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1. Comparative Analysis of Three Optical Convolution Mapping Architectures
To quantify the system-level trade-off of the proposed column-streaming architecture, we compare three representative convolution-mapping architectures for a commonly used 3×3 convolution kernel. The comparison considers optical-domain computational performance, computational energy efficiency, on-chip photonic-core area, computing density, control complexity, and scalability.
Architecture (a), the fully expanded matrix architecture, uses one N2 × N2 MZIs processor to implement the convolution mapping. For N = 3, this corresponds to one 9 × 9 MZIs processor.
Architecture (b), the multi-core decomposition architecture, uses N parallel N × N MZIs processors to compute partial results. For N = 3, this corresponds to three parallel 3 × 3 MZIs processors. The partial results are accumulated in the electrical domain, but no delay or spatial-shift alignment is required.
Architecture (c), the proposed column-streaming architecture, uses a single N × N MZIs processor. For N = 3, this corresponds to one 3 × 3 MZIs processor. The convolution result is reconstructed using column-wise streaming and backend delay/shift alignment plus accumulation.
In this estimate, TOPS/W is used as the computational energy-efficiency metric, and TOPS/mm² is further used as the on-chip computing-density metric. To focus on architecture-dependent differences, laser power is not included. The area of off-chip high-speed DAC/ADC chips is also not included. The power estimate mainly includes high-speed DAC/ADC interface power, thermo-optic phase-shifter tuning power, and backend digital reconstruction power. The area estimate mainly includes the on-chip MZIs mesh, low-speed thermo-optic control pads/routing, and the inter-core spacing/routing overhead for the multi-core architecture.
All three architectures are evaluated under the same modulation/sampling rate:
f = 10 GSa/s.
Supplementary Figure 1 schematically illustrates the three convolution-mapping architectures compared in this supplementary note.
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[bookmark: OLE_LINK1]Supplementary Figure 1. Comparison of MZI-based convolution mapping strategies. (a) Matrix-expansion-based mapping onto an N2 × N2 general-purpose processor. (b) Row- or column-wise decomposition across multiple N × N sub-processors. (c) Proposed column-streaming mapping onto a single N × N MZIs processor, followed by backend reconstruction of the two-dimensional convolution result.
1.1 Power parameters
Table S1 summarizes the power parameters used in the computational energy efficiency estimate. These parameters are intended for system-level order-of-magnitude estimation rather than measured power values of the present experimental platform. The actual power consumption depends on DAC/ADC resolution, operating mode, output current, interface configuration, FPGA implementation, digital activity rate, and the silicon photonic process.
Representative high-speed RF DAC power can be benchmarked using devices such as the AD9164, which supports up to 12 GSPS and can dissipate nearly 3 W depending on configuration [1]. Representative high-speed RF ADC power can be benchmarked using devices such as the AD9213, a 12-bit 6 GSPS/10.25 GSPS RF ADC [2]. For thermo-optic phase shifters, Harris et al. reported an SOI thermo-optic phase shifter with a phase-shifting efficiency of 24.77 ± 0.43 mW/π [3]. Large-scale thermo-optic control also requires many electrical control lines; row-column addressing has been proposed to reduce the number of control wires in large silicon photonic circuits [4].
Table S1. Power parameters used in the computational energy-efficiency estimation.
	Symbol
	Value
	Unit
	Description

	f
	10
	GSa/s
	Modulation/sampling rate assumed for all architectures

	PDAC
	2.5
	W/channel
	Representative power of a 10-GSa/s-class high-speed DAC

	PADC
	5.0
	W/channel
	Representative power of a 10-GSa/s-class high-speed ADC

	PPS
	20
	mW/phase shifter
	Representative thermo-optic phase-shifter tuning power

	PADD
	0.05
	W
	Estimated backend electrical accumulation power for architecture (b)

	PSA
	0.10
	W
	Estimated backend delay/shift alignment and accumulation power for architecture (c)


Here, PADD represents the backend power for simple electrical accumulation. In architecture (b), the outputs of multiple 3 × 3 processors are accumulated in the electrical domain, but no spatial shift or delay alignment is required. In contrast, the proposed column-streaming architecture (c) requires both delay/shift alignment and accumulation; therefore, its backend overhead is modeled as PSA, with:
PSA > PADD.
Table S2. Basic configurations of the three architectures for 3 × 3 convolution.
	Metric
	(a) Fully expanded matrix
	(b) Multi-core decomposition
	(c) Proposed column-streaming

	Mapping strategy
	One N² × N² processor
	N parallel N × N processors
	[bookmark: OLE_LINK15]One N × N processor + column streaming

	Processor configuration for N = 3
	One 9 × 9 MZIs processor
	Three 3 × 3 MZIs processors
	One 3 × 3 MZIs processor

	Input DAC/modulator channels
	9
	9
	3

	Output PD/ADC channels
	9
	9
	3

	Total high-speed electronic channels
	18
	18
	6

	Column-loading steps per window
	1
	1
	3

	Backend electrical operation
	None
	Accumulation only
	Delay/shift alignment + accumulation


1.2 MZI-unit and phase-shifter count estimation
For a Reck-type M × M triangular MZIs mesh, the number of MZI units is:
NMZI = M(M − 1)/2.
This triangular mesh can be interpreted as an arrangement of MZI units in rows of M − 1, M − 2, …, 1. For example, a 9 × 9 mesh contains:
8 + 7 + 6 + 5 + 4 + 3 + 2 + 1 = 36
MZI units, while a 3 × 3 mesh contains:
2 + 1 = 3
MZI units. Assuming that each tunable MZI contains one internal phase shifter and one external phase shifter, the number of phase shifters is estimated as:
NPS = 2NMZI = M(M − 1).

Table S3. Comparison of MZI-unit and phase-shifter counts.
	Metric
	(a) 9 × 9
	(b) Three 3 × 3 processors
	(c) One 3 × 3 processor

	Mesh size
	9 × 9
	3 × 3 × 3
	3 × 3

	MZI units per mesh
	8 + 7 + ⋯ + 1 = 36
	2 + 1 = 3
	2 + 1 = 3

	Number of meshes
	1
	3
	1

	Total MZI units
	36
	9
	3

	Phase shifters per MZI
	2
	2
	2

	Total phase shifters
	72
	18
	6

	Phase-shifter power
	72PPS
	18PPS
	6PPS

	Total tuning power
	1.44 W
	0.36 W
	0.12 W


1.3 Optical-domain computational performance estimation
To avoid mixing optical-domain computation with electrical backend operations, TOPS/W is estimated according to the dot-product operations actually performed by the photonic processor in each loading cycle. Backend electrical accumulation and shift reconstruction are not counted as optical TOPS; instead, they are included in the power estimate through PADD or PSA.
For a length-3 dot product, y = w1x1 + w2x2 + w3x3, the optical processor performs 3 multiplications and 2 additions. Therefore, each output port corresponds to 3 + 2 = 5 OPs. For a length-9 dot product, each output port corresponds to 9 + 8 = 17 OPs.
Accordingly, the optical-domain computational performance values of the three architectures are estimated as:
OPSa = 9(9 + 8)f = 153f,
OPSb = 3 × 3(3 + 2)f = 45f,
OPSc = 3(3 + 2)f = 15f.
Table S4. Optical-domain computational performance estimation.
	Metric
	(a) Fully expanded matrix
	(b) Multi-core decomposition
	(c) Proposed column-streaming

	Dot-product length per output port
	9
	3
	3

	Operations per output port per step
	9 + 8 = 17 OPs
	3 + 2 = 5 OPs
	3 + 2 = 5 OPs

	Number of processors
	1
	3
	1

	Output ports per processor
	9
	3
	3

	Optical operations per step
	1 × 9 × 17 = 153 OPs
	3 × 3 × 5 = 45 OPs
	1 × 3 × 5 = 15 OPs

	Computational performance formula
	153 f
	45 f
	15 f

	Computational performance at f = 10 GSa/s
	1.53 TOPS
	0.45 TOPS
	0.15 TOPS


1.4 Power estimation
The total powers of the three architectures are estimated as:
Pa = 9PDAC + 9PADC + 72PPS,
Pb = 9PDAC + 9PADC + 18PPS + PADD,
Pc = 3PDAC + 3PADC + 6PPS + PSA.
Substituting the parameters in Table S1 gives Table S5.
Table S5. Estimated power consumption of the three architectures.
	Power term
	Formula (a)
	Power (a)
	Formula (b)
	Power (b)
	Formula (c)
	Power (c)

	DAC power
	9PDAC
	22.50 W
	9PDAC
	22.50 W
	3PDAC
	7.50 W

	ADC power
	9PADC
	45.00 W
	9PADC
	45.00 W
	3PADC
	15.00 W

	Phase-shifter power
	72PPS
	1.44 W
	18PPS
	0.36 W
	6PPS
	0.12 W

	Backend digital operation
	—
	0 W
	PADD
	0.05 W
	PSA
	0.10 W

	Total power
	—
	68.94 W
	—
	67.91 W
	—
	22.72 W


1.5 Computational energy efficiency estimation
The system computational energy efficiency is defined as:
η = Computational performance (TOPS) / Power (W).
Table S6. Computational energy-efficiency comparison of the three architectures.
	Metric
	(a) Fully expanded 9 × 9
	(b) Three parallel 3 × 3
	(c) Proposed 3 × 3 column-streaming

	Optical-domain computational performance
	1.53 TOPS
	0.45 TOPS
	0.15 TOPS

	Estimated power
	68.94 W
	67.91 W
	22.72 W

	Computational energy efficiency
	0.0222 TOPS/W
	0.00663 TOPS/W
	0.00660 TOPS/W

	Relative computational performance
	1
	0.29×
	0.098×

	Relative power
	1
	0.99×
	0.33×

	Relative TOPS/W
	1
	0.30×
	0.30×

	High-speed electronic channels
	18
	18
	6

	MZI units
	36
	9
	3

	Phase shifters
	72
	18
	6

	Backend operation
	None
	Accumulation only
	Delay/shift alignment + accumulation


Table S6 shows that the fully expanded architecture (a) provides the highest absolute computational performance and energy efficiency when all output ports are fully utilized in parallel. These results indicate that column streaming is a time-space trade-off rather than a cost-free improvement in raw computational performance or energy efficiency.
At the same time, architecture (c) has nearly the same computational energy efficiency as the multi-core decomposition architecture (b): 0.00660 TOPS/W versus 0.00663 TOPS/W. However, compared with architecture (b), the proposed architecture reduces the number of high-speed electronic channels from 18 to 6, the number of MZI units from 9 to 3, the number of phase shifters from 18 to 6, and the estimated total power from 67.91 W to 22.72 W. Thus, while maintaining comparable computational energy efficiency to the multi-core decomposition architecture, the proposed column-streaming architecture reduces the high-speed electronic interfaces, photonic-core size, phase-shifter count, and total power by approximately 3×.
1.6 On-chip photonic-core area and computing-density estimation
In addition to computational energy efficiency, computing density is an important metric for evaluating the practicality of photonic computing architectures. Here, computing density is defined as the ratio between optical-domain computational performance and the on-chip photonic-core-related area:
Darea = Computational performance (TOPS) / Acore (mm²).
The area estimate in this section includes only the on-chip area directly determined by the photonic computing architecture, namely the MZIs mesh area, low-speed thermo-optic control pads, low-speed metal routing, and local routing regions. The area of off-chip high-speed DAC/ADC chips is not included. To avoid fixed overheads masking architecture-dependent trends, chip-edge area, test structures, alignment marks, and other fixed layout overheads are also excluded.
For a single MZI unit, we assume a representative layout size of:
LMZI × WMZI = 500 μm × 100 μm.
Thus, the base area of a single MZI unit is:
Acell = 0.5 mm × 0.1 mm = 0.05 mm².
A practical Reck-type triangular MZIs mesh is not a simple dense tiling of MZI units. A 9 × 9 mesh follows an 8/7/6/5/4/3/2/1 triangular arrangement and therefore requires additional waveguide routing, metal routing, local spacing, and thermal-isolation regions. The layout overhead factor for the large mesh should therefore be higher than that of a small 3 × 3 mesh. We use:
γ9×9 = 1.8,    γ3×3 = 1.3.
Thermo-optic phase shifters also require low-speed electrical pads and metal routing. Silicon thermo-optic phase shifters generally include heaters, electrical contacts, metal interconnects, and pads; Harris et al. used metal layers for electrical connections and signal routing in an SOI thermo-optic phase shifter [3]. In large-scale thermo-optic tuning arrays, row-column addressing has been proposed to reduce the number of pads and control lines, indicating that low-speed control routing is an important layout overhead in scalable silicon photonic systems [4].
We assume a representative low-speed electrode pad size of:
80 μm × 120 μm.
The area of one pad is:
Apad = 0.08 mm × 0.12 mm = 0.0096 mm².
Because low-speed thermo-optic control wires must fan out from the pads to the phase shifters and avoid optical waveguides, couplers, and other electrodes, the routing area cannot be neglected. For an order-of-magnitude estimate, the equivalent area of one phase-shifter control channel, including the pad and low-speed routing, is modeled as:
Actrl,ch = Apad + Awire = 3Apad = 0.0288 mm².
Here, Awire = 2Apad approximately accounts for low-speed metal fanout, local routing, and spacing. This area model is used to compare relative architectural trends rather than to report an exact layout area.
Table S7. Layout parameters used in the area estimation.
	Symbol
	Value
	Unit
	Description

	LMZI
	500
	μm
	Estimated length of one MZI unit

	WMZI
	100
	μm
	Estimated width of one MZI unit

	Acell
	0.05
	mm²
	Base area of one MZI unit

	γ9×9
	1.8
	—
	Routing, dead-space, thermal-isolation, and layout overhead factor for the 9 × 9 triangular mesh

	γ3×3
	1.3
	—
	Routing, dead-space, thermal-isolation, and layout overhead factor for a compact 3 × 3 mesh

	Apad
	0.0096
	mm²
	Area of one 80 × 120 μm low-speed electrode pad

	Actrl,ch
	0.0288
	mm²
	Equivalent pad + low-speed routing area per phase-shifter control channel

	Agap
	0.10
	mm²
	Inter-core spacing and routing overhead for the multi-core architecture only


1.6.1 MZIs mesh area estimation
For architecture (a), one 9 × 9 Reck-type triangular mesh contains 36 MZI units. Therefore:
Amesh,a = γ9×9 NMZI,a Acell = 1.8 × 36 × 0.05 = 3.240 mm².
For architecture (b), three 3 × 3 MZIs processors are used. Since each 3 × 3 mesh contains 3 MZI units:
Amesh,b = 3γ3×3 NMZI,3×3 Acell = 3 × 1.3 × 3 × 0.05 = 0.585 mm².
Because the three 3 × 3 cores must be placed in parallel on the same chip, additional inter-core spacing, waveguide interconnection, and control-routing clearance are included as:
Agap = 0.10 mm².
For architecture (c), only one 3 × 3 MZIs processor is used:
Amesh,c = γ3×3 NMZI,3×3 Acell = 1.3 × 3 × 0.05 = 0.195 mm².
1.6.2 Low-speed control-pad and routing area estimation
The numbers of thermo-optic phase shifters in architectures (a), (b), and (c) are:
72,   18,   6.
Thus, the low-speed control pad and routing area is estimated as:
Actrl = NPS Actrl,ch.
Actrl,a = 72 × 0.0288 = 2.074 mm²,
Actrl,b = 18 × 0.0288 = 0.518 mm²,
Actrl,c = 6 × 0.0288 = 0.173 mm².
Table S8. Estimated on-chip photonic-core-related area.
	Area term
	(a) Fully expanded matrix
	(b) Multi-core decomposition
	(c) Proposed column-streaming

	MZIs mesh area
	1.8 × 36 × 0.05 = 3.240 mm²
	3 × 1.3 × 3 × 0.05 = 0.585 mm²
	1.3 × 3 × 0.05 = 0.195 mm²

	Low-speed control pad and routing area
	72 × 0.0288 = 2.074 mm²
	18 × 0.0288 = 0.518 mm²
	6 × 0.0288 = 0.173 mm²

	Inter-core spacing and routing overhead
	0
	0.100 mm²
	0

	Estimated total area A_core
	5.314 mm²
	1.203 mm²
	0.368 mm²


1.6.3 Computing-density estimation
Using the optical-domain computational performance estimated above:
Copt,a = 1.53 TOPS,
Copt,b = 0.45 TOPS,
Copt,c = 0.15 TOPS,
the computing densities are:
Da = 1.53 / 5.314 = 0.288 TOPS/mm²,
Db = 0.45 / 1.203 = 0.374 TOPS/mm²,
Dc = 0.15 / 0.368 = 0.408 TOPS/mm².
Table S9. Computing-density comparison of the three architectures.
	Metric
	(a) Fully expanded 9 × 9
	(b) Three parallel 3 × 3
	(c) Proposed 3 × 3 column-streaming

	Optical-domain computational performance
	1.53 TOPS
	0.45 TOPS
	0.15 TOPS

	Estimated on-chip photonic-core-related area
	5.314 mm²
	1.203 mm²
	0.368 mm²

	Computing density
	0.288 TOPS/mm²
	0.374 TOPS/mm²
	0.408 TOPS/mm²

	Relative area
	1
	0.226×
	0.069×

	Relative computing density
	1
	1.30×
	1.42×

	MZI units
	36
	9
	3

	Phase-shifter control channels
	72
	18
	6


Table S9 shows that, when the area estimate only includes the on-chip MZIs mesh, low-speed control pads, and low-speed routing directly related to the photonic computing core, the proposed column-streaming architecture has the highest computing density. Its estimated computing density is 0.408 TOPS/mm², which is higher than 0.288 TOPS/mm² for the fully expanded matrix architecture and 0.374 TOPS/mm² for the multi-core decomposition architecture.
This indicates that although the proposed architecture sacrifices a certain degree of temporal parallelism, it significantly reduces the MZIs mesh size, phase-shifter count, low-speed control pads, and control routing. As a result, it provides the highest effective optical-domain computing capability per unit on-chip photonic-core area.
1.7 Control complexity, loss accumulation, and scalability
Beyond TOPS/W and TOPS/mm², the practical usability of MZI-based photonic computing systems is strongly affected by control complexity, accumulated insertion loss, thermal crosstalk, and scalability.
First, the control complexity is mainly determined by the number of phase shifters. Architectures (a), (b), and (c) contain 72, 18, and 6 phase shifters, respectively. Therefore, the proposed architecture requires the fewest thermal tuning control channels. If the number of potential thermal-crosstalk pairs is approximated by:
Ncrosstalk ≈ NPS(NPS − 1)/2,
then the three architectures have approximately:
[bookmark: OLE_LINK16]Ncrosstalk,a = 72 × 71 / 2 = 2556,
Ncrosstalk,b =18 × 17 / 2 = 153,
Ncrosstalk,c =6 × 5 / 2 = 15,
potential thermal-crosstalk coupling pairs. This illustrates that thermal control and matrix calibration difficulty increase rapidly with mesh size. Since the proposed architecture contains fewer phase shifters, it has a clear advantage in matrix configuration, thermal-crosstalk mitigation, and long-term stability maintenance.
Second, from the perspective of accumulated insertion loss, a larger 9 × 9 mesh generally has a longer on-chip optical path and more cascaded interferometric elements. Using the maximum MZI cascade depth as a simple estimate, a 9 × 9 Reck mesh has a maximum depth of approximately 8, whereas a 3 × 3 mesh has a maximum depth of approximately 2. Therefore, the proposed architecture has a shorter optical propagation path and fewer cascaded components, which helps reduce accumulated insertion loss, channel imbalance, and SNR degradation caused by low optical power.
Finally, from the perspective of scalability, for an N × N convolution kernel, the photonic-core scales of the three architectures are approximately:
Architecture (a): O(N⁴),
Architecture (b): O(N³),
Architecture (c): O(N²).
Therefore, as the kernel size N increases, the proposed column-streaming architecture exhibits a more favorable scaling trend in photonic-core size, phase-shifter count, control-channel count, and on-chip area.
Table S10. Overall system-level comparison of the three architectures.
	Metric
	(a) Fully expanded 9 × 9
	(b) Three parallel 3 × 3
	(c) Proposed 3 × 3 column-streaming

	Optical-domain computational performance
	1.53 TOPS
	0.45 TOPS
	0.15 TOPS

	Estimated power
	68.94 W
	67.91 W
	22.72 W

	TOPS/W
	0.0222 TOPS/W
	0.00663 TOPS/W
	0.00660 TOPS/W

	Estimated on-chip photonic-core-related area
	5.314 mm²
	1.203 mm²
	0.368 mm²

	Computing density
	0.288 TOPS/mm²
	0.374 TOPS/mm²
	0.408 TOPS/mm²

	MZI units
	36
	9
	3

	Phase shifters
	72
	18
	6

	Low-speed control pad/routing channels
	72
	18
	6

	High-speed DAC/ADC channels
	18
	18
	6

	Backend operation
	None
	Accumulation only
	Delay/shift alignment + accumulation

	Potential thermal-crosstalk pairs
	2556
	153
	15

	Maximum MZI cascade depth
	~8
	~2
	~2

	Accumulated insertion loss
	Highest
	Medium
	Lowest

	Control complexity
	Highest
	Medium
	Lowest

	Matrix calibration complexity
	Highest
	Medium
	Lowest

	Photonic scaling with kernel size N
	O(N⁴)
	O(N³)
	O(N²)

	Main advantage
	Highest parallel computational performance and energy efficiency
	Moderate parallelism
	Highest computing density; lowest area and control complexity

	Main cost
	Largest area, loss, and control complexity
	Many high-speed channels remain
	Temporal reuse and backend shift-add


2. Discussion
The main advantages of the proposed architecture are summarized as follows. First, compared with the multi-core decomposition architecture, the proposed architecture achieves nearly the same TOPS/W while reducing the number of high-speed DAC/ADC channels, MZI units, phase shifters, and total power by approximately 3×. Specifically, architectures (b) and (c) achieve 0.00663 TOPS/W and 0.00660 TOPS/W, respectively. However, the proposed architecture reduces the total power from 67.91 W to 22.72 W, the number of MZI units from 9 to 3, the number of phase shifters from 18 to 6, and the number of high-speed electronic channels from 18 to 6. This indicates that the proposed method substantially reduces system hardware scale and packaging complexity while maintaining comparable energy efficiency to the multi-core decomposition architecture.
Second, compared with the fully expanded architecture, the proposed architecture reduces the number of MZI units from 36 to 3, the number of phase shifters from 72 to 6, and the number of high-speed DAC/ADC channels from 18 to 6. Under the on-chip photonic-core area model used here, the estimated areas of architectures (a) and (c) are 5.314 mm² and 0.368 mm², respectively, corresponding to an area reduction of approximately 14.4×. Although the absolute computational performance of the proposed method is lower than that of the fully expanded architecture, its computing density reaches 0.408 TOPS/mm², which is higher than 0.288 TOPS/mm² for the fully expanded architecture and 0.374 TOPS/mm² for the multi-core decomposition architecture.
Third, the smaller MZIs mesh reduces the number of cascaded interferometric elements and shortens the on-chip optical path, which helps reduce accumulated insertion loss, channel imbalance, thermal-crosstalk paths, and configuration error. Fewer phase shifters and control channels also reduce the complexity of matrix calibration and long-term stabilization.
Thus, the proposed architecture is not intended to maximize raw computational performance under full parallelism. Instead, it provides a more compact, higher-density, lower-loss, lower-control-complexity, and more scalable implementation path for small-kernel optical convolution. The fully expanded matrix architecture remains advantageous when maximum parallel computational performance is required and a large MZIs mesh and many high-speed electronic channels are acceptable. In contrast, for optical computing systems constrained by chip area, packaging channel count, phase-control complexity, thermal crosstalk, optical loss, and scalability, the proposed column-streaming architecture may be more suitable for compact optical convolution implementations.
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