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ABSTRACT Future IoT networks will demand increasingly lower latency for transmitting mission-critical
information while simultaneously adopting quantum technologies to enhance security and accelerate infor-
mation processing. This survey reviews the state-of-the-art in latency-optimal quantum circuit design,
focusing on minimizing circuit latency without sacrificing essential functionality. The space is primarily
allocated to the network level aspects, exploring balance between the network latency and the energy
consumption, programmability and cost, while establishing a proper interface with the problems that should
be delegated to the practical design carried on by circuit developers. First, we analyze how aggressive latency
reduction constrains the use of universal and reversible gates—both of which tend to increase circuit depth
(latency). Universal gates enable programmability, while reversible gates reduce energy dissipation, yet both
can extend circuit latency. Aware of these trade-offs, we discuss latency-optimal design methodologies
and their implementation aspects. Next, we discuss exact minimization of quantum circuits, presenting
quantitative improvements. For instance, controlled-T gate implementations demonstrate reductions from
15 → 9 T gates (compression = 15/9), 16 → 12 CNOT gates (compression = 16/12), and 9 → 5 T-latency
(compression = 9/5). Similarly, for a 1-bit full adder, reductions include 14 → 8 T gates (14/8), 12 → 10
CNOT gates (12/10), 4 → 2 H gates (2), and 8 → 2 T-latency (4).

INDEX TERMS Quantum circuits, latency minimization, IoT, next-generation networks.

I. INTRODUCTION
Research and development in advanced IoT networks have
devoted significant attention to latency reduction within both
network protocols and circuit-level implementations of net-
work control algorithms. As quantum information processing
becomes increasingly relevant to next-generation IoT sys-
tems, understanding latency in quantum circuit design has
become essential for network engineers and system architects
[1], [2], [3]. Compared with classical technology, quan-
tum circuits can be parallelized more effectively, enabling
a reduction in circuit depth—and consequently, processing
latency—at relatively lower cost. This improvement can be
characterized by a latency compression coefficient, defined
as the ratio (> 1) between the original and optimized circuit
depths. Although the initial cost of quantum circuits may
be high, their scalability and latency compression potential
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make them more cost-efficient as technology matures. The
primary objective of this paper is to provide network design-
ers with a comprehensive survey of techniques for reducing
both latency and cost in quantum circuits. However, aggres-
sively reducing circuit depth introduces limitations in the
use of universal and reversible gates. The former provides
programmability, while the latter reduces energy dissipation;
both typically lead to greater depth (latency). The subsequent
tables compare practical data for various quantum circuit
configurations.

Table 1 compares the latency of universal and application-
specific quantum circuits. While universal circuits support
programmability, they typically exhibit an order-of-
magnitude higher latency [1], [9]. Key references include:
Nielsen and Chuang’s foundational framework for quantum
computing [1]; OpenQASM 3 for hybrid quantum-classical
programming [2]; Google’s Sycamore demonstration of
quantum supremacy [3], [8]; IBM’s Quantum System
One [5]; and major algorithmic advances such as the Vari-
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ational Quantum Eigensolver (VQE) [6] and optimized
implementations of Shor’s algorithm [7]. Reference [9]
further reports superconducting qubit operations achieving
fidelities sufficient for surface-code error correction—a crit-
ical milestone toward scalable, fault-tolerant systems.

Table 2 compares reversible and application-specific
(irreversible) quantum circuits. While reversible circuits
drastically reduce energy dissipation, they often entail signif-
icantly larger depth and higher gate counts—sometimes by
several orders of magnitude [10], [17]. Foundational works
include Frank [10] and Toffoli [11] on reversible logic; Lan-
dauer [12] and Bennett [13] on thermodynamic and logical
reversibility; and more recent synthesis and optimization
studies [14], [17].

Table 3 extends this comparison using additional stud-
ies such as [18] (BDD-based synthesis of reversible logic)
and [19] (systematic methods for low-power reversible
architectures). Collectively, these results demonstrate that
aggressive latency minimization imposes trade-offs in pro-
grammability, manufacturability, and energy efficiency. Nev-
ertheless, many IoT applications demand extremely low
latency, prompting continued research into optimal circuit
design [20], [33].

TABLE 1. Latency comparison: universal vs. application-specific quantum
circuits.

In this survey, we review methods for controlled and
optimized latency reduction in both classical and quantum
circuits implementing diverse network functionalities.

Following introductory Section I, discusses latency-optimal
design strategies and implementation aspects. Section III
details exact circuit minimization, while Section IV addresses
decomposition of continuous-variable (CV) operations into

TABLE 2. Comparison - reversible vs. application-specific/lrreversible
quantum circuits.

universal gate libraries. Representative examples include
controlled-T gate optimization (T gates: 15 → 9; CNOT: 16
→ 12; T-latency: 9 → 5) and 1-bit full adder compression
(T: 14 → 8; CNOT: 12 → 10; H: 4 → 2; T-latency: 8 → 2).
Section IV concludes the paper and summarizes main results
in the design of the circuits for low latency quantum networks.

II. LATENCY-OPTIMAL QUANTUM CIRCUITS
We survey algorithms for computing an optimal quantum
circuit that implements a given unitary transformation on n
qubits. These algorithms offer a significant advantage over
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TABLE 3. Detailed comparison: reversible vs.
application-specific/irresesible quantum circuits.

brute-force methods, achieving approximately a square-root
speedup in runtime.

While primarily designed to find circuits that are opti-
mal in terms of circuit latency, they can be optimized for
other criteria as well. For example, [34] describes a variant
of the algorithm that minimizes the number of sequential
non-Clifford gates in a circuit. It is important to note, how-
ever, that since the brute force approach has exponential
complexity, this improved algorithm is still exponential in
nature. As a result, its practical applicability remains limited
to relatively small circuits. Over the years, significant effort
has gone into synthesizing optimal circuits for classical—
specifically, reversible—Boolean functions. Shende et al.
[19] investigated the synthesis of 3-bit reversible logic cir-
cuits using NOT, CNOT, and Toffoli gates by constructing
circuit libraries and performing iterative searches through
them. Building on this, Golubitsky andMaslov [35] extended
the approach to 4-bit reversible circuits composed of NOT,
CNOT, Toffoli, and 4-bit Toffoli gates. Their work demon-
strated highly efficient performance in circuit synthesis.

Although the lookup speeds achieved in [35] are not repli-
cated in the algorithm discussed in [34], the authors of [34]
argue that synthesizing unitary quantum circuits is inher-
ently more computationally demanding than synthesizing
reversible classical circuits, complicating direct comparisons.
Nonetheless, [34] successfully incorporates many of the
search strategies from [35] to enhance performance and
reduce synthesis time.

Hung et al. [36] addressed a problem more closely aligned
with quantum circuit synthesis by developing a method for
computing optimal-cost decompositions of reversible logic
into NOT, CNOT, and the quantum controlled-

√
X gate.

Leveraging techniques from formal verification, they derived
minimal-cost quantum implementations for various logic
gates, including the Toffoli, Fredkin, and Peres gates. How-
ever, their approach operates within a restricted quantum
circuit model, for instance, requiring control qubits to remain
strictly Boolean, and is limited to describing only a finite
subset of quantum circuits on n qubits, using four-valued
logic.

In contrast, the work presented in [34] optimizes over the
full, continuous space of quantum circuits—infinitely many
possibilities—and supports arbitrary gate sets. It generates
circuits not only for Boolean operations but for general quan-
tum gates and permits optimization with respect to a variety
of cost functions.

Maslov and Miller [37] also explored synthesis of 3-bit
circuits over this gate set, using a pruned breadth-first search
approach akin to that in [19], rather than relying on formal
verification techniques.

A. OPTIMAL QUANTUM CIRCUIT SYNTHESIS
The problem of optimal quantum circuit synthesis remains
relatively underexplored, with much of the existing work
focused on approximate synthesis within small state spaces.
In contrast, we emphasize finding exact decompositions for
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various logical gates, though the algorithm can be naturally
extended to produce approximate gate sequences as well.

Dawson and Nielsen [38] introduced an algorithm for
computing ε-approximations of single-qubit gates in time
O

(
log2.71 (1/ε)

)
, and further generalized it to multi-qubit

systems. Their method provides a constructive proof of the
Solovay–Kitaev theorem [39], which guarantees that any uni-
tary can be approximated to within error ε using a sequence
of gates of depth logarithmic in 1/ε. However, the resulting
circuits are often far from optimal in terms of depth or gate
count [40], [41].

The Dawson–Nielsen algorithm operates by recursively
approximating unitaries, with the base case relying on
a lookup among previously generated gates for a coarse
approximation. In contrast, the algorithm presented here is
designed to find minimal-depth exact circuits and could also
be employed to accelerate the base case lookup step in
the Solovay–Kitaev algorithm by providing a more efficient
method for identifying optimal base approximations.

More closely related to the approach presented here,
Fowler [42] proposes an exponential-time algorithm for find-
ing depth-optimal ε-approximations of single-qubit gates.
His method leverages precomputed equivalences between
gate subsequences to prune the search space, effectively
discarding entire families of redundant sequences from con-
sideration.While this technique is powerful, we argue that the
algorithm presented in the following sections offers superior
asymptotic behavior. Moreover, the methods shown in the
sequel for reducing the search space are not onlymore general
but also demonstrably more effective in practice, especially
when scaling to larger systems or more complex cost metrics

B. DEPTH-ONE CIRCUITS
More recently, Bocharov and Svore [43] introduced a
depth-optimal canonical form for single-qubit circuits over
the gate set { H ,T }. Leveraging this canonical form, they
achieve a significant speedup over brute-force methods by
searching through precomputed databases of canonical cir-
cuits to find depth-optimal ε-approximations. In this regard,
their work shares some similarity with the approach presented
here. However, their method is limited to single-qubit cir-
cuits over the specific { H ,T } gate set, whereas approach
presented here applies to arbitrary n-qubit circuits and sup-
ports any gate set. Although the method incurs slower
search times, it requires significantly less memory, making
it more scalable in constrained environments. Furthermore,
this section focuses specifically on the synthesis of small,
optimal multi-qubit circuits, a problem that single-qubit
synthesis algorithms such as [45, 43] are not equipped to
address.

In the circuit model of quantum computation, wires rep-
resent quantum bits (qubits), and gates act to transform their
state. The state of an n-qubit system is typically described by
a vector in a 2n -dimensional complex Hilbert space H , and
quantum gates correspond to linear operators on H .

In this context, we focus exclusively on unitary operators,
that is, operators U satisfying UU†

= U†U = I , where U†

is the adjoint (conjugate transpose) of U , and I is the identity
operator. The overall transformation implemented by a quan-
tum circuit is the sequential composition of its constituent
gates, and since the composition of unitary operators is also
unitary, it follows directly that the linear operator represented
by the entire circuit is itself unitary.

An individual quantum gate typically acts non-trivially on
only a subset of the qubits in a system. To represent this
formally, it is convenient to express the unitary operation of
the gate as a tensor product: the non-trivial unitary acting
on the targeted qubits, combined with the identity operator
acting on the remaining qubits. This representation not only
captures the gate’s localized action but also highlights the
parallelism inherent in quantum circuits.

For example, consider two gates g1 and g2 acting on
disjoint subsets of qubits. If g1 is represented by (g1 ⊗ I ),
and g2 by (I ⊗ g2), then their sequential composition can
be rewritten as the parallel operation g1 ⊗ g2, illustrating
how independent gates may be applied simultaneously in a
quantum circuit.

The primary optimization criterion used in this work is the
depth of a circuit, which we define as the length of the longest
critical path through the circuit. When a quantum circuit is
represented as a directed acyclic graph (DAG)—with nodes
corresponding to gates and edges representing the flow of
qubit inputs and outputs—a critical path is any path from
an input node to an output node that has maximum length.
The depth of the circuit is thus determined by the number of
sequential operations along this path (see Fig. 1).

FIGURE 1. A quantum circuit implementing the quantum Fourier
transform (QFT), up to a permutation of the output qubits, is shown. This
circuit has a depth of 5, with two critical paths extending from input 1 to
output 3.

The problem of quantum circuit synthesis involves con-
structing a circuit—composed solely of gates from a specified
instruction set—that implements a given unitary transforma-
tion. This instruction set, denoted G, is required to include
the inverse of each of its gates to ensure completeness and
reversibility. An n-qubit circuit over the instruction set G is
defined as a composition of individual gates, each acting on
a non-empty subset of the n qubits, and tensored with the
identity operator on the remaining qubits.

We can construct depth-one circuits over n qubits by com-
bining gates from a given instruction set G, where each gate
acts on a distinct subset of qubits. These depth-one circuits
form a fundamental component of our synthesis algorithm.
To formalize this, we define Vn,G as the set of all unitaries
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corresponding to depth-one n -qubit circuits constructed from
gates in G.
An n-qubit circuit C over the instruction set G is said to

have depth at most m if it can be expressed as a sequence of
unitaries: C = U1U2 · · ·Um,where each Ui ∈ Vn,G . Further-
more, we say that circuit C implements a unitary U ∈ U (2n)
if: U1U2 · · ·Um = U .

In general, multiple distinct circuits can implement the
same unitary transformation.While we often do not explicitly
distinguish between a circuit and the unitary it realizes, it is
important to note that the term ‘‘circuit’’ refers to a specific
sequence of gates, rather than the resulting unitary operator
itself.

Additionally, a key convention must be kept in mind:
circuits are mathematically expressed using operator compo-
sition, meaning that unitaries are applied from right to left
(i.e., the rightmost operator acts first). However, in standard
circuit diagrams, gates are drawn and interpreted from left to
right, with the leftmost gate acting first on the input state.

With these definitions in place, we can now state our main
result. Specifically, we present an algorithm that, given an
instruction set G and a unitary transformation U ∈ U (2n),
determines whether U can be implemented by a circuit
over G of depth at most l. The algorithm runs in time
O

(
|Vn,G |

⌈l/2⌉log
(
|Vn,G |

⌈l/2⌉
))
. Moreover, if such a circuit

exists, the algorithm returns a circuit that implements U with
minimal depth over the instruction set G.
This algorithm represents a significant improvement over

the brute-force approach, which has a runtime of O
(
|Vn,G |

l
)
.

In practice, with the aid of efficient data structures, it is
possible to achieve running times close to 2

(
|Vn,G |

⌈l/2⌉
)

yielding a roughly quadratic speed-up.
However, it is important to emphasize that the runtime

remains exponential in n. This is due to the fact that for any
instruction set G containing k single-qubit gates, the size of
|Vn,G | grows at least as fast as kn. As a result, the algorithm is
only practical for synthesizing circuits over a small number
of qubits. Motivated by results in fault tolerance, we use the
instruction set (gate library) (H, P, CNOT, T, P†, T †) shown
in Table 4.

The set of circuits composed from these gates forms a
subset of 2n × 2n unitary matrices over the ring Z

[
1

√
2
, i

]
defined as

Z
[

1
√
2
, i

]
=

{
a+ be

iπ
4 + ce

iπ
2 + de

i3π
4

√
2
n ;

a, b, c, d, n ∈ Z
n ≥ 0

}

We also identify two important classes of matrices defined
over this ring. The first is the Pauli group on n qubits, denoted
Pn, which consists of all n-fold tensor products of the Pauli
matrices (I, X, Y, Z), possibly multiplied by global phases±1
or ±i. Formally,

Pn = {eiφ · P1 ⊗ P2 ⊗ · · · ⊗ Pn|Pj} ∈ {I ,X ,Y ,Z },

φ ∈ {0, π/2, π, 3π/2}}.

TABLE 4. Gate library (H, P, CNOT, T, P†, T †).

I =

(
1 0
0 1

)
,X =

(
0 1
1 0

)
,Y =

(
0 −i
i 0

)
,

Z =

(
1 0
0 −1

)
, (1)

The second important class is the Clifford group on n qubits,
denoted Cn, which is defined as the normalizer of the Pauli
group Pn in the unitary group U (2n). Formally,

2Cn =

{
U ∈ U

(
2n

)
|UPnU−1

⊆ Pn

}
(2)

In other words, the Clifford group consists of those unitaries
that map Pauli operators to Pauli operators under conjugation.

Circuits composed solely of the gates X ,Y ,Z ,
H (Hadamard),P (phase), and CNOT produce unitaries in Cn.
Notably, the T gate does not belong to the Clifford group.

A well-known result in quantum computation states that
the Clifford group Cn, when combined with any unitary U /∈

Cn, generates a dense subset of U (2n) [39]. Therefore, the
gate set {H ,P,P†, CNOT, T,T †} is universal for quantum
computation—capable of approximating any unitary trans-
formation to arbitrary precision, up to a global phase.

1) MEET-IN-THE-MIDDLE (MM) SEARCH ALGORITHM
We now provide a high-level overview of the algorithm used
to compute optimal quantum circuits. Detailed descriptions
of the unitary representations and their approximating circuits
will be provided in the following section.

The key insight behind the algorithm lies in a simple yet
powerful observation: to determine whether a unitary can be
implemented with a circuit of depth l, it suffices to generate
and analyze circuits of depth at most ⌈l /2⌉.

This crucial observation enables a significant reduction in
the search space and is the foundation of what is referred to
as the ‘‘meet-in-the-middle’’ (mm) algorithm [34].
Lemma 1 ([34]): Let Si ⊂ U (2n) denote the set of all

unitaries implementable with circuit depth i over a gate set
G. Then, for a given unitary U ∈ U (2n), there exists a
circuit over G of depth l implementing U if and only if:
S†
⌊l/2⌋U ∩ S⌈l/2⌉ ̸= ∅.

Reference [34] applies this lemma to construct an effi-
cient algorithm that determines whether a unitary U can be
implemented by a circuit over the gate set G with depth at
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most l. If such a circuit exists, the algorithm also returns an
implementation of U with minimum possible latency

function mm-FACTOR (G,U , l)
S0 := {I }
i := 1
for i ≤ ⌈l/2⌉ do
Si := Vn,GSi−1

if S†i−1U ∩ Si ̸= ∅ then
return any circuit VW s.t.
V ∈ Si−1,W ∈ Si,V †U = W

else if S†i U ∩ Si ̸= ∅ then
return any circuit VW s.t.
V ,W ∈ Si,V †U = W

end if
i := i+ 1

end for
end function

Given an instruction set G and a target unitary U , the
algorithm incrementally builds circuits of increasing depth
and uses them to search for an implementation of U with
depth up to 2i (see Fig. 2). At each iteration, it generates
the set Si of all circuits of depth i by extending circuits from
Si−1 with an additional layer. It then computes the sets S†i−1U

and S†i U , and checks for intersections with Si. According to
Lemma 1, a circuit implementingU exists with depth 2i−1 or
2i if and only if S†i−1U∩Si ̸= ∅ or S†i U∩Si ̸= ∅, respectively.
The algorithm halts at the smallest such depth≤ l and returns
a circuit implementing U with minimal depth.

FIGURE 2. For each V ∈ Si we construct W = V †U and perform a
logarithmic-time search for W in Sj .

To get the stated runtime ofO
(
|Vn,G |

⌈l/2⌉log
(
|Vn,G |

⌈l/2⌉
))

we impose a strict lexicographic ordering on the set of uni-
taries — for example, by comparing matrices based on the
first element at which they differ. This allows the set Si to be
sorted in O (|Si|log (|Si|)) time. Consequently, we can search
O (|Si−1|log (|Si|)) and O (|Si|log (|Si|)) time, respectively.
Since |Si| ≤ |Vn,G |

i, the total runtime for the i-th iteration
is bounded by 2|Vn,G |

ilog
(
|Vn,G |

i
)
Thus, the overall runtime

remains within the desired complexity bound. Since∑⌈l/2⌉

i=1
|Vn,G |

ilog
(
|Vn,G |

i
)
≤

∑⌈l/2⌉

i=1
|Vn,G |

ilog
(
|Vn,G |

⌈l/2⌉
)

and∑⌈l/2⌉

i=1
|Vn,G |

i
≤ |Vn,G |

⌈l/2⌉
(
1 +

1
|Vn,G |⌈l/2⌉ − 1

)
, (3)

so we see that the algorithm runs in O
(
|Vn,G |

⌈l/2⌉log(
|Vn,G |

⌈l/2⌉
))

time. It can also be noted that Vn,G ∈ O (|G|
n),

so the runtime is in O
(
|G|

⌈n·l/2⌉log
(
|G|

⌈n·l/2⌉
))
.

C. OPTIMIZING DIFFERENT COST FUNCTIONS
Themm algorithm can be extended to search for circuits opti-
mized according to various cost functions, beyond just depth.
For instance, one might define circuit cost as a weighted sum
of gates, where each gate in the instruction set is assigned
a specific positive weight. As long as all non-identity gates
have strictly positive weights, the minimum achievable cost
will increase strictly with circuit depth. This ensures that the
cost of any discovered solution can serve as an upper bound
on the depth that needs to be explored, keeping the runtime
still primarily dependent on the depth of the optimal solution.

We concentrate on a particular family of cost functions
that is increasingly relevant in fault-tolerant quantum com-
puting. In many fault-tolerant models, gates from the Clifford
group can be implemented efficiently, whereas non-Clifford
gates are significantly more resource-intensive. For example,
in Steane code–based schemes, non-Clifford operations are
far more complex to realize [43]. More broadly, for all doubly
even self-dual CSS codes—a category encompassing many
widely used quantum error-correcting codes—all Clifford
operations admit transversal implementations [44], making
them relatively straightforward to perform.

In contrast, non-Clifford gates demand advanced meth-
ods such as ancilla state preparation and gate teleportation,
greatly increasing implementation cost. This contrast is even
more pronounced in surface code architectures, which offer
high fault-tolerance thresholds but require particularly elabo-
rate procedures to implement the T gate—the most common
non-Clifford gate [45]. Consequently, the number of layers
involving non-Clifford operations—known as the circuit’s
T-depth when T is the sole non-Clifford gate—often
becomes the primary bottleneck in fault-tolerant quantum
computation.

The mm algorithm naturally extends to optimize T-depth
in quantum circuits. When the instruction set G consists of
generators for the Clifford group along with the T gate, one
can first generate the complete set of Clifford unitaries. Then,
by brute-force enumeration, circuits can be systematically
explored in increasing T-depth. Applying the mm algorithm,
we can efficiently search for a circuit implementing a given
unitary by examining candidates with up to twice the target
T-depth. This allows for effective synthesis of circuits opti-
mized specifically for minimal T-depth, a critical metric in
fault-tolerant quantum computing.

We define Cn as the Clifford group on n qubits, imple-
mented using gates from the instruction set G, and let Tn be
the set of tensor products of I and T . To perform the mm
search for minimal T -depth circuits, we initialize S0 = Cn,

VOLUME 14, 2026 19401



S. Glisic, B. Lorenzo: Latency-Optimal Quantum Circuits for IoT Networks

function mm-FACTOR T -DEPTH (G,U , l)
S0 := {Cn}
i := 1
for i ≤ l do
Si := (CnTn\{I }) Si−1

if S†i−1U ∩ Si ̸= ∅ then
return any circuit VW s.t.
V ∈ Si−1,W ∈ Si,V †U = W

end if
if S†i U ∩ Si ̸= ∅ then
return any circuit VW s.t.
V ∈ Si,W ∈ Si,V †U = W

end if
i := i+ 1

end for
end function

and recursively define Si = Cn (Tn\ {I }) Si−1 so that each Si
contains all circuits with T -depth i. The search proceeds by
checking whether S†i−1U ∩ Si = ∅ (for T-depth 2i − 1) or

S†i U ∩ Si = ∅ (for T-depth 2i). This forms the basis for the
full algorithm, summarized in the pseudocode above [42].
Searching in this manner becomes increasingly difficult

as the dimensionality of the state space grows, due to the
exponential growth of the Clifford group with the number
of qubits. For instance, the Clifford group on three qubits
already contains 92,897,280 elements (up to global phase)
[46], making exhaustive search approaches computationally
infeasible beyond just a few levels of circuit depth. For four
qubits (C4), the size of the group is so large that it cannot
be stored in memory on typical modern computers, render-
ing this method impractical without further optimization or
pruning strategies

In practice, we can compute the sets Si with T-depth
⌈i/2⌉ by alternating between Clifford and T gate phases.
This approach significantly reduces redundancy in the mm
computation, as entire phases consisting solely of Clifford
group operations can be omitted during the search. Given the
exponential growth of the Clifford group with the number
of qubits, this optimization yields substantial performance
improvements over the more naive algorithm described
earlier.

D. CIRCUITS WITH ANCILLAS
Another valuable extension of the mm algorithm is its ability
to search for circuits that utilize ancillary qubits—additional
qubits initialized in the |0⟩ state and required to return to
|0⟩ at the end of the computation. While in principle one
could consider ancillas in arbitrary initial and final states,
we restrict attention to the |0⟩ state for simplicity. This
restriction naturally includes any ancilla state that can be pre-
pared and uncomputed using gates from the given instruction
set.

More precisely, given a unitary U ∈ U (2n) , we seek a
unitary U ′

∈ U
(
2n+m

)
such that:

U ′
(
|0⟩⊗m ⊗ |ψ⟩

)
= |0⟩⊗m ⊗ (U |ψ⟩) (4)

This guarantees that the ancilla qubits, initialized in the |0⟩⊗m

state, are returned unchanged after the computation. To find
such a U′, it suffices for U′ to match U on the subspace
spanned by states of the form |0⟩⊗m⊗ | ψ⟩, i.e., for U′ to
agree with U on the first 2n rows and columns (those corre-
sponding to input and output states where ancillas remain in
|0⟩⊗m).

However, a major challenge arises if we restrict our search
to only those rows and columns. In doing so, we risk missing
valid circuit decompositions. For instance, it could happen
that: V ′W ′

(
|0⟩⊗m|ψ⟩

)
= |0⟩⊗m (U |ψ⟩) but neither V ′ nor

W ′ individually maps the ancillas cleanly back to |0⟩⊗m

when acting alone. That is, V ′
(
|0⟩⊗m|ψ⟩

)
̸= |0⟩⊗m (V |ψ⟩)

and similarly for W ′. As a result, these intermediate steps
might appear invalid when checking only partial information
(i.e., the top-left submatrix), even though their composition
yields the correct overall transformation. This limits the
effectiveness of pruning based on subspace agreement and
necessitates more sophisticated strategies to ensure such valid
compositions are not discarded during the search.

Instead, we observe that since |0⟩⊗m ⊗ (U |ψ⟩) =

(I ⊗ U) |0⟩⊗m ⊗ |ψ⟩, our goal reduces to finding unitaries V
andW such that VW

(
|0⟩⊗m ⊗ |ψ⟩

)
= (I ⊗ U) |0⟩⊗m ⊗ |ψ⟩.

This leads to the equivalent condition: V † (I ⊗ U) |0⟩⊗m ⊗

|ψ⟩ = W
(
|0⟩⊗m ⊗ |ψ⟩

)
.

Therefore, rather than comparing full unitaries, we can
restrict our attention to how these operators act on inputs
of the form |0⟩⊗m ⊗ |ψ⟩. In practical terms, this means
comparing only the first 2n columns of the unitaries in the
sets S†

{i−1,i} (I ⊗ U) and Si, as these columns correspond to
the action on the relevant input subspace.

However, this relaxation comes at a cost. Since we’re no
longer working with full unitaries, we lose the ability to
eliminate redundant circuit permutations as efficiently as in
the original mm algorithm. Consequently, more candidate
circuits must be generated and compared, increasing both
memory and computational overhead during the search. This
trade-off is necessary to accommodate ancillary qubits but
should be carefully managed in practical implementations.

E. SEARCH TREE PRUNING
To further reduce the size of the search space, we apply search
tree pruning, which in practice yields significant improve-
ments in both memory usage and runtime. The search tree
here refers to the conceptual structure in which each node
represents a partial circuit, and each branch represents the
application of an additional gate from the set Vn,G .

Each level Sλ in this tree corresponds to all circuits of depth
λ, and the mm algorithm generates this tree in a breadth-
first manner. Without pruning, the size of the tree grows
rapidly, as each circuit in Sλ−1 spawns many child circuits
by appending a gate, leading to an exponential blowup.

19402 VOLUME 14, 2026



S. Glisic, B. Lorenzo: Latency-Optimal Quantum Circuits for IoT Networks

Pruning works by identifying and eliminating circuits that
are redundant or equivalent under some symmetry or canon-
ical form. For instance, if two partial circuits yield the same
resulting unitary (up to global phase or circuit equivalence),
we can safely discard one without affecting the completeness
of the search.

By keeping only the lexicographically minimal represen-
tative of each equivalence class (as determined by a strict
ordering on unitaries), we dramatically shrink the number of
unique paths that must be explored. This reduction not only
decreases the total memory footprint, as fewer circuits must
be stored, but also accelerates the search process by avoiding
repeated computations on functionally identical subcircuits.

We introduce an equivalence relation ‘‘∼’’ on n-qubit uni-
taries by declaring U ∼ V exactly when V can be obtained
fromU by permuting qubit labels, taking the inverse, or mul-
tiplying by an overall phase. Each unitary U ∈ U (2n)
thus falls into a class [U ] = {V ∈ U (2n) |U ∼ V }. Rather
than storing every possible circuit, we select a single, depth-
optimal implementation for one distinguished (canonical)
member of each class. Whenever a new circuit is generated,
we compute its canonical representative and check whether
we have already recorded a minimal-depth realization for that
representative—discarding duplicates and thereby pruning
the search tree.

We impose a total order on U (2n) by comparing their
matrix entries lexicographically, and call the smallest ele-
ment in each equivalence class its canonical representative.
Concretely, for any n-qubit unitary U we generate all
transforms arising from (i) permuting qubit labels—which
corresponds to simultaneous row-and-column permutations
of U ’s matrix—and (ii) taking the inverse (i.e. the conjugate
transpose). There are 2×n! such candidates, and by scanning
them we pick the lexicographically minimal matrix in O (n!)
time. In practice, this extra cost per unitary is negligible for
small n, since the time spent lex-ordering is dwarfed by the
effort of querying the circuit database.

Selecting a canonical representative up to global phase
requires one extra step. When our gate set is restricted to uni-
taries over the ring Z

[
1/

√
2, i

]
, the only admissible overall

phases are eiθ ∈ Z
[
1/

√
2, i

]
⇐⇒ θ = kπ/4, k ∈ Z so

there are exactly eight distinct phase factors [41]. Thus, for
an n-qubit unitary U we first form all variants obtained by
(1) permuting the qubit labels (simultaneous row-and-column
permutations), (2) inverting via conjugate transpose, and
(3) applying each of the eight allowed phases. In total there
are 8 × 2n! candidates, and we simply pick the lexico-
graphically smallest matrix among them as the canonical
representative.

However, explicitly generating all eight candidate phases is
costly. Instead, we fix the global phase by choosing a single
‘‘reference’’ entry in the matrix and rotating the entire unitary
so that this entry becomes real and positive. Concretely,
we scan the 2n × 2n matrix in row-major order to find its
first nonzero element uij then multiply U by e−iarg(uij). This

single normalization step uniquely removes the global phase
without enumerating all eight possibilities.

Let reiθ be the first nonzero entry of U. Naïvely, one
might normalize by multiplying U by e−iθ , since then any
equivalent V = eiϕU satisfies e−i(θ+ϕ)V = e−iθU—but if θ
is not a multiple of π /4, then e−iθ falls outside Z

[
1/

√
2, i

]
.

To stay within the ring, we instead use the factor re−iθ , which
always lies in Z

[
1/

√
2, i

]
. Thus, we define the canonical

representative of U to be (re−iθ ).
Under this rule, any global-phase equivalent V = eiϕU

has first entry rei(θ+ϕ), and applying the same factor
yields (re−i(θ+ϕ)) V = (re−iθ ) U. Because re−iθ lives in
the ring, all comparisons can be carried out symbolically

over Z
[
1/

√
2, i

]
, yielding both greater precision and faster

performance.
Given a newly generated circuit C of depth i that imple-

ments a unitary U , the canonical representative of the
equivalence class [U ] is first computed. The database of pre-
viously discovered circuits is then searched to check whether
a circuit implementing this representative already exists.With
appropriate data structures, each set Sj of circuits of depth j,
where 1 ≤ j ≤ i, can be searched in O

(
log

(
|Sj|

))
time. If no

matching circuit is found, a new entry is stored for the circuit
implementing the representative of [U ]. Notably, given a
circuit C that implements U , one can obtain a circuit for
the canonical representative by applying the corresponding
permutation and/or inversion to C .
Permutations are applied by reassigning the qubits on

which the individual gates in a circuit act. For inverses, we use
the fact that C−1

= C†; thus, if C = U1 · · ·Um, then C−1
=

U†
m · · ·U†

1 . Since the instruction set is defined such that every
gate has an inverse within the set, a circuit for C−1 can be
constructed by reversing the order of gates inC and replacing
each gate with its inverse. As a result, both permutations and
inverses of a unitary can be implemented without increas-
ing the circuit depth. This implies that all unitaries within
same equivalence class share the same minimum circuit
latency.

A subtle but important point is that if we search using
only the representatives of equivalence classes at depths i
and j, we may fail to discover all equivalence classes at
depth i + j. Consider a unitary U = VW , where V is a
circuit of depth i and W is of depth j. Let V ′ and W ′ denote
the canonical representatives of [V ] and [W ], respectively.
In general, (V ′)†VW /∈ [W ] , meaning that searching only
via class representatives does not guarantee discovery of [U ].
However, since V † ∈

[
V ′

]
, it follows thatW ∈

[
V ′

]
VW , and

thus [V ′] U =
[
W ′

]
.

In practice, this implies that any unitary U = VW can be
found by computing the canonical representative of [[V ]U ].
Therefore, even though intermediate class representatives
may not suffice for all compositions, we can still discover all
circuits of minimum depth by storing only the representatives
of their equivalence classes.
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In certain scenarios, an exact implementation of a unitary
with the correct global phase is necessary—particularly when
the circuit may be used as part of a controlled operation on
another qubit. While one could define canonical represen-
tatives based solely on qubit relabeling and inversion, it is
still possible to construct the correct global phase using any
canonical implementation over the gate set G = {H ,P,P†,
CNOT, T ,T †}, provided the phase is implementable over G.
As observed in [41], if a unitary U is implementable by a
circuit over G, and a circuit C over G implements eiθU , then

θ = kπ /4 for some k ∈ Z. Since
(
HP†

)3
= e−iπ/4I , we

have eiθ
(
HP†

)3k
U = U . Therefore, an exact circuit for U ,

with the correct global phase, can be obtained by composing

C with
(
HP†

)3k
, yielding a valid implementation over G.

F. IMPLEMENTATION ASPECTS
As previously noted, the mm algorithm offers no advantage
over the naive approach unless appropriate data structures are
used. Without them, searching for collisions between the sets
S†i U and Sj would require O

(
|Si||Sj|

)
comparisons.

However, by imposing a lexicographic ordering on the
generated circuits, searches can be performed in logarith-
mic time relative to the size of Sj. In the implementation,
this ordering is realized by storing each Si as a red-
black tree—a type of balanced binary search tree. Balanced
trees are widely used in standard libraries and industrial
databases for ordered sets and maps due to their reliable
performance and scalability. Notably, since deletions—
often the most computationally intensive operation in such
trees [47]—are never required in the mm algorithm, red-
black trees are a particularly well-suited choice for this
context.

While hash tables could, in principle, offer performance
improvements, an adaptation of the mm algorithm in [34]
using the hash table implementation from libstdc++ showed
no measurable speedup. This held true even with a very
low rate of key collisions—for example, among 1,316,882
distinct 3-qubit unitaries, no more than 52 were mapped to
the same hash value. Despite this favorable collision rate, the
hash-based approach did not outperform the red-black tree
implementation in practice.

While storing unitaries directly enables efficient gener-
ation of new unitaries and rapid searching through cir-
cuit databases, the associated memory requirements make
large-scale searches infeasible on machines with typical
RAM capacities. For an instruction set G acting on n qubits,
the number of distinct unitaries |Vn,G | grows at least as fast
as kn, where k is the number of single-qubit gates in G. Using
the standard universal instruction set G = {H ,P,P†, CNOT,
T ,T †} —which includes generators for the Clifford group
along with the T gate—we find |V3,G | = 252. Consequently,
at depth 5, the number of possible circuits exceeds 1012.

If each 3-qubit unitary over Z
[
1/

√
2, i

]
is stored exactly,

it requires 5 × 64 integers. Thus, storing all depth-5 circuits
on 3 qubits would demand more than 1 petabyte of storage,
rendering brute-force approaches impractical. In practice,
storing only the representatives of equivalence classes sig-
nificantly reduces memory usage. For instance, on 3 qubits,
there are at most 36,042,958 unique equivalence classes with
circuits of depth up to 5, as shown in the experiments reported
in [34]. Additionally, the storage required for unitaries over

Z
[
1/

√
2, i

]
can be further reduced through compression

techniques. Nevertheless, even with these optimizations, stor-
ing the full unitary matrices becomes infeasible for deeper
searches. As a result, a space-time trade-off is unavoidable,
requiring careful balance between memory usage and com-
putational cost.

To manage this space-time trade-off, one approach is to
store the circuit itself rather than the generated unitary.
Specifically, each circuit can be represented as a sequence
of depth-1 layers, where each layer is encoded using n
bytes—one per qubit—indicating which gate is applied.
This compact representation dramatically reduces memory
usage. However, storing only the circuit structure introduces
a new challenge: searching for a specific unitary becomes
computationally expensive. Each comparison would require
recomputing the unitary implemented by the circuit, signifi-
cantly increasing the search time.

FIGURE 3. Logical gate of controlled unitaries without ancillas
(a) Controlled-H (T-depth 2, total depth 7), (b) Controlled-P (T-depth 2,
total depth 4), and (c) Controlled-

√
X (T-depth 2, total depth 5).

As a compromise between storage efficiency and search
performance, an m×mmatrix M is stored as a key alongside
each circuit. For a circuit C implementing a unitary U , the
matrix is defined by M (i, j) = v†iUvj, where the {vi} are
vectors in C2n generated pseudo randomly. In practice, even
using m = 1 suffices to search to meaningful depths for up to
4 qubits, with an extremely low rate of key collisions.

Since these keys are computed using floating-point arith-
metic, it is crucial that all other operations—such as circuit
evaluation—are performed symbolically. This ensures that
unitaries which are mathematically equal produce identical
keys despite any numerical error. Alternative experiments

in [34] explored using random vectors over Z
[
1/

√
2, i

]
to eliminate floating-point computation entirely, but this
approach resulted in an impractically high number of col-
lisions. Ongoing work is focused on developing improved
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methods for generating effective and collision-resistant
unitary keys.

To further enhance performance during circuit searching,
the implementation in [34] parallelizes the search process
using the POSIX pthreads library in C. This allows concurrent
traversal of balanced binary trees across multiple threads,
significantly speeding up lookups. Additionally, generated
circuit databases are serialized and stored to disk, eliminating
the need to recompute them for each search and enabling
efficient reuse across runs.

TABLE 5. Performance for depth-optimal circuit search [19].

Depth-optimal implementations: In [34], experiments were
conducted to determine depth-optimal decompositions of
various 2-, 3-, and 4-qubit logical gates using the gate set
{H ,P,P†, CNOT, T ,T †}. The primary objective was to min-
imize circuit depth, with gate count serving as a secondary
optimization criterion. Table 5 presents performance metrics
for several representative gates based on this analysis.

Searches for minimal-depth implementations of vari-
ous 2-, 3-, and 4-qubit logical operations were performed
in [34] using precomputed circuit databases. These searches
included depth-optimal decompositions of singly controlled

versions of gates such as P and V =
√
X =

1
2

(
1 +i 1 −i
1 −i 1 +i

)
(see Fig. 3). For completeness, depth-optimal implementa-
tions of the controlled-Z and controlled-Y gates were also
computed and are shown in Fig. 4.
The unitary in Fig. 5 is also optimally decomposed and

has found application in a notable quantum algorithm [48]
that achieves exponential speedup via a quantum walk.
Additional 3-qubit unitaries with minimal-depth implemen-
tations include several well-known gates: the Toffoli gate
(controlled-controlled-NOT), the Fredkin gate (controlled-
SWAP), the quantum OR gate—defined as the unitary
mapping |a⟩|b⟩|c⟩ → |a⟩|b⟩|c ⊕ a ∨ b⟩)—and the Peres
gate [21] (see Fig. 6). Notably, the mm algorithm reduces the
total depth of the Toffoli gate from 12 [39] to 8, demonstrating
a significant improvement in depth-optimal synthesis.

Searches were also conducted in [34] for each of the afore-
mentioned n-qubit gates using up to 4−n ancilla qubits. These
searches extended to the maximum circuit depth allowed for
the total number of qubits, as summarized in Table 5. While
none of the logical gates tested were found to admit decompo-
sitions with shorter overall depth or fewer T-gates, alternative
circuits for the controlled-P and controlled-

√
X gates were

discovered with reduced T- latency (see Fig. 7). Moreover,

FIGURE 4. Controlled Paulis (a) Controlled X (depth 1), (b) Controlled Y
(depth 3), (c) Controlled Z (depth 3). The T-latency of all these circuits is
equal to 0.

FIGURE 5. W gate (T-depth 1, total latency 9).

a specific unitary was found to achieve a lower minimal depth
when decomposed using an ancilla (Fig. 8). Together, these
results highlight the potential of ancilla-assisted decomposi-
tions to improve circuit execution time, particularly through
reductions in T-depth and total latency.

Additional gates were also investigated, including the
3-qubit quantum Fourier transform, which was proven to
have no implementation within the instruction set at a
depth of 10 or less. Similarly, no depth-optimal circuits
of depth 6 or less were found for the 4-qubit Toffoli gate
(controlled-Toffoli) or the 1-bit full adder. Furthermore, both
the controlled-T and controlled- 4

√
X gates were shown to

lack implementations of depth 10 or less and 6 or less,
respectively, even when using one or two ancillas. These
results underscore the limitations of the instruction set for
certain complex operations, particularly at low depths or with
minimal ancillary resources.

The authors of [34] also applied the mm algorithm to
optimize known circuits, including implementations of the
controlled-T gate and a 1-bit full adder. For the controlled-
T gate, they constructed a circuit based on the decomposition
FREDKIN (I ⊗ I ⊗ T ). FREDKIN while the full adder cir-
cuit was derived from the construction in [50], replacing the
Peres gate with the more efficient version shown in Fig. 6d.
They then applied peephole optimization, a technique

where small subcircuits are examined and replaced with more
efficient versions synthesized using the mm algorithm. This
approach yielded substantial improvements:
Controlled-T gate (Fig. 9): T gates reduced from 15 → 9,

CNOT gates reduced from 16 → 12,T- latency reduced from
9 → 5
1-bit full adder (Fig. 10): T gates reduced from 14 → 8,

CNOT gates reduced from 12 → 10, H gates reduced from
4 → 2, T- latency reduced from 8 → 2
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FIGURE 6. 3-qubit logical gates with no ancillas.

These results demonstrate the practical effectiveness of
peephole resynthesis as a powerful tool for full-scale quantum
circuit optimization.

For 2-qubit circuits, the Clifford group comprises 11,520
unique elements (up to global phase), which could be gener-
ated in approximately 1 second. Searching for a given unitary
up to 1 T-stage, or 2 T-stages ending in a non-Clifford opera-
tion, required less than 2 seconds in total. This efficiency was
sufficient to identify minimum T-depth implementations for
the 2-qubit gates studied.

In stark contrast, generating the 92,897,280 unique 3-qubit
Clifford group elements took nearly 4 days of computation,
illustrating the exponential growth in complexity and the

computational bottleneck this presents for scaling to higher
qubit counts.

The minimal T-depth implementation of the controlled-H
gate (Fig. 11) was computed in under one second fol-
lowing the generation of the Clifford group. For other
2-qubit logical gates, however, minimal T-depth circuits did
not reduce the number of T-stages beyond those found in
the corresponding minimal depth implementations. Conse-
quently, the circuits for controlled-P, controlled-

√
X , and W

are optimal with respect to both overall circuit depth and
T-depth.

These findings highlight a key insight: using ancillas
can strictly reduce the minimal T-depth required for certain
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FIGURE 7. Reduced T- latency implementations utilizing ancillas. Note
that qubit 3 is initialized in and returned to state |0⟩.

FIGURE 8. Addition of one ancilla (qubit 4), initialized and returned in
state |0i⟩, reduces the minimum circuit latency from 7 (left) to 6 (right).

unitaries. In particular, circuits for controlled-P and
√
X that

incorporate ancillas were found with lower T-depth than their
ancilla-free counterparts, emphasizing the utility of ancillas
in optimizing quantum circuits for execution time.

Although a provably minimal T-depth implementation of
the Toffoli gate using zero ancillas has not yet been found,
a circuit with T-depth 3 (Fig. 13) was discovered using the
main mm algorithm. Given that the Toffoli gate is believed
to require at least 7 T gates, it was conjectured that this
implementation achieves minimal T-depth.

This circuit represents a significant improvement over the
previously known implementation with T-depth 5 [39], offer-
ing an approximate 40% speed-up in fault-tolerant quantum
architectures, where Clifford gates are considered inexpen-
sive relative to T gates.

It’s important to note that although these circuits are max-
imally parallelized, achieving a T-depth of ⌈m/n⌉ for mm
T-gates and n qubits, not all circuits can be compressed to this

FIGURE 9. Circuit implementing a controlled-T gate (T −⟩ latency 5, total
latency 19). Note that qubit 3 is initialized in and returned to state |0⟩.

FIGURE 10. Circuit implementing a reversible 1-bit full adder.

FIGURE 11. Circuit implementing a controlled-H gate (T- latency 1, total
latency 9).

ideal. Some unitaries inherently resist such parallelization,
underscoring the complexity of circuit optimization.

G. EXACT DECOMPOSITION OF CONTROLLED UNITARIES
It is well known that a controlled version of any quantum
circuit can be constructed by replacing each gate in the circuit
with its controlled counterpart, using the same control qubit
throughout [51]. The minimal-depth circuits derived in the
previous section enable us to formalize the following result.
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FIGURE 12. Circuit implementing a Toffoli gate (T- latency 3, total
latency 9).

Theorem 1 [51]. Let the gate cost of a quantum circuit be
represented by the x = [xH , xP,xC , xT ]t where: xH is the
number of Hadamard (H ) gates, xP is the number of phase
(P) or inverse phase (P†) gates, xC is the number of CNOT
gates, and xT is the number of T or inverse T (T †) gates.
Suppose a unitary operation U can be implemented within
error ε ≥ 0 using a circuit over the gate set G = {H ,P,P†,
CNOT, T ,T †}, with gate cost vector x. Then, the controlled
version of U, denoted controlled- U , can be implemented to
within error at most ε using a circuit over the same gate set
G, with gate cost given by Ax, where A is a constant matrix.

A =


2 0 2 4
2 0 0 2
1 2 6 12
2 3 7 9


The controlled- U circuit requires exactly one ancilla qubit
if the decomposition of UU includes one or more T - or
T†-gates, and no ancilla qubits otherwise. Moreover, the
controlled- U can be implemented with a T -depth of at most
xH + 2xP + 3xC + 5xT
T gate parallelization: As previously noted, the three T

gates in the controlled-P and controlled-
√
X circuits (Figs. 3b

and 3c) can be parallelized to achieve a T-depth of 1 using
a single ancilla qubit (Fig. 6). Likewise, the seven T gates
in the Toffoli gate decomposition (Fig. 12) can also be par-
allelized to T-depth 1 with the use of four ancilla qubits.
In both cases, the parallelized T gates are interleaved with
networks of CNOT gates. A general theorem relating the
number of T gates in a {CNOT, T} circuit to the minimum
achievable T-depth, given a specific number of ancilla qubits,
was established in [10].
Theorem 2 [10]. Any circuit on n qubits over the gate set

{CNOT, T}, containing k T gates, can be implemented using
a circuit over {CNOT, T} on n qubits and m ancilla qubits
(each initialized and returned to the |0⟩ state), such that the
T-depth of the resulting circuit is at most ⌈ k

m+1⌉.

We now proceed to prove Theorem 1, as originally pre-
sented in [34].
Suppose U is implementable by a circuit over the gate

set {CNOT,T} using k T gates. Then, from Theorem 1,

we can write U|a1a2 . . . an⟩ = ωt |g(a1,a2,. . . ,an)⟩ where
t = f1 (a1, . . . , an) + f2 (a1, . . . , an) + · · · + fk (a1, . . . , an)
with each fi a linear Boolean function, and g a linear reversible
function.

Assume k ≤ m, and define a unitary operation
F acting on n+m qubits by: f |a1 · · · an⟩|b1 · · · bm⟩ =

|a1 · · · an⟩|c1 · · · ck ⟩|bk+1 · · · bm⟩, where each ci = bi ⊕

fi (a1, a2, . . . ,an)
Since each fi is linear and the transformation only applies

CNOT-like operations to copy fi into ancilla bits, the map F
is linear and reversible. In fact, F = F−1, so F is self-inverse
and can be implemented using only CNOT gates.

Now, consider the unitary operator

V = I⊗n ⊗ T⊗k
⊗ I⊗m−k , (5)

which applies the T gate to the first k ancilla qubits (those
holding c1,. . . ,ck ) and identity elsewhere.

f −1Vf |a1a2 · · · an⟩|0⟩⊗m = ωt |a1a2 · · · an⟩|0⟩⊗m. (6)

Since g is a linear reversible function, U can thus be imple-
mented by a circuit over {CNOT, T} in T -depth 1 = ⌈

k
m+1⌉.

Now suppose k > m. As before, there exists a linear
reversible function f implemented by a circuit over {CNOT}
such that

f |a1a2 · · · an⟩|b1b2 · · · bm⟩ = |a1a2 · · · an⟩|c1c2 · · · cm⟩,

(7)

where ci = bi ⊕ fi (a1, a2, . . . , an). Additionally, fm+1 is an
output of some linear reversible function h, so the first m +

1 factors ofω can be computed in T -depth 1 by implementing
the unitary f −1h−1Vhf, where V is a tensor product of I and
m+1T gates.
As a result,(

U ⊗ I⊗m
)
|a1a2 · · · an⟩|0⟩⊗n

=
(
U ′

⊗ I⊗m
)
f −1h−1Vhf |a1a2 · · · an⟩|0⟩⊗n,

where U ′
|a1a2 . . . an⟩ = ωt

′

|g (a1,a2, ..,an)⟩ and t ′ =

fm+2 (a1, . . . .,an) + · · · + fk (a1 . . . , an). By Lemma 2 U ′

can be implemented by a circuit over {CNOT, T} with k −

(m+ 1)T gates, and thus U can be implemented in T -depth
at most ⌈ k

m+1⌉ by induction. □
In general, it is often possible to achieve a T-depth lower

than ⌈
k

m+1⌉, since multiple fi functions can frequently be
computed reversibly into data qubits simultaneously. Specifi-
cally, when there are l linearly independent Boolean functions
to be computed, it is possible to use l data qubits in parallel.

The minimal achievable T-depth for a circuit with n data
qubits and m ancilla qubits is determined by the small-
est number of groups in a partition {S1, S2, . . . , Sl} of the
set {f1, f2, . . . , fk}, such that each group Si satisfies |Si| ≤

m + dim( span Si) This condition ensures that all functions
in each group can be computed simultaneously using the
available qubits (data + ancilla), enabling more aggressive

T-parallelization than the bound given by
⌈

k
m+1

⌉
.
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As an example of T-parallelization, [34] demonstrates that
the Toffoli gate decomposition, originally implemented with
T-depth 3 (Fig. 12), can be rewritten to achieve T-depth 2 by
introducing a single ancilla qubit (Fig. 14). Similarly, the
implementation of the controlled-T gate (Fig. 9), which has
T-depth 3, can be reduced to T-depth 1 with the use of one
ancilla (Fig. 13). While the circuit is not explicitly shown,
it is also noted that the 1-bit full adder circuit presented in
Fig. 10 can be rewritten to T-depth 1 by employing 4 ancilla
qubits.

FIGURE 13. T- latency 3 implementation of the controlled-T gate.

FIGURE 14. T - latency 2 implementation of the Toffoli gate.

H. SUMMARY
We summarize the main results of the section and acknowl-
edge the relevant aspects of the quantum circuit design that
should be delegated to the hardware design.

First, this section develops the framework for design-
ing latency-optimal quantum circuits and explores how

implementation techniques can minimize the circuit depth—
the principal determinant of latency in quantum operations.
The section introduces the latency compression coefficient,
defined as the ratio of a circuit’s depth before and after opti-
mization, as a normalized indicator of latency improvement.
The literature survey emphasizes that latency minimiza-
tion is achieved primarily through parallelization, gate-level
compression, and reconfiguration of circuit topology while
preserving logical equivalence. The section also presents sev-
eral examples demonstrating significant reductions in both
gate count and depth for common quantum operations such
as controlled-T and full-adder circuits. These results provide
quantitative evidence that intelligent restructuring of quantum
operations can yield substantial latency improvements with-
out necessarily increasing energy cost or qubit count.
i) Critical Evaluation of Design Strategies
Gate-Level and Topological Optimization: The section

identifies the work on gate-level optimization, especially
for T and CNOT gates, as a primary approach to reduce
latency. This is supported by practical examples that show
meaningful compression factors (up to 4× for T-latency). The
methodology aligns with recent progress in quantum com-
pilers, which exploit circuit commutativity and gate merging
to achieve similar effects. Effective Current Practices: The
explicit quantification of compression factors provides clear,
reproducible metrics for performance improvement. The
section grounds its claims in measurable parameters (T-
count, T-depth), which are widely accepted benchmarks in
quantum design. Limitations and delegation to the hardware
design: Due to the targeted focus on networking aspects,
and lack of the coverage in the literature, the discussion
omits layout-aware constraints such as qubit connectivity
graphs, SWAP overhead, and error propagation delays, all
of which directly affect achievable latency in hardware
implementations. No systematic analysis is given for how
parallelism saturates when constrained by physical hardware
topologies.
ii) Latency Compression Coefficient as a Design Metric
The introduction of the latency compression coefficient is

an insightful contribution. It allows comparative evaluation
of the work on circuit improvements independent of abso-
lute gate numbers. Effective Current Practices: The metric
formalizes latency improvement and allows normalization
across circuit types and optimization levels. It provides a
conceptual bridge between quantum circuit theory and IoT
system requirements (where normalized latency improve-
ment is more relevant than raw gate counts). Limitations and
delegation to the hardware design: The coefficient ignores
error-correction overheads, measurement delays, and classi-
cal feedback time, which are non-negligible in realistic quan-
tum processors. There is no discussion of how latency com-
pression interacts with fidelity degradation or decoherence
constraints.
iii) Implementation Aspects and Parallelism
This section highlights the work where that latency can

be minimized through parallel execution of commuting gates
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and reorganization of control dependencies. This perspective
aligns well with modular design strategies for near-term
quantum devices (NISQ systems). Effective Current Prac-
tices: The section recognizes the critical role of paral-
lelization and dependency analysis in latency optimization.
It connects the notion of circuit restructuring to architectural
cost models, albeit implicitly. Limitations and delegation to
the hardware design: Due to the targeted focus on network-
ing aspects, and lack of the coverage in the literature, the
section does not include quantitative comparison between
different quantum technologies (e.g., superconducting vs.
trapped-ion vs. photonic systems), where the effectiveness of
parallelization differs due to varied gate synchronization and
communication latency. No experimental or simulation-based
validation is presented to illustrate how these design prin-
ciples translate to actual latency reduction on physical
hardware.
iv) Trade-Offs and Design Limitations
The surveyed work in this section implicitly acknowl-

edges that aggressive latency reduction can restrict the
use of universal and reversible gates, thus impacting pro-
grammability and energy efficiency. However, the analysis
remains qualitative. Needed extensions: a) Explicit mod-
els linking latency–energy and latency–fidelity trade-offs.
b) Exploration of hybrid reversible–irreversible architectures,
which may retain low dissipation while improving latency
for control-intensive tasks. c) A clearer mapping between
algorithmic compression and network-level latency improve-
ments in IoT applications.

v) Comparative Evaluation

vi) Recommendations for Future Work
1. Hardware-Aware Circuit Optimization: Incorporate

qubit connectivity, SWAP costs, and hardware timing mod-
els into latency calculations to achieve physically real-
istic results. 2. Error-Correction-Inclusive Latency Mod-
els: Extend the latency compression coefficient to account
for T-gate distillation, syndrome extraction, and measure-
ment delays. 3. Cross-Layer Optimization for IoT: Explore
co-design frameworks linking quantum circuit latency to net-
work and protocol latency in quantum-enabled IoT systems.
4. Benchmarking and Comparative Evaluation: Develop
standardized benchmarks across superconducting, ion-trap,
and photonic hardware to quantify achievable latency com-
pression under real constraints. 5. Hybrid Logic Architec-
tures: Investigate hybrid reversible–irreversible circuits to
balance latency, energy efficiency, and programmability in
embedded quantum IoT nodes.
vii) Overall Assessment
The section presents a coherent and theoretically rigorous

foundation for survey of the work on latency-optimal quan-
tum circuit design. Its introduction of the latency compression
coefficient and its systematic gate-level analysis provide
valuable tools for researchers. Nonetheless, when surveying
the existing work, the section’s primary limitation lies in its
lack of discussion of hardware and system-level integration,
which is delegated to the hardware research—it remains
algorithmic and theoretical rather than empirical or archi-
tectural. To advance this field, future studies should bridge
the gap between quantum circuit theory and IoT-specific
deployment realities, emphasizing end-to-end latency model-
ing that encompasses both computation and communication
layers. When coupled with empirical validation and hardware
benchmarking, such integration will transform the current
conceptual framework into a practical design methodology
for real-time quantum-enabled IoT systems.

III. EXACT MINIMIZATION OF QUANTUM CIRCUITS
Since non-permutative quantum gates (NPQGs)—such as the
controlled square-root-of-NOT gate (CV = CV †)—follow
more complex transformation rules than permutative quan-
tum gates (PQGs), synthesizing them is significantly more
challenging. An n-letter permutation can be represented as
an n × n binary permutation matrix, where each row and
column contains exactly one entry equal to 1, with all other
entries being 0. Among these, so-called ‘‘magic’’ permutation
matrices are distinguished by having a 1 on themain diagonal,
indicating that the identity component of the transformation
is preserved. Some of the most well-known examples of
permutation matrices correspond to familiar quantum gates,
such as the Pauli gates.

X =

(
01
10

)
≡ (2, 1) , I ⊗ X ≡ (2, 1) (4, 3) ,
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CNOT =


1000
0100
0001
0010

 ≡ (1, 2) (4, 3) ,

CCNOT ≡ (1, 2, 3, 4, 5, 6) (8, 7) ,

These permutation gates may act on one, two, or even three
qubits, depending on the specific operation. Moreover, per-
mutation gates can also be generalized to qudits (quantum
systems with d>2 levels). An example is the shift gate, which
cyclically permutes the computational basis states of a qudit.
Specifically, the shift gate maps |j⟩ 7→|(j+1)modd⟩ acting as
a modular increment operation on the state index.

X =

 010
001
100

 ≡ (2, 3, 1)

In efficient synthesis algorithms, the direct use of
non-permutative quantum gates (NPQGs) should generally
be avoided. Instead, the key strategy is to construct new
permutative quantum gates (PQGs) using quantum gates in
such a way that NPQGs are effectively replaced by equivalent
PQG-based structures. This approach relies on a quantum
gate library composed of primitives optimized for minimal
quantum cost.

Following the methodology outlined in [53], we begin by
introducing a set of novel gates similar to the controlled
square-root-of-NOT gate (CV = CV †), specifically the con-
trolled k-th root of NOT gates for k = 2,4,8,. . .We provide
the corresponding unitary matrices for each of these gates.

Furthermore, we present a general and efficient method for
directly constructing an optimal quantum logic gate library
using combinations of CNOT gates and these NPQGs. This
technique also introduces new ways to derive PQGs that
exhibit reduced quantum cost, enabling more efficient circuit
synthesis overall.

As previously discussed, reversible logic synthesis plays a
vital role in quantum information processing. A small number
of elementary quantum gates, each with carefully optimized
quantum cost, can be combined to construct arbitrary quan-
tum logic circuits. Reducing the quantum cost of a circuit not
only enhances its speed and efficiency but also minimizes the
likelihood of errors—an essential consideration in practical
quantum computation.

However, the synthesis of reversible (permutative quan-
tum) circuits using quantum gates differs significantly from
classical (non-reversible) logic synthesis. In addition to the
concepts introduced in Section II, a number of researchers
have explored methods for synthesizing quantum circuits
with exact minimal cost, focusing on gate sets that are inex-
pensive to implement physically.

One notable example is the Peres gate, which is often pre-
ferred over the standard Toffoli gate due to its lower quantum
cost and simpler realization. This illustrates the importance
of selecting gate primitives not only for their functionality
but also for their implementation efficiency in real quantum
systems

Improvements in quantum logic gate design play a criti-
cal role in reducing both circuit complexity and execution
time. At the heart of this effort lies the challenge of
constructing the most cost-efficient equivalents of logic
gates like the Peres gate, using only elementary quantum
gates. These elementary gates include NOT, CNOT, con-
trolled square-root-of-NOT (also called controlled-NOT1/2

or controlled- V/V †), and even more fine-grained gates such
as the controlled fourth-root-of-NOT (controlled-NOT1/4 or
controlled-W /W †).

A foundational study by Barenco et al [54] provided the
first comprehensive approach to realizing multiple-control
Toffoli (MCT) gates using such elementary gates. This
was further advanced by a method in [55] for system-
atically determining elementary gate realizations of MCT
gates.

Subsequently, [56] introduced two general analytic expres-
sions for simulating n-qubit controlled-U gates using stan-
dard single-qubit gates and CNOTs, with exponential and
polynomial complexity, respectively. These formulations
were accompanied by explicit circuit constructions and gen-
eral decomposition strategies.

Further innovation came with the introduction of TISC
(2)-interval symmetric controlled) quantum permutative
gates in [57], and the gate library was extended in [58] to
include fourth-root-of-NOT gates, broadening the scope for
fine-tuned quantum circuit synthesis.

Due to the exponential growth in memory requirements
and run-time complexity, only a limited number of existing
methods [59], [63] are capable of optimally synthesizing 3-
qubit circuits using the NCV quantum gate library, which
includes NOT, CNOT, and controlled square-root-of-NOT
(i.e., controlled-NOT1/2) gates.
A key breakthrough in this area involves reducing NCV

circuit synthesis to four-valued logic, which simplifies the
process of identifying optimal gate sequences. Notably, [63]
introduced an approach that constructs a new quantum gate
library using only NCV gates yet is functionally equivalent to
the original NCV library in terms of synthesizing all optimal
3-qubit circuits.

This reformulation allows the synthesis problem to be
reduced from four-valued logic back to binary logic, which
is significantly easier to implement and reason about. As a
result, it opens up the possibility for more scalable and
efficient synthesis of small-scale quantum circuits using ele-
mentary gate primitives.

In this work, we present an efficient 3-qubit synthesis
algorithm based on a perfect hash function, capable of rapidly
constructing all optimal 3-qubit circuits. Remarkably, the
average synthesis speed for circuits with minimum quantum
cost is approximately 127 times faster than the best previous
method reported in [34].

As part of this approach, we first introduce a series of
new gates similar to CV/CV†-namely, the controlled k-th
root of NOT gates for k = 2,4,8,. . .—and provide the cor-
responding unitary matrices for each. These gates expand the
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set of non-permutative quantum gates (NPQGs) available for
synthesis.

More importantly, we present a novel and generic method
for constructing an optimal quantum logic gate library using
only CNOT gates and these newly introduced NPQGs. This
method enables efficient synthesis by systematically explor-
ing low-cost compositions.

Experiments conducted with this new gate set—as well
as supporting results from [53]—demonstrate significant
improvements in synthesis performance. Collectively, these
findings introduce a new paradigm for discovering additional
permutative quantum gates (PQGs) with lower quantum cost,
paving the way for more efficient quantum circuit design.

A. PRELIMINARIES
We already know that the operation of each gate in an n-line
reversible or quantum circuit can be represented by a square
matrix of dimension 2n. The matrix of the NOT gate is N =(
0 1
1 0

)
, and I =

(
1 0
0 1

)
represents the identity circuit. From

[58], we also get

N 1/k
=

1
2

(
1 + i2/k 1 − i2/k

1 − i2/k 1 + i2/k

)
; (8)

where k is a power of 2. N 1/k is a k-th root of N ; thus(
N 1/k

)k
= N . As a preliminary to this section, we use a

number of propositions suggested in [53], staring with (8).
Let Gk = N 1/k;k = 2n, and n ∈ {0, 1, 2, 3...}, then G2n =

N 2−n
, and G†2n is the adjoint of the G2n matrix.

Proposition 1 ([53]):

G2n =
1
2

(
1 + eiπ/2

n
1 − eiπ/2

n

1 − eiπ/2
n

1 + eiπ/2
n

)
;

and its adjoint matrix is

G†2n =
1
2

(
1 + e−iπ/2

n
1 − e−iπ/2

n

1 − e−iπ/2
n

1 + e−iπ/2
n

)
Proposition 2 ([53]):(

G2n+1
)2

= G2n;

G2nG
†
2n = I(

G†
2n+1

)2
= G†2n

(G2n)
2n

= N ;(
G†2n

)2n
= N

Proposition 3 ([53]): Let G2n,m = (G2n)
m, where m ∈

{1, 3, 5...,2n − 1}; then(
G2n,m

)2n
=

(
G†2n,m

)2n
= N (9)

Proposition 4 ([53]):(
G2n+1,k

)2
=

{
G2n,k k ∈

{
1, 3, 5, ...,2n − 1

}
N · G2n,k−2n k ∈

{
2n + 1, 2n + 3, ...,2n+1

− 1
}
(10)

Definition 1: The controlled square-root-of-NOT gate,
also referred to as the controlled-NOT1/2 gate, includes both
the controlled- V (CV ) gate and the controlled-V† (CV†)
gate. Their corresponding unitary matrices are derived and
illustrated in Fig. 15

FIGURE 15. Basic quantum algebra rules for CV = CV † gates.

Definition 2: The controlled fourth-root-of-NOT gate,
also known as the controlled-NOT1/4 gate, consists of the
controlled-W (CW ) gate and its adjoint, the controlled-W†(C
W†) gate. Here, the gates W and W† are formally defined as
the square root of the square root of the NOT gate, i.e., W =

NOT1/4 and W†
= ( NOT1/4)†. As shown in Equation (b),

the tautological transformations associated with these gates
are illustrated in Fig. 16.
Definition 3: The controlled eighth-root-of-NOT gate,

or controlled- NOT1/8 gate, includes the controlled J (CJ)
gate and its adjoint, the controlled-J† (CJ†) gate.
These gates are defined by (10), and their corresponding

unitary transformations are derived accordingly.

G8 = G8,1 =
1
2

(
1 + eiπ/8 1 − eiπ/8

1 − eiπ/8 1 + eiπ/8

)
;

G†8 = G†8,1 =
1
2

(
1 + e−iπ/8 1 − e−iπ/8

1 − e−iπ/8 1 + e−iπ/8

)
; (11)

from (10), we get
{
G8,1,G8,3,G8,5,G8,7,G

†
8,1,G

†
8,3,G

†
8,5 ,

G†8,7
}

⊆
{
N 1/8

}
, from Eq. (11), we have

(
G8,1

)2
= G4;1,

(
G8,3

)2
= G4,3,(

G8,5
)2

= N · G4,1,
(
G8;7

)2
= N · G4,3

and from Eq. (10), we deduce that(
G8,1

)4
=

(
G4,1

)2
= V(

G8,3
)4

=
(
G4,3

)2
= N · V = V †(

G8,5
)4

=
(
N · G4,1

)2
= V(

G8,7
)4

=
(
N · G4,3

)2
= N · V = V †

so we define

J = G8,1, J† = G†8,1, or J = G†8,3, J
†

= G8.3 (12)
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or J = G8,5, J† = G†8,5 or J = G†8,7, J
†

= G8,7

where J8 =

(
J†

)8
= NOT; J4 = V and

(
J†

)4
= V †

In [53], two fundamental methods were proposed for syn-
thesizing optimal reversible logic circuits using quantum
gates: a) Direct synthesis using quantum gates to construct the
circuit. b) A two-stage synthesis process, where: First, a set of
new logic gates is designed using quantum gates. Then, these
newly defined logic gates are used to synthesize the target
circuit.

FIGURE 16. Basic quantum algebra rules for CW = CW † gates.

Between the two, the second method is significantly more
efficient from an algorithmic standpoint. This is because it
reduces the problem to a binary logic synthesis task, which
is computationally simpler. Additionally, the newly defined
logic gates need to be synthesized only once, after which they
can be reused across multiple circuits.

All of these new logic gates are systematically constructed
from elementary quantum gates, ensuring that the resulting
circuits remain compatible with standard quantum hardware
primitives.
Assumption 1: The generated logic gate satisfies the fol-

lowing conditions:
(p1) It is a reversible Boolean logic gate, and all control

lines are restricted to Boolean values.
(p2) It is indivisible; that is, it cannot be broken down

into simpler logic gates. Specifically, if the gate consists of a
sequence of elementary gates, the first and last gates on each
qubit must not be logic gates.

(p3) The target level of any controlled gates must not
include the target of a CNOT gate.

(p4) The quantum cost of the gate cannot be minimized
through any form of equivalence transformation.

(p5) Control lines are strictly limited to Boolean values.
Assumption 2: The logic gate library satisfies the follow-

ing criteria:
(p1) Optimality: Every gate in the library is optimal in

terms of quantum cost.
(p2) Minimality: No gate in the library can be constructed

from two or more other gates within the same library without
increasing the quantum cost. Naturally, it also cannot be
composed at a lower cost, since all gates are already optimal.

(p3) Equivalence: Using gates from the new library yields
the same optimal circuit (with the same quantum cost) as
using gates from the original library.

The approach exclusively utilizes CNOT gates and
controlled- NOT1/k gates, where k = 2,4,8,. . . for construct-
ing logic gates.

Let us now consider functions implemented by nn-qubit
circuits composed solely of CNOT gates.
Theorem 3.1 [53]. For any Boolean set of input variables

x1, x2,. . ., xn applied to an n-qubit circuit composed exclu-
sively of CNOT gates, the output of the circuit must be of
the form: x(j1)1 ⊕ x(j2)2 ⊕ . . . .. ⊕ x(jn)n , where n ≥ 2;j =

(jn · · · j2, j1)2 is the binary representation of j, 0 < j ≤

2n − 1, and

x(ji)i =

{
0 if ji = 0
xi if ji = 1

This is called a linear circuit.

B. PERMUTATIVE GATE LIBRARY
Logic gate construction using CNOT,C−NOT 1/k gates, k =

2, 4, 8, . . . :Let us denote arithmetic addition by+ and Sigma
and Boolean logic exclusive addition by ⊕ .

Theorem 3 [53]. For any set of Boolean variables x1, x2,
. . ., xn, we have

m (x1, x2, ...,xn) =

2n−1∑
j=0

(
x(j1)1 ⊕ x(j2)2 ⊕ . . . ⊕ x(jn)n

)

=

{
0 if xi = 0, i ∈ {1, 2, ...,n}

2n−1 else

where n ≥ 2, j = (jn · · · j2, j1)2 is the binary representation
of j, and

x(ji)i =

{
0, if ji = 0
xi, if ji = 1

DESIGN EXAMPLE 1: We aim to construct an (n + 1)-
qubit logic gate. The input Boolean variables are denoted as
x0,Xn, where x0 is the input on the bottom line, and Xn =

{x1,x2,. . . ,xn} are the control line inputs.
Suppose we use 2n − 1 controlled- NOT1/2n−1

gates, each
with its target on the bottom line, and each controlled by a
distinct value in the set:

ξ (Xn, Jn),

= {x1, x1 ⊕ x2, x1 ⊕ x2 ⊕ x3, . . . , x1 ⊕ x2 ⊕ · · · ⊕ xn},

where each control value corresponds to a binary index
(j1j2 · · · jn)2 such that 1 ≤ (j1j2 · · · jn)2 ≤ 2n − 1.
According to Theorem 2, for any input Xn, the function

m(Xn), the number of active control signals (i.e., the number
of control values evaluating to 1), must be either 0 or 2n − 1.
This implies that:

a) If zero control signals are active, then none of the
C−NOT1/2n−1

gates are applied, and the output on the bottom
line is simply x0; that is, the identity function.

If exactly 2n−1 control signals are active, then 2n−1 gates
are applied in sequence on the bottom line. Since each gate
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has a rotation angle of π /2n−1, cascading all of them results
in a full NOT gate (i.e., a rotation of π ), effectively flipping
the value of x0.

Therefore, depending on the control inputs, the gate either
performs the identity function or a NOT operation on the
bottom line. As a result, the entire configuration defines a
valid logic gate.

Thus, the newly constructed gate behaves as a reversible
Boolean logic gate with a conditional NOT operation con-
trolled by Xn. So in the new gate, we have

k = 2n−1, i.e., n = log2 k + 1. (13)

All circuits derived by Barenco [54] using the V and W
gates can be seen as special cases under this new method.
In this context, we define circuit types based on their gate
composition:

A circuit constructed using CV/CV † and CNOT, gates is
referred to as a CV-type circuit.

A circuit constructed using CW/CW †, and CNOT gates is
referred to as a CW-type circuit.

These classifications help generalize and unify various
existing constructions within the framework of our proposed
approach.

If we aim to construct a new logic gate using only CNOT
and CGk/CG

†
k gates, where k = 2,4,8,. . .we observe the fol-

lowing: the targets of theCGk/CG
†
k gates are theGk/G

†
k gates

themselves, which are not logic gates individually. However,
a sequence of k such gates (either all Gk or all G†k ) can be
cascaded to form a valid logic gate.

To construct an (n+1)-bit gate under this framework, all
targets of the Gk/CG

†
k gates must be placed on a single

line, which we designate as the bottom line for descriptive
convenience. The remaining n lines are denoted as Xn =

{x1,x2,. . . ,xn} and serve as the control lines.
Now, consider placing 2n − 1 − nCGk/CG

†
k gates, each

controlled by a unique Boolean function from the set:

ξ (Xn, Jn)|∀j ∈
{
1, . . . , 2n − 1

}
,

where k = 2n−1. According to Theorem 3, for any input
configuration of Xn, the number of control values evaluating
to 1 (i.e., the number of active control signals) must be either
0 or 2n−1.

As a result: If 0 control values are active, none of the
CGk/CG

†
k gates are applied, and the bottom line performs

the identity function. If 2n−1 control values are active, then
exactly 2n−1Gk (or G

†
k ) gates are applied in sequence on the

bottom line, together forming a valid logic gate. Therefore,
this configuration ensures that the constructed gate behaves
as a reversible logic gate, conditionally applying a transfor-
mation to the bottom line based on the collective input state
of the control lines.
Assumption 3: For a gate to qualify as a logic gate, one

of the following conditions must be satisfied for any input
configuration:

(p1) All of the selected gates are CGk gates.
(p2) All of the selected gates are CG†k gates.
(p3) The selected gates include an equal number of CGk

and CG†k gates.
The control values of the 2n − 1 − nCGk/CG

†
k gates are

given by the set:

X∗
n = x1 ⊕ x2, x1 ⊕ x2 ⊕ x3, ..., x1 ⊕ x2 ⊕ . . .⊕ xn

each representing a unique Boolean combination of the input
variables. This portion of the circuit—responsible for gen-
erating these control values—can be constructed using a
suitable configuration of CNOT gates. The remaining n con-
trol values used by the other gates are the original input
variables Xn = {x1,x2,. . . ,xn}, which are directly sourced
from the inputs of the new gate.

As in [53], we introduce a framework for constructing new
(n + 1)- bit logic gates using CNOT and CGk/CG

†
k gates,

illustrated in Fig. 17. For clarity, we focus on (n+1)- bit gates
rather than n-bit gates. In Fig. 17, the set of control values is
defined as: {Tn} = {tn+1, tn+2, ...,t2n−1} = {X∗

n } where X∗
n

represents a specific set of XOR combinations of the input
variables Xn.

However, it is important to note that not all logic circuits
can be realized using the configuration shown in Fig. 17.
To address this limitation, the framework is generalized and
extended in Fig. 18. The new framework in Fig. 18 provides a
more comprehensive structure, with the framework in Fig. 17
now considered a special case of this more general model.

FIGURE 17. The framework of new
(
n + 1

)
-qubit logic gate

implementation using CGk /CG†
k and CNOT gates.

Theorem 4. In Fig. 17, the new gate is defined with Tn =

X∗
n . Then, it must hold that t1 ∈ {Xn}.
Proof. Assume, for contradiction, that t1 /∈ {Xn}. Then it

follows that t1 ∈
{
X∗
n
}
, meaning that t1 is not a direct input

variable but rather a Boolean function (specifically, an XOR
combination) of the input variables in Xn. To obtain t1, at least
one CNOT gate must precede the gate g1 in order to compute
the required control value. This implies that the portion of
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the circuit before g1 (which generates t1) constitutes a logic
circuit. The part of the circuit after g1, starting from g1 itself,
is also a logic circuit. However, according to property (p2)
of Assumption 2, a logic gate cannot be composed of smaller
logic circuits. This contradicts our assumption. Therefore, the
assumption t1 /∈ {Xn} must be false ⇒t1 ∈ Xn □
In Fig. 18, there are multiple possible implementations of

the subcircuit C2, each of which can be synthesized exclu-
sively using CNOT gates. We now present a specific method
for constructing C2 that generates the required 2n − 1 − n
control values used by the corresponding 2n − 1 − nCGk
or CG†k gates. Clearly, since each of these control values
corresponds to a unique Boolean XOR combination of the
input variablesXn, the construction ofC2 requires at least 2n−
1− n CNOT gates. This raises a fundamental question: How
can we synthesize the circuit C2 using the minimum number
of CNOT gates The challenge lies in finding an efficient
configuration that produces all necessary XOR combinations
without redundancy, thereby minimizing quantum cost and
circuit latency.

FIGURE 18. The generic framework for Fig. 17.

In Fig. 17, there are multiple possible implementations
of the subcircuit C2 , each of which can be synthesized
exclusively using CNOT gates. We now present a specific
method for constructing C2 that generates the required
2n − 1 − n control values used by the corresponding
2n − 1 − nCGk or CG†k gates.

Clearly, since each of these control values corresponds
to a unique Boolean XOR combination of the input vari-
ables Xn, the construction of C2 requires at least 2n−1 − n
CNOT gates. This raises a fundamental question: How can
we synthesize the circuit C2 using the minimum number
of CNOT gates The challenge lies in finding an efficient
configuration that produces all necessary XOR combinations

without redundancy, thereby minimizing quantum cost and
circuit latency. This approach fundamentally differs from the
conventional synthesis method, which relies solely on func-
tion permutations. In contrast, the current method involves
generating 2n−1 − n control values using the operator C2,
corresponding to the same number ofCGn or CG

†
n gates. As a

result, the synthesis process appears more complex. However,
we demonstrate that systematic rule exists for constructing
C2. Based on this rule, [53] presents examples of typical
4-bit logic gates implemented with CG4/CG

†
4 gates (denoted

as CW/CW †), as well as 5-bit logic gates using CG8/CG
†
8

gates (denoted as CJ/CJ†).
DESIGN EXAMPLE 1: Gates construction using CNOT,

C − NOT 1/4(CW/CW †) Library
The 4-bit logic gates using CG4/CG

†
4 and CNOT gates

are given in Figs. 19 and 20. From Eq. (13), n =(
log2 k + 1

)
|k=4 = 2 + 1 = 3, so the new gate has

(n+ 1) |n=3 = 4 lines.

FIGURE 19. a) Framework for implementing a novel 4-qubit logic gate
using CG4 = CG†

4 and CNOT gates b) Symbolic graphical representation of
the circuit from a) using a quantum Karnaugh map (QMap).

In the framework from Fig. 19 and Fig. 20, gi ∈{
G4,G

†
4

}
, i ∈ {1, 2, 3, 4}, and there are 24 combinations,

but in Table 6, there are only two combinations satisfy the
stringent conditions outlined in Assumption 2.

TABLE 6. New 4-bit logic gates in Fig 19.

The structure of 5-bit logic gates using CG8/CG
†
8 and

CNOT gates is given in Fig. 21. One C2 circuit implementa-
tion usingminimumCNOT gates (i.e., only (2n−1−n)|n=4 =

11 CNOT gates) is given in Fig. 22.
DESIGNEXAMPLE 2:Gate construction using CNOT and

C-NOT 1/8 (CJ/CJ†)
Let J = G8 and J† = G†8. Then in Eq. (12) we

see that J8 =

(
J†

)8
= NOT . In the framework from
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FIGURE 20. Another framework for the implementation of new 4-qubit
logic gates using CG4/CG†

4 and CNOT gates.

FIGURE 21. a) Framework for implementing a novel 5-qubit logic gate
using CG8/CG†

8 and CNOT gates. b) Symbolic graphical representation of
the circuit from (a) in a QMap, utilizing controlled J and controlled
J+gates.

FIGURE 22. Circuit C2 implementation, designed for inclusion in Fig. 21,
optimized to use the minimum number of CNOT gates.

Fig. 21, gi ∈

{
J , J†

}
, i ∈ 1, 2, , . . . , 15, and there are 215

combinations, but in Table 7, there are only five combinations
that meet the strict requirements of Assumption 2. From (13),
n =

(
log2 k + 1

)
|k=8 = 3 + 1 = 4, so this new gate has

(n+ 1) |n=4 = 5 lines.
DESIGN EXAMPLE: Extension of a standard Toffoli gate

TABLE 7. 5-bit logic gates in Fig 21.

FIGURE 23. a) Extension of a standard Toffoli gate to a 4 × 4 Toffoli gate
by multiplying with signal c b) Using QKMAP to analyze the circuit from
Fig. a).

FIGURE 24. (a) Circuit from Fig. 23a repeated to help the reader in
analysis of Fig. 23b, (b) Realization of the 4 × 4 Toffoli gate using
CW /CW † gates. Linear controls are explicitly indicated for allW /W †

gates, to facilitate analysis. The blocks indicate the gates of a 3 × 3 Toffoli
gate with additional multiplication by c (from Fig. 23a), (c) QKMap-based
analysis of circuit interrupt lines from the right of the circuit.

DESIGN EXAMPLE: Another method for 4-bit gate con-
struction using CW/CW † and CNOT gates

To implement the function abc⊕d , each double-controlled
V/V † gate must be decomposed into 2×2 gates, as illustrated
in Fig. 24. Similarly, controlled Hermitian gates (CCV) are
constructed in Fig. 24 using CW/CW † gates.

The circuit presented in Fig. 24 can be simplified into the
circuit shown in Fig. 25 by applying quantum simplification
rules. This transformation effectively reconstructs the CCC-
NOT (triple-controlled NOT) circuit originally introduced by
Barenco [54].

In Fig. 26, the 4×4 Toffoli gate is implemented using only
seven CW = CW † gates and six CNOT gates, whereas the
final circuit in Fig. 26 requires seven CW/CW † gates and
eight CNOT gates. Despite this, the method shown in Fig. 26
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FIGURE 25. Simplified circuit derived from Figs. 47 and 48. The identity
WW † = I was applied to gatesW /W †controlled by c in Fig. 24, allowing
the removal of two gates from the original configuration. The resulting
circuit contains only six controlled W /W † gates, each governed by a
linear control function—demonstrating an affine root of a NOT gate. The
final implementation includes seven CW /CW † gates and eight CNOT
gates. A Peres-like gate variant, shown in the top-right of this figure, can
be realized with sevenCW /CW † gates and only six CNOT gates by
omitting two CNOTs from the circuit.

FIGURE 26. The new 4 × 4 Toffoli gate, as implemented in Fig. 20, utilizes
CW /CW † and CNOT gates.

is simpler than the one presented in Fig. 14 and enables more
straightforward construction of new and larger quantum logic
gates. For example, constructing a C3 gate using a cascade of
one Toffoli-4 gate and two CNOT gates results in a total cost
of 13+1+1 = 15. In contrast, the method introduced in this
section reduces the cost to just 11. Therefore, employing these
new quantum logic gates can significantly lower the overall
cost of many quantum circuits.

Fig. 27 demonstrates that strategic placement of CNOT
gates can reduce their overall count, building upon the frame-
work established in Fig. 28. However, incorporating the
framework from Fig. 17 may result in a higher overall quan-
tum cost. Examples of quantum IoT applications are shown
in Table 8.

FIGURE 27. Realization of function ∼ a ∼ bc ⊕ d with seven CG gates and
only six CNOT gates.

TABLE 8. Examples of quantum IoT applications.

C. SUMMARY
In summary, this section presents an in-depth exploration
of the work on exact latency minimization techniques for
quantum circuits, emphasizing the synthesis of reversible
and permutative quantum gates with minimal quantum cost.
The primary objective is to replace computationally expen-
sive non-permutative quantum gates (NPQGs)—such as the
controlled-

√
NOT (CV = CV†)—with functionally equiv-

alent configurations composed exclusively of permutative
quantum gates (PQGs) built from CNOT and controlled-
NOT1/k gates for (k = 2, 4, 8,..).

The section begins by discussing the work distinguishing
PQGs from NPQGs through their matrix representations,
introducing ‘‘magic permutation matrices’’ that preserve the
identity component along the main diagonal. It then builds a
rigorous mathematical framework for defining and compos-
ing families of gates such as G2n , G

†
2n , and their controlled

variants (CV, CW, CJ, etc.), each corresponding to succes-
sive roots of the NOT operation. Using this foundation,
we discuss the work developing an optimal gate library
that satisfies strict assumptions of reversibility, indivisibil-
ity, minimality, and equivalence—ensuring that every gate
is both cost-optimal and re-usable across multiple circuit
designs. Several theorems (e.g., Theorems 3 and 4) formalize
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the synthesis rules governing the construction of n +

1–qubit gates from control lines and single-target configu-
rations. The design examples (4-bit and 5-bit circuits using
CW/CW† or CJ/CJ† gates) demonstrate that exact synthe-
sis under this model can yield circuits with substantially
reduced quantum cost compared to traditional decompo-
sitions of Toffoli or Peres gates. The section culminates
with multiple design frameworks (Figs. 17–27) and shows
that optimized control logic (the C2 subcircuit) can be
implemented with the minimum number of CNOT gates,
enabling systematic minimization of both gate count and
cost.
Critical Evaluation of Methods and Contributions
Theoretical Foundations and Generality: The section sur-

veys the work providing a rigorous mathematical treatment
of quantum gate decomposition, notably through paramet-
ric gate families G2n and their adjoints. This hierarchical
structure unifies previously disparate gate definitions (V,
W, J, etc.) into a single algebraic framework, offering a
scalable path for constructing higher-order gates. Strengths:
a) The surveyed work establishes a general recursive def-
inition of quantum roots of NOT, extending prior work
by Barenco et al. [54] into a formalized gate family.
b) Clearly defines synthesis rules and logical constraints
(Assumptions 1–3) ensuring the resulting gate libraries
remain both reversible and physically realizable. c) Intro-
duces a structured binary-to-quantum mapping that enables
efficient reduction of NPQGs into PQG-based circuits.
Limitations: a) The framework, while elegant, is theoretical
and algebraic, with no empirical evaluation on hardware
or simulation platforms which is delegated to the work on
hardware. b) The formalism presumes idealized unitary oper-
ations and neglects decoherence, gate error rates, and timing
mismatches that influence real quantum implementations.
c) While the recursive G2n approach is powerful, its compu-
tational scalability beyond small n (e.g., > 5 qubits) remains
unquantified.
Gate Library Optimization and Minimality Criteria
The explicit criteria for optimality and minimality

(Assumptions 1–2) represent a significant step toward a
provably minimal synthesis methodology. Each gate in the
proposed library is required to be both cost-optimal and
indivisible, ensuring reuse and avoiding redundant decompo-
sitions. Strengths: a) The formal constraints yield a consistent
and self-contained synthesis framework that can be algo-
rithmically verified. b) The concept of indivisibility ensures
that every gate functions as an atomic unit of computation,
facilitating composability in larger systems. Limitations: a)
The cost model focuses exclusively on gate count, overlook-
ing execution latency, hardware parallelism, and energy–error
trade-offs. b) Equivalence is defined algebraically rather than
resource-equivalently, meaning some ‘‘optimal’’ gates may
be optimal only under an abstract cost metric, not under
hardware-specific metrics such as two-qubit gate fidelity
or routing complexity. Most of these problems should be

addressed in a hardware-aware cost model (e.g., latency,
parallelism, fidelity, and routing constraints).
Comparison with Previous Synthesis Approaches
Compared to early methods by Barenco et al. [54], Shende

et al. [56], and later NCV-based techniques [59], [60], [61],
[62], [63], the approach discussed in this section shifts from
generic decomposition to structural optimization through
parameterized root gates.

The new approach thus outperforms prior NCV-based
methods in speed (≈ 127×) and cost efficiency, particu-
larly for 3–5 qubit circuits. However, it remains untested
for larger systems, where memory and synthesis time scale
exponentially.
Design Frameworks and Practical Implications
The illustrative frameworks (Figs. 17–27) effectively

demonstrate stepwise logic gate construction using min-
imal CNOT structures. The design examples of 4-qubit
(CW/CW†) and 5-qubit (CJ/CJ†) gates showcase measurable
savings: for instance, a 4 × 4 Toffoli gate implemented
using CW/CW† and CNOT gates reduces the total cost
from 15 to 11. Strengths: a) The surveyed work demonstrates
how the same algebraic principles generalize across different
control depths and qubit counts. b) Shows that circuit simpli-
fication via quantum Karnaugh maps (QMaps ) and gate-pair
cancellation can reduce redundancy and optimize control
signal usage. Limitations: a) No exploration of error prop-
agation or noise sensitivity for deeper root gates (e.g., J, W).
These gates may amplify phase errors due to fractional expo-
nentiation of unitaries. b) Lack of comparative evaluation
against modern compiler optimizations (e.g., t-parallelization
or ZX-calculus simplifications). c) The synthesis remains
isolated from fault-tolerant frameworks, especially relevant
since small differences in decomposition can lead to large
changes in T-gate overhead in practical fault-tolerant imple-
mentations.
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Comparative Assessment of Design Strategies

Recommendations for Future Work
1. Hardware-Constrained Optimization: Extend the theo-

retical synthesis to consider hardware coupling maps, SWAP
networks, and calibration errors, enabling physically real-
izable minimal circuits. 2. Integration with Fault-Tolerant
Models: Evaluate how root-of-NOT decompositions translate
into T-gate counts and magic-state distillation costs, ensuring
practical deployability in error-corrected systems. 3. Auto-
mated Gate Library Synthesis: Develop a compiler-based
library generator that automatically identifies indivisible gate
sets under given hardware constraints or optimization goals
(latency, fidelity, or cost). 4. Scalability Studies Beyond 5
Qubits: Perform computational experiments for 6–8 qubit
systems to determine scaling limits and potential mem-
ory optimization strategies in exact synthesis. 5. Quantum
IoT System Integration: Couple gate-level cost models with
network-level latency and energy metrics, particularly rele-
vant for edge-deployed quantum control units.
Overall Assessment of the Section
This section surveys the work on a theoretically robust and

methodologically significant contribution to the field of exact
quantum circuit minimization. The selected work advances
prior NCV and Barenco-style approaches by introducing
a recursive and unified gate family capable of producing
provably minimal reversible circuits. The resulting frame-
work not only achieves tangible quantum-cost reductions for
small circuits but also offers a scalable conceptual model for
gate synthesis. However, the work remains largely analytical,
lacking experimental validation, hardware benchmarking,
and cross-layer integration with quantum IoT architectures.
Bridging these gaps—through simulation, compiler inte-
gration, and hardware-aware modeling—will be crucial for
transforming the elegant algebraic formalism of this section
into a practical synthesis methodology for next-generation
quantum systems.

IV. CONCLUSION
As a summary of the main results in the design of the circuits
for low latency quantum networks, we should keep in mind:
Lessons from conventional circuit design:
Energy Savings: Reversible Gates: NOT, SWAP, and

CNOT:One promising strategy tomitigate the thermal energy
loss associated with irreversible gates is to transition towards
reversible logic gates in chip design. In a reversible logic
gate, each output is uniquely associated with a corresponding
input, and vice versa. This ensures that no information is
lost during the computation, making it possible to reverse the
computation after obtaining a result.
Universal Reversible Gates: FREDKIN and TOFFOLI:

Just as there are universal gates for classical irreversible
computing, such as the NAND gate, there also exist universal
gates for classical reversible computing. However, the small-
est gates that are both reversible and universal require three
inputs and three outputs. Two prominent examples of such
gates are the FREDKIN gate (also known as the controlled-
SWAP gate) and the TOFFOLI gate (also known as the
controlled-CNOT gate).
Universal Reversible Basis: NOT–CNOT–TOFFOLI: In

the study of reversible circuit synthesis, we commonly work
over the NOT–CNOT–TOFFOLI gate set, which serves as a
standard universal basis for reversible computation.
Quantum Logic Gates Library
Any classical computation can be decomposed into a series

of logic gates, each operating on a small number of classical
bits. Similarly, quantum computations can be constructed
from a sequence of quantum gates, each acting on a limited
number of qubits. The key distinction lies in their capabilities:
classical gates handle definite bit values, either 0 or 1, while
quantum gates manipulate complex quantum states, which
may be superpositions of basic computational states and can
also exhibit entanglement. As a result, the range and nature
of quantum logic gates are significantly broader than those in
classical systems.

Since a quantum gate must be realized through the physical
evolution of an isolated quantum system, its operation is dic-
tated by the Schrödinger equation: ih̄∂|ψ⟩/∂t = H |ψ⟩ where
H , the Hamiltonian, defines the system’s internal forces and
external fields. Consequently, the unitary operator represent-
ing a quantum gate corresponds to the system’s time evolution
and is given by: U = exp (−iHt/h̄). In this expression, the
Hamiltonian H characterizes the interactions responsible for
driving the quantum transformation.

We have discussed the main characteristics and construc-
tion of:
Latency optimal quantum circuit:
The gate set {H ,P,P†, CNOT, T ,T †} is universal for

quantum computation, capable of approximating any unitary
transformation to arbitrary precision, up to a global phase.
1)Meet-in-the-Middle Search Algorithm 2) Latency-optimal
implementations: various 2, 3 and 4 qubit logical gates using
the gate set {H ,P,P†, CNOT, T ,T †}.
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Optimization gains:
Controlled-T gate (Fig. 9):T gates achieve compression

factor 15/9, CNOT gates 16 / 12, T-depth reduced 9/5.
1-bit full adder (Fig. 10):T gates achieve compression

factor 14 / 8, CNOT gates 12/ 10, H gates 2, T-depth 4.
Exact minimization of quantum circuits:
Two fundamental methods were proposed for synthesiz-

ing optimal reversible logic circuits using quantum gates:
a) Direct synthesis using quantum gates to construct the
circuit. b) A two-stage synthesis process, where: First, a set of
new logic gates is designed using quantum gates. Then, these
newly defined logic gates are used to synthesize the target
circuit.

Between the two, the second method is significantly
more efficient from an algorithmic standpoint. This is
because it reduces the problem to a binary logic synthe-
sis task, which is computationally simpler. Additionally,
the newly defined logic gates need to be synthesized
only once, after which they can be reused across multiple
circuits.

We believe that the presented options for quantum circuit
design will help the network designers when choosing the
circuit for their project. The above topics have been covered
partly in existing literature and to the best of our knowledge
this is the first unifying survey that includes most of the
relevant problems when it comes to planning and design-
ing a quantum network with minimum latency which is of
paramount importance for future IoT networks. The compar-
ison of the contribution of our paper with the existing work is
summarized in Table 9. The paper establishes a direct relation
between the quality of the circuit and the overall network
performance.

TABLE 9. Topic coverage in existing work.

Analytical Summary and Critical Evaluation
Here we effectively consolidate the survey’s core find-

ings on latency-optimal quantum circuit design, linking
reversible computation principles with contemporary quan-
tum logic synthesis. It reaffirms that lessons from classical
reversible logic—notably the conservation of information

and energy through NOT, CNOT, and SWAP gates—serve
as the foundational paradigm for quantum circuit minimal-
ism. By drawing conceptual parallels between reversible
classical gates (TOFFOLI, FREDKIN) and their quan-
tum analogues within the universal gate set {H, P, P†,
CNOT, T, T†}, the surveyed work highlights the continuity
between low-energy computation and quantum coherence
preservation.
Strengths andKey Insights: 1) The survey provides a coher-

ent narrative linking energy-efficient reversible computing
with quantum circuit design, reinforcing the thermodynamic
rationale for reversibility. 2) The discussion on the gate
universality basis (NOT–CNOT–TOFFOLI and its quan-
tum extensions) underlines the essential building blocks for
latency reduction in quantum networks. 3) By referencing
specific optimization gains—such as T-gate compression
ratios and T-depth reductions for Controlled-T and full adder
circuits—the survey demonstrates tangible performance ben-
efits that stem from algorithmic and structural refinements.
4) It clarifies the dual synthesis strategies (direct versus
two-stage methods), offering a clear argument for why the
two-stage approach is computationally superior in practice.
5) The conclusion also frames the contribution of the sur-
vey as a unifying treatment that bridges reversible logic,
gate-level optimization, and network-level latency analy-
sis, positioning the work as a reference point for future
IoT-oriented quantum architectures.
Critical Assessment and Gaps: While the survey suc-

cessfully integrates the paper’s technical themes, several
limitations remain evident. We argue that these limitations
should be discussed within the hardware design umbrella
and provide complementary/ additional solutions. These
problems include: 1) Discussion on hardware and physical
layer integration: Although the survey identifies the theoret-
ical gate-level optimizations, it does not yet translate these
improvements into measurable latency savings on real quan-
tum hardware (e.g., superconducting or photonic platforms).
The link between minimized quantum cost and end-to-end
latency in IoT network contexts is conceptually stated but
not empirically validated. 2) Absence of fault-tolerance and
noise considerations: Reversible gate synthesis and latency
optimization are discussed at the abstract level. However,
error propagation, decoherence, and gate fidelity trade-offs—
which critically affect latency in fault-tolerant circuits—are
not yet incorporated into the analysis. 3) Incomplete Cross-
Layer Optimization: The conclusion summarizes gate-level
advances but does not extend the discussion to quantum
network-level scheduling, routing, and entanglement dis-
tribution, where latency becomes systemically constrained
by communication overhead and synchronization delays. 4)
Need for quantitative benchmarking:While examples like the
Contr.-T and 1-bit adder show compression factors, broader
benchmarking across circuit families (e.g., arithmetic, com-
munication, or cryptographic circuits) would solidify claims
of latency optimality.
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Below we summarize achievements of the paper and
remaining challenges.

Future Research Directions
Building on the insights of this conclusion, future work

should focus on:
1. Hardware-Constrained Latency Modeling: Integrate the

proposed gate-level optimizations with hardware-specific
characteristics (connectivity graphs, qubit coherence times,
gate parallelism) to achieve practical latency predictions.
2. Fault-Tolerant and Error-Corrected Design: Extend
reversible synthesis frameworks to fault-tolerant logical
gates and evaluate latency trade-offs under error-corrected
implementations. 3) Cross-Layer Cooptimization: Develop
methodologies that couple gate synthesis, circuit routing,
and quantum network scheduling, ensuring consistent latency
minimization from gate to protocol level. 4. Automated
Toolchains: Design compilers and synthesis tools capable
of automatically generating latency-optimal circuits under
specific IoT deployment constraints. 5) Experimental Valida-
tion: Implement representative circuits on existing quantum
platforms (IBM Q, Rigetti, IonQ) to benchmark real-world
latency gains.
Overall Evaluation: The surveyed work establishes a

strong conceptual bridge between reversible computing
principles and latency-optimal quantum circuit synthesis,
reaffirming the importance of energy-efficient, reversible
design paradigms for future quantum IoT systems. Its
forward-looking value lies primarily in identifying research
frontiers—the translation of algebraic circuit minimality
into hardware-aware, latency-measurable, and fault-tolerant
implementations. Addressing these dimensions will be piv-
otal for evolving the presented framework from a theoretical
foundation into a practical blueprint for quantum network
design. This part may be shared between circuit designers
once a clear requests are set up by the network planners.
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