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Abstract—We present a calibration flow for a large-scale starting algorithm concept
Floating-Gate (FG) System-on-Chip (SoC) Field Programmable ‘

Analog Array (FPAA). We focus on characterizing the FG pro- v v

gramming infrastructure and hot-electron injection parameters, ‘ Analog ‘ ‘ Analog ‘
MOSFET parameters using the EKV model, and calibrating Alg 1 Alg 2 oo Algm
DACs and ADCs. Also, threshold voltage mismatches on FG &R &h &Iﬁ

devices due to their indirect structure are characterized using on

chip measurement techniques. The calibration results in enabling
a digital approach, where a design can be programmed without
having to deal with the local and global mismatches, on a
reconfigurable analog system. This paper shows the results

of a compiled non-linear classifier block comprising a vector- Element
matrix-multiplier (VMM) and a winner-takes-all (WTA) on three Calibration
different calibrated chips. / \4\A

Index Terms—Floating-Gate FPAA, Calibration, Mismatch.

|I. CALIBRATION ON DIGITAL / ANALOG SYSTEMS
This FG Analog
Work Algorithm

—/ N

Digital system design is enhanced when an algorithm can
be directly ported to any number of equivalently designed
systems, with effectively the same performance for all clevi
Although digital SoC systems require a calibration (e.g., a
clock speed, bad memory blocks, internal voltage regugator
and precision components (e.g., a clock crystal, oscillatiois

rocess is independent of the algorithm, performed awan fro
P P 9 P an Fig. 1. Separation of calibration and algorithm enablessti@e algorithm

system programmers. . . implementations at similar performance levels in both digital aanalog
One rarely expects this property in analog systems, evgstems. Digital systems enable a single algorithm directiwrdoaded to

when some form of programmability is possible. Every Systeﬁ]large number of ICsnf), however classical analog systems need each
algorithm to betunedfor each particular application. The digital approach,

is handled in a special way; a mismatch iS_ the primary lingitingspecially a digital SoC system includip@®, SRAM and analog components
factor for analog systems (e.g., [1]) resulting from the that (e.g., a clock crystal, oscillator [7]) and providing sele/;; for low-

“not all transistors are created equhﬂ'ypically an ADC and Power consumption, requires a calibration on a clock spt_ee_ld, rhemory
blocks, and internal voltage regulators, as well as precigiomponents

filters (e-g'-, Gm-C topologies) utilize prOQrammable_ eIgFee due to the mismatches [8], whereas this process is indeperafettie
to deal with mismatches; larger analog systems signifigantligorithm. This work focuses on developing a single calibraflow to bridge

effect larger levels of algorithm modification. One can reelu the 9ap. enabling algorithms directly to be downloadedrtg €G analog
. . . . . . rogrammable and configurable ICs.
calibration via an increased device area to reduce m|sma,tcH3 g g

resulting in a larger die area and cost, implying higher powgow. Our primary need for calibration is to account for the
consumption as well as lower levels of system integration. threshold voltage mismatch ) between two pFETs for

This article describes bringing analog computation towar¢hdirect FG programming [5], where previous characteidrat
the expected (digital) system techniques, where a one-tigially shows Vi, mismatches between these devices [6].
calibration of a batch of devices enables the same algorithmy, the following sections, we will discuss our FG SoC FPAA
at similar performance levels to be downloaded to all dexic&yrchitecture in Section | [3] [9] [10], compilation flow ankiet
This project will focus on large-scale Field Programmableg programming algorithm using Fowler-Nordheim tunneling
Analog Arrays (FPAA), with particular focus on the SoGyng hot-electron injection in Section II, and the five steps o
FPAA IC described in [3]. The dense programmable elemegijibration flow and the results of our nonlinear classifier i
is a Floating-Gate (FG) device, found in standard CMOgyitiple calibrated chips in Section Ill. Section IV inclesl

processes (€.g., [4]). _ _ the conclusion and discussion.
Figure 1 illustrates the concept of enabling algorithms to

be directly downloaded to a large number of FG analog
programmable and configurable ICs using a single calibratio

II. FLOATING-GATE SOC FPAA ARCHITECTURE

The infrastructure for FPAA systems has been integrated

The authors are with the School of Electrical and Computeriri&eging ; ; A
(ECE), Georgia Institute of Technology, Atlanta, GA 30320 USA (e-mail: onto a chip to I.ncrease area efficiency, as well as f"‘”a'og
jennifer.hasler@ece.gatech.edu). parameter density [11], [12] to enable more complicated

1 [2], Chapter 5, p. 72 applications [3], [13]. Figure 2 shows the PCB and IC level
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Fig. 2. The FG FPAA system interface between the on-glipand external devices (e.g., computer / tablet) is a USB,wpiovides the system power
(5 V) as well. The PCB includes voltage regulators for the @osupply (2.5 V / 3.3 V) to the IC, charge pumps to generate 6 & B2 V for the
injection and electron tunneling, and pins for a measuremewtlibration. The IC consists of aP, 16 k x 16 SRAM, an FPAA fabric array, and an FG
program infrastructure comprised of a 7-bit gate DAC, a 7dpitin DAC, an |-V converter, and a 14-bit ramp ADC. The FPAArfatarray is composed
of Computational Analog Blocks (CAB), Computational LogicoBks (CLB), Connection (C) blocks, Switch (S) blocks, anduiiOutput (1/0) blocks. *”
indicates each calibration step in Fig. 4

architecture of the latest version of the FG FPAA family [3]JCAB/CLB/IO blocks.

The IC comprises an FPAA fabric array, an FG programming

infrastructure, auP (open-source MSP430 [14]), and 16 k |||, DESIGN COMPILATION AND FG PROGRAMMING
x 16 SRAM. The FG programming infrastructure includes
a 7-bit gate DAC, a 7-bit drain DAC, a pFET diode |-V

converter, and a 14-bit ramp ADC, interfacing with the similar to MATLAB/Simulink) by a user to measuring the
through memory mapped registers. . . 2 .
) ) output. When the user compiles the design, each chip’s cali-
The PCB consists of power components regulating 2.5 pfation information is integrated with it. As shown in Fig.a
/3.3 V, charge pump units handling high voltages (6 V / 13itch list refers to an FG/, mismatch table, an input vector
V), and Input/Output pins for external connection (t0 bedisgefers to a calibrated DAC table, program assembly codes
with voltage generators, voltmeters, ammeters, etc.).e50M (prog codes) and lookup tables for programming refer to FG
the external pins are connected to the array to provide tirgfayice parameters and program infrastructure charaatiiv
input or enable measurements, and some are connected O iBfes. These generated files are sent to the FG FPAA IC,
FG programming infrastructure in calibration mode. which programs the switches and measures data. When the
The FPAA array includes Computational Analog Blocksutput is sent back, the characterized ADC table is used to
(CAB), Computational Logic Blocks (CLB) and routingmap the hex codes to their analog values (e.g. voltages).
switches composed of Connection (C), Switch (S) and In- The characterization of FG device parameters and program
put/Output (I/O) blocks. Each CAB includes local routingnfrastructure requires an understanding of the FG program
switches for connecting the inputs/outputs of a CAB to itsiing algorithm. A detailed discussion on the algorithm in
elements such as Operational Transconductance Amplifithe FG SoC FPAA system is presented elsewhere [10]; this
(OTA) with and without FG inputs, nFETSs, pFETS, capacitorpaper summarizes the algorithm and brings up related parts.
and T-gates. Each CLB includes local routing switches withhe programming of FG devices relies on a combination of
BLE lookup table circuits. FG switches can be be used fetectron tunneling and hot-electron injection. Figure Boves
computation (e.g., VMM) as well as for connections betweem program sequence from tunneling to precise injection, and

Figures 3a and 3b show the compilation flow from designing
a high-level application in Scilab/Xcos (open-source paotys
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Fig. 3. The design and test flow includes the compilation andgamming of FG devices. (a) The design compilation interfhedseen high level application
designs and the FG FPAA IC. A circuit designed by a user in X@©8&dompiled to a switch list, input vectors, and program codésch are transmitted
to and executed by the IC. The calibrated IC information iegnated into the compilation process, including converthigmeasured data sent by the IC to
real values (e.g., voltage). (b) The system employs eledtroneling to erase and hot electron injection to program E@aes. (c) The measured current
at the end of the recover injection is set to 1 nA by using thésFfate capacitive coupling, which is characterized in taibeation flow. (d) It shows the
tunneling and injection conditions. Coarse injection, ethmodulates the pulse width at a fixed drain voltage (0 V), irequs-curve characterization for the
pulse width table. Similarly, precise injection, which maatek the drain voltage at a fixed pulse width (i€), requires a 7-bit drain DAC characterization.

Fig. 3d shows the terminal voltage condition of the FG device Calibration flow

for each step. ([ Check __,|Configure @ @@ )
Erasing FG devices is a global operation requiring a suf- | [ofchP eauipment |pin connectio ]

ficiently high voltage (12 V) on the tunneling junction of all Step 1. FG Programming Infrastructure

the FG devices, which results in a low channel curresf). Lo Qaradrize , Characierze | Craracierce o ‘;?g;aifg"gﬁ

Reverse tunneling, also a global operation, requires arlowe -
Step 2. Transistor (1-V curves)

voltage (6 V) on all the terminals of the FG device except the |, [Configure @ @_" Neasure ‘_>‘ Measire
tunneling junction, resulting in a current of a few pA which i pin connectio pplitn HE | GelitE PFET}_l
at a proper range for injection. During recover injectioacle Step 3. FG devices

FG is programmed to a current of 1 nA. Since the leakage _.‘Czaa'fgecgﬁlfﬁgtﬁ.‘ puggmfﬁ;m% Configure o n@
from the array and drain decoder is several hundreds pA, the

; iniaction i i Step 4. DACs and ADCs
current in the recover injection is measured by using the gat — CharacterizH Characier %h

capacitive coupling effect of the FG device. 20 - 30 nA of | signal DA _"Fe OTADAG | MITE ADC

Compiled ADi
current, mdeasured in thﬁ recover |njedct|on, with at 0 V, Step 5. FG V7o Mismatch
corresponds to 1 nA when measured with at 0.6 V in Characterize mismatc .
p Itb | TERSETER [k Measure O mismatch

Ve

the coarse injection, which is the next step. The effecti@ F
capacitive coupling with a differerit, is characterized in the _ , . . .
Fig. 4. Off-chip equipment (voltage generator, voltmeter, atemés required

calibration flow and integrated into the programming altjori for steps 1, 2, and 4, but the external measurement device iomged
during the compilation. necessary after the calibration. In particular, the ammaeteich is large and

Hot-electron injection currentl{,;) in subthreshold or near €3y compared to the FG SoC FPAA system, is not in use afte2steach

. / step has been automated to enable a mass chip calibrationeanthtegrated

subthreshold operation [15], [16] i,,; o« I,e/(®4) | where it the compilation flow.
I is the channel current and,. is the drain-to-channel ) ) L
potential.Q s, (charge on the floating-gatef¢, = [ Iin;dt) and ppntrols the draln_ voltage for_ precise electron ingexti
is a function of time and voltage between source and drafigduiring characterization of a 7-bit drain DAC.
Coarse injection fixed/; at 0 V for fast electron injection
and controls the time of drain pulse, requiring characiian IV. CALIBRATION OF FG SOC FPAA
of the pulse width table to calculate the number of unit This section illustrates five steps of the calibration flow
pulses (10us) to program an FG at a close range from thghown in Fig. 4 and shows non-linear classifier results vingyki
target current. Precise injection fixes the drain pulse lwidin multiple calibrated chips. Off-chip equipment used foe t
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Fig. 5. A characterization of the on-chip FG programming istfiracture circuits is shown. The gate DAC which converts k@t ©€ode to an output voltage
through a current bank is measured by an external voltmetén Wo different supply voltages{;4) for the FG injection and current measurement, the gate
DAC has the output voltage in roughly 2 V to 5 V will};; at 6 V and 0.6 V to 2 V withV;4 at 2.5 V. A 7-bit drain DAC consisting of a current bank, a
resistor, and a buffer is characterized by an external vééimBody-source connected two pFET diodes convert the F@mu(rog) t0 Vprog and a ramp
ADC convertsV,o4 to @ 14-bit code. Based on the characterization by an exteattage generator and ammeter, EKV parametersi{ro, I;;) and the
slope (m) and y-intercept (b) on the ramp ADC of each chip areutatied.

calibration step 1, 2 and 4 includes Analog Discovery for TABLE |

generating or measuring voltage and Keithley 6485 Picoam- PROGRAMMING 'NFRA;_TRUCTUF:]_EPARAME;_ERS

meter for measuring currents through the external pins. The - %;'161 %;%72 %é';gs

automated calibration script communicates with thosereate ::‘(\)’nvener T, | 280A | 30uA | 3.20A

devices through a USB interface. Vro | 0.785V [ 0.847V | 0.828V
Ramp m 4490 | 5709 | 5474
ADC b -1445 | -1991 | -1679

A. Sepl: Gate & Drain DACs, |-V Converter, and Ramp ADC

The characterization of the on-chip programming infragy,q Viyrog [10] is given by V.., = 2(Vaq — V4,). The source
tructure in Fig. 5 is the first step of the FG SoC FPAA IGyrent of the FG pFET is given in ‘

calibration. The gate of an FG device is controlled by a 7-bit
gate DAC consisting of a current bank and a resistor with a , Q)
current mirror, where the 7-bit code steers currents, aed th ) _ )

mirrored current and resistor set the DAC output voltage. Where = (*kappa”) is the fractional change in the surface
current bank includes seven kinds of current sources arehseotential due to a fractional change in the applied gategelt
pFETSs controlling the amount of the current based on the.codé& IS the thermal voltagel’r, is the threshold voltagd,, is
The gate DAC is calibrated through external voltmeter wit{1e threshold current, Vo, and 1, are calculated from the
two different supply voltagesi{,;), 6 V for injection and 2.5 measurecfp,.og-vp,.og.curve. .

V for current measurements. The output voltage is in a range® Ramp ADC, which interfaces with theP, converts/,,..,,
from 2 V to 5 V with a Vy, of 6V and in a range from to a 14-bit code. The slope and y-intercept is calculated
0.6 V to 2 V with aV,, of 2.5 V. The 7-bit drain DAC has a based on the 14-bit codels,.,, measurement. Table | shows
structure similar to the gate DAC, but the resistor is coremc Programming infrastructure parameters in multiple chips.

to ground without a current mirror and it has a buffer to drive

the drain line. The drain DAC is also calibrated through aB, Sep2: EKV modeling of golden FETs

external voltmeter, which has an output voltage in the range
of 0.5Vto 22V

1

prog — Iip, 11’12 (1 + eK’(Vdd_Vfg—VTO)/QUT)

Modeling of MOSFET devices’ transconductance charac-
; . teristics is essential for a high level analog system sitiaria
The drain of FG device is connected to the |-V ConVerteorefore the measurement. It also provides an environmeheto t

when measuring current/,(.,,). The |-V converter consists
of two pFETs that have their body connected to the sourc,IugS.erthat does not need an ammeter. The EKV model [17], [18]

Th diod q : h . ell-known as a MOS transistor model to illustrate a FET's
e two pFET diode connected transistors are c aracten;oe%lavior' The equation of NFET, in the EKV model is
through an external voltage generator and ammeter, whic

results in thel,.,4-Vprog curve. When we assume that the 1, —j,, 1n?
FG transistor is matched with two pFET diode connected
transistors in the I-V converter, the relationship betwégp

<1 + e(K/(Vg—VTO)_‘/;+O-(VJ_V3))/2UT)

)

I, In? (1 n e(n(Vg7VT0)7Vd70(Vd7VS))/2UT>
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Fig. 6. A golden set of nNFET and pFET, compiled at a specifiedtion in the FPAA fabric array of each chip, is modeled with Eg&tametersit;,, Vo,
K, and o). An ammeter is no longer required for the rest of the calibrasiteps or for data measurement in a user's desigq, ~, ando are calculated
from the measured,;—V, and;-V, data. It also shows the transistor equations of the ohmigésian current in the sub/above threshold region.

TABLE Il TABLE IlI
NFET,PFET EKV PARAMETERS GATE COUPLING PARAMETERS
Chip 1 [ Chip 2 Chip 3 FG Chip 1 | Chip 2 | Chip 3
K 0.887 | 0.781 0.856 SWC (Ind.) | 0.190V | 0.224V | 0.243V
nFET |_Lin | 6LBNA | 64.InA | 86.9nA AV |SWC (Dir) | 0.205V | 0.268V | 0.256V
Vo | 0.391V | 0.390V | 0.418V @1nA OTA 0.226V | 0.270V | 0.282V
P2 0.0039 | 0.00049| 0.0023 FG OTA | 0.317V | 0.383V | 0.388V
K 0.742 | 0.772 0.723 MITE 0.358V | 0.429V | 0.426V
prer || 000t | 10T | T8
T0 - - .
L 50055 T 0002 T 0.0029 the target programV,,,;, the output voltage of the two pFET

o is Ur/Va, whereVy it the Early voltage. (2) includes
all equations of the ohmic/saturation current in the sub/ab

threshold region shown in Fig. 6.
Figure 6 shows EKV parameters, ([;1,, V1o, ando) which

are extracted from the measured I-V curves taken from

golden set, compiled at a fixed location in each chip,

the nFET and the pFET. Characterizing the golden nF
and pFET means one can always figure out the relations'%il‘?aracteristic
between current and voltage, as well as calibrate betwe ’
different devicesx, I;;,, and Vo for nFET and pFET are

calculated based ofy-V, curves sweepind/, with a fixed V;
and V; [19]. First, each starting value fdrr, and I3, is set
to the x-axis intercept in a linear line extracted frerfi, - V;
curve and twice the value df; whenV, is Vr( via a cubic-
spline interpolation, respectively. Then, the optimg, to

minimize the curvature of the EKV model inverse expressio‘p

diodes, is measured with, at 0 V and 0.6 V, while applying a

10 ps injection pulse with/; at O V. ke s s (= «C/Cr), which

is proportional toAV,,, measured at differenit;,, decreases

as V,,; increases since the MOSFET depletion capacitance
increases. The slope changes around the boundary of the sub-
and above-threshold currents 0.7 A) since the current with

Vs = 0 Vs in the above threshold region although the current
ith V, = 0.6 V is still in the subthreshold region.

Figure 7b illustrates the calibration of the coarse infacti
i.e. S-curve, which is measured in the loop
(?fninjection with V; at 0 V and current measurement with
V, at 0.6 V. The injection current in the S-curve, which
exponentially grows from an unstable equilibrium for thé su

/ near threshold and exponentially converges towards destab
equilibrium, forms two linear lines crossing at the curreht
2.1 A on theV, . (final)-V,,.(start) plot [10]. The pulse width
table, which shows the number of injection pulses to reach
« (final) from V4 (start), is calculated based on the S-curve

!s_f_ound in the mterv_al between_ one tenth ".md ten times tlflr‘?easurement. Figure 7c shows the FG device structure in an
initial value of I;,, which results in and the finalVp. o for

NFET and pFET is calculated froRrI;-Vy

Va with a fixed V, and V;. In each characterizatiory;; and

V,; are set by external voltage generators, @pés measured
through an external ammeter. Table 1l shows measured nFEI

and pFET EKV parameters in multiple chips.

C. Sep3: Gate coupling offset and Injection characterization

FG programming parameters are calibrated without afy Step4: Signal DACs and Compiled DAC/ADC blocks
external equipment. Figure 7a shows the calibration of tte g Figure 8 shows the calibration of DACs and ADCs, which
capacitive coupling offset required for the recover inetn

FG FPAA array. Five kinds of FG devices exist; Indirect and

CUrves SWEepINg irect switches for connection or computation (e.g., VMM),

an FG device for OTA bias, an FG device at the input of the
EG OTA, and an input bias FG for Multiple-Input Translinear
ment (MITE). The gate coupling offset and the pulse width
table for each FG device are calibrated respectively in each
chip, shown in Table Il and IV.

provides a mixed-signal design environment for users and
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Fig. 7. FG devices require a characterization of the FG ammgning parameters. (a) Gate capacitive coupling offsets leetWeg,; measured with/; at 0 V
and 0.6 V in the injection and current-measurement loop aulzdéd and set for each chip’s recover injection.1As,: increases, the offset decreases due
to the increase of the MOSFET depletion capacitor. (b) Sesiare measured for the pulse width table in the coarse pnodgrhe injection-measurement
loop starts from thé/,,+ corresponding to 1 nA in current. The pulse width table icwulalted based on the linear relation ®h,:(final)-V,.¢(start). (c)
We have five kinds of FG devices in the FG SoC FPAA. Each gataditiye coupling offset and pulse width table for each FGidews measured in an
automated calibration script.

eliminates the need for external equipment for measuremetot a 14-bit digital code. A previously calibrated signal DAC
Signal DACs, consisting of a current bank and a resistas, applied toV;,, to minimize the use of external equipment.
interface with thepP through memory mapped registers. A compiled Ramp ADC includes two FG pFETS, a capaci-
Signal DACs could be used as arbitrary waveform generatdos, an nFET, and an OTA in a CAB. TheP resets the ramp
by the user. The input is compiled as a vector on the SRAMDC by turning the nFET on and counts clock cycles until the
The run-mode assembly code sends the input vector uploadedput of the OTA is flipped fronV,,; to gnd. The slope of the
on SRAM to a memory mapped register at a given frequen@DC depends on the capacitor’s size and the bias current of
A signal DAC is calibrated by connectirig,,; to an external the FG pFETs. The compiled Ramp ADC has an 8-bit code.
voltmeter through an 1/O block in the array.

An FG OTA DAC, a compiled plock iq a CAB to set a DCE. gep5: Vi Mismatch map
voltage, comprises an FG OTA in a unity-gain follower con-

figuration. Vi, (+) is connected /4, Vin(—) is connected FG structure [5] and small device sizes causes errors in

10 Vour. Vyo(=) is the analog computation. Especially since FG switches are
Vig(=) = Vig(+) + Qinj/Cr + Vour - C/Cr (3) used for computation (e.g., VMM), as well as connections
between analog/digital elements, it is essential to measur
and compensate fdvy mismatches. Figure 9 showslg
mismatch characterization of FG devices. The indirect pFET
Viur = _ Qing /(i + Q) (4) drain is connected to the mismatch measurement block in
Cr A, Cr Fig. 9a. A compiled mismatch measurement block includes
where A, is the gain of an FG OTA. A digital input DC a reference FG device, a pFET, an FG OTA DAC and an
voltage set by the user in the Xcos design is converted toopen-loop FG OTA in a CAB. The FG OTAs gaimdy
corresponding value @;,,;/Cr based on th€);,,; /Cr - V,u:  (~10), is measured by a MITE ADC ahead of the mismatch
curve, calibrated through an external voltmeter for calilon. characterization. The FG OTA DAC and the FG OTAs input
A MITE ADC is implemented with a Multiple-Input offset between (+) and (-) are set to ha¥g; at 1.25 V. Then,
Translinear Element (MITE) [20] block in a CAB and thethe Viy mismatch, causing the difference betwegn,, and
programming infrastructure. The surface potential of tHEB1  I,,,cqs(ref), is calculated fromA V.. AVrg is
FG pFET is capacitively coupled by;,. By measuring the AV,
increase/decrease in the current through the 1-V convartdr AVro = 1 r (6)
the program ramp ADCV;,, with analog voltage is converted !

A threshold voltage o) mismatch due to the indirect

where Q;,; is the injected charge to the FG node; is the
total capacitance of the FG/,,; is
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Fig. 8. A signal DAC is a dedicated circuit in the IC, but otli»kC and ADCs are compiled blocks in CABSignal DAC: V,.,: of 16 7-bit on-chip signal
DACs are calibrated by an external voltmeter through 1/O kdoo the arrayFG OTA DAC: A feedback FG OTA in a CAB operates as a DC DAG,.+

is set byQ;n,;, the offset of injected charge on two input FG nodes. The F@ OAC block is calibrated through an external voltmeteéiTE ADC: V;,
of a Multiple-Input Translinear Element (MITE) device in a B&ouplesV;,, which is measured by a pFET diode I-V converter and a 14-bippraDC in
the program infrastructure. A calibrated signal DAC is useapply V;,,. (Compiled) Ramp ADC: A compiled ramp ADC block including two FG pFETSs,
an nFET, a capacitor, an OTA in a CAB convelfs, to 8-bit codes, interacting with theP through GPIO.

TABLE IV TABLE V
PULSE WIDTH PARAMETERS MISMATCH MAP
FG Chip 1 Chip 2 Chip 3 Chipl | Chip2 | Chip 3
SWC (ind.) | 0.953/0.114 | 0.945/0.121 | 0.894/0.228 Istart | 14.3mV | 15.2mV | 13.1mV
SWC (Dir.) | 0.880/0.200 | 0.873/0.199 | 0.805/0.318 Ofinal_| 1.04MV | 1.77mV | 1.21mV
malby OTA 1.060/-0.050| 1.045/-0.036 1.026/-0.015

FG OTA | 1.081/-0.077| 1.029/-0.009| 1.001/0.032
MITE 1.049/-0.038] 1.021/-0.003| 1.007/0.0184] a non-linear classification, is tested with the calibrat&sl F

SHC () | D20 145 O3Sani2T| SS470L1 ] SoC FPAA system. Figure 10a shows the cirul, weigh

malba EG OTA 0.973/0.059 | 0.944/0.117 | 0.924/0.166 information, input, and expected output logic. The XOR, the

MITE 0.959/0.093 | 0.965/0.077 | 0.957/0.095 third WTA's output, functions as a combination of the input

voltage (X1, X5) and weights. The WTA drives the output low

Figure 9b shows an example of a mismatch table. The fighen it has a higher current compared to the other WTAs. The

and second elements are the row and column address ofirgt voltage by signal DACs to represent “1” and “0” is set

FG device, respectively. Eadh-, mismatch value in the third to 2.5V and 2.3V respectively. The experiment includes the

column is directly added td/;, of each FG device, which calibrated on-chip DACs and ADC as an input and output, as

was calculated from the target current in the switch list antell as utilizes the characterized programming infrastrueg

will be converted to a hex code. This allows the algorithm tbG parameters, and tHé-, mismatch table.

compensate fosV7, between the two transistors. Due to the Vg mismatches on the weights and pFET
Figure 9c shows a mismatch distribution and grayscale mhjases, the XOR without a mismatch compensation results

before and after mismatch compensation. Due to the small siz an incorrect classification. Figure 10b shows a measured

(W/L=18u/0.6u)of the FG device, FG devices havhyperplane, whereV,,; corresponding toX; and X, is

a wide range ofVy mismatches from -35 mV to 36 mV. presented with grayscaled values. It is clear that Yhe

The mismatch table compensates thbgg mismatches, as a mismatch compensation enables decision boundaries for XOR

result, the standard deviatiom)(decreases from 14.3 mV tofunction resulting in “1” whenX; and X» is “1”, “0” or “0”,

1.04 mV. Table V shows that thiér, mismatch compensation“1.” Figure 10c shows results of three different ICs for the

effectively decreases values in multiple chips. XOR classification. Results without a mismatch compensatio
A boolean function XOR using a VMM and WTA, showingshows failures due to thi&;, mismatches, where the expected
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Fig. 9. The characterized mismatch table compensijes mismatches effectively. (a) A compiled block in a CAB measurgs mismatch. After FG
devices are programmed at a fixed current (e.g., 50 nA), theemudifference betweet,,cqs and Imeas(ref) is converted to a voltage by pFET, then
amplified by FG OTA having a gain 0£10. A Vg mismatch value is calculated from the measuvgd;. (b) In an example of a mismatch table, the first
two elements represent the row and column address of FG deVibeshird element indicates eadfry mismatch value. (c) It compares the results of the
Vo mismatch compensation on 392 FG devices (14 rows X 28 columnsCiAB In the grayscale map and mismatch distribution graph, & washge of
Vo mismatchesd = 14.3 mV) due to the small size of FG pFETs are compensated by t#reatih map, resulting iar = 1.04 mV.

output is “1010". TheV,,; with a mismatch compensationrequired to enable users to design analog circuits withoot ¢

shows the expected XOR results in multiple chips. sidering the device variation; even users with little expes
to an analog circuit and system design (e.g., users from the
V. SUMMARY AND DISCUSSION signal processing community) can design function blockk wi

A calibration flow for an integrated FG programming systerﬁbStraCte<j blocks for a top-level design [22].

for a large-scale Field Programmable Analog Array (FPAA) An iterative approach for measuring the input and output
has been presented. We focused on characterizing the W#ages of a VMM to find theVyy mismatch based on
programming infrastructure and hot-electron injectionap& calculated output currents was implemented in [23]. Howeve
eters in the integrated SoC FPAA, calculating the EKV mod#ie iterative approach requires new calibration routimeséxh
parameters for the golden FETSs, calibrating the compilepecific application. A calibration flow to characterize -hot
DAC and ADC blocks that interfaces between the on-glip electron injection parameters in a mechanical usage menito
and compiled analog circuits in the arrayyy mismatches ing the system employing FG devices was shown in [24].
due to the indirect FG structure are characterized throughAaprevious work [6] modeled FG devices’ mismatch and
compiled mismatch measurement block. A compiled classifieharacterized some of the analog devices in a CAB, providing
implementing XOR function using a VMM and WTA onan inspiration for the fully implemented system-level auto
different chips shows the effectiveness of tig, mismatch- mated calibration presented here. The proposed calibratio
map compensation integrated into the compilation flow.  method in this paper includes all necessary parts for the FG
In our recent work, we have been focusing on an impl&oC FPAA system from characterization of the programming
mentation of FG SoC FPAA ICs including an on-chip FGnfrastructure, MOSFETS, threshold voltage mismatch,E@d
programming infrastructure and providing a high analog pdevices to the compiled DAC and ADC blocks. The and
rameter density [3], developing an FG programming algorithSRAM integrated into the SoC IC simplified the calibration
to achieve precise target currents [10], and providing &-higscripts by allowing the use of compact and efficient assembly
level design tool supporting a graphical design environmecodes, which enabled calibration at a more complicate@syst
and compiling it to necessary files (e.g., assembly progrdevel. Since the calibrated information is integrated itite
codes) [9]. The standardized and automated calibratiohadet compilation in the analog design flow, users can focus on more
in the system, remained as the last piece of this puzzle,cismplicated applications (e.g., large neuromorphic sgyste
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Fig. 10. A nonlinear classifier is tested on multiple chipg. Aaboolean function XOR, as an example of a nonlinear classifeimplemented with a
VMM+WTA structure [21]. A combination of inputs and Weights (Wgtermines the WTAS’ output voltage, in which the winner hasva Voltage (“1”).
Vo mismatches on the VMM weights and FG pFETs for WTA bias currehfs{4) cause a malfunction. (b) Theérg mismatch compensation integrated
into the compilation of the FG FPAA system brings the decidionndary to the right operation range in the measured hyaeepl(c)V,.: with the Vg
mismatch compensation shows the same results with the XOR #ahlté in all three chips.

[8]) as if they are designing digital circuits.

VI. ACKNOWLEDGMENT

(13]

The authors would like to thank Bradley A. Minch for[14]

providing a source code extracting EKV parameters, whi
has been modified for our system.

L

2

3

[4

5

6

(7]

8

[9

[20]

[11]

REFERENCES

V.Srinivasan, D. W.Graham, and P.Hasler, “Floatingegatransistors
for precision analog circuit design: an overview,” #8th Midwest

Symposium on Circuits and Systems, 2005., Aug 2005, pp. 71-74 Vol.
1

C.Mead, Analog VLS and Neural Systems. Boston, MA, USA:
Addison-Wesley Longman Publishing Co., Inc., 1989.

S.Georgest al., “A programmable and configurable mixed-mode FPAA

SoC,” IEEE Transactions on Very Large Scale Integration (VLY) Sys
tems, vol. 24, no. 6, pp. 2253-2261, June 2016.

P.Hasler, B. A.Minch, and C.Diorio, “Adaptive circuitasing pFET
floating-gate devices,” ildvanced Research in VLS, 1999. Proceed-
ings. 20th Anniversary Conference on, Mar 1999, pp. 215-229.

D. W.Grahamet al., “Indirect programming of floating-gate transistors,”
|EEE Transactions on Circuits and Systems |: Regular Papers, vol. 54,
no. 5, pp. 951-963, May 2007.

S.Shapero and P.Hasler, “Mismatch characterizationcafithration for
accurate and automated analog desi¢BEE Transactions on Circuits
and Systems |: Regular Papers, vol. 60, no. 3, pp. 548-556, March 2013.
T.Wu, K.Mayaram, and U. K.Moon, “An on-chip calibratiordhnique
for reducing supply voltage sensitivity in ring oscillatgrl EEE Journal
of Solid-Sate Circuits, vol. 42, no. 4, pp. 775783, April 2007.
J.Hasler and H.Marr, “Finding a roadmap to achieve largeramorphic
hardware systemsFrontiers in Neuroscience, vol. 7, p. 118, 2013.
M.Collins, J.Hasler, and S.George, “An open-source &&i enabling
analog-digital-software co-designJournal of Low Power Electronics
and Applications, vol. 6, no. 1, p. 3, 2016.

S.Kim, J.Hasler, and S.George, “Integrated floatingegarogramming
environment for system-level ICs/EEE Transactions on \Very Large

o0y

(16]
(17]

18]

[21]

[22]

(23]

[24]

[12] J.Beckeret al., “A field-programmable analog array of 55 digitally

tunable OTAs in a hexagonal latticelEEE Journal of Solid-Sate
Circuits, vol. 43, no. 12, pp. 2759-2768, Dec 2008.

S.Shahet al., “A proof-of-concept classifier for acoustic signals from
the knee joint on a fpaa,” i2016 |IEEE SENSORS, Oct 2016, pp. 1-3.
OpenMSP430 Project: Open Core MSP430, 2015, [online] Available:
online http://opencores.org/projectopenmsp430, accessed Nov.1. 2015.
P.Hasleret al., “Impact ionization and hot-electron injection derived
consistently from Boltzmann transporyLS Design, vol. 8, no. 1-4,
pp. 454-461, 1998.

P.Hasler, A.Basu, and S.Kozil, “Above threshold pFHiJection mod-
eling intended for programming floating-gate systems,2007 |EEE
International Symposium on Circuits and Systems, May 2007, pp. 1557—
1560.

C. C.Enz, F.Krummenacher, and E. A.Vittoz, “An analytiddOS
transistor model valid in all regions of operation and dewideo low-
voltage and low-current applicationsfnalog integrated circuits and
signal processing, vol. 8, no. 1, pp. 83-114, 1995.

A.Low and P.Hasler, “Cadence-based simulation of flagatjate circuits
using the EKV model,” inCircuits and Systems, 1999. 42nd Midwest
Symposium on, vol. 1, 1999, pp. 141-144 vol. 1.

[19] Available: online http://madvisi.olin.edu, accessed May.24. 2017.
[20]

B. A.Minch, P.Hasler, and C.Diorio, “The multiple-inpdranslinear
element: a versatile circuit element,” @ircuits and Systems, 1998.
ISCAS '98. Proceedings of the 1998 |EEE International Symposium on,
vol. 1, May 1998, pp. 527-530 vol.1.

S.Ramakrishnan and J.Hasler, “Vector-matrix multiplyl avinner-take-
all as an analog classifierfEEE Transactions on \Very Large Scale
Integration (VLS) Systems, vol. 22, no. 2, pp. 353-361, Feb 2014.
C. R.Schlottmann and J.Hasler, “High-level modeling n&lag compu-
tational elements for signal processing applicatiolSEE Transactions
on Very Large Scale Integration (VLS) Systems, vol. 22, no. 9, pp.
1945-1953, Sept 2014.

S.Suhet al., “Low-power discrete fourier transform for OFDM: A
programmable analog approachEEE Transactions on Circuits and
Systems |: Regular Papers, vol. 58, no. 2, pp. 290-298, Feb 2011.
C.Huang, N.Lajnef, and S.Chakrabartty, “Calibratiand characteriza-
tion of self-powered floating-gate usage monitor with sirgjectron per
second operational limit,JEEE Transactions on Circuits and Systems
I: Regular Papers, vol. 57, no. 3, pp. 556-567, March 2010.

Scale Integration (VLS) Systems, vol. 24, no. 6, pp. 2244—2252, JuneSihwan Kim photo and bio not available during submission

2016.

G. E. R.Cowan, R. C.Melville, and Y. P.Tsividis, “A VLSanalog
computer/digital computer acceleratotEEE Journal of Solid-Sate
Circuits, vol. 41, no. 1, pp. 42-53, Jan 2006.

Sahil Shah photo and bio not available during submission

Jennifer Hasler photo and bio not available during submission



