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Abstract. Coherent Ising machines (CIMs) have emerged as a compelling hardware paradigm for accelerating
the solution of complex combinatorial optimization problems. In this work, we demonstrate an opto-electronic
CIM architecture implemented on a heterogeneous photonic integrated circuit (PIC) platform. Our design
monolithically integrates silicon nitride (SiN) waveguides, for ultra-low optical loss, with lithium niobate (LN)
for high-speed Mach-Zehnder modulation, alongside integrated germanium-silicon (Ge-Si) photodetectors
(PDs). By leveraging the strong Pockels effect of the SiN-LN hybrid platform, we exploit the intrinsic
nonlinear transfer function of the modulator to emulate Ising spin dynamics within an opto-electronic
feedback loop, thereby bypassing the need for auxiliary nonlinear components. To validate this approach, we
formulate a five-currency arbitrage problem as a quadratic unconstrained binary optimization (QUBO) task
and map it onto the Ising Hamiltonian. Numerical simulations, driven by experimentally calibrated modulation
characteristics, demonstrate robust convergence to the ground state, successfully identifying the optimal
arbitrage path with a profit rate of 1.0793. These results highlight the potential of heterogeneous PICs for
realizing compact, stable, and scalable CIMs, paving a promising way toward high-performance photonic
accelerators for financial modeling and broader combinatorial optimization.
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1. Introduction
Combinatorial optimization problems appear across numerous scientific and engineering fields, involving
tasks such as resource allocation, scheduling, and path planning [1-3]. Solving these problems requires finding
an optimal solution within an exponentially large search space. As problem size grows, the computational
complexity rises sharply, making exact solutions increasingly impractical for conventional electronic
computers, especially in large-scale and highly complex scenarios [4]. Recently, coherent Ising machines
(CIMs) have emerged as an effective hardware approach for addressing combinatorial optimization challenges
[5]. By mapping an optimization task onto the ground-state search of an Ising Hamiltonian implemented in an
artificial spin network, CIMs leverage physical dynamics to efficiently approach optimal solutions [6, 7]. To
enhance system stability and reduce physical footprint, optoelectronic oscillator (OEO)-based CIMs with self-
feedback architectures have been introduced [8]. In these systems, the electro-optic modulator provides the
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necessary nonlinearity, while iterative optoelectronic feedback drives the evolution of spin states toward the
ground-state configuration.

In an OEO, nonlinearity is achieved by feeding the output of a laser diode into a Mach–Zehnder modulator
(MZM) and detecting it with a photodiode. In current PICs, MZMs are predominantly implemented on silicon
photonics platforms [9-12]. Silicon-based MZMs, whether relying on the carrier dispersion effect or the
thermo-optic effect, offer full compatibility with CMOS processes but are limited by either restricted
bandwidth or high power consumption [13-16]. In contrast, thin-film lithium niobate (TFLN) devices,
benefiting from a strong electro-optic effect, exhibit significant potential for high-speed modulation.
Nevertheless, a major challenge in TFLN platforms is the lack of integrated detection capabilities [17-21].
This motivates the integration of silicon photonics with TFLN to leverage the advantages of both platforms
[22-25].

In this work, we therefore propose and demonstrate a heterogeneous photonic integrated circuit (PIC) for
coherent Ising machines (CIMs). The proposed heterogeneous PIC integrates the ultra-low optical loss of
silicon nitride (SiN) waveguides with lithium niobate (LN) modulator and germanium-silicon (Ge-Si)
photodetector (PD), enabling high-bandwidth, low-insertion-loss, and highly linear optical modulation. By
employing traveling-wave electrode designs, modulation bandwidths of several tens of gigahertz can be
achieved, together with low driving voltages and excellent linearity. Thanks to the high thermal stability of
SiN and the compatibility with CMOS fabrication processes, this heterogeneous approach offers a promising
route for fully integrated CIMs aimed at solving combinatorial optimization problems.

2. Principle
Figure 1(a) illustrates the heterogeneous integrated device fabricated using standard foundry processes. The
spot-size converters (SSCs), transmission waveguides, and multimode interferometers (MMIs) are
implemented in SiN owing to its low coupling and propagation losses and excellent mode stability. The input
wavelength of the laser is 1550nm. A silicon-based thermal-optic phase shifter (TOPS) is inserted between the
SiN waveguide and the thin-film lithium niobate (TFLN). Silicon is selected for the TOPS because its thermo-
optic coefficient is ~5× higher than that of LN, providing efficient phase tuning and temperature-drift
compensation. MMI is used to split light into two paths. The TFLN Mach–Zehnder modulator (MZM)
modulator serves as the device core, enabling ultra-high-speed modulation via the Pockels effect, while
differential electrode driving supports broad modulation bandwidth. At the output, a Ge–Si photodetector (PD)
monitors MZM output and interfaces with external circuits. Figure 1(b) presents the cross-sectional structure,
comprising a multilayer heterogeneous waveguide: a bottom silicon layer for thermal phase tuning, a middle
SiN layer for low-loss coupling and transmission, and a top LN layer for high-speed electro-optic modulation.
The waveguide width is 2.3 μm; the LN and SiN thicknesses are 400 nm and 500 nm, respectively. The
electrode height and spacing are 2 μm and 6.75 μm. Adiabatic tapers are employed to ensure smooth mode
transitions and minimize insertion loss. In the SiN–Si transition, the SiN waveguide narrows while the Si
waveguide widens, enabling efficient mode transfer through effective index matching. In the Si–LN transition,
the Si waveguide tapers as the LN layer is introduced, guiding the optical mode into the LN (n ≈ 2.2) electro-
optic interaction region.
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Figure 1. (a) Schematic and (b) cross section of the proposed heterogeneous CIM.

The modulation curve of MZM describes the relationship between the output optical voltage and the
driving voltage, which is a cosine square nonlinear curve. In CIM based on opto-electronic feedback systems,
the modulation curve of MZM is fitted to the nonlinearity shown in Equation [26], where k is the kth iteration,
ξ is the Gaussian noise, the output optical voltage is mapped to the spin amplitude xn, and the driving voltage
is mapped to the feedback signal fn. fn is calculated from xn and the coupling coefficient between spins Jmn, as
shown in Equation , where α is the feedback strength and β is the coupling strength. The spin coupling matrix
is constructed according to the specifically analyzed Ising problem. The evolution of the spin state can be
realized through one iteration of the system. The Hamiltonian gradually decreases, and finally reaches the
ground state. The optimal solution of the problem is obtained according to the spin of the ground state.

(1)

(2)

Here, we focus on the solving of currency arbitrage based on integrated CIM. Currency arbitrage aims to
identify a closed exchange cycle among multiple currencies such that the final capital exceeds the initial
investment, thereby yielding a theoretically risk-free return [27]. The optimal solution corresponds to the
exchange path that maximizes the profit rate. This problem can be formulated as an optimal path search in a
directed graph, where nodes represent currencies and weighted edges correspond to exchange rates. As such,
currency arbitrage constitutes a typical combinatorial optimization problem, which can be naturally mapped
into quadratic unconstrained binary optimization (QUBO) problem and efficiently solved using a CIM. We use
a cost function to represent the earning rate of currency arbitrage as Equation , where bik is a binary variable, if
the corresponding currency pair (currency i to currency k) is selected in the exchange path, bik = 1, otherwise
bik = 0. And ωik = -log rik is the negative logarithm of rik (the exchange rate of currency i and currency k). We
take the negative logarithm of the exchange rate here to convert the total profit rate = Πrikbik from quadrature
to sum, in order to map it to the Ising model in the future.

(3)

In addition, in order to avoid the illegal situation that the calculation results do not conform to the trading
rules, we also introduced the penalty function of circular constraint as Equation .The first and second term
forces the outflow and inflow of each node to be 1 or less. The third term forces the inflows and outflows of
each node to be equal. The fourth term forbids traversing the same edge twice in different directions.
Constraint violations increase the penalty function, with P = 0 if there are no violations. The total cost function
(Ctot) is a linear combination of C and P, described by Equation , where A and B are positive coefficients, they
can be used to adjust the proportion of cost function C and penalty function P in the total cost function. The
values of these two parameters are crucial for finding the optimal solution. If the ratio of A to B is too large,

xn[k + 1] = cos2 (fn[k] − π
4 + ξn[k]) − 1

2

fn[k] = αxn[k] + β∑m Jmnxm[k]

C = ∑ik ωikbik
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the proportion of penalty term P in the total cost term will be small, resulting in a situation where the
Hamiltonian of the illegal solution is smaller than that of the legal solution. On the contrary, if the proportion
of cost item C is small, the difference in Hamiltonian between different legal solutions is too small to
distinguish, making it difficult to obtain the optimal solution. In practical simulations and experiments, we fix
the value of A to 1 and adjust the value of B based on the weight ωik of each edge, so that B can satisfy the
Hamiltonian of the illegal solution to be greater than that of the legal solution as small as possible.

(4)

(5)

The total energy (Hamiltonian, H) of an Ising model with the external magnetic fields is expressed as
Equation , where σi (or σj) denotes the state of the ith (or jth) spin, Jij is the coupling coefficient between the ith

and jth spins, and hi is the external magnetic field for the ith spin.

(6)

An n-currency arbitrage can be formulated as an Ising problem with external magnetic fields using n2 spins
in a lattice. Since the binary variable bik in Equation has two indices (representing the i-th and k-th currencies
respectively), we need to change the spin of one index in the original Hamiltonian expression to two, as
Equation [28]. By equating Equation with Equation , we can solve the coupling matrix Jikjl and external
magnetic field hik of the Ising model of currency arbitrage. But first we have to convert the binary variable bik

(= 0,1) to Ising spin σik (= -1,1), as Equation . And Jikjl and hik are shown in Equation and Equation , where � is
kronecker delta (equal to 1, otherwise 0).

(7)

(8)

(9)

(10)

Due to the existence of external magnetic field hik, our CIM is not suitable for dealing with such problems.
To eliminate hik, a redundant spin with the state σ(n+1)(n+1) fixed to "+ 1" is introduced to as Equation [29],
where new coupling matrix J`ikjl as shown in Equation .

(11)

(12)

3. Results
Figure 2 presents the measured characteristics of the proposed heterogeneous integrated modulator. Figure 2(a)
shows the optical output voltage as a function of the input driving voltage, obtained through photodetector
conversion. The input voltage ranges from –60  to 40  V, and the optical response exhibits a trigonometric-like

P = ∑i∑k≠k‵
bikbik‵ + ∑k∑i≠i‵ bikbi‵k + ∑i (∑k bik − ∑k bki)

2 + ∑ik bikbki

Ctot = A ∙ C + B ∙ P

H = −∑ij Jijσiσj − ∑i hiσi

Hc = −∑n
i=1 ∑

n
j=1 ∑

n
k=1 ∑

n
l=1 Jikjlσikσjl − ∑n

i=1 ∑
n
k=1 hikσik

bik = σik+1
2

Jikjl = − B
4 (2δij + 2δkl − 2δijδkl − δil − δkj + δkjδil)

hik = − A
2 ωik − B (n − 1

2 )

Hc = −∑n
i=1 ∑

n
k=1 ∑

n
j=1 ∑

n
l=1 Jikjlσikσjl − ∑n

i=1 ∑
n
k=1 hikσikσ(n+1)(n+1) =

−∑n+1
i=1 ∑n+1

k=1 ∑
n+1
j=1 ∑n+1

l=1 J ′
ikjlσikσjl

J
'

ikjl =

⎧⎪⎨⎪⎩Jikjl i, k, j, l ∈ (1,2, . . . ,n)
hik
2 i, k ∈ (1,2, . . . ,n) and j = l = n + 1

hjl
2 j, l ∈ (1,2, . . . ,n) and i = k = n + 1

0 otherwise
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behavior with two distinct effective periods. Within –60  to 0  V, the modulator's half-wave voltage is
approximately 40 V, while within 0  to 40  V, it decreases to about 30  V, reflecting the asymmetry in the
modulation response.

Figure 2. (a) Measured relationship between input driving voltage and output optical voltage of the
heterogeneous integrated modulator. (b) Optical field distribution at the junction of LN and SiN. Optical field

distributions in (c) LN and (d) SiN layers. (e) PD bandwidth measurement. (f) Interlayer coupling loss
measurement. (g) Modulator bandwidth measurement

The main reason for the low modulation efficiency is that the electrode spacing we designed is 6.75 μm. If
we reduce the electrode spacing and design the MZM structure, the modulation efficiency can be further
improved. Figure 2(b) illustrates the light field distribution at the LN and SiN interface. The field forms a
hybrid mode resembling quasi-bound states in the continuum, simultaneously occupying both the SiN and LN
layers. The absence of abrupt mode transitions ensures low optical loss at the junction between the SiN
waveguide and the hybrid LN–SiN region.

This low loss characteristic is experimentally verified in Figure 2(f), which shows that the interlayer
coupling loss remains between 0.2 and 0.26 dB across a broad wavelength range of 1500 to 1600 nm. Figure
2(e) presents the frequency response of the photodetector, indicating a 3 dB bandwidth of 24.4 GHz. Figure
2(g) displays the modulator response, with a measured 3 dB bandwidth of approximately 32 GHz,
demonstrating the device capability for high speed signal processing.

Based on the data in Figure 2(a), we perform a nonlinear fitting of the CIM and conduct a simulation study
of a five-currency arbitrage problem involving CNY, USD, EUR, JPY, and GBP. The exchange rates used are
shown in Table 1 and were obtained from publicly available sources. The optimal arbitrage path is CNY →
GBP → JPY → CNY, yielding a profit rate of 0.1098 × 196.6 × 0.05 = 1.0793 (Calculate again by exhaustive
method). To provide a more intuitive representation, a directed graph is used to illustrate all possible exchange
paths among the five currencies, as shown in Figure 3, with the optimal arbitrage path highlighted in red.
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Table 1. The exchange rates of 5 currencies

CNY USD EUR JPY GBP
CNY 1 0.1401 0.1171 19.99 0.1098
USD 7.1362 1 0.8676 146.0 0.7437
EUR 8.2290 1.1529 1 168.5 0.8570
JPY 0.0500 0.006849 0.005937 1 0.005086
GBP 9.5860 1.3440 1.1664 196.6 1

Based on the profit rate, the total cost function is formulated as shown in Equation (4) and then mapped to
the Hamiltonian representation to calculate the spin coupling matrix, as given in Equation (11). Python is used
to simulate the CIM (we use the experimentally measured static MZM transfer curve to model the
nonlinearity) and determine the optimal exchange path, with the results presented in Figure 4.

The five currencies (CNY, USD, EUR, JPY, GBP) are numbered sequentially, and 25 spins are used to
represent whether each currency pair is included in the exchange path. For instance, a positive value of σ₁₅
indicates that the exchange from currency 1 (CNY) to currency 5 (GBP) is selected. During the simulation, all
25 spin states evolve iteratively. In the final configuration, three spins are positive while the remaining spins
are negative. Figure 4(a) also shows a spin with a positive value that does not correspond to a currency pair;
this redundant spin, introduced as described in Equation (10), serves to eliminate the external magnetic field
term in the Hamiltonian and has no physical representation in the exchange path. The three positive spins, σ₁₅,
σ₅₄, and σ₄₁, correspond to the exchange path CNY → GBP → JPY → CNY, which is the optimal arbitrage
path with a maximum profit rate of 1.0793.

Figure 3. A directed graph showing all currency exchange paths, the optimal arbitrage path (CNY -> GBP ->
JPY -> CNY) is highlighted in red

To evaluate the performance of the CIM, 2000 independent simulations were conducted and the results of
each run were recorded, as shown in Figures 4(c) and 4(d). The data indicate that the success rate of finding
the optimal solution increases with the number of iterations, reaching 0.017 after 2000 simulations.
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Suboptimal solutions were also analyzed, revealing that the success rates for achieving profit margins
exceeding 1.04 and 1.06 are 0.1395 and 0.0555, respectively.

The success rate of our simulation is not very high. There are two main reasons for our analysis. Firstly, the
currency arbitrage problem is a relatively complex issue. For an arbitrage problem involving n currencies, the
possible paths include 2, 3...n currencies, forming a factorial relationship with the number of currencies. With
a large number of total trading paths, the probability of obtaining an optimal solution is relatively low.
Secondly, in the mathematical expression of the currency arbitrage problem, there are two terms: the cost term
and the penalty term. These two terms actually have a game-theoretic relationship. If the weight of the cost
term is increased, the energy gap between the optimal solution and the suboptimal solution will increase, and
the probability of the optimal solution among legal solutions will rise. However, the proportion of the penalty
term decreases, which in turn reduces the probability of legal solutions. Ultimately, the probability of the
optimal solution does not increase significantly. Conversely, the probability of legal solutions increases, but
the probability of the optimal solution among legal solutions decreases.

Figure 4. (a) Evolution of spin amplitude with iteration (calculated from equation 1). (b) Spin state of ground
state. (c) Evolution of success rate with iteration. (d) The success rate of profit rate >1.04, 1.06 and 1.079334

(the best)

In Figure 4 (c), we mainly consider the saturation feature of the success rate of the optimal solution. After
about 250 iterations, the optimal solution can reach saturation, and there are still two suboptimal solutions. To
achieve saturation of suboptimal solutions, the number of iterations should be increased. However, according
to our simulation results, the success rate of the optimal solution began to decline after approximately 300
iterations, so we ultimately only considered 250 iterations. In this work, the matrix vector multiplication is
performed based on algorithm, and it can be further realized based on optical structure, such as MZI grid with
either Reck [30] or Clements [31] structures.
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4. Conclusions
In conclusion, we have demonstrated an opto-electronic CIM based on a heterogeneous PIC that
monolithically integrates a SiN–LN electro-optic modulator, a silicon-based thermal phase shifter, and a Ge-Si
PD. This multi-material integration leverages the ultra-low optical loss of SiN waveguides, the high-speed
response of LN, the efficient and stable thermal tunability of silicon, and the high-responsivity of Ge-Si PD,
providing a compact and robust hardware platform for CIM. By directly incorporating the experimentally
measured nonlinear modulation transfer function of the SiN–LN modulator into an opto-electronic feedback
loop, Ising spin dynamics are implemented without the need for additional nonlinear elements. As a proof of
concept, the system successfully solves a five-currency arbitrage problem, reliably identifying the optimal
exchange cycle that maximizes profit. These results highlight the feasibility and advantages of heterogeneous
PICs for achieving stable, scalable, and high-performance CIM, offering a promising pathway toward large-
scale photonic optimization processors for financial applications and other complex combinatorial problems.
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