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Fig. 1: ECSEQ-0 end to end. A passive electrode array performs localized impedance spectroscopy at each pixel; a two-stage
decoder turns the 62-point sweep into a base call, with the discrimination carried by three frequency-distinct axes rather than by
a label.

Abstract. A dense array of microelectrodes that mea-
sures its own interfacial electrochemistry, read by a
model trained to interpret that measurement, is a general-
purpose biological instrument. The array is passive and
fixed and the discrimination lives in the decoder, so
a new assay means retraining rather than refabricating,
and the instrument improves as models improve rather
than as fabrication improves. We develop such an ar-
ray against its hardest application, label-free and wash-
free DNA sequencing by synthesis. As a polymerase ex-
tends a surface-bound strand, the interfacial impedance
shifts in a base-dependent way; measured by EIS at each
pixel, with no label to image and no reagent exchanged
between incorporations, that shift separates into three
frequency-distinct axes (kinetic, molecular, faradaic) car-

rying enough information to discriminate all four bases,
which a per-event spectral encoder and a temporal trans-
former read. On physically simulated data the decoder
reaches 71.2% per-base (Q5.4) at L = 30 against a Q20
production floor, and 89.6% at L = 100 beyond the ar-
ray’s sensing horizon, where the faradaic axis resolves
the purine pair the other two leave ambiguous. Because
the readout is electrical and continuous, the throughput
bottleneck moves off the fluidics and onto compute and
array area, giving an areal base rate of ~2.1x 10 bases/s
per mm?, under which a single-run genome becomes a
parallelism condition (~2,200 mm? at 0.5 um pitch) gated
on Q20 accuracy rather than a time-to-result one. No chip
exists yet, and every number here comes from a simula-
tor. If the signal survives fabrication, what follows is a
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cheap, reusable, fluidics-free sensor whose capability is
set by the decoder: sequencing first on targeted panels,
then the surface-binding and continuous-monitoring as-
says the read-length limit never touches, and eventually
the population-scale sequence a general model of geno-
type to phenotype would need.

Keywords. electrochemical impedance spectroscopy;
label-free biosensing; sequencing by synthesis; passive
microelectrode array; learned basecalling

I. INTRODUCTION

Suppose an event at an electrode leaves an electrical trace.
A base added to a strand of DNA, a target binding to a
probe, a molecule giving up an electron: each one moves
charge, and moving charge changes how the interface
looks to a small AC signal. If those changes are distinct
enough to tell apart, then an array of electrodes plus a
model trained to read them is a measuring instrument,
and an unusual one. The electrode interprets nothing. It
reports the state of its own surface. Whatever meaning
that report carries is supplied afterward by the decoder,
so the same chip can be pointed at a different question
by retraining rather than refabricating, and it improves as
models improve rather than as fabrication improves. Pitch
and active-site size are chosen to match whatever is be-
ing measured; they are properties of the assay, not of the
platform. This paper is about that instrument, developed
against the hardest task we could give it.

We chose DNA sequencing as that task because the
signal is weak, the event is fast, and the answer has to be
one of four. If the architecture holds there, easier mea-
surements follow. The reason to care is not the price of
a genome, which has already fallen from roughly three
billion dollars to a few hundred [1,2,3]. It is that most
of the medicine waiting on sequence is waiting for it
somewhere inconvenient. A model that learns how geno-
type produces phenotype needs sequence from millions
of people, not thousands [4,5]. A clinician with a criti-
cally ill newborn needs an answer within the shift, not
the week [6]. A diagnostic that belongs in a doctor’s of-
fice needs an instrument that is small, cheap, and free
of fluidics to maintain. None of these asks for a whole
genome first. Each asks for a short, targeted read, pro-
duced cheaply, near the person who needs it.

Today’s high-throughput platforms read a base one of
two ways. They image a fluorescent label attached dur-
ing each cycle, or they detect a chemical byproduct re-

leased when the base goes in [7,8]. Both work well, and
both pay for it in the same currency. An optical platform
needs something to attach a label to, an exposure to cap-
ture it, and a wash to clear the previous cycle before the
next can start. The wash and the exposure set a floor on
cycle time, demand fluidics precise enough to dominate
the cost of the machine [1], and consume a flow cell that
is discarded at the end of every run. Bulk electronic plat-
forms drop the optics but still reset between cycles, and
still read a chemical proxy rather than the incorporation
itself [8]. In both cases the instrument spends most of its
time on housekeeping: moving liquid, resetting the reac-
tion, and taking a picture between every base of a process
that is underneath continuous.

ECSEQ-0 does not label the base. It reads the
electrical disturbance the incorporation itself makes.
While a polymerase extends a surface-bound strand, the
impedance of the electrode-electrolyte interface shifts,
and the shift depends on which base went in. Measuring
that shift by EIS at each pixel is the whole measurement.
Nothing is labeled, nothing is imaged, and no reagent
is exchanged between incorporations, because all four
nucleotides are present throughout. What was a fluidics
problem becomes a readout problem: how many pixels
can be sampled, how fast, and how much compute the
basecalling costs. That is a more tractable problem, be-
cause it is the kind that ordinary circuit engineering and
falling compute prices keep solving.

Reading the event electrically also changes what else
the chip can do. The array is passive and the discrimina-
tion lives in the model, so one array and one reader cover
many assays with a retrained decoder. Sequencing is the
first and hardest of them, not the whole of them, and it
is the one that pays a specific price. The incorporation
signal is visible only while the growing strand remains
within a few nanometres of the electrode, which bounds
reads to tens of bases. Sequencing therefore buys paral-
lelism with read length, which is a fair trade, since time
to a finished genome depends on read length only through
how many runs it takes. Measurements of things that stay
at the surface (a hybridized target, an antibody-antigen
pair, a redox-active metabolite) never reach that limit at
all.

Three things had to be true for this to be worth at-
tempting now, and none of them held for earlier elec-
trochemical sequencing work. Thin-film electrode arrays
can be patterned densely enough to give each clonal clus-
ter its own sensor at micron pitch. Polymerase kinetics
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are understood quantitatively enough to connect an incor-
poration event to an expected electrical signature [9,10].
And models are now good enough to recover base iden-
tity from a noisy multi-dimensional spectrum by using
the sequence around it. Each is unremarkable alone. To-
gether they make per-event impedance sequencing worth
testing.

Reading incorporation this way raises three questions,
and they set the order of the paper. Is the signal actually
base-specific and repeatable? We argue that it separates
into three frequency bands with different physical origins:
a kinetic band from how long the polymerase dwells, a
molecular band from the nucleotide’s dielectric coupling
to the gold, and a faradaic band from base-dependent
oxidation, which is what separates A from G. Together
they carry enough information for all four bases. Is a sin-
gle event strong enough to call? On its own, no, so each
landed template is grown into a clonal cluster and read as
an ensemble average, and the decoder reads a whole read
in context rather than one event in isolation. Can the read-
out scale without an amplifier under every pixel, which
would give back the cost advantage of a passive array?
We treat that as a data-acquisition problem and work it
through in the appendix.

The contributions are: (i) a passive electrochemical
sensor architecture in which the same metal film an-
chors the DNA and transduces the incorporation signal;
(ii) a physical account of the base-specific impedance
signature and the three frequency-separated axes it de-
composes into; (iii) a two-stage basecaller, a per-event
spectral encoder followed by a temporal transformer that
reads the cluster in context; (iv) an evaluation on physi-
cally simulated reads, with a throughput and read-length
analysis that states the conditions under which the ar-
chitecture reaches whole-genome scale; and (v) a front-
end data-rate and basecalling-compute budget, together
with an end-to-end simulation of the readout signal chain
that locates its binding constraint at the analog front
end. We keep read length and throughput apart through-
out, because they are separate constraints: read length is
bounded by interfacial screening geometry at the sensor,
throughput by parallelism in the readout. Neither limits
the other, and conflating them makes one read-length fig-
ure carry two unrelated claims. One caveat governs ev-
erything that follows. No chip exists yet. Every number
reported here comes from a physics simulator, and fabri-
cating the first pixel is our immediate concern after filing
this whitepaper and the associated patents.

II. RELATED WORK

Label-free and electronic sequencing. The closest com-
mercial precedent is semiconductor sequencing, in which
an array of ion-sensitive field-effect transistors detects the
proton released upon nucleotide incorporation, achiev-
ing non-optical, natural-base sequencing at scale [8]. It
reads a bulk pH change integrated over each well, how-
ever, and so does not resolve the incorporation event itself.
Closer in architecture is molecular-electronics sensing,
in which a passive semiconductor chip records single-
molecule enzyme activity electrically in real time, in-
cluding polymerase-class binding kinetics [11]. This is
the nearest reported analogue to our present work, a pas-
sive electrode array reading an enzymatic event as it oc-
curs, differing in that it resolves binding kinetics at in-
dividual molecules rather than an ensemble incorpora-
tion signature decoded into base identity. At the single-
molecule limit, recognition tunneling through a func-
tionalized nanogap established per-base electronic dis-
crimination [12,13], and graphene field-effect transistors
have since discriminated among individual nucleobases
electronically [14]. Both operate on static molecules
rather than during polymerase-mediated incorporation.
ECSEQ-0 differs from all three in reading a per-event,
per-pixel impedance perturbation generated during active
synthesis.

Polymerase-kinetics readout. Single-molecule real-
time sequencing demonstrated that polymerase dynam-
ics are directly readable during synthesis, calling bases
from the timing of fluorescent pulses as the enzyme
incorporates them [9], and later that base modifications
can be inferred from incorporation kinetics alone [15].
This grounds the premise underlying the kinetic axis
that base-dependent polymerase dwell carries callable
information. ECSEQ-0 reads the same kinetics through
their effect on interfacial impedance rather than through
an optical pulse.

Electrochemical impedance sensing of DNA. Electro-
chemical impedance sensing is an established, analyte-
general biosensor modality on functionalized microelec-
trode arrays, applied label-free to proteins and pathogens
as well as nucleic acids [16]. The platform’s application-
generality inherits from this biosensing lineage rather
than from a sequencing-specific one, with sequencing its
most demanding member. Within it, impedance-based
DNA sensing is well characterized for hybridization,
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Fig. 2: Crossbar architecture. Gold surface lines carry the chemical interface and the charge channel; an Al,Og layer isolates
them from the Pt impedance channel; gold readout lines run beneath. One pixel is a single crossing, at 2 um pitch with a ~1 pm
active site.

where EIS detects the formation or mismatch of a pre-
formed duplex on a functionalized electrode [17,18].
That work grounds the interfacial chemistry and measure-
ment modality ECSEQ-0 builds on, but interrogates static
duplexes rather than active synthesis. To our knowledge,
no prior work demonstrates real-time base discrimination
during synthesis by impedance, which is the capability
we are targeting here.

III. OVERVIEW

ECSEQ-O0 centers on a high-density array of passive elec-
trodes, with each measuring the electrical impedance of
the liquid immediately above it. A downstream model
with per-task heads reads those measurements and infers
what is happening there. Nothing in that chain is spe-
cific to DNA. What makes it a sequencer rather than a
pathogen detector or a metabolite monitor is which de-
coder is loaded on top of it. This paper follows the chain
end to end for sequencing, the hardest case we could find.

First a clonal cluster of identical template copies is
grown over each pixel, lifting the per-event signal from a

single molecule to a measurable ensemble average over
the pixel’s area. During synthesis, all four natural nu-
cleotides are present, without wells, and a polymerase
proceeds to extend each surface-bound primer. As each
base is incorporated, an EIS sweep at that pixel cap-
tures the base-dependent perturbation of the interfacial
impedance. This per-event spectrum is passed to a down-
stream basecaller. A per-cycle encoder compresses each
spectrum into an embedding, and a temporal transformer
reads the whole cluster’s embedding sequence to call
each base in sequential context (Fig. 1).

What bounds the method is the reach of the mea-
surement itself. An electrode’s field does not extend
far into an electrolyte, because the dissolved ions rear-
range to cancel it within a few nanometres. Each base
incorporated carries the polymerase active site roughly
a third of a nanometre further from the surface, so af-
ter some nine to twenty-six bases, depending on ionic
strength, the event falls outside the region the electrode
can sense. ECSEQ-O0 is therefore a short-read instrument,
and this follows from interfacial electrostatics rather than
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from any limitation of the model. Resequencing against
a known reference, targeted panels of defined genes, and
most diagnostic questions are all answerable at this read
length, and established short-read platforms sequence hu-
man genomes precisely this way, by covering each posi-
tion many times over.

The sections that follow trace this chain in order. We
first describe the sensor stack, the surface chemistry that
makes an event measurable, the physical origin of the
base-specific impedance signature, and the three axes
along which it separates the bases, and then the model
that decodes this signal. Because the platform is pre-
hardware, the model is currently trained on reads from
a physics-based simulator. We describe both the training
procedure and the planned inversion to real data once a
chip is available. We then report basecalling accuracy on
simulated reads, and close with limitations and the path
to hardware.

IV. METHODS: SENSOR ARCHITECTURE AND SIGNAL

Sections A, B, and D describe the instrument itself: the
electrode stack, its surface chemistry, and the interfacial-
impedance signal it transduces along three discrimina-
tion axes. These are application-general. The same array
and the same three-axis physics read any surface electro-
chemistry a decoder is trained to interpret, with pitch and
active-site size chosen to match the analyte. Sections C
and E are the sequencing-specific layer. Section F con-
solidates every assumption the whole architecture rests
on into one auditable table.

A. Sensor Stack

Every pixel is a vertical stack of a top gold (Au) electrode
and an underlying platinum (Pt) electrode, separated by
anodized Al,Oj3 dielectrics (Fig. 2). The two metals serve
different functions: the Au layer is the chemical inter-
face that binds the DNA template, and the Pt layer is the
impedance transducer. Using two metals rather than one
is what makes frequency decomposition available. The
Au and Pt interfaces relax on different timescales, so their
contributions to the total impedance separate across fre-
quency instead of summing into a single indistinguish-
able response.

The array is addressed passively over row and col-
umn interconnects, with a polymer fill isolating adjacent
pixels to suppress crosstalk (Fig. 3). Localized per-pixel
EIS is the measurement primitive throughout [19], and
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Fig. 3: 2 um pixel pitch array architecture.

the Pt interface provides a stable, low-noise double-layer
response across the full frequency sweep [20]. During
operation, an EIS sweep at each pixel is synchronized
to polymerase-mediated incorporation, and the resulting
perturbation in interfacial impedance is the raw per-event
signal passed to the basecaller. The off-chip readout that
services the passive array, array substrate, excitation, ana-
log front-end, code-division multiplex, and digital de-
mux, is analyzed end to end as a five-stage chain in the
appendix.

Device scales. The architecture is pitch-invariant with
pixel spacing, so one design description covers devices of
very different sizes. Three scales are referred to through-
out. The prototype is a 4-pixel, direct-wired die which
allows us to test the discriminating impedance signa-
ture. The full-spec die is a 960 x 960 array (921,600
pixels, 3.69 mm? active area), a discrimination demon-
strator and targeted-panel device. Panel scale refers to a
2.25x108-pixel array (~900 mm?), the regime in which
whole-genome throughput comes within reach; closing a
genome in a single run needs a larger array still. Sections
4 through 6 concern the architecture and are independent
of scale. The throughput analysis in the appendix is a
panel-scale projection and is marked as such. The three
scales are separated by fabrication capabilities as well as
by area. The prototype is patterned by single-field mask-
less UV exposure, within reach of a self-built exposure
tool, whereas the full-spec die and panel scale require a
foundry.

Operating point. These three scales are one axis of a
larger operating point, scale (pixel count) x read length
x application, on a single sensor architecture, not a fam-
ily of platforms. The architecture is invariant; what moves
along the continuum is where it is operated. At small ar-
ray, short read, and known targets the same chip is a clas-
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sification or targeted-panel device, and at panel scale with
mappable reads and coverage it is a genome sequencer.
Read length is not a free parameter: it is gated by the in-
terfacial sensing envelope, short at the nominal operating
point (~9 bases) and bounded above by convergent ceil-
ings, so this remains a short-read architecture. Buying a
long read back would mean reintroducing microfluidic
control and a flow cell, which is precisely what the design
exists to remove. Crossing from the near-term panel point
to the genome point requires reads that clear the mapping
floor, which is a two-component gate: long enough for
unique placement (~20-25 bases) and accurate enough
that an error-free seed survives (a lower per-cycle timing
CV).

B. Surface Functionalization

The surface is functionalized with a self-assembled
monolayer (SAM) of thiol-anchored primers, immobi-
lized through Au-thiolate bonds [21]. The SAM does two
jobs at once: it attaches the primers, and it is the dielectric
layer whose perturbation the Au channel reads. Function-
alization is therefore part of the transduction stack, not
a substrate-preparation step that precedes it. Optical plat-
forms do not face this constraint, because what the DNA
binds to and what generates the signal are different ob-
jects: a substrate and a camera. Here they are the same
layer, so every functionalization choice must satisfy two
requirements simultaneously. The surface must present
sufficient primer density to support bridge amplification,
and it must not degrade the Au interface’s own double-
layer response, which is the baseline against which the
molecular axis is measured.

Primer density and orientation. Three consequences
follow from those requirements. First, orientation control
is part of what makes the ~1 um cluster geometrically re-
producible from pixel to pixel. Second, density variance
contributes to the ~25% pixel-to-pixel spread in charge-
transfer resistance, which the model treats as a nuisance
parameter. Third, the backfill layer belongs to the mea-
surement rather than to sample preparation. Backfill is
a short thiol-alcohol treatment that displaces nonspecif-
ically adsorbed probe and sets hybridization-competent
probe density [22], and because it also forms part of the
baseline dielectric environment the Au interface presents,
it is measured and held fixed by the blank-chip and post-
functionalization EIS calibration steps. A change in back-
fill density is electrochemically indistinguishable from a

change at the functionalization step, and the same calibra-
tion captures both.

Anchor chemistry and reuse. The 50 to 100-run reuse
estimate is bounded by how many strip-and-reload cycles
the thiol-Au bond survives before thiolate desorption and
oxidation degrade it [21], not by anything about the DNA.
Multidentate anchors, primers terminated in two or three
thiol groups, chelate the gold at several points, so no sin-
gle bond failure releases the strand, and trithiol-capped
oligonucleotides survive thiol-competing conditions that
strip monothiol-anchored strands from the same surface
[23]. Whether this extends reuse at ECSEQ-0’s operat-
ing conditions is untested, and the substitution remains
a low-risk proposal pending hardware validation. Reuse
is a cost lever essentially unique to ECSEQ-0. Compet-
ing platforms sequence on a single-use flow cell, chip, or
wafer, so surface preparation is a per-run cost for them
and a per-reuse-cycle cost here, and the reuse count mul-
tiplies directly into that advantage.

Between-run regeneration. Reuse requires a between-
run cycle that removes the amplified DNA while leaving
the thiol-Au anchor and backfill intact. A denaturing strip,
such as a dilute NaOH or formamide wash, that clears
duplex DNA without approaching the potentials or tem-
peratures that desorb thiolate. Regeneration of this kind
is standard across biosensor platforms [24]. The strip re-
sets the surface to its pre-loading state, re-verified by the
same blank-chip and post-functionalization EIS pair used
at first build. Protocol details, reagent, exposure time, and
the verification threshold for reload, are engineering pa-
rameters to be established on hardware.

Physical confinement. Lateral isolation between pix-
els, the polymer insulating fill, plays the role a pat-
terned nanowell or charged capture pad plays on compet-
ing platforms. It converts amplification from a random-
deposition process into one with an addressable site per
cluster. High-density clonal arrays increasingly favor ge-
ometrically predefined single-cluster sites over random
deposition, because random deposition cannot suppress
the co-localization failure mode (two templates merg-
ing into one unresolvable signal) at high density [1,25].
ECSEQ-0’s version of this constraint is defined by the
SAM/backfill boundary at the pixel edge rather than a
physical well wall. A second and distinct failure mode fol-
lows from that choice. Co-localization concerns two in-
dependently landed templates merging; overgrowth con-



4 Proprium
\r Bioscience

V1Y
\
cerns a single, correctly seeded cluster whose own bridge
amplification carries it past its allotted area. At a 2 um
pitch with a ~1 um active site, a well-formed ~1 pm clus-
ter reaches 0.5 um from its pixel centre and the neigh-
bouring sensing zone begins at 1.5 um, so the cluster has
to roughly triple its radius before it starts reporting into
its neighbour. That margin is set by amplification cycle
count and kinetics rather than by landing statistics, and
without a physical wall to arrest growth there is nothing
but reaction time bounding it. No bound on cluster ra-
dius against cycle count is established here; it is a single-
pixel or bulk-surface imaging measurement, independent
of electrochemical readout, and it is a validation target.

C. Preparation and Loading

Sample preparation uses conventional techniques of
short-read platforms. Genomic DNA is fragmented to the
target read length, and adapters complementary to the
two surface primers are ligated to the fragment ends so
each strand can hybridize to the primer lawn. This is a bor-
rowed, well-characterized primitive rather than a novel
step. As the throughput analysis in the appendix shows,
however, its wall-clock cost dominates the per-run time
budget. Whenever a configuration closes a genome in one
run (nPL > B), sequencing occupies well under 1% of
wall-clock time. At L = 30 roughly 3.5 seconds against
a ~35-minute prep, sO Tyenome ~ Tprep and prep is not
merely the single largest term in time-to-genome but ef-
fectively the only one, even though it is not where the
platform’s technical differentiation lies. Prep chemistry
is not a research question for ECSEQ-0, but prep time
is therefore the single lever on time-to-genome, and the
subsections below treat fragmentation, loading, amplifi-
cation, and quality control as separable levers.

Fragmentation and Adapter Attachment. Fragmenta-
tion and adapter attachment may proceed by either of two
routes. The conventional route employs mechanical or en-
zymatic fragmentation followed by separate end-repair,
A-tailing, and ligation. It is the most widely supported
and the slowest. Tagmentation collapses both operations
into a single step using a hyperactive Tn5 transposase
[26], and rapid transposase kits report hands-on times of
approximately ten minutes rather than hours [27]. Tag-
mentation would therefore reduce prep time substantially
while leaving the array surface unaffected, as both routes
yield a standard adapter-bearing fragment. The selection
is accordingly a bench decision independent of the sensor,

and constitutes the most concrete and lowest-risk lever on
the prep-time budget, pending a direct comparison of the
two routes against ECSEQ-0’s design.

Loading. The prepared library is flowed over the
functionalized array under conditions favouring sparse,
single-fragment landing at each pixel. With Poisson load-
ing the library is diluted so that most sites capture
zero or one molecule, with empty and multiply-occupied
sites discarded downstream. Poisson statistics cap single-
occupancy near 37% whenever discrete sites are seeded
at random [25,28], and competing platforms either ac-
cept that ceiling or engineer past it. Some patterned flow
cells race amplification kinetics against molecule arrival
to suppress multi-templating at a fixed site. Nanoball
platforms capture pre-formed amplicons onto lithograph-
ically patterned, charged binding pads sized for a single
nanoball, and several bead platforms avoid on-array load-
ing statistics altogether, amplifying clonally off-array
by emulsion PCR onto a bead and loading only well-
amplified particles [25,29,30]. Off-array amplification is
structurally incompatible with the sensing mechanism,
which requires the polymerase and its growing strand to
sit directly at the electrode stack, a pre-amplified bead
would still need that contact, adding a capture problem
rather than removing a step. Kinetic-exclusion loading is
not obviously incompatible with ECSEQ-0’s chemistry,
but it is actively defended elsewhere in the field.

ECSEQ-0 has a loading-control option unavailable to
the surveyed platforms, because its array is already a grid
of individually addressable electrodes before sequenc-
ing begins, and the row and column addressing built
for EIS readout can in principle be repurposed during
loading. DNA is strongly polyanionic, carrying roughly
one negative charge per base along the phosphate back-
bone. A modest, transient positive bias at a target pixel
should therefore raise the local electrophoretic or dielec-
trophoretic capture rate of nearby template strands rel-
ative to unbiased neighbours, biasing single-molecule
seeding toward the addressed site without racing ampli-
fication kinetics or pre-sorting particles off-array. The
hardware required is already present for readout, so this
would be close to a zero-incremental-component loading
control, unlike patterned charge deposition (a separate
fabrication step) or bead sorting (a separate fluidic sub-
system). Active-bias loading control is a distinct mecha-
nism from both kinetic-exclusion loading and patterned-
charge-pad capture, and is gated on single-pixel hardware
validation.
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Fig. 4: Isothermal bridge amplification grows a clonal cluster
in place from the primer lawn. A landed template attaches to
a surface primer, its free end bridges to an adjacent comple-
mentary primer, the bridge is extended and denatured into two
surface-bound copies, and the cycle repeats to build the full
~1,000-copy cluster.

Clonal Amplification. A single template does not pro-
duce enough signal to measure, so each landed fragment
is copied in place on the primer lawn by bridge amplifi-
cation [31]. The free end of a surface-bound strand hy-
bridizes to an adjacent complementary primer, a poly-
merase extends the bridge, and denaturation releases two
surface-bound copies. Iterating this cycle grows a dense
clonal cluster of roughly a thousand identical copies over
a single pixel (Fig. 4), lifting the per-event signal from a
single molecule to a measurable ensemble average. Am-
plification runs isothermally (Bst 2.0 WarmStart, ~65 °C),
at the same operating temperature as sequencing, rather
than the thermal-cycled PCR that emulsion-based plat-
forms require off-array. Bridge amplification was chosen
over rolling-circle amplification because this requires the
template to be circularized first and produces a concate-
mer that must then be captured onto a patterned site as a
separate step. Bridge amplification instead grows the clus-
ter outward from the same primer lawn already required
at the electrode for DNA anchoring and molecular-axis
sensing, so the cluster is never detached from the elec-
trode.

Occupancy and Quality Control. Polyclonal pixels, car-
rying more than one template, and under-loaded pixels,
empty or with failed amplification, must both be identi-
fied and excluded before or during sequencing. Optical
platforms detect polyclonal sites by imaging, since an
overlapping or double-intensity cluster is visually distin-
guishable from a clean single cluster, but this requires
the image in the first place. ECSEQ-0 obtains an equiva-

lent diagnostic from a step the calibration chain already
performs. The blank-chip and post-functionalization EIS
baseline established for every pixel before sequencing
sets an expected impedance signature for a well-formed
~1,000-copy cluster. A pixel falling well outside that
range is flagged without a separate imaging subsystem.

D. Electrochemical Signature

Nucleotide incorporation produces localized, base-
dependent perturbations in the interfacial impedance.
Modelling the electrode-electrolyte interface as a
series of constant-phase-element double layers cou-
pled to a charge-transfer pathway, we write the total
impedance as the sum of the Pt and Au contributions,
Z(w) = Zp(w) + Zau(w). Because the two interfaces
have distinct electrochemical relaxation time constants,
their contributions decouple across frequency bands,
encoding base identity along three physically distinct
axes.

Kinetic axis. The kinetic axis dominates the lower-
frequency regime, 100 Hz to 10 kHz, where the Pt
double-layer response is strongest [20]. During incorpo-
ration the polymerase passes through an open nucleotide-
recognition state and a closed ternary conformation, the
latter established as the induced-fit step that discriminates
correct from incorrect nucleotides [10]. Single-molecule
electrical recording of a polymerase resolves the two
states separately and places the base-dependence in the
open one: the closed complex lasts 0.3-0.4 ms and is
largely independent of which nucleotide is incorporated,
while the open state runs 38-71 ms and differs about
two-fold between A-T/T-A and G-C/C-G pairs [60]. The
base-dependent quantity is therefore the cycle duration
rather than the closed-fingers residence time, and because
the perturbation persists for that duration it modulates
the response in this band. Individual dwell times vary
stochastically [9,60], but aggregating over a cluster re-
covers sequence-dependent temporal patterns usable as
classification features.

Molecular axis. The molecular axis appears in the high-
frequency tail of the sweep, 10 kHz to 100 kHz, where
the Au interface response is most pronounced. It reflects
the dielectric and dipole coupling of the incorporated nu-
cleotide to the thiol-SAM interface, a base-dependent per-
turbation of order 15% in interfacial impedance magni-
tude. Unlike the kinetic axis it is dwell-independent, re-
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lying on base-intrinsic amplitude, and so supplies dis-
crimination orthogonal to dwell. The mechanism is well
supported at the molecular end and only partly at the
device end: the four bases differ measurably in dipole
moment and polarizability, with computed polarizabil-
ities ordering C < T < A < G [32], DNA bound at a
gold electrode measurably alters that electrode’s interfa-
cial impedance [33], and per-pixel interfacial-impedance
readout has been demonstrated on a CMOS nanocapaci-
tor array architecturally close to ECSEQ-0’s own, though
on microparticles and living cells rather than on DNA
[34], with high-frequency operation reported to sense
past the screening length under physiological salt on a dif-
ferent transducer [35]. The array and the readout modal-
ity therefore have precedent; per-base dielectric discrim-
ination on them does not. That array work operates up
to roughly 50 MHz [34], so what remains to be estab-
lished on hardware is both the coupling itself and the
band in which it is best resolved. The assignment to 10-
100 kHz is the component of the specification most likely
to move, and the encoder’s molecular branch is given the
full sweep rather than the high tail alone so that it can
locate the perturbation rather than assume it.

Faradaic axis. The faradaic axis resolves residual ambi-
guity within the purine pair, exploiting the distinct intrin-
sic oxidation potentials of the natural nucleotides. Gua-
nine has the lowest oxidation potential, followed by ade-
nine, with the pyrimidines requiring higher and more
sluggish potentials [36]. The same ordering holds for di-
rect oxidation at an electrode, where guanine and ade-
nine oxidize by mechanistically distinct, well-separated
voltammetric steps [37]. Biasing the Au electrode toward
the guanine oxidation onset therefore renders charge-
transfer resistance base-dependent, and this signal is as-
signed to the low-frequency shoulder of the spectrum, 20
to 90 Hz.

The band assignment is a modelling assumption
rather than a measured result. The charge-transfer time
constant is system-specific, so no universal band exists
to assign it to, and published DNA-on-gold impedance
work sweeps broadly without delineating one [38]. That
work also relies on a solution redox mediator, whereas the
faradaic axis proposes direct oxidation of the bases free
of mediators, conventionally characterized by DC voltam-
metry rather than AC impedance [37]. The simulator’s
own diagnostic sharpens the caveat rather than settling it.
Isolating the faradaic R contribution from the dielectric
response already present on the Au channel gives a per-
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Fig. 5: Simulated per-base dwell distributions overlap heavily;
dwell alone cannot separate the bases.

event discriminability of d’ ~ 1.5 against the dielectric
effect’s ~ 2.1, and the isolated faradaic signal is about
as visible in the main 100 Hz—100 kHz sweep as in the
20-90 Hz sub-band. Two things follow. The sub-band is
where the arc is expected to sit at the modelled parame-
ters, not a window the signal is confined to, and the axis
is the weaker of the two Au-channel effects on a single
event. Its value is that it separates the purines, which the
stronger dielectric effect does not, rather than that it is
the larger signal. A charge-transfer resistance closer to
the SAM-blocked baseline would push the arc down into
a band the main sweep cannot reach and make the sub-
band exclusive, which is a design parameter rather than a
fixed property.

Single-pixel validation therefore targets two quanti-
ties: the band in which the arc is accessible at ECSEQ-0’s
geometry, and the bias-control tolerance compatible with
polymerase fidelity and template integrity. Polymerase
kinetics set the frequency floor so the measurement reads
the high-frequency shoulder of the charge-transfer arc.

E. Sequencing Loop

Sequencing proceeds with all four natural nucleotides co-
present in a single pool over the surface-bound clusters,
generated beforehand on the primer lawn by bridge am-
plification [31], run isothermally here with Bst 2.0 Warm-
Start at ~65 °C rather than under the thermal cycling of
the original protocol. A polymerase extends each surface-
bound primer processively, incorporating the comple-
mentary base at each position, and that incorporation is
read in real time from the impedance signature of the
event. In conventional cyclic sequencing the wash clears
unincorporated labeled nucleotides before readout and re-
sets the reaction between cycles [7]; reading the intrinsic
electrochemical signal removes the need for it, since there
is no label to image, nothing to cleave, and no reagent
to exchange between incorporations. Wash-free operation
follows from label-free real-time transduction rather than
being engineered separately.

This places ECSEQ-0 among a small group. Most es-
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tablished platforms are structurally cyclic, repeating add-
reagent, detect, clear-and-reset once per base or per flow
even where an upstream step is itself isothermal [8,29,39].
Only two surveyed architectures are continuous: real-
time single-molecule optical sequencing, which reads flu-
orescence optically from one confined polymerase with
no wash at any point in a run [9], and native nanopore se-
quencing, which reads ionic current as a strand threads a
pore but is translocation rather than synthesis and so has
no incorporation event to read [40,41]. ECSEQ-O0 is clos-
est to the former, both continuous, real-time, synthesis-
driven, and wash-free, differing in that it reads an ensem-
ble of roughly 1,000 co-synthesizing copies at one elec-
trode rather than a single polymerase inside a nanopho-
tonic structure. No platform surveyed combines contin-
uous synthesis with a fully electrical, label-free read-
out and clonal-ensemble amplification. Scaling by pixel
count rather than optical field of view, it offers potentially
higher throughput than either.

Homopolymer runs. A repeated base is where the com-
peting electrical and flow-based chemistries struggle.
Flow-based semiconductor sequencing dispenses one nu-
cleotide species at a time and infers run length from the
magnitude of a single summed signal, so distinguishing
five identical bases from six means resolving a noisy con-
tinuous magnitude into an integer. Independent bench-
marking identifies this as that platform’s characteristic
error mode, with miscalls rising sharply as runs lengthen
[42,43]. Nanopore current is ambiguous for a different
reason. Several bases occupy the constriction at once, so
the current reports a k-mer rather than a single base [44];
within a homopolymer successive k-mers are identical,
so the signal barely changes [45]. At least one nanopore
chemistry exists specifically to convert each base into its
own coded reporter, so a homopolymer reads as separa-
ble events rather than one smeared excursion [46].
ECSEQ-0 was never flow-limited. All four nu-
cleotides are continuously present, so each incorporation
is a separate kinetic event, spaced from its neighbours
by the polymerase’s own kinetics rather than by an im-
posed flow boundary. If successive events stay resolvable
at the sensor’s acquisition rate, a homopolymer should
read as a train of dwell-resolved impedance events rather
than one summed magnitude. Laminar shear across the
array, holding the duplex near-parallel to the surface, is
one long-term route to separating those events spatially
as well as in time. It stands as a testable prediction until
dwell-resolved data over a repeated-base template is in
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hand.

Desynchronization without a cycle boundary. Cyclic
optical platforms lose per-base quality over a long read,
with phasing and prephasing well-characterized con-
tributors alongside signal decay and optical cross-talk
[47,48,49,50]. At each cycle boundary some strands in
a cluster fall behind through incomplete extension, and
others run ahead through incomplete terminator or dye re-
moval. Because every cluster is locked to the same clock,
the error compounds cycle over cycle. Measured rates are
0.5 to 0.8% phasing and 0.4 to 0.6% prephasing per cycle
[48].

ECSEQ-0 has no such clock. Each of the ~1,000
copies in a cluster synthesizes continuously and indepen-
dently, with no wash or cleave step all copies must clear
together. Stochastic per-base kinetics still spread incorpo-
ration events apart over a read, which the simulator mod-
els as an independent noise source. The consequence is
the same: read length is bounded by how far the copies
drift apart. Losing the clock is not a win. It trades a com-
pounding error for an unbounded random walk, and the
walk is worse: spread grows as 0.485,/n bases and passes
one full base within about four cycles, roughly two orders
of magnitude beyond what a cyclic platform contends
with. Wash-free operation buys a simple instrument and
pays for it with a short read.

Reagent Supply Over the Run. With no per-cycle wash,
nucleotides are consumed and byproducts, pyrophos-
phate and protons, accumulate continuously rather than
being cleared each base. Continuous real-time optical
sequencing runs a single loaded chamber to comple-
tion without reagent exchange, an option available to it
because each confinement site observes a tiny volume
and synthesizes correspondingly little DNA [9]. ECSEQ-
0’s ensemble clusters consume far more nucleotides per
pixel, across ~1,000 copies per cluster and up to the full
array. Whether the bulk pool needs periodic replenish-
ment or can run from a single loaded volume is an open
engineering parameter. Either way it does not reintroduce
a fluid exchange step. A bulk exchange on the timescale
of a whole run is a different operation, with different flu-
idic requirements, from the per-base exchange a cyclic
platform performs hundreds of times.

Faradaic Interrogation. The faradaic axis runs by de-
fault, which raises one scheduling choice. The elevated-
potential guanine interrogation can run continuously
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alongside the low-potential kinetic and molecular sweep,
or as short pulses interleaved between longer low-
potential periods. Pulsing gives up some faradaic duty
cycle, and so some fraction of events that benefit from
the third axis, in exchange for a bounded exposure bud-
get per run rather than an unbounded one. Which sched-
ule is required, and what duty cycle is safe, is among the
questions single-pixel validation is designed to answer.

F. Assumption Register

The architecture rests on a set of modelling assumptions
and unvalidated mechanisms. Each is flagged where it
arises, here or in the appendix; Table | consolidates them
so they can be audited and, more to the point, counted.
Collecting them hides nothing. It does the opposite: it
makes the open surface of the design finite and visible on
one page, with each entry’s status and the measurement
that would settle it.

Two things are worth reading off the table. The entries
are concentrated in the surface chemistry and the read-
out back end rather than in the sensing thesis itself, and
most of them are settled by the first two pieces of hard-
ware, a single pixel and then a small array. Every result
in this paper is conditional on this register, and its most
load-bearing entry is the first line of the next experiment:
that a real incorporation produces a base-discriminating
impedance signal at all.

V. MobEL

The basecaller has two stages: a per-cycle encoder that
compresses each spectrum into an embedding vector, and
a temporal transformer that reads the cluster’s full embed-
ding sequence and predicts each base in context (Fig. 0).
The split follows the structure of the problem. A single in-
corporation event is ambiguous, so the encoder does not
call the base but organizes a separable representation of it,
and the temporal stage resolves the remaining ambiguity
by reading each event alongside its neighbours. The array
itself is not specific to sequencing: it reports a per-pixel
impedance spectrum and the interpretation lives entirely
in the model, so the same hardware with a retrained de-
coder could in principle read other surface processes.

A. Input Representation

Each pixel reports one complex impedance spectrum per
incorporation event: a 62-point frequency sweep, com-
prising a 50-point main band from 100 Hz to 100 kHz
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and a 12-point faradaic sub-band from ~20 to 90 Hz.

Perturbation representation. The model consumes not
the raw spectrum but the change between two states
on the same pixel, the impedance during an incorpora-
tion against that pixel’s quiescent baseline, in polar form,
as a log-magnitude change and a phase change at each
frequency, concatenated into a 124-dimensional vector
(Fig. 7, Fig. 8).

A
Alog|Z| = log Zeven (1a)
’Z ’baseline
ASD = Pevent — Pbaseline- (lb)

Two physical reasons motivate this. The log-
magnitude difference makes the input a ratio against
the pixel’s own baseline, which cancels per-pixel offset.
Absolute impedance varies substantially across the array,
with charge-transfer resistance spanning roughly 25%
pixel to pixel from fabrication and functionalization
tolerances, but the event-to-baseline ratio within a
pixel is stable regardless, so the encoder never has to
learn around a scale it cannot see at inference. Phase
is orthogonal to magnitude, capturing the shift in reac-
tive/resistive balance that magnitude alone misses, and
together the two form the natural polar description of an
EIS perturbation.

Dwell time. Dwell time is carried alongside the spectrum
as a separate scalar rather than folded into it, because
dwell is a distinct physical quantity, the base-dependent
duration of the polymerase’s catalytic cycle, dominated
by its open-state recognition step [60], not a spectral fea-
ture. It is the physical carrier of the kinetic axis, and
the quantity the encoder would otherwise have to re-
cover indirectly from the low-frequency band. Dwell dis-
tributions are strongly right-skewed and overlap heavily
between bases (Fig. 5), so the scalar is log-normalized
against a 100 ms reference, which compresses the tail
and lets the network see a signed deviation from typical
dwell rather than an absolute count. It is supplied a sec-
ond time to the temporal stage as a per-position bias, be-
cause the encoder’s fused embedding discards most fine-
grained dwell statistics.

B. Encoding Stage

Branches. The first stage is a tri-branch 1D convolu-
tional network whose branches mirror the three discrim-
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Table 1: Assumption register. Every modelling assumption, proposal, and unquantified mechanism the architecture depends on,
with its status and the measurement that retires it. Status is one of hypothesis, the claim the platform rests on; assumed, a value,
band, or protocol taken as given; proposed, a mechanism asserted but never tested; unquantified, known to matter with no bound
established; simulated, supported by simulation alone; and contested, measured evidence disagrees with what is used here.

Assumption or mechanism Status What would settle it Where
Incorporation produces a reproducible, base-discriminating hypothesis single-pixel EIS during synthesis §IV.D, §VII
impedance signature at a ~1 um? pixel
Molecular axis: per-base dielectric coupling resolvable in assumed single-pixel EIS on a functionalized Au electrode §IV.D
the 10—100 kHz band at a gold electrode
Faradaic axis: signal in the 20-90 Hz band, and elevated Au  assumed single-pixel faradaic interrogation §IV.D, App.
bias compatible with polymerase fidelity
Faradaic exposure: irreversible guanine oxidation dilutes the  simulated duty-cycle comparison, continuous against pulsed bias SIV.E, App.
newest event against prior bases still inside the envelope
Faradaic axis’s contribution to accuracy unquantified ~ a matched faradaic-on/off ablation carried to completion at §VLB

one read length
Surface reuse of 50-100 runs assumed strip-and-reload cycling on hardware SIV.B
Multidentate anchor extends reuse past the monothiol proposed qualification against the monothiol baseline §IV.B
baseline
SAM-preserving denaturing regeneration strip assumed characterize the strip on hardware §IV.B
Cluster does not overgrow its pixel within the amplification unquantified  cluster radius against cycle count, by imaging §IV.B
cycle count
Active-bias loading control biases single-molecule seeding proposed capture rate at the pixel geometry §IV.C
Occupancy QC against the pre-sequencing blank-chip and assumed test against known multi-templated pixels §IV.C
post-functionalization baseline
Homopolymer runs resolve as dwell-separated event trains proposed dwell-resolved data over a repeated-base template SIVE
Cluster stays in positional register long enough for adjacent simulated per-copy cycle-time distribution for Bst 2.0, specifically its App.
incorporations to resolve Ccv
Passive-matrix line RC does not derate the 100 kHz band at unquantified  line-RC modelling, then measurement App.
array scale
Shared-converter readout preserves the basecall simulated front-end noise at the real integration time App.
Analog baseline nuller holds drift to <0.52% between simulated nuller drift on hardware App.
calibration and event
Sensing horizon extendable from ~9 bases to the ~20-25 unquantified  screening extension over a catalytically active polymerase App.
base mapping floor
Simulator parameters (dephasing rate, band assignments, assumed recalibration against a measured chip §VI
noise magnitudes) partly estimated
Per-base dwell ordering (G slowest, A fastest) contested per-base cycle-time measurement for Bst 2.0 at 65 °C; the §IV.D, §VI

nearest single-molecule result groups by pair type instead
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Fig. 6: The two-stage basecaller: a tri-branch per-event encoder feeds a temporal transformer that calls each base in sequence
context.

the ~20 to 90 Hz sub-band, carrying the base-dependent
charge-transfer signal that separates A from G. Mak-
ing the decomposition explicit gives each branch a well-
scoped target rather than forcing one network to disentan-
gle the axes from the full spectrum. The faradaic branch’s

ination axes. A kinetic branch convolves over the low-
frequency band, roughly 100 Hz to 10 kHz, carrying
the Pt dwell-correlated signal. A molecular branch spans
the full 100 Hz to 100 kHz main sweep, carrying the
Au dielectric and dipole signal. A faradaic branch reads
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Fig. 8: The Alog|Z| and Ay perturbation actually fed to the
encoder for the same events. This is the signal the model sees.

band is a scoping choice on the same footing: in sim-
ulation the same charge-transfer signal is about equally
present in the main sweep (§IV.D), so the sub-band is
where the branch is pointed rather than the only place
the signal lives. The molecular branch is given the whole
main sweep rather than only the 10 to 100 kHz tail where
the Au response physically dominates, so that it can ref-
erence the dielectric perturbation against the lower-band
baseline instead of assuming the tail’s location in ad-
vance.

Layers. The kinetic and molecular branches are convo-
lution stacks of channel width 64, 128, 256, with GELU
activations, batch normalization, and light dropout. The
faradaic branch is a lighter stack at 32, 64, 128. Each is
followed by global average pooling. The three pooled out-
puts are concatenated to 640 dimensions and projected
to a 256-dimensional embedding, onto which the log-
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normalized dwell scalar is concatenated and projected
back to 256.

Training. The encoder is trained as a per-event classifier
and reaches ~50% accuracy on the current L=30 reads.
That is far short of production grade, because a single
event remains ambiguous. Its purpose is to structure a sep-
arable embedding space rather than to call bases. Three
heads run during pre-training. A primary 4-class head
calls A/C/G/T. A purine-versus-pyrimidine head orga-
nizes the embedding along the axis the physics separates
most cleanly, so the temporal stage inherits a represen-
tation in which the within-group pairs A/G and C/T are
already partly separated. A G-versus-not-G head gives
the faradaic branch a direct gradient toward the guanine-
oxidation feature the other two are blind to. Label smooth-
ing softens the two confusable pairs during training. The
faradaic branch supplies the per-event separation of the
A/G pair the other axes lack, and guanine in particu-
lar is resolved cleanly. A completed faradaic-on versus
faradaic-off ablation is outstanding at both read lengths.

C. Temporal Stage

Architecture. The next stage is a transformer encoder
over the sequence of per-cycle embeddings, on the order
of 6 layers and 8 attention heads, with sinusoidal posi-
tional encoding and pre-layer-norm blocks. Because base-
calling is offline, attention is bidirectional, so each posi-
tion reads both upstream and downstream context. Dwell
is injected again here as a learned per-position bias, be-
cause the encoder’s fused embedding discards most fine-
grained dwell statistics. The context window holds ~600
cycles. This is an architectural capacity, not a claim about
read length, which the sensing geometry bounds to tens
of bases. The window is sized well above that bound so
the same model serves whatever length the sensing geom-
etry permits.

Output. A linear head maps each position to four base
logits, one set per pre-segmented event. The stage emits
calibrated per-base posteriors rather than bare argmax
calls. Every downstream variant caller consumes per-
base quality and weights by it, so a calibrated softmax
distribution over {A,C,G,T} is a required output of the
architecture, not an optional addition.

Performance. This stage carries most of the remaining
accuracy, resolving ambiguity single events cannot by
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reading each base alongside its neighbours’ kinetics and
local sequence. It lifts the call from the encoder’s ~50%
per-event to 71.2% per-base, Phred Q5.4, on the current
L=30reads. That is a substantial gain but still short of the
Q20 (99%) production floor. The residual and the path to
closing it are set out below. On a production free-running
stream this stage becomes a segmenting decoder over
frames rather than a per-position classifier over events.

D. Training

Data. The model is currently trained on synthetic reads
from a physics-based simulator, which produces ground-
truth-labelled spectra by modelling the full chain from
polymerase kinetics through Pt/Au transduction, cluster
dephasing, and correlated noise.

Phases. Training proceeds in stages rather than end-to-
end from scratch, which stabilizes the two differently
shaped stages and keeps cost down. The encoder is pre-
trained first on individual events under the multi-task ob-
jective above. Its weights are then frozen and its embed-
dings pre-computed once over the full dataset, so the tem-
poral transformer trains against fixed embeddings with-
out re-running the encoder at each step. A short lower-
learning-rate phase fine-tunes the temporal stage. An
optional final phase unfreezes the encoder for end-to-
end fine-tuning at a much smaller encoder learning rate,
protecting the pre-trained features while letting the two
stages co-adapt. Training runs in bfloat16 under AdamW
throughout.

Calibration. Because the model must emit usable qual-
ity scores, calibration is a training-time objective along-
side accuracy, evaluated by expected calibration error
(ECE) and a reliability diagram rather than by accuracy
alone. On the current reads the raw softmax is already
well calibrated at ECE 0.045, and temperature scaling
does not improve it, so the raw posteriors are used directly
as per-base quality scores.

Post-fabrication. The synthetic-first procedure then in-
verts. The simulator is recalibrated against the measured
parameters of the real chip, and the model is fine-tuned
from its existing checkpoint onto real data rather than re-
trained from scratch. A learned frequency-band selector,
a differentiable mask that collapses the 62-point sweep to
only the frequencies carrying signal [51,52], would both
speed hardware acquisition and serve as a separability di-
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agnostic.

VI. EXPERIMENTS

Every result below is measured on simulated data, not on
hardware. The simulator generates ground-truth-labelled
spectra by modelling the full chain from polymerase ki-
netics through Pt/Au transduction, cluster dephasing, and
correlated noise, so what follows reports the decoder’s
ability to invert that simulated physics rather than a mea-
surement of a device. These numbers indicate the signal
carries the information the model needs to separate four
bases, and that a decoder can recover it, which is the nar-
rower question that has to be answered first: an instrument
whose signal cannot be decoded in principle is not worth
fabricating. What follows characterizes the accuracy the
two-stage decoder reaches, and where its residual error
falls against where the physics predicts it should.

Simulator provenance. Most of the simulator’s param-
eters are literature-derived, including polymerase dwell
distributions and base ordering, scaled from single-
molecule real-time interpulse durations [9], base dielec-
tric and oxidation properties [32,36,37], and the CPE-
Randles interface model. The per-base ordering is the
weakest of these. Its two-fold spread agrees with di-
rect single-molecule measurement, but that measurement
groups the bases by pair type, A-T/T-A slow against
G-C/C.G fast, rather than reproducing the ordering used
here, and one smFRET study reports no significant base
dependence at all [60]. The cluster-dephasing rate, the
band assignments for the molecular and faradaic axes,
and the correlated-noise magnitudes are estimated. How
many there are matters more than any single value, since
together they set how far these results rest on the simu-
lator rather than on measured physics. Each is retired at
post-fabrication recalibration, when the simulator is fit
to the measured chip. We report two training runs on the
same architecture at two read lengths. The short-read run
(L=30) sits at the top of the range the sensing geome-
try could permit, marginally past the 26-base ceiling the
most dilute polymerase-compatible buffer allows, and is
the operating point of targeted panels and resequencing.
The long-read run (L=100) sits beyond that horizon, so
it measures decoder capacity given a long context rather
than a supported operating point. We report it because it
bounds what the temporal stage can do given context the
sensor cannot yet supply.
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A. Short-Read Run (L = 30)

We evaluate the full pipeline on held-out simulated reads
with the faradaic axis enabled. Accuracy is reported per-
event, the encoder calling each incorporation in isola-
tion, and per-base, the temporal stage calling each posi-
tion in cluster context. Both are four-class problems at
25% chance. The per-event encoder reaches 50.1%, as ex-
pected for a single ambiguous spectrum read without tem-
poral context. No faradaic-on/off ablation has been com-
pleted at either read length, but the per-class results below
show the faradaic axis working, with the guanine and A/G
channels essentially resolved. The temporal stage carries
the call the rest of the way, lifting per-base accuracy to
71.2%, or Phred Q5.4 under Q = —10log;p(1—acc). Un-
freezing the encoder for a final phase changes this negli-
gibly, from 71.0% to 71.2% (Fig. 9), indicating that the
frozen-encoder representation is already near the joint op-
timum.

Q20 (99%) is the production floor, with Q30 (99.9%)
the target for consensus over coverage, and the current
figure sits below both. Two things indicate the gap is ad-
dressable. The residual is structured rather than random,
concentrating on a single base pair rather than spread-
ing across all four, which localizes it to a missing dis-
crimination axis rather than to noise. There is also di-
rect precedent on the decoder side, since successive base-
caller architectures on nanopore raised both read and con-
sensus accuracy substantially on an unchanged physical
signal, with network capacity and better-matched train-
ing data each contributing measurable gains [53,54]. To-
gether they place the shortfall in the current decoder and
signal model rather than in the measurement itself.

The residual error is not distributed as the earlier
synchronous-ensemble model suggested. The faradaic
axis performs as intended: guanine is called at 98.8%
with no dominant confusion, and the A<+G purine pair
is essentially resolved, accounting for 1.3% of all errors
and under 0.4% of all calls. The limiting channel is in-
stead the pyrimidine pair, which the faradaic axis does
not target by design. Adenine is called at 75.3%, los-
ing predominantly to thymine, and cytosine at 65.2%,
losing to thymine and adenine; thymine itself is called
correctly in only 45.0% of cases, and C<>T constitutes
the largest single error channel (Fig. 10). Errors are con-
sequently divided approximately evenly between transi-
tions (46.7%) and transversions (53.3%), so the residual
is not transition-shaped. It is systematic, attributable to
one base, one interface, and one absent discrimination
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Table 2: Probability that a read is error-free, accl, at the cur-
rent accuracy and at the Q20 and Q30 targets. The L = 100
entry at current accuracy is omitted: 0.712 was measured at
L = 30, and the separately trained long-read run is not a sub-
stitute for it.

Per-base accuracy L=30 L =100
0.712 (current, L=30 measured) 3.7 x 107°

0.99 T4% 37%
0.999 97% 90%

axis, and therefore recurs across independent reads at the
same reference position rather than averaging out with
depth. The indicated mitigation is a fourth discrimination
axis, or stronger dielectric contrast, for the C/T pair.

Quality scores and mappability. Per-base accuracy con-
verts to a Phred quality by Q = —10log;¢(1—-acc), so the
71.2% reported here is Q5.4, against a production floor of
Q20 (99%) and a Q30 (99.9%) target for consensus over
coverage. The gap is a viability gate rather than a quality
metric, because a read is only useful if it maps, and the
probability that a read is error-free falls as acc’” (Fig. 11).

At 71.2% and L = 30 a read carries approximately 8.6
errors, leaving error-free stretches of roughly three bases
and a 3.7 x 107° chance of an error-free read (Table 2).
Seed-and-extend mapping against a 3.2 Gb reference re-
quires seeds long enough to be near-unique, and a three-
base match occurs on the order of 107 times in a genome
that size, so the read cannot be placed. The results indi-
cate where the remaining accuracy sits. Temporal context
is the largest demonstrated lever, since the same architec-
ture reaches 89.6% per-base at L = 100, though realizing
itrequires read lengths the sensing geometry does not cur-
rently permit. The confusion structure points to a second,
a fourth discrimination axis for the C/T pair, which ac-
counts for the largest error channel and thymine’s 45.0%.
Consensus over coverage is a third in principle, but is un-
quantified here and bounded by the correlated residual
below. The 71.2% figure is measured at L. = 30 and is not
extrapolated to any other length.

Caveats. Four qualifications bound these numbers.
Single-call, not consensus: every figure is a per-event or
per-base accuracy, and because the residual is correlated,
consensus will not follow the naive binomial that would
otherwise place it well above the per-base figure. Simu-
lated ground truth: the accuracy characterizes the model
and simulator jointly rather than a fabricated device,
and its value lies in establishing that the three-axis
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Fig. 9: Training curves by phase. Phase 1, encoder pre-training, 50.1% per-event. Phase 2, temporal stage over a frozen encoder,
71.0% per-base. Phase 3, end-to-end fine-tuning, flat at 71.2%.
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Fig. 10: Per-base confusion after fine-tuning, row-normalized (left) and as raw counts (right). Guanine resolves cleanly at 0.99
and the A<+ G pair with it; the residual concentrates on the C<+T channel, with thymine called correctly in 0.45 of cases.

signal carries sufficient information to discriminate
four bases, and in locating the residual where the
physics predicts. Ensemble in phase by construction:

the simulator implements the attrition dephasing bound
rather than the phase-spread model, so these results do
not test basecalling from a smeared ensemble in which
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Read usability against length
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Fig. 11: Left: reliability of the raw posteriors, already calibrated at ECE 0.045, with temperature scaling making it marginally
worse. Right: the viability gate. acc” against read length at the measured accuracy and at the two Phred targets; the measured
curve is at the floor well before the mapping length.

off-position copies contribute inter-symbol interference.
Perfect segmentation: each figure assumes one spectrum
per incorporation, a condition hardware does not provide,
so the reported residual comprises substitutions alone,
with insertions and deletions unrepresented.

Context ceiling. The decoder is not signal-limited so
much as context-limited, and context is bounded not by
the model but by the interval over which an incorpora-
tion event remains inside the electrode’s screening en-
velope. Any mechanism that holds the growing strand
within that envelope for longer therefore acts directly on
accuracy, without modification to the sensor, the chem-
istry, or the decoder. The 89.6% obtained at L = 100 is
what the present architecture already achieves given the
context an extended envelope would supply. Read length
and accuracy are consequently a single problem rather
than two.

B. Long-Read Run (L = 100)

The numbers. L=100 exceeds the array’s Debye sensing
horizon and is not a supported operating point. What it
isolates is decoder capacity given abundant context. The
temporal stage reaches 89.6% per-base and the per-event
encoder 76.7%, so the simulated signal carries enough in-
formation for a decoder to approach 90% given long con-
text, which the physics does not allow with freestanding
anchored DNA strands.

The faradaic axis, run over run. The third axis was not
ablated under control at this read length. The matched
faradaic-off arm was stopped three epochs into encoder
pre-training, once its validation curve confirmed parity
with the preceding dual-branch run, so what follows com-
pares two separately trained runs rather than two arms of
one. Read that way, adding the faradaic branch narrows
the purine wall from roughly 12—-13% to roughly 9% of
A and G calls and lifts per-base accuracy from 88.2% to
89.6%; the per-event encoder moves further, from ~54%
to 76.7%, because the temporal stage was already recover-
ing most of the ambiguity the encoder leaves. The pyrim-
idine wall is unmoved, which is the same C/T residual
the short-read run localizes. A completed within-run ab-
lation, at either read length, remains outstanding.

The limit. The incorporation signal is observable only
while the polymerase active site sits inside the electrode’s
screening envelope, roughly 3 nm or some nine bases at
the ionic strength an active polymerase requires. Each
base carries the active site 0.34 nm farther out, so the
event leaves the sensing volume within tens of bases. This
is interfacial electrostatics, not a limit of the model, and
no amount of compute lifts it. The long-read number is
therefore not a target to train toward. It is a measurement
of what the decoder would give back if the sensing en-
velope were extended, and extending the envelope is an
interfacial-engineering problem, worked through in Ap-
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C. Data and Code Availability

The physics simulator that generates every dataset used
here, the dataset definitions, and the basecaller with its
training scripts are maintained as a single repository and
are available from the authors on request. For a platform
whose thesis is that the capability lives in the decoder
rather than in the chip, the decoder and the model of the
physics it inverts are the artifacts worth auditing, and the
accuracies above are reproducible only against them.

VII. DiscussioN, LiMITATIONS, AND FUTURE WORK

ECSEQ-0 is a passive electrode array read out by a
learned decoder, developed here against its hardest ap-
plication, label-free and wash-free sequencing by synthe-
sis. What the design removes is most of what makes a
sequencer expensive. There is no fluorescent label, no op-
tical path, no camera, no flow cell consumed per run, and
no reagent exchange between bases. What remains is a
lithographically patterned surface held at a single temper-
ature, a bulk reagent pool, and a model.

Two claims follow. The architectural claim is that
reading incorporation electrically rather than optically
moves the throughput bottleneck off the fluidics and onto
readout electronics and compute. The figure of merit be-
comes an areal base rate independent of architecture, un-
der which a single-run genome is a condition on paral-
lelism rather than on time, contingent on an array scale
not yet built. The physical claim is that the incorporation
signal separates into three frequency-distinct axes carry-
ing enough information to discriminate all four bases,
with a faradaic axis introduced to break the purine pair.
Both concern the array and its signal. The decoder and
the application are the parts meant to change, which is
the property that matters most. The instrument improves
with the model, and the model improves without refabri-
cation.

A. Limitations

Simulated data. All results are on simulated reads. The
accuracy figures reflect the fidelity of the physics simula-
tor rather than a measurement on hardware, and the tran-
sition to a real chip is a calibration-and-validation step
whose outcome is not yet known.
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The faradaic axis. The axis the model relies on for
A<++G separation is the least established of the three. Its
band assignment and the compatibility of elevated Au
bias with polymerase fidelity are both modelling assump-
tions to be tested, and its contribution to accuracy rests
on a comparison across two separately trained runs rather
than on a completed control arm. Beyond either, the axis
is destructive by mechanism, since guanine oxidation is
irreversible and the measurement consumes the base it
reads. That imposes a cumulative-exposure budget over a
run and dilutes signal against previously oxidized bases
still inside the sensing envelope, neither of which the re-
ported accuracies model.

Read length. The incorporation signal is observable
only inside the electrode’s screening envelope, tens of
bases, so ECSEQ-O0 is a short-read architecture. Dephas-
ing is a second ceiling at the same order, and on nominal
kinetics the tighter of the two, which a measured per-copy
cycle-time distribution will settle. The question it raises
is not whether the cluster stays in phase, because it does
not, but whether the basecaller can deconvolve a continu-
ously smeared ensemble, which is nanopore basecalling
in kind and has a known model class to attack it.

Surface reuse. The reuse estimate underpinning the cost
argument is a mechanism rather than a measurement, and
the multidentate anchor proposed to extend it is untested
at operating conditions.

Correlated residual. The basecaller’s error is structured
rather than random. It concentrates on the C/T pair,
thymine in particular, and traces to a single missing dis-
crimination axis rather than to noise. The consequence
is that coverage does not remove it, since the same er-
ror recurs at the same reference position across inde-
pendent reads. Because the cause is absent information
rather than excess noise, only added information resolves
it, and a fourth discrimination axis for the pyrimidine pair
is the decisive route. Calibrated posteriors consumed by
a caller that models the confusion structure, and both-
strand observation, reduce the impact without removing
the cause.

Short reads. What a read must be is mappable, not long.
Unique placement against a 3.2 Gb reference requires
roughly 20 to 25 bases at sufficient per-base accuracy,
well short of the 2x 150 bp of established short-read plat-
forms, and reference-based resequencing at that length
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is well characterized rather than novel. Targeted panels,
the platform’s first buildable application, need less still,
since the reference is a defined set of loci rather than a
whole genome. De novo assembly and the spanning of
long repeats are out of scope unless the sensing mecha-
nism changes, and we do not claim them. Keeping this
separate from the throughput analysis matters, because a
read-length figure otherwise carries two unrelated claims,
how fast a genome can be produced and what can be re-
solved once it is.

B. Read-Length, Accuracy, and Parallelism

Read length, per-base accuracy, and array parallelism
are one constraint rather than three. Physics bounds read
length, L < min(Lgeom, Lcon), With both terms landing
at tens of bases. Accuracy then becomes a viability gate
rather than a quality metric, since the probability a read
is error-free is acc”, which reaches 3.7 x 107° at 71.2%
and L = 30, or roughly 8.6 errors per read. Throughput,
nPL > B, is the one inequality short reads can still sat-
isfy, and the only place a short read is compensable by
pixel count.

ECSEQ-0 is therefore one architecture read at differ-
ent points on a continuum. The targeted-panel device and
the whole-genome sequencer are the same sensor, and
what the instrument can address expands up that ladder
as the physics matures and the array grows. Every rung is
gated on the two-component mapping floor of length and
accuracy, and every rung stays short-read, since whole-
genome is reached by coverage rather than by long reads.

C. Beyond Sequencing

The same passive array and learned decoder define a
broader instrument, and its most distinctive uses are the
ones sequencing’s read-length limit does not touch. The
screening envelope bounds sequencing because synthe-
sis carries the event away from the electrode. Something
bound at the surface, a hybridized target, an antibody-
antigen pair, a redox-active metabolite, sits inside that
envelope permanently and is not read-length-limited at
all. Because the readout is continuous and the bottle-
neck is compute rather than fluidics, such measurements
can run as long-duration monitoring rather than single-
shot tests, and each inherits the same compute-scaling
advantage as the sequencer. Label-free pathogen detec-
tion, targeted molecular panels, and continuous multi-
analyte biomarker monitoring are the natural next chips
on the same reader, named here as directions the archi-
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tecture supports rather than as results. What they share
with sequencing is the entire stack beneath the applica-
tion, the array, the reader, the decoder, and the simulator-
and-calibration flywheel each new chip inherits from the
last.

D. Next Experiment

The whole program gates on one measurement. Does a
single natural-base incorporation, in a clonal cluster on
a roughly 1 um? Au/Pt pixel, produce a reproducible,
base-discriminating impedance signature above the noise
floor? Pre-registered gates convert that into a decision,
with thresholds set from the blank-chip baseline before
the run, since a threshold chosen after seeing the data is
not a kill criterion.

Five risks are ranked. Cluster dephasing is gated on
phase coherence to a pre-set cycle count on a known tem-
plate, and failure sends the design to controlled-cycle op-
eration, phase tracking, or a single-molecule fallback. Per-
event signal-to-noise at 1 um? is gated on mean AZ/Z
clearing measured noise by a pre-set margin, and failure
requires sensor redesign before scale-up. The molecular
axis is gated on resolvable per-base dielectric contrast in
the 10 to 100 kHz band, and failure points to a fourth dis-
crimination axis. Sweep timing is gated on acquisition fit-
ting inside the roughly 66 ms incorporation window, and
failure calls for a pulsed or sub-banded schedule. Per-base
accuracy is gated on reaching Q20 at the achievable read
length, without which the architecture is not viable for
resequencing.

The immediate work is hardware. Fabricate a single
pixel, run the blank-chip and post-functionalization cali-
bration, recalibrate the simulator against the measured in-
terface, and fine-tune the basecaller onto real reads. Event
segmentation is the next step on the model side, since
the reported accuracies assume delimited events while
the device delivers an unsegmented stream. Inferring the
alignment rather than being given it is a CTC or trans-
ducer problem, the class that carries nanopore basecall-
ing. Successive architectures on that unchanged physical
signal moved read accuracy into the high eighties and low
nineties, with the conditional-random-field decoder out-
performing CTC [53,54].

If the per-event signal survives the move to hardware,
the near-term instrument is a short-read electrochemi-
cal sensor with targeted DNA panels as its first appli-
cation. The ladder above it is gated in order. First per-
base accuracy to Q20, the threshold everything down-
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stream rests on. Then array area, which decides whether a
genome closes in one run. Then the multiplexed readout
back end. Last sample preparation, which dominates wall-
clock time but is borrowed and already met with margin.
At the top is the aspiration that motivates the platform
rather than a claim it makes today, massively parallel low-
cost sequencing at population scale, the substrate a gen-
eral genotype-to-phenotype model would ultimately re-
quire. The short-read instrument characterized here is the
first step toward that array.

The array is the part that has to be built once. It is
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fixed, passive, and deliberately cheap, and its whole job is
to report the state of its own surface honestly. Everything
that turns that report into an answer is a model. An instru-
ment built this way improves on the schedule of machine
learning rather than that of semiconductor process devel-
opment: the chip that reads a panel today reads it better
next year, and reads something else entirely the year after,
with no one returning to the fab in between. The chip is
not the instrument. The model is, and the chip exists to
give it something to look at.
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APPENDIX B. RANDLES—CPE SysTEMS

Electrodes in contact with a buffer form an electrical
double layer, which is a compact Helmholtz layer and a
diffuse Gouy-Chapman layer of counter-ions. To an AC
stimulus the interface behaves as a double-layer capaci-
tance in parallel with a charge transfer pathway. In series
with the solution resistance this yields the Randles model.

Because real electrodes are rough and have a distribu-
tion of relaxation times, the ideal capacitor is replaced by
a constant-phase element.

Zlayer(w) = Rs + 1 (2)
'UJ (0% + -

Each element is physical: R is the bulk electrolyte
path; ) and « describe the double-layer charging; R
gates faradaic electron transfer across the interface;
and Zyy (see Warburg diffusion) captures the diffusion-
limited tail. An incorporation event moves one or more
of these elements; EIS resolves the move frequency-by-
frequency.

APPENDIX C. LocAL INCORPORATION

A correct dNTP incorporation is not a single instanta-
neous step but a sequence of physical changes localized
at the SAM-tethered primer lawn, each of which touches
the double layer. Phosphodiester bond formation releases
a pyrophosphate (PPi) anion and a proton, both charged
species appearing within nanometres of the electrode,
transiently shifting local ionic strength and the charge bal-
ance of the double layer. The screening cloud of counter-
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ions then re-equilibrates around the new charge state
of the primer terminus, modulating Cy. Meanwhile the
polymerase cycles through nucleotide recognition in the
open state and closed-fingers catalysis, the two together
making up the dwell, and the incorporated nucleobase
changes the steric and dielectric environment at the thiol-
SAM surface.

Three circuit elements move. The double-layer CPE
(Q) is the dominant observable: ionic rearrangement
and the conformational change directly modulate double-
layer charging, and at the 1 um? pixel scale area scaling
pushes R very high, so the parallel combination col-
lapses onto the CPE branch and the measurable AZ/Z is
carried almost entirely by AQ. The charge-transfer resis-
tance (R,) is faradaic, moving when the interface actu-
ally passes electrons, as in base-intrinsic oxidation under
bias; it is negligible at benign potential but the deliberate
handle behind the faradaic discrimination axis detailed
below. The Warburg term (Zy) moves with the transient
diffusion of the released ionic species, dominates the low-
frequency tail, and blends into the CPE as o« — 0.5.

A DC measurement collapses the interface to a single
number and cannot separate mechanisms that live at dif-
ferent timescales, whereas AC impedance spectroscopy
resolves the response across frequency, where the phys-
ical mechanisms map cleanly onto bands. The lower
bound of a usable sweep is set by the event window: the
fastest base’s dwell (~66 ms, adenine) means a frequency
is only measurable if the event outlasts ~1/f, fixing a prac-
tical floor near 100 Hz. Frequency resolution is therefore
not a convenience; it is what makes the distinct physical
mechanisms separable at all.

APPENDIX D. FARADAIC DISCRIMINATION AXIS

Motivation. The Pt kinetic axis reflects polymerase con-
formation, and A and G share overlapping dwell distri-
butions; the Au molecular axis as currently modelled is
a non-faradaic dielectric/dipole effect and does not, on
its own, encode the feature that most strongly separates
A from G. The faradaic axis supplies that feature, and in
simulation it does its job: guanine is called at 98.8% ac-
curacy and the A<+G purine pair is essentially resolved.

Physical basis. The natural bases have distinct intrin-
sic oxidation potentials: guanine is most readily oxidized
(~+0.9 to +1.0 V vs Ag/AgCl), adenine higher (~+1.1
to +1.2 V), and cytosine and thymine both oxidatively
sluggish at higher, closely spaced potentials. Biasing the
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Au charge-transfer electrode toward the guanine oxida-
tion onset makes the faradaic charge-transfer resistance
R base-dependent: guanine presents a smaller charge-
transfer arc than adenine. This is a base-intrinsic electron-
transfer signal, separate from the dielectric/dipole signal
already attributed to the Au layer.

Implementation. The Au layer is already the charge-
transfer working electrode and the DNA anchor, so no
new electrode is required; the change is how it is bi-
ased and read. Hold or pulse the Au interface toward the
guanine oxidation onset and resolve the low-frequency
charge-transfer arc as a feature family separate from the
capacitive/dielectric response. In the CPE-Randles de-
scription above this is a base-dependent R element con-
trolling the low-frequency arc.

Frequency floor. The charge-transfer arc resolves at low
frequency, but the per-event dwell bounds how low the
sweep can reach. At the ~66 ms shortest dwell (adenine)
the floor is ~15-30 Hz, so only the high-frequency shoul-
der of the arc is accessible within a single incorporation,
not the full sub-Hz R plateau, so the accessible faradaic
signal is partial.

Operating point. Biasing toward guanine oxidation is
elevated-potential relative to the benign double-layer
measurement; the cost to polymerase fidelity and DNA
integrity is unquantified and must be measured on the
bench. A short faradaic interrogation pulse, separate from
the continuous low-bias sweep, is one way to limit en-
zyme exposure and should be compared against continu-
ous biasing.

Mediator-free. A solution redox mediator (for example a
Ru complex shuttling guanine oxidation) would sharpen
the signal but reintroduces an added reagent and breaks
the label-free thesis. This axis is mediator-free by design.

AprPENDIX E. ScALING READOUT

The throughput gains EIS sequencing can provide require
a corresponding parallelization of the readout, and are
bounded by it. At a 2 um pitch, panel scale is a 900 mm?
active area holding 2.25 x 108 pixels, and every figure in
this appendix is quoted there. That array does not close
a genome in one pass at a supported read length; §E.2
works the parallelism condition nPL > B through and

finds that a single run needs a larger array or a finer pitch.
What the panel-scale numbers establish is where the bind-
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ing constraint sits, and it is not the array. Pixel count is
not the constraint on throughput; reading that many pix-
els out fast enough is.

E.1 Channel Count and Multiplexing

To call abase, a pixel’s chemistry-window spectrum must
be captured during the incorporation window. The short-
est window is adenine at ~66 ms. One multisine acquisi-
tion at the 100 Hz measurement floor takes ~10 ms (a 100
Hz component cannot be measured faster than its own 10
ms period). Reading all 225 M pixels at the ~15 Hz frame
rate (the inverse of adenine’s 66 ms incorporation win-
dow) implies 3.4 x 10? spectra/s (1 spectrum/pixel/frame
x 225 M pixels x 15 frames/s). A single time-shared
front-end delivers on the order of 100 spectra/s, which
puts the naive requirement at ~34 million independent
front-ends. That is not manufacturable at a cost consis-
tent with a passive array.

Multiplexing breaks the one-pixel-per-front-end as-
sumption. Drive many pixels simultaneously with or-
thogonal excitations (distinct carrier frequencies, or
Hadamard codes across rows), sum the responses onto
a shared sense line, and demultiplex digitally after one
fast ADC. This is standard practice in SQUID/MRI ar-
rays, radio astronomy, and large capacitive sensors. One
ADC then carries M pixels concurrently, where M =~
ADC bandwidth / per-pixel bandwidth.

Let S = NapcM be the number of concurrent mea-
surement slots. Serving the whole array at cadence re-
quires S = 3.4 x 10°/100 = 3.4 x 107 slots, which
Table 3 works through scheme by scheme.

~6,800 fast ADCs is an ordinary data-acquisition back
end, comparable in channel count to a single high-density
nanopore flow cell rather than to an aggregate multi-flow-
cell installation. The SNR-safe corner below, at M =
512, costs roughly 67,000 converters for the same cov-
erage; that is still buildable and is the operating point to
quote.

E.2 Metrics Modelling

The answer turns on one observation. Read length does
not appear in the base rate at all. It enters only through
the run count, through how many times R the fixed per-
run overhead T }rep must be paid. A short read is therefore
compensable by pixel count, and the only condition for a
one-run genome is

nPL > B 3)
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Table 3: Multiplexing schemes against the concurrent-slot requirement, and whether each is buildable.

Scheme ADCs Mux depth  Slots  Buildable?
Naive (no mux) 34 M 1 34M no
FDM, 100 MSPS ADCs  ~68,000 ~500 34M yes, many boards
FDM, 1 GSPS ADCs ~6,800 ~5,000 34M yes, comfortably
Table 4: Active area needed to close a 30x genome in one run, verters; the throughput-maximal corner (M = 5,000,

by read length and pixel pitch.

Read length L @ 2 pm @1 pum @ 0.5 pm
10 104,000 mm? 26,000 mm? 6,500 mm?
30 34,600 mm®> 8,650 mm? 2,160 mm?>
100 10,400 mm? 2,600 mm?> 650 mm?

where 7 is the occupancy yield. This matters because
randomly seeding discrete sites caps single-occupancy
near 37% by Poisson statistics; using the un-derated P
overstates capacity by 2.7 x. We carry n symbolically, de-
faulted to 0.37, with active-bias loading control as the up-
side case rather than the assumption.

Consider the duty cycle, L tpase/(Tprep + L tpase): at
the supported L = 30, sequencing occupies under 0.2%
of wall-clock time, and even at a read an order of magni-
tude longer it stays under 3%. Sample preparation domi-
nates by hundreds of times. Whenever R = 1, therefore,
Tgenome ~ Tprep, and the sub-hour genome is a prep-time
and array-area claim rather than a read-length claim.

At 900 mm? the single-run genome does not close:
nPL > B would require L > 1, 150. It requires a larger
array or a finer pitch. The area that does close it at a sup-
portable read length follows from the same inequality (Ta-
ble 4), whose inputs are collected in Table 5.

At a supportable L = 30 and 0.5 pm pitch a one-run
genome needs roughly 2,200 mm?, about 2.4x the 900
mm? panel, and within the reticle-stitched area of a sin-
gle 300 mm wafer. Under that configuration Tgepome =
35 min+ 30 x 0.1175 s ~ 35 min. The sequencing term
has become negligible: 3.5 seconds against a 35-minute

prep.

Tgenome =R (Tprep +L tbase)
4
R { | B w “)
min(P, dS) L
The back end must read every active pixel each frame:
with S = NapcM concurrent slots and a time-sharing
gain d = 6.6, covering all P = 2.25 x 10® pixels re-

quires dS > P. At the SNR-safe multiplex depth rec-
ommended below (M ~ 512) that is ~ 6.7 x 10* con-

Napc ~ 6,800, S = 3.4 x 107) reaches the same cov-
erage with far fewer converters, but at a multiplex depth
the SNR budget forbids.

E.3 SNR Under Multiplexing

Multiplexing does not create information, it trades the
solved channel-count problem for an SNR problem.
Stacking pixels onto one line and ADC shares the con-
verter’s dynamic range, since each pixel keeps 16 —
log, M effective bits of a 16-bit ADC (M = 5,000 =
~4 bits), and crosstalk/intermodulation leaks carriers into
each other. Two quantities must be distinguished. The
~15% impedance shift is the molecular-axis perturbation,
the always-on dielectric signal every event carries; it is
not the faradaic discriminant. Biasing toward the guanine
oxidation onset collapses R from its SAM-blocked base-
line by two orders of magnitude, roughly 99%, and that
collapse fires on every biased event regardless of base.
What actually discriminates is the base-dependent ratio
riding on top of it, about 1.67 x between guanine and the
pyrimidines. The converter must therefore span the full
oxidation-onset swing, roughly log,(100,000/555) =~
7.5 bits, before spending the further log,(1.67) ~ 0.7—
1 bit that carries base identity.

Time-to-genome depends only on S = Napc X M,
while SNR headroom depends only on M, so the same
speed can be bought two ways: deepen the mux (raise M,
fast and cheap, but headroom falls as 16 — log, M), or
add converters (raise Napc at fixed M, same speed at the
same SNR, with BOM scaling ~linearly since each con-
verter then needs only ~tens of MSPS). The plane also has
a ceiling (Fig. 12), and it is the more useful feature. Once
dS covers the array every further converter is idle, and
the run count bottoms out at [ B/(nPL)]|, which at panel
scale and L = 30 is 39 runs, about a day on one reusable
chip. The three marked points all sit on that boundary
and therefore all cost the same time; they differ only in
SNR headroom and bill of materials. M = 5,000 reaches
it with ~6,800 converters at roughly 4 effective bits per
pixel, the recommended M = 512 with ~67,000 at 7,
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Symbol Meaning Value

B bases needed (30x of 3.2 Gb) 96 Gb

P pixels (panel scale) 225 x 108
thase per-base polymerase time 0.1175s

S concurrent measurement slots design variable
Thorep one-time sample prep + amplification ~35 minutes
ta shortest incorporation time (base A) 66 ms

tacq one acquisition at the 100 Hz floor 10 ms

d pixels served per slot per frame (= 66 / 10; 3.3 on a pulsed faradaic schedule) 6.6

and an SNR-safe M = 100 with ~341,000 at 9.5. The
sweet spot is M ~~ 100-600. What the plane rules out is
buying speed with readout: at this array size the genome
is array-limited rather than readout-limited, and the lever
that moves it is the area of §E.2, not the converter count.

A fourth risk sits underneath all of these and is spe-
cific to the faradaic axis. Because guanine oxidation is
irreversible, every previously interrogated guanine still
resident inside the Debye sensing envelope continues
to present a low- R, guanine-like contribution at every
subsequent cycle. Within a 9-26 base envelope at GC-
neutral composition the expected count of such residents
is ng =~ 2-6, and simulation at the working envelope
gives a mean of 2.9. The marginal signal attributable to
the newest incorporation is therefore diluted roughly as
1/(14ng), a factor of three to four, against a background
of its own prior bases.

E.4 Passive-Matrix Interconnect Limits

A 900 mm? array at 2 um pitch is roughly 30 mm on a
side, so a single row or column line runs 30 mm and car-
ries about 15,000 pixel taps. The array is passive by de-
sign, with no per-pixel buffer or amplifier, which is what
makes the chip cheap and reusable, so every unselected
pixel loads the shared sense node with its own parasitic
capacitance, and the thin-film interconnect contributes
distributed series resistance over the full run. The result-
ing RC network has a corner frequency that falls as the
line lengthens, competing directly with the 100 kHz top
of the main sweep, which is precisely where the molecu-
lar axis has its signal.

Two features separate this from the ADC-sharing
risk. It scales with array size rather than mux depth, so
the large, shallow-mux configurations that resolve the
dynamic-range problem do not avoid it and may worsen it.
And it is a property of the passive-array choice itself: an

active-matrix design would buffer each pixel and largely
remove it, at the cost of a transistor per site and the fab-

rication simplicity the platform depends on. We have not
modelled line resistance, per-line capacitance, or the re-
sulting bandwidth derating at any scale, and the proto-
type’s 4-pixel direct-wired geometry cannot exhibit the
effect. It is an unquantified risk.

E.5 Measurement Frequency as a Sensing-Depth Lever

Ionic screening is not instantaneous. Below roughly 1
MHz, ions have ample time to screen normally [55], and
ECSEQ-0’s present sweep tops out at 100 kHz, squarely
inside the regime where the full screening penalty applies.
Detection beyond the quasi-static screening length has
been reported above 1 MHz [35], and a CMOS nanoca-
pacitor array measuring per-pixel interfacial impedance
has shown sensing depth extending measurably as sam-
pling rises toward 50 MHz [34].

Two caveats bound this. The characteristic ionic re-
laxation rate scales as D /x~2, which for D ~ 10~? m?/s
and ! &~ 1 nm places the true crossover in the hundreds
of MHz, far above the 1 MHz results, whose mechanism
is better described as nonlinear mixing with molecular
dipoles than as outrunning the ion cloud. And those re-
sults have not been independently replicated. We there-
fore treat extension of the readout band toward the MHz
decade as an identified and inexpensive lever to test on
single-pixel hardware, not a solved path.

E.6 Data and Compute Budget

The central architectural claim is that removing the la-
bel and the wash moves the bottleneck from fluidics onto
readout electronics and compute. Both figures below are
generated from the model definition rather than asserted,
and both are projections at array scales that have not been
built.
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Readout operating plane at panel scale, L = 30: time-to-genome vs SNR headroom
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Fig. 12: The readout operating plane at panel scale and L = 30. Diagonals are equal time-to-genome, horizontal bands per-pixel
SNR headroom, dotted lines the two sensitivity sweeps, and the solid boundary the array-limited floor past which the readout is
no longer the constraint. All three marked points sit on it, so they differ in SNR and bill of materials but not in time.

Table 6: Base rate and basecalling compute at the three device
scales.

Scale Bases/s  Basecalling
ECSEQ-0 prototype (4 px) 34 1.5 GFLOP/s
ECSEQ-0 full-spec die 7.8x10° 354 TELOP/s
Panel scale 1.9x10° 86 PFLOP/s

Base rate. The architecture-independent figure of merit
is NP [tyase- At panel scale with = 1 this is 1.9 x 107
bases/s, or about 2.1 x 10° bases/s/mm? of active area.
Unlike read length, this survives every correction to read
length: it depends only on pixel count and polymerase
turnover.

Front-end data rate. Each event yields one 62-point
complex spectrum, or 124 values. At panel scale and
16-bit resolution that is ~475 GB/s off the array; post-
demodulation at 8 bits, ~237 GB/s. The reduction chain
matters more than either number: raw converter samples
are demodulated per tone at the front end, reduced to the
124-value perturbation vector, and only then leave the in-
strument. That reduction must happen in acquisition hard-
ware, not on a host.

Basecalling compute. The per-event encoder costs 19.3
MMAC (38.7 MFLOP) per spectrum; the temporal stage
adds 6.5 MFLOP per base at a 30-base read. Together,
5.4 M parameters. Table 6 carries both figures across the
three device scales.

The full-spec demonstrator basecalls in real time on
a single contemporary GPU server. Scaling the instru-

ment means scaling compute, which sits on a cost-and-
capability curve that fluidics does not.

E.7 Readout Feasibility: an End-to-End Simulation

Two questions remain open: whether a shared-converter
chain preserves the basecall once every non-ideality is
included, and whether an SNR-safe multiplex depth is
reachable at all. A first-principles simulation study of the
full readout chain addresses both. It models the electron-
ics between the pixel and the basecaller as five stages: ar-
ray substrate, excitation (drive), front-end (sense), code-
division multiplex, and digital demux, each allocated a
slice of an end-to-end error budget and graded in one cur-
rency (effective bits) against the only metric that matters:
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does the recovered (Alog|Z|, Agp) vector still separate
the bases. Every result is simulation rather than hardware,
and the basecaller seam is stubbed, so accuracy is graded
by a data-domain separability lower bound rather than the
trained model.

The composed chain preserves the basecall. End to end,
the recovered perturbation is 0.88 effective-bit against a
1.39-bit budget, degrading per-event separability (NCM)
by 0.022 and consensus-at-30x by 0.009, with no dis-
proportionate cross-group error. Every stage lands within
its allocation, and one dominates: the analog front-end
and quantization carry ~0.70 bit, about 80% of the com-
posed degradation and an order of magnitude above any
other stage. The binding constraint on the whole readout
is therefore the front-end noise at the acquisition integra-
tion time, not multiplex depth, excitation, or demux.

Analog nulling. The dynamic-range penalty booked
above (16—log, M bits) assumes the converter must span
the full ~10'° Q baseline. An analog baseline nuller, the
inverted quiescent comb subtracted before digitization,
standard in SQUID-FDM readouts, cancels that base-
line and reclaims ~4.85 bits, so the ADC digitizes only
the ~2.7-bit perturbation. With it, the buildable depth set
by ADC dynamic range rises to ~7,100 pixels per con-
verter; without it, it collapses to ~250. The nuller is there-
fore a precondition, not an optimization, and its binding
real-world requirement is a recalibration cadence holding
baseline drift to <0.52% between calibration and event.

Buildable operating point. The study’s recommended
configuration is M =~ 512 pixels per 16-bit converter un-
der Hadamard code-division multiplexing, which lands
inside the SNR-safe sweet spot (M ~ 100-600) inde-
pendently identified above, and well below the ~7,100
dynamic-range ceiling. At that depth the full 2.25 x 103-
pixel array needs ~ 6.7 x 10* converters, a ~3,400x
reduction from one-per-pixel. The study itself quotes ~
4.4 x 10° for the same array at the same depth, because it
books one concurrent slot per pixel; the figure here addi-
tionally applies the d = 6.6 time-sharing gain of §E.2,
under which one slot acquires 6.6 pixels inside a sin-
gle incorporation window. The two numbers differ only
in whether time-sharing is counted, and the converter
count is the one quantity in this appendix where that
distinction changes the answer. Code-division is chosen
over the frequency-division assumed earlier because the
flat +1 code envelope carries no peak-to-average penalty
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(frequency-division loses up to ~24 x crest-limited SNR
at this depth), spends the converter’s full range on sig-
nal every frame, and demultiplexes exactly by a Walsh—
Hadamard transform.

E.8 Cost Structure

Optical and most electronic platforms sequence on a
single-use flow cell, chip, or SMRT cell: substrate, sur-
face preparation, and fluidic consumable are paid in full
every run. ECSEQ-0’s thiol-Au primer lawn is regener-
ated between runs by a denaturing strip that leaves the
anchor intact, so the chip is paid for once and amortized
over its 50—100-run reuse life; the per-run consumable is
then the borrowed short-read library prep, not the chip.

Two properties lower the amortized cost further. The
chip is not sequencing-specific but a general-purpose EIS
array, so its fabrication cost spreads across every applica-
tion it serves, not sequencing runs alone: a chip that also
runs molecular panels or continuous monitoring between
sequencing runs amortizes over a far larger denominator.
And it is passive and label-free, with no per-pixel transis-
tors, optics, fluorophores, or wash hardware, so its bill of
materials is a thin-film electrode array plus the off-chip
reader, and the reader is reused across every chip.

To first order the per-genome cost is Cechip/Nreuse +
Chrep, both terms small and neither a single-use flow cell.

APPENDIX F. READ-LENGTH LIMITS: INTERFACIAL
GEOMETRY AND CLUSTER COHERENCE

Every figure in the throughput analysis rests on a read
length L, and L is not a free parameter. Two independent
mechanisms bound it.

Linax = min(Lgeom, Lcoh)
31 o)
(0.34 nm/bp) sin 4

Lgeom is the interfacial sensing horizon: the poly-
merase active site must remain inside the electrode’s sens-
ing volume for a base to be discriminated at all, and that
volume is bounded by the Debye screening length 1.
Leon is the cluster-coherence horizon: the copies must
stay in positional register for their summed signal to re-
solve one incorporation per position.

The two land at the same order, and neither is comfort-
ably slack. Geometry gives roughly nine bases in a buffer
that supports an active polymerase. The phase-spread ac-
count of coherence gives roughly four on nominal kinet-

L geom ~
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Table 7: Debye screening length and the resulting sensing en-
velope, by buffer ionic strength.

Ionic strength kL 3kt Bases in envelope
90 mM (working) 1.0nm 3.0 nm ~9

50 mM 14nm 4.1 nm ~12

10 mM (dilute) 30nm 9.1 nm ~26

1 mM 9.6nm 28.8nm ~85 (no polymerase

activity)

ics, so on the numbers derived below coherence is the
tighter of the two, and lifting either one alone buys noth-
ing. Which of them actually binds turns on the per-copy
cycle-time distribution, which has not been measured.
The subsections below derive the geometric horizon, sur-
vey what is known about moving it, and then derive the
coherence horizon. Both remain unmeasured; both are
single-pixel validation targets.

F.1 Geometric Sensing Horizon

The sensing thesis of this paper is that the incorporation
event perturbs the interfacial impedance. That perturba-
tion is only observable while the polymerase active site
sits inside the region where the electrode’s field is not
yet screened by mobile ions. For a symmetric electrolyte,
k1 = 0.304/\ﬁ nm with 7 in mol/L, and the usable
envelope is roughly 35!

A working Bst 2.0 buffer runs at roughly 50 mM
monovalent salt plus 10 mM Mg?*t, so I ~ 0.09 M. At
the B-form contour rise of 0.34 nm/bp and vertical an-
choring, the envelope converts directly into a base count
(Table 7).

The operating range is therefore roughly 9 to 26 bases,
with buffer ionic strength as the tunable and polymerase
activity as the floor. Two obvious levers both fail at fixed
sensing chemistry. Extending the depth to reach 500 bp
means 170 nm of active-site travel, requiring = ~ 55—
85 nm and therefore I ~ 26 uM, effectively deionized
water, in which Bst 2.0 does not turn over at all, since two-
metal-ion phosphoryl transfer requires millimolar Mg?+.
Flattening the strand to fit 500 incorporations inside a 9
nm envelope requires an average rise below 0.018 nm/bp,
about 5% of contour, holding the duplex within about
three degrees of the surface plane for all 500 bases; the
~50 nm persistence length of dsDNA guarantees excur-
sions exceeding 9 nm long before base 500.

One candidate lever does not help. Operating at 65 °C
does not extend the envelope: k! o /e, T, and the rise

in T" from 298 to 338 K is very nearly cancelled by the
fall in water’s relative permittivity from about 78 to 64,
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leaving £~1(65°C) ~ 0.98 x~1(25°C). Temperature is
not a lever.

F.2 Extending the Sensing Horizon

The Debye length is not a constant of the system, and
treating the horizon above as a wall would misstate
the literature. s~ ! derives from the linearized Poisson—
Boltzmann model, whose assumptions of small surface
potentials, thermodynamic equilibrium, and point-charge
ions with no steric crowding are all violable by design,
and a substantial body of work reports label-free electri-
cal detection at physiological ionic strength by doing so
[55].

Four approaches are established enough to name.
Dense polyelectrolyte multilayers raise the entropic cost
of confining ions inside the film and have been reported
to extend the effective screening length from 0.8 to about
10 nm at physiological ionic strength [56]. Biomolecule-
permeable polymer coatings achieve detection in 150
mM buffer where unmodified devices fail above 10
mM [57,58]. Non-equilibrium high-frequency operation
drives the interface faster than the ion cloud can re-
spond; a CMOS nanocapacitor array architecturally close
to ECSEQ-0’s own has shown sensing depth extending
past ! as measurement frequency rises toward 50 MHz
[34,35], a readout-electronics lever rather than a chem-
istry one, developed above. Finally, concave electrode to-
pography restricts the volume in which double layers can
form [59]; ECSEQ-0’s planar array is the worst case on
that axis, and recessed pixel geometry is an unexplored,
fabrication-side option.

What has not been demonstrated, anywhere we can
find, is any of this over a catalytically active enzyme. Ev-
ery result above was obtained on a static binding event, in
monovalent buffer or at most 2 mM Mg?*, at room tem-
perature. ECSEQ-0 needs 10 mM Mg?™ at 65 °C with a
strand-displacing polymerase and a growing duplex mov-
ing through whatever layer is doing the screening exten-
sion, and divalent cations screen far more effectively per
mole and can collapse polyelectrolyte films, while poly-
mer brushes can dehydrate on heating and lose the vol-
ume fraction the mechanism depends on. Nor is there
data on such a layer surviving 50-100 regeneration cy-
cles. This is the largest unquantified risk in the platform.

The nearest precedent shows the size of the gap.
Single-molecule electronic recordings of DNA poly-
merase I processing have been obtained in 10 mM Tris
/ 50 mM NaCl / 10 mM MgCl,, essentially ECSEQ-0’s
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Table 8: Per-cycle timing of the incorporation sub-steps. The
chemistry variance is the within-base value at the mean rate,
which is the quantity that dephases copies of one template;
between-base spread is signal, not jitter.

Sub-step Distribution Mean Variance

Search Exp(0.10 ms—1) 10 ms 100 ms?

Chemistry Gamma(k = 2.78), 66—116 ms (mean 2754 ms?
base-dependent rate 87.5)

Translocation ~ Exp(0.05 ms—1) 20 ms 400 ms?

Cycle 117.5 ms 3254 ms?

ionic strength, resolving individual incorporations over
more than 10,000 bond-forming events [60]. That work
does not discuss screening at all, because the enzyme
is conjugated directly to the transducer and the standoft
distance is approximately zero. The engineering problem
this paper poses is therefore not to defeat the Debye limit;
it is to reproduce that demonstrated result at a standoff of
a few nanometres rather than none.

Bounded target. The target is far smaller than the read-
length ceiling suggests. A read does not need to be long;
it needs to be mappable. Unique placement against a 3.2
Gb reference needs roughly 20-25 bases, so the objective
is to extend the effective sensing horizon from its nominal
~9 bases to that floor, a factor of ~3, not the three orders
of magnitude that would put ECSEQ-0 in competition
with translocation sequencing on read length. A 3x ex-
tension is a tractable engineering bet; matching nanopore
read lengths is not, and pursuing it would trade away the
architecture’s differentiation. The kill-criterion is mea-
surable: if single-pixel validation cannot extend the hori-
zon across the mapping floor at a polymerase-compatible
ionic strength, the whole-genome application is closed
and the platform remains a targeted-panel device.

F.3 Phase-Spread Model

Dephased copies do not vanish. Leading and lagging
strands continue to contribute signal at the wrong posi-
tion, appearing as inter-symbol interference rather than a
clean loss of amplitude. The faithful account models each
strand’s incorporation index as a random walk: copies
drift independently, so the ensemble’s positional distri-
bution has standard deviation

o, = VD n bases (6)

with D the per-cycle phase-step variance (in base?).
Contrast between adjacent positions survives only while
oy, stays below roughly one base, giving Nyax =~ 1/D.
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D follows from the per-copy cycle-time distribution,
which the simulator’s kinetics configuration already fixes.
One cycle is three sequential sub-steps (Table 8).

The cycle mean reproduces the tppe = 0.1175 s
used throughout the throughput analysis exactly, so the
timing model is self-consistent; it was only the dephas-
ing model that was not. The per-cycle standard deviation
is o0 = V3254 = 57.0 ms, a coeflicient of variation
CV = 57.0/117.5 = 0.485. A copy advances one base

per cycle, so the CV is the positional step jitter measured
in bases:

D = CV? = 0.235 base? /cycle
o, = 0.485\/n bases

oy crosses one full base at n ~ 4 (Fig. 13); by
n = 100 it is 4.9 bases, and by the ~1,150 cycles a single-
run 30x genome would need at panel scale it is 16 bases.
The criterion Npax ~ 1/D therefore gives Npax =~ 4 on
the nominal kinetics, two orders of magnitude below the
attrition bound.

The chemistry sub-step carries 85% of the cycle vari-
ance and is the obvious target, but tightening it does not
recover a long read. Make chemistry perfectly determinis-
tic, removing all 2754 ms?, and the two exponentially dis-
tributed sub-steps alone still leave 500 ms2, 0 = 22.4 ms,
CV = 0.190, and a one-base crossing at n == 28. Read
length is bounded to tens of bases by search and translo-
cation regardless of how tightly the chemistry step is con-
trolled. Extending it is a question of changing the kinetics
themselves, an engineered polymerase whose incorpora-
tion cycle is composed of many low-variance steps, not
of tightening a tolerance on the current one.

(N

F.4 Convergent Ceilings

Phase spread is not the only mechanism pointing at a
short read, and the others are physically independent of
it. The Debye screening length at the operating ionic
strength bounds the distance over which a growing strand
stays visible to the electrode at all, and the 1/n dilution
of one incorporation’s contribution against an n-base du-
plex already synthesized erodes the marginal signal as the
read extends. Both land in the same range of roughly ten
to a few tens of bases.

The measurement that decides it is the per-copy cycle-
time distribution for Bst 2.0 at 65 °C in ECSEQ-0’s
buffer, specifically its coefficient of variation rather than
its mean, since everything above is a function of CV
alone. It is a single-pixel, or even a bulk single-molecule
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—— nominal kinetics: CV = 0.485, D = 0.235 base?/cycle

——— chemistry made deterministic: CV = 0.190, D = 0.036 base?/cycle

161 the 1150-cycle read a single-run

genome assumed: 0 = 16 bases

[
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ensemble positional spread o,

one-base contrast limit Nimax = 4

100 10t 102 103
sequencing cycle n

Fig. 13: Positional spread of the ensemble, o,, = 0.485,/n bases, against cycle number; adjacent positions stop resolving once
o, exceeds one base.

kinetics, measurement, and it sits at the top of the valida- tion list.
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