistor siz-
ing can efficiently be done from the inspiration taken from
A/D-D/A converters by which the elementary transistors in
the heterogeneous array are sized by the powers of two.
These two simple design approaches reduce the number of
required switches and thus, the parameters of the design alnstrumentation amplifiers. This hierarchical switching ap-
gorithm. Our approach also introduces hierarchy switchegproach allows reduction in the use of switching resources. In
(transistor/topology/array). The low level switches intercon- our approach a simple transmission gate is used. The appro-
nect the elementary transistors to form dynamically scalablepriate switch dimensions are determined based on the param-
transistors. The medium level switches define the overall ameters like ON-resistance, parasitic capacitance, noise and so
plifier topology, e.g., Miller-, folded-cascode-OPA, formed on in order to avoid considerable changes in the circuit per-
basically by interconnecting the available scalable transisformance. The appropriate switch dimension so determined
tors. Finally, the top level switches configure single or will be reported in the following sections. The switching pat-
multiple amplifier blocks to form complex circuits like the terns are incorporated into the reconfigurable usually through

50 50 50 50 50

RL IK 1K IK 1K 1K
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Table 2. Some feasible aspect ratio for the FC-OPA design with
standard and scalable transistors.

Name W=32 W=64 W=128 | W=256
” s 2 p
Ml 32 64 128 256
M2 32 64 128 256
M3 256 128 256 256
M4 256 128 256 256
M5 256 256 256 256
M6 256 128 128 128
M7 256 128 128 128
M8 32 64 64 64
M9 32 64 64 64
M10 32 64 64 64
Mil11 32 64 64 64
M12 128 128 128 256
M13 64 64 64 64
M14 16 16 16 16
MI15 16 16 16 16
ITuA 100 100 100 100
2uA 100 100 100 100
R1,R2 50 50 50 50
MC Ip Ip Ip Ip
RL 1K 1K 1K 1K
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Fig. 2. Miller operational amplifier and the replacement scheme of
ordinary by scalable transistors.

described concepts offer the baseline for application of var-
ious algorithms serving for self-calibration, automatic and
manual configuration of the amplifier unit.

3 Implementation of Reconfigurable OPA

The pursued concepts in the previous sections are first imple-
mented for a sensor signal operational amplifier with folded-
cascode topology.
Figure 1 shows the schematic of the amplifier implemen-
random access address options. However, with regard to thiation employing standard transistors of the chosen technol-
rather low update time constraints in the envisioned applica-ogy. For this reference model simulations were carried out
tion fields and the tight cost constraints on electronic dis-to find a suiting length parameter as well as the aspect ratios
crete components, a serial approach based on a shift regf all the transistors used in building the FC-OPA. Further, a
ister will be preferred in the next steps of our work. The feasible range of the powers of two for the aspired scalable
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Table 3. Simulation results obtained for the folded-cascode ref- Table 5. Single aspect ratio for Miller-OPA design with both stan-

erence model amplifier with standard transistors and aspect ratialard and scalable transistors.
according to Tables 1/2.
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Different | Gainin | GBWin | PMin
W=2 95 15 78
W=4 100 12 75 win | 16 | 16 | 128 | 128 | 128 | 256 | 256
W=38 103 35 62 H
W= 16 101 21 51
W= 32 5 32 00 Table 6. Simulati Its obtained for the Mill f del
— able 6. Simulation results obtained for the Miller reference mode
W= 64 110 13 60 amplifier and aspect ratio according to Table 5.
W= 128 100 39 51
W= 256 101 40 50 Ditter | Miller-OPA Miller-OPA
) (standard (scalable
ential transistors) transistors)
Table 4. Simulation results obtained for the folded-cascode refer- Pair Gain | GBW | PM | Gain | GBW | PM
ence model amplifier with scalable transistors and aspect ratio ac- | jp, U in in in in in in
cording to Tables 1/2. dB | MHZ | Deg | dB | MHZ | Deg
W=16 | 69 22 55 79 25 56
Different | Gainin | GBWin | PMin
Width inp dB MHZ Deg
W=2 90 25 80
W=4 95 28 70 Ranging from the minimum width to the maximum as-
W=8 101 o5 50 pect ratios, a total of 9 stages can be selected. In addition,
W=16 115 30 50 the minimum sized transistors are duplicated three times so
- as to reduce the influence caused due to minimum dimen-
W= 32 110 15 50 sions.To avoid undesired capacitive load, all three pins of the
W= 64 110 23 55 unit transistors are connected to switches, assuming, that for
W= 128 103 18 50 transistors, bulk is set to a common potential. In our work, a
W= 256 105 17 0 simple transmission gate of the dimension 8/Q.85is used.
— A total of 12 switch control lines are required for each scal-

able transistor (ST). The schematic of the reference model
are modified by replacing the standard transistors with ST,
transistors are determined. Finally, the effect of switch di-as indicated in the lower part of Figs. 1 and 2. The switch-
mensioning are also investigated and fixed. ing signals for each ST in the experiment are set by constant
The design was carried out employing the Cadencevoltages for ON and OFF levels. This allows efficient analog
DFW Il obtained through EUROPRACTICE and Austriami- simulations without the burden of simulating the digital part.
crosystems HitKit for the chosen 0.3 CMOS technol- Simulation results of the reconfigurable amplifier cell with
ogy. Tables 1 and 2 show the achieved results for aspec§T were close to the reference model amplifier with stan-
ratio investigation suitable for the reference model. In or-dard transistors to confirm the feasibility of the chosen ap-
der to describe the feasibility of our approach, operationalproach. Table 4 gives the simulation results of the OPA with
amplifier with Miller topology is also constructed both with ST, This can be compared to those obtained by the refer-
standard and scalable transistors as shown in Fig. 2 and thénce model standard amplifier design in Table 3. In a sim-
corresponding aspect ratio is shown in Table 5. ilar fashion, simulations are performed and results are com-
For both the topologies a fixed transistor length pfi@is  pared for the operational amplifier with Miller topology. Ta-
used as a conservative choice. In future designs substantigle 5 gives the dimensions of the transistors used in building
length reduction seems feasible. the Miller-OPA. Unlike the FC-OPA, Miller-OPA are con-
As the first step of our work on the schematic level, scal-structed for a particular aspect ratio. Table 6 gives the simu-
able transistor building blocks for NMOS and PMOS tran- |ation results comparison for Miller operational amplifier for
sistors were designed. The elementary transistors and thgoth with standard and with scalable transistors.The graphi-
connecting switches constitutes the scalable transistors.  ¢al comparison results for both the reference models, namely,
folded-cascode and Miller operational amplifier topology
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Fig. 3. Gain comparison for both the reference model amplifiers Fig. 4. Phase margin comparison for both the reference model am-
with standard and scalable transistors. ([1] FC-OPA with standardlifiers with standard and scalable transistors.

transistors, [2] FC-OPA with scalable transistors, [3] Miller-OPA
with scalable transistors, and [4] Miller-OPA with standard transis-
tors.)

nr
Do “HEN
with standard and scalable transistors are shown in Figs. 3 . 7 7
and 4 according to Tables 3, 4, and 6. Vin- ] I mi¥y- L
Based on the promising circuit level simulations, the work . a3 | L
can be proceeded further in two different direction. First, Win+ D—l IC } b ] Wo
the physical realization of the reconfigurable operational _——
amplifier to emerge as a test chip. Secondly, more flexible Vas 4 s CLK

and complex architecture can be pursued. Flexible recon-
figurable amplifier implementations are made feasible by
the introduction of the topology switch levels, tailored to
the need of the application with optimum effort and power Fig. 5. Aspired chip interface and 8 pin DIL-package.
consumption trade off. Furthermore, the concepts of scalable
transistors can be used also for passive elements to form
fields of resistors and capacitors. Note that the compensation The shift register along with the additional protection logic
capacitance used for both reference models are separaigere implemented as full custom cells. A general separa-
standard capacitors. tion between the digital and analog sections is not necessary,
since the digital activity is well separated from the opera-
tion phase of the analog section. By offering redundancy
on the ST level, concepts of self-repair and fault tolerance
4 Physical Realization of OPA are addressed. The flexibility of self-repair and fault tol-
erance options are increased by providing large number of
With respect to practical applications and acceptance of thé&T’s and switches on the topology levels. The basic ST's are
introduced concept, a typical 8 pin dual-in-line single opera-realized with 12 stages of unit transistors, equivalent stages
tional amplifier package is preferred. of shift registers, switches and protection logics. The chip
In our work, we define a digital interface for the require- €an serve as a single instance/single amplifier or multiple in-
ment of programming, calibrations or for mixtrinsic evolu- stances/multiple single amplifiers as in the case of instrumen-
tion purposes. In addition to the normal pins of the OPA, atation amplifier thereby constructing a reconfigurable instru-
serialIn (D) pin to feed the shift register,dock (CLK) pin, ~ mentation amplifier.
and anEnable(EN) pin are required. The enabling signals The later one are constructed not only by using scal-
make sure that the switches do not interact with the circuitable transistors, but also with the fields of resistors and
operation when turned off until a valid switch pattern are feedcapacitors designed by extending the concepts of ST to
into the circuit. Figure 5 shows the pin arrangement for thepassive elements. This facilitates the programmability in
8 pin package. the compensation and feedback circuitries and is paving the
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In future work, the complete described concept will be
l l subject to implementation. The implementation will be ver-

ified for parasitic influences by post layout simulations. As-
Sensor Element sessment of general frequency limitations will also be con-
ducted. Further, adaptation algorithms for reconfiguring our
. circuit will be studied. As a long term perspective, adaptation
. q> could be extended including the sensors in the optimization

loop (sensor-in-the-loop-learning The adaptive amplifier

circuits can help in compensating the drifts.

Scalable Active & Passive El

Digital Element Selection
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