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The Boolean satisfiability (SAT) problem is a fundamental NP-complete problem, and
efficiently solving it would revolutionize fields like optimization, artificial intelligence,
cryptography, software, and hardware verification. Physics-inspired computers offer
significant advantages, including continuous-time (CT) operation, massive parallelism, and
increased energy efficiency. Solvers that map the optimization objective to a dynamical
system of spins [1] have been shown to outperform classical discrete optimization solvers.
Recent work maps 3-SAT to systems of coupled spins but suffers from long solution times
or low solvability [2,3], and is limited to problems with only 20 variables [3]. [4]
decomposes 3-SAT problems to an all-to-all connected analog Ising machine, but the
proposed iterative compute scheme results in ms-level solution times. A digital solver based
on an array of processing elements (PEs) [5] has reported competitive performance, but it
does not account for the substantial preprocessing time and energy required to embed the
problem into the available hardware - embedding itself is a complex optimization problem.
Furthermore, the system in [5] can connect only up to 32 clauses to a given variable, limiting
its ability to solve real-world satisfiability problems where some spins are highly connected.

This work advances the field of Combinatorial Optimization Problem (COP) solvers by
demonstrating a massively parallel oscillator-based direct 3-SAT engine that leverages
physics-inspired heuristics in a mixed-signal compute fabric for unprecedented solutions
times and energy efficiency without requiring any preprocessing. The prototype solves
20-variable 3-SAT problems more than 4 times faster than state-of-the-art solvers [3,5], is
22 times faster for larger (> 50 variables) problems than the fully connected state-of-the-
art solver [6], and does not require problem embedding. We introduce innovations in the
architecture and at the circuit level (Fig. 25.1.1): (i) A new continuous time dynamical system
with multi-bit bidirectional spin-clause interconnect naturally escapes local minima and
explores the solution space. (i) A robust and highly scalable mixed analog/digital
crosshar-based feedback system enables unrestricted all-to-all 3-SAT connectivity. Current
summation-based feedback enables scalable true CT asynchronous computation. (iii) A
relaxation-oscillator (RXO) compute node with Dynamic CT Injection (DaCTI) enables
state-of-the-art solution time and reduces solution energy by 8 times (for 50 variables)
compared to a constantly oscillating node. DaCTI also alleviates the need for a custom
sampler (e.g. unlike [4]), and reduces PVT sensitivity. (iv) A low-power feedback interface
alleviates the effect of RC delay in the current summation nodes.

The proposed solver directly maps optimization problems to hardware to significantly
accelerate computations by taking advantage of CT operation, parallelism, multi-bit
operation, and highly efficient mapping. A 3-SAT problem seeks a truth value assignment
to literals (SAT variables or their negations) in a Boolean formula AlL;( Iy V I, V I;3) that
makes the formula true. In this work, the problem variables correspond to oscillator
compute nodes, and the graph directly programs the mixed-signal feedback system that
implements clauses. Figure 25.1.2 illustrates this architecture, where the 3-SAT graph
directly maps onto an array of relaxation oscillator spins. The clause cells, implemented
with NOR3 gates and current sources, bidirectionally interconnect with the spins through
twin analog/digital crossbars. The feedback system continuously adjusts spin phases and
states through CT interactions until it converges to a solution.

A key design highlight of our architecture is the multi-bit bidirectional interconnect between
spins and clauses. We leverage programmable mixed-signal feedback provided by twin
analog/digital crossbars. Each CT spin has a binary output value (i.e., the SR latch state)
and an internal phase (i.e., the capacitor voltage). In the feedforward path, the digital
crosshar propagates the CT binary states of the spins to the clause inputs. The outputs of
the NOR3 gates in the clause cells (i.e., SAT or UNSAT) enable current sources feeding
crosshar feedback current lines (Fig. 25.1.3). For each spin, the currents from associated
clauses sum on the current summation lines (i.e. ISUM). The feedback currents rotate the
spin’s phase proportionally to the number of its broken clauses. This architecture improves
the average solution time by more than 4 times compared to [3], where the feedback
generates hard binary spin flips.

Each spin’s phase rotates proportionally to the number of associated broken clauses,
enabling a parallel search for the states that maximize satisfied clauses. The internal analog
phase adds stochasticity, while the guaranteed rotation of spins with broken clauses
prevents getting stuck in local minima. After spins reset to zero, the system only settles
when a full 3-SAT solution is found. Measurements show no benefit with random initial
conditions over fixed ones, eliminating the need for a random number generator.

A key design consideration is the use of a relaxation oscillator with dynamic CT injection
(Fig. 25.1.4), which offers significant benefits for dynamical system solvers, particularly
when compared to ring oscillators [4]: (i) In-oscillator current and voltage DACs allow
multi-bit precise feedback; (ii) Dynamic CT operation allows for significant energy savings;
(iii) Current source charging significantly reduces sensitivity to PVT variations; (iv) The
digital output of the relaxation oscillator is robust and does not burden the oscillator.

The proposed RX0-based compute node with dynamic CT operation provides significant
energy savings. While a standard relaxation oscillator is more PVT robust [7] than a ring
oscillator [4], the continuous charging still wastes energy by repeatedly changing the spin
state. In the proposed RXO, the phase rotates only in the presence of a feedback signal,
saving energy. Measurements show that DaCTl improves the solver’s solution time by 1.9x
for 20 variables and 6x for 50 variables. Furthermore, DaCTl removes the need for a
multi-phase sampling system [4] since the spins freeze to the final solution.

The proposed CT current-domain feedback architecture (DaCTl) implements a non-linear
quantization of the feedback current to regularize the feedback and isolate the oscillator
capacitor from the feedback system. We leverage 4-level in-oscillator flash-ADCs to quantize
each spin’s feedback current, from the analog crossbar. Limiting the feedback signal to four
levels with this ADC relieves the system’s bias toward changing the state of spins that are
highly connected and consequently more likely to receive feedback. The ADC drives an
in-oscillator 4-level IDAC that integrates regularized current on the RXO capacitors and a
4-level Voltage DAC (VDAC) that changes the comparator threshold. The combined use of
the IDAC and VDAC enables solution times that are orders of magnitude lower compared
to IDAC alone.

Another significant benefit is that this architecture does not load the spin’s capacitor and
isolates the oscillator from the current summation line large (280fF) parasitic capacitance.
A low-power trans-impedance amplifier (TIA) terminates each vertical current summation
line in the analog crossbar with a low impedance, minimizing the effect of the parasitic
capacitance. We optimize the analog feedback path delay by pre-charging the clause current
sources’ parasitic capacitance, reducing delay by 7x. In the feedforward path of the system,
spin outputs are rebuffered at each intersection of the digital crossbar.

The 28nm CMOS prototype has a core area of 0.58mm> An on-chip digital controller
orchestrates the compute cycles and facilitates extensive performance measurements.
Loading a problem to the system does not require preprocessing. The host programs the
3-SAT graph to crossbar connection points through a scan chain. The prototype’s
performance was rigorously evaluated with the well-known SATLIB suite (Fig. 25.1.5). All
1000 problems in the 20-variable and 50-variable libraries were evaluated 100 times each.
For 20-variable problems, the prototype achieves a mean solution time of 1.6ys, an
improvement of more than 4x over [3,5], and an Energy Delay Product (EDP) that surpasses
both (Fig. 25.1.6). The mean solution time and energy for 50-variable problems are 31.7ys
and 268.9nJ respectively, surpassing the previous state-of-the-art solution for large 3-SAT
instances without preprocessing [6] (60-variable problems) by more than 22x and 4x,
respectively. All tested instances are considered hard problems. The proposed satisfiability
solver (Fig. 25.1.7) introduces a physics-inspired continuous-time architecture that is
scalable, highly efficient, and enables solution times and energy efficiency beyond the
state-of-the-art without requiring any preprocessing.
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Figure 25.1.1: Overview of recent Boolean satisfiability (SAT) solver architectures and
their limitations. Introduction to the proposed mixed-signal SAT solver and design
highlights. Figure 25.1.2: Proposed solver architecture with key design blocks and methodology.
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Figure 25.1.3: Crossbhar-hased spin feedback architecture. Current summation line Figure 25.1.4: Relaxation-oscillator-based spin with Dynamic CT Injection (DaCTI).
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Figure 25.1.7: Prototype micrograph and summary.
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