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Abstract—Analog pre-processing has been shown to be energy
efficient in a wide variety of low-power applications. Repro-
grammable analog devices have leveraged this energy efficiency
and applied it to a wider application space, but they still require
accurate and stable bias currents for proper operation. For
single-application devices, it is sufficient to create temperature
compensation schemes that apply to a single bias current. But
for reprogrammable or reconfigurable platforms which can be
used in a variety of applications, temperature compensation must
work well over a large range of potential bias currents and
for a large number of different components. In this paper, we
present temperature compensation for floating-gate transistors in
a reconfigurable system which improves performance over a wide
range of currents and temperatures.

I. INTRODUCTION

Analog computation and pre-processing has been used in a
wide variety of systems to improve energy savings, showing in
some cases the equivalent of a 20-year leap in digital scaling
[1]. Traditional analog pre-processing stages tend to be highly
specialized application-specific systems, but developments in
reconfigurable field-programmable analog arrays (FPAAs) [2],
[3] have allowed these analog techniques to be applied to
systems without a priori knowledge of the application space.
One of the biggest hurdles in implementing reconfigurable
analog systems lies in the infrastructure of the system. Temper-
ature compensation is a particular challenge since the diverse
application space demands a wide range of stable bias currents.

Many reconfigurable analog systems utilize floating-gate
(FG) transistors to provide programmable bias currents [2],
[3]. Unfortunately, the programmable bias currents generated
by FG transistors are quite sensitive to temperature. There have
been some successes in implementing temperature compensa-
tion for FGs employing large passive devices; however, these
techniques are too area-hungry to be a viable option in dense
FG arrays [4]. Others have employed a varactor on the FG node
and use an additional voltage to modulate the capacitance at
the FG node in response to temperature effects [5], [6]. This
varactor-based method has been implemented on-chip and off-
chip with great success, but has only been demonstrated for a
temperature range between 25 — 43°C' due to the small tuning
range of the varactor. Moreover, no work has yet demonstrated
the ability of a temperature compensation circuit to accurately
regulate a multitude of currents across an array of floating-
gates, as would be utilized by an FPAA system, without adding
unfeasible levels of power or area overhead.
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This work explores temperature compensation of FG tran-
sistors when the required number and values of currents remain
unknown at design time. All plots depict measured results from
an integrated circuit fabricated in a standard 0.354m CMOS
process.

II. FLOATING-GATE DEVICES

FG devices are most commonly implemented as flash
memory in digital systems, but they also have a memory-like
application in analog systems. Within the context of analog
systems, floating-gate devices can be programmed to hold a
specific amount of charge on the gate, which is electrically
isolated by a coupling capacitor. By programming specific
amounts of charge on the gate, and thus programming the
channel current to a specific value, the FG transistor becomes
a tunable current source.

FPAAs often utilize large arrays of these FG devices [2],
[3]. Within the FPAA system in this work, there are over 300
biases realized by FGs which control elements ranging in gran-
ularity from current-starved inverters to bandpass filters. This
wide range of elements necessitates a vary wide range of bias
currents — creating a need for a temperature compensation
circuit which can stabilize a wide range of currents.

Before operating an FG device as a current source, it must
first be programmed. There are two common programming
mechanisms for modifying charge on an FG: Fowler-Nordheim
(FN) tunneling and hot-electron injection. FN tunneling is
typically used as a global erasure for all FGs since it is
difficult to tunnel individual FGs. The procedure for FN tunnel-
ing is accomplished by significantly increasing the tunneling
node capacitor (referred to as Vj,, in Fig. 2). Under these
conditions, charge is drawn off the FG node. Hot-electron
injection is typically used to add electrons to the FG. This is
accomplished by raising the FG transistor’s Vpp to generate
drain current conditions favorable for impact ionization. The
‘hot electrons’ with enough energy to surmount the FG barrier
contribute electrons to the FG.

A transistor’s operational characteristics will have an in-
herent dependence on temperature. Furthermore, transistors
operating in the sub-threshold region, which is our main
application operation area, experience more extreme changes
(exponential) in channel current for a change in temperature
than when in above-threshold operation.

Figure 1 shows the extent of temperature effects on an FG
transistor. This example demonstrates for a single programmed
FG device with a fixed V., — the voltage node for setting the
target current bias — that the output current wildly varies with
temperature change. Holding V,, constant is the traditional
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Fig. 1. Temperature dependence of a FG transistor. The plateaued currents

for Veg > 2.25V are artifacts of many junction connections to a single
global connection where the current reading was taken. As a consequence,
their collective leakage current becomes non-negligible and is manifested in
these measurements. The current in a single FG transistor continues below
these values.

method for setting target bias currents in FPAAs; however, a
compensation circuit to modify V., in response to a change in
temperature is clearly needed.

To generate temperature compensation, we use an FG
current multiplier, as illustrated in Fig. 2 [6]. Considering that
Mprpr and M; have the same W/ L, the charge stored on their
respective FGs can be modified and used to ratio the reference
current Igrpp to Iprq. Operating an FG in the sub-threshold
saturation region can be characterized by the following:

I, = I,e~9Vsa/KT oaVe/KT Va/Va (1)

where all voltages are referenced to the well potential, Vi, is
the FG voltage, V4 is the Early voltage, and gx/kT defines
the subthreshold current slope with k7'/q being the thermal
voltage (k = boltzmann constant). Vy, can be approximated
as:

QFG ch Cpar ~ QFG ch

Vie= et Vet D Ve St Ves @
where QQpc is the amount of charge on the FG, Cr is the
total capacitance seen at the FG node including parasitic
capacitances, C., is the control gate capacitance, and Cpq,
are the parasitic capacitances with V, being the terminal
voltages coupled to V}4. The right-hand side is a reasonable
approximation given that C, represents the majority of total
capacitance Cp. Then, incorporating (1) and (2) into the FG
current multiplier topology of Fig. 2 renders the following
output current relationship:

qR(QMppe — Q)
CrkT

where Q- and @y, signifies the amount of charge on
their respective FGs. Equation (3) shows that all temperature
dependence is removed from the output current for charge-
matched FGs in the mirror topology. For FGs with unmatched
charges in the mirror, there still exists a temperature depen-
dence, but its effects are greatly diminished compared to an FG
without temperature compensation. Unmatched charges have
a temperature dependence that can be characterized for the
following two cases: Qnr, < Qumppy a0d Qar, > QMppps
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Fig. 2. Floating-gate current mirror.

where a larger charge amount is the result of fewer electrons

on the FG and will correspond to a smaller current. Defining

the exponential terms in (3) as 8 with the exception of T'
= QH(QMREF — Q]Ml)

B kECT

gives the following expression of I, for the two differing
charge cases:

p = { e

“

QMI < Q]VIREF = IMl > IREF

QM1 > QMREF = IMl < IREF
®)

Taking the derivative of (5) with respect to temperature

yields a negative temperature relationship for Ipns, > I,
and a positive relationship for I, < 1

T e B/T
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These temperature coefficients will be manifested in the cur-

rent measurement slope over a temperature range and become
more apparent with larger differences in charge.

(6)

III. FG TEMPERATURE COMPENSATION

The application presented in this paper is applied to our
FPAA, which is called the Reconfigurable Analog and Mixed-
signal Platform (RAMP) [2]. To provide temperature compen-
sation to such a large-scale system, we are leveraging the
FG current mirror shown in Fig. 2. As stated in Section II
regarding FPAAs, the RAMP utilizes floating-gates to provide
precise, but temperature-dependent current sources. The FG
current mirror is used to generate a control gate (V.,) voltage
that responds to changes in temperature and reduces its effect
on current variation.

A. System Architecture

Our RAMP includes over 300 controllable current sources
generated from FGs to be used as biases for the different
circuits included within the RAMP. As an FPAA, the RAMP
utilizes “Compuational Analog Blocks,” or CABs, as building
blocks for post-fabrication reconfiguration. The CABs can
include simple devices or full circuits. By routing the CABs
together and making connections to the FG biases, analog
and mixed-signal systems can be synthesized directly on the
RAMP. Figure 3 shows a block-level diagram of the RAMP
and how the bias currents, as well as how temperature com-
pensation fits in to the system as a whole.

To implement the FG current mirror for temperature com-
pensation, a “reference” transistor is set-up in diode connection
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(a) FPAA block diagram showing the position of the specialized CAB which houses the FG temperature compensation structure. (b) Floating-gate

temperature compensation structure showing connection to global V4. Currents Ip;1 — Ipsy, source to an nFET current mirror before connecting to the CAB

circuits.

to dynamically set the global V¢, so that a steady current will
be seen on any other FG connected to the mirror topology. To
accomplish this, a specific CAB has been added to the RAMP
that allows for the diode connection. Figure 3 shows the full
schematic of the compensation circuit within a floating-gate
array. Transistor M rpp is placed in diode connection via the
current mirrors comprised of transistors M 4-Mp. Transistor
Mp mimics the behavior of the Mprrpr, specifically at its
drain. All reference transistors are sized identically to ensure
the same current flowing from the drain of Mgrgpp is also
flowing from the drain of Mp. The drain of Mp is then
connected to the global V., node, allowing for the complete
diode connection of MgrrF.

This topology employing two current mirrors out of the
reference FG transistor is used instead of a simple diode
connection (i.e. drain connected to the control gate) to ensure
that the drain of MrEpp is kept at a relatively fixed potential.
With a conventional diode connection, any fluctuations at the
drain of the reference transistor would be parasitically coupled
to the floating-gate as indicated by (2), causing potentially
large fluctuations in channel current. By using the current
mirrors to create the diode connection, the voltage seen at
the drain of the reference transistor will be more constant.
A similar method is employed with the FGs used as current
references. Instead of connecting the FG directly to a circuit
as a bias, a single nFET-based current-mirror is used to ensure
that any fluctuations in the circuit will not affect the FG output.

B. System Programming

The first crucial step in programming our temperature
compensation system is to determine a value of Irpr. Irpr
is the stable, temperature-independent, reference current which
the rest of the system will refer to as the temperature of the
environment fluctuates. The closer Irgr is to the individual
mirrored current values, the more accurately the system will be
able to compensate. For this demonstration within the RAMP
system, we chose a value typical of low-power analog bias
currents — 10nA. Generally, this choice should be made by
matching /g to the average value of the expected currents of
M;-M,, or the current which is most sensitive to temperature
that is being implemented in the design.

For a given Irgr, when Mrgr is programmed and diode
connected, a particular V., will occur. With a known value
of V.4, we can characterize the programming of M;-M,,.
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The programming is controlled by a continuous-time feedback
circuit, similar to the one presented in [7]. The continuous-time
programmer injects the FG to some value dependent upon a
user-specified target voltage. At a given Vg, this FG value will
generate some specific current in A, which can be stored in
a look-up table to relate the value of the programmer’s target
voltage to the resultant current in M, for a given V4. We can
then use this look-up table to program the currents of M;-M,,
to any specified value.

A comparative view on the effectiveness of temperature
compensation is demonstrated in Fig. 4. This shows the
temperature compensation performance relative to the room
temperature programming target from —25 to 85°C'. Each
line in Fig. 4(a) corresponds to a different ratio between the
current /rpr and the current flowing through transistor M,
(depicted in Fig. 3(b)). The current I,;,, was programmed at
room temperature (25°C') and adjusted via the FG temperature
compensation structure shown in Fig. 3.

The large variance in current ratios shown in Fig. 4 is a
constraint imposed by the nature of the RAMP, allowing for the
device to span a wide range of applications without limiting
the range of available bias currents. The best case is when
the current targets between the FG (M,,) and FG reference
(Mpggr) are equal. As predicted by (3), ratios other than 1 : 1
will result in less temperature compensation. With these ratios,
which are a result of differing FG charges, a positive (negative)
trend versus increasing temperature is the result of a negative
(positive) difference in the numerator of (3). However, despite
not working as well as a 1 : 1 ratio, these cases still perform
better than an umcompensated scenario, as shown in Fig. 4(c).

IV. SYSTEM PERFORMANCE

Figure 1 shows the exponential dependence of temperature
effects on uncompensated FGs. Due to the nature of the RAMP,
target currents used for the operation of specific, synthesized
circuits will be unknown until the end-user picks a desired
application. Subsequently, depending on the complexity of the
synthesized design, there will be more than one target current,
at more than one target value. This calls for the ability to apply
temperature compensation for a wide range of FG injection
targets from a single targeted Ippr.

To show the advantage of temperature compensation in the
RAMP system, a current-controlled ring oscillator has been
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Fig. 4. (a) Percent change in output current of an FG with temperature
compensation normalized to room temperature. (b) and (c) show the effects
of compensation compared to an uncompensated case for a ratio of 1:1 and
1:10 respectively.

synthesized from one of the CABs. This circuit utilizes an
input current, I;,, (generated by one of the FGs) to starve its
odd number of inverters, producing output frequency oscilla-
tions proportional to the input current (Fig. 5(a)). For an output
frequency of 10kHz, I;,, was set to 33nA. The Irgp current
chosen for the temperature compensation system was set at
20nA. Utilizing a ratio of 1 : 1.65 for Iggr and [I;,, the
compensation scheme is able to decrease the fluctuations of
the bias current over the temperature sweep of 0 — 90°C.

The ring oscillator was tested with both an uncompen-
sated and temperature-compensated FG. The oscillator output
frequency for both cases is shown in Fig. 5(a). The current
bias using an uncompensated FG changes exponentially with
increasing temperature while the compensated current bias
remains close to the same value for the full temperature sweep.

A synthesized comparator example is shown in Fig. 5(b).
The FG is programmed to draw a current across a resistor to set
a desired reference voltage level, Vrgr. The uncompensated
and compensated Vpppr measurements are shown in Fig.
5(b) where the reference current was set to 10nA and the
current through the resistor was programmed to be 100nA
for a ratio of 1 : 10. The temperature compensation ratio
does not represent an ideal case, but greatly outperforms the
uncompensated case.

V. CONCLUSION

A temperature compensation circuit was presented for FG-
dense structures such as an FPAA to improve performance over
a temperature-varying environment. It is able to compensate for
a multitude of FG biases with various output currents, which
is representative of the variable nature of FPAA usage. The
compensation system has been demonstrated to work with an
array of FG current sources intended for biasing components
such as an oscillator or other analog blocks. Its performance
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Fig. 5. (a) Ring oscillator frequency output with respect to temperature

for a compensated and uncompensated FG current bias. (b) Programmed
comparator reference value with respect to temperature for a compensated
and uncompensated FG current bias.

has been tested as a part of the larger FPAA system and shown
to improve current bias stability.
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