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Abstract—The Toffoli gate is a fundamental building block for
quantum arithmetic and reversible logic, yet its efficient realiza-
tion remains a major challenge in both near-term and fault-
tolerant quantum architectures. Recent advances in dynamic
quantum circuit capabilities, including mid-circuit measurement
and classical feedforward, provide new opportunities for reducing
the resource overhead of non-Clifford operations.

In this work, we propose a set of dynamic decomposition
strategies for multi-controlled Toffoli gates that exploit adap-
tive circuit execution and ancilla-assisted constructions. Our
methods systematically reduce entangling-gate count, T-count,
and T-depth compared with conventional static decompositions,
while preserving fault-tolerance guarantees. Through analytical
cost models and experimental evaluation, we demonstrate that
relative-phase primitives and measurement-conditioned correc-
tions enable scalable implementations with improved depth and
resource efficiency.

Index Terms—Toffoli gate, Dynamic quantum circuits, Decom-
position, Optimization

I. INTRODUCTION

The Toffoli gate is a fundamental primitive in quantum
computing, forming the backbone of numerous arithmetic, log-
ical, and reversible operations. Its importance spans quantum
algorithms [1], arithmetic circuits [2], and the construction of
universal gate sets [3]. Despite its conceptual simplicity, the
efficient realization of the Toffoli gate remains a persistent
challenge, particularly in the fault-tolerant regime [4], where
resource constraints such as qubit count, T-gate complexity,
and circuit depth critically influence overall performance.

Conventional Toffoli decompositions rely heavily on non-
Clifford resources, especially T gates [5], [6], which remain
costly to implement and distill in contemporary quantum
architectures. Consequently, techniques that reduce T-count, T-
depth, or ancillary-qubit requirements are essential for scaling
practical quantum algorithms. However, such optimizations
often introduce trade-offs in circuit width, critical-path length,
or control complexity, making efficient resource balancing an
active area of research.

Recent advances in quantum hardware have enabled dy-
namic quantum circuit capabilities [7], [8], including mid-
circuit measurement, qubit reset, and classically conditioned
operations. These features allow fundamentally new circuit

constructions that are not accessible within strictly static
models. By enabling adaptive control flow and conditional
execution, dynamic circuits provide promising opportunities
for reducing the resource overhead of non-Clifford operations,
including the Toffoli gate [9].

In this work, we investigate decomposition strategies that
leverage dynamic circuit operations to achieve more resource-
efficient Toffoli-gate implementations. Specifically, we pro-
pose methods that (i) minimize non-Clifford resources by
reducing both T-count and T-depth in fault-tolerant settings,
and (ii) exploit clean ancillas through multiple ancilla-aware
optimization strategies. Our constructions demonstrate that
incorporating mid-circuit measurement and classical feedfor-
ward can yield substantial improvements in resource effi-
ciency, while preserving computational correctness.

Overall, this paper presents scalable Toffoli decompositions
tailored to emerging hardware capabilities, providing practical
pathways toward more resource-conscious quantum computa-
tion.

The remainder of this paper is organized as follows. Sec-
tion II reviews the relevant background, Section III introduces
the proposed methods, Section IV presents the experimental
results, and Section V concludes the paper.

II. BACKGROUND

A. Quantum Logic Gates

Quantum computation is based on the manipulation of quan-
tum bits (qubits) through a sequence of unitary transformations
known as quantum logic gates. Unlike classical bits (i.e., 0
or 1), qubits can exist in superpositions of computational
basis states (e.g., |0⟩ and |1⟩), enabling parallel information
processing. The evolution of a closed quantum system is
governed by unitary operations. From the unitary constraint,
which requires that for each operation U there has to be an
operation U† where UU† = I , we can derive that, unless a
measurement is performed, each quantum circuit is reversible.
This means that at each point in the computation, there exists
a circuit that can undo this computation and return to the
original input. Notably, this does not permit many operations
frequently used in classical computing, such as an OR gate,
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Fig. 1: Implementations of the relative-phase Toffoli gate: (a)
the CC(iX) operation, and (b) its Clifford+T decomposition.

which combines two input bits into a single output bit, from
which the original inputs cannot be reconstructed.

Single-qubit gates form the fundamental building blocks of
quantum circuits. Common examples include the Pauli gates
X , Y , and Z, the Hadamard gate H , and phase gates such as
S and T . These gates enable the preparation of superposition
states (e.g., 1√

2
(|0⟩ + |1⟩)), phase manipulation, and basis

transformations. When combined with multi-qubit entangling
gates, such as the Controlled-NOT (CX) gate, they provide
the basis for universal quantum computation [10].

In practice, many quantum architectures rely on the Clif-
ford+T gate set, consisting of Clifford gates (including H , S,
and CX) supplemented by the non-Clifford T gate. While
Clifford gates can be efficiently simulated classically, the in-
clusion of the T gate enables universal quantum computation.

B. Toffoli Gate Decomposition

The Toffoli gate (CCX), and its generalization to k
controls—the multi-controlled NOT, denoted CkX—are cen-
tral multi-qubit operations in quantum computation, widely
used in arithmetic circuits, reversible logic, and oracle im-
plementations [3], [11], [12]. Despite their logical simplicity,
direct physical realization of CkX gates is challenging on most
quantum hardware platforms, which natively support only
single- and two-qubit interactions. Consequently, practical
quantum circuits must decompose CkX gates into sequences
of elementary operations drawn from a universal gate set, such
as the Clifford+T set.

The resource cost associated with such decompositions is
a critical metric in circuit optimization. Common measures
include the gate count, circuit depth, T-count, T-depth, and
ancilla qubit overhead. In fault-tolerant architectures, T-count
and T-depth often dominate the overall cost, since non-Clifford
operations require expensive ancillary-state preparation and
magic state distillation [13]. Consequently, substantial research
efforts have focused on minimizing the T-count and T-depth
of decomposed circuits.

Systematic optimization of CkX synthesis—through im-
proved decomposition techniques and ancilla-aware schedul-
ing strategies (e.g., [5], [14], [15])—directly impacts the fea-
sibility of arithmetic-heavy algorithms and large-scale oracle-
based computations.
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Fig. 2: Clean-ancilla decomposition of the C5X gate: (a) the
C5X operation, and (b) its Clifford+T decomposition using
CC(iX) gates.

C. Dynamic Quantum Circuits

Dynamic quantum circuits extend the conventional quantum
circuit (static) model by allowing mid-circuit measurements,
classical processing of measurement outcomes, and condi-
tional quantum operations based on classical control signals. In
this paradigm, the execution of a circuit may branch depending
on observed outcomes, enabling adaptive decision-making
within a single computational run.

The availability of mid-circuit measurement and feedfor-
ward enables a wide range of advanced techniques, includ-
ing synthesizing quantum circuits limited qubits, active error
detection and correction, teleportation-based gate implemen-
tations, adaptive phase estimation, and measurement-assisted
gate synthesis [7], [16]–[18]. In the context of multi-controlled
operations, such capabilities can be exploited to replace long
coherent gate sequences with shorter adaptive procedures,
thereby reducing quantum depth and accumulated noise.

In this work, dynamic circuit techniques are leveraged to
optimize the implementation of multi-controlled Toffoli gates.
By exploiting mid-circuit measurement and classical control,
the proposed approach reduces coherent gate depth and non-
Clifford resource consumption, thereby improving scalability
for arithmetic-intensive and oracle-based quantum algorithms.

III. DYNAMIC CLIFFORD+T OPTIMIZATION

A. Dynamic Optimization Using CC(iX) Gates

Existing Clifford+T realizations of the three-input Toffoli
(CCX) gate require six CX gates and seven T gates, with a
T -depth of three, as reported in [19]. Selinger [5] proposed an
alternative construction achieving a T -depth of one, at the cost
of introducing four ancillary qubits. Furthermore, it has been
shown that relative-phase Toffoli gates can offer significant
advantages in the synthesis of larger multi-controlled Toffoli
gates (CnX for n > 2) [6].
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Fig. 3: Clean-ancilla–based dynamic decomposition of the
C5X gate, using three CC(iX) operations followed by three
measurement-conditioned CZ corrections.

Fig. 1 presents Clifford+T implementations of three-input
relative-phase Toffoli gates (CC(iX)). Using these primitives,
a CnX gate can be constructed with n − 2 ancillary qubits,
as illustrated in Fig. 2 for the case n = 5. The CC(iX)
implementation shown in Fig. 1b requires three CX gates,
four T gates, and has a T -depth of four. Consequently, a CnX
circuit synthesized from n−2 clean ancillas, 2(n−2) CC(iX)
gates, and one CCX gate incurs the following total resource
cost:

Cost(CnX,n− 2) = 6(n− 1) CX

+ (8n− 9) T -count

+
(
8
⌈
n
2

⌉
− 5

)
T -depth. (1)

The reduced T -depth is achieved through parallel execution
of CC(iX) gates acting on disjoint qubit subsets, enabled by
appropriate scheduling, as illustrated in Fig. 2b.

Building on the dynamic and fault-tolerant CCX construc-
tion proposed in [20], which achieves a T-count of four using
a single clean ancilla, a similar strategy can be extended to the
dynamic realization of CnX gates. In particular, the CC(−iX)
components (see Fig. 2b) appearing in the standard CnX
decomposition can be replaced by a sequence consisting of
ancilla phase correction (S†), measurement in the Hadamard
basis (MH ), and measurement-conditioned phase restoration
(CZ). This transformation enables the use of mid-circuit
measurement and classical feedforward to reduce coherent
non-Clifford resources.

As a result, the overall resource cost of the dynamic CnX
implementation is given by

Ccost(CnX,n− 2) = CS
cost + CD

cost, (2)

where the static cost is

CS
cost(C

nX,n− 2) = 3n CX

+ (4n− 1) T -count

+
(
4
⌈
n
2

⌉
− 1

)
T -depth. (3)
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Fig. 4: The Clifford+T realization of the C3(iX) gate.

and the dynamic cost is

CD
cost(C

nX,n− 2) =

{
(n− 2) CX, M

⊗(n−2)
H = 2n−2 − 1,

0, M
⊗(n−2)
H = 0,

(4)

where M
⊗(n−2)
H denotes the outcome of measuring all n− 2

qubits in the Hadamard basis. Depending on the architecture,
measurement, classical control and reset might incur additional
costs. However, these are not considered here.

Fig. 3 illustrates the resulting realization of the C5X gate.
Compared with the static construction in Eq. (1), this dynamic
approach yields reductions of 12 T gates and eight units of T -
depth (and six CX gates in the worst case, when all measured
ancilla outcomes are 1), thereby demonstrating the substantial
resource savings enabled by adaptive circuit execution.

B. Dynamic Optimization Using C3(iX) Gates

According to [6], the use of the four-input relative-phase
Toffoli gate, denoted C3(iX), enables further simplification
of the Clifford+T realization of CnX gates for n > 3. As
illustrated in Fig. 4, the Clifford+T implementation of C3(iX)
requires twice the resources of a CC(iX) gate, namely six CX
gates, eight T gates, and a T -depth of eight. Incorporating
C3(iX) gates into the construction of CnX reduces the upper
bound on the number of required clean ancillas from n− 2 to⌈
n−2
2

⌉
.

1) Even n Case: The resulting construction consists of n−
2 C3(iX) gates and one CCX gate, yielding the following
resource cost:

Ccost
(
CnX, n−2

2

)
= 6(n− 1) CX

+ (8n− 9) T -count

+
(
16

⌊
n
4

⌋
+ 3

)
T -depth. (5)

An explicit realization of this construction for C4X is
shown in Fig. 5, which conforms to Eq. (5).

Following the dynamic replacement strategy introduced in
the previous subsection, the present construction extends this
approach to the C3(−iX) components appearing in the static
decomposition (see Fig. 5b). These components are realized
using a similar adaptive sequence based on ancilla phase
correction (S†), measurement in the Hadamard basis (MH ),
and measurement-conditioned phase restoration.

Depending on the measurement outcome, the required cor-
rection is implemented by either CX · CC(iZ) or CS†,
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Fig. 5: Clean-ancilla decomposition of the C4X gate: (a) the
C4X operation, and (b) its Clifford+T decomposition using
C3(iX) gates.

as illustrated in Fig. 6. This extension preserves the fault-
tolerant and resource-efficient properties of the underlying
dynamic CnX construction while enabling further reductions
in coherent non-Clifford overhead.

Assuming CX ·CC(−iZ) as the worst-case dynamic over-
head, the adaptive implementation requires n−2

2 C3(iX) gates,
n−2
2 conditional correction blocks, and one CCX gate. This

results in the following static cost:

CS
cost

(
CnX, n−2

2

)
= 3n CX

+ (4n− 1) T -count

+
(
8
⌊
n
4

⌋
+ 3

)
T -depth. (6)

The corresponding dynamic cost is given by

CD
cost

(
CnX, n−2

2

)
=

(2n− 4) CX
+ (2n− 4) T -count
+ 4

⌊
n
4

⌋
T -depth,

M
⊗⌈n−2

2 ⌉
H = 2⌈n−2

2 ⌉ − 1,

(n− 2) CX
+ 3

(
n−2
2

)
T -count

+ 2
⌊
n
4

⌋
T -depth,

M
⊗⌈n−2

2 ⌉
H = 0,

(7)

where M
⊗⌈n−2

2 ⌉
H denotes the joint measurement outcome of

the
⌈
n−2
2

⌉
ancilla qubits in the Hadamard basis.

2) Odd n Case: For odd values of n, the proposed con-
struction employs n − 3 C3(iX) gates, two CC(iX) gates,
and one CCX gate. The resulting resource cost is given by

Ccost
(
CnX, n−2

2

)
= 6(n− 1) CNOT

+ (8n− 9) T -count
+ (4n− 1) T -depth. (8)

An explicit realization of this construction for C11X is
shown in Fig. 7, which conforms to Eq. (8).

Following the dynamic replacement strategy introduced
earlier, this construction is extended to the CC(−iX) and
C3(−iX) components appearing in the static decomposition
(see Fig. 7). For CC(−iX), the required correction is realized
by CZ, whereas for C3(−iX) it is implemented by either
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t

Fig. 6: A dynamic implementation of the C4X gate using
one C3(iX) gate together with measurement-conditioned op-
erations: CX · CC(−iZ) when the ancilla outcome is 1, and
CS† when it is 0.
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Fig. 7: Clean-ancilla decomposition of the C11X gate using
C3(iX) and CC(iX) gates.

CX ·CC(iZ) or CS†, depending on the measurement outcome,
as illustrated in Fig. 8.

Assuming CX ·CC(−iZ) as the worst-case dynamic over-
head for C3(−iX), the adaptive implementation requires n−3

2
C3(iX) gates, one CC(iX) gate, and a comparable number of
conditional correction blocks, in addition to one CCX gate.
The corresponding static cost is therefore given by

CS
cost

(
CnX, n−2

2

)
= 3n CX

+ (4n− 1) T -count
+ (2n+ 1) T -depth. (9)
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Fig. 8: Clean-ancilla–based dynamic decomposition of the C11X gate: the construction employs four C3(iX) operations and one
CC(iX) operation, followed by five measurement-conditioned phase corrections. For CC(iX), the correction is implemented
by CZ, while for C3(iX) it is given by either CX · CC(−iZ) or CS†, depending on the measurement outcome.

The corresponding dynamic cost is given by

CD
cost

(
CnX, n−2

2

)
=

(2n− 5) CX
+ (2n− 6) T -count
+ (n− 1) T -depth,

M
⊗⌈n−2

2 ⌉
H = 2⌈n−2

2 ⌉ − 1,

(n− 3) CX
+ 3

(
n−3
2

)
T -count

+ 2
⌊
n−1
4

⌋
T -depth,

M
⊗⌈n−2

2 ⌉
H = 0,

(10)

where M
⊗⌈n−2

2 ⌉
H denotes the joint measurement outcome of

the
⌈
n−2
2

⌉
ancilla qubits in the Hadamard basis.

The dynamic realization of the C11X gate shown in Fig. 8
conforms to the static and dynamic resource estimates
in Eqs. (9) and (10).

IV. EXPERIMENTAL RESULTS

For the experimental evaluation, Toffoli gates with up to 16
qubits were considered. Each gate was decomposed according
to the above-described constructions using two clean-ancilla-
based approaches: (i) a construction employing n − 2 clean
ancilla qubits and (ii) a construction using

⌈
n−2
2

⌉
clean ancil-

las. The results are summarized in Table I and compared with
state-of-the-art clean-ancilla methods reported in [6], [10].

To ensure a fair comparison, the resource overhead in terms
of CX count, T-count, and T-depth for the proposed scheme
is evaluated by combining the static cost CS

cost with the worst-
case dynamic overhead, corresponding to CD

cost for Mm
H =

2m−1. For the purpose of this comparison, we look at T-depth

on the level of scheduled Toffoli gates and do not consider T-
depth scheduling beyond this.

The results indicate that the proposed dynamic decomposi-
tion consistently reduces the CX count, T-count, and T-depth
compared with both static constructions. In particular, while
the static approach based on

⌈
n−2
2

⌉
clean ancillas yields circuit

costs in terms of CX and T-count comparable to those of the
n− 2 ancilla construction, it incurs a higher T-depth.

By contrast, the proposed dynamic scheme achieves simul-
taneous reductions in CX , T-count, and T-depth under both
ancilla configurations. Moreover, the lowest overall resource
overhead is obtained when n− 2 clean ancillas are employed,
highlighting the effectiveness of the proposed method in
exploiting additional ancilla resources.

V. CONCLUSION

In this work, we introduced a dynamic and resource-
efficient framework for realizing multi-controlled Toffoli gates
in both near-term and fault-tolerant quantum architectures. By
combining mid-circuit measurement and optimized Clifford+T
constructions, the proposed approach systematically reduces
entangling-gate count, T-count, and T-depth compared with
conventional static decompositions, while preserving fault-
tolerance guarantees.

Our analysis and experimental evaluation demonstrate that
relative-phase primitives and measurement-adaptive correction
strategies enable the construction of high-order Toffoli gates
with substantially reduced gate overhead and improved depth
scaling. In particular, the proposed dynamic decompositions
consistently outperform existing clean-ancilla-based methods



TABLE I: Results for the dynamic realization of the Toffoli operation, comparing the method of [6] with the proposed clean-ancilla–based
dynamic decomposition.

n-2 Clean Ancilla
⌈
n−2
2

⌉
Clean Ancilla

Static [10] Prop. Dyn. W.∗ Impr.(%) Static [6] Prop. Dyn. W.∗ Impr.(%)

n CX Tc Td CX Tc Td CX Tc Td CX Tc Td CX Tc Td CX Tc Td

3 12 15 11 10 11 7 16.67 26.67 36.36 - - - - - -
4 18 23 11 14 15 7 22.22 34.78 36.36 18 23 19 16 19 15 11.11 17.39 21.05
5 24 31 19 18 19 11 25.00 38.71 42.11 24 31 19 20 23 15 16.67 25.81 21.05
6 30 39 19 22 23 11 26.67 41.03 42.11 30 39 19 26 31 15 13.33 20.51 21.05
7 36 47 27 26 27 15 27.78 42.55 44.44 36 47 27 30 35 21 16.67 25.53 22.22
8 42 55 27 30 31 15 28.57 43.64 44.44 42 55 35 36 43 27 14.29 21.82 22.86
9 48 63 35 34 35 19 29.17 44.44 45.71 48 63 35 40 47 27 16.67 25.40 22.86

10 54 71 35 38 39 19 29.63 45.07 45.71 54 71 35 46 55 27 14.81 22.54 22.86
11 60 79 43 42 43 23 30.00 45.57 46.51 60 79 43 50 59 33 16.67 25.32 23.26
12 66 87 43 46 47 23 30.30 45.98 46.51 66 87 51 56 67 39 15.15 22.99 23.53
13 72 95 51 50 51 27 30.56 46.32 47.06 72 95 51 60 71 39 16.67 25.26 23.53
14 78 103 51 54 55 27 30.77 46.60 47.06 78 103 51 66 79 39 15.38 23.30 23.53
15 84 111 59 58 59 31 30.95 46.85 47.46 84 111 59 70 83 45 16.67 25.23 23.73
16 90 119 59 62 63 31 31.11 47.06 47.46 90 119 67 76 91 51 15.56 23.53 23.88
Prop. Dyn. W.∗ −→ Cost of proposed dynamic realization considering worst case gate overhead.
n −→ CnX gate; CX −→ CX-Count; Tc −→ T -Count; Td −→ T -Depth.

under both limited- and abundant-ancilla regimes, achieving
lower overall resource overhead even in worst-case execution
scenarios.

These results establish dynamic circuit techniques as a
practical and scalable approach for implementing reversible
logic and arithmetic subroutines that are central to many quan-
tum algorithms. By mitigating the dominant non-Clifford and
entangling-gate costs, our framework advances the feasibility
of large-scale oracle and arithmetic constructions on realistic
quantum hardware.
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