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Vectorial Doppler Metrology

The Doppler effect, throughout its history and 
in its wide applications, has always depended 

on scalar waves to detect the characteristic fre-
quency shift. For low-frequency scalar waves, 
such as water waves and acoustic waves, this 
is easily realized through direct detection. For 
ultra-high-frequency electromagnetic waves, 
in contrast, extracting the Doppler shift usually 
requires interference with a coherent reference 
light—not only for the conventional longitudi-
nal Doppler effect, but also for the more recently 
described rotational (transverse) Doppler effect.1,2

Such interference techniques, however, allow 
only the magnitude of the velocity to be directly 
detected, and inherently lose information on 
the direction of motion. Conventional direction 
detection requires auxiliary techniques, result-
ing in complex, non-compact and even high-cost 
measurement systems. In recent work, we have 
demonstrated new methods for Doppler direction 
detection in vectoral polarization fields (VPFs) 
that avoid these complications and open new 
application prospects.

Apart from the well-known scalar proper-
ties (amplitude and phase), optical fields also 
possess the dimension of polarization. Unlike 
the uniform polarization distribution within 
scalar optical fields, VPFs feature spatially vary-
ing polarization vectors, which have gained 
increasing interest and seen rapid development 
in diverse applications. The most typical VPFs are 
azimuthal and radial polarization fields, as well 
as higher-order VPFs described by the equator 
on the higher-order Poincaré sphere.3

In a study published in 2017, we revealed the 
internal relationship between rotational and 
linear Doppler shifts for vortex beams with spa-
tially helical phase distribution.4 More recently, 
by analyzing the Doppler polarization signals 
(DPSs) of VPFs when interacting with a moving 
particle, we found that the 2D DPSs inherently 
carry information not only about the magnitude 
of movement velocity but also about its direc-
tion.5 We proposed a metrological method to 

retrieve or track the motion vectors by analyz-
ing the DPSs through two polarizers with a fixed 
polarizing-angle difference.

Our demonstration indicated that the rela-
tive phase difference (RPD) between two linear 
polarization components of the DPSs, regarded 
as the Doppler phase shift, can significantly 
supplement conventional measurement of the 
Doppler effect using scalar optical fields, which 
provide only the Doppler frequency shift. We 
also were able to instantaneously identify the 
particle position, given knowledge of its start-
ing position and continuous tracking.

Finally, we discussed the general case of aniso-
tropic particles with the Jones matrix method. We 
found that it is possible to distinguish the rota-
tion and spin of an anisotropic particle and to 
measure the rotational velocity and spin speed 
(magnitude and direction) by analyzing Stokes 
parameters or using a simplified setup with two 
polarizers.

Because it fully exploits the dimension of 
spatial polarization, our vectorial Doppler metrol-
ogy approach facilitates detection of the motion 
vector without interference with an additional 
reference light, and with minimal environmen-
tal disturbance. We believe these findings will 
benefit emerging applications in advanced opti-
cal metrology, both for the natural environment 
and for industry. OPN
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