
Optical Phase Shifter Design for Single and Multi-
Mode Waveguide Con�gurations
Amr Wageeh  (  amr_wageeh_1@live.com )

Helwan University Faculty of Engineering
Salwa El Sabban 

Helwan University Faculty of Engineering
Diaa Khalil 

Ain Shams University Faculty of Engineering

Research Article

Keywords: Integrated Optics, Mode Multiplexing, Optical Phase Control, Optical Taper, Optical Circuit

Posted Date: March 10th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-857446/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-857446/v1
mailto:amr_wageeh_1@live.com
https://doi.org/10.21203/rs.3.rs-857446/v1
https://creativecommons.org/licenses/by/4.0/


Springer  Nature  2021  LATEX  template  
 
 
 
 
 
 

Optical Phase Shifter Design for Single and 
Multi-Mode Waveguide Configurations 

 
 Amr Wageeh 1*, Salwa El-Sabban1 and Diaa 

Khalil2 
1*Electronics and Communications Engineering Department, 
Faculty of Engineering Helwan University, 1 Sherif St, Cairo, 

11795, Egypt. 2Electronics and Communications Engineering 
Department, Faculty of Engineering Ain Shams University, 1 El 

Serayat St, Cairo, 11317,Egypt.   
*Corresponding author(s). E-mail(s): 

amr_wageeh_1@live.com; Contributing authors: 
selsabban@ieee.org; diaa.khalil@ieee.org;  

Abstract 
In this paper, we introduce simple design equations for 
optical phase shifter configurations on both single mode 
and multimode platforms. The design equations are 
based on approximate mathematical expressions 
describing the phase shift (difference) between two 
waveguides, one is considered as the reference guide 
and the second is considered as the phase shifter. 
Different layout geometrical configurations have been 
studied: the step width and the linear tapering 
waveguide. The validity of the design formula is tested 
using standard Beam Propagation Method BPM. The 
obtained results are in good agreement with numerical 
calculations and allow using these closed form 
expressions in the optical design of such phase shifters. 
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1. Introduction 
             Optical phase control is important in building many integrated 
optical devices as the phase shift is an essential optical property that 
affects the performance of the optical components. In addition, it is 
also quite difficult to control the optical phase shift by a simple optical 
path due to the short wavelength of interest. Recently, there has been 
an increased interest in mode converters and mode multiplexers for 
optical communication applications where Mode Division Multiplexing 
(MDM) [1-5] can be used to increase the system capacity similar to / 
and in addition to the Wavelength Division Multiplexing (WDM) [6], 
Time Division Multiplexing (TDM) and Polarization Division 
Multiplexing PDM [7]. When the mode multiplexers / DeMUX are built 
using integrated optical technology, they can be deployed on a very 
large scale with relatively low cost. 
In many of the mode converters / multiplexers, an optical phase 
shifting section is required to adjust the phases of the different 
waveguide outputs to match the required phase relations in the 
multimode waveguide section [8-10]. The phase shift acquired by a 
mode in a waveguide depends mainly on the length of the guide and its 
propagation constant. Using a specific technology platform, the phase 
difference between two waveguides can thus be adjusted by 
controlling the guide width for specific fixed length or by changing the 
length between the two waveguides when they have identical width.  
In [11] a phase shifter is used for straight Multimode Interference 
Phased Array Structure (MMI PHASAR) with reduced dimension where 
the phase change is controlled by using periodic segmented waveguide 
across the propagation direction between two MMI structures used as 
splitters and combiners.  
In [12], a phase shifter with butterfly-shape tapered is used to 
MUX/DEMUX two TM modes by changing the waveguide width to 
control the phase shift. In [13, 14], the phase shifter with butterfly 
shape is used as part of DeMux operation to convert TE0 to TE1 and 
TE2 to TE0. Moreover, the phase shifter in [15] is used in the MUX of 
two TE modes exiting from the Multi Mode Interference MMI 
structure. The Mode converter designed in [16] converts the TE0 mode 
to TE2 using enlarged butterfly-shaped phase shifter to make the 
phase shift equal π. Another technique was introduced in [17] by using 
bending waveguide to increase the length in waveguide path to satisfy  
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a specific phase difference with the straight waveguide keeping the 
same width for the two waveguides. In [2], the phase shifter was built 
by changing width that is slightly larger than the width of the 
waveguide at the central output of the MMI leading to a change in its 
propagation constant. In [18], the phase shifter is a part of Mode 
selecting switch to select one of the two outputs; TE0 mode or TE1 
mode to exit from the MMI. In [19, 20] the phase shifter with a 
butterfly-shape is used in the design of a 2D mode converter to enable 
the excitation of the LP21 fiber mode. 
In this work we develop design formulas for the optical phase shift 
between two waveguides of the same length, one is used as a 
reference guide and the other creates the required phase change. The 
reference waveguide is assumed to have a fixed cross section that does 
not change with the propagation direction while the second guide 
(considered here as the “phase shifter” has a cross section that could 
be fixed or vary with the propagation direction. The different phase 
shifter configurations are studied with the objective of developing an 
analytical simple formula to facilitate its design. We analyze the case of 
single mode and multimode waveguides and develop the required 
approximations for the different configurations used for the phase shift 
generation. The condition of equal length for the two guides is used to 
avoid the bending of the overall integrated optical structure as in most 
of the PHASAR traditional designs. Analytical expressions are 
developed in each case and tested with respect to the numerical 
calculations carried out using the Beam Propagation Method BPM as a 
bench mark technique. The creation of a phase shift between two 
waveguides is tested by the excitation of the odd mode in a symmetric 
Y junction and thus the null output of the junction is used as an 
indication of a phase difference of π between the two guides. The case 
of step index guide is considered in our analysis. Section 2 describes 
the theoretical analysis used to calculate the phase shift between two 
waveguides and how this is used for the phase shifter design, in the 
single mode and multimode operation. In section 3 we assume the 
waveguide width to be constant. In section 4 the analysis is extended 
to the case of a tapered structure. Conclusion and references are 
introduced in section 5 and 6 respectively. 
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 2. Theoretical Analysis 

              The simplest way to create a phase difference between two 
waveguides having the same length is to create a difference in the 
guiding properties of the waveguides such that each guide will have a 
different propagation constant for the mode propagating into it. This 
leads directly to a phase difference Δφ between the two waveguides 
which is simply ΔβL where L is the length of the two guides. If the 
waveguide width or refractive index is slowly varying with z, an 
accumulated phase difference between the two guides can be 
expressed as [13]:  

                        ∆� =  ∫ ∆�(�)�� = ∫ (�� − ��(�))������                          (1) 
 
where Δβ(z) is the difference between the propagation constants of 
the two guides, β1 is the propagation constant of the guide “1” (that 
might be considered as a reference guide) and β0(z) is the propagation 
constant of the local normal mode of the guide 0 at the cross section z. 
For simplicity, which is also matching the typical practical designs, we 
will assume that the design is mainly focusing on the second 
waveguide to create the required phase difference. This guide with β1 
is thus considered as our reference guide while the second guide is 
considered as the “phase shifter guide” as shown in Fig. 1.  
To examine the analytical results that will be developed in this work we 
will consider the typical Si photonic waveguide with the cross section 
shown in Fig. 2 with Si refractive index n1 = 3.474 surrounded by SiO2 
of refractive index n0 = 1.444. The testing will be done at the operating 
wavelength λ = 1.55µm unless otherwise specified. 
For the analysis of this waveguide, the effective index method can be 
used to transform the 2D structure into a 1 D structure. Assuming all 
the waveguides to be fabricated with the same technology, and the 
same depth “d”, the geometrical design of the phase shifter is mainly 
focusing on the width of the guide “w”. The relation between the 
width “w” and the propagation constant of the guide needs thus to be 
expressed in an analytical formula to allow the design simplification.  
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Fig.1 Two waveguides: a reference guide with fixed width and specific z  

             
 

Fig.2 2D Waveguide cross section structure. 
 

For single mode waveguide, we can relate the fundamental mode 
effective index to its thickness through the normalized parameters V 
(normalized frequency) and b (normalized propagation constant) of the 
guide. For this purpose, we use the curve fitting for the linear region of 
the fundamental mode V-b relation shown in Fig. 3 in the range 0.3<V 
<3. This curve fitting allows describing the normalized propagation 
constant b as:  

                                    � =  ����� ����������� =  ��� +  ��                                (2) 

 
 
 
 
 

Phase shifter guide  
 
 
 
 
Reference guide 
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where neff is the effective refractive index, n1 and n0 are the refractive 
indices of the guide and the surrounding medium respectively, a1, a2 
are constants calculated from the curve fitting to be:  a1 = 0.25  and a2 
= -0.06,� = ��� ����� − ���  , and w is the guide width. 
 
From equation 2 the propagation constant β may be described as: 
 
                                  

          � =  ���  ���� = ��� ���.�� � + �                                   (3) 

 
where: � = (��� − ���)�.��� 
                                                      � = ��� + ��(��� − ���)                                          (4)                                                                  ,                                                                                                               
 

 
Fig. 3.V-b relation for the fundamental mode in a waveguide and its linear 

fitting in the range 0.3 < V < 3.  
On the other hand, for Multimode waveguide operation, the V-b 
relation of the waveguide cannot be approximated by the linear fitting 
and it is more appropriate to use a parabolic approximation. The 
propagation constant of the guide fundamental mode can be thus 
described using [21]: 
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                                                    � = ���� − ��������                                      (5) 

    With ng the guide refractive index and w the guide width.  
  3. Two waveguide with constant widths 

a. Single mode Waveguide 
The first simple case to consider in our analysis is the case of two 
guides with fixed different widths w1 and w0, as shown in Fig. 4. In this 
case, each waveguide has a specific fixed effective refractive index neff1 
and neff0 respectively and a propagation constant β1 and β0. The phase 
difference between the two waveguides after propagating a length L 
may be described as: 
    ∆∅ = ∫ ∆�(�)�� =  ∫ (�� − ��)���� �� = ��� �[����� − ����� ]          (6) 
where neff1,neff0 are the effective refractive indices of waveguide 1 and 
0 respectively. 
When the two guides are single mode guides, we can use equations 2, 
3 and 6; to express the phase difference as: 

                    ∆∅ = ��� � [���� ��� + � − ���� ��� + �                           (7)                                                                                                                     
And thus the phase shifter length required to create a phase shift of Δφ 
can be calculated using: 
 
                                  � =  �∆∅��[���� ���������� ����� ]                                      (8)

                                                                                                                             Equation 8 represents an analytical design equation that can be used 
for the design of the phase shifter. The design parameters are L, w1 
and w0 for a given guide with specific refractive index distribution 
represented by the coefficients A and B.             
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Fig.4 Two waveguides with different widths and a length L  

                When the difference w1-w0 =δw increases, the necessary length 
of the phase shifter, required to get a specific phase shift Δφ, is 
expected to be reduced. To examine this equation, we consider the 
standard single mode(SM) waveguide represented in Fig. 2.With w1= 
0.2µm (corresponding to a normalized frequency V=2.56 as described 
with vertical line in Fig. 3) to ensure single mode operation. Then, we 
can calculate the length required to get a phase shift π evaluated by 
equation 8 and compare it to the length estimated using the Beam 
Propagation Method BPM. For the length estimation by the BPM we 
consider the Mach – Zehnder structure shown in Fig. 5 where our 
reference waveguide of width w1 is the reference arm while the second 
arm has a width w0. The change of w0 allows examining this relation 
for the different lengths required to get the phase shift π for each w0. 
However, instead of plotting L as a function of w0 we plot it as a 
function of the difference δw = (w1-w0). 

      The results are illustrated in Fig. 6 and we can see that we have perfect 
matching between the two results. It should be noted here that the 
above relation is limited to SM waveguide within the range of validity 
of the V-b approximation used in equation 2.              
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Fig.5 A Mach Zehnder structure composed of 2 Y junctions connected by two 
straight waveguides with different widths w1 for the reference guide and w0 

for the guide under test.   

 
Fig.6 Phase Shifter length versus δw for two SM waveguides with constant 

widths. 

B.  Multimode Waveguide 
      It is also possible to design the phase shifter using a multimode 

waveguide structure. This allows handling more power using the 
waveguide fundamental mode in each guide. The propagation constant 
of the guide fundamental mode can be thus described using equation 
5: 

 
               �� = ���� − �������                            �� = ���� − ������� 
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      for the modes in the guide 1 (the reference guide) and the guide 0 (the 

phase shifter guide) respectively. This allows writing the difference 
between the two propagation constants of the modes as:  

                                                 ∆� = ������ [ ���� −  ����]                                           (9)                                                                                                                                                        
And thus  
                                            ∆∅ = ������� [ ���� −  ����]                                       (10) 

                                                                                                      
 

      Based on that simple analysis, the phase shifter length required to 
create a phase shift of π between the two guides takes the form:  

 

                                                  � = �����  ������(���� ���)                                               (11)  
       Now to examine this relation, we consider the same case presented in 

Fig. 4 but with a waveguide width w1=0.65 µm for the reference guide 
while changing the guide width for the second guide from 0.05 µm to 
0.6 µm which corresponds to changing the width difference δw from 
0.6 to 0.05. The two waveguides are then inserted in the Mach –
Zehnder configurations illustrated in Fig. 5 again and tested for the 
length required to create the phase shift of π, i.e. the length required 
to cancel or minimize the output of the MZ. The results obtained by 
both the analytical formula of equation 11 and the BPM calculations 
are shown in Fig. 7. Again, a very good agreement can be observed 
even for the values of δw for which the phase shifter waveguide 
becomes single mode while the reference guide is still multimode 
(MM).                
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Fig.7 Phase Shifter length versus δw for two MM waveguides with constant 

widths. 

C.  Phase shifter associated losses: 
The phase shifter consisting of a step in the waveguide width is the 
simplest phase shifter design. It can be easily implemented in the 
integrated optical technology through the control of the guide 
thickness in the mask layout; however, this sudden change in the guide 
width may also lead to some associated losses. For small width change 
(long phase shifter) the losses are usually negligible. An evaluation of 
this coupling loss between two waveguides with different widths is 
illustrated in Fig. 8, using the BPM calculation where the coupling 
between the powers launched into the fundamental mode of a 
waveguide of width 200 nm to the fundamental mode of a guide of 
width W is calculated. This coupling reflects essentially the overlap 
between the two modes and thus results in a significant loss when the 
difference in the mode extension increases. Such power loss can also 
affect the functionality of the optical circuit depending on the phase 
difference between two guides. To illustrate this effect, we consider 
the Mach Zehnder circuit shown in Fig. 5 with a slight difference 
between the two waveguides of the two arms δw = 20 nm, that is with  
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the waveguide has a width w0=180 nm and the reference guide has a 
width of 200 nm. In this case, our analytical formula gives a length of 
9.28 µm for the length required to create a phase shift of π between 
the guides which means that at this length, the output of the MZ 
interferometer should be cancelled. We then calculate the output of 
the interferometer over the C and L band from λ= 1480 nm to λ= 1620 
nm. To evaluate how the output is deviated from its zero level we 
calculate the quantity G as: 











in

out

P
PG 1   

where Pout is the output power of the interferometer and Pin is its input 
power. When the losses are negligible, the two arms of the 
interferometers have the same power and we can easily show that: 
                                            � = 1 −  ����(∆∅� )                                          (12) 

                                                                                                                                                                                                                                        With δW the phase shift introduced by the phase shifter due to the step in 
the waveguide width δW  

 
Fig.8 Coupling from a waveguide with a width of 200nm to a waveguide with 

width W.   
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The calculations of G using the BPM and the analytical expression are 
shown in Fig. 9 when the losses are neglected in the analytical 
expression. A very good agreement can be observed. As the guides are 
single mode in this case, we use equations 3, 4, and 7 for the 
calculations.  

 
Fig.9 The quantity G (1-Normalized Output Power) as a function of the 
wavelength for a phase shifter with step discontinuity in SM waveguide. 

 
Fig. 10 shows the power reflection coefficient Γ2 for this SM transition 
as a function of the step in the width δw calculated using the FDTD 
(Finite Difference Time Domain) technique. It shows clearly the 
increase of the reflected power as we increase the difference between 
the two waveguides.  
The results in Fig. 10 indicate the main drawback of using a simple step 
discontinuity for creating the required phase shift. The step 
discontinuity results in losses and reflections. The multiple reflections 
between the two discontinuities may also results in a Fabry-Perot 
effect, and hence in some fluctuations in the response as a function of 
the wavelength. In addition, the amount of power lost from the 
fundamental mode in this discontinuity may also be coupled to higher 
order modes, either higher order guided modes or radiation modes.  
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The propagation of these modes in the structure may also affect the 
functionality of the device. This depends on the radiation mode 
spectrum and its coherence coupling in the structure [22-23]. 
These losses and higher mode coupling are usually the motivations of 
the use of a tapered structure for the phase shifter guide. This 
structure will be considered in the next section.   

 
Fig.10 Power reflection coefficient calculations as a function of δw for a SM 

Si/SiO2 waveguide with w1 = 200 nm and w0 is changing from 10 nm to 180 
nm.  4. Tapered Phase shifter structure  

               To avoid the reflections and radiation losses or power coupling to 
higher order guided modes due to the step discontinuity in the 
waveguide width, a tapering structure can be used to create the phase 
shift in the waveguide “phase shifter”. 

 

A.  Linear Tapered Single Mode Waveguide Shifter: 
          In this case, we consider a linear tapered SM waveguide used as a 
phase shifter [24]. The configuration of the reference and phase shifter 
guides are thus as shown in Fig.11. The required phase shift is achieved 
through two sections of the taper structure mirrored around its center 
as shown in Fig.11. In a first configuration we assume that the two 
waveguides are Single Mode (SM). 
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The first waveguide is starting with a width (w1) which is linearly 
changing to decrease to a width w0 at half the length of the structure 
Lhalf= L/2 while the reference waveguide is keeping a constant width 
(w1) as shown in Fig. 11.The phase shift between the two guides can be 
expressed as: 
                                        ∆∅ = 2 ∫ ∆�(�)��������                                       (13) 
where we assume that the waveguide is an adiabatic transition and 
β(z) is the propagation constant of the local normal mode of the guide 
at the cross-section z. From equation 3, the propagation constant at z 
can be expressed as: 

                          �(�) =  ��� ����(�) = ���  ����(�)� � + �                       (14) 

where w(z) can be described with the linear distribution as: 
                             �(�) = �� − ������ (�� − ��)�                                    (15) 

   

Fig.11 Two SM waveguides: the first guide has a constant width, and 
the second guide is composed of two mirrored tapered sections with 

a width changing linearly from w1 to w0. 
 
 
 
 
 
 
 
 



Springer  Nature  2021  LATEX  template  
16   Optical Phase Shifter Design for Single and Multi-Mode Waveguide                       
Configurations 

                                                                                                                                                       
Using equation 15 into equation 14, we get the phase difference Δφ in 
the form: 
                 ∆∅ =  ��� �[ ���� (���.� − (�� − ��)�.�) −  �����]                    (16)                                                                                                  
with 
   �� =  ���  � �� +  �                   �� =  ���  �(�� − ��)                         (17) 
 
where the coefficients A and B defined above in equation 4 are used 
again to express the guiding properties of the waveguide. 
Equation 16 allows the design of a linear tapered section to create the 
required phase shift between the reference and the phase shifter 
waveguides. To examine this equation, we consider again the MZ 
configuration of Fig. 5 where the phase shifter is replaced by the 
tapered structure. The MZ takes the form of Fig. 12.The reference SM 
waveguide has a width w1= 200 nm (V=2.56) to ensure single mode 
operation. The phase shifter smaller width changes and its change is 
expressed by the parameter δw= w1 – w0 that varies from 20 nm to 184 
nm. We calculate the length required for a phase shift of π using both 
the analytical expression and the BPM. The results are illustrated in Fig 
13 where a good agreement can be observed.  

 
Fig.12 A Mach Zehnder structure composed of 2 Y junctions 

connected by two waveguides. First guide is the reference straight 
guide with width w1 and the second guide is the guide under test 
composed of two sections of a linear tapered guide with a width 

changing from w1 to w0      
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Fig.13 Phase Shifter length versus δw for SM waveguide case. 

 
 

          B. Linear Tapered Multi Mode Waveguide Shifter: 
               In this section we examine the case where the phase shifter guide 

could be a MM linear tapered waveguide.  In this case, the reference 
guide has a width w1 and the phase shifter guide has a width that 
changes linearly from w1 to w0 and again to w1 to avoid the step 
discontinuity in the guide, however we allow the guide to be MM. The 
propagation constant in the MM waveguide is approximated by the 
expressions given in equation 5, however in this case we have β=β (z). 
Using the adiabatic relation described in 9, we get:  ∆�(�) = ���4�� [ 1��(�) −  1���]  
and then Δφ is given by: 

                                               ∆∅ =  ������� [���������� ]                                    (18) 
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      From equation 18, the taper length required to get a phase shift of 
π can be easily calculated as:  

                                            � =  ����� [ ����������]                                            (19) 

 
          For w1=0.65 µm and δw varying from 0.02 µm to 0.4 µm, the 

length calculated by equation 19 is plotted in Fig. 14 in comparison 
with the results obtained by the BPM. Again a very good agreement 
can be easily observed. 

 
Fig14. Phase Shifter length versus δw for MM waveguide case. 5. Conclusion 

               In this work, we developed analytical expressions for the 
design of an optical phase shifter waveguide. The analytical forms 
are developed for both the step change in the guide width as well 
as the linear tapered change in the guide width for both SM and 
MM operation. The Obtained results are compared with the BPM 
numerical calculations and a good agreement is observed. These 
expressions are validated for the case where the discontinuity 
losses are relatively small and can be neglected. While these 
expressions have been developed for a step index waveguide, 
they can be easily extended for other type of waveguides using 
suitable approximations for the waveguide dispersion relation.  
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