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Abstract—This paper investigates temperature compensation Applications References Compile on FPAA

techniques for circuits and systems on a reconfigurable plat [ Y [o][alA)o oAl :
form. The work demonstrates use of large scale reconfigurabl i Acoustic —|i O 10JIAJlAIIDID]IA
System-On-Chip (SOC) for reducing the variability of circuits ~Lassificatiof; bR Bl e
and systems compiled on a Floating Gate (FG) based Field ™ Fearirad! | 2 vl [o][l[allo]o]a]
Programmable Analog Array (FPAA). The work presents current E e jECI NGl [o][alla]lp]lo]ial:
and voltage reference which could help in reducing the variility P PR onnnonk
caused due to changes in temperature. These references are lu'”a.sc’“”d b M Y [o][al[~][o]o]al:
standard blocks in the Scilab/Xcos environment which couldbe  —odtd—: P [o][a)a]lo][o]la]:
easily compiled on the FPAA. An FG based current reference is ! Activity : : ; % BinEost
then used for biasing a second orde(G., — C bandpass filter to i Detector |! | ko oo ¢+ il [o](a][a]o]o]A]:
demonstrate the compilation and usage of these voltage/aent |____________. U SR 1 1| N EY Y PN (N Y [Jf]ia]o[o]la]:

reference in a reconfigurable fabric. The large scale FG FPAA

presented here is fabricated in 350 nm CMOS process. , R -
Fig. 1. Proposed method to reduce temperature variabiltifencompiling

Index Terms—Circuits and System, Temperature Dependence, a system for a desired application on a FPAA. The user woutths# from
Reference generator, FPAA . multiple voltage and current references depending on thkcagion. Then the
system along with the selected references would be compitethe FPAA.
Here, FPAA fabric consisting of analog and digital blocke ahown [3]
I. ANALOG PROCESSING ANDTEMPERATURE

DEPENDENCE o ]
.and its circuits have to operate at different temperatuié an

HE number of system; combining elgments from W'thlﬂence the need to investigate temperature dependance and
and among the emerging technologies of sensors, com- . .
c?mpensanon techniques.

munications, and robotics grows every day. Computational_, . .
This work presents a range of techniques and models to
abilities of these systems affect the overall system peréoice . o .
through various aspects (e.g., functionality, battefy-lfoot- estimate and reduce temperature variability of various sys
= ’ ' tems. Fig. 1 shows the proposed method a user could follow

print, etc). Traditionally most computational tasks haee Hepending on specific application. A set of voltage and eurre

performed in the digital domain, which can achieve hlgreference generator are presented which can be compiled on

resolution computation at the cost of high power consumpti(t)he FPAA to reduce temperature variability of the system
[1]. For systems with limited power budget however, low: '

power real-time computation techniques have been sou I—!ﬁre, we propose to use FG as a programmable element

after. Accordingly, analog-signal-processing has beeadusgo achieve reasonable temperature insensitivity rathan th

extensively as an energy-efficient alternative to digifatians trimming or programming single value FG to achieve precisio
2] y oy 9 [6]. These references form standard blocks in the open sourc

. . tools built in Scilab/Xcos environment available onling.[7
Recent mixed-mode large-scale Field-Programmable Anga-. o : .
is work utilizes an Xcos tool simulation model [7] to

log Array (FPAA) enable advanced functionality for a wide L -
o model circuits block temperature variation. All temperatu
spectrum of sensor applications [3]. The current FPAA Is

fabricated in 350nm technology. In general, Floating Gat‘;%easurements were performed using ZPlus (Cincinnati Sub-

(FG) have been shown to be operational at even 40nm te ero Products LLC, Sharonville, OH) temperature chamber.
nology node [4]. These FPAAs combines the energy-efficien

reconfigurability, and programmability of floating-gatadsed
analog signal processing with the precision and compéyibil
of digital, thereby a variety of analog circuitry implemedt Il. MODELING TEMPERATUREDEPENDENCE

on FPAAs serve as building blocks of more complex signal s 4 nart of the tool infrastructure for an FPAA, a simulation
processing functions [5]. For performing these tasks th®AFP 04| adapted from the EKV model [8] for all regions of oper-
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or each temperature value, 15 min. is allowed to ensure that
%e FPAA die reaches the desired temperature value.
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Fig. 2. Transfer characteristics of PMOS over TemperatikV/ modeling is used for modeling the transfer charactiessof a PMOS [7].1;,, current at
threshold voltage, an®f7o, threshold voltage, are also plotted over temperature.sithelated values are consistent with the measured vallesI;J, and
Vo are extracted by curve fitting onto to the output current ithbmeasurement and simulation to be consistent.

wherely, is the specific current at threshold voltage given bthe temperature variation of the output current to 12.0% Th
%, o is the drain-induced barrier lowering coefficientbiasing current is constant and is not programmable ud{ess
andV,, V., Viro, andUr are the drain, source, threshold, an@f its transistor and the resistor values are changed. k& cbs
thermal voltages, respectively. Temperature dependendg oan FPAA it would be possible to changg by adding pFETs

in (1) arises fromViro, I, and explicitUr. The dependence and nFETs in parallel. However, this would mean adding extra
of Vg on temperature could be modeled usitig+ Ay % Ur. capacitance by the way of routing to different Computationa
Iy, has dependence on temperature due to the mobiljtgifd Analog Blocks (CABs).

presence ot/Z which could be modeled using, (TZT)O' .

Here, T, is the reference temperature. It should be noted tht FG-Based Reference Circuit in Subthreshold Region

the model in [8] has more number of parameters and is muchrhe reference circuit in Fig. 3 is based on the boot-
more generalized. In case of (1) the model has a reducgehp reference architecture. However, unlike the corveat
number of parameters, which allows for faster simulatioithw pootstrap reference architecture where the differencsdsst

the ability to closely predict data from the FPAA. This modehe aspect ratios of pFETs is responsible for the reference
has been integrated as a part of Scilab/Xcos environment [ddneration, thé/zzr in Fig. 3 is generated because of the
Figure 2 shows measurement of pFET compiled onto tiigfference in the amount of charge stored at the floatingenod
FPAA and simulation performed using the EKV model. Thgf the FG pFETs. The bootstrap reference circuit in Fig. 3
tool incorporates the associated temperature dependeotiejs compiled using FG pFET from the switch fabric, which
Ur, threshold voltage¥(ro) and current at threshold voltageare part of the local interconnect routing present in the CAB
(I:n). Figure 2 compares the temperature-dependencies Rfd nFET current mirror which is a part of the CAB elements
tween the simulated model and the measured results ovefiecribed in [3]. Current and voltages were measured using a
change of 60C. The measurements are silicon data obtainggtternal picoammeter (Keithley Instruments, Clevelant) O

from the FPAA fabricated in 350 nm technology. and the Analog Discovery portable oscilloscope (Digilet.|
Pullman, WA), respectively.
Ill. REDUCING TEMPERATUREDEPENDENCE IN Fig. 3 also shows measurements\&fzr, Irer, Voac,
PROGRAMMABLE CIRCUITS AND SYSTEM and Ipac against temperature. A variation of 28.4 mV was

Programming and biasing of FG switch or FG current sourcdserved in the DAC, thereby resulting in temperature varia
in an FPAA [3] is generally done using a DAC. Duringion of 189 ppm7C with a linear range of 2.5 V. This manifests
programming mode, when the circuits and systems are getteglarge change in current, when used to bias a FG, since the
compiled on the FPAA, the DAC allows for varying the biawoltage does not scale with temperature to compensate the
of the gate for compensating the variation and mismatch wariation in threshold voltage anf;. The bootstrap current
the FPAA [9]. It is assumed that temperature would not vangference has a variation of 218 mV Wy gr and the current
drastically while programming the device. In run mode howmirror output has a temperature drift of 3.9 nA.
ever, when the implemented system is used for computatiorEvaluating the relationship af,,; and/;,, over temperature
and processing on the FPAA, the temperature could vary basde current mirror built with a FG pFET, such as the one used
on the application, for example in wearable systems [5] ar asn Fig. 3 for biasing, is given byl,,; = I;,e"(V1—V2)/Ur
sensory node for analyzing speech [5]. A subthreshold ntirravhere if V4 and V> are equal then we havé,,; = I;,.
reference circuit, similar to a conventional current refere In general, for a non FG current mirror there is a threshold
circuit [10] would bias the gate of a pFET which would reduceoltage mismatch between the transistors which will lead to
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Fig. 3. A FG based bootstrap reference circuit compiled @ RRAA for biasing the FG transistors. The DAC which is gelfierased to bias the FG
transistor is also characterized over temperature. Ouiptlie reference generatoVg g ) is plotted over a temperature variation @°C. The output of

the DAC is also measured over the same temperature range. thés effects of temperature on the drain current is stubietliasing a FG transistor in both
modes, i.e bias using a DAC and the bootstrap referenceitcircu

variation of I,,,,; with temperature. The variation of current inband pass filter. Fig. 4 also shows the frequency response of
this case could be modeled As; = I;, A = I;, AL”’ " where the band-pass filter over a temperature variatioi(5¢. The
A = er(Vi=V2)/Ur whereTy, is a reference temperature whichPTAT response of the FG based bootstrap reference helps in

could be room temperature for simplicity. compensating the CTAT variation iip. Fig. 4 also shows the
variation in the characteristics of the bandpass filter naiQe
IV. VARIATION OF BAND-PASS FILTER fc and gain at the center frequency. As compared to the case

A G,, — C based second order band-pass filter is us%vdwere it was biased by a DAC, the variationfip is reduced

k ; . 0 76 Hz, gain variation is 1 dB as opposed to 2 dB and Q
extensively for several signal processing systems [3].0bsd griation is 0.48 compared to 1.4. Measurements in the Fig

?r;drﬁrﬁ‘"é_ir%zlttesrige:;bl\zi; X;r?g\t:/n%;ﬁg?iﬂ%ﬁgﬁf&%ﬁa?g% were performed consecutively where the filter were biased
' tef\glst with a DAC and then with a FG current reference to keep

topology allows the user to program a large range of cen N~ .
frequencies (sub Hz to few KHz) as compared to a highly Iir?-ther variations constant. The resulting temperature ruzqoet

ear RC-active filter [11], [12] where one would require bank arla?or;hof ZGbHZ ?bsew?q{ '3 tge .F'g' 4.’ coutldhbs ?Xplamfﬁ
of capacitors or resistors to tune the filter after fabrmati ue to the fabrication related device-mismatch between the

EG pMOS used in the reference circuit and the FG pMOS

ISILbC_?_ISZe tﬁ(fe 2?2 : r:)rfnhgﬁm pwlggri c}g}% c;:r?:r:(tesr J;gﬂ;jjegceyf; " Insed as the biasing transistor of the FGOTAs in the bandpass

large on an IC compared toG,, — C filter, where one could Iter. In addition, there are design-related mismatchethe

bias the OTA with pA of currents. An LC impIementationaforememioned FG pMOS devices as well. For instance, the
using ladder topology would also requife,, elements and _coupling capacitor of the FG _pMOS in the reference c_:irc_uit
nence vould need temperatre compensaton. A £ bafhd [ 2 9B05eC f0 4 1 e of e FEOTA by
G, — C, implemented in this work, offers programmablhtyK of the FG pMOS transistors which 1 %%2 in case of EG

over broad range of center frequencies by changing the bia o m )
of the Floating Gate Operational Transconductance Amp"ﬁ%i?erence_m_rcwt anqu_m‘ In subsequent de_5|gns O.f the FI.DAA
these variations will be reduced by keeping a single size of

(FGOTAS). An FGOTA is an OTA with capacitively coupled . )
input to increase the linearity of th&,, element. The PSRR, FG transistors for all the devices on the SoC.
CMRR, input referred noise, and other characteristics ef th
filter are described in detail here [13]. V. SUMMARY AND DISCUSSION
Inset in Fig. 4 shows the schematic of(a,, — C filter There has been a growing interest in using FPAA for
compiled in a single CAB of the FPAA. The FGOTA arerapid prototyping of mixed signal systems, performing rdixe
biased using a FG pFET as seen in the Fig. 4. Fig. 4 shoasd analog signal processing for wide ranging applications
the frequency response of the band-pass filter oveC66f and using programmability and reconfigurability to inceeas
temperature change when biased using a DAC. Fig. 4 akgstem performance and energy efficiency [14]. Hence, it
shows variation in the center frequency,.), quality factor becomes more important to study the effects of temperature o
(Q) and gain of the band-pass filter. The variation in centarreconfigurable platform and investigate methods thatdcoul
frequency is 2 kHz for a center frequency of 840 Hz at roomeduce these variations.
temperature. This variation would lead to significant eiror A bootstrap current reference is introduced to bias FG
the processing and extraction of features in different aligndevices on the FPAA. The performance of the bootstrap
processing systems. reference is studied over temperature and measured results
A FG based current reference generator introduced in titem the FPAA are presented. The FG reference circuit is also
Section IlI-A would be suitable for biasing th&,, — C filters. used to bias a second order bandpass filer. Their performance
Fig. 4 shows the bootstrap reference compiled along with tbger temperature when biased using a DAC and the FG
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Fig. 4. Frequency response of band-pass filter over temperathe measurement is performed in two different modes,vainere the FG pFET is biased
using a DAC and other being the bootstrap reference gemefte bottom plot shows reduction in sensitivity to tempema of three different band-pass
filter parameters while using the reference generator fasibg. A variation of 2 kHz in center frequency, 2 dB in gairdanh4 in the quality factor was
observed when then band-pass filter was biased using a DAEaska of the bootstrap reference generator a variation of Z& ldenter frequency, 0.48 in

quality factor and 1 dB in gain of the filter was observed.

reference circuit is studied. The bandpass filtgrs varies

(6]

by 2 kHz when biased with a DAC whereas in case of

FG reference circuit it varies by 76 Hz. Here, the fo

Cu %7]

of the paper is studying the variability and compensation
techniques for low power analog signal processing. Using a

reconfigurable platform for compensating RF circuits sug
power amplifiers, LNA and mixers could be a focus o
separate study.
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