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Integrated electro-optic digital-to-analogue 
link for efficient computing and arbitrary 
waveform generation
 

The rapid growth in artificial intelligence and modern communication 
systems demands innovative solutions for increased computational power 
and advanced signalling capabilities. Integrated photonics, leveraging 
the analogue nature of electromagnetic waves at the chip scale, offers a 
promising complement to approaches based on digital electronics. To 
fully unlock their potential as analogue processors, establishing a common 
technological base between conventional digital electronics and analogue 
photonics is imperative for building next-generation computing and 
communications systems. However, the absence of an efficient interface 
has thus far critically challenged a comprehensive demonstration of the 
advantages of analogue photonic hardware, with the scalability, speed and 
energy consumption as primary bottlenecks. Here we address this challenge 
and demonstrate a general electro-optic digital-to-analogue link enabled 
using foundry-based lithium niobate nanophotonics. Using purely digital 
electronic inputs, we achieve the on-demand generation of both analogue 
optical and electronic waveforms at information rates of up to 186 Gb s−1. The 
optical waveforms address the digital-to-analogue electro-optic conversion 
challenge in photonic computing, showcasing high-fidelity Modified 
National Institute of Standards and Technology image encoding with an 
ultralow power consumption of 0.058 pJ b−1. The electronic waveforms 
enable a pulse-shaping-free microwave arbitrary waveform generation 
method with ultrabroadband tunable delay and gain. Our results pave the 
way for efficient and compact digital-to-analogue conversion paradigms 
enabled by integrated photonics, and underscore the transformative impact 
that analogue photonic hardware may have on various applications, such as 
computing, optical interconnects and high-speed ranging.

The development of efficient, high-bandwidth communication sys-
tems and novel computational paradigms has been driven by advance-
ments in high-performance computing and complex signal-processing 
infrastructure, leading to substantial scientific and industrial impact1,2. 
Examples include tensor processing units3, neuromorphic chips4 and 
high-frequency electronics5,6, which crucially satisfy the most stringent 
demands for increased computing power and data transmission rates. In 
recent years, there has also been a burgeoning interest in the development 

of analogue hardware to handle exponential growth in data volumes and 
generate ultrabroadband electronic waveforms7. Photonics is ideally 
suited to these tasks as it offers higher capacity and throughput than 
incumbent electronic approaches while also consuming substantially 
less energy8–16. Moreover, photonic integration supports compact form 
factors, offers excellent scalability and enables cost-effective production.

For photonic technologies to be seamlessly integrated into com-
puting and communication systems, a high-speed, energy-efficient 
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with electrode length L, corresponding to the least significant bit, and 
n = N − 1 representing the longest segment with electrode length of 
2N−1L, corresponding to the most significant bit), 1/T is the bit rate and 
m is an integer index for sequential words. The Vn(t) voltage sequences 
each assume either of the two values (Vhigh, Vlow). When all segments are 
driven together by a set of Vn(t), the optical fields in the push and pull 
arms accumulate a phase difference Δϕ given by:

Δϕ(t) = π
2N−1Vπ

(
N−1
∑
n=0

Vn(t)2
n) . (1)

The power transfer function of the EO-DiAL is given by 
T = 1

2
(1 + sin (Δϕ(t))) , which is proportional to Δϕ(t) in the limit of 

small Δϕ(t) (satisfied when |Vn| ≪ Vπ) and when the MZI is biased at 
quadrature. As purely digital modulations partition the total Δϕ(t) into 
2N levels (the quantity of equation (1) in parentheses), the EO-DiAL 
output power is N-bit-resolved and both EO conversion and 
digital-to-analogue conversion is achieved simultaneously, without 
an external electronic DAC. The four-bit implementation considered 
here and its corresponding bit-wise addressable optical transmission 
is explicitly presented in Fig. 1b.

TFLN implementation
The EO-DiAL device, shown in Fig. 2a, occupies a compact footprint of 
only 30.73 mm2 and is fabricated using a mature wafer-scale TFLN pro-
cess at a commercial semiconductor foundry (a multi-project wafer 
run offered by HyperLight Corporation). The main components of the 
device are shown in Fig. 2b and include electrode pads, capacitance- 
loaded coplanar lines, 50 Ω terminations, metal routing, low-loss 
fibre-to-chip grating couplers and heaters (see Supplementary Infor-
mation for details about these and other components). In particular, 
four push–pull electrode segments (Fig. 2c S0–S3, with electrode 
lengths of 0.25, 0.50, 1.00 and 2.00 cm, respectively) form an MZI, 
mapping to four bits of resolution. Note that the low-optical-loss and 
wide-EO-bandwidth characteristics of TFLN modulators ensure the 
fast and low energy consumption of the EO-DiAL (see Supplementary 
Information for optical loss characterization). To operate the EO-DiAL 
at a high bandwidth, the frequency-dependent Vπ values for the elec-
trode segments must satisfy the factor-of-two relationship throughout 
the complete frequency content of the digital modulation patterns. 
This translates to a flat frequency-response requirement for each seg-
ment, justifying the need for capacitance-loaded RF transmission lines 
which alleviate Vπ–bandwidth trade-offs induced by microwave losses37. 
The measured Vπ values for segments S0–S3 are 10.19, 5.97, 3.27 and 
1.69 V, respectively (Fig. 2d). To account for residual deviations from 
the target Vπ relationship, probably due to fabrication imperfections, 
the amplitudes of Vn(t), defined as |Vn|, are slightly tuned to enforce 
linearity between |Vn|/Vπ and segment length Ln (Fig. 2e), resulting in 
|Vn| values of 200, 195, 210 and 215 mV, respectively. This set of |Vn| is 
characteristic of the device and is fixed throughout the experiments. 
Without these imperfections, |Vn| should be identical for all n. Normal-
ized S parameters (Fig. 2f) for segments S0–S2 indicate a low electri-
cal–electrical (EE) return loss and a near-flat EO response up to a 
modulation frequency of 50 GHz (limited by the bandwidth of our 
measurement equipment). On the other hand, segment S3 has an EO 
3 dB cut-off of about 30 GHz and a simulated 5 dB cut-off of about 
100 GHz, which, although sufficient for this work, may be improved in 
future iterations. We note that these EO properties and the EO-DiAL 
design targets reported here are consistently reproduced across 
devices on all dies measured (seven dies total, see Supplementary 
Figs. 1–3), underscoring the high yield and scalability of complex TFLN 
photonic circuits. Finally, the linearity of the EO-DiAL device is exam-
ined by synchronizing four binary modulation sequences (each sam-
pled at 46.5 Gb s−1) that, when combined, probe each level of the device’s 

interface between the digital electronic domain (used for information 
storage) and the analogue photonics domain (used for information 
processing) is essential. Currently, this interface is primarily established 
via a two-step process: digital-to-analogue converters (DACs) are used 
to convert binary words into analogue electrical signals, which are then 
used to drive electro-optic (EO) modulators. However, there is a sub-
stantial system complexity and cost associated with the high-speed DAC 
circuits that are needed to drive state-of-the-art EO modulators to their 
analogue bandwidth limits that exceed 100 GHz (refs. 17,18). To address 
this bottleneck, previous efforts have utilized silicon photonics to inte-
grate DACs and EO modulators for higher-order-modulation-format 
optical communications19–25. However, the silicon platform and its 
plasma-dispersion-based EO conversion are associated with large 
insertion losses, bandwidth limitations and high reverse-bias/
alternating-current-driving voltages, which constrained these dem-
onstrations to only two-bit resolution and a prohibitive level of per-
formance efficiency. A general and scalable digital-to-analogue link 
that meets the critical requirements for high-performance, large-scale 
analogue photonic computing and signalling remains elusive.

In this Article we overcome the above mentioned challenges by 
utilizing thin-film lithium niobate (TFLN) photonics to demonstrate 
an electro-optic digital-to-analogue link (EO-DiAL) device, based on 
a multi-electrode Mach–Zehnder interferometer (MZI) design. The 
device can realize high-speed, multi-level optical encoding using 
two-level electrical drives, fully leveraging both efficient electro-optical 
interaction26–28 and low optical and microwave loss properties29,30 of the 
TFLN platform. The EO-DiAL device acts as an alternative to conven-
tional electronic DAC and EO modulator pairs, with the potential to 
become a key component in next-generation photonic computing 
architectures which rely heavily on EO conversion31. Furthermore, 
the device expands the microwave photonic signal-generation tool-
set by offering a novel radiofrequency arbitrary waveform genera-
tion (RF-AWG) method. Considering these application spaces, we 
demonstrate that the EO-DiAL produces a data stream in the optical 
domain with four-bit amplitude resolution and 21.505 ps temporal 
resolution when it is driven by four-bit binary words, leading to an effec-
tive data rate of 186 Gb s−1 and an energy consumption of 0.058 pJ b−1.  
To illustrate the potential of this platform for computing, we encode 
down-sampled Modified National Institute of Standards and Tech-
nology (MNIST) handwritten digits onto an optical carrier with high 
fidelity. We then combine the EO-DiAL optical output with fast photode-
tection to perform optical-to-electronic (OE) conversion, thus realizing 
electronic RF-AWG. In contrast to conventional microwave photonic 
methods for AWG, such as optical pulse shaping32–35, our approach is 
based on continuous-wave (CW) light inputs, does not require optical 
fanout or resonant filters and is facilitated by coherent phase control 
in the EO-DiAL. Hence, the synthesized arbitrary waveforms exhibit 
no signal downtime, and they are compatible with RF-over-fibre link 
technologies36, among which we show tunable RF delay and measure-
ments towards broadband power gain in the generated waveforms.

Results
EO-DiAL concept
The EO-DiAL concept generalized to N bits of resolution, using a seg-
mented MZI structure with travelling-wave electrodes on a chip, is 
illustrated in Fig. 1a. An N-bit EO-DiAL features N pairs of push–pull 
electrode segments, instead of the conventional single pair. Each pair 
is twice as long as the next and thus requires a twofold smaller voltage 
(Vπ) to change the phase of the propagating light by π (180°). In other 
words, if the longest segment is characterized by the switching voltage 
Vπ, then the second longest segment is characterized by 2Vπ and the 
shortest segment by 2N−1Vπ. A stream of N-bit words (to be optically 
encoded) is represented by N binary voltage signals. Words are encoded 
sequentially in time t, each represented by a set of Vn(t = mT). Here, n 
is the segment number (with n = 0 representing the shortest segment 
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four bits of amplitude resolution. The amplitudes conform well to a 
linear fit, suggesting a high degree of linearity (Fig. 2g).

Efficient EO digital-to-analogue interface
To benchmark the performance of the EO-DiAL device for efficient EO 
conversion within photonic computing architectures (Fig. 3a), two key 
performance metrics were systematically evaluated, namely, the 
maximal encoding speed and the minimal energy requirement for 
high-fidelity encoding. First, sets of four binary modulation sequences 
clocked at an aggregate data rate of 124 Gb s−1 and 186 Gb s−1 are deliv-
ered to modulation segments S0–S3 of the EO-DiAL. Each sequence 
consists of 500 random bits that altogether combine into one sequence 
of 500 random four-bit words. The four-bit-resolved amplitude is 
directly observed using a real-time oscilloscope to evaluate the encod-
ing quality. However, in real computing applications, this encoded 
light would be routed into a photonic processor. As shown in Fig. 3b, 
the optical amplitude closely follows the ideal random data sequence 
at both data rates. Thus, the electronic data, presented in binary form, 
are successfully encoded onto the optical carrier. We note that imper-
fections at 186 Gb s−1 manifest as reduced amplitude swing and perceiv-
able rise and drop times between words, as shown by the expanded 

traces in Fig. 3b. At this higher data rate, deviations from perfect encod-
ing are attributed to operating near the bandwidth limit of both the 
driving electronic circuit (digital driver and RF cables) and the photonic 
circuit (limited by segment S3). Indeed, the consequence of a finite 
bandwidth on encoding practical data is shown in Fig. 3c. Here, a 
down-sampled 28 × 28 MNIST image, represented by a sequence of 784 
four-bit words, is converted into the optical domain at a rate of 186 Gb s−1 
while consuming 0.104 pJ b−1. The primary features of the digit are 
accurately preserved, although a weak shadowing effect is observed. 
As the EO-DiAL operates as a DAC-free EO converter, we next explore 
the potential for machine learning algorithms to process these images. 
We apply a classification model on both computer-encoded and 
EO-DiAL-encoded test images. This provides insight into the potential 
performance of photonic computing systems that are implementing 
the model. We define the encoding accuracy of the EO-DiAL according 
to the overlap (represented by a confusion matrix) between both clas-
sification sets (Fig. 3d), and we find that 95% of 100 MNIST images are 
accurately encoded in the optical domain. Finally, the energy consump-
tion of digital-to-analogue and EO conversion is explored at the higher 
encoding rate (186 Gb s−1) in relation to the encoding fidelity. In Fig. 3e, 
reconstructed images at three different optical powers (that is, detected 
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Fig. 1 | Photonic-integrated EO-DiAL concept. a, Illustration of an N-bit-
resolution EO-DiAL architecture. Key components include an MZI that features 
N modulation segments with lengths (and hence Vπ values) related by factors of 
two. The shortest (longest) segment controls the least (most) significant bit of 
the N-bit analogue value (see equation (1) and derivation in the Supplementary 
Information). The nth bit is set by a digital electronic input Vn ∈ {Vhigh, Vlow} 
applied to the nth segment with length 2nL. Segments are labelled by the bit they 
address: the least significant bit (bit 0) corresponds to the shortest segment 
and is labelled S0; the most significant bit (bit N − 1) corresponds to the longest 

segment and is labelled S(N − 1). The insets in dashed boxes mark the phase 
accumulation Δϕ after each segment, from the longest to the shortest segment. 
As Δϕ is bit-wise-addressable, so is the MZI transmission, when operating near 
the quadrature point. Thus, a fast switching sequence of Vn(t) amounts to a 
continuously and rapidly updating N-bit-resolved analogue data stream output 
by the DiAL device. Notably, digital-to-analogue conversion occurs directly 
from the electronic to the optical domain, without the overhead of electronic 
DACs. b, Illustration of the four-bit-resolved transmission of the EO-DiAL 
implemented on TFLN, in this work.
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optical power values of −17.5, −11.6 and −5.6 dBm) and two different 
electrical powers (applied driving voltages |Vn| = 100 and 200 mV) 
indicate increases in the overall signal-to-noise ratio and dynamic range 
when more power is consumed. The driving voltage of |Vn| ≈ 200 mV 
is sufficient to reach at least 95% encoding accuracy across all optical 
power levels considered. On the other hand, |Vn| ≈ 100 mV with 
−17.5 dBm of detected optical power can still achieve an encoding accu-
racy of 89%, while expending a total of 0.058 pJ b−1 (Fig. 3f).

Radiofrequency arbitrary waveform generation and 
manipulation
A schematic of the EO-DiAL configured for RF-AWG is shown in Fig. 4a. 
Here, CW light is shaped by four digitally modulated segments S0–S3 
such that an RF arbitrary waveform with four-bit amplitude resolu-
tion is imprinted onto the optical carrier and subsequently undergoes 
OE conversion via fast photodetection. First, to demonstrate basic 
RF-AWG functionality, six standard waveforms (sine, trapezoid, sinc, 
chirp, square and ramp) were separately synthesized (Fig. 4b). Next, 
identical random arbitrary waveforms, each with distinctly resolved 
features every T = 21.505 ps, were produced at eleven instances pre-
cisely 21.505 ps apart by fine-tuning the optical delay using a motorized 
delay line. Matching modulation patterns in the detected waveforms 
show the accurate word-by-word delay (Fig. 4c). Similarly, a sinc 
pulse was stored with high fidelity and low loss in an optical fibre, and 
released 480 ns later (Fig. 4d). The optical path length thus endows 
our EO-DiAL-based RF-AWG with additional functionalities, such as 

picosecond precision, broadband RF delay and long-timescale RF 
signal storage and release. These functionalities are reminiscent of 
skew control between the channels of an electronic RF arbitrary wave-
form generator and synchronization between multiple units within 
an electronic RF-AWG network, which nominally require additional 
complex circuitry.

Next, the broadband OE gain transfer of the RF-AWG is meas-
ured through the electronic-to-optical-to-electronic system response 
(Fig. 4e). A net positive gain up to 35 GHz can be achieved, after apply-
ing 11.6 dB of optical gain to amplify the EO-DiAL output supplied by 
an erbium-doped fibre preamplifier, in conjunction with transimped-
ance gain. This S21 response of the system has an identical shape to the 
transimpedance amplifier response, indicating flat optical-to-RF gain 
transfer. The 0 dB level is referenced to the summed vector network 
analyzer source power to drive segments S0–S3 (−6.0 dBm total, as 
described in the Supplementary Information). Note that this response 
represents a digital-to-analogue response, in contrast to conven-
tional RF-over-fibre link gain where the modulation and demodu-
lated waveforms are identical. Finally, using a fast photodiode with 
a high saturation power, the incident average optical power is varied 
from 1 to 15.9 mW, and the RF power generated by output triangular 
waves (Fig. 4f inset) are estimated from the root-mean-squared volt-
age produced across a load of 50 Ω. Note that, in this approach, the 
broadband electronic gain on the synthesized waveform is inherited 
from the optical gain alone. Thus, broadband microwave gain can 
be achieved in a straightforward manner by leveraging the optical 
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domain, in contrast to electronically amplifying electrical DAC outputs 
which have electronic bandwidth limitations. As shown in Fig. 4f, an 
RF power of up to 0.16 mW is generated, which is yet to surpass the 
total digital modulation power. Nevertheless, agreement between 
the measurement and an expected quadratic relation, between the 

optical power incident on the photodiode and the generated RF power, 
indicates linear OE conversion by the photodiode. This indicates that a 
lower Vπ and a higher photodiode saturation mean that an above 0 dB 
digital-to-analogue gain is within reach (see Supplementary Informa-
tion for a detailed discussion).
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b, A random sequence of 500 four-bit words encoded by the device at effective 
data rates of 124 Gb s−1 (top) and 186 Gb s−1 (bottom), which correspond to 
independent modulation rates of 31 Gb s−1 and 46.5 Gb s−1 per electrode segment, 
respectively. The two right-hand panels for each sequence are expansions of the 
start and end of the traces (shaded in blue). c, Left to right: down-sampled MNIST 
image (28 × 28 pixels) to be flattened into four-bit pixel arrays of size 784; binary 
modulation patterns applied to segments S0–S3; EO conversion and digital-to-
analogue conversion by the device at 186 Gb s−1 and 0.104 pJ b−1; and 
reconstructed MNIST image from the photodetected optical intensities.  
The weak shadowing effect in this reconstructed image is due to the bandwidth 
limits in the system, corresponding to finite rise and drop times. d, Normalized 

confusion matrix that compares the classification outcomes between applying a 
machine learning model on test sets consisting of (1) original MNIST images 
(defined as ground truth) and (2) EO-DiAL-encoded MNIST images, using 
experimental parameters identical to c. Ninety-five per cent of EO-DiAL-encoded 
images faithfully reproduce the fully electronic inferences and thus are 
considered to be accurately encoded. Supplementary Fig. 5 shows normalized 
confusion matrices for other combinations of optical and electrical parameters. 
e,f, Encoding quality (e) and encoding accuracy (f) as a function of the electronic 
and optical energy consumption. In e, the background colour gradient includes 
both optical and electrical energy consumption, and microheater dissipation 
when thermally biasing the MZI at quadrature. With 100 mV for each |Vn| and 
−17.5 dBm optical power incident on the detector, which amounts to 0.058 pJ b−1, 
89% of the images are accurately encoded.
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Discussion
In summary, we have presented a photonic-integrated EO-DiAL archi-
tecture that enables direct electrical-to-optical and digital-to-analogue 
conversion. We utilized this device to demonstrate two cases of prac-
tical use: as an efficient EO converter that is suitable for photonic 
computing accelerators, and as a novel microwave photonic arbi-
trary waveform generator. We leveraged a foundry-based process 
to demonstrate the scalable and consistent fabrication of compact 
TFLN circuits. The success of this process highlights the potential for 
microwave/optical-circuit co-design at the foundry level for synergistic 
photonic–electronic structures on the TFLN platform. Currently, our 
device features an average VπL ≈ 3.05 V cm, which is consistent with 
that expected from the foundry process specification. Segment S3 is 
still bandwidth-limited due to a trade-off between microwave loss and 
velocity matching. State-of-the-art EO modulators support EO 3 dB 

bandwidths that exceed 110 GHz (refs. 18,37) while simultaneously 
featuring a low Vπ. These metrics are routinely achieved by the commer-
cial foundry process today38 due to further optimizations in the mate-
rial stack and modulator architecture, including the folded design39. 
These advances would offer a smaller physical footprint of the EO-DiAL 
without sacrificing the bandwidth or Vπ of its segments. Moreover, a 
much lower VπL is achievable at visible/near-infrared wavelengths while 
featuring bandwidths of tens of gigahertz40,41. Further improvements in 
modulator design and selection of the optical carrier frequency could 
substantially reduce the electrical energy consumption and facilitate 
photonic–electronic integration with high-speed complementary 
metal–oxide–semiconductor (CMOS) pulse pattern generators5. The 
optical energy consumption can also be reduced by optimizing propa-
gation loss and fibre-to-chip coupling during the foundry process. For 
example, the insertion loss of our current device (4.65 dB per grating) 
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Experiment Theory

Fig. 4 | Microwave photonic RF-AWG. a, Schematic of the EO-DiAL operated 
for microwave photonic RF-AWG based on a CW optical input. Optical gain and 
optical delays are subsequently applied for the broadband optical–microwave 
gain transfer, delay, storage and release of the RF arbitrary waveform. EDFA, 
erbium-doped fibre amplifier; E-O-E, electronic-to-optical-to-electronic; PM, 
powermeter; SMF, single-mode fibre. b, Standard waveforms encoded by the 
EO-DiAL onto the optical carrier and then converted into the electronic domain 
using a fast photodetector. c,d, Tuning of the optical path length (in this case, 
incremental delays of ~21.505 ps) before demodulation enables the broadband, 
word-by-word delay of a random RF waveform (c) and the broadband storage 
(a prolonged delay of ~480 ns) and release of an RF pulse (d). e, Broadband 

digital-to-analogue gain on the RF arbitrary waveform via amplification of 
both the optical carrier and modulation sidebands followed by OE conversion. 
The full system response (EO S21) surpasses the total digital electronic input 
power (−6 dBm, indicated by the 0 dB level), up to the 35 GHz modulation 
frequency, due to the 11.6 dB of optical gain and photodetector transimpedance 
gain (750 V W−1) applied. f, Estimated generated RF power of triangular waves 
(depicted in the inset) as a function of the average optical power incident on the 
photodiode. The generated RF power in this case is based purely on the voltage 
induced by a photocurrent across a load of R = 50 Ω. The black line corresponds 
to a fitted photodiode conversion gain of ~19.4 V W−1.
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can be reduced using bilayer taper edge coupling42,43 combined with 
fibre array packaging, which are already foundry-compatible. The 
emerging photonic wirebonding technology44,45, and packaging to 
suspended taper couplers46,47, may offer additional solutions for the 
low-loss packaging of foundry-produced chips. Altogether, binary 
modulations with a voltage swing of tens of millivolts and lasers with 
an output of less than a milliwatt may be all that are needed for the 
encoding of analogue data in photonic computing applications, while 
achieving encoding fidelities that are comparable to those in this 
work. In RF-AWG applications, better EO efficiencies directly induce 
a greater slope efficiency and digital-to-analogue conversion gain 
(scaling inverse-quadratically with Vπ)36. At the system level, a higher 
degree of integration using chip-scale lasers48–52 and on-chip fast 
photodiodes53 can lead to more compact systems and achieve similar 
performance improvements as previously described, due to enhanced 
lasing efficiencies48,49, reduced coupling losses51 and greater detector 
responsivities53. The hybrid and heterogeneous integration of gain 
material, distributed feedback laser sources and modified uni-travelling 
carrier photodiodes with TFLN circuits has already been successfully 
demonstrated45,54–56, and it should be straightforward for such types 
of integration to be extended to the EO-DiAL. Finally, it is possible to 
increase the bit resolution further. Considering that modern com-
mercial foundry capabilities include the sub-volt Vπ, high-bandwidth 
TFLN amplitude modulator, longer segments can be incorporated to 
scale the bit resolution. A shorter segment may also be used, provided 
that the binary electrical driving amplitudes are also doubled, so that 
discretization of the relative phase remains consistent with our cur-
rent demonstrations. Alternative architectures for scaling can involve 
combining two N-bit EO-DiALs in effective gain and loss configura-
tions facilitated by an MZI to achieve N + 1 bits, or simply by utilizing 
factor-of-two related binary electrical driving amplitudes and adding 
constant-length segments. However, we note that achieving an arbi-
trarily high bit resolution is not practically feasible due to the limited 
signal-to-noise ratio and the finite dynamic range of the EO conversion 
process. Importantly, it is also not necessary: the advantages of ana-
logue photonic hardware are often realized in applications where a high 
bit precision is not critical (such as computing), and in many cases, lim-
ited precision can even enhance the performance without compromis-
ing the efficacy8,12,31,57–59. With the rapid proliferation of large language 
models (such as DeepSeek-V360), there is growing interest in low-bit, 
quantized implementations motivated by the reduced electronic 
memory required to store model parameters as well as greater speed, 
energy efficiency and accuracy optimality61. These efforts are aligned 
with the four-bit EO-DiAL demonstration, where photonics may serve 
as specialized hardware to accelerate large-language-model-related 
inference tasks.

Given the speed and energy consumption assessments of the 
EO-DiAL, it may already be able to replace the essential EO modulator 
and electronic DAC in coherent photonic computing frameworks62,63 
based on large-scale TFLN EO circuits55,56,64. It is worth noting that mul-
tiple CW tones, such as from a potentially monolithic comb source65–67, 
can simultaneously be used for parallelized data conversion across 
different wavelengths in a single pass of the device, which is common 
in photonic convolution acceleration leveraging the dispersive delay 
interleaving technique68,69. In terms of offering a competitive yet more 
manageable pathway for RF-AWG, the EO-DiAL may be combined with 
on-chip optical amplification70–72 and tunable delays facilitated by 
microring all-pass filter arrays73 to enhance the compactness of our pre-
liminary demonstrations. Altogether, our results indicate that the con-
tinued development of novel analogue photonic hardware, such as the 
EO-DiAL, will broaden the design space for next-generation photonic 
computing, microwave photonic RF-AWG and other classical technolo-
gies such as high-capacity wireless/fibre-optic communications74–77, 
light detection and ranging78,79, microwave/mmWave photonic radar 
sensing80,81 and signal processing82,83. Furthermore, we envision 

that such hardware will have an impact on nascent quantum tech-
nologies, for example, the optical and acoustic control of spin-based 
quantum memories using photonics-synthesized optical and micro-
wave waveforms84–86, and digital beamforming to probe arrays of  
artificial atoms87,88.
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