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Abstract— This work presents a broadband, dispersion 
engineered passive phase shifter based on a combination of 
length and width modifications of the waveguides. It features a 
simple design that significantly extends the bandwidth. The 
absolute phase divergence results in 3.5° in the C-Band and 8.8° 
across a 300 nm spectrum. 

Keywords—Passive phase shifter, dispersion effect, C-Band, 
switching matrix 

I. INTRODUCTION 

Photonic integrated circuits (PICs) fabricated in Silicon on 
Insulator (SOI) technology are established across a wide range 
of applications, including photonic computing [1], sensing [2], 
and telecommunications [3]. A fundamental photonic building 
block of such systems is the phase shifter (PS), in both active 
and passive implementations. Complex PICs such as 
interferometer meshes [4], mode (de-) multiplexers [5,6], and 
optical switches [7] rely heavily on these components. While 
the principal design of PSs is well understood, dispersion 
effects in simple delay lines impose limitations on their 
bandwidth, which is a significant figure of merit. In this work, 
dispersion is utilized in a sophisticated but simple passive 
phase shifter design for keeping a constant phase over a wide 
bandwidth.   

A. State of the art 

In a waveguide, the phase 
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is a function of the wavelength λ, the geometric length L, and 
the effective refractive index neff, which in turn depends on λ 
as well as the waveguide width W and height. As the height is 
fixed by the silicon layer, it is not regarded as design 
parameter here. A standard PS is built by a simple delay line 
that creates a phase difference with respect to a reference line, 
as illustrated in Fig 1. According to equation (1), changing the 
width W over a corresponding length affects the phase in a 
similar manner. Since slight tapering of the arm introduces a 
phase shift, it is not easy to design the structure for achieving 
a specific target phase shift. 

Other approaches are 1x1-multimode interferometers [8] 
or subwavelength gratings (SWGs), resulting in very 
broadband PS [9]. The latter suppresses the dispersion and 
exhibits a relative π/2-phase shift with impressive bandwidth; 
however, SWGs remain inherently susceptible to 
manufacturing tolerances. In this work, we present a 
dispersion engineered design for broadband PSs with a 
fabrication-tolerant implementation. 

II. SIMULATION METHODOLOGY 

The phase difference Δϕ = ϕU – ϕL between the upper arm 
with length LU, width WU, and refractive effective index neff,U 
and the lower arm with length LL, width WL, and neff,L in the 
PS designs shown in Fig. 1 is calculated by the following 
formula: 
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The PSs are designed for a phase shift of Δϕ = π, as 
required e.g. in a broadband grating coupler interface [10], but 
can be readily adapted to any desired phase shift. Since an 
application in the telecom spectrum is intended, λ0 = 1.55 µm 
is chosen as central wavelength. The waveguide height 
corresponds to the silicon layer thickness of 220 nm.  

A. Simulation of effective refractive index 

The refractive indices neff,i that vary with the waveguide 
width Wi are simulated with the Fimmwave mode solver by 
PhotonDesign. The material parameters of silicon and silicon 
dioxides are modeled according to [12] and [13], respectively. 
The temperature is set to 25°C. The minimum investigated 
waveguide width is W = 300 nm. Narrower widths exhibit 
stronger mode interaction with the sidewalls, which would 
lead to increased scattering losses. The maximum waveguide 
width is set to W = 600 nm for avoiding strong multimode 
behavior.  

B. Figure of Merit 

The calculated phase difference as a function of 
wavelength is normalized to the desired π-phase shift in 
degrees. 

 ΔΦగ ൌ  ሺΦ୙ሺ𝜆ሻ െ Φ୐ሺ𝜆ሻ െ 𝜋ሻሺ180°/𝜋ሻ (3) 

In this case, the phase error of the target phase at the 
central wavelength λ0 is equal to zero. 
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Fig 1: Presented phase shifter design compared to a phase shifter with 
delay line. Delay line: The phase shift ∆ϕ between the upper and lower 
branch is determined by the longer segment. This work: The phase shift 
∆ϕ = ∆ϕW1 – ∆ϕW2 is determined by the different lengths La and Lb of two 
waveguides with different widths W1 and W2. The tapers are identical in 
both arms, therefore they have no influence on the phase ratio. 



III. DESIGN OF PASSIVE PHASE SHIFTER 

The previously mentioned PSs exhibit asymmetry 
between their arms, either in geometrical length or waveguide 
width, i.e. dispersion effects directly affect the phase 
difference. The design shown in Fig. 1 aims to achieve a 
symmetrical arrangement between both arms. The PS consists 
of two arms with each of them including two waveguide 
segments of different width W1 and W2. By using two 
waveguide segments per arm, an identical taper design can be 
applied in both arms. Thus, they do not need to be considered 
further. 

Then, the absolute phase difference is only determined by 
the phase difference in the first segment with neff,1 and in the 
second segment with neff,2 caused by the different lengths 
∆L = La – Lb. So (2) can be specified:  
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With ∆L = La – Lb and arbitrarily chosen La + Lb ∶ൌ10 µm 
the corresponding lengths are determined.  

To increase the bandwidth of the PS, the dispersion of 
different waveguide widths is taken into account. By fulfilling 
the condition  
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a design with symmetric phase behavior around the central 
wavelength 𝜆଴ is identified. This applies if the dispersion of 
the chosen waveguides compensates the wavelength-
dependency of the phase shift (ϕ~1/𝜆ሻ. In this work, the 
spectral window between 1.4 µm and 1.7 µm is considered, so 
λ0 = 1.55 µm and ∆λ = 150 nm.  

The best combination of waveguide widths for low phase 
error over this spectrum was determined. For the considered 
wavelength spectrum, the widths of the waveguides are 
W1 = 500 nm and W2 = 310 nm, with the corresponding 
lengths of La = 5.678 µm and Lb = 4.322 µm. 

IV. SIMULATION RESULTS  

Fig. 2 compares the phase shift with a delay line of 
W = 450 nm to our structure, using the combination of lengths 
and widths as described above. Both structures are designed 
for a phase shift of π at λ0 = 1550 nm. The phase of the delay 
line decreases linear with wavelength. The error is +35° and 
- 30° at λ = 1.4 µm and 1.7 µm, respectively, with zero error 
at λ0. The presented design exhibits lower phase errors for all 
combinations of waveguide widths. The optimized 
combination shows an almost flat curve and symmetric 
behavior around the central wavelength. The error at both 
edges is approximately at - 8.8°, with zero error at the center 
wavelength. The still existing dispersion effect is evident in 
the curvature of the curves. By adjusting the lengths of the 
segments in our design the curve can be shifted, resulting in a 
deviation of -4.5° at the edges and +4.5° at the center. For this 
design the corresponding lengths are La = 5.695 µm and 
Lb = 4.305 µm. 

V. CONCLUSION 

A PS design with a phase error of only ±4.5° with an 
overall bandwidth of 300 nm or 8.8° in total is presented. The 
high bandwidth is achieved by dispersion engineered 

waveguide sections. This design is easy to implement and, 
similar to the delay line approach, requires few simulations of 
effective refractive indices and no propagation modeling of an 
entire PS with arbitrary tapers. 
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Fig 2: Deviation of the phase to the desired π-phase shift over wavelength 
for the presented design and a delay line, according to (3).  


