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Abstract—We explore challenges of and present a concept
for a decentralized payment service which is based on trusted
execution environments. The system guarantees that users can
always cash out their funds without depending on the cooperation
of other network members, hence minimizing the trust required
in other network members. We present an overview of the system,
motivate key components for a secure architecture and provide a
communication protocol. We prove that the payment service users
can cash out their funds at any time without any dependence on
other network members.

I. INTRODUCTION

In the last years, several second layer technologies have
emerged that are built on top of cryptocurrencies such as
Bitcoin [1]. Whether those are sidechains, smart contracts, or
payment channel networks — a common use case is a payment
service that allows a subgroup of the cryptocurrency’s users to
manage their funds. Money can be transferred into the second
layer, moved between participating users and cashed back
out to the cryptocurrency. An exchange or an online wallet
provider can also be seen as such a service on the second
layer.

All those approaches come with their specific shortcomings.
A central provider needs to be trusted, in a sidechain the ma-
jority of the chain’s miners need to be trusted, smart contracts
make all transactions public, and payment channel networks
require a valid route to exist between the sender and the
receiver of a transaction. In this work we explore how trusted
execution environments (TEEs) can be used to build a payment
service that does not require trust into other users, hides
the users’ transaction history, and enables users to transfer
their funds freely inside the network. TEEs empower users to
validate via remote attestation that the correct code is executed
and their data is secured even from a malicious operating
system. To keep the scope focused, we choose Bitcoin as the
underlying cryptocurrency of the payment service.

We explore challenges of and present an example for
a decentralized trustworthy payment service for Bitcoin
based on a network of TEEs called BANKLAVES. The pay-
ment service offers the following functions and can thus be
compared to a decentralized “bank” for bitcoins: (1) account
creation and closing, (2) deposit of bitcoins, (3) internal
transactions to other accounts and (4) external transactions,
including withdrawals, to Bitcoin addresses. In contrast to a
centralized solution, we require for our concept that each user
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can cash out their balance at any time without dependence
on a third party.

To perform any of the operations above, a user has to par-
ticipate in the decentralized network and execute the payment
service client locally in a TEE. Since it is unrealistic that
all users are willing or able to run the client continuously,
it is required that the functions above work without all users
being online and that the current local state can be backed
up. State extraction, however, makes it possible to replay old
states. Now, the challenge is to allow a local client being in a
particular state to perform a cash out, but to prevent this cash
out if the client was reverted to that state.

In sum, the developed protocol (1) enables every user to
cash out their funds at any time, (2) is secure against attackers
replaying old states and (3) offers its functionality without all
users being online.

The remainder of this work is structured as follows. In
Section II we give an overview of TEEs and TEE-based
approaches for Bitcoin services. In Section III a concept
overview and a simplistic approach are presented from which
we derive the challenges related to the security objectives.
Those challenges are addressed in Section IV where we
present the key components of our concept. In Section V
the BANKLAVES protocol based on the key components is
explained. We provide a proof to show that the proposed
protocol allows a user to cash out at any time (Section VI).
We discuss potentials for improvement and future work in
Section VII before drawing a conclusion.

II. RELATED WORK

In this section, we outline trusted execution environments
and our requirements on concrete TEE implementations. Sub-
sequently, we describe related work from the field of Bitcoin
combined with TEEs. In the past, research has shown that
specific TEE implementations, due to implementation flaws,
are vulnerable to attacks [2]. In this work, we assume “bug-
free” implementations and explore how such an “ideal” TEE
can be used to build a payment service.

A. Trusted Execution Environments (TEEs)

A trusted execution environment is established by trust-
worthy features in hard- and software that assist, protect or
monitor user and system processes and that are, to a certain
degree, demonstrably compliant to their stated functionality.
Prominent examples for TEE implementations are Intel’s



Security Guard Extensions (SGX) [3, 4] or AMD’s Memory
Encryption Technology [5]. Those technologies differ in the
features they provide and in the use cases and attacker models
they are designed for. Due to its feature set, current research
and proposed architectures are typically based on SGX or
at least concepts borrowed from SGX. SGX is designed to
separate user space applications from the entire system. All
components of the system except the CPU are considered
as potentially malicious. Hence, the root of trust is the Intel
CPU and the required trust is therefore reduced to Intel as the
hardware manufacturer.

The features required for our work are isolated execution,
protected memory, and remote attestation. Thereby, code exe-
cution cannot be interfered with by any third party and runtime
data is protected with regard to confidentiality, integrity and
freshness. The code becomes identifiable and its identity can
be proven to a remote party. The secure container separating
the code and data from the host operating system is called
enclave. To run code inside an enclave it needs to be initialized
by an untrusted wrapper application that starts the enclave and
performs its system calls.

B. Use of TEEs in Bitcoin environments

Teechain [6] uses TEEs to implement a payment channel
network. In a payment channel network, users have to deposit
their funds into payment channels between them and other
users. This limits the transferable credit to the capacity of
the channels and it is not guaranteed that a route to another
user exists. Furthermore, this implies that transactions have
to be routed via other network members, which causes a
transaction delay and communication overhead. In our ap-
proach, all funds can be moved freely inside the network.
To defend against replay attacks, Teechain relies on hard-
ware monotonic counters. As hardware monotonic counters
are limited in their performance [7], Teechain does not use
hardware monotonic counters for setups that require higher
performance, but then enclaves are required to always be
running in order to prevent replaying old states. To backup
those running enclaves, their state can be replicated to other
running enclaves (chain replication). When transactions are
performed, all chain members have to acknowledge the state
transition. As replication chains induce performance overhead
and limit the cash-out possibility, we developed an approach
which is secure against replay attacks without the need of hard-
ware monotonic counters while still allowing backups of an
enclave’s state. Concerning the implemented service, Teechain
is most likely the closest approach to our work because it
can also be seen as an implementation of a decentralized
payment service. By presenting BANKLAVES, which differs
largely from Teechain’s design, we show by example that the
design space of blockchain technology and TEEs is not yet
fully explored and comprises different approaches to solve
similar challenges.

Tesseract [8] implements a cryptocurrency exchange where
users can deposit coins and trade them against other coins. To
ensure that users can still access their funds in case the services
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Fig. 1. Overview of an enclave network with three users. The dashed boxes
show which machines are controlled by each user. Each machine (blue box)
runs the same application (purple box) and a Bitcoin client, which is used by
the application to request new blocks and transactions. The main part of an
application is the enclave (orange box) with the trusted execution environment.
All enclaves are connected to each other over the Internet.

becomes unavailable, Tesseract implements a time limit for
each deposit transaction. A deposit transaction can be spent
on two conditions: either with the secret the Tesseract server
knows or two weeks after publication with a secret owned
by the user. So, the deposit is valid only for a limited time
of two weeks. Obscuro [9] uses a similar mechanism. In our
approach deposits are valid for an unlimited time and it is
guaranteed that users are always able to reclaim their deposits
(cf. Section VI).

III. CONCEPT OVERVIEW AND CHALLENGES

Our proposed approach is built on top of a decentral-
ized network of enclaves (Fig. 1). To be a member of the
BANKLAVES enclave network, each user executes the same
client code, which is an open source software that can be
publicly validated. The client consists of a trusted and an
untrusted part. The trusted part is the code that is run inside
the enclave and is therefore protected against tampering and
reading of data. The untrusted part provides the user interface
and network communication as well as secondary storage
accesses. Each user also runs a client for Bitcoin, which is
used by the enclave to retrieve blocks and transactions. The
enclaves run by the users connect to each other and form the
network of enclaves.

Each enclave runs the same code and offers its owner
the following actions: depositing bitcoins, performing internal
transactions to another network member, performing external
transactions to Bitcoin addresses, and cashing out the cur-
rent balance. Each enclave E; stores a list containing the
balances ¢, of each network member m in its state Sg,.
After an enclave performed a transaction, it distributes the
updated balances in the network. To give a better overview of
the system’s functions, we present a simplified and insecure
approach before we explain the key components of our full
approach that are needed for a secure protocol.



A. Simplistic approach

To create a new network, Alice starts her client which
creates the first enclave Ezjice and Bob joins the network by
letting his enclave FEp., perform a remote attestation with
Fatice- To make a deposit, Alice asks her enclave to generate
a deposit address for her. Then, Alice creates a Bitcoin
transaction to this address, publishes it on the blockchain and
gives the transaction to her enclave. Fzjice checks that the
transaction is part of a confirmed block on the blockchain and
increments Alice’s balance in the state. The unspent output of
the transaction used for the deposit is also stored in the state.

If Alice wants to make an internal transaction to Bob, she
calls the respective function in her enclave and passes the
amount and the receiver of the transaction. Fajice verifies
that Alice has enough balance available for that transaction
and then updates the balances and sends them to Epgp,. At
any time Alice and Bob can do a cash out without requiring
interaction with the other party. If Alice wants to cash out, her
enclave creates a Bitcoin transaction that she can publish on
the blockchain. This transaction spends cajce bitcoins from the
unspent transaction outputs managed by the enclave network
to an address provided by Alice.

B. Assumptions and attack model

The users do not trust each other. This implies that the local
trusted parts do not trust the local and remote untrusted parts
which include the Bitcoin clients and, thus, the blockchain I/0.
Users trust TEEs, both their own and those of other users, as
well as their own computer including the operating system
and the Bitcoin client. We assume that the network members
generally aim to provide a working payment service.

We assume that an attacker can roll back their local enclave
to an arbitrary older state. Furthermore, an attacker can prevent
communication between the overlay network members without
any restrictions. However, we do not consider an attacker that
could attack arbitrary connections of the underlying Internet
architecture because this would break the security of the
Bitcoin ecosystem and, thus, the foundation of our approach.
This means that we assume users to always be able to read
and write to the Bitcoin blockchain. We do not consider
problems specific to concrete trusted execution environment
implementations and assume a bug free implementation of the
proposed architecture.

C. Security objectives and challenges

A payment service is subject to several objectives that
are demanded by its users. The balances of users and the
transactions should stay confidential. In a distributed setup,
the network members need to have a consistent view of
the system. Hence, the integrity of the overall system is
another objective. Lastly, the users of a payment service want
to control their deposited coins, as far as possible, without
restrictions. Thus, the service must be available for its users.
Being based on TEEs, the simplistic approach can easily
fulfill the confidentiality objective. Availability and integrity

cannot be fulfilled trivially which is shown by the following
challenges:

C1 No system boundary: The simplistic approach lacks a
binding between the enclaves to the payment service they
form. It has to be ensured that an enclave only operates in
its enclave network to prevent inconsistencies.

C2 Wrong blockchain: Alice’s enclave Fajice depends on
Alice to provide her with the correct blockchain. Alice might
create a deposit transaction and include it in a forked block-
chain that is mined by her, but not publish it on the main
chain. If the enclave only sees Alice’s fork, Fpjice accepts the
deposit and allows an internal transaction to Bob.

C3 Rollback attack: Alice could perform a double spend
by running a rollback attack. Storing the state of her enclave
as Sy, she can transfer some bitcoins internally to Bob, which
leads to state .S;. After doing a rollback of her enclave to state
S0, she can (1) perform an internal transaction to Charlie, who
does not know of state S;, or (2) perform a cash out and get
her original balance cashed out.

C4 Conflicting cash out transactions: If Alice and Bob both
cash out, it is possible that their cash out transactions both
spend the same transaction output if they share a deposit, as
a consequence of an internal transaction.

IV. KEY COMPONENTS

The aforementioned challenges lead to several key compo-
nents of the proposed concept which are elaborated in this
section. Table I relates the key components to the challenges.

A. Shared secrets as relationship binding

Each enclave has to know to which enclave network it
belongs to. Firstly, the enclaves perform mutual remote attes-
tations to ensure that they communicate with a code-identical
counterpart. Secondly, the first enclave of a new payment
service network draws a random byte string Kgystem that
serves as an identifier of the new network. The enclaves
compare their Kgystem at communication establishment.

Furthermore, an enclave has to be able to identify the user
on behalf of which it performs payment service operations.
Thus, we introduce shared secrets K, between each user u
and the user’s local enclave. A user has to use this secret to
authenticate against the enclave if the enclave is (re-)started.

B. Block identifier comparison as blockchain verification

To defend against an attacker providing a wrong blockchain,
we introduce the identifier bg, of the most current confirmed
block that is stored by each enclave E; and compared when
performing transactions. Each enclave receives all new headers
of the Bitcoin blockchain and verifies them starting from the
genesis block or, for better performance, from a hardcoded
newer checkpoint. During an internal transaction to Bob, the
system compares the latest confirmed block identifiers of Alice
and Bob and aborts if they do not match. If Bob gives the
correct blockchain to his enclave FEp,p,, but Alice provides
her enclave with a forked chain, the block identifiers will not
match and the transaction will not succeed. Because the code



run inside the enclaves is trusted, it is enough to verify that the
enclaves see the same blockchain. The enclave that accepted a
deposit can be trusted to have verified that the deposit is part
of the given blockchain.

As an optimization, each enclave can validate that new
blocks adhere to the difficulty rule of Bitcoin and that blocks
arrive in intervals according to the expected distribution, as
proposed in [8]. This makes a fork attack more difficult.
However, to perform time-based validations, a trusted clock
[10] is required.

C. Leader as rollback protection for internal transactions

Say, Alice has a balance of 5 bitcoins. The simplistic
approach allows her to do the following attack: She stores her
current state Sy and then transfers 3 bitcoins to Bob, which
decrements her balance to 2 in her and Bob’s enclave. Then she
restores state Sy and transfers 3 bitcoins to Charlie. Charlies
enclave does not know about her previous transaction to Bob
and so it accepts her transaction. Now Alice successfully
executed a double spend because there are two views in the
network about who received Alice’s coins. To mitigate this
attack we could prevent rollbacks by using hardware mono-
tonic counters in the TEE, but those limit the performance,
bind the TEE to specific hardware and render the counter
unusable as soon as the counter reaches its maximum [7].
Instead, we handle rollbacks by introducing the role of a leader
who is involved in all state updates. With each state update,
a (non-hardware) state counter is incremented. The enclave
with the highest state counter becomes leader and verifies and
executes all state updates. The leader itself cannot be rolled
back, because when the leader is stopped or fails, it loses its
status as leader and the enclave with the most current state
becomes leader (cf. Section V-C4). Introducing a leader to a
decentralized concept might sound contradictory. We therefore
emphasize that our concept is indeed decentralized, because
each enclave is able to provide a cash out operation self-
sufficiently, because it has the most current state that is relevant
for its owner.

D. Emergency cash outs as rollback protection for cash outs

In the presented simplistic approach it is possible for a user
Alice to rollback to an old state and cash out the balance at that
time. As long as Alice’s enclave Fajice does not communicate
with other enclaves, it cannot distinguish whether its current
state was replayed or it has the correct most current state.
Therefore, Fajice Will always allow to create a cash out
transaction and we use the Bitcoin blockchain to resolve
possible conflicts. We construct a cash out transaction that
locks the output for a given time span and makes the output
also spendable for the other enclaves. Now, Bob’s enclave
has to watch the blockchain and when it sees a cash out
transaction, it verifies that the transaction gives only so many
bitcoins to Alice as E,p, has stored as cajice. If Alice tried to
cheat using a rollback attack and the amount in the transaction
is too high, E'p,p, creates a breach remedy transaction which
moves the bitcoins back to the enclave. This mechanism is

Alice: 5

Set of UTXO
before the transaction

Set of UTXO
after the transaction

Alice transfers
2 coins to Bob

Fig. 2. Effect of a transaction of 2 coins from Alice to Bob using a) the
Bitcoin blockchain and b) Satoshi Bookkeeping for internal transactions.
Alice’s UTXO is a) spent and two new UTXO are created (transaction fees
are ignored) or b) internally marked as being shared by Alice and Bob.

known from payment channel networks [11]. However, it has
the drawback that Alice has to wait for her cash out to be
usable for her, while the other enclaves have the opportunity to
verify the cash out. The advantage, however, is that Alice can
always create a cash out transaction without communication
with others. As this feature is only needed in the emergency
case when another party behaves incorrectly, we call this type
of cash out an emergency cash out (ECO). We also introduce
the withdrawal as another type of cash out, which works like
an external transaction and needs cooperation of other network
members, but makes the output directly spendable by Alice.

E. Satoshi bookkeeping to remove the reliance on the leader

Bob’s enclave Epop, must not assume misbehavior by Alice
unless it is ensured that Alice did in fact misbehave. If Eg,
has an outdated version of cajice, it might wrongly create
a breach remedy transaction. To make sure that the breach
remedy transaction is only created from the most current state,
we could limit the ability to create it to the leader, but this
would allow the user running the leader enclave to prevent
the breach remedy transaction from being published to the
blockchain. Instead, users should be able to publish breach
remedy transactions independent of the leader. To allow that,
we developed a way that allows users to create correct breach
remedy transactions even if they do not have the most current
global state.

The idea is that each enclave manages its user’s bitcoins.
Therefore we internally emulate the effect of blockchain
transactions on the set of unspent transaction outputs (UTXO).
As Fig. 2 shows, on the blockchain a transaction spending
a UTXO would create two UTXOs: a change UTXO and a
UTXO spendable by the receiver. In the enclave network we
simply store the information that the UTXO is now partially
owned by the receiver, to avoid the creation of blockchain
transactions. We implement this by storing not only the
deposited UTXO, but also the allocation of the UTXO to their
respective owners.

An ECO transaction contains the current state counter and
for each input two numbers that specify which part of the
respective UTXO is spent!. If an ECO transaction is spotted
on the blockchain that does not conflict with the UTXO

180 bytes are available for additional data using one OP_RETURN in a
transaction. [9]



TABLE I
OVERVIEW OF THE COMPONENTS

Challenge

(CI) No system boundary

(C2) Wrong blockchain

(C3) (1) Rollback attack (int. transaction)
(C3) (2) Rollback attack (cash out)

(C4) Conflicting cash out transactions

Component

Ksystem ldentifier

Block identifier

Leader

Emergency cash out (ECO)
Satoshi bookkeeping

belonging to the enclave’s owner, an enclave does not need to
create a breach remedy transaction. However, if the published
transaction conflicts with a UTXO belonging to the enclave’s
owner and the published transaction includes a lower state
counter than the enclave’s state counter, then a breach remedy
transaction should be published. As the leader always knows
the most current state, the leader can create breach remedy
transactions as well. This means in case of the publication of
an outdated ECO transaction, the leader and the users who
are cheated by that transaction can create a breach remedy
transaction.

Note that, with this construction, ECOs may conflict in non-
malicious scenarios, too. When Alice and Bob own shares of
the same UTXO and both create an ECO for the most current
state, the Bitcoin network will not accept both transactions
since both spend the same UTXO. To allow Bob to get his
money, Bob can show Alice’s transaction to his enclave and
Epop, will create a new transaction, which spends an output
of Alice’s transaction (so Bob needs to make sure Alice’s
transaction gets confirmed on the blockchain instead of trying
to win the race against Alice and publish his two transactions).

V. BANKLAVES PROTOCOL

The protocol is designed to offer the functions listed in
Section I: network join, deposit, internal and external transac-
tions including withdrawals and network leave. To allow those
functions to be performed, we first need a function to create a
new payment service enclave network and a function to elect a
leader. Furthermore, we provide a function that implements the
emergency cash out component and a function to recover the
local client with global state information. Network members
who wish to perform an operation establish a secure and
reliable communication channel to the parties involved in the
operation and perform a mutual remote attestation. The leader
only accepts one channel per member at a time.

A. Network state and state identification

The state of the network Sg, as stored by enclave E,, at user
u is defined by the set of current network members M, their
identifiers K ; and account balances cj;, the state counter
value o, at which state their balances changed last, the current
deposit indices d,, private and public base keys sk%; and pk%;
for deposit key derivation (cf. Section V-B2), emergency keys
pkzﬁ, the UTXO set D, the set of ownerships €2, and a state
counter og,:

SEu, = (Ma KMv CM, O—Jc\{v (stka\B/[, Sk]%[,pkﬁ, D7 Qa UEu)'

Here, K is used for {K; | j € M}. The set of current
network members M consists of all users who performed

“network join” but did not perform an ECO or a “network
leave”. D is a set of spendable deposits (the UTXOs). Each
entry d € D is a tuple of the transaction id of the deposit
transaction, the deposited amount, and the information needed
to derive the private key to spend the deposit (deposit index
and depositing user). € is a set of ownerships that assign
an owner to a part of a UTXO. Each ownership w €  is
a tuple of an owner, the deposit d, and the start position
(w.startpos) and the size (w.amount) of the part that is
assigned to the owner. As an example we give the own-
erships according to the new set of UTXO in Fig. 2 b):
Q = {(*Alice”,d;,0,3), (“Bob”,d1,3,2)}. We denote by
Q, C Q all ownerships w of user u. In Section V-B3 we
explain how an internal transaction affects (.

The state counter o, is a unique identifier for the current
state. The leader increments o, for network joins, deposits,
external and internal transactions, network leaves and ECOs.
To ensure that the state counter increases monotonically and
identifies a state unambiguously, other enclaves do not change
the state counter.

B. Payment service operations

1) Network join: Bob wants to join an enclave network.
He starts his client, which initializes FEgo, and starts the
join procedure parameterized with the IP address’> of the
current leader client, which runs the Efeaqer enclave. Using
this function, Bob’s enclave and FEfcager perform a mutual
remote attestation, which verifies that both run the correct
code. Ep,, marks that it is owned by Bob, generates Kpq,
and a secp256k1 [12] elliptic curve private key skS , with
the public key pkS . Furthermore, Epol, asks Bob for his
emergency cash out address pkgob. The generated keys and
pkgob are sent to FEpcader, Which adds them to its state.
Ef eader in return sends the current state Sg, .. t0o Epon. The
generated keys are owned and managed by the decentralized
enclave network. A public key is associated with a specific
network member to identify the corresponding deposits. The
TEE ensures that the implemented access control mechanisms
on the private keys are always enforced.

2) Deposit: To get bitcoins into the payment service, Bob
can make a deposit. Bob starts the deposit function offered by
his enclave Fpo1,, which creates a new Bitcoin deposit key pair
(PKBob 55> SFBob.5s., ) This deposit key pair is generated
from Bob’s secp256k1 base key pair (skB,,, and pkB..), Bob
and Ksysem using the key derivation algorithm used in the
Lightning Network [13]. After the key generation, E'g,p, gives
pkBDOb’ sp., 0 Bob. Bob uses his Bitcoin client to create a
transaction tpeposit transferring some bitcoins to pkBDob,éBob
and publishes it on the Bitcoin blockchain.

Bob’s enclave Fp, monitors the blockchain using Bob’s
Bitcoin client and waits until a block containing peposit 18
confirmed. Epqp, sends {peposit; Bob’s name, and the most
current confirmed block id bg,,, t0 Ercader- Elcader then

2In practice it might be necessary to be invited to a network or that the
current network members need to accept the new member.



Es ELcadcr

Set inTransaction
(8’ v, bES)

Verify c¢s > v

Verify be, = be, 4.,

(s,0,05,)

(“ack”) Verify bg, = bg,.
Update €2, cs, ¢,
[4
( ‘ﬁn”’ S, r, Z}, O'SC)

Check o
Update Q, cs,cr,0
Increment OBl cador

SELewdef ( ELeader

v (-/\) v
Unset inTransaction

Fig. 3. Sequence diagram of an internal transaction from user s to user r.

verifies that bg, , matches bg, ... to make sure that Epgy
verified the confirmation of the deposit transaction on the
same blockchain that the leader knows>. After a successful
validation, Ffcader adds a new deposit to the UTXO set D
and creates an ownership w in  for it, in which the whole
amount of the deposit is marked as being owned by Bob.
Eteader finally increments Bob’s current credit cpop, by the
amount transferred to pkBDob’ 5., and the deposit index dpop
by 1, updates the state counter o g, ... < OFEL..4.. + 1, SEtS
Opop to the new state counter value and sends the updated
state to all connected enclaves.

3) Internal transaction: For Alice to make a transaction to
another member Bob of the same payment service, Alice calls
the function INTERNALTRANSACTION( “Alice”, “Bob”, v), il-
lustrated in Fig. 3, on Fajice- The parameter v is the amount
of bitcoins that Alice wants to transfer. Alice’s enclave sets the
inTransaction flag to make sure that no other transaction
is started in parallel. Then, Eajce sends a tuple containing
the transaction parameters and her last confirmed block id to
Eteader- ELeader Verifies that Alice has enough credit to cover
the transaction and that Alice’s block id and its own block id
match. If they match, Ereaqer sends the data to Fpgp, Which
also verifies that the received block id matches the local one
and sends an “ack” to Eajice ON success.

After receiving the “ack”, Fajice updates the ownerships
Q) (see next paragraph), updates cajice and cpep, to the values
after the transaction and sends a “fin” back to Etcader- FlLeader
verifies that Alice included in her “fin” the same value of 0§;...
as Fpcader has stored for §;;... Then, Efcader also updates
Q, calice and cpop, increments og; ..., S€ts 0% ;.. to the new
OEy..q. and sends the new state to all connected enclaves.
When Eajice and Epop, receive the new state, they accept the

31t is enough to verify that bEg,,, i a parent of by . .

transaction as successfully executed and Eajice removes the
inTransaction flag.

We shortly explain a simplistic algorithm for changing 2
during an internal transaction of v from sender s to receiver r,
which, however, is not optimized for reducing fragmentation:
Copy v to v;. We loop over each ownership w in s and
compare v; to w.amount. If w.amount < v;, we change the
owner of w to r and reduce v; by w.amount. If w.amount >
vy, we reduce w.amount by v, put a new ownership entry
(r,w.d, w.startpos + w.amount, v;) in €2, and stop.

In case Alice does not receive the state update from the
leader, she does not know whether the leader processed the
transaction or not. To prevent an invalid ECO in the first
case, Alice can only cash out her balance available after the
transaction, although in the later case Bob has not received the
transaction. The problem that Alice and the leader need to find
consensus on the new state without knowing whether the other
party received a message is analogous to the Two Generals
Problem [14, 15] and is thus proven unsolvable. In such a
situation, Alice can only send the “fin” again to conclude the
transaction. The verification of o§,;,, prevents the transaction
from being executed twice. Note that, while Alice needs to
keep state during the internal transaction, the leader and Bob
do not need to keep state. So, the leader might even change
during the process of the transaction.

4) Emergency cash out: It might happen that Alice’s en-
clave Faj;ce cannot reach the leader. In that case, Alice cannot
perform or receive any transactions anymore, but she can
still cash out. To that end, Fajice generates a new Bitcoin
transaction with a time-locked output to the emergency address
stored for Alice, a change output to an address owned by the
enclave network, and, as additional data, the value of the state
counter and for each input amounts and the start positions for
the parts that are owned by Alice. As inputs to the transaction,
Falice chooses all deposits from ajjce.

After the time lock Alice is free to spend her coins.
During the time lock all other enclaves F,, have to monitor
the blockchain and check the transactions (this means each
enclave has to be online at least once during the time lock).
If they find Alice’s cash out transaction, they verify that
the ownerships of Alice encoded in the transaction do not
conflict with €,,. Two ownerships w; and wo conflict if they
reference the same deposit d and their intervals defined by
[w.startpos, w.startpos + w.amount] intersect. Two sets {23
and 25 conflict if they contain conflicting ownerships.

If Alice’s transaction conflicts and it has a lower state
counter, they create a breach remedy transaction that transfers
the bitcoins back to the enclave. The time span for the time
lock is a trade-off between Alice being able to spend her coins
quickly and giving the other users enough time to verify her
ECO. We suggest a lock time of 24 hours.

If Alice’s transaction does not conflict but spends the same
UTXO as referenced by €2, of a user u, u has to update 2
and D. To be able to perform internal transactions further on,
the leader has to perform and announce a state update when
an ECO is observed.



If the ECO transaction is not accepted by the Bitcoin
network because a double spending transaction fconfict has
been published by another user, Alice can show tconfiict tO
EAtice, which will create another ECO transaction that spends
the change output of tconfict-

5) External transaction and withdrawal: Making an exter-
nal transaction is similar to an ECO but the leader creates and
publishes the transaction with no time lock. Additionally, the
transaction is sent to Alice’s enclave to publish it from her
computer as well in case the leader’s host does not publish it.
The leader updates the state (Calices $2Alice> TXicer O Fronder)
and sends updates to all connected enclaves. Note that, if
Alice shares UTXOs with other network members wu, their €2,
change, too. If the affected users are not online while Alice
performs the external transaction, they receive the changed ()
from the leader as soon as they are online. A withdrawal is
an external transaction to Alice herself.

6) Network leave: To leave the network, Alice performs a
withdrawal of all her deposits and tells the leader to remove
her from the state. The leader removes Alice’s identifier and
her keys from the state and increments the state counter.

C. Management operations

1) Network creation: To create a new payment service
network, Alice starts her client, which creates an enclave
Etice- Falice creates a system identifier Kgystem that is used
to identify the payment service internally, but never leaves
the network of enclaves. At this point FEajice is the only
enclave in the network and becomes the networks leader:
Ereader < FEalicee Then, the network join procedure is
performed locally.

2) Enclave recovery: In case Bob lost his enclave (e.g.,
because his computer crashed), he starts the local client,
which creates F'g.}, and connects to the current Fycager. After
performing a mutual remote attestation, Bob authenticates
himself by providing his identifier Kpo1, to Epop Which sends
Kgob 10 Eleader. Fleader then sends the current state to Fgp.
Now Epop is ready to be used.

3) Graceful leader handover: When the user running
Eteader shuts down the client, Epeader Will start a graceful
leader handover. Epc.qer chooses one of the enclaves it is
connected to, say Falice- Then Efyeader sSends the current state
SEp..q. 0 the chosen enclave and stops being leader. Fatice
updates its state, marks itself as leader and propagates the
information about the new leader in the network.

4) Leader election on loss of connectivity: If an enclave
cannot reach the current leader anymore, it starts a leader
election. A leader election has a timeout (e.g., 24 hours) during
which all members v € M have to get online once and
participate. Each enclave connects to all other enclaves and
sends its own state counter. For each received state counter
it compares the received state counter to its own. For the
first received state counter that is higher than the own state
counter it sends a commit to the sender enclave and ignores
all other received state counters. If the state counters are equal,
both enclaves draw a random value additionally and compare

that instead of the state counter. For each received commit an
enclave either forwards the commit to the enclave it committed
to, or, if it did not commit to another enclave, it counts the
number of received commits. If all enclaves are online, an
enclave will eventually have received commits (directly or
indirectly) from all other enclaves. This enclave becomes the
new leader and publishes the current state to all other enclaves.
In this process, only one enclave with the most current state
(viz. the highest state counter) can become the new leader. It is
not possible to reelect the old leader enclave without additional
checks since it might have been rolled back. If the process is
not successful, a user can use the ECO function or wait.

D. Asymptotic analysis

The space consumption of the state lies in O(|M| + |D| +
|©2]), with the size of the set of ownerships [{2| being in
O(|D| + n), where n is the number of performed internal
transactions. The size of exchanged messages is maximal for
state updates, which means the message size is in O(|M| +
|D| + |€2|). The complexity of the leader election lies in
O(|M|?), the complexity of the other operations in O(1).
Please note that the algorithms leave space for optimization
with regard to needed space and complexity.

VI. PROOF OF CASH OUT FEASIBILITY

In this section, we provide a proof for our availability and
integrity objectives. Intuitively spoken, we prove that “As long
as I am honest, I always get my money, no matter what funny
things the others do.”

Theorem 1. At any time, except during the process of doing an
internal transaction, a non-rolled back enclave can perform a
valid cash out without the need for communication with other
enclaves.

Proof. We prove the theorem by showing that

(1) in an enclave network in a non-conflicting state S, a cash
out is always possible,

(2) when no rollbacks happen in an enclave network, a
system in a non-conflicting state S,, can only change to
a non-conflicting state S,41, and

(3) rollback-induced conflicts can be resolved in favor of a
non-rolled back enclave.

An enclave network is in state S, if all enclaves are in state
Sn. A state S, is non-conflicting if all w € ) of that state are
non-conflicting (see V-B4).

(1) Cash out with no conflicts: The system is in a non-
conflicting state S,,. As long as no ECO transaction has been
published, each user u can create a valid ECO transaction. Say,
Alice has already published an ECO transaction. If another
user Bob, whose Qp,, do not spend common UTXO with
Qalice, creates an ECO transaction, the transaction is accepted
by the Bitcoin network. However, if {25}, do spend common
UTXO with Qajice, for the Bitcoin network Bob’s ECO
transaction will be a double spend for Alice’s published ECO
transaction. But because all w € 2 are non-conflicting, Fgep,
can verify that Alice’s ECO transaction spends different parts



of the UTXO and so Eg, Will create an ECO transaction for
Bob depending on Alice’s published ECO transaction. Cases
in which more than one ECO transaction are already published
are handled similarly.

(2) State transition from non-conflicting state leads to
non-conflicting state: Not considering rollbacks, due to the
assumptions of TEEs there are the following operations that
lead to a new state:

Network join: ) is not changed, so conflicts cannot occur.

Deposit: Deposits only change the €2, of the user u per-
forming it; no new conflicts are created.

Internal transactions: W.1.0.g. Alice transfers internally c
bitcoins to Bob. During the transaction the owner of parts with
the sum of c bitcoins is changed from Alice to Bob. The €2, of
the other users v € M\ {Alice, Bob} stay the same. Therefore,
the new set €2 does not conflict. We except the process of
internal transactions, because if Alice updates her state before
the leader does, she has a different view on Qajice and Qpgep
than the rest of the network until the leader updates to the
new state. Thus, if Eajice 1S separated from the network during
this time frame, Alice can only cash out her balance after the
transaction although the transaction has not yet completed.

External transactions, ECOs, network leaves: These opera-
tions reduce €2, of the user w performing it and might update
affected ownerships but do not change their amounts; no new
conflicts are created.

(3) Consideration of rollbacks: We pick an arbitrary but
firm non-rolled back enclave E,. We call the state of £, S,
with ¢ < n where n is the index of the most current state.
The other enclaves are in states .S;,7 < n and some might be
rolled back to earlier states. We prove that, in this situation,
a valid cash out for F, is still possible. For all enclaves F,,
in a state S, 7 < n two cases are to be distinguished: Either
they are current or they have been rolled back. In the first
case, their local 2, are the same in S, as in \S; and, thus,
non-conflicting to S,. In the second case, for each enclave £,
rolled back to state .S,,r < j there exist two possibilities:

Sy, r > a: If the Q, of E, would be different in .S, than
in S,, then E, would not be in its most current state. Thus,
transactions created by £/, and E, might use the same UTXO
but they will not have conflicting €2, and Q.

Sy,7 < a: In this case €2, and €2, may conflict. However,
conflicts can be resolved in favor of o by comparing the state
counters. F, creates an ECO with state counter r. E, will
notice the conflicting €2, and ), and because r < a it will
create a breach remedy transaction. If F,, creates an ECO with
state counter a, E, will notice the conflicting €2, and ). It
will not be able to create a breach remedy transaction, because
its own state counter r is smaller than a.

With steps (1) - (3) we proved that starting from a non-
conflicting state, in each following state, even conflicting ones,
a non-rolled back enclave can create a valid cash out transac-
tions that cannot be attacked. As each enclave network starts
with an empty D and (2, which is trivially non-conflicting,
this proves the statement. O

VII. DISCUSSION AND FUTURE WORK

Privacy of the transaction history: The security objectives
contain confidentiality goals for the user balances and their
performed transactions. The TEEs hide their local state from
curious attackers. To prevent information on the transaction
history from being leaked by the additional data in external
transactions, the system identifier Kgystem can be used to
derive a symmetric key to encrypt this data.

Power of the leader’s host, incentives and fees: The system
running the leader enclave is in a position where it is possible
to prevent the enclave network from performing its actual task.
It can actively refuse the network’s services for dedicated
network members. Additionally, it is able to sabotage the
complete network by going offline permanently and refuse
participation in a leader election process. However, because
of the assumptions of TEEs, the leader enclave itself cannot
be malicious and, thus, the leader’s host cannot manipulate
the network’s state in its favor. An idea to incentivize correct
behavior and availability by the leader is to introduce a fee,
which is paid to the leader. Additionally, fees can be used
as a reserve to pay for blockchain transactions issued by the
enclave network itself. We consider such a system as future
work. Unwarranted ECOs should be punished by the payment
system to discourage users from trying to cheat the system.

Usability: We require users to be online to receive trans-
actions to prevent rollback attacks against the receiver of a
transaction. If users want to receive transactions without their
active participation and are willing to take the risk, they could
inform the leader to accept transactions in their absence.

Extended use cases for future work: The payment service
could be used to participate in a payment channel network
with the whole system instead of each user individually. As
a consequence, more and better funded channels could be
opened. The payment service could also be used in a credit
network as a trustworthy gateway. It would accept deposits
in Bitcoin and open credit links to the depositor in return,
so the depositor could use the credit in the network to make
payments to other parties.

VIII. CONCLUSION

We presented a concept for a payment service that is
implemented as a decentralized network of TEEs in which
users do not need to trust each other. Having TEEs as an
interface between a user and the payment service limits each
user to perform only valid actions by protecting the integrity
of the code and the confidentiality of necessary secrets.
Invalid actions caused by rollbacks of TEEs are prevented by
our protocol instead of using hardware monotonic counters.
However, as our approach heavily relies on the security of
TEEs, which have been shown to be compromisable, we plan
to address challenges coming with stronger adversary models
in future work. Additionally, we plan to conduct a performance
analysis using Intel SGX.
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