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Abstract: Matching circuits for waveguide-nanoantenna connections are 
difficult to implement. However, if the waveguide permits only one-way 
propagation, the matching issue disappears since back-reflections cannot 
take place; the feed signal is converted to radiation at high efficiency. 
Hence, a terminated one-way waveguide may serve as an assembly 
consisting of a waveguide, a matching mechanism, and an antenna. Since 
one-way structures are inherently non-reciprocal, this antenna possesses 
different transmit and receive patterns. We test and demonstrate this concept 
on a recently suggested new class of one-way plasmonic waveguides and 
present an additional significant dynamic beam scanning functionality. 
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1. Introduction 

Antenna theory in the radio-frequency (RF) regime is a well-established discipline, whose 
overwhelming practical success can be attributed mainly to its conceptually modular nature. A 
RF signal is generated by an oscillator, and transferred by a waveguide to an antenna whose 
remote location is determined by system considerations. The waveguide is connected to the 
antenna via a feeding mechanism or matching circuit whose role is to eliminate back 
reflections if the waveguide and the antenna impedances mismatch. Directivity and gain are 
used to determine the radiated signal intensity, spatial properties and beam quality. Since most 
RF antennas are reciprocal, reciprocity theorem establishes symmetry between the antenna 
properties at transmit (Tx) and receive (Rx) modes. 

An effort is devoted recently to the emerging field of nano-antennas designed to operate at 
optical or IR wavelengths. It is motivated by potential applications in diverse fields such as 
energy harvesting or concentration, local lighting/heating, sensing, wireless links, and more. 

Despite the advancement in nano-scale technologies, a mere down-scale of RF antennas is 
not feasible due to fabrication limitations of e.g., matching-circuits and the profound change 
of metal properties when the frequency is increased to the optical regime [1]. Hence, the 
modular nature of RF antennas cannot be directly applied. New modeling and scaling tools of 
antenna elements that take into account material dispersion were developed [2,3] and applied 
for various classical as well as novel antenna geometries [1]. Other efforts are based on ad hoc 
tuning of classical geometries (e.g., nano-dipoles, Yagi-Uda antennas, nano-dimers) achieved 
by various antenna loading strategies, or geometrical tuning [4–8]. Leaky wave antennas 
based on particle chains were considered too, both in regular [9] and chiral [10] geometries. 
Some works match antennas to a nearby source [11–16], looking essentially at Tx operation. 
Alternatively, matching in Rx operation in the sense of maximizing received field intensities 
at the antenna's gap is addressed in [17]. However, the vibrant functionality so commonly 
available in RF systems, i.e., source to antenna energy transport via matched guiding remains 
largely unexplored; in most works the antenna radiates right from the source location in Tx 
mode, or matched right to its gap or another close point in Rx mode. An exception is the work 
in [18] where a patch nano-antenna is matched to a plasmonic waveguide by designing their 
impedances to be equal. In [19,20] antenna and antenna array are fed by waveguides, but the 
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matching is not studied directly, although in [20] it can be inferred indirectly through the ratio 
between the emission and the waveguide input (which is lower than the figures we report 
below). Finally, good matching is reported in [21,22], however the antennas in these works 
are of several microns wide. 

Here we suggest a new concept for waveguide-nanoantenna assembly that, although not 
modular, encapsulates all the three important components in a matched and natural way. Thus 
it may offer a new kind of nanoantennas free from the difficulties discussed above. In our 
scheme, shown in Fig. 1, a terminated one-way plasmonic waveguide is the key component. 
Consider a guided mode that propagates, say, in the ẑ+ direction, in a conventional waveguide 
of finite length. Usually when it hits the termination most of its energy is reflected back into 
the waveguide. However, if it is a one-way waveguide these back reflections cannot take 
place so the guided mode is converted to radiation at high efficiency. This conversion takes 
place only in a limited region near the end that plays the role of a local antenna. Moreover, 
since one-way structures are inherently non-reciprocal, the antenna possesses opposite 
transmitting and receiving patterns, and a dynamic scanning functionality. 

2. One-way guiding structure as a matched waveguide-antenna assembly 

We use a recently suggested nano-scale one-way waveguide [23] as a demonstration platform. 
This waveguide is based on the interplay between two phenomena: the non-reciprocal optical 
Faraday (or cyclotron) rotation, and structural chirality. The former is obtained by exposing a 
sub-diffraction chain (SDC) of plasmonic particles to a longitudinal DC magnetic 
field 0 0 ˆB z=B . The latter is obtained by constructing the SDC with non-spherical particles 
(for mathematical convenience, we choose prolate ellipsoids whose polarizabilty is known 
analytically) arranged as a spiral. The two-type rotations interplay enhances the non-
reciprocity and leads to one-way guiding within a finite frequency band. The structure is 
shown in Fig. 1. Similar structures were fabricated in [24] for different applications. The 
system consists of N particles; the n -th is centered at nz nd= , and rotated by n θ∆ about 
the z axis. The chain is subject to an external magnetic field 0B . Under the discrete dipole 
approximation, the chain response is governed by [23] 

 1 [( ) ] ( )
N

inc
n n m n

m n
n m d−

≠

− − =∑α p A p E r   (1) 

where nα and np are the n -th particle polarizability and dipole moment response, 
respectively. We have n n n−=α T αT , where nT  is a transverse rotation matrix, α is the 
polarizability of the reference ellipsoid subject to the longitudinal magnetic field 0B , and 

( )z z′−A p  is the electric field at z due to a short dipole p at 'z . See [23] for details. 
This formulation provides initial parameter estimates. The CST software [25] is used next 

to search for one-way/matched antenna operation parameters around the initial estimates, and 
to compute exact full-wave solutions with realistic material parameters. 

In Tx the system is excited by a Quantum Emitter (QE) - a typical nano-scale light source. 
It is described by a spontaneous emission (SE) rate γ which can be divided into radiative and 
non-radiative parts, r nrγ γ γ= + , and for nanoantennas it is desired to maximize the quantum-
yield /rQ γ γ=  [26]. Due to modifications in its decay channels, the radiative part of γ  may 
be enhanced comparing to the rate in vacuum 0γ . It can be achieved by placing the QE near a 
nanoantenna. This has been demonstrated experimentally and numerically [12–16]. 
Furthermore, the SE enhancement ratio is 0 0/ /inP Pγ γ = , where inP is the extinct power on 
infinitesimal current dipole at the QE location *(1 / 2)Re{ · }inP = E J and 0P is the extinct power 
of the same dipole located in vacuum [26,27]. Therefore, in order to numerically model the 
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QE-antenna interaction and to estimate 0/γ γ and Q we use a classical Short Dipole (SD) in the 
location of the QE as shown in Fig. 1, defining the system port. 

 
Fig. 1. The matched nanoantenna. (a) A general view with a typical far-field pattern. The chain 
is excited by a quantum emitter modeled as a short dipole, generating a guided mode that 
propagates in the (allowed) ẑ+  direction. Back reflections at the remote end cannot take place, 
hence the mode is converted to radiation. This end is a matched local antenna. (b) The near E-
field. Energy is transmitted from the port to the remote end with minimal loss (4dB, due to 
material), and is emitted essentially from particles near the end. (Media 1 0.5Mb) (c) Due to the 
one-way property, if the port is located on the other end the chain excitation is marginal and the 
radiation is directly from the port. (d) Normalized fields at the center of each particle in Figs. 
1(b-c). Dashed [solid] lines– corresponds to Fig. 1(b) [1(c)], source at 0z =  ( 103z d= ). 

We discuss now traditional parameters used to characterize antenna performance, and 
relate them to the quantities above. A classical measure of the feeding quality, i.e. the 
matching between the system port and the antenna radiating elements (in the other end of 
chain), is 11Γ  - the reflection coefficient. It is defined as the ratio between the chain modes that 
propagate in the ẑ+ and ẑ− directions. It can be obtained by applying a discrete Fourier 
transform (DFT) on the chain dipole moments r

n n n=p T p near the port region and computing 
the ratio between the spectral components that correspond to ẑ−  and ẑ+  propagations ( nT  is 
present to eliminate spurious side-lobes at θ±∆  due to the structure rotation). Low 11Γ  
indicates good matching, but may also indicate that much of the energy injected to the chain is 
absorbed by loss. Hence, one may look at the transmission coefficient 12Γ : the ratio between 
the ẑ+ propagating waves near the chain end and near the port. For our case, a good antenna 
system is characterized by 11| | 1Γ  and 12| | 1Γ ≈ . 

In Tx mode, the antenna gain in the direction r̂ , ˆ( )TG r , is 

 , 0ˆ ˆ ˆ( ) ( ) / max ( ), with 4 /FF FF
T sdFS T rG r S r S r dGθ φ πγ γ= =Ω∫         (2) 

where ˆ( )FFS r  and ˆ( )FF
sdFSS r  are the far-field Poynting vector radiated by our antenna and by 

our SD port in free space respectively, both with the same current. Assuming that in free 
space the QE is approximately isotropic – the second equality in Eq. (2) is valid. Hence, the 
gain includes also a measure of the matching between the QE and our antenna assembly. 
Finally, the antenna radiation efficiency is given by 

 / ( ) /FF FF Abs rP P P Qγ γ= + = =   (3) 

where ,FF AbsP P are the power that gets to the far field, and the power absorbed by the antenna 
material loss, respectively. In Rx the system is excited by an incident plane wave that 
illuminates the entire assembly - the optical signal that the antenna should receive. The current 
excited in the system port J  is the “received signal”. The antenna gain is then given by 
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 22ˆ) /(R sdFSG r = J J   (4) 

with sdFSJ - the response of identical SD under the same incident field - located in free space. 

3. Numerical study and conclusions 

We turn now to demonstrate the antenna operation of this structure, using the entities defined 
above. We concentrate in the one-way lower band [23]. The chain consists of 103 ellipsoidal 
particles with semi-axis 10xa = nm, / 2y z xaa a= =  and 11d = nm. The rotation step 

is 60θ °∆ = . Material parameters correspond to Ag, with 2 2150pω π= THz, and loss rate of 
1 4.3τ − = THz [9]. A 20 nm dipole emulates the QE (see Fig. 1(a)). The magnetic field 

corresponds to 0 / 0.04 0.05e e b pmq B ω ω≡ = −− . Due to the particles quasistatic plasmonic 
resonance, the magnetic response remains significant despite losses [28]. With these 
parameters, one-way guiding in the ẑ+  direction is created at a finite bandwidth of about 
29THz around the frequency 780 790f = − THz. We have excited the chain in the Tx mode 
and solved for the chain response using CST [25]. Typical responses that show the one-way 
property and near fields at 791THz with / 0.04b pω ω =  are shown in Fig. 1(b)-1(d) (Media 1). 

Figure 2(a) shows the spatial DFT of r
np  over 25 particles near the port. Negative (positive) 

dβ corresponds to propagation in the positive (negative) z-direction. When 0 0B =  ( 0bω = , 
one-way is turned off) the spectrum peaks indicate guided mode to guided mode strong back 
reflection, and material loss of about −7.7dB per roundtrip. The peak locations are 
symmetrical around the origin, and correspond to the guided mode roots of the chain 
determinant [23] when no magnetic field is present. When 0.05b pω ω=  (one way turned on), 
the peaks shift to non-symmetrical locations. The left (right) peak correspond exactly to the 
root of the one-way chain determinant [23], representing ẑ+  ( ẑ− ) propagating guided 
(radiation) mode (the group and phase velocities are in opposite signs [23]). The back 
reflection peak is reduced considerably since the back reflected mode is a radiation mode that 
loses its energy very fast; it radiates to the free space. 11Γ , given as the ratio between the 
backward and forward peaks, is shown in Fig. 2(b). The antenna is well matched over the 
entire one-way regime. The transmission coefficient 12Γ that measures the material loss along 
the chain is computed similarly by using the ratio between the peaks at negative dβ in the 
DFT near the port and near the remote end. Note that it is nearly flat about −4dB, consistent 
with the loss estimated from Fig. 1(b) and from the 0bω = curve in Fig. 2(a). 

Figure 2(c) shows the radiation efficiency  given in Eq. (3) for the entire assembly 
including the unavoidable insertion loss of the waveguide. More specifically,  is calculated 
in 3 steps. First, the total far-field power is calculated by surface integrating pointing's vector 
on the solution's air-box boundary. The absorbed power in the structure is calculated by 
volume integration of *Re{ · }E J . Summing up these two, we obtain the total power provided 
by the lumped source. Finally, the radiation efficiency is obtained by (Radiated power)/(Total 
injected power). Note that although the total efficiency of the system is about −4.4dB (37%), 
the matching plus antenna efficiency is quite high and flat −4.4-(−3.5) = −0.9dB (81%) in the 
entire one-way band. It should be emphasized that the −3.5dB component is only due to 
propagation in the waveguide and is in principle inherent to any waveguide-fed antenna. The 
antenna gain in both Tx and Rx modes are shown in Fig. 3(a) with the one-way property, and 
in Fig. 3(b) without it. In the former the gain and beam quality are high, and in the latter they 
reduce considerably. Additional interesting observations can be made. Since the structure is 
non-reciprocal, the Tx and Rx gain curves in Fig. 3(a) point at opposite directions; the antenna 
transmits at angle Tθ , and receives from 180R Tθ θ°= − . This is a result of the longitudinal 
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phase-matching required between the chain modes and the free-space waves in Tx and Rx, 
and the asymmetric spectrum of the structure (corresponding to the asymmetric locations of 
the roots of the one-way chain determinant [23]). If the one-way property is turned off, the 
system becomes reciprocal hence Rx and Tx gain curves are identical as seen in Fig. 3(b). 

 
Fig. 2. Antenna matching in Tx. (a) A DFT of the chain response. (b) reflection (transmission) 
coefficient - solid lines (dashed lines) vs. frequency for two levels of magnetization. (c) 
Radiation efficiency of the entire structure. 

With the present parameters, chain length is 3λ≈ ; the observed multi-lobe low gain is 
typical to long wire radiation and is due to the chain length and the fact that for conventional 
(two-way) chain the reflection magnitude at the chain terminations is nearly a unity [29]. The 
fact that with the one-way property the beam is collimated and possesses high gain is due to 
the near perfect matching and due to the coherent radiation mode from the vicinity of the 
chain end. This is seen in E-field plot of Fig. 1(b) (Media 1). Essentially, only a section of 

30≈  particles ( 1λ≈ ) at the chain end radiates to the free space, and can be considered as a 
“local antenna”. As a direct result, we have observed that the gain does not change when the 
chain length is increased. Finally we note that the bias magnetic field can be varied widely 
without deteriorating the one-way property, but with considerable change of the radiation 
mode complex wave-number. Hence, our system possesses a dynamic beam scanning. A 
change of 0B by 20± % causes a 60° variation of Tx and Rx directions, as shown in Fig. 4. 

  
Fig. 3. Antenna Tx and Rx gain in the plane. (a) One way is on. (b) One way is off. The beam 
is conical; hence gain in plane is the same. 

 
Fig. 4. Dynamic control of the optical beam by the bias magnetic field. (a) Tx gain. (b) Rx 
gain. 
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We conclude our discussion by commenting that the concepts presented here may be 
applied to any one-way guiding scheme, e.g., [30–32] leading to potentially perfect matching 
of nanoantennas to feeding and guiding systems. 
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