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thus does not improve resolution along the fast axis. An alternative approach is to interleave multiple line scans 
to resolve the high bandwidth 1D temporal waveform [Fig.�1(f�h)]. It is commonly known as equivalent time 
sampling13,14. However, fusion of multiple line-scans comes with the reduction of pixel resolution along the slow 
axis, which also introduces image aliasing.

We propose a pixel-SR strategy to harness this warping e�ect for creating the relative �subpixel shi�� on both 
the fast and slow axes, and thus restoring a high-resolution 2D time-stretch image [Fig.�1(i�k)]. We �rst register 
the exact warp angle � of the 2D grid [Supplementary�Fig.�S1(e)]. It takes advantage of the non-uniform illumi-
nation background of the line-scan (mapped from the laser spectrum) as the reference, thanks to the superior 
shot-to-shot spectral stability o�ered by the broadband mode-locked laser5,24�26. Based on the balance between 
the spectral broadening and gain-narrowing in the all-normal dispersion cavity this pulsed laser, which is 
home-built based on o�-the-shelf �ber components, also provide negligible timing jitter (Supplementary�Fig.�S5). 
�is is an important factor to ensure the precise sub-pixel registration.

The precision of the measured warp angle critically influences the performance of the pixel-SR algo-
rithm20,27. Next, the illumination background is suppressed by subtracting the intermediate �dewarped� image 
[Supplementary�Fig.�S1(c)] with the high-bandwidth 1D reference illumination signal, which is in turn restored 
by interleaving the �rst q LR time-stretch line-scans [Supplementary�Fig.�S1(d)]. �e 1D interleaving oper-
ation is based on a fast shi�-and-add algorithm28 together with rational number approximation. Finally, the 
image is denoised and re-sampled into the regular high-resolution grid29, thus reveals high-resolution infor-
mation [Supplementary�Fig.�S1(e)]. Detailed steps of the complete pixel-SR algorithm are included in the 
Supplementary�information.

Note that interpolation of neighboring line-scans e�ectively enlarges the pixel size along the slow axis and 
reduces the e�ective imaging line-scan rate. As shown in Fig.�1(g), the dimensions of the interpolated pixel along 
the warped direction are given as

�� � �u x cos (3)

�� � � ��v y (cos ) (4)1

�is transform apparently does not resolve problem of aliasing because of the invariant pixel area, i.e. �​u�​v �​ �​x�​y 
for all |�| �​ �/2. Nevertheless, when we consider the ratio of pixel size reduction, given as

Figure 1.  Imaging �ow cytometry setup with optical time-stretch capability. (a) Imaging �ow cytometry 
setup with optical time-stretch capability; (b) illustration of fast-axis scanning by spectral-encoding 
illumination and slow-axis scanning by ultrafast micro�uidic �ow; (c�e) conventional image restoration by 
aligning the time-stretch line-scans, but disregarding the actual proximity of sampled points in neighboring line 
scans. (f�h) Interleaving multiple line-scans can resolve the high bandwidth time-stretch temporal waveform 
along the fast axis. Both methods give rise to highly elongated pixels with aliasing along the fast axis and the 
slow axis respectively. (i�k) Two-dimensional re-sampling utilizes relative subpixel dri� �x of neighboring line 
scans to interpolate from the same data. Even though the pixel area in panel (g) is the same as that in panel (d), 
the spatial resolution improves along the fast axis a�er interpolation. Insets: Zoom-in views of the restored 
optical time-stretch image.
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and analyzed by label-free optical imaging, i.e. without the concern of cytotoxicity and photobleaching intro-
duced by the �uorescence labelling, not to mention the costly labelling and laborious specimen preparation 
work. To this end, taking advantage of HR image restoration, pixel-SR time-stretch imaging is particularly useful 
to enable label-free, high-throughput cellular classi�cation and analysis based on the morphological features, 
that is not possible with standard �ow cytometry. Here, we performed classi�cation of sub-types of scenedesmus 

Figure 2.  Scenedesmus samples captured by pixel-SR time-stretch imaging. Comparison of images in high 
resolution (80 GSa/s, 0.2 �​m/pixel), low resolution (5 GSa/s, 3.6 �​m/pixel) and pixel-SR (equivalent to 20 GSa/s, 
0.9 �​m/pixel) for di�erent cell sub-types: (a) discarded exoskeleton; (b) colonies with two daughter cells;  
(c) colonies with four daughter cells. Refer to Supplementary�Fig.�S2 for more examples. (d) Image collage of all 
5,000 colonies and fragments acquired at 5 GSa/s. (e) Corresponding 2D Fourier spectrum of images captured 
at 80 GSa/s, and (f,g) Fused 2D Fourier spectra of 5,000 LR and pixel-SR images. �e red circle represents the 
spatial resolution limit at 2 �​m, i.e. at around 9.3 GHz temporal bandwidth from the time-stretch microscope. 
(h) 1D pro�le of the Fourier spectra along the fast axis. Interactive version of panel (d) is available online at 
http://www.eee.hku.hk/~cschan/deepzoom/.
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