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Optical flow (OF) describes object motion relative to the observer and 
is widely used in computer vision applications, requiring real-time 
processing, compact design, and low power consumption. Gradient-
based OF relies on the constraint equation IxVx + IyVy + It = 0, where 
Ix and Iy are the spatial gradients, and It is the temporal gradient. 
Conventional methods using high-frame-rate sensors and 
processors are power-intensive due to complex computations and 
frequent frame buffer access. Recent CIS designs [1-4] compute 1-
D spatial and temporal gradients but are limited in circuit complexity 
and energy efficiency. Compared to time-stamped approaches, 
gradient-based methods offer better angle information and higher 
speed limits. The proposed smart CIS employs a processing-in-
sensor (PIS) approach [5] to compute 2-D spatial gradients and 
temporal gradient (Ix, Iy, It) in-sensor while outputting dual-resolution 
images for simple and pyramid OF [6]. The signal pre-processing 
architecture can reduce backend computational workload and 
memory access significantly and thereby achieving a better system 
power efficiency. 
Figure 1 illustrates the architecture of the prototyped chip, which 
features a 128x128 pulse-width-modulation (PWM) pixel array with 
in-pixel frame-differencing (FD) operation for It, in-column 2-D spatial 
gradient calculation circuits for Ix and Iy, in-column binning circuits for 
dual-resolution output to support pyramid OF, and the peripheral 
supporting blocks. According to the OF scenario, the maximum 
detectable motion speed in the scene, which is fundamentally 
constrained by the extent of projected displacement that can be 
captured within a single pixel pitch, is significantly improved through 
the integration of the binning operation in the sensor. In this case, 
the maximum detectable motion speed is enhanced by three times, 
enabling more robust performance in the high-speed dynamic 
scenes. 
Figure 2 shows the pixel operation and timing. Within a single frame 
time, this design supports the simultaneous output of multimodal 
information, including the raw image (Iraw), the pre-processed 
gradients (Ix, Iy, It), and the binning data, ensuring the required 
synchronicity for post processing. A 6T1C PWM-based pixel [7] is 
employed for in-pixel FD with a 9-bit output. Unlike previous work [7] 
that supports only It or Iraw in a single frame, this design enables 
simultaneous FD (It) and raw image (Iraw) outputs using data 
resampling operation.  
Figure 3 shows the implemented in-column circuits for spatial 
gradient calculations and binning operation. Leveraging the time-
domain output of PWM pixel, the spatial gradient calculations (Ix and 
Iy) are efficiently achieved using low-voltage combinational logic in 
the column level circuit, eliminating the need for OPAMP-based 
analog subtraction or adder-based digital subtractors. This low-
voltage logic implementation is power- and area-efficient, robust, and 
well-suited to advanced technology nodes. To compute the vertical 
spatial gradient (Iy) of a certain pixel, the PWM outputs from three 
consecutive rows are selected simultaneously via three vertical 
buses within a column. Signals from the up (Vpw,U) and down (Vpw,D) 
neighboring pixels are multiplexed and subtracted using column-
wised XOR gates. The sign bit, Iy,sign (= 1 when Vpw,U > Vpw,D, and = 
0 when Vpw,U < Vpw,D), is determined via a simple dynamic NAND 
operation between Iy and the lower-side signal Vpw,D. Since the rising 
edge of Iy is triggered by the falling edge of Vpw,D, the gated result of 
sign bit is guaranteed to be glitch-free. Similarly, the horizontal 
spatial gradient (Ix) and sign bit (Ix,sign) calculations are realized using 
an identical circuit as well, which efficiently processing the signals 
from the right (Vpw,R) and left (Vpw,L) neighboring pixels. 

To support the computation of pyramid OF, the column-parallel 3-by-
3 binning operations for the raw image and temporal gradient It are 
implemented using time-to-voltage-to-time (TVT) operation. In the 
time-to-voltage (T2V: integration) phase with ΦINT = “1”, the nine 
PWM signals from 3-by-3 subarray are used to control the turn-on 
duration of the integration current Iint, which is then integrated on the 
capacitor Cbin (=0.57pF) to sum up the signals from the nine pixels. 
Then, in the voltage-to-time (V2T: conversion) phase with ΦINT = “0”, 
the voltage Vbin on Cbin is discharged using the mirrored current Idis 
to obtain the pulse width Vpw.bin related to the summed signal in the 
T2V phase, and converted to 9-b digital code using a simple counter. 
By employing a locally matched current ratio Iint/Idis and a single 
capacitor Cbin for both T2V and V2T conversions, it achieves an 
accurate 3-by-3 binning operation and is insensitive to process 
variations. 
A 1V/1.1V 128x128 smart CMOS image sensor using the proposed 
PIS techniques for spatial and temporal gradient calculation and 3-
by-3 binning operation for pre-processing of pyramid optical flow 
computations was fabricated in TSMC 0.18-μm CMOS process. 
Figure 4 presents captured images of moving objects, including 
126x126 9-bit raw data (Iraw), Ix, Iy, It, 42x42 binning results, and the 
OF results (Vx, Vy) computed off-chip. In the doll scenario, edge 
information (Ix, Iy) and motion contrast (It) are clearly depicted. For 
the moving car, the temporal gradient effectively filters out the static 
background, enhancing data sparsity and reducing the energy 
required for data transfer and processing. Compared to the ideal 
results from Matlab using captured raw image Iraw, the achieved root-
mean-square-errors (RMSEs) of the spatial gradients (Ix, Iy) and 
binning (Iraw.bin) operations are around 0.4 and 1.6 LSB (8-bit), 
respectively. The OF results achieve an end-point-error (EPE) of 
0.375 pixel.  
Figure 5 demonstrates the OF results using measured gradients (Ix, 
Iy, It) with and without the pyramid method. The implemented 3x3 
binning operation extends the detectable speed range by 
approximately 3x. In addition, the hand gestures experiments further 
validate the sensor’s capability to capture motion information for 
hand pose detection. 
Figure 6 presents the measured performance and a comparison 
table. This work supports comprehensive PIS capabilities, including 
9-bit outputs for raw image, gradients (Ix, Iy, It), and 3x3 binning
operations for gradient-based OF pre-processing. With the 1V/1.1V
supplies, it consumes 198.44uw at 30fps. For a fair comparison
across different operational modes and data bit depths, a modified
iFoM is defined by normalizing to the summation of feature levels.
The proposed sensor demonstrates competitive iFoM results of
0.02~0.197 pJ/(pix*fps* level) among multimodal outputs (Mode1~3),
offering an energy-efficient solution for wearable edge applications
involving real-time motion and depth sensing.
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Fig. 1. Chip architecture and implemented features, including raw 
data output, temporal and spatial gradients, and binning operations. 

Fig. 2. Pixel operations and timing for simultaneous output, 
supporting It, It.bin, Iraw, Ix, Iy, and Iraw.bin using data resampling. 

Fig. 3. In-column circuits for spatial gradient calculations and binning 
operation. 

Fig. 4. Measured accuracy and capture images of 126x126 Iraw, Ix, 
Iy, It, and 42x42 binning output of Iraw.bin and It.bin. 

Fig. 5. Measured optical flow wi/wo pyramid method and hand pose 
verification. Fig. 6. Comparison table. 
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Fig. 7. Chip micrograph.
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