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Abstract: Integrated circuits may be important role in future mode-dependent free-space
communications. This presentation will describe broadband optical and THz structures that can
generate data-carrying beams on unique spatial modes. One example is tunable pixel-array-based
metasurfaces. © 2024 A.E. Willner

1. Introduction

There is growing interest in high-capacity free-space communication links for various applications [1]. This is true
for communication systems in both the optical and terahertz (THz) regimes [2—5]. When compared to radio systems,
optical beams typically have higher capacity and directionality, and as well as a lower probability of intercept [2,3].
THz systems, especially near the carrier-wave frequency of ~300 GHz, tend to have: (i) higher capacity as compared
to millimeter-waves, and (ii) better resilience to atmospheric turbulence as compared to optics [4,5].

Importantly, aggregate data transmission rate for both optical and THz free-space communication systems can be
enhanced by using mode-division-multiplexing (MDM), which is a subset of space-division-multiplexing
(SDM) [6,7]. In MDM systems, multiple data-carrying beams are simultaneously transmitted through the same
medium, and each beam is located on an orthogonal spatial mode from a modal basis set [7]. These beams can be
multiplexed at the transmitter, spatially co-propagate, and demultiplexed at the receiver — all with little inherent
crosstalk [7]. The modal basis set can be various types, including Laguerre Gaussian (LGip) and Hermite Gaussian
(HGm,n) [8-11], and a subset of LG modes that have been demonstrated in optical and THz communication systems
are orbital-angular-momentum (OAM) modes [12—15]. OAM beams can be characterized by the following: (i) the
phasefront “twists” in a helical fashion as it propagates, (ii) the OAM value, /, is the number of 2n phase shifts in the
azimuthal direction, (iii) the intensity profile has rings with a central null, and (iv) the value p is the number of rings
minus 1. Besides multiplexing, modes can also be used for data encoding, such that each symbol can be
encoded/transmitted on one of many unique modes [15].

As with many communication systems, photonic and THz integrated circuits (PIC and TIC) may play an important
role in the future deployment of mode-dependent communication systems. Potential advantages over using many
discrete components include smaller size, lower cost, lower loss, and higher yield [16,17]. A specific type of
integrated circuit is one that can generate a desired spatial mode for a given data-carrying beam [18-27]. Potentially
desirable characteristics for such a mode-generating integrated circuit include the following:

(a) Broadband: If the integrated circuit operates on waves that cover a wide frequency range, then there are fewer
constraints on the wave sources and there is the ability to incorporate the multiplexing of multiple
wavelength/frequency channels on top of the existing mode multiplexing [20-25].

(b) Tunable: If the integrated circuit can be tuned to emit different modes from the same source, then various
advanced switching and routing functions can be accommodated in the communication system [22,26,27].

(c) Multiplexing: If a single integrated circuit can emit multiple data channels simultaneously and co-axially, then
the emitter can also function efficiently as a mode multiplexer; when operated in reverse, a similar circuit may also
function as a mode demultiplexer [18,19,24,25].

This presentation will describe various optical and THz integrated circuits that have the potential to enable the above
characteristics for mode-dependent free-space communications. Performance results will be described, including
modal purity, crosstalk, multi-channel operation, and system penalties.

2. Broadband and Tunable Structures

One example of an integrated circuit that can emit a beam on a single spatial mode is a pixel-array-based
metasurface [21]. The metasurface is fed by a waveguide that carries a data-modulated beam [21], and the
metasurface is designed so that a specific spatial mode is emitted normally to the surface depending on the direction
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from which the waveguide meets the metasurface [21]. Moreover, this metasurface can operate in the optical and
THz domains [21,22,24,25]. Importantly, this metasurface has been shown to enable the above desirable
characteristics of broadband operation, tunable mode emission, and co-axial mode (de)multiplexing [21,22,24,25].
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Fig. 1: (a) Diagram of an optical pixel-array-based metasurface OAM emitter. (b) The emitter is composed of a passive pixel-array-based 3-to-4
coupler, four tunable phase controllers, and a pixel-array-based mode converter. The OAM order of the data-carrying output beam is dependent
on the phase delay induced by the 3-to-4 coupler and the tunable phase controllers. (c) Scanning electron microscopy (SEM) image of the 3-to-4
coupler. (d) Integrated thermal phase controllers. (¢) SEM image of the mode converter [22].

A structure to be highlighted is a broadband optical metasurface-based integrated circuit as shown in Fig. 1 [22].
The pixel-array-based metasurface is a mode converter, which converts the mode propagating in an optical
waveguide into a different free-space mode that is emitted from the surface [22]. This metasurface is fed by multiple
(e.g., four) different optical waveguides that each carry the same data-carrying wave but with a tunable temporal
phase delay between each waveguide input into the metasurface. By tuning the phase differential between the
waveguides (e.g., by changing the voltage on a set of heaters), the emitted mode can be tuned. Moreover, if there is a
couple with multiple input ports and multiple output ports feeding the waveguides, then multiple tunable modes can
be emitted simultaneously from the metasurface. Such a structure has also been demonstrated in a reverse way as a
mode demultiplexer at receiver for an MDM free-space optical link [24].
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Fig. 2: Diagram of a THz pixel-array-based metasurface OAM emitter composed of a mode converter fed by two waveguides from opposite
directions. (a) The emitter generates a data-carrying THz OAM beam when a signal is input from one waveguide. (b) The emitter can generate
two coaxially multiplexed OAM beams with different orders when signals are input from different waveguides. (c) Schematic of the emitter [25].
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Another structure to be highlighted is a broadband THz metasurface-based integrated circuit as shown in Fig. 2 [25].
This THz structure is quite similar to the optical version but with some differences. This broadband structure has
two waveguides feeding the THz waves into the metasurface region from opposite directions, and the frequencies of
the carrier waves are in the 300-GHz range. The mode of the surface-normal emitted THz beam depends on the
direction from which the mode converter metasurface is being fed. Moreover, if two different waves are feeding the
converter from different directions, then two different modal beams can be emitted simultaneously. Differences exist
between this structure and the optical version, including: (i) the THz structure is larger given the smaller frequency
of operation; and (ii) no tunability was designed into the structure, although in theory that could have been included.
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