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Floquet topological insulators (TIs), whose exotic topological order is sustained by time-

varying Hamiltonians, have been attracting significant interest in the condensed matter 

community. Their photonic analogues have been envisioned through spatio-temporal 

modulation of Hermitian systems, unveiling unique wave transport properties, with unique 

robustness and isolation features stemming from broken time-reversal symmetry. Given the 

challenges in generating and distributing modulation signals across an electrically large 

array with accurate phase synchronization, experimental realizations of Floquet TIs to 
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date have been limited to systems that emulate time with a spatial dimension, therefore 

preserving time-reversal symmetry and renouncing the most appealing feature of Floquet 

TIs – non-reciprocal topological protection. These limitations, combined with inherently 

narrowband responses, have so far prevented their applicability in real-life applications. 

In this paper, we unveil a new route to photonic Floquet TIs, based on quasi-electrostatic 

wave propagation in switched capacitor networks. This approach enables the first 

experimental demonstration of a non-reciprocal Floquet TI for electromagnetic waves, 

additionally offering an ultra-broad topological bandgap, spanning from DC up to GHz 

frequencies, within a deeply sub-wavelength form factor in a chip-scale integrated CMOS 

implementation. Our device operates beyond the delay-bandwidth (DBW) limit of 

conventional linear time-invariant electromagnetic structures by virtue of time modulation, 

and therefore offers extremely large delays despite the ultra-broad bandgap. Our design 

also features fine-grained reconfigurability, enabling robust and broadband signal routing 

and multiplexing functionalities. Our results bring the entire field of TIs to real-world 

applications, opening a path to the use of topological concepts in wireless communications, 

radar, quantum information processing and integrated photonics. As a demonstration, we 

have integrated our CMOS Floquet TI into 5G wireless systems, demonstrating multi-

antenna full-duplex wireless operation and true-time-delay-based broadband 

beamforming enabled by its unique features of bandwidth, isolation, programmable 

nanosecond delays, extreme reconfigurability, and built-in strong robustness to defects. 
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1. Introduction 

Topological insulators (TIs) are a recently discovered phase of matter, with an insulating 

response in the bulk, but acting as a conductor on the boundary1-3. Their conductive edge 

states are unidirectional and immune against reflections from surface imperfections or local 

disorder. These properties, originally discovered in the field of condensed-matter physics 

stemming from studies on the quantum Hall effect (QHE)4, have been attracting significant 

interest from the broad scientific community for several years. Topological phenomena do 

not arise only in static systems, but also in periodically driven quantum systems, referred 

to as Floquet TIs, whose topological order stems from the external modulation5-8. 

Interestingly, the Chern number, commonly used to characterize the topological order in 

static TIs, is in some instances not sufficient to characterize the topological features of 

Floquet systems in their entirety, since anomalous chiral edge states may still arise when 

the Chern numbers of all Floquet bands are zero. In this situation, the topological order is 

encoded in the microscopic details of the driving protocol, rather than in the Floquet system 

itself9,10. 

In recent years, several works have been investigating new approaches to extend TI 

concepts from fermionic systems to classical photonics, electrical circuits11-18, mechanics 

and acoustics19-22, resulting in TIs for electromagnetic23-35 and acoustic waves36-42. The 

underlying principles common to these works is the idea of inducing topological order 

either by breaking time-reversal symmetry (TRS) through magneto-optic phenomena or 

parametric modulation of the constituent elements, or by exploiting protected states arising 

from internal or spatial symmetries. The first approach has proven very effective to induce 
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strong topological robustness, since it breaks reciprocity and guarantees the absence of 

reflected edge states for any type of disorder23,24,26,27,29,36,37,38,43; on the contrary, symmetry-

protected topological states are only immune against imperfections preserving the relevant 

symmetry31,33,34,39,41,42, hence their robustness is inherently weaker. Periodically-driven 

spatio-temporal modulation can realize Floquet topological order, offering robust non-

reciprocal topological protection. Reciprocity is broken through time modulation, hence 

avoiding the need of a magnetic bias, which offers great advantages for integration and 

practical implementations27,36-38,43. However, previous experimental implementations of 

Floquet TIs in photonics29,44-46 have exclusively relied on replacing time with a relevant 

spatial dimension, resulting in arrays of evanescently-coupled optical waveguides slowly 

modulated in space along the direction of propagation. Clearly these systems do not 

explicitly break TRS, therefore they cannot offer isolation and strong topological 

protection. In addition, they are not feasible for on-chip implementation. Genuine Floquet 

TIs, on the contrary, require the generation and distribution of phase-synchronized time 

modulation signals across a large array38,47,48, making their implementation challenging. 

Our recent experimental work showcasing an elastodynamic Floquet TI through a complex 

macroscopic network of separately-controlled piezo-electric resonators would be difficult 

to replicate over larger scales or in an integrated miniaturized design43,48. As an additional 

challenge, Floquet TIs typically exhibit a topologically-protected bandgap limited to a very 

narrow range of operating wavelengths, thus limiting their practical impact29,38,40,44-46,49-51. 

None of the recently proposed Floquet TIs have overcome these drawbacks, nor has a 



 5 

realistic approach to address these limitations been put forward to the best of our 

knowledge. 

In this paper, we present the first experimental demonstration of a Floquet TI for 

electromagnetic waves, i.e. a Floquet topological electromagnetic circuit or topolectric 

circuit, based on a completely new approach consisting of a network of quasi-electrostatic 

helicoidally-rotating elements52. The unit cells of our TI apply ultrabroadband synthetic 

rotation to the impinging signal in two dimensions, based on tailored spatio-temporal 

modulation of a switched-capacitor network supporting quasi-electrostatic signal 

propagation53. Compared to conventional approaches to TIs, which require a lattice period 

of the order of the wavelength to open a bandgap, hence leading to very large footprints, 

the rotation of each element is quasi-electrostatic in nature, fully relaxing this requirement 

and resulting in a deeply-subwavelength footprint for the entire Floquet lattice, and much 

easier phase-synchronized modulation. Furthermore, our quasi-electrostatic design results 

in a frequency-independent response, which supports a topological bandgap orders of 

magnitude more broadband than any previously reported photonic TI, extending from DC 

to GHz frequencies. The ultra-broad bandgap implies that it cannot be closed by small 

disorder, leading to high levels of robustness. At the same time, quasi-electrostatic wave 

propagation operates beyond the delay-bandwidth (DBW) limit of conventional linear 

time-invariant electromagnetic structures by virtue of time modulation53, enabling our TI 

to offer extremely large delays despite the wide bandwidth. Each lattice node, being already 

modulated in time through commutated switches, may be dynamically reconfigured in real-
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time to sustain a local handedness of choice, enabling the configuration of arbitrary routing 

of topologically-protected signals.  

Our implementation offers a unique platform to probe the rich physics of topological 

wave propagation and to multiplex different functionalities for applications including 

wireless communications, radar and quantum information processing. We showcase its 

functionality in a 5G wireless system and an ultra-wideband impulse radar application. In 

the first scenario, the TI serves as a new antenna interface for a 750MHz full-duplex 

phased-array, in which the programmable delays within each lattice element enable 

independent phased-array beamforming in transmit- and receive-modes, and its isolation 

features enable full-duplex simultaneous transmission and reception of broadband radio-

wave signals. The inherent reconfigurability of our TI enables the use of the same device 

as the antenna interface in an ultra-wideband true-time-delay (TTD) beamforming network 

for impulse radars, in which reconfigurable signal routing and wideband nanosecond-scale 

delays enable TTD-based beamforming of ultra-wideband signals spanning DC to GHz 

frequencies. In both cases, the achieved performance metrics exceed the current state of 

the art by several orders of magnitude, underscoring the utility of topological concepts in 

real-world applications. The topological features add intrinsic strong robustness of these 

functionalities to disorder and imperfections. These demonstrations truly open the field of 

TIs to real-world impact, exploiting their unique isolation and robustness, combined with 

broadband and seamless reconfigurability, to address the grand challenges of modern 

wireless systems. 
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2. Dispersion-Free Quasi-Electrostatic Reconfigurable Floquet TI 

Floquet topological order is induced in our TI (Fig. 1(a)) by imparting distributed deeply 

subwavelength, broadband helicoidal rotation through a dense array of ultrabroadband 

circulators52 arranged in a square lattice. Each circulator is realized based on the concept 

of quasi-electrostatic wave propagation in switched capacitor networks,53 and consists of 

8 identical switched-capacitor layers connected in parallel to 4 ports, as shown in the circuit 

diagram in Fig. 1(b). Each layer consists of a shunt capacitor connected to the 4 ports 

through transistor switches in a star configuration. A brief discussion on the operation of 

this element is included here, and the reader is directed to the supplementary material 

(section 1) for additional details. Switches across layers associated with a given port are 

modulated in a staggered fashion to turn them ON sequentially with no overlapping, and 

this scheme imparts a synthetic vertical-plane rotary motion that creates a quasi-

electrostatic frequency-independent ring resonance within near-infinitesimal dimensions 

(see timing diagram in Fig. 1(b)). The switches within each layer are also modulated in a 

staggered fashion with no overlapping, imparting a synthetic horizontal-plane rotation that 

applies angular-momentum biasing54 to break reciprocity. The overall result is a deeply-

subwavelength element that effectively moves on a helicoidal path across layers, realizing 

N-port circulation over an extremely broad bandwidth within an infinitesimal footprint. In 

the case shown in Fig. 1(a), each element of the lattice supports wave propagation in the 

clockwise (CW) direction, i.e., from 𝑇1 → 𝑇2, from 𝑇2 → 𝑇3, and so on, providing isolation 

between any other pair of ports. Additionally, our CMOS chip implementation allows real-

time reconfigurability of the modulation signal applied to the switches, enabling wide 
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reconfiguration of each element between CW handedness (𝑇1 → 𝑇2 → 𝑇3 → 𝑇4), counter-

clockwise (CCW)  handedness ( 𝑇4 → 𝑇3 → 𝑇2 → 𝑇1 ), and in general, other hybrid 

switching schemes, such as (𝑇1 → 𝑇3 → 𝑇2 → 𝑇4), (𝑇1 → 𝑇4 → 𝑇3 → 𝑇2). Fig. 1(c) shows 

the simulated scattering parameters of a 4-port, 8-layered circulator, modulated at 

𝑓𝑚 =500MHz. As shown in Fig. 1(d), the isolation mechanism in this unit cell architecture 

is due to charge-discharge through the port impedances, hence making this structure an 

extremely broadband alternative to previous time-modulated implementations of non-

reciprocal angular-momentum devices,54,56 which rely on destructive interference of the 

signal coming through two different paths or modes. Additionally, its infinitesimal form-

factor is 100-1000× more compact than architectures based on resonators54,56. 

Floquet TI: We take advantage of this synthetic helicoidal rotation and broadband non-

reciprocal response at the unit cell level to implement a chip-scale Floquet TI by connecting 

these elements in a 4x4 square lattice, and driving them through a common modulation 

clocking circuitry, as shown in Fig. 1(a). When all the unit cells are configured with the 

appropriate handedness, the signal propagation through this lattice is analogous to the 

transport of an electron traveling through a two-dimensional lattice with magnetic bias 

applied on each atom, in which the role of magnetic bias is replaced by the angular 

momentum imparted by each unit cell. Hence, we expect the lattice to exhibit topological 

features, analogous to those envisioned in Ref. 38, but here extended over an extremely 

broad bandwidth and within an ultra-compact, resonator-free form factor. We will 

determine more rigorously the topological features of this helicoidally-rotating lattice in 

the next section. Small inductive coupling elements between the unit cells have been added 
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to enhance the non-reciprocal performance of the individual units52 by enabling complete 

energy transfer between neighboring elements52, which is equivalent to complete charge 

transfer from one shunt  capacitor to the next. Using wideband, resonator-free elements 

relaxes the component mismatch requirements, and it alleviates fabrication and layout 

challenges of an electrically-large lattice of high-Q resonators, as in all previous designs 

for Floquet TIs27,36,38,48. 

While the deeply-subwavelength dimensions of the lattice ease the modulation signal 

distribution, Floquet TIs are inherently prone to phase desynchronization of the modulation 

signal and harmonic conversion phenomena. On the contrary, our TI implementation, as 

described in the supplementary material (section 1C), offers substantial resilience to 

modulation clock phase deviations (up to ±12.5% of the time period 𝑇𝑚  in our 

implementation). 

3. Network Theory for Floquet TIs Based on Resonator-Free Lattices 

The lattice elements in our TI are quasi-electrostatic in nature, and hence support 

dispersion-free nonreciprocal signal propagation. Therefore, the conventional coupled 

mode theory based on resonant modes cannot accurately describe our system. To rigorously 

demonstrate the topological features of our quasi-electrostatic lattice and the emergence of 

topological edge states with ultrabroad bandwidth, we turn to resonator-free Floquet 

network theory, which was initially introduced to explain the integer QHEs57, and used in 

later efforts to investigate the Floquet topological properties of strongly-coupled 

resonators58-60. The Floquet network model usually deals with two-port scatterers, while 
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the elements of our chip-scale Floquet TI consist of four-port circulators, whose scattering 

equations are  

𝑏𝑗 = 𝑠𝑗,𝑖𝑎𝑖, 𝑖, 𝑗 = 1,2,3,4,                                           (1) 

where 𝑠𝑗,𝑖 is the scattering coefficient of a four-port circulator, 𝑖, 𝑗 = 1,2,3,4 are cyclic 

indices, and 𝑎𝑖  and 𝑏𝑗  are ingoing and outgoing signals, respectively. The scattering 

parameters are constrained by rotational symmetry, such that 𝑠𝑗,𝑖 = 𝑠𝑗+1,𝑖+1. To facilitate 

the analysis, we provide a specific choice regarding the plaquette of the network lattice, 

around which the field travels either in a CW pattern or CCW pattern, corresponding to 

CW modes and CCW modes, respectively. Therefore, we can treat the scattering process 

of the four-port circulators arranged in the network lattice as the separate scattering 

processes of CW modes (pseudo spin up) and CCW modes (pseudo spin down) and the 

mixed scattering processes (pseudo spin couplings) between them. Notice that the choice 

of plaquette is arbitrary and will not alter the end result. Without loss of generality, we 

rearrange the scattering equations in (1) according to the plaquette shown in Fig. 2(a) as 

follow 

       (
𝐵cw

𝐵ccw
) = (

𝑆cw 𝑆int

𝑆int
′ 𝑆ccw

) (
𝐴cw

𝐴ccw
),                                      (2) 

where the CW and CCW propagating fields at incoming (outgoing) ports are represented 

by 𝐴(𝐵)cw = [𝑎1(𝑏4), 𝑎3(𝑏2)]T  and 𝐴(𝐵)ccw = [𝑎2(𝑏3), 𝑎4(𝑏1)]T , respectively. 

𝑆cw(ccw), 𝑆int and 𝑆int
′  are taken from Eq. (1), and 𝑆int (𝑆int

′ ) couples CW modes and CCW 

modes. When the circulator is synthetically rotated with CW handedness, for example 

|𝑠𝑖+1,𝑖| > |𝑠𝑖+2,𝑖| > |𝑠𝑖+3,𝑖|, the four-port scattering is equivalent to the superposition of 
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strong coupling of CCW modes, weak coupling of CW modes, as well as negligible mixing 

of CW and CCW modes in the two-port network models (Fig. 2(a)). As a consequence, the 

dynamics of the CW mode family map to those of the well-known Floquet two-port 

network model, which support anomalous topological phase and topological edge states 

under the strong scattering condition59. Meanwhile, the dynamics of the CCW modes map 

to a topologically trivial phase because of the weak scattering, and the interaction between 

CW modes and CCW modes is too weak to have a determining effect on the topology of 

the respective subspaces. The spatio-temporally-modulated angular-momentum (STM-

AM) bias applied to each lattice element guarantees that the strong scattering condition 

|𝑠𝑖+1,𝑖| ≫ |𝑠𝑗,𝑖|, 𝑗 ≠ 𝑖 + 1 is met over a wide bandwidth that extends from DC to GHz 

frequencies, ensuring that our quasi-electrostatic system possesses dispersion-free 

nontrivial topology in the ideal case.  

To demonstrate the existence of broadband topological edge states supported by our 

system, we construct the supercell network of the square lattice formed by the four-port 

circulators, which is periodic in the x direction and has a finite length 𝐿 in the y direction. 

According to the relation between the fields of each four-port circulator and the fields of 

two-port scatterers via Eq. (2), as well as the boundary conditions in the network lattice, 

the governing equations can be found as (see section 2 of the supplementary material for 

details) 

 𝐻̂𝐹(𝜙)𝜓 = 𝑒−𝑖𝑘𝑥𝜓, (3) 

where 𝜓 is composed of fields at port 1 and port 2, and 𝜙 is the phase delay when the field 

propagates from one port to the next. Since Eq. (3) resembles the Floquet eigenvalue 
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equations of a periodically driven system9, 𝐻̂𝐹(𝜙) can be treated as a Floquet Hamiltonian, 

and 𝑘𝑥 is the projected momentum vector in the 𝑥 direction, and phase 𝜙 plays the role of 

quasienergy. The scattering components 𝑠𝑗,𝑖  in our quasi-electrostatic system can be 

approximately modelled as 

 

𝑠𝑖+1,𝑖 ≈ [1 − 0.5 (𝑒
−2

𝑇𝑚
𝑁𝑍0𝐶

 
+ 𝑒

−4
𝑇𝑚

𝑁𝑍0𝐶
 
)] 𝑒−i𝜔𝑖𝑛

𝑇𝑚
4 , 

𝑠𝑗,𝑖 ≈ 𝑒
−{(𝑗−𝑖−1)%𝐿}

𝑇𝑚
𝑁𝑍0𝐶

 
𝑒−i{(𝑗−𝑖)%𝐿}𝜔𝑖𝑛

𝑇𝑚
4 , 𝑗 ≠ 𝑖, 𝑖 + 1, 

𝑠𝑖,𝑖 ≈ 0, 

(4) 

where 𝜔𝑖𝑛 is the input frequency,  𝑍0 is the port impedance, 𝑁=8 is the number of layers 

in the unit circulator, 𝐶  is the shunt capacitance of each layer, 𝑇𝑚 = 1/𝑓𝑚 , 𝐿=4 is the 

number of ports in the circulator, and % represents the modulo operation (see section 1A 

of the supplementary material for details on this modeling). In our experiments, the 

parameter 
𝑇𝑚

𝑁𝑍0𝐶
= 2, leading to strong scattering of CCW modes. Using the scattering 

parameters in Eq. (4), we obtain the Floquet band structure of the supercell network shown 

in Fig. 2(b). Interestingly, we observe flat bands (shown as red lines) stemming from bulk 

modes arising from the trapped resonance in the plaquette of the network lattice when the 

phase delay meets the condition 𝜔𝑖𝑛𝑇𝑚 = 2𝜋𝑞, 𝑞 = 0,1,2.., or equivalently 𝑓𝑖𝑛/𝑓𝑚  = 𝑞, 

i.e., at operating frequencies that are multiples of the modulation frequency. In addition to 

these bulk bands, linear edge bands (blue lines in Fig. 2(b)) arise across the whole band 

structure. Since 𝑓𝑖𝑛  is linearly proportional to the transmission phase which is in-turn 

periodic, topological edge bands are continuously extended in the frequency dimension, as 
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long as the strong scattering condition, or equivalently, the strong circulation condition 

implemented in the experiment, is satisfied. Depending on the phase delay of the signal at 

the boundaries, topological edge states may have different group velocities from the one 

shown in Fig. 2(b), and more details are provided in the supplementary materials (section 

3) with respect to this property.  

To further reveal the broadband features of the topological edge states and the existence 

of bulk states, we carried out simulations of a finite network consisting of a 10 × 10 array. 

In order to emulate grounded boundary conditions at the border of the electrical circuit, the 

outgoing fields at the bottom and right edges are enforced to be zero. In the first example, 

the input port is placed at the left bottom site of the lattice, and 𝑓𝑖𝑛 is swept from 0 to 2𝑓𝑚. 

The transmittance spectra as a function of 𝑓𝑖𝑛 are produced from data taken in the bulk 

regions (indicated by dashed boxes in Fig. 2(d)). As shown in Fig. 2(c), the transmittance 

is significantly larger near bulk frequencies ( 𝑓𝑖𝑛/𝑓𝑚  = 𝑞)  than at other frequencies, 

indicating that the fields are concentrated at the edges and dissipate inside the bulk of the 

lattice at arbitrary frequencies except at bulk frequencies. Furthermore, by plotting the field 

distribution of the lattice (Fig. 2(d)), we observe that the excited fields are mostly 

concentrated at the right and top edges of the lattice for arbitrary 𝑓𝑖𝑛 except at and near  

𝑓𝑖𝑛/𝑓𝑚  = 𝑞. Throughout all this frequency range, we observe signal transport in a CW 

rotating pattern, stopping at the right top corner due to the grounded boundary condition 

(see for example left and right panels in Fig. 2(d)). This ultra-broadband feature arises from 

the linearly extended edge bands in the frequency dimension presented in Fig. 2(b). The 

middle panel in Fig. 2(d) shows the field distribution for 𝑓𝑖𝑛 = 0.95𝑓𝑚 : besides the 
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excitation of edge modes, both CW and CCW bulk modes are excited, and all lattice 

elements have nonzero fields. Unlike topological edge states, topologically-trivial 

circulating modes would be independent of the input frequency and the excited fields 

would always localize at edges.  In the second example in Fig. 2(e), the input port is 

changed to the top right site of the lattice. Due to the anomalous topological phase of the 

system, the network only supports chiral edge states propagating in a CW rotating pattern. 

As a result, the fields are absorbed immediately by the right boundaries, as they propagate 

downward, and no field is backscattered because of the topological protection. This 

phenomenon is totally independent of 𝑓𝑖𝑛 , except at and near 𝑓𝑖𝑛/𝑓𝑚  = 𝑞   when bulk 

modes arise (middle panel in Fig. 2(e)). In the supplementary material (section 3), we study 

the network lattice formed by two-port scatterers under the strong scattering condition, 

showing that it possesses the same topological order as our array. We emphasize that the 

Chern numbers of all flat Floquet bands are zero; the nontrivial topology here arises from 

the strong scattering of the network lattice achieved by the CW rotation of the unit cell 

elements58. In the supplementary materials (section 4), we have carried out first-principle 

circuit simulations of a 900-element lattice (30 × 30), and the results closely match both 

our theoretical model and our experimental results. 

In addition to the resonant-free network model, we also carried out Floquet coupled mode 

analysis for square lattices based on STM-AM biased LC-resonator unit cells, where the 

role of the magnetic bias is replaced by the synthetic rotation imparted by temporal 

modulation, as rigorously shown in the supplementary material (section 3). This analysis 

showcases the physics of our system, mapping our frequency-independent response to the 
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center of the relevant bandgap in this resonant lattice. Furthermore, the LC-resonator-based 

Floquet TI stands in contrast to our quasi-electrostatic TI in that it exhibits far more 

dispersion and a far narrower bandgap, underscoring the benefits of our approach. 

4. Experimental Results  

Having determined that our lattice supports Floquet topological features over an ultra-

broadband frequency range, we have implemented a 45nm SOI CMOS chip realizing the 

first photonic Floquet TI. Fig. 1(a) shows the microphotograph of our deeply-

subwavelength chip-scale quasi-electrostatic Floquet TI, with a size of 3.5mm×3.4mm 

(~/860×/880 at 100MHz and ~/86×/88 at 1GHz). By changing the switching scheme, 

the lattice topology can be dynamically reconfigured locally, namely, the nontrivial 

topological subspace can be switched between CW-mode and CCW-mode families, 

corresponding to opposite chirality of edge states when all the unit cells are configured for 

CW/CCW handedness, to create propagation along arbitrarily-shaped domain walls 

between sub-lattices with varied topologies, and even to support bulk transmission if we 

implement the hybrid modality in each node. These functionalities are experimentally 

validated below, along with the utility of this TI in 5G wireless and ultra-wideband impulse 

radar applications. 

Unidirectional Edge States with Topological Protection: When the lattice elements are 

configured for CW rotation and modulated at 𝑓𝑚=500MHz, the lattice exhibits an overall 

anomalous topological phase, and it does not support any bulk mode except at and near 

𝑓𝑖𝑛 = 𝑞𝑓𝑚, as predicted by our Floquet network theory and verified by the experimental 
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results shown in Fig. 3. Indeed, the measured transmission spectra for CW propagation 

along the edge (top left panel in Fig. 3(a)) are significantly larger than those for CCW 

propagation (top right). The isolation accumulates along the edge in the CCW direction, 

increasing at a rate of ~20dB per element until it reaches the chip-level parasitic limit of 

60-70dB. We note that such a high level of isolation cannot be achieved in a single 

circulator unit cell without the use of tuning elements and real-time configuration over a 

narrow bandwidth, due to fabrication tolerances and impedance mismatches, and it can 

never be achieved in a single element over such a wide bandwidth. The group delay linearly 

increases for CW propagation along the edge as expected (bottom left panel of Fig. 3(a)), 

which provides additional evidence of the emergence of topological edge states. The 

emergence of bulk modes is evident both in first-principle simulations of the electrical 

circuit (see section 4 of the supplementary material) and in our experimental results shown 

in Fig. 3(b), in which the transmittance of bulk nodes exhibits peaks near 𝑓𝑖𝑛 = 0 and 

𝑓𝑖𝑛 = 𝑓𝑚.  

The ultra-broadband, dispersion-free operation of our Floquet TI is illustrated through 

field distributions plotted at different signal frequencies, such as 𝑓𝑖𝑛 = 0.5𝑓𝑚 and 1.6𝑓𝑚, 

as shown in Figs. 4(a) and (b). When the signal is excited at 𝑃16, the signal travels along 

the edge to 𝑃8 in CW direction while reflecting off of the ports with open termination (𝑃1 

through 𝑃7) and not propagating in the bulk as shown both in the left and right panels of 

Fig. 4(a). When the frequency of the signal is chosen as 𝑓𝑖𝑛 = 𝑓𝑚, the signal power decays 

more slowly and spreads over a larger area of the lattice when compared to the previous 

cases, indicating the bulk states are excited as well (middle panel of Fig. 4(a)). On the other 
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hand, when the signal is excited at 𝑃8, it continues to travel in the CW direction and is 

dissipated into the absorptive terminations at ports 𝑃9 through 𝑃15, and no backscattering 

signal at 𝑃16 is detected due to the topological prohibition of backward states as shown in 

Fig. 4(b). The middle panel in Fig. 4(b) shows the more diffusive spread of the signal 

compared to the left and right panels, which further verifies the fact the bulk states are 

excited. Thus, the strong contrast between CW and CCW rotation in Fig. 4(a,b) validates 

the claim of anomalous topological phase of the Floquet TI and confirms our theoretical 

model. Similarly, the lattice can be dynamically reconfigured to the nontrivial topology of 

the opposite mode family by reversing the handedness of synthetic rotation of each unit 

cell. 

The operational bandwidth of a system should be evaluated in comparison to the central 

frequency of operation, defining the Fractional Bandwidth =
Signal Bandwith

Center Frequency 
× 100%. 

In this context, it is particularly challenging to achieve broadband operation from extremely 

low frequencies (near-DC) to high frequencies due to the wide disparity in 

wavelength/frequency. A circuit that operates from DC to GHz frequencies, as the one 

presented here, achieves a Fractional Bandwidth of 200%, which is the maximum 

achievable value. The topological features of our circuit offer orders of magnitude larger 

fractional bandwidth than any other time-invariant and/or time-variant photonic TI (Fig. 

3(c)). For instance, the TI in Ref. 24 achieves topological edge protection across a 

bandwidth of 0.27GHz while operating around 4.485GHz, leading to a fractional 

bandwidth of ~ 6%. Similarly, in Ref. 61, topological protection is demonstrated over 
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<0.3GHz while operating around a center frequency of 7.75GHz, thereby leading to a 

fractional bandwidth of ~ 3.8%. Finally, in Ref. 38, the acoustic Floquet TI proposed 

achieves topological protection over ~0.5KHz while operating around a center frequency 

of ~22KHz, thereby leading to a fractional bandwidth of ~ 2.2%. On the other hand, our 

experiment demonstrates wideband topological protection, ranging from DC to 1GHz, with 

a fractional bandwidth of 200%. Interestingly, the upper frequency limit is only determined 

by the specific switching technology at hand, and it may be further extended using different 

CMOS platforms. 

Robustness to Defects and Lattice Disorder: A topological edge mode in a non-

reciprocal Floquet TI is immune to lattice disorder and defects, since the absence of 

backward edge and bulk modes ensures no reflections and no scattering. In our 

experiments, this topological robustness is confirmed by artificially inducing a drastic 

defect, i.e., turning OFF one of the lattice nodes along the edge, as shown in Fig. 5(a). In 

contrast to the topologically trivial lattice, the signal propagation in our Floquet TI is 

unaffected even in the absence of one of the nodes due the topological nature of the lattice. 

As noticed through the field distributions, the signal travels around the defect (signal path 

in Fig. 5(a)), thus preserving the anomalous topological phase and isolation across the bulk. 

Transmission across the defect results in a longer transmission path, as evidenced by the 

increase in group delay shown in Fig. 5(b).  

Reflection-less Domain Walls with Arbitrary Shape: In addition to robustness against 

defects, our reconfigurable Floquet TI can also create reflection-less tailored domain walls 

of arbitrary shape, thus providing significant control over wave propagation and 
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multiplexing opportunities. For instance, Fig. 5(c) shows a tailored domain-wall boundary 

created between any two points, with arbitrary shape, by reversing the propagation 

direction of the elements on one side of the boundary. The signal propagates robustly along 

the domain wall without penetrating into the bulk on either side. 

5G Wireless Full-Duplex Phased Array Applications: The wide bandwidth, 

reconfigurable signal routing, non-reciprocal isolation, wideband nanosecond-scale delays, 

and robustness to defects offered by our Floquet TI platform, along with its implementation 

in a CMOS chip, open a plethora of real-world applications in wireless communications, 

radar, and quantum information processing.  

Full-duplex wireless is an emerging wireless communication paradigm in which the 

transmitter and receiver operate at the same time and at the same frequency, thus doubling 

the network capacity compared to conventional time-division and frequency-division 

duplex wireless62-64. In order to combat the inherently-large self-interference from the 

transmitter to the receiver, non-reciprocal circulators52,56,65-66, RF/analog cancellers64 and 

digital cancellers62 have been investigated. In this context, combining full-duplex operation 

with multi-antenna technology, such as phased arrays67 and MIMO transceivers68, can 

exploit their combined benefits, but the self-interference is enhanced to the order of O(M2), 

where M is the number of antennas68. The properties of our CMOS Floquet TI are ideally 

suited to address this challenge and support a multi-antenna interface for full-duplex 

phased-array transceivers, enabling phased-array beamforming for the transmitter and 

receiver arrays while maintaining large isolation between the two. A full-duplex phased-

array experiment involving our CMOS TI is shown in Fig. 6(a), where 4 transmitters, 
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receivers and patch antennas operating at 730MHz are interfaced with the Floquet TI 

modulated at 500MHz. By programming the clock delays within each lattice element, 

programmable delays of 2fm/8-9fm/8, or entire 360o phase shifting at frequencies > fm, are 

introduced between each transmitter/receiver and its antenna, allowing for complete, 

simultaneous and independent transmitter/receiver beamforming. The TI at the same time 

ensures isolation between every transmitter-receiver pair. Measured phased-array beam 

patterns for the transmitter and receiver arrays are shown in Fig. 6(b) for normal, +45o and 

-45o steering. With the transmitter and receiver arrays configured for +45o and 0o steering, 

respectively, the overall array isolation measured from the transmitter power splitter input 

to the receiver power combiner output (calibrating out the losses of the splitter and 

combiner) is +44.1dB (see Fig. 6(c)), enabling the simultaneous reception of a +10dBm 

continuous-wave signal transmitted from a dipole antenna 6m away with ~0dB signal-to-

interference/noise-ratio (SINR). When compared with state-of-the-art multi-antenna full-

duplex systems67,68, which achieve ~15dB TX-to-RX isolation at the antenna interface, our 

prototype achieves up to 30dB higher isolation, thereby greatly relaxing the dynamic-range 

requirements of the subsequent receiver. Introducing additional 50dB of self-interference 

cancellation using conventional RF/analog and digital techniques can enable 600m link 

range at 10dB SINR assuming traditional Friis transmission path loss, thus showcasing the 

powerful impact of our CMOS TI as a programmable multi-antenna interface for full-

duplex phased-array wireless systems. 

Ultra-wideband True-Time-Delay Beamforming for Impulse Radar: Ultra-wideband 

(UWB) impulse radars operating over bandwidths spanning DC to GHz frequencies find 
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application in indoor object detection, positioning and tracking due to their benefits of high 

precision, and penetration through large objects and walls69,70. Beam-steering across 

multiple antennas over such wide bandwidths requires wideband, true-time delays (TTDs), 

but the nanosecond-scale delays required by these radar systems for beam steering 

functionality have been beyond reach in IC implementations, due their large form factor 

and high insertion loss70. Again, our dispersion-free CMOS Floquet TI offers unique 

features in terms of reconfigurable signal routing with programmable wideband 

nanosecond-scale delays, ideally suited to support TTD beamforming across multiple 

antennas and transmitters/receivers, as shown in Fig. 7(a) for a system with 8 elements. 

Each antenna-receiver pair consists of two circulator elements in the signal path, where 

one element is operated in clockwise/counter-clockwise mode and can offer its entire delay 

coverage ranging from Tm/8 – 7Tm/8, while the other element is operated in a hybrid 

configuration, i.e., 𝑇1 → 𝑇3 → 𝑇2 → 𝑇4 , and is shared across two antenna-receive pairs, 

resulting in delays ranging from Tm/8 – 3Tm/8 for each pair. Therefore, a modulation 

frequency of 500MHz leads to a programmable delay in each antenna-receiver pair ranging 

from 500ps to 2.5 ns with a -3dB bandwidth of 1.25GHz.  

It should be noted that the quasi-electrostatic wave propagation supported by our Floquet 

TI operates well beyond the delay-bandwidth product trade-off of conventional linear time-

invariant electromagnetic structures53, and it surpasses this bound by virtue of its time-

varying features. For example, as we show in Supplementary Fig. 4 (c-e), if the time 

modulation (represented by phase delay 𝜙) for the elements in the bulk are fixed, while 

phase delay 𝜙’ at the boundaries are varied from 𝜙 to 2 𝜙 and to 10 𝜙, the topological 
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edge states wind in the bandgap with a different slope, while the overall bandwidth of the 

topological bandgap stays the same, and thus the delay-bandwidth (DBW) product 

increases proportionally with the winding number of the topological edge states. This is 

remarkably different from conventional photonic TIs, which experience a drastic trade-off 

between the bandgap opening and the achievable delay sustained by edge states. In our 

platform, the maximum delay imparted by a single unit cell is approximately equal to the 

clocking time period (
𝑁−1

𝑁
𝑇𝑠~𝑇𝑠 for large 𝑁) and the signal bandwidth is proportional to 

the number of parallel layers (𝑁) times the clocking frequency (𝑓𝑠) (-3 dB bandwidth ~ 

0.375𝑁𝑓𝑠). This leads to a DBW product that is proportional to the number of parallel 

layers (𝑁) in the unit cell (DBW ~ 0.375×(N-1)). Implementing a device with a larger 

number of parallel layers increases the delay-bandwidth product, and largely overcomes 

the delay-bandwidth trade-off conventionally seen in time-invariant electromagnetic 

structures53 and in all previous photonic TI demonstrations. For reference, the unit cells of 

our lattice are implemented using 8 parallel paths, imparting a maximum delay of 1.75ns 

with a -3dB bandwidth of 1.4GHz. Therefore, our experimentally demonstrated delay-

bandwidth product is 2.45, which is close to the theoretical delay-bandwidth product of an 

8-path unit element (theoretical DBW = 0.375×7 = 2.62).  

True-time-delay systems are typically characterized using two metrics, (i) the delay-

bandwidth-miniaturization-factor product, and (ii) the noise figure, to evaluate noise 

performance. Passive delays based on transmission lines or miniaturized LC delays71,72 

exhibit low delay-bandwidth-miniaturization product, since they are limited by the DBW 

trade-off of linear time-invariant systems and tend to be large in size, while delay elements 



 23 

based on active current/voltage-biased transistors73 suffer from poor noise and linearity 

performance. Our Floquet TI lattice, in contrast, exhibits a delay-bandwidth-

miniaturization product that is several orders of magnitude larger than passive 

implementations, and lower noise figure when compared with active implementations. For 

instance, prior passive true-time-delay proposals that rely on quasi-distributed LC 

networks in Ref. 71 (Ref. 72) can impart a maximum delay of 400ps (180ps) across a -3dB 

bandwidth of 13GHz (7.6GHz) while occupying an chip area of 2.5mm2 (1mm2) , i.e., a 

miniaturization factor (λcenter
2/Area) of 4×102 (2×103), thereby resulting in a delay-

bandwidth-miniaturization-factor product of 2×103 (2.7×103). In comparison, our 

prototype can impart a maximum delay of 2.5ns over a -3dB bandwidth of 1.25GHz while 

occupying a chip area of 1.5mm2 per channel (i.e., miniaturization factor of 2.4×105), 

resulting in a delay-bandwidth-miniaturization-factor product of 7.5×105, which is 102-

103× higher when compared with prior passive proposals. On the other hand, the prior 

active delay implementation in Ref. 73 can also achieve a comparable delay-bandwidth-

miniaturization-factor product, but it exhibits a large noise figure of 17.5-23dB. In 

comparison, our prototype achieves a noise figure of 6-9dB which is up to 12dB or 15.8× 

lower, thereby significantly advancing the state of the art in true-time-delay system 

performance. 

Fig. 7(b) shows a time domain simulation obtained using the measured scattering 

parameters of our Floquet TI for a 1×8 antenna array with a free-space path distance of 

12cm between two consecutive antennas. Here, a UWB mono-pulse radar signal69 with a 

carrier frequency of 730MHz and a -3dB bandwidth of 830MHz is time-shifted and 
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incident on the antenna ports to emulate a -40o angle of arrival. The Floquet TI compensates 

for the delay-difference between the antennas and enables constructive summation across 

all the receiver ports, as shown in Fig. 7(b). In the presence of a defect, which is artificially 

induced by turning off switches in the 5th beamforming path (ANT5 – RX5), the signal 

travels around the defect due to the topological robustness, thereby preserving signal 

propagation and beamforming capabilities. Figs. 7(a) and (b) also depict the transmission 

path and the output signals at the RX ports in the presence of a defect in the 5th 

beamforming path. Adjusting the delays in the unit cells enables achieving the desired 

delay despite the longer transmission path. A longer path can lead to higher transmission 

loss which can be easily compensated through amplitude/gain control, which is 

straightforward to implement in beamformers70. Through our programmable delays, the 

beam pattern of such a 1×8 UWB array can be steered from +40o to -40o, and the 

synthesized array gain patterns, sans the defect, based on measured scattering parameters 

for normal, +40o and -40o steering directions, are shown in Fig. 7(c).   

5. Conclusions 

In this paper, we presented the first experimental realization of a nonreciprocal photonic 

Floquet TI, and demonstrated its impact in practical 5G wireless system demonstrations. 

Our implementation overcomes two fundamental challenges of conventional photonic TIs: 

it is orders of magnitude broader bandwidth than any photonic TI implemented to date, and 

it fits within an extremely compact, deeply subwavelength, form factor, which overcomes 

challenges associated with distribution of the modulation signal and allows its integration 

into a CMOS chip.  
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The topological nature of our circuit has been theoretically verified by a generalization 

of Floquet network theory to arrays of four-port circulators. The quasi-electrostatic nature 

of our circuit results in deeply-subwavelength dimensions and in a dispersion-free bandgap 

extending from DC to GHz frequencies. Our integrated CMOS implementation of the 

Floquet TI leverages a novel interface modulation technique to realize an electrically-large 

Floquet TI with resilience to modulation clock phase deviations across the lattice. Our 

experiments validate the unidirectional topologically-robust properties of edge modes and 

other topological features of the lattice, such as robustness to defects and lattice 

imperfections. We further discussed the wide-range of reconfigurability available within 

the implemented Floquet TI, such as the ability to create artificial boundaries in the bulk 

by splitting it into two domains with opposite spins.  

These results open the door to numerous practical applications of reconfigurable TIs as 

reciprocal/non-reciprocal signal multiplexers for wireless communication systems, radar 

and quantum information processing systems. Two experiments were conducted to 

demonstrate the practical relevance of our Floquet TI as an inherently robust and highly 

reconfigurable antenna interface for 5G full-duplex phased-array wireless and ultra-

wideband impulse-radar beamforming applications. Similar operations can be envisioned 

to interface a multitude of qubits to excitation and readout circuitry in quantum computing 

applications.  

A related work was recently published in [ref], in which anomalous topological edge 

states were observed in a lattice of magnetic circulators, highlighting their superior 

robustness over Chern type edge states, consistent with the conclusions in our paper. We 
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stress that our paper describes a chip-scale implementation based on switched-capacitor 

circulators, which do not require a magnetic bias and achieve ultra-wide bandwidths, along 

with experimental demonstrations in emerging 5G applications, namely full-duplex phased 

arrays and ultra-wideband true-time-delay arrays for impulse radar. 

Methods 

CMOS Implementation. As mentioned earlier, our 45nm SOI CMOS dispersion-free 

photonic Floquet TI is implemented as a lattice of 4 × 4 helicoidally-rotating quasi-

electrostatic circulator unit cells. Each layer of the 4-port, 8-layered unit circulator consists 

of a 2.5pF shunt capacitor connected to 4 ports through 50µm/40nm transistor switches. 

The ON-resistance of these transistor switches is ~5.6Ω. The coupling inductors between 

the unit circulators are implemented on chip using 4-turn lumped inductors with stacked 

metal layers to achieve compact area and low resistive losses. The bulk nodes of our 

Floquet TI are connected to unity gain buffers whose outputs are multiplexed to a pad for 

measurement of the field distributions presented in Figs. 4 and 5. The clocking circuitry 

consists of pseudo-differential buffers to generate square-waves from the input 2GHz 

differential sinusoidal signals. These 2GHz square wave signals were divided by a factor 

of 4 and then fed to a non-overlapping clock-generator to generate the 8 phases of 500MHz, 

12.5% duty cycle non-overlapping clocks that drive the switches in the circulators.  

Discussion of Loss Effects. A critical parameter that governs practical applicability is the 

insertion loss. A single circulator element within the lattice exhibits a transmission loss of 

4-5.5dB to the next port, isolation of 15-20dB to the following port, and 25-35dB to the 

subsequent ports (Fig. 3(a)). Of this 4-4.5dB of loss, harmonic conversion loss contributes 
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~1-1.5dB and the remaining ~3-3.5dB arises from parasitic contributors. As the signal 

propagates through multiple elements, the parasitic contributions accumulate, while the 

contribution of harmonic conversion losses does not increase (see section 1B and section 

4 of the supplementary information). It should be noted that the parasitic loss of 3-3.5dB 

per unit cell can be reduced through the use of scaled CMOS technology nodes that offer 

transistors with reduced ON resistance and parasitic capacitance. In the limit, as the 

contribution of these parasitic losses becomes negligible, the loss from harmonic 

conversion is the only contributor, and it improves with the number of parallel layers N. 

Hence, ideally, a lattice of arbitrarily large size can be realized with low insertion loss of 

~1-1.5dB (corresponding to the harmonic conversion loss of a single element) as CMOS 

technology scales. 

5G Wireless Full-Duplex Phased Array Experiment. The measurement setup for the 

full-duplex phased-array experiment involving our CMOS TI is shown in Fig. 6(a), where 

4 transmitters, receivers and patch antennas operating at 730MHz are interfaced with the 

Floquet TI modulated at 500MHz.  The 4 transmitter ports are fed from a universal software 

radio peripheral (USRP) generating a +11dBm, 20MHz, OFDM-QPSK signal that is 

power-split 4 ways, resulting in +0.4dBm incident on each transmitter port (total power of 

+6.4dBm across 4 elements), while the 4 receiver ports are combined and monitored on a 

spectrum analyzer.  

 

Data Availability  
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Figures 

 

Figure 1: (a) Conceptual diagram and chip microphotograph of the 4×4 dispersion-free 

quasi-electrostatic Floquet TI implemented in a 45nm SOI CMOS process. (b) Circuit and 

timing diagram, (c) simulated scattering parameters, and (d) time-domain operation of a 

4-port, 8-layer synthetically-helicoidally-rotating quasi-electrostatic circulator modulated 

at fm=500MHz with shunt capacitors C=2.5pF and matching inductors L=2.5nH at the 

ports, exhibiting low-loss transmission and high isolation across a wide bandwidth.  
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Figure 2: Floquet TI based on resonator-free network: (a) schematic relation between 

the scattering processes of a 4-port scatterer and those of 2-port scatterers, and (b) band 

structure of a supercell network formed by the four-port circulators, which consists of 10 

unit cells in the y direction. Bloch periodic boundaries are applied in the x direction. Red 

lines represent the flat bulk bands, and blues lines represent the topological edge states 

which are continuously extended in frequency. (c) Transmittance spectra of the bulk, which 

are calculated from the data taken at sites next to the edges, indicated by the dashed red 

lines in the left panel of (d). (d,e) Normalized field distribution of a finite network consisting 

of 10 × 10 elements when the input port is placed at (d) the left bottom site, and (e) the 

right top site. Continuous boundary conditions are applied at the upper and left edges of 

the lattice, and zero boundary conditions are applied at the bottom and right edges. 
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Figure 3: (a) Measured CW transmission, CCW isolation and CW group delay parameters 

at the edge nodes (from P1 to P8) when all the unit cells are configured for CW 

propagation. (b) Measured transmission at the bulk nodes which are one site away from 

the edge as marked using the red dashed line in the 4×4 lattice on the right . (c) Fractional 
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bandwidths of several prior time-invariant symmetry-protected electromagnetic TIs, time-

modulated acoustic TIs and our quasi-electrostatic chip-scale Floquet TI across their 

operating center frequency. 

 

 
Figure 4: (a) and (b) Measured field distributions in dB scale of the signal traveling 

through the lattice across a wide frequency range when traveling in-line with the lattice 

topology (CW direction, P16 to P8) and in opposite direction of the lattice topology (CCW 

direction, P8 to P16) 
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Figure 5: (a) Measured field distribution of the signal traveling along the edge mode in 

the presence of an artificially induced defect by turning OFF a unit cell along the edge. (b) 

Transmission group delays with and without the artificially induced defect, showing the 

longer path taken by the signal around the defect. (c) Measured field distributions of the 

signal traveling along the domain wall created by choosing different handedness for the 

unit cells on either side of the domain wall. 
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Figure 6: (a) Experimental setup and wireless demonstration of a 4-element 730MHz full-

duplex phased array where 4 transmitters, receivers and antennas are interfaced through 

our reconfigurable CMOS Floquet-TI IC.  (b) Transmitter and receiver beam-steering 

performance obtained by leveraging the programmable delays provided by the Floquet TI 

lattice. Each color depicts an array radiation pattern steered towards a different angle of 

transmission/reception, namely -45o (blue),0o (red) and 45o (green). (c) Measured desired 

signal and transmitter self-interference when the transmitter and receiver arrays are 

steered to +45o and 0o respectively. When transmitting a 20MHz, OFDM-QPSK signal with 

a total transmit power of +6.4dBm, we measured an array self-interference suppression of 
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+44.1dB, enabling the simultaneous reception of a +10dBm continuous-wave signal 

transmitted from a dipole antenna 6m away with ~0dB SINR.  

 

Figure 7: (a) Configuration diagram of the Floquet TI lattice when programmed for 

wideband, true-time delay beamforming between 8 receiver ports and 8 antenna ports 

connected to a 1×8 antenna array. Green and yellow paths depict the signal paths with 

and without a defect which is artificially induced by turning off the switches in the 5th 

beamforming path. (b) Time domain simulation for an 8-element array with antenna 

spacing of 12cm using measured scattering parameters of the Floquet TI. Time-shifted 
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Gaussian mono-pulse waveforms with a carrier frequency of 730MHz and a -3dB 

bandwidth of 860MHz are incident at the antenna ports to emulate an excitation at -40o 

angle of arrival. In presence of an artificially induced defect, the signal travels around it, 

preserving the signal propagation and beamforming capabilities. Adjusting the delays in 

the unit cells enables achieving the desired delay despite the longer transmission path. A 

longer path can lead to higher transmission loss which can be easily compensated through 

amplitude/gain control, which is straightforward to implement in beamformers. (c) 

Synthesized wideband beam patterns provided by the Floquet TI (sans the defect) when the 

programmable delays are configured for normal, +40o and -40o steering. 


