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Abstract This work proposes an approach to enable e�cient coupling of evanescent waves below the cuto�
frequency of a standard rectangular waveguide (RWG) system based on ultrathin planar capacitive meta-
surfaces (CMSs). It is demonstrated that the CMS at the RWG's cross-section can couple the evanescent
wave from one port to the other, and thus enable an e�cient fre quency-selective transmission below the
cuto� frequency. Theoretical formulas, together with the e quivalent circuit, are presented to quantitatively
illustrate the operational mechanism of the proposed appro ach. The performance characteristics, including
out-of-band suppression, Q -factor, transmission loss, and coupling bandwidth, are st udied in a comprehensive
manner. Three CMS samples with di�erent surface impedance v alues are designed, fabricated, and measured.
The measurement results show good agreement with the numeri cal values, validating their highly e�cient
evanescent wave coupling performance characteristic at se lected frequencies below the cuto� frequency, with
approximately 100% transmission e�ciency. Bene�ting from the admirable low-frequency coupling perfor-
mance, this approach has potential applications in many min iaturized and high-performance transmission
components, such as compact evanescent wave resonators, �l ters, and antennas.

Keywords cuto� frequency, capacitive metasurface, evanescent wave , miniaturized components, rectangu-
lar waveguide
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1 Introduction

The rectangular waveguide (RWG) system is one of the most frequently used communication and mea-
surement systems in commercial and military products. As is well known, an important parameter of
the RWG system is the cuto� frequency of di�erent transmission modes. Below the cuto� frequency of
the lowest supported mode, i.e., TE10 mode, the evanescent wave dominates, with the magnitude of the
transmission power naturally and exponentially decaying with propagation distance [1]. Consequently,
to support e�cient transmission at lower frequency ranges, the RWG should be designed with a larger
dimension corresponding to the one-half wavelength. This inherentproperty limits the miniaturization
of the RWG-based components [2{ 4] such as resonators [2], �lters [ 3], and antennas [4].

A number of studies have focused on RWG-based radio-frequency(RF) component miniaturization,
which can be classi�ed into two methods. The �rst method is to construct hybrid propagation modes with
a real propagation constant (kp) at low frequencies in the RWG [5{ 10]. These hybrid modes are introduced
by longitudinally loading the additional structures in the RWG. As their operational frequencies are lower
than the cuto� frequency of the original RWG, the electric size is reduced. For instance, periodic split-
ring resonators (SRRs) [8], dipole-FSSs [9], and embedded impedance surfaces [10] were loaded along the
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waveguides to introduce new hybrid transmission modes, e.g., backward-traveling and quasi-TEM modes,
below the cuto� frequency of the original RWG. Moreover, the employment of " near-zero metamaterials
for energy squeezing and tunneling [11,12] can be considered as a particular case of this type of method,
where the mode with near-zerokp realized by �lling with the " near-zero metamaterials is demonstrated
to enable the power to e�ciently tunnel a narrow channel. As for th e rectangular waveguide, because
its equivalent " is near-zero around its cuto� frequency (determined by its transverse size), it can realize
energy squeezing and tunneling around the cuto� frequency with avery low pro�le [ 13]. The second
method is to utilize the evanescent wave coupling, where the RWG mode with an imaginary kp brings
reactance and interacts with the real-kp propagating waves [14]. This method has been applied in the
design of many RWG �lters, wherein a short section of small-sized RWG(propagating with an imaginary
kp) is connected between two large-sized RWGs (propagating with a real kp). Therefore, one can realize
the bandpass �lter by adjusting the evanescent wave coupling [14]. In addition, additional posts [15],
rectangular ring resonators [16], and ridges [17] can be loaded to make the conventional RWG �lters
electrically smaller.

While e�ective, these methods exhibit certain limitations. First, the p eriodic structures are inserted
longitudinally into the RWGs, which may increase their loss and cost proportionally with the propagation
distance [6]. Second, although two large RWGs can be connected at the two ends of the small RWG to
provide evanescent wave coupling, the propagating modes of the large ones are also above their cuto�
frequencies (real-kp) [14], where the electrical size of the entire transmission system may not be reduced.
Lastly, when the low-pro�le RWG is utilized as an " near-zero metamaterial, its transverse size should
still be scaled as large as one-half wavelength [13]. Consequently, it is desirable to directly interact with
the imaginary-kp evanescent wave below the cuto� frequency by integrating a simple, thin, and compact
structure, and thus achieve miniaturization of the RWG-based components in both longitudinal and
transverse directions.

In this paper, we propose an approach to realize e�cient evanescent wave coupling below the cuto�
frequency of the RWG by integrating a simple, ultrathin, and miniatur ized capacitive metasurface (CMS)
in the cross-section. It is interesting that the CMS frequency-selectively couples the evanescent wave below
the cuto� frequency from one port to the other and kp remains purely imaginary along the waveguide,
which exhibits a distinctly di�erent mechanism from previous studies [5{ 17]. More importantly, the
elaborately designed CMS can e�ciently re
ect the real-kp propagating modes to improve the out-of-
band suppression, as well as couple evanescent waves in a customized band to meet di�erent performance
requirements. Therefore, this approach demonstrates the advantages of electrically small size, uniform
�eld distribution, wideband out-of-band suppression, and low complexity, which enables great potential
toward a new class of high-performance RWG component designs.

This paper is organized as follows. First, the operational mechanismof the proposed method is theo-
retically studied in the wave-port-fed condition in Section 2. The formulas are derived from the equivalent
circuit to illustrate the attractive evanescent wave coupling below the cuto� frequency. The out-of-band
suppression,Q-factor, transmission loss, and coupling bandwidth performance are also studied. Then, in
Section 3, the design method of the thin single-layer CMSs is proposed, and three samples are fabricated
to validate this technique in the probe-fed waveguide system. Finally, a conclusion is drawn in Section 4.
The simulated results reported herein were obtained using ANSYS Electromagnetics Suite v. 19.2.

2 Working mechanism

2.1 Wave-port-fed RWG model

The proposed system is shown in Figure1(a). The WR-90 rectangular waveguide (h = 10.16 mm, w
= 22.86 mm) is chosen for the theoretical study. Two wave-ports that are perfectly matched with the
rectangular waveguide are employed as the feeding structures. As is known, owing to the advantages
of quasi two-dimensional arti�cial interface, metasurfaces have been extensively employed in di�erent
scenarios [18{ 20]. Here, a CMS with a surface impedanceZs (Ohm/Sq) is loaded in the cross-section
of the waveguide. The equivalent circuit of this system is shown in Figure 1(b). It comprises two
transmission lines (TLs) corresponding to the two segments of thewaveguide on the two sides of the
CMS, the unnormalized equivalent shunt impedance of the CMS (Zs (Ohm)), and the impedance of the
two wave-ports Z 0. The physical lengths of the two TLs arel1 and l2. The propagation constant ky and
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Figure 1 (Color online) Proposed RWG system: (a) the model and (b) its equivalent circuit.

characteristic impedanceZc of the two waveguide TLs can be calculated as follows:

ky =

s �
2� f

c

� 2

�
� �

w

� 2
; (1)

Zc = 2 � f � 0=ky ; (2)

where c and� 0 are the velocity of light and permeability in vacuum, respectively, while w and l are the
width and length of the waveguide section, respectively.

Because the system is fed by two perfectly matched wave-ports,the condition Z0 = Zc should be
satis�ed. Under this condition, the transmission coe�cient S21 and re
ection coe�cient S11 of this
system are derived from the transfer matrix of the system as follows [1]:

S21 =
2

(Zc=Zs + 2) e j ky ( l 1 + l 2 )
; (3)

S11 =
� Zc=Zs e� j ky ( l 1 � l 2 )

(Zc=Zs + 2) e j ky ( l 1 + l 2 )
: (4)

where j = ( � 1)1=2 is the imaginary number unit. Eq. (3) indicates that the transmission peak occurs
when Zc/ Zs + 2 = 0, i.e.,

Zs = � Zc=2: (5)

Here, we notice that below the cuto� frequencyfc = c/2 w, from (1) and (2), Zc is positive imaginary and
frequency-dependent, as shown in Figure2. Therefore, Eq. (5) indicates that only when the metasurface
is capacitive (Zs is negative imaginary) can it introduce a transmission peak at frequencies below the
cuto� frequency of the proposed system.

For validation, we calculate the transmission coe�cient when Zs = � j300/ � j250/ � j200 Ohm/Sq and
l1 = l2 = l = 20 mm. The calculation results from (3) with a frequency step of 0.01 GHz are shown
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Figure 2 (Color online) Imaginary and real parts of the characterist ic impedance of the RWG.
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Figure 3 (Color online) The S parameters when Z s = � j300/ � j250/ � j200 Ohm/Sq and l1 = l2 = l = 20 mm.

in Figure 3, which are in good agreement with that from the corresponding 3-Dfull-wave simulation.
In the three cases (Zs = � j300/ � j250/ � j200 Ohm/Sq), the transmission peaks below the cuto� fre-
quency (6.55 GHz) occur at 5.55/5.23/4.77 GHz; at these frequencies, the characteristic impedance of
the waveguideZc is j600/j500/j400 Ohm, as shown in Figure 2, which agrees well with (5).

Note that these transmission peaks are calculated to be larger than 0 dB. Accordingly, S11 is also above
0 dB at these frequencies, as shown in Figure3. The abnormality of the S parameters is simply because
the results from our equations and the software are both normalized with an imaginary impedance, which
has been illustrated in detail in [21]. To explore the �eld distribution in such a system, wave-port 1 was
activated to excite the system. The electric and magnetic �eld vectors corresponding to the transmission
peak of the caseZs = � j300 Ohm/Sq (f = 5.55 GHz) are plotted along the center face in the waveguide
and on the three cross-sections, respectively, as shown in Figures 4(a) and (b). The �eld distribution in
the cross-section is consistent along the RWG, acting as a TE10-like mode. Along the center line indicated
in Figure 4(a), the magnitude of the electric �eld is plotted, as shown in Figure 4(c). It was found that
the electric �eld at the two ends had nearly the same magnitude, which demonstrates that an e�cient
electromagnetic (EM) wave transmission from wave-port 1 to wave-port 2 was realized.

It is further analytically illustrated that the abnormal peaks of S parameters (jS11 j > 0 dB and jS21j
> 0 dB) result in the e�cient EM transmission. The illustration is demonst rated as follows.
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We start from the de�nition of the scattering matrix [ S], with its elements (S parameters) Sij

de�ned as

Sij =
bi

aj

�
�
�
�
ak =0 ;k 6= j

; (6)

where an and bn are respectively the normalized incident and scattering waves at wave-port n (n = 1,
2). We de�ne the vectors [a] = [ a1 a2]T and [b] = [ b1 b2]T . Then, the modal voltage vector is

[U] =
[a] + [ b]

p
Zc

: (7)

When the system is fed by wave-port 1, according to (6) and (7), itis derived that

U1 = a1

p
Zc (1 + S11) ; (8)

U2 = a1

p
ZcS21: (9)

Therefore, whenZs approaches� Zc/2,
�
�
�
�
U2

U1

�
�
�
�
Z s !� Z c =2

=

�
�
�
�

S21

1 + S11

�
�
�
�
Z s !� Z c =2

=

�
�
�
�

2
(Zc=Zs + 2) e j ky ( l 1 + l 2 ) � Zc=Zse� j ky ( l 1 � l 2 )

�
�
�
�
Z s !� Z c =2

! 1

(10)
which means that whenZs approaches� Zc/2, perfect coupling between two wave-ports can be realized.
From (10), it is also easily deduced that the perfect coupling is independent of the placement symmetry,
i.e., l1 � l2, and the total length of the RWG, i.e., l1 + l2.

From the RWG modes and the strong �eld con�nement on the CMS shown in Figures 4(a){(c), it is
also inferred from the physical angle of view that, this evanescentwave coupling is due to the momentum
matching between the TE evanescent wave of the waveguide and the TE surface wave of the CMS. The
y-axial attenuating factor kt of the TE surface wave supported by the CMS is calculated as [22,23]

kt = � j

�
�
�
�
!� 0

2Zs

�
�
�
� (11)

and it is compared with the y-axial imaginary propagation constant ky of the waveguide, as shown in
Figure 4(d). The intersection occurs at the frequencies (5.55/5.23/4.77 GHz) of the transmission peaks
shown in Figure 3(a), which clearly reveals the momentum matching essence of the coupling. From the
above discussed analysis, the CMS interacts with the input and output evanescent wave and leads to the
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Table 1 Detailed constructive parameters of the probe (unit: mm)

' 1 ' 2 ' 3 h1 h2 h3 l f

2.31 1.24 3.5 2.95 2.54 2 7.41

e�cient EM transmission below the cuto� frequency. This phenomen on is similar to what occurs in the
\superlens" proposed by Pendry [24, 25], where the evanescent wave interacts with the surface plasmon
of the slab with negative refraction, regrows in the slab, and attenuates away from it [26]. In contrast
with the \superlens", there exists a certain di�erence in the proposed method. An ultrathin planar CMS,
instead of a slab with negative refraction [24, 25], is utilized in our design. Moreover, the application
scenario of the proposed method involves the RWG for the miniaturization, instead of in the near-�eld
of an image for improving the resolution [24, 25]. To compare with the near-�eld scenario, it will be
demonstrated in detail in Subsection 2.3 that the transmission e�ciency in our method is independent of
the waveguide's length, without taking into account the ohmic loss attributed by the conductors of the
waveguide.

This new strategy for the e�cient evanescent wave coupling below the cuto� frequency can accomplish
system compactness and is realized in the ideal wave-ports fed RWGsystem. In Subsection 2.2, the
implementation of this technique in the practical RWG system is investigated.

2.2 Probe-fed RWG model

Two coaxial probes with 50 Ohm port-impedance are used to feed the rectangular waveguide, as shown
in Figure 5(a), which has the same con�guration as the coaxial-to-waveguideconvertor for exciting the
TE 10 mode of the rectangular waveguide [27]. The detailed constructive parameters are listed in Table1.
In the design, the probes are used to e�ciently excite/receive the evanescent wave in the waveguide,
bene�ting from abundant evanescent modes in the probes' near-�eld [ 28]. The equivalent circuit model is
modi�ed as Figure 5(b), where the two probes and two perfect electric conductors (PECs)-loaded RWG
sections serve as the impedance and mode convertors, respectively, to connect the standard 50 Ohm ports
with the evanescent wave coupling system. In this con�guration, the input EM wave from the 50 Ohm
port is �rst converted to the evanescent wave by the probes, then e�ciently coupled to the other probe
through CMS in the RWG system, and �nally, converted to the EM wav e received by the 50 Ohm output
port.

The cases whenZs = � j300/ � j250/ � j200 Ohm/Sq and l1 = l2 = l = 20 mm are examined using
3-D full-wave simulation and the results are shown in Figure6. As the port-impedance is a real number
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(50 Ohm), the S parameters turn to satisfy the condition jSij j 6 1 (0 dB). In the three cases, the 0-
dB transmission peaks occur at nearly the same frequencies (5.58/5.25/4.79 GHz) as those in Figure3.
The minor derivation of the frequencies is due to the parasitic e�ects introduced by the probes. It
should be noticed that the e�cient coupling/resonance in the waveguide typically occurs at frequencies
above the cuto� frequencies. By setting the three working frequencies (5.58/5.25/4.79 GHz) as the
cuto� frequencies, the waveguides' width should be 26.9/28.6/31.3mm. Note that, in the examples, the
waveguide's width remains 22.86 mm, which means the proposed method reduces the dimensions in the
three cases by 15%, 20%, 27%, respectively.

The abovementioned results verify the proposed approach for e�cient evanescent coupling. Here, we
emphasize that our approach can realize the miniaturization of the RWG as well as high-performance
out-of-band suppression. First, the suppression in the frequency band below the transmission peak can
easily reach above 40 dB. Second, in the high frequency region, the10-dB suppression band is broadened
to the working band above the cuto� frequency owing to the mismatch between the wave impedance
of the RWG and surface impedance of the CMS. The suppression performance can be improved using
a highly capacitive CMS, i.e., Zs = � j60 Ohm/Sq. As shown in Figure 6, in this case, the e�cient
evanescent wave coupling is realized at 2 GHz, while the 10-dB suppression bandwidth can be expanded
to 10 GHz.

2.3 Transmission distance, Q -factor, and loss

Note that in (3) and (10), the transmission peak and coupling e�ciency are independent of the total
transmission length l1 + l2. This property is validated in the probe-fed RWG model by setting Zs =
� j300 Ohm/Sq and l1 = l2 = l = 20/30/50 mm, i.e., the total electric length of 2 l is 0.74/1.11/1.85 � 0

at 5.55 GHz. The 3-D full-wave simulation results are shown in Figure7, where the transmission peak is
maintained at nearly the same frequency when changing the RWG's total length 2l. Nonetheless, when
2l increases, theQ-factor increases, which is naturally caused by the increasing termej ky ( l 1 + l 2 ) in (3). In
the inset of Figure 7, it is found that when 2l is larger, the frequency of the peak shifts downwards close
to the ideal case in Figure3 owing to the decrease of the parasitic e�ect from the direct-coupling of the
probes.

Moreover, it can be inferred from (10) that the coupling e�ciency is a�ected by the real part of Zs, i.e.,
Re(Zs) as it strictly requires Zs to be purely imaginary. When Zs has non-zero real parts, i.e., Re(Zs) =
� Im(Zs)/ m, its imaginary part remains Im( Zs) = � Im(Zc)/2,

U2

U1
=

S21

1 + S11
=

1 � jm
ej ky ( l 1 + l 2 ) � jme� j ky ( l 1 � l 2 )

; (12)
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Figure 8 (Color online) (a) The transmission coe�cients and (b) abso rption coe�cients when Re( Z s ) = � Im( Z s )/ m (m =
104 /10 3 /10 2 ) and Im( Z s ) = � 300 Ohm/Sq.

which indicates m should be in�nite, i.e., Re(Zs) = 0, to enable perfect coupling, i.e., jU2/ U1j = 1;
otherwise, the coupling e�ciency would decrease. Numerical veri�cation is performed by setting Im(Zs)
= � 300 Ohm/Sq, Re(Zs) = � Im(Zs)/ m (m = 104/103/102) and l1 = l2 = l = 20 mm in the 3-D full-wave
simulation. The results are shown in Figure8(a), where S21 decreases with decreasingm. Meanwhile, the
absorption coe�cient A = 1 � j S11j2 � j S21j2 is plotted in Figure 8(b), which reveals that when Re(Zs)
is relatively small (m > 100), a larger Re(Zs) introduces higher absorption. Note that in (12), for the
same Re(Zs) (samem), if the transmission peak is designated at a lower frequency, the transmission loss
increases because ej ky ( l 1 + l 2 ) increases exponentially with decreasing frequency.

2.4 Coupling bandwidth enhancement

All the realized evanescent wave coupling examples in Figure6 witness a narrow bandwidth, and they are
suitable for the application of high-Q resonators. Bandwidth enhancement is important for the practical
�lter design. From (10), it is concluded that, owing to the frequency-dependent wave impedance of the
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Figure 9 (Color online) The elaborately designed surface impedance of the CMS and the corresponding S parameters.

RWG and constant surface impedance of the CMS, the relationshipZs = � Zc/2 should be satis�ed at
one selected frequency point. Consequently, it is reasonable thatthe bandwidth is limited. Therefore, it
should be an e�ective way to design CMSs with frequency-dependent surface impedance to address this
problem.

Here, we propose an ideal example in the probe-fed RWG system forillustration. Suppose the CMS
has a surface impedance de�ned as follows:

Zs (Ohm/Sq) =

8
>><

>>:

� Zc=2 + � jf =5 :514 GHz = � j289:69938; f 6 5:514 GHz;

� Zc=2 + �; 5:514 GHz< f < 5:825 GHz;

� Zc=2 + � jf =5 :825 GHz = � j361:41938; f > 5:825 GHz;

(13)

and it is placed in the probe-fed RWG with l1 = l2 = l = 20 mm. The simulation results are shown in
Figure 9.

As one can see from Figure6, in the probe-fed model, owing to the parasitic e�ect of the probes, the
working frequencies have minor shifts from the ideal values shown inFigure 3. Thus, the best coupling
does not happen strictly whenZs = � Zc/2. Instead, here we setZs = � Zc/2 + � , where the variable �
is optimized to be 3 to compensate the numerical variation caused bythe parasitic e�ect of the probes,
in order to reach the best performance. The 0-dB transmission in 5.514{5.825 GHz shown in Figure9
clearly demonstrates that the coupling frequency band can be widened by elaborately designing the
surface impedance of the CMS.

In conclusion, from the above discussed analysis, e�cient evanescent wave coupling with good out-of-
band suppression is achievable in a practical probe-fed RWG system, and its coupling e�ciency is not
a�ected by the waveguide's length when the CIS's surface impedance is purely imaginary. When the
CIS's surface impedance has a real component, the absorption increases with both its real part's value
and the length of the waveguide. It is also demonstrated that the coupling bandwidth can be enhanced
by elaborately designing the surface impedance of the CMS to meet the requirements of the practical
�lter design.

3 Experimental demonstration

3.1 CMS design

As is well known, the surface made of periodic metal patches has a capacitive surface impedance [29].
To validate the e�ectiveness of the proposed method, we utilize theperiodic metal patches in the exper-
iment, as shown in Figure 10. However, we note that the formulas that link Zs with the constructive
parameters are valid when the surface is backed by a metal ground[30], which is not applicable in de-
signing the periodic patches on an ultrathin substrate. To simplify the design and optimization process,
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Figure 10 (Color online) Model of the CMS. (a) Practical CMS construct ed by periodic patches on the thin substrate, placed in
the RWG; (b) simulation model for calculating the surface im pedance of the CMS.
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Figure 11 (Color online) Predictions of the frequencies of the transm ission peaks by using the intersection points between the
Im( Z s ) and Im( � Z c /2) curves.

Zs is calculated using periodic boundaries and Floquet ports, as shown inFigure 10. The S matrix,
which is de-embedded (with the de-embedding lengthde1 and de2) to the top/bottom of the substrate,
is indicated as [Sp]. The periodic patches together with its substrate can be treatedas a CMS, with its
surface impedance calculated as [31]

Zs =
2� 0Sp21

(1 � Sp11) (1 � Sp22) � Sp12Sp21
(14)

in which � 0 = ( � 0/ "0)1=2. � 0, � 0 and "0 are the wave impedance, permeability, and permittivity in
vacuum, respectively. Then, the frequency of the transmission peak can be predicted by Im(Zs) =
� Im(Zc)/2.

Following the abovementioned strategy, an example is proposed forillustration. The substrate has a
relative permittivity " = 10.2 and a thicknesstsub = 0.1 mm. The dimension of the copper patch unit is
d � d � tc, where d = 0.9/0.8 mm and tc = 17 � m, while the periodicity is p = 1 mm. The calculated
Im(Zs) and Im( � Zc/2) curves are plotted in Figure 11, where the correspondingS21 curves from the 3-D
full-wave simulation are compared. It can be seen that the intersection points of the impedance curves
predict the frequencies of the transmission peaks very well.

Note that the substrate thickness has an electric length of only 0.007� 0 (corresponding to the cuto�
frequency, 6.55 GHz). Generalizing, for di�erent substrate thicknesses (tsub = 0.1{0.7 mm), the relative
error de�ned as (fcal � fsim )/ fsim (%) is calculated and plotted in Figure 12, where fcal and fsim are
the intersection-predicted and the simulated frequency of the transmission peaks, respectively. Clearly,
when the substrate is thin enough (tsub < � 0/20 = 0.72 mm), for di�erent patch dimensions ( d =
0.9/0.7/0.3 mm), the relative error of the predicted frequency of the transmission peak is less than 7%,
which meets the requirements of fast and preliminary design.
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Figure 12 (Color online) Relative error of the prediction method unde r di�erent con�gurations of the periodic metal patches on
a thin substrate.
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Figure 13 (Color online) (a) CMS samples; (b) probe-fed waveguide sam ple; (c) measurement con�guration.

In the experimental process, the performance of the CMS is a�ected by many other factors, such as the
uncertainty of the permittivity and dissipation factor of the subst rate, mechanical errors, and installation
errors. Consequently, the abovementioned method is used as a preliminary design strategy, while the
performance of the �nal products should be �ne-tuned by the 3-D full-wave simulation. Note that, this
work aims to propose a compact and e�ective strategy for evanescent wave coupling. Therefore, we focus
on the proof of concept; designing RWG components with customized performance, such as wideband
suppression and coupling, will be studied in further work.

3.2 RWG measurement

Based on the above discussed design method, three CMS samples were fabricated on a 0.635-mm thick
Rogers RT/duroid 6010 substrate board, which has a relative permittivity and dissipation factor of " r

= 10.7 and tan� = 0.0023, respectively. In the three samples,d = 0.3/0.7/0.9 mm, p = 1 mm, and tc

= 17 � m are determined, and the probe-fed waveguide system describedin Table 1 is fabricated. The
CMS samples, probe-fed waveguide, and measurement con�guration are shown in Figures13(a){(c). The
CMS sample is stu�ed in the WR-90 RWG and the two feeding probes areconnected with a two-port
vector network analyzer (Keysight E5063A). The measuredS parameters are shown in Figure14. The
three transmission peaks below the cuto� frequency occur at 6.06/5.9/5.48 GHz, with an insertion loss
of 0.88/1.13/2.46 dB. When the patch size increases, the frequency of the transmission peak decreases,
while the transmission loss increases accordingly, which holistically agrees with the theoretical analysis.

In the experiment, we notice that there are air gaps between the CMS samples and waveguide side
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Figure 14 (Color online) Simulated and experimental S parameters results.

walls owing to the manual cutting process, which should be considered in the 3-D full-wave simulation.
The gap sizes are set as 0.02/0.11/0.14 mm, respectively, for the three samples, to reach good agreement
with the measured data, as shown in Figure14.

From the measurement results in Figure14, it is clearly demonstrated that the proposed approach for
e�cient evanescent wave coupling is feasible, simple, and tunable withthe aid of an ultrathin CMS. It
is anticipated that the results can serve as a foundation for a new class of miniaturized RWG-based RF
components below the cuto� frequency.

4 Conclusion

We proposed an approach to successfully accomplish e�cient evanescent wave coupling below the cuto�
frequency in the RWG system with an ultrathin planar CMS. The scatt ering matrix was analyzed,
which clearly illustrated the operational mechanism. The samples in the RWG system were fabricated,
installed, and measured to verify the feasibility of this approach experimentally. Bene�ting from the
e�cient evanescent wave coupling below the cuto� frequency, this technique can provide an e�ective
way to miniaturize the RWG system and has potential applications in a new class of high-performance
miniaturized RWG-based components.
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