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Abstract
Planar periodic surface lattice (PSL) structures based on thin, subwavelength substrates have been studied experimentally 
and numerically. Coupled eigenmode resonances composed of partial volume and surface modes are observed for PSLs 
with lattice periodicities of 1.50 mm and 1.62 mm etched onto thin copper-backed, substrates. We show that the cop-
per backing is essential for mode-selection in a multi-moded structure and demonstrate good agreement between the 
experimental results and coupled dispersion plots calculated using CST Microwave Studio. For the first time, evidence 
of a coupled eigenmode in a metadielectric PSL is presented. It is shown that metadielectric PSLs can support coupled 
resonances over a narrow bandwidth and are relevant to the innovation of tunable filters, absorbers and sources. Con-
cepts discussed in this work are valid across the frequency spectrum from optical to THz and mm-wave frequencies 
and are fundamental to the innovation of novel mm-wave–THz sources as well as highly efficient solar cells, diagnostic 
instruments and antennae.
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1  Introduction

Efficient, high power millimetre and terahertz radiation 
sources are highly sought after for their diverse and far-
reaching applications in optics, imaging [1–3] and secu-
rity [4], communications [4–6] medical technology, par-
ticle acceleration [7, 8] spectroscopy [9–11] and scientific 
research [12–15]. Traditionally, sources were scaled accord-
ing to their output frequency, requiring smaller interaction 
regions and consequently diminished power capabilities, 
at shorter wavelengths. One method of overcoming this 
challenge is through the use of two-dimensional periodic 
surface lattice (PSL) structures, which have been success-
fully incorporated into high power microwave sources 
for a number of years [15–19] and enable mode rarefac-
tion in a multi-moded structure. Higher output powers at 
mm-wave and THz frequencies, are achieved by coupling 

volume and surface modes to enable mode selection in 
an oversized cavity, providing single-mode excitation at 
high frequencies without compromising the power out-
put [20, 21]. In the present work, PSLs of planar geom-
etry (as opposed to cylindrical PSLs that are compatible 
with an electron beam) are discussed. The planar periodic, 
resonant surfaces mounted on metal-backed substrates 
accommodate both volume and surface fields and facili-
tate inductive field coupling. This work explores the funda-
mental volume and surface field coupling and determines 
the necessary criteria and optimum conditions for cou-
pled eigenmode formation to better control the transverse 
modes and enable interaction with an electron beam in 
an oversized cylindrical interaction space. Mathematically, 
conversion between the cylindrical and planar systems can 
be achieved via conformal mapping.
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One of the most desirable qualities of the PSL structures 
is their scalability and applicability over a broad frequency 
range from microwave to infrared. The concepts and 
mode-coupling principle described in this work are appli-
cable to the development of mm-wave and THz radiation 
sources based on a range of different gain media such as 
vacuum electronic and condensed matter media. In addi-
tion to applications in sources, there are several potential 
applications in mm-wave and THz diagnostics [22], anten-
nae [23], subwavelength absorbers [24, 25], filters [26–28] 
and solar cells [29]. Successful 3D printing of cylindrical 
mm-wave PSLs [30] and metamaterial microwave struc-
tures [31] have been reported by Phipps et al. and French 
and Shiffler respectively. Here, planar PSLs mounted on 
thin substrates have been fabricated via chemical etch-
ing. Laser etching has also been employed to produce a 
shorter period metamaterial PSL with a similar substrate.

In this paper we report the results of original experi-
mental measurements and numerical simulations and 
demonstrate agreement between the experiments and 
the numerical simulations showing coupling of volume 
and surface fields. Interesting results have been obtained 
through extensive experimental measurements of a set 
of structures with different physical characteristics and 
mounted on thinner substrates than considered in [32, 33]. 
These novel PSL structures etched upon thin substrates 
have the capability to facilitate stronger coupling of vol-
ume and surface fields than structures studied in earlier 
work, and we show resonant coupled eigenmode forma-
tion at different frequencies to before. Additionally, we 
show that the fundamental mode coupling technique is 
relevant also to metadielectric periodic surface structures 
which have numerous potential applications and can also 
be ‘tailored for purpose’. In this metamaterial regime, the 
lattice period is small in comparison to the wavelength 
(dz ≪ 𝜆) unlike all the structures studied in [32, 33] where 
the lattice period and wavelength are comparable (dz ∼ �) . 
The distinctive high –Q resonances observed in the meta-
material structure behave differently to those measured 
in other PSL structures and have possible applications in 
tunable mm-wave and THz sources and filters.

1.1 � Resonant coupling in PSL structures

When the PSLs are irradiated by a suitable source, a surface 
current is induced around the copper edges and scattered 
into a surface field. Inductive coupling, involving mutual 
resonant scattering of the PSL’s surface and volume fields, 
can occur when the lattice is adequately synchronised and 
if the Bragg resonance conditions 
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 are the longitudinal wavenumbers of the vol-
ume and surface fields) are satisfied. The surface current 
synchronises adjoining cells, and excites a Fabry–Perot 
standing wave inside the substrate, due to the PSL and 
copper backing acting as reflectors, which provides over-
all lattice synchronisation. In cylindrical structures, an azi-
muthally symmetric and close to cut-off TM0,N mode with 
a uniform field distribution is required for lattice synchro-
nisation and coupling with a HEm̄,1 surface field where m̄ is 
the number of lattice azimuthal variations. However, for 
the planar PSLs, the individual volume and surface fields 
that constitute the cavity eigenmode depend on the spe-
cific lattice parameters and substrate thickness. For both 
geometries, the PSL structures behave as gain media only 
when coupled with a suitable source of energy, such as an 
energetic electron beam.

2 � Experimental method

For convenience, and to demonstrate the fundamental 
‘proof of principle’ coupling, a commercial epoxy fiberglass 
(FR-4) was used as the dielectric substrate. PSL structures 
were fabricated by etching copper-clad FR-4 circuit boards 
of thickness, t = 0.410 ± 0.005 mm. For some of the struc-
tures the copper cladding was entirely dissolved on one 
side, leaving only the PSL and dielectric, while in others 
the thin layer of copper foil was left as a metal backing 
behind the PSL and dielectric. For all the PSL structures 
the corrugation depth Δh is much smaller than the oper-
ating wavelength (Δh ≪ 𝜆 ) fulfilling the metamaterial 
criterion in the incident plane. A photograph of a copper 
PSL, with Δh = 35 μm and period dz = 1.50mm , etched 
onto a t = 0.41 mm thickness, copper-backed, FR–4 sub-
strate is provided in Fig. 1. The relative permittivity �r of 

Fig. 1   Schematic showing experimental set-up and photograph of 
a PSL mounted on a thin, copper-backed substrate. Under certain 
conditions copper PSLs can facilitate inductive coupling of volume 
and surface modes
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FR-4 varies depending on the samples’ exact composition. 
A value of �r = 5.69 (at 140–220 GHz) was established 
using a Vector Network Analyser to measure the phase 
difference between the substrates and free space. Taking 
into account the calculated �r , total internal reflection is 
expected at incident angles 𝜃i > 25°.

The PSL structures were studied through the use of an 
Anritsu ‘Vector Star’ Vector Network Analyser (VNA), cali-
brated to operate with a pair of mm-wave OML modules 
attached to 140–220 GHz standard gain antennae. The 
modules were fixed on rotating arms upon a large protrac-
tor with the PSL secured at the axis of rotation. The trans-
mitting and receiving antennae were carefully aligned to 
maintain equal angles of incidence and reflection (�i = �r) 
and positioned at an optimum distance within the far field, 
to irradiate as much of the PSL as possible whilst minimis-
ing diffractive edge effects. The parameter S21 is meas-
ured by the VNA, as a function of frequency from 140 to 
220 GHz. In conventional VNA terminology S21 is the ‘inser-
tion loss’ incurred in the signal transmission from the trans-
mitting antenna (port1) to the receiving antenna (port 
2). The transmission path between the two VNA heads 
depends crucially upon a reflection from the planar 2D PSL 
located between the transmitting antenna and the receiv-
ing antenna, as shown in Fig. 1. The insertion loss in this 
transmission path is therefore directly dependent upon 
the magnitude of the reflection from the planar 2D PSL. 
The parameter plotted on the vertical axis in Figs. 2, 3, and 
5 is normalized and is labelled as the reflected power in 
dB that is reflected from the planar 2D PSL structures. The 
normalization sets the baseline for these reflected power 
graphs at zero for the non-resonant reflected power. The 
dips, or minima. in these curves then indicate resonances 
that are the subject of this paper.

3 � Experimental results

3.1 � PSL structures without metal backings

Reflection measurements for PSLs with periodicities of 
dz = 1.50mm , 1.64 mm and 1.94 mm, all etched upon 
thin, t = 0.41 mm substrates without copper backings, are 
presented in Fig. 2. Three distinct resonances are evident in 
each case. The highest frequency resonance (3) is the PSL’s 
surface mode as observed in equivalent ‘mesh’ PSLs [32]. 
The volume mode (resonance 1) is weakly defined without 
the copper backing, and prevalent at lower frequencies, 
while resonance 2 is suggestive of an eigenmode formed 
by the weak scattering of volume and surface modes due 
to field confinement and total internal reflection within 
the FR-4 dielectric. Despite the common substrate, all 
three resonances shift down the frequency band with 

increasing dz , demonstrating that the lattice periodicity 
influences both volume and surface modes.

3.2 � PSL structures with metal backings

The mode coupling and single eigenmode excitation, cen-
tral to the development of high power radiation sources at 
high frequencies, and relevant to antennae, diagnostic and 
also solar cell applications which rely on perfect absorp-
tion at optical frequencies, is observed only in structures 
with the copper backing. PSLs based on thin copper-
backed substrates support sharp resonances at certain 
frequencies, as shown in Fig. 3. Resonances presented in 
Fig. 3a, b behave in a similar manner to the established, 
mode-locked eigenmodes described by MacLachlan et al. 
[32, 33]. However, the present structures (based on thinner 
substrates) facilitate stronger coupling between volume 
and surface modes than those studied previously due to 
smaller dielectric losses and based on the assumption 
that the magnitude of the coupling coefficient � is related 
to the parameter Δh∕t . Although thinner substrates can 
accommodate higher frequency volume modes, this is 
somewhat offset by the significantly higher �r = 5.69 , 
compared with typical values of εr= 4.45–4.71 measured in 
thicker samples at the same frequency [32, 33]. The strong 
coupling associated with the t = 0.41 mm substrates low-
ers the frequencies at which the coupled eigenmodes are 
formed. Numerical calculations were performed to rule 
out any potential involvement of a ‘quasi’ TEM mode which 
might exist due to the perforated PSL boundary and thin 
substrate. A TEM type mode was found to be possible only 
at lower frequencies, ceasing to exist beyond 93 GHz.

Under optimum conditions mode-locking (where the 
resonant frequency is fixed for all �i ) is observed. How-
ever, in practice some shifting up in frequency (rather 
than down) can occur even when the volume and surface 
modes are strongly coupled. Figure 3a shows coupled 
resonances that shift upwards with angle, measured in a 
dz= 1.50 mm PSL, while Fig. 3b illustrates ‘mode-locking’ 
at 140 GHz in a dz= 1.62 mm PSL. In both cases Fig. 3a, b 
demonstrates the potential for well-defined (~ 50 dB) cav-
ity modes and single mode excitation in a multi-moded 
structure. Fabry–Perot resonances are evident towards the 
upper end of the frequency band for both the dz= 1.74 mm 
and dz= 1.94 mm PSL structures. The lower resonance of 
Fig. 3c—most prominent at small �i—resembles a poten-
tial eigenmode. Similarly, the ~ 3 dB resonance observed 
for the dz= 1.94 mm PSL in Fig. 3d lies at a fixed frequency 
(~ 158 GHz) in close proximity to the frequency of the PSL’s 
surface field, and likely represents a weakly coupled eigen-
mode. In this instance, the dz= 1.94 mm PSL structure is 
adversely affected by losses.
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4 � Numerical dispersion study

Experimental measurements are compared to numerical 
dispersions calculated using the Eigenmode Solver of 

CST Microwave Studio (MWS). Specifically, the Advanced 
Krylov Subspace (AKS) Eigenmode Solver was chosen 
and configured to compute eigenmodes over the full 
phase range from − 2π to 2π using the parameter sweep 

Fig. 2   Reflection measure-
ments for the a dz= 1.50 mm, 
b dz= 1.62 mm, c dz= 1.94 mm 
PSLs etched upon the 
t = 0.41 mm substrates (with-
out copper backing) at varying 
incident angles. The legend 
shows which traces corre-
spond to the different incident 
angles �i
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function. To reduce computation time, just one lattice 
cell was modelled, with periodic boundaries in the x 
and z directions in place of the lattice corrugation. This 
method considers only allowed eigenmodes within the 

structure and does not calculate for a given incident 
angle. However, the simulation results still provide a 
useful comparison for the ‘mode-locked’ experimental 
results which show less angular dependence than in 
the cases of weak coupling where multiple resonances 
are present. The frequencies of the coupled dispersions’ 
maxima and minima indicate the positions of possible 
cavity eigenmodes. Dispersion plots for the set of PSLs 
mounted on the thin copper backed substrates are char-
acterised by two branches, each formed by coupled 
volume and surface field dispersions, with flat profiles 
demonstrating the potential for mode-locking in a well 
synchronised PSL. As expected, the frequency positions 
of the upper (thin lines) and lower (bold lines) coupled 
dispersion branches vary depending on dz. The high-Q 
eigenmodes of Fig. 3a, b correlate to those predicted by 
the lower branches of the dz= 1.50 mm (bold red line) and 
dz= 1.62 mm (bold dashed green line) dispersions shown 
in Fig. 4, with some frequency deviation attributed to dif-
ferences between the experiment and numerical mod-
elling. The CST MWS solver does not consider losses or 
diffractive edge effects, and calculates for a structure 
irradiated at normal incidence. The resonance observed 
at 142.5 GHz at the lowest incident angle �i = 25◦(clos-
est to normal incidence) in Fig. 3c demonstrates excel-
lent agreement with the lower dispersion branch for the 
dz= 1.74 mm PSL (bold dot-dash blue line) which shows 
potential eigenmode formation at 142.1 GHz. However, 
in the experimental study, Fabry–Perot effects were det-
rimental to strong mode-coupling. The dz= 1.94 mm PSL’s 
lower branch (bold dotted purple line) exists below the 
measured frequency range, accounting for the absence 
of low frequency resonances in the experiment. Here, 
the weak resonance at 159 GHz instead corresponds to 
the upper dispersion branch (thin dotted purple line). 
Interestingly, the dz= 1.94 mm PSL’s upper dispersion 
branch appears out of phase compared with those for 
the other periodicities, indicating that the surface mode 
might be dominating over the volume mode, due to the 
thin substrate and larger period. It has therefore been 
shown that the structure’s parameters must be carefully 
chosen to achieve effective mode-coupling and eigen-
mode formation.

Experimental results, validated by numerical modelling, 
confirm that optimal coupling occurs when the thickness 
of the substrate t and lattice periodicity dz are within an 
ideal range. Above a certain thickness t, the substrate may 
become over-moded and dielecric losses can impede the 
coupling of the volume and surface modes [32]. How-
ever, coupling is also less effective when the substrate 
is too thin in relation to dz . Experimental results suggest 
that strong coupling is observed when there is between 
half and one and a half optical wavelengths within the 
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Fig. 3   Reflection measurements [34] for a dz = 1.50  mm, b 
dz = 1.62  mm, c dz = 1.74  mm, d dz = 1.94  mm PSLs etched upon 
t = 0.41  mm copper-backed substrates for varying �i . The legend 
shows which traces correspond to each incident angle
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dielectric, where �op ≅ dz∕n and n is the refractive index of 
the material, i.e. 0.5�op ≤ t ≤ 1.5�op , however other factors 
including the dielectric loss should be taken into account.

5 � Metamaterial periodic surface lattice

Up until this point in this work, the PSLs with shallow 
corrugations (Δh ≪ 𝜆s) have been likened to metama-
terials in the plane of incidence only, with the relatively 
large 

(

dz ∼ �
)

 transverse dimensions failing to satisfy 
the metamaterial criterion. Previously, a ~ 30 dB ‘mode-
locked’ eigenmode was documented at 370 GHz for a 
dz= 0.64  mm PSL mounted on a t = 0.41  mm copper-
backed substrate measured at 325–500 GHz [32]. In this 
present work, this same dz= 0.64 mm PSL is also studied 

at 140–220 GHz where dz < 𝜆 . The PSL, now closer to 
the true definition of a metamaterial, exhibits high-
Q (~ 40 dB) resonances at approximately half the fre-
quency and with significantly higher reflected powers 
than before [32]. Figure 5 illustrates an incremental rise 
in frequency with increasing �i ; a tendency reported in 
certain cases of volume and surface mode coupling, but 
not observed at 325–500 GHz [32]. Although not strictly 
‘mode-locked’, the coupled eigenmode resonances 
span a narrow (~ 178–187 GHz) bandwidth. This band-
width without compromising the reflected power, may 
be exploited in certain applications including tunable 
THz sources and absorbers. It has been shown that the 
EM properties of the structure are subtly modified as dz 
is decreased further towards the metamaterial regime, 
allowing the PSL structures discussed in this work to be 

Fig. 4   Numerical disper-
sion diagrams for the 
dz = 1.50 mm (red, solid line), 
dz = 1.62 mm (green, dashed 
line) dz = 1.74 mm (blue, dot-
dash line) and dz = 1.94 mm 
(purple, dotted line) PSLs 
with Δh = 35 µm mounted on 
t = 0.41 mm copper-backed, 
εr= 5.69 substrates and calcu-
lated using the Eigenmode 
Solver of CST MWS. Lower 
(thicker traces) and upper 
(thinner traces) coupled dis-
persion branches are observed 
for each structure with the 
maxima and minima of these 
branches corresponding to 
the frequencies of possible 
coupled eigenmodes
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individually ‘tailored for purpose’ by varying the lattice 
periodicity and dielectric thickness.

6 � Conclusions

In summary, we have shown the resonant coupling of 
volume and surface modes leading to the formation of 
well-defined coupled eigenmodes and demonstrating 
the principle of mode selection in multi-moded struc-
tures, with applications in novel radiation sources based 
on different gain media. It has been established that the 
structures’ parameters, in particular the lattice periodic-
ity and dielectric thickness, must be carefully chosen to 
achieve optimum coupling. Mode coupling was found 
to be most effective in the dz= 1.50 mm and dz= 1.62 mm 
PSL structures, while lower signal to noise ratios and 
Fabry–Perot resonances were prevalent in PSLs with 
larger periodicities. It was shown that, despite the thin 
substrates with the capability to facilitate enhanced cou-
pling, the copper backing was essential for single-mode 
excitation, and multiple resonances were observed for 
the structures based on PSLs and dielectric alone. The 
aim of this work was to demonstrate the fundamen-
tal ‘proof-of-principle’ coupling of volume and surface 
modes, but in practical applications a lower loss sub-
strate designed for use at mm-wave and THz frequen-
cies could increase the Q of the resonances. Experimen-
tal results have been validated by numerical dispersion 
calculations showing that the measured resonances cor-
respond to the frequency locations of expected coupled 
eigenmodes. An important result of this paper, is the 
realization of a high-Q, coupled eigenmode observed in 
a metamaterial PSL structure. This metamaterial eigen-
mode verifies the scalability and broad interest of this 
work and is especially relevant to applications requir-
ing tunable THz sources, filters, or absorbers due to the 
ability to tailor the frequency with angle. To conclude, 
the volume and surface mode-coupling demonstrated 
experimentally and numerically in this work is relevant 
to the generation of high power radiation at shorter 
wavelengths, and the development of highly efficient 
solar cells and mm-wave and THz antennae. Similar PSL 
structures with cylindrical geometry will be incorporated 
into future mm-wave source experiments at the Univer-
sity of Strathclyde.
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