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We show how to separate arbitrary orthogonal spatial modes in an approach that avoids fundamental 
splitting loss, requires no calculations, compensates for drift in components or beams, and could be 
implemented with silicon photonics. 

The ability to separate multiple overlapping, orthogonal modes without splitting loss has been a challenging problem 
in optics for some time. Current interest in use of multiple spatial modes for communications in fibers has stimulated 
renewed interest in this problem. Many schemes can separate N modes but with ~ 1/N loss (e.g., [1,2]). Some schemes 
can work for very specific forms of modes through careful setting of component parameters (e.g., [3-5]), possibly 
requiring advance calculations of settings [4] and/or measurement of the precise behavior of some transmission 
medium [5]. Other schemes can set up individual channels based on multiparameter iterative optimizations [1]. Here 
we show how to make arbitrary beam couplers and (de)multiplexers for overlapping orthogonal modes [6,7], without 
(a) any fundamental splitting loss, (b) any advance knowledge of the beam forms, (c) any calibration of the required
components, (d) any iterative optimizations, and, indeed, (e) any calculations at all. The scheme can also continuously
adjust for drifts in component parameters, beam alignment, and beam forms [6,7]. This work builds on general
physical and mathematical understanding of linear optical components as mode converters [8] and of their necessary
complexity [9].

The central concept of this approach is a self-
aligning beam coupler, illustrated in idealized 
form in Fig. 1. The input beam is incident on a set 
of four loss-less beamsplitters, which include 
adjustable phase shifters on one face and have 
adjustable reflectivities. Here we presume for 
simplicity of explanation that the input beam can 
be sufficiently well described by splitting it into 
four segments each of which is substantially 
uniform in intensity and flat in phase across a 
given beamsplitter surface. We have detectors at 
the bottom ports of each beamsplitter.  

The device in Fig. 1(a) can be aligned to any 
arbitrary such beam as follows. First we set phase 
shifter P4 to minimize the power in detector D3; 
this aligns the relative phases of the transmitted 
and reflected beams from the bottom of 
beamsplitter 3 so that they are opposite, therefore 
giving maximum destructive interference. Then 
we set the reflectivity R3 to minimize the D3 
signal again; presuming that the change of 
reflectivity makes no change in phase, the D3 
signal will now be zero because of complete 
cancellation of the reflected and transmitted light 
shining into it. Next, we set phase shifter P3 to 
minimize the D2 signal, and then we adjust R2 to 
minimize the D2 signal again. 

Proceeding along all the beamsplitter blocks 
in this way will lead to all the power in the input 
mode emerging in the single output beam on the 
right. Thus we have coupled an arbitrary input 
beam to the output without any advance 
knowledge of the beam form, without any 
calibration of the phase shifter and reflector 
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Fig. 1. Schematic illustration of the device structure. 
Diagonal grey rectangles represent controllable partial 
reflectors. Vertical clear rectangles represent controllable 
phase shifters.. (a) Coupler for a single input beam with 
four beamsplitter blocks (numbered 1 – 4), phase shifters P1 
– P4 and reflectors R1 - R3. (b) Coupler for two
simultaneous orthogonal input beams.
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components, in a completely progressive fashion with no iterations, and without any calculations. We could leave this 
self-alignment scheme running, cycling through the phase shifters and reflectors to compensate for any drifts in the 
components or changes in beam form or alignment. 

If we now shine another, orthogonal beam on the input, none of it will appear in the output beam in Fig. 1(a) 
because, mathematically, such a lossless, unitary optical structure preserves orthogonality. Instead, this second beam 
will all be transmitted out the bottom beamsplitter ports. Hence, if we make the detectors nearly transparent, this 
power is incident on the second row of beamsplitters in Fig. 1(b), and we can similarly align this second row to 
couple that second beam to Output beam 2. We could continue here for 4 rows altogether, separating 4 orthogonal 
beams without fundamental splitting loss.  

A more practical device 
implementation would use Mach-
Zehnder interferometers (MZI) in, 
say, silicon photonics, together 
with grating couplers, as in Figs. 2 
and 3. When both arms of an MZI 
are driven together (in common 
mode), the device operates as a 
phase shifter; when they are driven 
oppositely (differential mode) the 
MZI becomes a variable 
“reflector”. Here the analogous 
self-alignment procedure starts by 
driving MZI 14 in common mode 
to minimize the signal in D13. 
Then MZI 13 is driven in 
differential mode to minimize D13 
signal again. Then MZI 13 is 
driven additionally in common 
mode to minimize D12 signal, and 
so on.  

Fig. 3 illustrates a 9 element device with grating couplers and optional lenslets for self-aligning a single beam 
incident from the top. Such MZI arrangements allow all paths to be engineered to have similar lengths to minimize 
dispersion in the device; the arrangement in Fig. 2 has this property. Note that these implementations do not require 
crossing waveguides. Extensions of this overall device concept allow arbitrary spatial optical devices to be 
constructed, including non-unitary structures [7]. The device can also be trained to be run backwards to generate a 
particular beam by first shining the desired beam “backwards” into the device from the top [7], and hence can also be 
used as a self-configured multiplexer. The required complexity in such devices obeys the counting of Ref. [9]. 
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Fig. 2. Layout of Mach-Zehnder couplers and detectors equivalent to Fig. 
1(b). The input beam is sampled into the four waveguides 1 – 4. Detectors 
D11 – D13 are mostly transparent.  

Fig. 3. Example of 9 element device analogous to Fig. 1(a), with grating 
couplers and lenslets to sample into waveguides, and integrated detectors. 




