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Abstract: This paper presents optical frequency shifters based on wave modulation. Simulations 
highlight the importance of using proper window functions for achieving high sideband suppression, 
demonstrating theoretical suppressions greater than 100 dB across multiple sideband orders. 
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 INTRODUCTION 

Frequency shifters are important optical components widely employed in various applications [1]. They can realize the 
heterodyne technique for coherent detection systems, which simplifies demodulation, reduces the impact of 1/f noise, and 
significantly enhances the signal-to-noise ratio [2]. They are used in devices such as laser Doppler vibrometry [3]. 
Currently, the most common frequency shifter is the acousto-optic modulator (AOM). 

Integrating frequency shifters directly onto photonic integrated circuit (PIC) platforms, especially silicon photonics [4],  
has become increasingly attractive. Although integrating acoustic components like surface acoustic waves (SAW), 
analogous to conventional AOMs, is feasible, it remains technologically challenging to integrate SAW transducers on to 
silicon photonics due to lack of piezoelectricity in unstressed monocrystalline silicon [5]. Alternative methods, such as 
serrodyne modulation [6] and single-sideband modulation (SSBM) [7], have also been developed. SSBM, widely utilized 
in PICs, primarily suppresses specific sidebands (e.g. -1st and 0th orders), while other sidebands often remain 
inadequately suppressed. This paper presents a novel design capable of significantly suppressing more range of sidebands, 
achieving sideband suppression ratios greater than 100 dB in simulations. 

 THEORY AND DESIGN 

The proposed designs use the Doppler effect mechanism. According to the Doppler effect, when a light beam is 
scattered by a moving target, the scattered light experiences a Doppler shift proportional to the scattering angle. This 
effect also applies when the target is a moving modulation wave. The periodic feature of a moving modulation wave lead 
to a special phenomena, i.e. light is only scattered into specific directions. This can explain the phenomena in an AOM. 

The proposed structure comprises a modulator array with wave modulation, as illustrated in Figure 1. Figure 1(a) 
depicts the fundamental structure, consisting of an optical splitter, modulator array, and a free propagation region (FPR). 
The waveguide array is assumed periodic in the x-direction with a fixed period , although strict periodicity is not 
mandatory. In order to collect the output light within a short distance, a focusing structure can be employed in the FPR. 
We have proposed to use a star coupler for this function [8] (see Figure 1(b)).  

 
Figure 1. The frequency shifter based on wave modulation. (a) A typical structure of the frequency shifter (b) A frequency shifter with 

a focusing structure in the free propagation region. 

The fields distribution generated by the modulator array at the entrance of the FPR can be represented as 
,    ∗  Ш ⋅ , 

where  is the mode profile of an individual modulator waveguide,  Ш  ∑     is a Dirac comb 
function with a period of  ,  is the window function applied to the field, and the sign ∗  represents the 
convolution operation. When applying a wave modulation to each modulator, the output field becomes ,  
 ∗  ,  ⋅ ,  where  ,   ∑    ⋅     is the modulation applied to the 
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modulator array, and    is the modulation profile. Note that the modulation can include both phase and 
amplitude modulations.  

The far-field distribution of the modulated field entering the FPR is calculated using the Fourier transform 
method. In the paper, the wavelength used in the simulation is set as 1550nm, the effective index of the FPR is 2.8 
(dispersion not considered), and the waveguide period at the FPR entrance is   1. The simulations in this paper 
only consider a periodic phase wave modulation, i.e.     exp ⋅ 1.84 ⋅ sin2  , where the 
modulation wave has a velocity of   1/,  and a spatial frequency of   1/6.25.  Here we set the phase 
modulation amplitude as 1.84 because in this case the 1st frequency sideband has the maximum value. 

The far-field signal amplitude distribution as a function of the diffraction angle and the number of modulators are 
shown in Figure 2. Figure 2(a) shows the results when a rectangular window is applied to the modulated field before 
propagating in the FPR. This means all modulator waveguides inject the same amount of optical power into the FPR. In 
Figure 2(b), a different window function, a Blackman-Harris window, is used. The Blackman-Harris window ensures that 
the modulator waveguides nearer to the edge of the modulator array have smaller optical power. It can be seen, as the 
number of modulators increases, the diffraction patterns become sharper for both window functions. But the peaks 
corresponding to the Blackman-Harris window is not as sharp as those to the rectangular window. This is logical because 
the effective length of the Blackman-Harris window is narrower. The two window functions can be seen in Figure 2(c).  

 
Figure 2. Farfield distribution of the arrayed modulator with a (a) rectangular window function (b) a Blackman-Harris window 
function. N is the number of modulators. (c) the profiles of the rectangular and Blackman-Harris windows. 

The frequency components of the first two scattering orders are assessed by mixing the output fields at those specific 
angles with a reference signal which has a 2kHz frequency shift. The squared modulus of the mixture signal is used to 
retrieve the frequency components of the studied scattering signal. The reason to use a frequency shifted reference signal 
is to avoid the overlapping of the negative and positive sidebands. Because of this method, the frequency components of 
the studied signal are frequency shifted by 2kHz.  

The frequency spectra of the mixture signal of the 1st and 2nd diffraction orders modulated with a 16-element modulator 
array are seen in Figure 3. Figure 3(a) shows the spectra when a rectangular window is applied. It can be seen that the 
maximum frequency components of the 1st diffraction order (blue curves) lies at 2160 Hz, corresponding to the 1st order 
frequency component  =160Hz. Multiple frequency components with 160Hz frequency spacing can also be found in 
the spectra. The suppression ratio between the -1st and 1st frequency components is larger than 30 dB, while the base band 
suppression ratio is > 20dB. In the 2nd order diffraction spectra (red dotted lines), similar frequency components can be 
found. But the maximum frequency components is the 2320 Hz, corresponding to the 2nd frequency orders. The 
suppression between the -2nd and +2nd frequency orders is around 20dB, while the suppression of the baseband to the 2nd 
frequency order is around 10 dB. 

 
Figure 3. Frequency components of the 1st and 2nd order diffraction for a 16 element modulator array when it is mixed with a signal 
with a frequency of 2kHz. (a) for the rectangular window function (b) for Blackman-Harris window function.  

Figure 3(b) shows the spectra when a Blackman-Harris window is applied. It can be seen that when this window is 
applied, a lot of sidebands are suppressed. For the 1st diffraction order, the suppression between -1st and 1st frequency 
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components is larger than 100dB, while the base band suppression is around 25dB. In the 2nd diffraction order, the 
suppression between the -2nd and 2nd orders is also around 100dB. It means this device can significantly suppress the 
unexpected sidebands when a proper window function is applied.  

Then we increased the number of modulator elements to 64. The simulated far-field spectra for both the rectangular 
window function and the Blackman-Harris window are shown in Figure 4(a) and 4(b) respectively. It can be seen that the 
sideband suppression is not improved when a rectangular window is used. It could mean that the spurious sidebands of 
the rectangular window cause the major issue. On the other hand, the far-field spectra of the Blackman-Harris is much 
better. It can be seen that almost all sidebands are suppressed by > 100 dB. Only two relatively strong residual sidebands 
remain (suppression ratios above 50 dB) on the left side of the spectrum. Increasing the modulator count further to 128 
yields an even cleaner spectrum, as shown in Figure 4(c). It can be seen that the two residual peaks in Figure 4(b) disppear 
in Figure 4(c). Thus, the simulations indicate that extremely high sideband suppression ratios can be achieved using the 
proposed device, although at the expense of increased modulator complexity. 

  

 
Figure 4. Frequency components of the 1st and 2nd diffraction orders for a 64 element modulator array when it is mixed with a 
reference signal with a frequency of 2kHz. (a) for the rectangular window function (b) for Blackman-Harris window function. (c) is 
for Blackman-Harris window with 128 modulator elements.  

 DISCUSSIONS AND CONCLUSIONS 

Our simulations demonstrated that a modulator array employing wave modulation can generate multiple signals with 
distinct frequency shifts, achieving exceptionally high sideband suppression ratios. With arrays of 64 or more modulator 
elements, suppression ratios exceeding 100 dB were consistently observed in simulation. A suitable window function 
applied to the input field is crucial for effectively reducing sideband power. Such a window function can be practically 
realized by using specialized beam splitters that provide a dedicated power distribution among output waveguides. 
Though the simulations indicate the design can work well, in practice it could be challenging to reach such good results. 
Problems like spurious reflections at various interfaces in the PIC may create crosstalk and deteriorate the performance 
of the device. Another significant challenge is the requirement for a large number of modulators, which may require 
complex drivers and relatively large footprint in a PIC. Methods to reduce the complexity of the driving circuit need to 
be developed.  
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