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Abstract—Random access in DNA data storage relies on spatial
multiplexing, utilizing finite libraries of orthogonal primers to
biochemically address data pools. However, existing encoding ar-
chitectures are fundamentally “primer-blind,” frequently synthe-
sizing payload sequences that cross-hybridize with the addressing
library. When processing gigabyte-scale datasets, these primer-
payload collisions scale catastrophically, invalidating up to 100%
of the primer library and causing severe logical capacity collapse.
To realize true mass-scale DNA storage, we propose the DNA
Collision-Free Payload Constraint Encoding (D-CPCE). D-CPCE
fundamentally inverts the conventional encoding paradigm by
shifting the global constraint-resolution burden entirely to the
payload subspace. By orchestrating adaptive Linear Feedback
Shift Register (LFSR) scrambling and sequence escalation pro-
tocols, and base-3 rotational ciphers, D-CPCE forces dynamic
payloads to cleanly route around the static primer library.
Comprehensive evaluations across diverse, high-entropy datasets
demonstrate that D-CPCE is the first architecture to achieve
a 0% primer collision rate on the evaluated workloads against
the evaluated primer library at the evaluated configuration. By
perfectly preserving 100% of the logical primer capacity while
maintaining a competitive overall encode rate of 1.18 bits/NT and
a payload encode rate of 1.53 bits/NT, D-CPCE provides a vital
architectural foundation for highly scalable, mass-storage DNA
archives.

Index Terms—DNA Storage, Next-Generation Storage, DNA
Encoding Scheme, Primer-Payload Collision

I. INTRODUCTION

Synthetic DNA has emerged as a disruptive medium for
archival data storage due to its unparalleled volumetric infor-
mation density and extreme physical durability. To transition
DNA from a sequential cold-storage archive into a functional,
mass-scale data system, random access is essential. This capa-
bility is achieved through spatial multiplexing, where unique,
orthogonal DNA sequences (primers) are appended to encoded
payloads to act as biochemical file addresses for Polymerase

Chain Reaction (PCR) retrieval. This biological mechanism
functions analogously to Content-Addressable Storage (CAS)
in traditional IT systems, where the global primer library
serves as the unique key space used to route and retrieve
specific data blocks. However, as further detailed in Section II,
designing this massive library of mutually orthogonal primers
is severely restricted by rigid thermodynamic constraints, in-
cluding narrow melting temperatures (Tm) and strict Hamming
distance thresholds [18]. Consequently, a validated global
primer library is a highly precious, finite resource that dictates
the absolute logical capacity of the entire storage system.
A critical vulnerability arises during the encoding phase: if
a synthesized payload accidentally generates a subsequence
that cross-hybridizes with any primer in the global library, a
primer-payload collision occurs, causing severe non-specific
binding and data dropout during retrieval.

Existing DNA storage architectures universally fail to re-
solve this scaling bottleneck. The conventional paradigm is
inherently “primer-blind,” optimizing payloads strictly for
localized constraints while ignoring global collisions. Specifi-
cally, these local optimizations involve avoiding homopolymer
runs and balancing GC-content (the ratio of G and C bases)
to maintain thermodynamic stability during retrieval [2], [17].
When collisions inevitably occur, current systems handle the
failure by permanently discarding the affected primer. While
this capacity loss is negligible for small experimental archives,
it is catastrophic at scale. Our evaluations reveal that when
processing large, high-entropy datasets, even state-of-the-art
codecs—including those designed with heuristic collision-
awareness—suffer massive capacity collapse, burning between
58% and 100% of the usable primer library.

To fully exploit the high-density benefits of DNA storage
without artificially capping its logical capacity, we must funda-



mentally invert the encoding paradigm: rather than discarding
precious, inflexible primers to accommodate static payloads,
the encoding architecture must force the payload to dynami-
cally adapt and route around the static primer library.

In this paper, we present the DNA Collision-Free Payload
Constraint Encoding (D-CPCE), an architecture that actively
unifies localized biochemical constraint resolution with global
addressing preservation. By orchestrating an adaptive Linear
Feedback Shift Register (LFSR) scrambling mask, dynamic
sequence escalation, and base-3 rotational ciphers, D-CPCE
perfectly resolves the collision crisis.

Our specific contributions are as follows:
• We expose the critical scaling limitations of existing

DNA codecs, demonstrating experimentally that heuris-
tic, payload-first encoding inevitably causes catastrophic
logical capacity loss in mass-storage environments.

• We propose an encoding architecture that shifts the
constraint-resolution burden entirely to the payload sub-
space via pseudo-random masking and bit-shift escala-
tion.

• We are the first to demonstrate an encoding architecture
that fully eliminates primer-payload collisions. D-CPCE
preserves 100% of the logical primer library, successfully
maintaining absolute capacity at scale.

• We demonstrate that absolute biochemical compliance
does not require abandoning data density. D-CPCE
achieves 100% logical capacity retention while maintain-
ing a moderate and competitive overall encode rate of
roughly 1.18 bits/NT.

II. BACKGROUND AND MOTIVATION

A. Scaling Bottleneck

To fully harness the unprecedented volumetric density of
DNA data storage, systems must support random access—the
ability to selectively retrieve specific files from a vast, pooled
synthetic DNA archive without sequencing the entire data
lake. This is achieved through Polymerase Chain Reaction
(PCR) spatial multiplexing, where unique orthogonal primer
sequences are appended to the ends of encoded DNA payloads
to act as file-specific biochemical addresses.

Designing these addressing primers is an extraordinarily
rigid biochemical challenge. Unlike payload sequences, or-
thogonal primer libraries must adhere to strict thermody-
namic constraints, including narrow melting temperature (Tm)
bounds, minimal secondary structures (hairpins), mutually
high Hamming distances, balanced GC content and avoidance
of long homopolymers to prevent cross-hybridization. Due to
these severe limitations, a pool of 30, 000 mutually orthogonal
primers represents a highly precious, finite system resource
that dictates the absolute logical capacity of the storage
archive.

B. Primer-Payload Collision

The conventional DNA encoding paradigm operates sequen-
tially: binary data is encoded into a DNA payload, and a
pre-designed primer is subsequently attached. However, if the

generated payload accidentally contains a subsequence that is
identical or complementary to any primer in the global library,
a primer-payload collision occurs. During PCR retrieval, these
collisions cause non-specific binding, resulting in massive data
dropout and readout failure.

To prevent retrieval failure in current architectures, if a
payload collides with a primer, that primer is permanently
invalidated and discarded. If a DNA archive only stores a
handful of files requiring a small primer library, this capacity
loss is negligible. However, as we scale toward mass-storage
regimes requiring tens of thousands of primers, the statis-
tical probability of a gigabyte-scale payload colliding with
the primer library approaches 100%. Under the conventional
paradigm, attempting to store massive datasets results in
the catastrophic degradation of the system’s logical capacity,
forcing the system to throw away thousands of hard-to-design
primers.

To guarantee 100% logical capacity and make mass-
scale DNA storage viable, we must fundamentally invert
this paradigm. Instead of throwing away precious, inflexible
primers when collisions occur, we must shift the constraint-
resolution focus entirely to the payload side, dynamically
altering the payload sequences to route around the static primer
library.

C. Limitations of Existing Works

Recent advancements in DNA data storage have estab-
lished robust architectures for random access [19], [20],
composite-letter density [21], channel characterization [22],
and constraint-integrated coding with forward error correc-
tion [23], [24]. Despite these advances, the vast majority of ex-
isting DNA storage codecs (e.g., DNA Fountain [5], Grass [4],
Blawat [3]) are completely “primer-blind.” They focus strictly
on localized constraints like GC-content and homopolymers,
completely ignoring global primer collisions. Consequently,
when deployed against large addressing libraries, they suffer
near-total capacity collapse.

To the best of our knowledge, Collision Aware Code
(CAC) [7] is the only existing literature that explicitly identi-
fies and attempts to mitigate primer-payload collisions. How-
ever, CAC relies on localized, greedy triplet-mapping heuris-
tics. To quantify the effectiveness of current literature, we
benchmarked 8 prominent encoding methods on a standard
image (mona_lisa.jpg) against a pre-generated library of
30,000 primers.

As shown in Table I, there is a highly non-linear relation-
ship between sequence collisions (the percentage of encoded
payloads containing at least one forbidden primer substring)
and valid capacity (the percentage of the 30,000-primer library
that survives). Because a single poorly-constrained payload
sequence can cross-hybridize with multiple primers, and vice
versa, a massive 98.4% sequence collision rate may only
invalidate roughly 25% of the primer library. Nonetheless,
our results confirm that CAC fails to fundamentally solve
the collision problem at scale. While CAC maintains roughly



TABLE I
PRIMER CAPACITY LOSS ON MONA_LISA.JPG (30,000 PRIMER

LIBRARY)

Method Sequence Usable Valid
Collisions (%) Primers Capacity (%)

Church [1] 98.590 14215 47.383
Goldman [2] 93.339 26333 87.777
Blawat [3] 98.114 19331 64.437
Grass [4] 96.079 18877 62.923
DNA Fountain [5] 96.873 18094 60.313
YYC [6] 97.072 18429 61.430
CAC [7] 98.411 22729 75.763

75.7% valid capacity on this small image payload, our mass-
scale evaluations (Section IV) reveal that its valid capacity
collapses to just 42.3% on gigabyte-scale datasets. Currently,
no literature fully maintains 100% logical capacity for mass-
scale archiving.

D. Motivation and Design Goals

In their foundational analysis, the authors of CAC [7]
observed that rotating ciphers (such as the base-3 implemen-
tation by Goldman et al.) naturally exhibit the lowest baseline
primer-payload collision rates among existing architectures
due to their inherent homopolymer suppression and continuous
state transitions. We validate this observation and strategically
select the rotation code architecture as the foundational layer
for our proposed codec.

Our objective is to design an encoding method that achieves
two simultaneous goals:

1) Maximum Logical Capacity: Achieve strict 100% col-
lision avoidance to perfectly preserve the 30,000-primer
library, enabling true mass-scale random access.

2) Maximum Encode Rate: While CAC’s collision-aware
heuristic restricts its payload rate to a highly inefficient
1.0 bit/nucleotide (NT), the theoretical information limit
for strict homopolymer-free encoding is log2(3) ≈ 1.58
bits/NT. This limit arises because completely avoiding
homopolymers restricts each subsequent sequence posi-
tion to only 3 valid base choices out of the 4 available
nucleotides. Our goal is to push the overall physical
encode rate as close to this theoretical ceiling as possible
while strictly enforcing all biochemical constraints.

III. SYSTEM DESIGN: THE D-CPCE ARCHITECTURE

Unlike traditional computer storage architectures where data
blocks reside at fixed, linearly addressable physical memory
locations, DNA data storage relies on biochemical spatial
multiplexing. Data retrieval is executed via Polymerase Chain
Reaction (PCR), where specific primer pairs act as the retrieval
addresses for entire data pools (e.g., individual files). Because
a single spatial primer pair typically corresponds to thousands
or millions of unique oligonucleotides (short, synthetic DNA
strands) , the encoded sequences must be meticulously struc-
tured to ensure strict global ordering while actively evading

Fig. 1. Oligo Structure of D-CPCE with encoded block breakdown.

cross-hybridization with the primer library itself. Designing a
robust primer library is biochemically complex, constrained by
thermodynamic stability and the prevention of secondary struc-
tures; for a comprehensive discussion on these challenges, we
direct readers to Organick et al. [18]. We construct our primer
pool following this established methodology. Furthermore, to
actively evade cross-hybridization, we enforce a strict 12-mer
exact match constraint. Unlike the relaxed thresholds (e.g.,
14-mer or 16-mer), this 12-mer criterion serves as a rigorous
standard that provides a stricter bound against primer-payload
collisions. Figure 1 illustrates the oligo structure of D-CPCE.

A. Payload Scrambling and Logical Block Assembly

The encoding pipeline begins at the raw binary level. To
disrupt naturally occurring low-entropy regions or structural
repetitions in the source data (such as extended sequences of
null bytes), the raw payload bits are XOR-scrambled using
a pseudo-random sequence generated by a Linear Feedback
Shift Register (LFSR). This LFSR is initialized with a variable
k-bit seed, establishing our primary mathematical search space
for constraint resolution.

Once the payload is scrambled, we must establish internal
sequence ordering. Because target molecules float freely in
a biochemical solution, a single PCR primer pair extracts an
unordered “soup” of millions of oligos; thus, the system relies
on an embedded binary index to reconstruct the file post-
sequencing. These index bits are appended to the front of the
scrambled payload bits. We define this combined continuous
binary sequence (Index + Payload) as the logical block.

To minimize the baseline probability of biochemical colli-
sions before active filtering begins, the entire logical block
is translated into a DNA sequence using a base-3 rotation
cipher (e.g., the Goldman codec). This rotational translation
intrinsically suppresses homopolymers and maintains a high
baseline payload density.

B. The Constraint Engine: Retries and Escalation

Once the logical block is translated into DNA, it is passed
into the constraint verification engine. Here, the encoded
sequence undergoes a unified dual-verification process. First,
it is evaluated for strict biochemical compliance—specifically
ensuring the global GC content remains safely within the



Algorithm 1 D-CPCE Encoding and Decoding Pseudocode
Require: Index index, Payload Bits payload, Collision Hash Table

C, Max Seed Smax, Max Shift Kmax, Primer Pair Ppair

Ensure: State S, Valid oligo Ovalid, Seed s, Shift k
1: {— ENCODING PIPELINE —}
2: D ← concatenate(index, payload)
3: for k = 0 to Kmax − 1 do
4: for s = 0 to Smax − 1 do
5: // Generate deterministic LFSR mask
6: Ms ← LFSR Generate(s)
7: // Apply shift and XOR mask
8: logical chunk ← Encode Rotation((D ≪ k)⊕Ms)
9: header ← Generate Header With Church(s, k, i)

10: Ovalid ← Pack(Ppair, header, logical chunk)
11: // Validation
12: if 0.40 ≤ GC Ratio(Ovalid) ≤ 0.60 then
13: if Check Collision(Ovalid, C) == False then
14: return SUCCESS, oligo, s, k
15: end if
16: end if
17: end for
18: end for
19: return FAILURE, ∅, Smax,Kmax

20: {— DECODING PIPELINE —}
Require: Oligo oligo
Ensure: Decoded Payload payload, Decoded Index index
21: // Reconstruct metadata header and logical chunk from oligo
22: (header, chunk)← Separate(oligo)
23: (s, k)← Decode Church(header)
24: decoded chunk ← Decode Rotation(chunk)
25: // Regenerate exact LFSR mask
26: Ms ← LFSR Generate(s)
27: // Reverse masking and shifting
28: decoded chunk ← (decoded chunk ⊕Ms) ≫ k
29: (index, payload)← Separate(decoded chunk)
30: return payload, index

viable 40%–60% bounds (homopolymer runs are intrinsically
prevented by the rotational cipher, requiring no active fil-
tering). Second, the sequence is scanned against the global
primer library to detect any forbidden 12-mer primer-payload
collisions.

Our architecture utilizes a deterministic retry mechanism to
resolve any failure in either verification step. If the sequence
violates the GC thresholds or triggers a primer collision, the
system discards the encoded block, increments the LFSR seed,
generates a new pseudo-random XOR mask, and repeats the
logical block assembly and rotation encoding.

In extremely rare, highly adversarial entropy scenarios, the
system may exhaust all 2k available LFSR seeds without
finding a valid, collision-free sequence. To solve this without
expanding the LFSR footprint (which would waste valuable
nucleotide space), we introduce a dynamic escalation protocol.
Upon seed exhaustion, the engine shifts the raw bits of the
entire logical block by exactly one bit position. This single-
bit shift radically alters the downstream base-3 rotational
translation, thereby generating a completely orthogonal set of
mathematical states. The LFSR search is then restarted on
this shifted block, virtually guaranteeing absolute constraint

resolution without halting the encoding pipeline.

C. Robust Header Encoding and Global Assembly

To ensure the decoder can accurately reverse the scrambling
and escalation process, the system must permanently store
the specific LFSR seed and the escalation shift offset used
to successfully encode the block. We pack these parameters
into a compact binary header, which is placed directly in front
of the encoded logical block.

Because the successful decoding of the payload is entirely
dependent on the integrity of this header, it requires the
strictest possible biochemical stability. Therefore, instead of
using the base-3 rotation cipher, the header is independently
encoded using a rigid, Church-like substitution scheme yield-
ing 1.0 bit/NT. In this scheme, binary 0 is mapped dynamically
to {A,C}, and binary 1 is mapped to {T,G}. This specific
mapping algorithm perfectly balances the GC content of the
header at exactly 50% and mathematically prevents any ho-
mopolymer runs, creating a highly stable biochemical anchor
for the oligo’s metadata.

Crucially, the dual-verification constraint scan is not limited
to the payload alone. The system executes its final global
collision and GC check on the entire assembled sequence
(the Church-encoded Header concatenated with the Rotation-
encoded Logical Block). Only when this unified sequence is
proven to be strictly GC-compliant and 100% orthogonal to
the global primer pool does the pipeline proceed to the final
step: appending the specifically assigned spatial primer pair to
the 5’ and 3’ flanks of the validated sequence, rendering the
oligonucleotide ready for biological synthesis.

IV. EVALUATION

A. Experimental Setup

Datasets. We benchmarked our architecture against nine
diverse, adversarial datasets representing realistic production
workloads (Table II).

TABLE II
SUMMARY OF EVALUATED DATASETS

Category Dataset Name Type #Files Size

AI Models
ALBERT [8] .safetensors 1 45.2 MB
MobileNet [9] .bin 1 13.6 MB
Huawei-Noah [10] .bin 1 59.8 MB

Images Caltech-101 [11] .jpg 9,144 14.0 MB

Videos Blender [12] .mkv 1 1.1 GB
Derf Video [13] .y4m 1 130.5 MB

Texts & Binaries
Linux FS [14] .c, .h 2,085 47.0 MB
Shackleton-s [15] . (text) 18,687 39.28 MB
Hetzner [16] .bin 1 10.0 GB

Total 29922 11.4 GB

Evaluation Metrics. We assess performance using five
primary metrics:

• Payload Rate (bits/NT): Logical bits divided strictly by
payload nucleotides.
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Fig. 2. Constraint resolution and execution breakdown for the ⟨8, 16, 150⟩ configuration, demonstrating 100% primer retention and strict GC compliance
within an 8-bit search space.

• Overall Rate (bits/NT): Total physical footprint effi-
ciency, including primer and algorithmic overhead.

• Sequence Collisions (%): Percentage of oligos contain-
ing ≥ 1 forbidden 12-mer primer match.

• Usable Primers: Count of surviving primers from the
global 30,000-primer dictionary.

• Logical Capacity (%): Percentage of viable primer
addresses retained.

System Configuration. Evaluation was executed on a dual-
socket 64-core ARM64 server (2.60 GHz) with 64 MB L3
cache, running Ubuntu Linux (Kernel 5.4.0).

B. Constraint Resolution and Density Analysis

Baseline Implementation and Parameters. We re-
implemented all comparison codecs in C++. To ensure fair-
ness, we fixed the routing index at 32 bits and calibrated pay-
load lengths to yield ∼100-nucleotide (NT) physical footprints
(Church/CAC/YYC: 100 bits; Grass: 128; Goldman: 150;
Blawat: 160; Fountain: 200). We enforced strict constraints
(max homopolymer 3, GC 40%–60%) where supported. No-
tably, to prevent infinite stalling on highly entropic data, YYC
bypassed GC constraints to achieve its theoretical 2.0 bits/NT
rate.

Primer Degradation vs. Sequence Collisions. Table III
reveals a nonlinear relationship between sequence collisions
and usable primers. While most methods exhibit > 91% col-
lision rates, surviving capacities vary drastically (0% to 86%).
This occurs because a single poorly-constrained sequence can

invalidate dozens of orthogonal primers. Therefore, absolute
sequence collision percentage is a secondary symptom; primer
retention is the fundamental metric dictating random-access
capacity.

1. Instant Pass
(Seed=0, Shift=0)

2. LFSR Masked
(Seed>0, Shift=0)

3. Escalated
(Shift>0)

0%

25%

50%

75%

100%

7.467%

73.860%

100.000%

Fig. 3. CDF of instant pass, LFSR masking and shift escalations.

TABLE III
EVALUATION OF ENCODING METHODS: DENSITY AND PRIMER

COMPATIBILITY

Method Usable Capacity Collisions Payload Overall
Primers (%) (%) (bits/NT) (bits/NT)

Church [1] 2276 7.587 98.141 1.000 0.767
Goldman [2] 25863 86.210 93.333 1.574 1.173
Grass [4] 80 0.267 91.068 1.778 1.231
Blawat [3] 4358 14.527 97.498 1.600 1.200
CAC [7] 12690 42.300 98.711 1.000 0.767
DNA Fountain [5] 0 0.000 97.033 1.906 1.487
YYC [6] 0 0.000 97.040 2.000 1.487

D-CPCE (Ours) 30000 100.000 0.000 1.528 1.181

High-density algorithms like DNA Fountain and YYC suffer



> 97% collision rates, collapsing usable capacity to 0%.
Legacy codes preserve < 15% capacity, while Goldman retains
86.2%. Notably, the collision-aware CAC codec preserves
only 42.3% capacity at scale, confirming that greedy, primer-
blind heuristics fail against adversarial entropy. Conversely, D-
CPCE explicitly isolates the payload subspace via our O(1)
LFSR engine. Though incurring a moderate density penalty
(1.181 bits/NT), D-CPCE achieves 0% sequence collisions
and preserves 100% logical capacity, proving deterministic
avoidance is vital for scaling spatial multiplexing.

C. Engine Dynamics and Resolution Effort

To understand exactly how D-CPCE achieves perfect ca-
pacity retention, we analyzed the internal workload of the
constraint engine. Figure 3 shows the cumulative distribution
of the three resolution stages: (a) instant pass, representing
oligos that directly satisfy biochemical constraints without
any primer-payload collisions; (b) LFSR masking, representing
oligos that successfully avoid collisions through seed retries;
and (c) shift escalations, representing adversarial oligos that
resort to bit-shifting to eliminate collisions. Across all tested
workloads, 7.5% of sequences naturally satisfy constraints (In-
stant Pass), the LFSR masking layer advances the cumulative
curve to 73.8%, and structural shift escalations resolve the
remaining adversarial sequences to reach 100%. Therefore,
of the 92.5% of sequences that initially collide, 71.7% are
efficiently mitigated by the O(1) LFSR masking layer, while
the remaining 28.3% are successfully handled by structural
shift escalations.

To further dissect this computational effort on a per-
workload basis, Figure 2 visualizes the constraint resolution
dynamics across all nine individual datasets. Because tracking
both seed retries and shift escalations requires observing two
distinct mechanisms, the figure employs a dual-axis represen-
tation:

• Shift Distribution (Bar Charts): Mapped to the bottom
X-axis and the left Y-axis (log scale), the gray bars
display the raw count of payloads resolved at each shift
amount. The overwhelming trend across all workloads is
a massive concentration at Shift 0, followed by a steep
logarithmic decay.

• Seed Resolution (Solid Curves): Mapped to the top X-
axis and the right Y-axis (linear scale), the black curves
represent the Cumulative Distribution Function (CDF) of
the LFSR seeds evaluated. The steep initial vertical ascent
of these curves demonstrates that the vast majority of
LFSR-mitigated collisions are resolved within the first
few dozen seed permutations.

Crucially, the trend across all nine subplots proves the math-
ematical viability of the D-CPCE architecture. For every single
dataset, the solid black CDF curve reaches 100% cumulative
resolution well before hitting the 28 = 256 seed boundary
(marked by the vertical dashed line). This demonstrates that
our compact 8-bit search space, when paired with the 4-bit
escalation protocol, is fundamentally sufficient to guarantee
0% collisions without requiring larger, space-wasting metadata

headers. The number of retries grows with the increase in file
size, with the 10 GB hetzner dataset requiring the maximum
number of shift amounts (0-14).

D. Parameter Sensitivity and Payload Scaling

To analyze internal dynamics, we evaluated varying
⟨LFSR Bits, Index Bits, Payload Bits⟩ configurations. Fig-
ure 2 details the optimal baseline ⟨8, 16, 150⟩ footprint (∼ 100
physical NT payload), demonstrating 100% primer retention.

The Collision Wall at Extended Lengths. Scaling the
payload to 300 bits (⟨8, 16, 300⟩) exponentially increases the
probability of primer matches, driving execution time up by
3.2×. Furthermore, the 8-bit LFSR (255 shifts) struggles
here: while maintaining 100% collision reduction, 12 out of
330,592,566 sequences fail to converge within the [0.4, 0.6]
GC bounds.

Dynamic Escalation and Length Limitations. Escalating
to a 10-bit LFSR (⟨10, 16, 300⟩) restores strict GC bounds but
incurs a 7× slowdown (64.6 hours vs. 9.1 hours for the 10 GB
dataset) versus the 8-bit baseline.

1) Biochemical Length Limits: The ⟨8, 16, 150⟩ oligo
totals ∼ 172 NT. Scaling to 300 bits pushes this to ∼ 270
NT. Modern synthesis yields degrade and indel errors
spike for oligos exceeding 200 NT [17], [18], rendering
the 300-bit payload practically unviable.

2) Payload Segmentation Reduces Collisions: Longer se-
quences inherently possess fewer mathematically valid,
collision-free states. Breaking large payloads into 150-
bit chunks exponentially expands valid biochemical rout-
ing states, achieving 0% collisions via a faster O(1)
search space.

While this escalation reduces system throughput from
0.31 MB/s (baseline) to 0.04 MB/s, even this worst-case
parallel throughput remains ∼40× faster than state-of-the-art
biological synthesis (∼0.001 MB/s). Trading compute time for
spatial efficiency thus represents a highly practical overhead
to perfectly preserve valuable primer capacity.

E. Limitations and Future Work

D-CPCE assumes consensus algorithms are applied across
the redundancy of PCR-amplified reads to resolve baseline
noise prior to decoding. Single-base substitutions are strictly
confined to local symbol boundaries because the rotation
cipher evaluates only adjacent base transitions, and the in-
dependent, point-to-point LFSR XOR mask prevents any
descrambling avalanche effect. However, uncorrected header
errors or payload insertions/deletions (indels) can cause block
erasures. Resolving indels requires specialized synchronization
algorithms rather than traditional Forward Error Correction
(FEC), and thus remains a challenge in DNA storage. Con-
sequently, we leave the integration of outer-layer checksums
and advanced erasure-recovery mechanisms to future work.

V. CONCLUSION

To transition DNA from a sequential archive into a scalable,
random-access mass-storage system, the field must resolve the



primer-payload collision bottleneck. Our evaluations exposed
a critical flaw in existing DNA codecs: payload-first, primer-
blind encoding inevitably results in catastrophic addressing
collisions, burning precious spatial multiplexing capacity as
dataset sizes scale.

In this paper, we introduced D-CPCE, an encoding scheme
that fundamentally solves this crisis by forcing the payload
to dynamically adapt to the static addressing library. Through
a unified constraint engine leveraging LFSR pseudo-random
masking, base-3 rotational ciphering, and a robust 4-bit struc-
tural escalation protocol, D-CPCE systematically eliminates
all biochemical collisions. Our evaluation proves that D-
CPCE is the first DNA encoding architecture to achieve 0%
primer-payload collisions, preserving 100% of logical capacity
across adversarial, gigabyte-scale datasets. Furthermore, D-
CPCE demonstrates that absolute biochemical compliance can
be achieved without sacrificing practical data density, securing
a competitive overall encode rate of 1.18 bits/NT and a payload
rate of 1.528 bits/NT. Ultimately, this architecture guarantees
collision-free spatial routing at scale, paving the way for the
realization of ultra-dense, exabyte-scale DNA data centers.
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