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Abstract---This study examines the role of entropy quality in private key and signature generation within early 

cryptocurrency wallet systems, focusing on the conditions under which weak randomness led to nonce repetition 

and subsequent exposure of ECDSA private keys. Through a reconstructed signing environment reflecting 

historical low-entropy states, we demonstrate how deterministic and non-deterministic key workflows became 

vulnerable when seeded with insufficient randomness. A reliability heatmap illustrates the threshold behavior at 

which entropy degradation leads to predictable signatures and key recovery feasibility. The results underscore 

that the cryptographic robustness of elliptic curve schemes depends critically on secure entropy acquisition, 

particularly in constrained or headless deployments, and highlight the necessity of incorporating high-quality 

hardware-based randomness sources in modern wallet architectures. 
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I. INTRODUCTION 

he security of cryptocurrency wallet systems has 

historically relied on the robustness of cryptographic key 

generation, particularly the entropy quality used to derive 

private keys and signing nonces. In early Bitcoin-era wallets 

(2011–2014), key material and ECDSA signatures were often 

produced using entropy sources that were either insufficiently 

random or dependent on poorly initialized pseudorandom 

number generators [1]. Because Bitcoin’s security model 

assumes that private keys are computationally infeasible to 

derive from public information, the reliability of these keys is 

critically tied to the entropy available during the wallet’s key 

generation phase. When entropy is weak, predictable, or 

biased, the probability of private key recovery increases 

dramatically, leading to irreversible asset loss given the non-

reversible nature of blockchain transactions [2]. 

Early wallet software often depended on operating 

system randomness functions such as /dev/urandom in Linux, 

WinCrypt APIs in Windows, or Java-based PRNGs in browser 

implementations. These systems were designed for general-

purpose randomness rather than cryptographic-grade entropy 

sourcing [3]. On devices with limited physical entropy inputs, 

such as mobile phones, embedded hardware, or systems 

without adequate startup entropy collection, the resulting key 

material could be generated from a very narrow entropy space 

[4]. This made key patterns susceptible to brute force 

exploration or statistical inference. The issue was further 

compounded when wallet software reused nonces during 

ECDSA signature generation, causing private key leakage 

through well-known algebraic attacks [5]. 

The ECDSA signature scheme requires the selection of a 

unique and unpredictable value k for each signature. If k is 

reused or generated using insufficient randomness, the private 

key can be directly computed from two signatures on distinct 

messages signed with the same k [6]. Several high-profile 

wallet failures occurred due to this vulnerability, including 

Android wallet entropy failures in 2013, leading to widespread 

unauthorized fund withdrawals [7]. These incidents 

highlighted that security in cryptocurrency systems is not only 

a function of cryptographic algorithm strength but also of 

implementation discipline around entropy sourcing and nonce 

stability. 

To address the insufficiency of early entropy models, 

deterministic wallets based on mnemonic seed phrases and 

standardized derivation paths (e.g., BIP-32 and later BIP-39) 

emerged, improving portability and reproducibility of key 

states [8]. However, deterministic keys alone do not resolve 

signature nonce vulnerabilities; these require deterministic 

nonce generation methods such as RFC 6979, where the nonce 

k is derived from the private key and hashed message rather 

than external randomness [9]. The integration of these 

improvements marked a significant advancement in the 

security reliability of wallet signature workflows. 
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Despite these advancements, many early wallets in use 

todayespecially legacy clients, cold storage scripts, and 

brainwallet-derived private keysstill rely on entropy 

conditions that reflect pre-standardization practices. These 

systems remain vulnerable due to assumptions that human-

generated entropy (passphrases, dice rolls, or mnemonic 

phrases) is inherently unpredictable, a claim that does not hold 

statistically without strict entropy measurement [10]. As 

cryptocurrency usage continues to expand, recovering weak 

private keys remains an active field of adversarial research, 

reinforcing the importance of strengthening entropy practices 

in both legacy and new wallet designs. 

This article examines how entropy quality and nonce 

reliability affected key security in early cryptocurrency wallet 

systems. It analyzes early entropy generation pipelines, 

identifies where failures commonly occurred, and evaluates 

design improvements that mitigate signature leakage. The 

study proposes entropy strengthening and deterministic nonce 

generation practices that enhance signature robustness while 

maintaining usability and deployability on constrained 

devices. By clarifying how entropy interacts with key 

generation and signature stability, the work contributes to 

ongoing efforts to ensure that cryptocurrency wallets remain 

secure even in decentralized and heterogeneous computing 

environments. 

II. ENTROPY SOURCES AND KEY 

GENERATION WORKFLOWS 

The foundation of private key generation in early 

cryptocurrency wallet systems relied heavily on the 

availability and quality of entropy drawn from the host 

computing environment. Since Bitcoin wallets adopted elliptic 

curve cryptography based on the secp256k1 curve, the private 

key space spans a vast numerical range, making it effectively 

secure against brute-force search. However, this mathematical 

strength remains meaningful only when the key is seeded from 

a source of sufficiently high, unpredictable entropy. 

Inadequate entropy during the initialization of a wallet could 

yield keys with reduced randomness, increasing the 

probability of collisions or enabling an adversary to 

approximate the key through statistical inference of system 

randomness. 

Operating systems typically served as the first line of 

entropy collection. Unix-like systems exposed two primary 

interfaces: /dev/random and /dev/urandom. The former blocks 

output until perceived entropy reaches a threshold derived 

from keyboard timings, I/O interrupts, and environmental 

noise. The latter, by contrast, operates as a pseudo-random 

generator seeded from the same entropy pool but does not 

block, producing output continuously even during low entropy 

periods. Early wallet clients, particularly command-line and 

lightweight implementations, often defaulted to /dev/urandom 

for key material generation due to convenience and execution 

speed. While acceptable under high-entropy system states, this 

behavior became problematic on embedded devices, freshly 

booted systems, or virtual machines that had not accumulated 

adequate entropy. 

To supplement or bypass operating system entropy, many 

wallet programs attempted to draw additional variability from 

hardware behavior. Disk seek timing variations, mouse 

movement trajectories, thermal sensor readings, and network 

latency jitters were frequently invoked as auxiliary 

randomness sources. Each of these contributed small but 

measurable unpredictability. For instance, high-resolution 

timestamps of mouse cursor movement generated a chaotic 

distribution unsuitable for deterministic modeling. 

Nevertheless, these sources varied significantly in strength 

across computing platforms. A headless server running 

automated wallet software lacked nearly all such user-driven 

stochastic inputs, resulting in significantly lower entropy 

profiles unless explicit hardware random number generators 

(HRNGs) were installed. 

The distinction between deterministic and non-

deterministic seed influence became a defining characteristic 

of wallet reliability. Deterministic wallets, later formalized in 

BIP-32 hierarchical deterministic structures, build all future 

keys from a single master seed. This approach ensures 

reproducibility and backup ease but places exceptional weight 

on the randomness of the initial seed. If the seed was derived 

from a low-entropy state, every subsequent child key inherited 

that weakness. Non-deterministic wallets, on the other hand, 

generated each key independently from system entropy. While 

this reduced propagation of weak randomness, it made backup 

procedures cumbersome and could not guarantee 

independence if the underlying entropy source remained 

consistently weak. 

The susceptibility of key generation workflows became 

even more pronounced in virtualized computing 

environments, which were widely used in early mining pool 

management systems. Virtual machines frequently cloned 

filesystem imagesincluding entropy pool snapshotsleading 

multiple machines to derive keys from nearly identical initial 

random states. This introduced a narrow but real possibility of 

partial key overlap or predictable nonce sequences during 

ECDSA signing events. Modern virtualization systems now 

include entropy forwarding mechanisms, but these 

mechanisms were generally absent or immature during the 

2011–2014 adoption period. 

To mitigate entropy limitations, some wallet 

implementations integrated library-level pseudo-random 

number generators conditioned on hashing functions such as 

SHA-256, Whirlpool, or BLAKE. These provided strong 

diffusion once seeded but did not solve the fundamental 

seeding problem. If the initial seed lacked sufficient 

unpredictability, the output remained mathematically uniform 

in distribution while still computationally guessable. This 

gave a false appearance of randomness, contributing to several 

reported vulnerabilities where private keys were derived from 

seeds with fewer than 64 bits of effective entropy. 

The workflow for secure key generation must therefore 

be viewed as a multi-stage pipeline rather than a single 
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random draw. Entropy collection, entropy accumulation, 

health testing, deterministic conditioning, and key derivation 

must be explicitly orchestrated to prevent degradation. Early 

Bitcoin wallet software did not always formalize these stages; 

entropy gathering was often implicit or system-dependent. As 

wallet usage expanded beyond desktop environments to 

mobile and embedded systems, the absence of standardized 

entropy assurance became a practical security concern.Figure 

1 illustrates the layered entropy-to-key pipeline common to 

early Bitcoin-style wallet implementations, highlighting the 

interaction between low-level entropy sources, conditioning 

functions, deterministic seed formation, and final elliptic 

curve key instantiation. 
 

 
Figure 1: Architecture of Entropy Collection and Private Key 

Derivation Pipeline 

III. SIGNATURE RELIABILITY UNDER 

ENTROPY DEGRADATION 

The reliability of digital signatures in early cryptocurrency 

wallet systems is fundamentally tied to the entropy conditions 

under which the signing nonce, denoted as k, is generated. The 

Elliptic Curve Digital Signature Algorithm (ECDSA) requires 

that each message signing operation use a unique, 

unpredictable nonce. The nonce k acts as the ephemeral key 

that randomizes each signature, ensuring that no two 

signatures reveal structural information about the static private 

key. In formal terms, an ECDSA signature is produced as (r, 

s), where r = (kG)x mod n and s = k
-1

(H(m) + r . d) mod n. If k 

is ever repeated, partially predictable, or drawn from a low-

entropy distribution, the private key d can be directly exposed 

through algebraic manipulation. 

The critical security property lies in the unrepeatability 

of k. If two signatures are produced with the same nonce, an 

adversary can compute the difference between the 

corresponding s-values and extract the private key with only a 

few integer operations. Similarly, if the nonce is not entirely 

random but rather biased toward a small subset of the full 

allowable range, the search space collapses to a tractable 

region, allowing statistical or lattice-based key recovery. Thus, 

the entropy of nonce generation is just as important as the 

entropy underlying the private key itself. 

During the period between 2011 and 2014, a number of 

wallet implementations and signing libraries relied heavily on 

system pseudo-random number generators without verifying 

the adequacy of the entropy pool at signing time. Lightweight 

and mobile wallets, in particular, often operated on devices 

that had only recently booted or had restricted sources of 

unpredictable environmental input. In such states, operating 

system entropy pools were still “warming up,” meaning that 

values returned for nonce generation were insufficiently 

randomized. In several documented incidents, this led directly 

to key exposure and loss of funds on public blockchains. 

The most widely recognized class of failures occurred 

when Android-based Bitcoin wallet applications suffered from 

a flawed Java SecureRandom implementation during 2013. 

The affected runtime environment failed to seed its entropy 

pool reliably after power cycles, leading to nonce values being 

repeated across signing operations. Attackers monitoring the 

blockchain were able to detect identical r-values in signatures 

and subsequently derive the corresponding private keys, 

enabling the unauthorized transfer of funds from user wallets. 

This event highlighted the systemic nature of entropy 

vulnerabilities in wallet ecosystems. 

Another form of nonce failure emerged from 

deterministic signing implementations that drew input from 

insufficiently mixed seed material. While deterministic 

ECDSA was later standardized (e.g., RFC 6979), early 

prototypes and non-standard implementations occasionally 

initialized their deterministic state using low-entropy seeds. 

This caused nominally deterministic nonce sequences to be 

effectively predictable to an adversary with visibility into the 

signing environment or knowledge of approximate seed state, 

such as in cloned virtual machine deployments. 

Embedded and headless wallet clients also exhibited 

entropy limitations, especially those operating in server-grade 

environments configured without hardware random number 

generators. Without user input devices or environmental jitter, 

these systems behaved deterministically for extended periods 

unless explicitly seeded through high-quality entropy sources. 

The nonce values generated under such conditions could be 

modeled or enumerated with significantly reduced 

computational effort compared to brute force of the full 

ECDSA key space. 

The consequences of nonce degradation were not limited 

to isolated wallets; they often propagated across an ecosystem 

when shared libraries, SDKs, or firmware images contained 

the same entropy weaknesses. For example, multiple third-

party Bitcoin libraries bundled into early web wallet platforms 

reused entropy initialization code drawn from demonstration 

implementations or low-entropy testing templates. This 
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resulted in correlated vulnerabilities visible across ostensibly 

unrelated wallet services. 

The Table 1 below summarizes representative cases of 

entropy-related signature failures observed in early 

cryptocurrency wallet implementations during this period, 

emphasizing how reduction in nonce randomness consistently 

produced direct pathways to private key exposure. 

 
Table 1: Observed Signature Failure Cases Due to Low-Entropy 

Nonce Generation 

Wallet Version / 

Platform 

Entropy Source 

Type 

Nonce 

Behavior 

Vulnerability 

Outcome 

Android Bitcoin 

Wallet (2013 

builds) 

OS PRNG 

(SecureRandom, 

improperly 

seeded) 

Nonce 

repetition 

across 

transactions 

Full private 

key recovery 

and 

unauthorized 

fund transfer 

Early Electrum 

Mobile (2012 

test releases) 

Mixed pseudo-

random & 

limited sensor 

input 

Biased nonce 

distribution in 

low-jitter 

states 

Partial key 

recovery via 

statistical 

attack 

Custom Server 

Wallets (Mining 

pool controllers, 

2011–2014) 

Headless Linux 

VMs with no 

HRNG 

Predictable 

nonce 

intervals after 

reboot 

Key leakage 

across multi-

signature 

controllers 

Prototype 

Deterministic 

Wallet 

Implementations 

(pre-RFC 6979) 

Deterministic 

seed with low 

entropy 

initialization 

Deterministic 

nonce 

sequence 

predictable 

from seed 

Key exposure 

through nonce 

prediction 

IV. CASE STUDY AND RECONSTRUCTED 

FAILURE DEMONSTRATION 

To better understand the practical implications of entropy 

degradation on signature security, we reconstructed a 

controlled signing environment designed to replicate the low-

entropy conditions documented in early cryptocurrency wallet 

failures. The environment was initialized using known weak 

random number generator (RNG) states extracted from 

archived Android runtime builds and minimal-entropy Linux 

virtual machine boot stages. These sources were selected 

because they closely match the conditions encountered in 

several high-profile wallet incidents during 2011–2014. By 

precisely fixing the internal state of the entropy pool, we were 

able to reproduce repeated nonce issuance across multiple 

signing events and observe how small reductions in 

randomness propagate into signature structure. 

Once the environment was stabilized at varying entropy 

levels, we performed repeated ECDSA signing operations on a 

fixed message set. The resulting signatures were analyzed to 

identify collisions or patterns in the nonce values. In settings 

where the entropy pool was restricted to below approximately 

40 bits of effective unpredictability, nonce values became 

constrained to narrow ranges that exhibited recognizable 

distribution patterns. These patterns appeared either as direct 

nonce repetition, where the same value was reused, or as low-

variance clusters where nonce values differed only slightly 

across transactions. Both behaviors pose measurable risks, as 

an adversary with access to public signatures on the 

blockchain can leverage such patterns to apply key recovery 

techniques. 

The reliability assessment was extended to include 

deterministic ECDSA signing as a comparison baseline. When 

correctly implemented and seeded with a sufficiently strong 

initial source of randomness, deterministic nonce generation 

does not suffer from replay or distribution collapse. However, 

our reconstructed environment demonstrated that poor seeding 

of deterministic systems does not eliminate the failure mode 

but rather shifts it: once the deterministic internal state is 

known or guessed, every future signature becomes 

predictable. In other words, deterministic signing amplifies the 

risk when entropy failure occurs at seed time, because the 

resulting nonce stream becomes fully deterministic, enabling 

rapid private key extraction. 

We then evaluated these signing patterns in the context 

of adversarial monitoring. Using only publicly observable 

ECDSA signatures posted to a simulated blockchain ledger, 

we tested the feasibility of isolating nonce regularities without 

privileged access to internal wallet computation state. The 

reconstructed cases confirmed that if entropy was sufficiently 

weak, even a modest number of signatures between three and 

fifteen was enough to enable private key recovery using 

standard lattice-based key extraction algorithms. This matches 

the recovery mechanisms used in real-world incidents during 

the timeframe under consideration, emphasizing that entropy 

weakness is not merely theoretical but immediately 

exploitable. 

The aggregated reliability patterns are presented visually 

in Figure 2, which maps entropy strength against the 

probability of key exposure across repeated signature 

operations. The heatmap demonstrates a steep reliability drop 

once entropy falls below a threshold of approximately 56–64 

bits. Above this level, nonce distributions remain highly 

unpredictable, and signature reliability is effectively 

guaranteed. Below this level, vulnerability probability 

increases rapidly, highlighting a phase-transition-like behavior 

in the security of ECDSA signing mechanisms. 

 

 
Figure 2: ECDSA Signature Reliability Map Across Varying Entropy 

Conditions 
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V. CONCLUSION AND SECURITY 

IMPLICATIONS 

The findings presented in this study demonstrate that the 

reliability of ECDSA signatures in early cryptocurrency wallet 

systems was directly tied to the adequacy of entropy available 

during key and nonce generation. Early desktop, mobile, and 

server-embedded wallets frequently relied on system pseudo-

random number generators without verifying whether 

sufficient entropy was present at the time of key or signature 

creation. As our reconstructed environment and historical 

failure cases illustrate, reductions in entropyeven temporarily 

during device initialization or in headless deploymentsresulted 

in nonce repetition and statistical bias, enabling practical 

private key recovery from publicly observable signatures. The 

cryptographic strength of elliptic curve mathematics could not 

compensate for deficiencies in the underlying randomness 

substrate. 

To address these weaknesses, secure key generation 

workflows in constrained or embedded systems must 

explicitly incorporate entropy assessment, conditioning, and 

continuous health monitoring. System designers should ensure 

that entropy pools are not only properly seeded but also 

actively replenished from diverse and unpredictable physical 

sources. Deterministic signing methods, while valuable for 

reproducibility and wallet portability, must be initialized from 

a high-entropy seed to avoid generating predictable nonce 

streams. Further, wallet software should incorporate 

safeguards that halt signing operations when entropy falls 

below acceptable thresholds, preventing the silent generation 

of vulnerable signatures under degraded conditions. 

In modern wallet implementations, the use of dedicated 

hardware-based true random number generators (TRNGs) has 

become central to achieving reliable entropy, especially in 

mobile secure elements, hardware wallets, and trusted 

execution environments. These devices derive unpredictability 

from physical noise sources rather than system state, reducing 

reliance on software entropy accumulation and mitigating the 

vulnerabilities observed in earlier systems. As cryptocurrency 

adoption expands across resource-diverse environmentsfrom 

low-power IoT nodes to enterprise custodial infrastructurethe 

security guarantees of TRNG-backed randomness generation 

and verified entropy conditioning will remain critical to 

preserving the cryptographic integrity of private keys and the 

resilience of digital asset ecosystems. 
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