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Abstract. We introduce differential-mode hot electron injection for adapting and storing analog nonvolatile signed
state variables. This approach is compatible with modern digital CMOS technologies and is readily extended to novel
circuit applications. We highlight advantages of the technique by applying it to the design of an adaptive floating
gate comparator (AFGC). This is the first use of this technique for adaptation in a nonlinear circuit. The AFGC
computes appropriate voltages for locally adapting the input floating gate nodes to cancel offsets. The technique is
amenable to both local and nonlocal adaptation which allows greater design flexibility.

The AFGC has been fabricated in a commercially available 0.35 um CMOS process. We experimentally demon-
strate more than two orders of magnitude reduction in offset voltage: the mean offset is reduced by 416X relative
to chips direct from the foundry and by 202X relative to UV-irradiated chips. We consider both static and dynamic
adaptation and demonstrate that the the accuracy of dynamic offset cancellation is approximately two orders of
magnitude better than static adaptation. In the presence of observed 8% injection mismatch, the AFGC robustly
converges to within 728 uV of the desired input offset (mean offset —109 uV, standard deviation 379 uV). Adap-
tation occurs within milliseconds, with charge retention for more than one month, and variation of offset error with

temperature of —15 uV/°C.

Key Words: differential, adaptation, analog-to-digital conversion, calibration, CMOS VLSI, comparator, floating

gate, offset cancellation.

1. Introduction

We describe a design approach—differential hot elec-
tron injection—for adapting and storing signed state
variables on floating gates and present a novel com-
parator circuit based on this approach. Hot electron
injection is used to incrementally change the charge on
floating gates in differential-mode circuit architectures.
Although hot electron injection is a one-way process,

Material in this paper was presented at the IEEE International Sym-
posium on Circuits and Systems (ISCAS) in Vancouver BC, Canada,
in May 2004 and appears in the Proceedings of ISCAS 2004. A
more detailed description of the adaptive floating gate comparator
(AFGC) has been accepted for publication in Transactions on Circuits
and Systems I. This manuscript introduces the technique of weight
storage and adaptation using “differential-mode” hot electron injec-
tion on floating gates and presents new experimental results on the
AFGC’s analog weight retention as a function of time and operating
temperature.

when used in combination with differential storage, it
can represent signed state variables. Circuits that use
this method of adaptation have been employed suc-
cessfully in a number of linear circuit applications,
including cancelling offsets at the inputs and outputs
of differential amplifiers and tracking slowly varying
signals for common mode feedback [1, 2]. We demon-
strate the flexibility of the technique by extending it
to a nonlinear dynamic logic circuit. We highlight the
design of a novel adaptive floating gate comparator
(AFGC), in which the technique provides a robust,
compact and effective method for adapting and storing
high resolution signed state variables. The AFGC is a
clocked comparator that can be precalibrated or contin-
uously updated with each clock cycle during dynamic
operation.

We first discuss the technique of differential hot
electron injection and then its application in a novel
adaptive nonlinear circuit. Section 2 also describes the
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circuit architectures and physical mechanisms which
enable storage and update of signed state variables
via differential hot electron injection. In Section 3, we
present the AFGC as an accurate and fast comparator
that uses differential nonvolatile charge storage. We
discuss two adaptation methods, static and dynamic,
and analytically evaluate their effectiveness. We simu-
late input offset distributions of a comparator that does
not have floating gate transistors and compare the re-
sulting offset statistics with those of a comparator with
floating gate differential input transistors before and
after adaptation. In Section 4, we present detailed ex-
perimental results from the AFGC on adaptation accu-
racy, implications for A/D conversion accuracy, offset
distribution before and after adaptation, and the time
course of adaptation. We report measured statistical
parameters for injection mismatch and the dependence
of injection time constant on common-mode bias. Ad-
ditional measurements demonstrate the robustness of
the AFGC with respect to the retention time of stored
weight values and with respect to changes in operat-
ing temperature. Measurements using both static and
dynamic adaptation of the AFGC reveal that the accu-
racy of offset cancellation using the dynamic paradigm
is approximately two orders of magnitude better than
that achieved using the static paradigm.

2. Differential Injection for Storage
and Adaptation

The technique of differential hot electron injec-
tion combines local differential nonvolatile storage
together with appropriate control signals in order to
update the local signed state variable. In practice the
update is accomplished by injecting hot electrons onto
one of the differential floating nodes connected to the
gates of a differential pair.

Some existing schemes for floating gate adaptation
use both hot electron injection and tunneling to achieve
stable state variable adaptation [1, 3—5]. Tunneling re-
quires high voltages during programming and opera-
tion; use of high voltages requires special high-voltage
circuit design and layout considerations, and the high
voltage supply must either be provided by an auxiliary
power supply or generated on chip using DC-to-DC
conversion techniques [6, 7]. In contrast, differential-
mode adaptation uses the more readily integrated tech-
nique of hot electron injection for updating the state
variables. Fowler-Nordheim tunneling is used only to

fix the initial values and common mode voltages of
state variables; other mechanisms such as UV illumi-
nation or capacitive coupling of an auxiliary electrode
can also be used for this purpose [8, 9].

2.1. Nonvolatile Local Storage

Local storage of analog state variables is used in many
applications such as offset adaptation, parameter stor-
age for neural networks or associative memories, and
template storage for classifiers [3, 10-12]. While it is
possible to store analog variables in volatile format on
leaky capacitors [13, 14], this often limits architectures
and applications to those employing continuous state
variable updates. Floating gates are an enabling tech-
nology that provide a nonvolatile means for storing
analog state variables as charge trapped on an electrical
node surrounded on all sides by insulator. This isolated
electrical node serves as the gate of a CMOS transistor
that controls the current that flows through the channel
of the device. Although it is feasible to implement non-
volatile floating gate storage in standard digital CMOS
technology by implementing capacitances using MOS
capacitors or metal-polysilicon capacitors, the circuits
reported here use linear capacitors between layers of
polysilicon. The technique of differential-mode injec-
tion does not require linear capacitors and is compatible
with standard digital CMOS technology.

2.2. Adaptation of Local Nonvolatile Memory

The mechanism of hot electron injection has been ex-
tensively described in the literature [1, 15], and the in-
jection feedback mechanisms for both nFET and pFET
are discussed in detail in [16]. We briefly summarize the
impact-ionized hot-electron injection mechanism for
pFETs. For prevalent CMOS fabrication technologies,
the efficiency of nFET hot electron injection is signif-
icantly reduced by lightly doped drain regions which
coincide with the regions of highest electric field and
reduce the lateral fields experienced by carriers. The
techniques described in this paper may be applied us-
ing either nFET or pFET injection as appropriate in the
CMOS technology of choice.

Minority holes traveling through the depletion re-
gion of a pMOS transistor’s channel experience strong
electric fields and acquire significant kinetic energy.
Upon collision with the silicon lattice, these carriers can
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undergo impact ionization and generate secondary car-
riers. The secondary electrons also experience strong
electric fields; they can acquire sufficient energy to en-
ter the oxide conduction band and may be collected
at the floating node by a vertical electric field across
the gate oxide. Two necessary conditions for hot elec-
tron injection in a pFET are: strong horizontal elec-
tric field or large (Vs — V;;) and strong vertical electric
field or large (Vs — V). Minimum values for (V; — V)
and (Vy; — V,) that enable injection are technology-
dependent parameters.

For simultaneous pFET injection and tunneling, a
constant drain current configuration exhibits negative
feedback from the drain voltage to the floating gate
voltage, which drives the floating gate to a stable op-
erating point. A large current sink at the drain node
lowers the drain voltage and produces strong injection,
which lowers the voltage at the floating node. This
increases the current drive through the transistor and
raises the drain voltage, which reduces injection. Low-
ering the floating node voltage increases the tunneling
current, which in turn increases the voltage at the float-
ing node. This process continues until the injection and
tunneling currents balance, and the voltages at the drain
and floating nodes equilibrate. This technique is used
to cancel DC signals in the autozeroing floating gate
amplifier (AFGA) [4]. Figure 1(a) is the configuration
used in the autozeroing amplifier [4], and Fig. 1(b)
is the gate follower configuration used in differential-
mode injection. They are both constant current config-
urations where the current source is used in different
locations; at the drain in Fig. 1 (a), and at the source in
Fig. 1(b).

An accurate semi-empirical model in [17] suggests
that an electron current I, is injected from the channel
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Fig. 1. [Injection current exhibits negative feedback in the pFET
constant current configuration in (a) the autozeroing amplifier [4]
and (b) the gate follower used in differential-mode injection.
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where «, 8, A, § are empirically fitted device parame-
ters, Isource 18 the source current, and V4 and V,, are
gate-to-drain and gate-to-source voltages. The current
I;pj scales as an exponential function of gate-to-drain
voltage V,4. When V,, increases, injection current iy
also increases. The flow of electrons onto the floating
gate decreases the gate voltage and reduces V4. In the
constant current configuration of Fig. 1(b), the source
voltage adjusts so that V, is approximately fixed. With
V,s fixed, injection proceeds to decrease the gate volt-
age until it reaches a value where the injection current
stops. This negative feedback configuration causes the
gate voltage to follow the drain voltage; hence the name
gate follower. We use the gate follower configuration
for adapting the floating gate nodes using differential
injection, which couples control signals applied at the
drains to the floating gate voltages to realize the appro-
priate signed adaptation of the state variable.

Since injecting electrons onto the floating gates of a
differential pair can only lower the voltage of the float-
ing nodes, injection always monotonically decreases
the common mode voltage on the differential floating
nodes. To ensure that the common mode voltage re-
mains in a reasonable range for circuit operation, either
tunneling [8], UV illumination, or an auxiliary elec-
trode capacitively coupled to the floating gate nodes
must be applied to establish the correct common mode
operating voltage. We can employ injection and tun-
neling mechanisms to achieve the desired initial input
common mode voltage. After setting the common mode
voltage we perform adaptation using differential-mode
injection. This two-step procedure sets a desired com-
mon mode voltage and a desired initial condition for
the state variable at the same time.

The adaptation methods described above utilize
charge transport across the thin gate oxides in mod-
ern CMOS technologies, which introduce concerns for
the likelihood of oxide breakdown and device reliabil-
ity. When gate and drain voltages are increased sig-
nificantly beyond the maximum recommended power
supply voltage for a process, the high vertical electric
fields and high lateral electric fields can cause the gate
oxide to deteriorate, permanently changing the thresh-
old and leakage current of the affected FET devices.
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Fig. 2. Differential floating gate adaptation: (a) Circuit diagram of
floating gate PMOS differential pair. (b) Circuit diagram of float-
ing gate NMOS differential pair. Adaptation signals Vinj; and Viyjo
control the update implemented by programming transistors M3 and
My.

However, under the conditions employed for differen-
tial hot electron injection these concerns are allayed
for several reasons. The time course of injection is
typically short, injection current is self-limiting in the
sense that it becomes weaker as adaptation proceeds,
and the total injected charge is small. Further, the elec-
tric field strengths across the oxide are relatively low
(<5 MV/cm) and decrease as adaptation proceeds. Fi-
nally, impact-ionized hot electron injection is intrinsi-
cally less likely to induce oxide damage as the charges
transported across the gate oxide are electrons rather
than holes, which have a lower energy barrier to enter
the oxide conduction band [18], and the injection de-
vices are pFETS rather than nFETs, which can tolerate
higher charge injection [19].

2.3. Circuit Realizations

In differential-mode circuits, the input differential pair
usually exhibits an offset due to threshold voltage vari-
ations or other fabrication mismatches. Output offsets
observed for balanced inputs (V;; = V;_) can be mit-
igated by using floating gate transistors M, and M, in
the input differential pair as depicted in Figs. 2(a) and
(b) together with appropriate adaptation. In both cir-
cuits, voltage sources Vipj1 and Viyj2 control the sign of
adaptation: when Vi is high the floating gate of M| is
updated, and when V;pp, is high the floating gate of M,
is updated. Programming transistors M3 and M, dif-
ferentially inject hot electrons onto the floating gates
of transistors M; and M, respectively. Two equal cur-
rent sources [;,; connected to the source terminals of
M35 and M, control the rate of adaptation. The charge

Fig.3. Circuitdiagram of floating gate pFET differential pair for the
special case in which adaptation signals Vinj; and Vipj are applied at
the drains of M and M5, eliminating the need for extra programming
transistors.

update increment is determined by the initial charge
on the floating node, the current I, the program-
ming voltage Vinj1 2, and the length of time that pro-
gramming is enabled. Each of these injection circuits
(M3, Vinj1, Iinj and My, Vinj, Iiy;) are gate followers
that control adaptation according to the values of the
control variables Vi1 and Viyjo.

Figure 3 depicts a special case of Fig. 2(a) in which
voltage sources Vipji and Vipjp connect directly to the
drains of M| and M, respectively, without the need
for additional programming transistors. Together with
their corresponding inputs V; and V;_ and tail current
Iias, this injection circuit controls the direction and rate
of the adaptation. Transistors M; and M, are also gate
followers.

The main distinction between the circuits of
Figs. 2(a) and 3 is that Fig. 2(a) does not introduce
constraints for the differential pair architecture, leav-
ing the designer free to implement a wide variety of
functions using appropriately selected loads. Figure 3,
on the other hand, provides a somewhat more compact
circuit, but introduces an architectural constraint that
may not be suitable for all circuit applications.

The programming voltages Vinj1,» may be computed
locally within the differential circuit, or they may be
computed nonlocally by another circuit or off-chip
components. Adaptation itself is local when a device
that stores a state variable also controls the update of
that state variable. There are many examples of cir-
cuits in the literature that successfully use local control
for adaptation [4, 14, 20]. The circuitry devoted to lo-
cal adaptation is usually compact, with a high degree of
parallelism, resulting in fast operation and transparency
to the user. External biases may allow the user some
flexibility in setting update rates.
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In contrast, adaptation is nonlocal when a device that
stores a state variable plays no role in the update of
that state variable. Typically the nonlocal calculation
of the adaptation control requires more complex cir-
cuitry (often off-chip), careful distribution of a “global”
control signal much like the system clock used in syn-
chronous digital logic, and higher power consumption
[20-24].

The distinction between local and nonlocal control of
adaptation is not always obvious. A new implementa-
tion of the AFGC separates the input differential stage
from the output differential latching stage to achieve
higher gain and therefore higher speed. In this case the
adaptation control signals are local to the circuit itself,
but computed separately from the devices in the circuit
that hold the state variables [25].

In the compact AFGC implementation described
in the following sections, we use the configuration
of Fig. 3 and incorporate a regenerative element as
the load to implement a latch which simultaneously
produces the local voltage sources needed to control
adaptation.

3. Adaptive Floating Gate Comparator (AFGC)

Comparators are nonlinear circuits that interface be-
tween analog and digital signals and are used in a
wide variety of circuit applications, including analog-
to-digital converters, memories, dynamic logic, and
sense amplifiers. A modern comparator usually con-
sists of a pre-amplifier, a decision circuit, and an out-
put buffer. Mismatches due to process variation in the
pre-amplifier and regenerative stages cause offset that
directly affects resolution. A common and successful
approach used to cancel offset is dynamic switching
[26], which requires additional circuit components and
multiple non-overlapping clocks. The AFGC requires
one switch controlled by a single clock signal to adapt
out the offset.

Since offset is a constant value for constant operating
conditions, it is natural to store it using nonvolatile stor-
age on a floating gate. Floating gate circuits have been
used to cancel offsets in imagers [27], to trim current
sources [5, 28, 29], and to autozero amplifiers [1, 4].
The ability to store desired nonzero offsets in com-
parators is a feature that is not readily available using
existing offset cancellation techniques but is intrinsic
to the voltage comparator we describe here.

Figure 4(a) shows the implementation of the AFGC.
Floating gate pFET transistors M| and M, form the in-
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Fig. 4. Adaptive Floating Gate Comparator (AFGC): (a) Circuit
diagram of the AFGC with pFET input floating gate differential pair,
crosscoupled nFET regenerative elements, and reset switch. (b) Bias
voltage on the reset switch determines conductance of the regenera-
tive elements and overall gain during evaluation. Transconductance
of the crosscoupled pair and switch is determined using HSPICE
simulation of circuits extracted from layout.

put devices of a differential pair. Cross-coupled nFET
transistors M3 and M, form the regenerative elements
of the comparator. When the clock signal Vi is high,
the nFET switch M5 closes and resets the comparator.
When the clock goes low, switch M5 opens and the
evaluation phase begins. With the power supply Vyq set
to a normal operating voltage (3.3 Volts), there is in-
sufficient energy to produce hot-electron injection from
the channel onto the floating gates of M| and M,. As
we increase voltage on the input terminals V., V;_
and V4, the drain-to-channel voltages of M; and M,
increase and the probability of hot electron injection
onto the floating gates increases, thus injecting nega-
tive charge onto the floating gates. By accumulating
negative charges on the floating gates, we form a neg-
ative feedback loop between the output and the input,
achieving stable adaptation.

As discussed earlier in Section 2.2, differential hot
electron injection as used in the AFGC is unlikely to
cause significant gate oxide damage or introduce re-
liability concerns. We utilize pFET injection, where
the gate voltage is within the power rails, and the
source-to-drain voltage is just high enough for the chan-
nel to begin generating hot-electrons (which is close
to Vgq); thus, we keep both vertical and lateral elec-
tric fields low, with maximal values 4.1 MV/cm and
5.6 MV/cm respectively. Further, the vertical field de-
creases as adaptation proceeds. The total time course
of injection is typically short (100 ms), the corrective
charge we inject across the oxide is small (20 fC for a
100 mV offset correction), and injection does not occur
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constantly during operation. Thus, we keep the ox-
ide damage to a minimum. In practice we have not
observed such oxide degradation or related reliabil-
ity problems in any of the devices we have tested, al-
though we have not explicitly tested individual devices
for breakdown characteristics. We measure charge re-
tention times (see Section 4.7) of greater than a month,
which indicates that the oxide integrity is maintained.

In the following sections we discuss two methods
of adaptation, a static method and a dynamic method.
The static method is simple and serves to illustrate the
mechanism of adaptation, but its accuracy is limited
in practice. The dynamic method overcomes the accu-
racy limitations of the simple static method and pro-
vides accuracy under 1 mV. We present simulations
and measurements which demonstrate the efficacy of
adaptation using the dynamic method.

3.1. Static Adaptation Method

The static method accomplishes adaptation during the
reset phase of operation by applying a constant high
voltage to the clock terminal. This constant voltage
is chosen such that the comparator becomes an am-
plifier whose differential inputs V; = (V;. — V;_)
and outputs (V,; — V,_) are related by a high gain
Ay = % = cAy,. The constant c is the capaci-
tance ratio C,/Cr, where Cy, is the capacitance be-
tween nodes V;, and Vg, and Cy is the total capaci-
tance coupled to the floating node V.. The voltage gain
A s, from floating nodes V, and V,_ to the differential
outputs is greater than the overall voltage gain Ay . The
goal of offset cancellation is to balance the differential
output (V, = V,_) when the input difference is zero
(Vi = V;_). Suppose that mismatch causes the out-
puts to be unbalanced (V,+ > V,_) when the inputs are
equal. When V;,, V;_ and Vyq are raised sufficiently,
injection occurs. Since the source-to-drain voltage of
M, is greater than that of M», the injection current /i
from the floating gate of M| will be greater than the
injection current fi,j; at M; and the floating gate po-
tential V,, will decrease faster than V,_. As a result,
the differential current /; increases with a concomitant
decrease in I», causing the output voltage V,,_ to rise
and V,, to fall. This feedback cycle drives the floating
gate voltages V. and V,_ to values that compensate
for the initial device mismatches.

The input-referred offset after adaptation depends on
the voltage gain and mismatch of both device and in-

jection parameters. The voltage gain A , is the product
of the input transconductance and the equivalent out-
put resistance (A s, = gm12Req), Where Ry = [7o12 ||
o34 || (gms + gm34)~']. We define conductance and re-
sistance differentially, e.g., g12 = 9(Ip —11)/3(Vyy —
Ve—) and rp12 = d(Voy — V,-)/3(11 — L), where [,
and I, represent the channel currents of M| and M, re-
spectively. Note that for the positive feedback pair M3
and M4, the conductance g,,34 < 0. Suppose that there
is an initial output offset V,,. — V,_ = AV, > 0 when
Vit = V,_and Vo = V,_ (i.e, the inputs are equal
and there is no charge on the floating gate). Injection
causes Vg4 todrop by AV, and V,_ todrop by AV,_,
so when the injection currents equilibrate Iipj; = Iinj2
the differential output becomes AV, =V, —V,_ =
(Vog — Vo) + Ape(AV,_ — AV;,). Approximating
injection current as fiyj = o Isource eXp[(vc;—fay] and as-
suming matched injection parameters «, 8 and § and
matched source currents Iyouee = I;1 = 52, We have:

O[Isourcee[(V[HiAVHfV”,_)H]2 = alsourceem
(Vi = Vi) = (AViy — AVi) = (Ver — Vi)
=(AViy — AV,D)

Therefore AV, =V, —V,_ = AV, — AV,_ =
AV, — Ag(AViy — AVi), and AV, = (AViy —
AVi_)(1 + Ay,), giving input referred offset after in-

jection:

Ay AV A,
CocAp cAp(Agg+ 1)

Consequently the input referred offset will be reduced
by (A s + 1) after adaptation. For high gain, we bias
V.ik so that the conductance g,,,5+ g,,34 is small and pos-
itive. Note that this overall conductance g,,5 + gu34 =
vﬁilt), is the current difference I, — I_ divided by
the voltage difference V,. — V,_. We find this oper-
ating point from HSPICE simulation of a circuit ex-
tracted from layout using the configuration shown in
Fig. 4(b). We set equal currents in the two sides of the
differential pair (I;; = I;») by applying equal gate volt-
ages, and then introduce an offset voltage source Vp
between V,; and V,_. We plot the current difference
—2Ip = I, — I_ as a function of the voltage differ-
ence V,y — V,_ in Fig. 5. The conductance g,,5 + gm34
depends on V,x and can be found from the slope of
the curves. Negative g,,5 + gm34 causes positive feed-
back during reset and results in hysteresis in the circuit
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Fig. 5. Bias voltage Vi controls the conductance of the switch and
regenerative crosscoupled pair. Simulated current-voltage relation-
ship for the circuit of Fig. 4(b) for Vjx from (a) 1.4 V to (e) 3 V in
0.4V steps.

behavior. Negative g,,5 + gn34 occurs for low clock
voltages (Vo < 2.2V, e.g., traces a,b and ¢). In order
to maximize the gain A r, and avoid hysteresis, Vi is
selected so that g,,5 + gm34 is positive (V¢x = 2.6V in
trace d of Fig. 5).

While the method of static adaptation described
above may be used successfully to decrease offsets,
both simulation and experiment (see Fig. 16) demon-
strate the phenomenon of “overshoot”. We show that
the ability to accurately cancel offsets is limited in prac-
tice when using the static adaptation method and ex-
plain the resulting overshoot in detail in Section 4.5
along with experimental results.

3.2. Dynamic Adaptation Method

The dynamic method overcomes the overshoot prob-
lem observed using static adaptation. Dynamic adap-
tation achieves injection during the evaluation phase
when the clock signal Vi is low, with adaptation
achieved over many evaluation cycles. Whereas the ac-
curacy of static adaptation is equal to the tolerance for
a single increment, dynamic adaptation can achieve
better accuracy with relaxed tolerance since error in
one adaptation increment can be compensated in sub-
sequent cycles. By injecting with a running clock, we
use the outcome of each comparison to correct offset
during the corresponding evaluation cycle. Thus the
feedback loop encompasses all mismatch and offset
within the circuit, and accurate offset cancellation can
be achieved. We bias the common mode input voltage
Vem = (Vig + V;_)/2 so that the drain-to-channel volt-
age is insufficient for injection during the reset phase of
the clock cycle, but sufficient to produce injection dur-
ing the evaluation phase when one of the outputs V,
and V,_ is close to ground. From a simulation model

[17] and our own experimental results, injection begins
when drain-to-channel voltage exceeds 3 V. For a pFET
threshold of 1 V, we bias Vi above 2 V. During reset
both outputs are clamped at approximately the thresh-
old voltage of an nFET V,, = V,_ = 0.7 V, so we
set the desired Vy between 2 V and 2.7 V. For Ve
higher than 2.7 V, injection initially occurs during both
reset and evaluation, but quickly reduces the common
mode voltage of the floating nodes to 2.7 V, after which
the circuit enters the desired operating range. Suppose
that the initial mismatch causes the outputs to be un-
balanced V,. > V,_ when inputs are equal. When the
comparator latches, V,,_ is pulled to ground, injecting
a small charge Qjp; on the gate V.. The charge accu-
mulates on gate V, for each clock cycle until the gate
voltage is low enough that the outcome reverses (V,4 <
V,—). Thereafter, the outcome alternates for each cy-
cle and causes injection on alternating sides of the p-
differential pair. Adaptation proceeds until the common
mode voltage on the floating gates is sufficiently low
to prevent injection, or until injection is stopped by ex-
ternal reduction of the input common mode voltage.
Adaptation is controlled by the outcome of the com-
parison and the offset can be tuned accurately.

In practice, any comparator has a limited conversion
accuracy that can be defined by the variance of the
input-referred noise. Ambiguity exists near the switch-
ing point where the outcome is uncertain. This un-
certainty is caused by flicker noise and thermal noise
generated by the MOSFETs within the circuit. The
probability that the outcome is correct depends on how
far the input is from the switching point. Empirically
we find that this distribution is Gaussian, so we charac-
terize the distribution with the mean and standard de-
viation obtained from the measured data. Figure 6(a)
plots the measured comparison outcome as a function
of the differential input voltage V; = V;, — V;_ with
an empirically fitted error function. This outcome is
determined by observing the actual outcome through a
low pass filter (see Fig. 10(b)) and detailed description
in Section 4), and can be interpreted as the cumula-
tive distribution function (cdf) of the actual outcome
after normalization. Figure 6(b) shows the probabil-
ity density function (pdf) corresponding to the fitted
cdf with mean © = —25.9 mV and standard deviation
o =11mV.

Let X be a random variable representing the actual
input offset having a nonzero mean y and variance o2,
Then the cdf from Fig. 6(a) corresponds to P[X < V,].
The goal of adaptation is for u to approach a desired
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Fig. 6. Circuit noise causes uncertainty in the outcome of the com-
parison: (a) a typical input offset distribution, showing measured
voltage distribution and empirically fitted error function, and (b)
corresponding empirical Gaussian probability density function.

offset wuy. For dynamic adaptation, during each
clock cycle p increases by AV, = Cl_l fT Lnjidt ~
QOinji/C1 for X < g, and decreases by AV, =~
Qinj2/ C2 for X > pg. Cy and C; are the total capaci-
tances on the floating gates, and T is the time the clock
is low, half the clock period for a clock signal with 50%
duty cycle. We express the net shift in x for one clock
cycle as Ap = AVIP[X < pugl — AVL,P[X > gl
The adaptation finishes when an equilibrium Ap = Ois
reached,

_ * _ *
AVICD(M> = AV2|:1 — @(M)]’
o o

where ®(x) = \/% [ e "/2dt is the cdf of a
Gaussian random variable with 4 = 0 and 6> = 1 and
w* the residual input offset after adaptation. Therefore,
we express u* as
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Fig. 7. Absolute value of the input offset |*| after adaptation: (a)
as a function of p for several values of o, and (b) as a function of o
for several values of p.

where p = (AV; — AV,)/(AV|+ AV,) is the injection
mismatch ratio, the normalized difference in voltage
change due to injection in one clock cycle between the
two floating nodes. Thus the residual input offset is
a function of both injection mismatch ratio p and the
standard deviation o of the input-referred noise and is
independent of device mismatch. Figure 7 shows the
absolute value of the residual input offset | *|: (a) as a
function of p for several values of o, and (b) as a func-
tion of o for several values of p. |;*| increases rapidly
when injection is extremely unbalanced. For up to
68% injection mismatch (]p| < 0.68), |u*| is bounded
by the magnitude of o. Therefore, even with severely
unbalanced injection currents we can obtain accurate
adaptation. Furthermore, we can improve the accuracy
of adaptation by increasing the gain and decreasing the
input-referred noise. For matched injection currents,
we achieve zero offset (u* = 0) regardless of o. In
Section 4.1 we report experimental results for the
input offset and input-referred noise, which allow us
to estimate the injection mismatch ratio p empirically.

3.3. Monte Carlo Simulation

In order to verify the performance of the AFGC using
dynamic injection, we perform Monte Carlo simulation
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using HSPICE with the circuit netlist extracted from
layout. We use the poly and poly-2 layers to form 206 fF
capacitors at the input, coupling the input signals V;
and V;_ to the floating gates V, and V,_, respectively.
We use the top layer poly-2 as the floating node rather
than poly in order to minimize parasitic capacitances
to ground. This floating node is connected to the gate
of a pFET transistor via metal-1. The gate oxide ca-
pacitance is 40 fF, so we anticipate 17% reduction in
the input voltage swing due to charge sharing. We use
a 100 pA bias current and a 50% duty cycle 340 MHz
clock. We augment the extracted netlist using the injec-
tion model from [17] that computes injection current
(1). We increase the scale factor o by 107 to acceler-
ate injection and decrease simulation time. We use the
Monte Carlo method to simulate process variation in
the following parameters: poly gate length, diffusion
width, pFET and nFET threshold voltages, and injec-
tion scale factor @ mismatch. Each process variation is
specified as a Gaussian distribution with a given mean
and standard deviation (o), and values for each tran-
sistor are chosen independently. We use o, = 0.6%
of minimum gate length 0.4 um, oy = 0.012 um,
Ovyy = Ov,p = 10 mV and o, = 20%. We approx-
imate thermal device noise by adding 3 parallel sinu-
soidal current sources across the output nodes V, . and
V,_ with amplitude v/20,/+/3 and frequency 1 GHz,
7~ GHz and 72 GHz, respectively. o, is 0.27 puA
for a Vyx of 3.3 V. Figure 8(a) shows the input volt-
ages Vi1 and V;_, Fig. 8(b) shows one of the float-
ing gate voltages V,,, and Fig. 8(c) shows the output
voltage V,.. The AFGC suffers kickback noise on the
floating gate voltages from the switching outputs V,
and V,_, as reflected in the floating gate V,, shown
in Fig. 8(b). Note the correlation between the output
states in Fig. 8(c) and the shape of the kickback noise
in Fig. 8(b). First, we bias V;_ at 1.6 V and sweep the
positive input V;, to find the point where the output
inverts. The input difference at this point is recorded as
the input referred offset before adaptation (A V;). Next,
we raise both inputs to 2.5 V for 0.5 us, enabling injec-
tion. As shown, the floating gate voltage V, decreases
during injection. The output alternates soon after injec-
tion starts, indicating an equilibrium state. Finally, we
sweep V; .. upward and downward and record the differ-
ential input voltages at the two points the output volt-
age switches. We estimate the input-referred offset after
adaptation (A V/) as the mean of the two values to com-
pensate for circuit noise. We perform 120 trials, each
with Monte Carlo variables drawn from independent
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Fig. 8. Simulation traces depicting one adaptation cycle in a series
of Monte Carlo simulations, depicting (a) inputs voltages V;, Vi_;
(b) floating node voltage V. ; and (c) output voltage V.

Gaussian distributions, and obtain the input offset dis-
tributions shown as histograms with 15 equally-spaced
bins in Fig. 9. Figure 9(a) is the input offset distribu-
tion of a comparator of identical structure except that
floating gate transistors are replaced by normal pFETs.
Figure 9(b) is the input offset distribution of the AFGC
before adaptation. Figure 9(c) is the input offset dis-
tribution of the AFGC after adaptation. The standard
deviation of AV; (oay,) in (a)is 20.4 mV, in (b) 23 mV,
and oayy in (¢) is 413 uV. By using floating gate tran-
sistors at the input, we sacrifice gain due to capacitive
sharing, resulting in larger input deviation oay,. How-
ever, the floating gate transistors allow us to effectively
reduce the input offset, and under these simulation con-
ditions we achieve a factor of 55.7 (35 dB) reduction in
offset variance (a factor of 49.4 relative to the non-FG
comparator).

4. Experimental Results

The circuit configuration used for testing the compara-
tor is shown in Fig. 10. We bias the comparator with
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Fig. 9. The use of floating gate transistors sacrifices gain at the
input, but provides the ability to significantly reduce input offset.
Histograms of input offset distribution determined through Monte
Carlo simulations for (a) non-FG comparator and (b) AFGC before
and (b) after adaptation.

Vew at the negative input V;_ and apply a differential
voltage V,; between the differential inputs. The com-
parator depicted in Fig. 4 drives the output buffer of
Fig. 10(a) to generate rail-to-rail signals on Vg and
Vour—. A cascade of inverters that are geometrically
scaled [30] in Fig. 10(b) deliver the signals to exter-
nal pads with minimum delay. During reset (Vx =
high) both outputs of the comparator are high, and dur-
ing evaluation the output is determined by the com-
parison. We measure a low pass filtered version Vj4
of the digital output voltage A, as shown in Fig. 10.
We interpret this voltage to determine the probability
that the output is logic high. We use a Keithley 236 to
supply V; in 100 uV increments. For simplicity, we
operate the clock at 100 kHz, and choose the time con-
stant of the low pass filter to be T = 27 RC = 0.01s,

so that the clock frequency is much larger than 77!,

Vdd2 Vdd2
clkb
Vou/+ Vout—
v, ias
Vo+ § Vo
(2)

Va

— \Pad

Fig. 10. Circuit configuration used for testing the voltage com-
parator. (a) The output comparator drives an output buffer which
generates rail-to-rail output signals Voueq and Voue—. (b) A cascade
of geometrically scaled inverters delivers the signal offchip with min-
imal delay, and the externally filtered output voltage is interpreted as
the probability that the output is logic high.

which is much larger than the measurement sampling
frequency. Therefore, the output of the low pass filter
V4 approaches the mean value m of the outcome. As
before, let X be the random variable representing the
actual input offset, and suppose that the outcome is low
(Dy = 0) when the differential input signal Vj is less
than X, and high (D; = 1) when V; is greater than
X. Then m is a scaled and shifted version of the cdf
p1 = P[X < Vy]sincem =Y p;D; = po-0+p;-1
where pg = P[X > V,].Inpractice, we measure V4 as
a function of V; (Fig. 6(a)), then normalize the filtered
output voltage by shifting and scaling in the Y-direction
so that it ranges from 0 to 1. We interpret the scaled
reading as the Gaussian cdf, and extract  and o from
the data using a minimum squared-error curve-fitting
procedure.

We measure a 5 ns propagation delay from clock
edge (node B in Fig. 10(b)) to output change (node
A in Fig. 10(b)) which corresponds to a sampling fre-
quency of 100 MHz. Comparators with sampling fre-
quencies ~1.3 GHz have been reported in the same
feature size [31]. The AFGC is current-starved with
a relatively small tail-current, so it transitions slowly
during evaluation. A new implementation of the AFGC
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separates the input stages from the latch and introduces
a modified output buffer to increase the speed [25].

4.1. Input Offset Distribution

We set Vyq to 4.5 V to allow injection and Vggr to 3.3 V
for the output buffers. We raise Vcy to 2.5 V (or higher)
for programming, as demonstrated in the following ex-
periments. We measure the offset for AFGC circuits
on twelve different chips before any programming, af-
ter UV erasure, and after programming. For unpro-
grammed chips, the input offset has mean 45.35 mV
and standard deviation of 73 mV. After 20 hours of
UV erasure, the mean offset is reduced to 22.02 mV
with a standard deviation of 6.37 mV. This means that
a significant amount of random initial charge exists on
the floating gate when the chip is fabricated. We then
cancel the offset by initiating injection on the p-type
differential pair. After programming, the mean offset
is —109 'V with a standard deviation of o, = 379 uV.
The maximum observed residual offset after adapta-
tion was 728 uV. These results demonstrate more than
two orders of magnitude reduction in offset voltage:
relative to fabricated chips directly from the foundry,
the mean is reduced by a factor of 416 and the variance
by a factor of 193; relative to UV-irradiated chips, the
mean is reduced by a factor of 202 and the variance by a
factor of 17. Figure 11 shows the average offset before
adaptation, after UV erasure, and after adaptation.

We infer the injection mismatch ratio (p) from the
measured input-referred noise (o,,) and residual offset.
The injection is performed with Vi = 3.3 V, which
results in input-referred noise o, =~ 1.025 mV. We

80 T r :
T ‘ Bl mcan
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Z 40}
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Fig. 11. Mean and standard deviation of input-referred offset mea-
sured before adaptation (left), after UV erasure (middle), and after
adaptation (right).

calculate the injection mismatch ratio p according to
Eq. (2), and find that it has a mean value of 8.3% with
standard deviation 28% and maximum observed value
of 52.2%. Therefore, the pFET injection currents ex-
hibit non-negligible variation among transistors.

4.2. Conversion Accuracy as a Function
of Clock Voltage

Figure 12 confirms that for lower clock voltages, i.e.
lower voltage applied to the gate of M5 during the re-
set phase, a finer comparison can be made on the input
signal. The voltage gain in the p-type differential pair
is increased by lowering the clock voltage, so the in-
put offset can be adjusted with higher resolution at the
cost of longer reset time and longer overall adaptation.
If the clock voltage is too low (<2.1 V), reset will be
incomplete, resulting in hysteresis in the comparison
outcome and adaptation. We can avoid this problem by
keeping the clock voltage above a value defined by the
nFET threshold. Experimentally we find that 742 uV
is a lower-limit for the input-referred noise o,,. This ex-
ceeds the standard deviation of the input-referred oft-
set (post adaptation) o, > o,, which confirms that the
input-referred noise dominates resolution. Assuming
that the input signal has a 3.3 V peak-to-peak swing,
o, = 742 uV translates into 63.9 dB SNR or equiva-
lently, 10 effective bits in a single comparison. By av-
eraging over several adaptation cycles we can reduce
the contribution of circuit noise to reach the limiting
resolution provided by the offset adaptation procedure
(o, = 379 uV), which translates into 78.8 dB SNR

1.05

n

Input-referred noise 6_(mV)
(=]
=]
W

0.7
2 2.5 3 35

Clock voltage (V)

Fig. 12. Conversion accuracy depends on the clock voltage V k.
Accuracy increases with circuit gain as Vi is reduced.
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Fig. 13. Residual input offset voltages remain small over a wide
range of programmed offset voltages.

or 13 effective bits. In this experiment, we used a bias
current of 40 uA, Vem of 1.2V, Vygq of 4V, and Vg
of 3.3 V, corresponding to a power consumption of
160 wW.

4.3. Input-Referred Offsets Programmed Over
+1 V Range

The AFGC can automatically cancel input offset, as
shown above, or can be used to program a desired off-
set over a wide range of input values. Figure 13 shows
the residual input offset voltages after programming
different offsets ranging from —1 V to +1 V. These ex-
periments used Veym = 2.5V for injection. The voltage
residue is defined to be the measured input offset minus
the programmed input offset. The solid trace shows the
input offsets measured for Vey = 1.9V, and the dashed
trace shows the result when measured for Voyy = 1.6 V.
Larger shifts of Voy from injection conditions result
in larger offset errors during operation. This is caused
by Early voltage mismatches on the p-type differential
pair and channel length modulation on the pFET that
provides Iy, for the p-type differential pair.

4.4. Time Course of Offset Adaptation

Figure 14 shows the time course of adaptation. We first
introduce a 0.2 V input offset on the gate, and then pulse
the Veum to an appropriate injection voltage (between
3 and 3.3 V) for 10 ms (1000 clock cycles) with V; =
0 V and the clock running at a frequency of 100 kHz.
We take measurements with Vo = 1.9 V between
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Fig. 14. Input offset decreases exponentially in time. Offset is ini-
tially 200 mV and decreases in time, with decay time constant in-
creasing with V.

each pulse. We can see that for higher programming
Vem we achieve faster convergence. The time course
is roughly exponential, as predicted by the injection
model in Eq. (1). After the offset reaches 0 V it remains
there, for all values of V.

Assuming that the input offset voltage u decays ex-
ponentially with injection time constant t; from an ini-
tial value np = 200 mV, the input offset decays as
wu(t) = pwoe™"/% . From the experimental data (t) we
can estimate 7;. The estimates are depicted as ‘+’s in
Fig. 15 as a function of V. The injection time con-
stant ranges from 100 ms for Vo = 3 'V to 18 ms for
Vem = 3.3 V. The injection time constant decreases ex-
ponentially with Vou, i.e. 7;(Vem) = tjpe Ven=Vi),
which is consistent with our simple model of injection.
The time constant 7, is inversely proportional to the in-
jection current, which in turn is roughly exponential in
drain to gate voltage. The gate-to-drain voltage scales
with Vo, and Vi, is the “injection threshold voltage”.
We fit the data in Fig. 15 with a dashed line correspond-
ingto tjo = 1s, k = 6.43 and V; = 2.64V. Experi-
mentally we find injection starting around Vey = 2.5V
with adaptation occurring within seconds, confirming
the accuracy of this simple exponential approximation.

4.5. Overshoot

The results described in previous sections have been
obtained using the dynamic adaptation method, with
a running clock and injection occurring during the
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Fig. 15. Measured and inferred injection time constant 7; vs. VoM.

evaluation phase of operation. If we supply a constant
high voltage at the clock terminal as occurs during the
reset phase, the comparator becomes an amplifier with
gain determined by the clock voltage. We perform static
injection on the comparator in this amplifier configu-
ration and observe the injection behavior. Figure 16
shows an injection time course for a constant voltage
of 3 V applied to the clock terminal. The setup is similar
to the previous experiment (injection time course), but
with a higher V4 (5.3 V) and a longer Vi pulse period
(100 ms). As before, we program an initial input offset
of 0.2 V, and record the input offset once every 0.1s
during injection. As depicted in Fig. 16, the input off-
set voltage does not stop when the offset reaches 0 V at

Input Offset (mV)

0 0.2 0.4 0.6 0.8 1
Time (s)

Fig. 16. Input offset for the static injection method with clock held
constantly high. Offset first decreases, then “overshoots” the desired
point and settles at a nonzero offset voltage.

time 0.4s, but rather continues to drop. This overshoot
phenomenon exists because the injection currents be-
come unbalanced during programming. The injection
currents are proportional to the channel currents of the
p-differential pair, and these currents are changing in
value due to the correction. Note that the equilibrium
does not imply equal channel currents or equal out-
put voltages, since injection depends on both channel
current and gate-drain voltage.

4.6. Temperature Dependence

To verify robustness of the AFGC, we measured the
input-referred offset voltage over a 20°C temperature
range. The test fixture is placed on a hot plate with
simple thermal insulation. A temperature sensor is at-
tached to the top surface of the 40-pin DIP ceramic chip
package. The comparator is calibrated with 100 mV in-
put offset at the two extreme temperatures, and input-
referred offset error is measured at intermediate tem-
peratures. First, we calibrate the comparator at 27.0°C.
The solid trace in Fig. 17 shows the residual input off-
set measured as the temperature increases up to 50.0°C.
Next, we perform adaptation at 50.0°C, and record the
residual input offset measures as the temperature de-
creases down to 29.7°C (dashed trace).

The accuracy of adaptation does not exhibit dis-
cernible variation with temperature. When calibrated
at temperatures of 27.0 and 50.0°C, the error is
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Fig. 17. Input offset voltage error of the AFGC measured over a
range of temperatures from room temperature (27°C) to 50°C. Data
is shown for a single comparator, first calibrated with an initial offset
of 100 mV at room temperature. As the temperature increases the
offset error decreases. Subsequently the comparator was calibrated
with an initial offset of 100 mV at 50°C. As the temperature decreases
from 50°C the offset error increases.
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—222 and —204 pV, respectively. Once calibrated at
a given temperature, however, the input-referred offset
does vary with temperature. From the data in Fig. 17,
the temperature coefficientis roughly —15 ©V /°C. Dif-
ferential circuits are inherently tolerant to globally ap-
plied perturbations, and consequently the temperature
drift is more than two orders of magnitude less than
—2.4 mV /°C, the threshold voltage drift for an ordi-
nary CMOS process [32].

4.7. Offset Charge Retention Time

While most of the measurements reported thus far (Sec-
tions 4.1-4.6) have been obtained over relatively short
time periods, the ability to program an offset voltage
which is retained over an extended period of time is
highly desirable. We have confirmed experimentally
that the floating gate comparator accurately retains off-
set for more than a month. Figure 18 shows residual
input offset measurements for two different chips, one
programmed initially with O V input offset, and one
programmed initially with 100 mV input offset. In be-
tween each measurement, the chips are removed from
the test fixture and stored on conductive foam. We per-
form the measurements using standard ESD protection
but no other special precautions.

—— Inj with 100mV
0.1 —o - Inj with OV

Offset error (mV)

400 600 800

Time (Hour)

Fig. 18. Residual input offset voltage error of the AFGC measured
over a 34-day period. Data is shown for two comparators, calibrated
with initial offsets of 0 V and 100 mV respectively. In between each
measurement the chips are removed from the test board and stored
under ordinary lab conditions. Measurements of the two comparators
occurred simultaneously, and systematic variation of the measured
offsets is apparent. This variation is likely due to ambient temperature
fluctuations.

For the chip programmed with 100 mV, the error
stays around —450 pV. For the chip programmed with
0V, the offset drifted by 691 ©V in the first 3 days,
then stayed around —750 uV through the end of the
experiment. The initial drift is likely to be due to the
relaxation mechanisms or to residual injection with the
inputs at the common mode voltage used for evalua-
tion. The drift stops in the fourth day. During the mea-
surement period there is systematic variation observed
on both chips; these variations are likely to be caused
by ambient temperature fluctuations in the laboratory
setting.

5. Conclusion

In this paper we presented the technique of differ-
ential hot electron injection for adapting and storing
signed state variables using floating gates. This ap-
proach is compatible with all modern digital CMOS
technologies and can be readily extended to novel
circuit applications. The method has been previously
reported in linear circuit architectures using nonlo-
cal control of the adaptation. In this work we have
extended this method for a nonlinear circuit, which
provides a highly compact and robust implementa-
tion of a comparator. The technique takes advan-
tage of impact-ionized hot electron injection currents,
usually considered “undesirable” for submicron cir-
cuit design, and uses them to improve circuit perfor-
mance and reduce layout area rather than “fight” the
physics.

The adaptive floating gate comparator uses pFET
hot-electron injection in a negative feedback loop dur-
ing adaptation and programs nonvolatile corrective
charges on the floating gates. The load for the input dif-
ferential pair is a regenerative element which computes
the outcome of the comparison and inherently presents
appropriate voltages for locally programming the in-
put floating gate nodes. The technique is not limited to
local adaptation and we are currently extending it for
the case of nonlocal adaptation which allows greater
flexibility in design.

Experiments show that adaptation consistently pro-
duces residual offset which is a fraction of input-
referred noise for all observed values of injection mis-
match. We experimentally demonstrate more than two
orders of magnitude reduction in offset voltage: the
mean offset is reduced by a factor of 416 relative to
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fabricated chips directly from the foundry and by a
factor of 202 relative to UV-irradiated chips. The adap-
tation encompasses the entire comparator circuitry and
therefore the residual offset is independent of initial de-
vice offset. We consider both static and dynamic adap-
tation and conclude that the the accuracy of offset can-
cellation using the dynamic paradigm is approximately
two orders of magnitude better than the static paradigm.
In the presence of observed 8% injection mismatch, the
AFGC robustly converges to within 728 'V of the de-
sired input offset (mean offset —109 'V, standard de-
viation 379 uV). Offset cancellation is achieved within
milliseconds. We report charge retention after adapta-
tion for more than one month, and show that after adap-
tation the variation of offset error with temperature is
—15 uV/°C, significantly less than the temperature co-
efficient of typical MOS devices.
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