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Abstract — Since the first demonstrations of radio-frequency (RF) circuits, the physics of the electromagnetic (EM) field and its regulation and control
with codesigned circuits,  have become essential competencies of RF circuit  designers.  Leveraging advanced regulation or control methods, numerous
high-performance circuits have been developed at RF and millimeter-wave (mm-wave) frequencies. Three main methods of electromagnetic regulation
have been widely utilized, namely, the separation of electric and magnetic coupling paths, the manipulation of electromagnetic energy through the cou-
pling of multiple tanks or multiple resonators, and the regulation of electromagnetic fields in air cavities or meta-substrates. The separated coupling paths
of electric and magnetic fields provide guidance for designing a high-performance filter topology with a quasielliptical response through additional ze-
ros. The manipulation of the EM field through electrical and magnetic intercouplings of multitanks or multiresonators, such as are used in oscillators,
power amplifiers (PAs), etc., results in remarkable power efficiency, size reduction, and wide bandwidth. The regulation of electromagnetism through an
air  cavity,  patterned substrate,  or  metasubstrate  reduces  dielectric  losses  and size,  especially  when using a  substrate  integrated suspended line  (SISL)
platform. Many excellent circuits have been reported based on SISL with low loss, high integration, and self-packaging. Here, we present state-of-the-art
cases that demonstrate the benefits of EM field regulation and control.
Keywords — Electromagnetic, Mixed coupling, Multiresonators  and multitanks, Patterned  substrate  and metasubstrate, Radio  frequency circuits,
Regulation and control, Separate electronic and magnetic coupling paths, Substrate integrated suspended line.
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 I. Introduction
With the advancement of wireless communication technolo-
gy  and  radio  frequency  (RF)  systems,  increasing  demands
for miniaturization, low loss, and low cost are prompted for
integrated  circuits  and  systems  with  higher  performance
and compact  size.  Recently,  various  technologies  for  elec-
tromagnetic  (EM)  control  in  radio  frequency  circuits  has
been  extensively  studied  by  our  group  and  other  research-
ers.  Many  circuits  operating  in  RF  or  microwave  regimes
have  seen  improved  performance  using  electromagnetic
regulation and control. For example, the control technology
in [1] helped to achieve a low insertion loss and small size,
as well as controllable transmission zeros (TZs) for the fil-
ter  design.  Additionally,  in  [2],  an  enhanced  quality-factor
(Q-factor) and wide tuning range were performed by intro-
ducing electromagnetic control theory for RF ICs. This type
of recently developed technology consists of the separation
and regulation of electric and magnetic coupling paths, the
regulation and control of electromagnetic energy, and elec-
tromagnetic control in the medium or substrate.

Commonly implemented  methods  of  separating  elec-
tric and magnetic coupling paths (SEMCP) filter topology,
as  shown  in Figure  1(a),  include  physical  separation  and
equivalent separation in electric, i.e., in equivalent or equa-
tion. The separation of physical electric and magnetic cou-
pling paths offers the benefits of simplifying the design, in-
tuitive  analysis,  and  separate  control  of  TZs.  Equivalent
electronic and magnetic coupling paths can provide instruc-
tions  and  guidance  to  the  filter  designs  according  to  the
equations on the required positions of TZs, return loss, and
more. Regarding the  regulation and control  of  electromag-
netic  energy  in  EM coupling  proposed  in  [2],  as  shown in
Figure  1(b),  this  approach  can  be  conducted  by  electrical
coupling,  magnetic  coupling  regulation  and  control,  and
mixed  electromagnetic  techniques  that  treat  the  coupled
capacitor,  inductors  or  both  as  equivalent  to  an  electric  or
magnetic  or  electromagnetic  energy  storage  device.  This
combination  offers  outstanding  advantages  for  silicon-
based circuits and systems, such as an enhanced Q-factor, a
wide  tuning  range,  a  remarkable  figure-of-merit  (FoM),
considerable  efficiency  and  linearity,  and  a  reduced  core
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area [2]–[11].
To regulate the electromagnetic field effect for reduc-

ing  loss  and  minimizing  size,  the  air  cavity,  embedded
medium,  and  metasubstrate  electromagnetic  regulation
techniques  proposed  in  [12]  are  introduced  to  manipulate
the  electromagnetic  wave,  as  shown  in Figure  1(c).  The
concept of quasiplanar circuits with embedded air  cavities,
patterned substrate,  or  metasubstrate  is  introduced.  Com-

pared with  traditional  planar  circuits  where  electromagnet-
ic energy is mostly confined in substrates, circuits with em-
bedded air cavities, patterned substrates, or metasubstrates,
especially  those  using  substrate  integrated  suspended  line
(SISL) platforms,  feature  lower  dielectric  loss.  Many  cir-
cuits designed based on the SISL platform of different types
of  transmission  lines  possess  the  merits  of  low  dielectric
loss,  high  efficiency,  low  cost,  high  integration,  and  self-
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packaging  [13]–[30].  To  expand  the  advantages  of  SISL,
several EM regulation methods have been presented to fur-
ther reduce the loss of substrate and metal, such as double-
sided  interconnected  strip  line  (DSISL)  technology  [16],
patterned  substrates  [16],  and  multiple  inner  boards  [26].
Several  methods  are  introduced  to  miniaturize  the  circuit
designs, such as loading dielectric blocks with high dielec-
tric constant material, quasilumped elements, and metasub-
strate [30]–[34].

The  remainder  of  this  article  is  organized  as  follows.
Section  II  introduces  the  theory  of  separate  electric  and
magnetic coupling paths,  combined with  analyzing the  ba-
sic  circuits  and  application  cases.  Section  III  discusses  the
regulation technique  of  electromagnetic  energy  in  multi-
tank circuits,  including principles and some circuit  designs
with  enhanced  performance.  Section  IV  demonstrates  the
regulation of EM in air cavities, patterned substrates, load-
ed  dielectric  substrates,  or  metasurface  electromagnetics,
consisting of  theories,  guidance for  utilizing this  technolo-
gy, and some specific improved methods applied to circuit
design.  The  conclusion  summarizes  three  main  kinds  of
regulation and control  technologies for  EM, presenting the
advantages of applying this newly developed technology.

 II. Separating Electric and Magnetic Coupling
Path Regulation Theory and Circuits

 1. Overview of the SEMCP topology
In recent  years,  the  demand  for  available  frequency  chan-
nels  has  continuously  increased,  which  results  in  more
stringent standards  for  high-performance  microwave band-
pass filters  (BPFs)  used  in  communication  systems.  Re-
search on BPFs has long been one of the key directions in
microwave  fields.  Direct-coupled  microwave  BPFs  and
cross-coupled  BPFs  [35]  were  introduced  in  the  early

1950s; since then, much effort has focused on the synthesis
and design of BPFs with advanced topologies. Recently, as
a promising  method  to  achieve  high-performance  filter  re-
sponses, the SEMCP topology proposed by Ma in [1] in the
filter  synthesis  and  design  process  has  received  significant
attention.

Regarding the EM regulation theory of  the  separating
electric  and  magnetic  coupling  paths  in  circuits,  two  main
methods have been implemented thus far, namely, physical
path separation  and  equivalent  electric  and  magnetic  cou-
pling path separation. The mechanism of physical path sep-
aration is mainly the introduction of two or even more par-
allel  paths in physical  space,  i.e.,  an electric  coupling path
and  a  magnetic  coupling  path,  and  additional  TZs  can  be
generated  through the  EM coupling  canceling  between the
paths. In general, the electric coupling path can be realized
by  an  equivalent  capacitive  element,  while  the  magnetic
coupling path can be realized by an inductive element. Us-
ing  this  method  can  be  more  intuitive  to  reflect  the  main
spatial  distribution  of  the  electric  and  magnetic  coupling
paths,  so  it  offers  the  advantages  of  easy  design,  simple
analysis, and flexible control of TZs and loading effect for
size  reduction.  Equivalent  electric  and  magnetic  coupling
separation path theory is based on preset indicators, such as
the  position  of  TZs,  return  loss,  out-of-band rejection,  and
other  information,  to  determine  the  structure  of  the  filter.
This approach is also divided into two methods: the first is
to optimize  the  circuit  directly  based  on  the  coupling  ma-
trix, and  the  second  is  to  synthesize  it  in  the  low-pass  do-
main and then convert it to the bandpass domain. That first
approach  relies  on  the  cost  function,  and  the  second  relies
on  rotating  and  scaling  the  transformation  of  the  low-pass
prototype.  For  example,  we  can  introduce  the  separating
electric and magnetic coupling path regulation theory in the
commonly used cascaded triplet (CT), cascaded quadruplet
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(CQ),  and  other  cascade  topologies  to  generate  more  TZs,
thus effectively improving the filter selectivity.
 2. Theory and applications in filters
As  a  promising  method  to  produce  flexible  TZs,  we  have
studied the underlying synthesis theory and then implement-
ed SEMCP in various circuits.  As an example, Figure 2(a)
shows  a  second-order  microstrip  bandpass  filter  using  the
fundamental SEMCP block, which offers two independent-
ly controlled electric and magnetic coupling paths.  The re-
lationship between the coupling coefficients, electrical cou-
pling, and magnetic coupling can be established using even-
odd  modes  analysis,  and  the  coupling  between  the  two
modes  can  be  described  by  a  separate  coupling  parameter
C, as shown in equation (1).
 

C =
ω2

o−ω2
e

ω2
o+ω

2
e

= F(YcLm−CmZc) = M−E (1)

where
 

F =
4(A+YcLm+ZcCm)

(2YcLm+A)2+ (2ZcCm+A)2 (2)
 

A =
√
εre (l1+ l2)

c
(3)

 

M = FYcLm (4)
 

E = FZcCm (5)
 

βe =
ωe
√
εre

c
(6)

where βe is the propagation constant at the even-mode reso-
nance angular frequency ωe.
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Figure 2  Proposed  second-order  filter  configuration  and  the  topology.
(a) Configuration with lump coupling elements; (b) Filter topology [1].
 

The even-mode resonant angular frequency can be giv-
en by
 

ωe =
π

2(2LmYc+A)
(7)

The odd-mode resonant  angular  frequency can  be  de-

termined by 

ωo =
π

2(2CmZc+A)
(8)

Lm Cm

Zc = 1/Yc

Lm Cm

l1+ l2 ≈ λg/4

where  and  are lumped elements. We can observe that
the coupling coefficients of the proposed SEMCP are devel-
oped  by  two separate  parts,  i.e.,  magnetic  coupling M and
electric coupling E, and the two coupling paths are depen-
dent  on  one  another  and  have  canceling  effects. c denotes
the speed of light in free space, and  is the charac-
teristic  impedance  of  the  resonator.  For  a  small  or ,

.
Figure 2(b) shows the responses of the presented sec-

ond-order BPF using SEMCP. As shown, by selecting a dif-
ferent dominant coupling path and coupling element values,
the filter response could be totally regulated. The design of
narrow bandwidth BPFs requires a reduced coupling coeffi-
cient,  which  can  benefit  from the  canceling  effects  in  two
coupling paths.  Numerous  excellent  works  on  electromag-
netic regulation of planar circuits by separating electric and
magnetic  coupling  paths  have  been  presented  and  have
achieved  favorable  performance  in  terms  of  compact  size,
low losses,  etc.  In  [1],  the  concept  of  the  SEMCP and  the
topology  (shown  in Figure  2) was  proposed,  and  the  cou-
pling  mechanism  was  analyzed  based  on  the  equivalent
electric and magnetic path separation.

Lm Cm

Cm = 0

Cm

Figure  3(a) illustrates  the  impact  of  the  coupling  ele-
ments  (  and )  in  the  two  coupling  paths  on  the  filter
when magnetic  coupling is  prominent.  When ,  there
is just one TZ produced in the high stopband as a result of
the  harmonic  effects.  When  is  greater  than  0,  a  second
TZ is produced in the high stopband, and the filter exhibits
excellent roll-off in this region.
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Figure 3  S spectrum responses of SEMCP filters.  (a) M dominant;  (b) E
dominant [1].
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Figure 3(b) shows how the coupling elements (  and
)  in  the  two  coupling  paths  affect  filter  performance
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Lm = 0
Lm > 0

when the electrical coupling is significant. No finite TZ val-
ue may be formed in the stopband when . Two more
TZs are produced in the stopband when , and the fil-
ter exhibits a nice roll-off.

To  physically  implement  the  SEMCP,  we  propose
three  second-order  filter  structures  based  on  physical  path
separation (shown in Figure 4). These designs use a modi-
fied  quarter-wavelength  resonator  with  a  coupling  gap  or
coupled transmission  line  to  achieve  the  lumped  capaci-
tance and use either a via-hole or a short  section of a high
characteristic  impedance  transmission  line  grounded
through  a  series-connected  via-hole  to  achieve  the  lumped
inductance.
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Figure 4  The SEMCP  filters.  (a)  Structure  1;  (b)  Structure  2;  (c)  Struc-
ture 3 [1].
 

In  such  systems,  the  electric  coupling  is  prominent.
The electric and magnetic coupling cancel each other out in
the  operational  frequency  range  when  the  external  quality
factor  is  known.  As  a  result,  the  operating  frequency  falls
due  to  the  increasing  load  on  both  coupling  routes,  while
the filter  bandwidth,  which is  mostly influenced by the in-
terstage  coupling  coefficient C,  varies  minimally. Figure
5(b) illustrates the situation where magnetic coupling domi-
nates.  Because  of  the  canceling  effect  of  the  two coupling
paths,  the  coupling  of  each  path  increases,  resulting  in  a

lower  operating  frequency.  As  a  result,  the  filter’s band-
width  can  remain  almost  unchanged  even  with  increased
electrical and magnetic coupling.

n
Additionally, Figure  6 uses  the  SEMCP  structure  to

depict  the th-order  SEMCP  filter  topology.  Its  novelty  is
that every pair of neighboring resonators in the filter has ac-
cess  to  two  quasi-independent,  controllable E and M cou-
pling paths. Figure  7(a) illustrates  how the dominant  mag-
netic coupling can be exploited to  generate  TZs in  the  up-
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per reject band while the electric coupling is dominant, and
TZs are generated in the lower passband. It is assumed that
TZs can be formed in both the upper and lower pass bands
if  the  filter  has  both  the  electric  and  magnetic  dominant
SEMCPs.  Based  on  this  mechanism,  the  structure  and
topology  of  the  proposed  fourth-order  SEMCP  filter  are
shown  in Figure  7(b)  and Figure  7(c).  Compared  with  the
conventional combined filter, each filter generates addition-
al TZs  in  the  upper  and  lower  blocking  bands.  The  intro-
duced  TZs  of  this  filter  succeed  in  the  minimal  insertion
loss  and  small  size.  Images  of  the  SEMCP  filter  and  the
hairpin line filter are shown in Figure 7(d). Just one-third of
the  constructed  hairpin  line  filter’s  area  is  covered  by  the
fourth-order  SEMCP  filter,  which  has  a  surface  area  of
only  0.06λ0 × 0.0545λ0.  This  filter’s benefits  include  con-
trolled TZs  in  addition  to  its  low  insertion  loss  and  com-
pact dimension.

In reference [36], we conducted an additional  investi-
gation  based  on  [1]  to  design  a  compact  filter  utilizing  a
spiral-like  resonator  with  an  open  ground  end  (similar  to
that  shown in Figure  8)  and explore  the  mechanism of  TZ
synthesis  based  on  the  equivalent  electric  and  magnetic
coupling path  separation.  The  filter  topology  of  the  de-
scribed filter is similar to that of [1]. However, because the
structure  of  a  spiral-like  resonance  is  more  intricate,  the
analysis  in  [1]  cannot  be  used  to  completely  evaluate  the
proposed  filter.  If  the  entire  filter  is  studied  using  an  EM
simulator, then the results are merely the combined effect of
the  electromagnetic  coupling  channels,  without  knowledge
of the coupling mechanism that underlies them. Because the
two paths are parallel and typically only weak electromag-
netic coupling occurs between them, it  is  possible to study
the  electric  coupling  path  (T path) and  the  magnetic  cou-
pling  path  (B path) separately  and  predict  the  characteris-
tics of the filter response and zeros with some degree of ac-
curacy. Two connected open spirals  are used in configura-
tion  with  the T path,  and  each  spiral  can  be  investigated

independently  using  the  full-wave  EM  software.  The S-
matrix for the T-path and B-path can be calculated because
the  structures  are  symmetric.  Under  no-loss  or  low-loss
conditions,  the  generation  of  filter  zeros  in Figure  8(a)
should satisfy (6) as
 

imag(Y21) = imag
(
YT

21+YB
21

)
= 0 (9)

The  estimated  findings  for  two  different  examples
(Case 1: S1=0.15 and Case 2: S1=0.35) are shown in Figure
9 and Figure 10. 1.5 and 1.64 GHz are the initial transmis-
sion  points  TZ1  determined  using  equation  (6).  For  both
cases,  the  second  transmission  point,  or  TZ2,  is  almost  at
the same frequency, approximately 2.03 GHz. The spectral
positions of the investigated zeros in Figures 9 and 10 are in
excellent agreement.
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Figure 9  Impedance and zero points (ZPs) of the filter in Figure 8(a) [36].
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Figure 10  Transmission characteristics of the filter in Figure 8(a) [36].
 

The fourth-order filter’s topology, simulated, and mea-
sured results are shown in Figure 11 and Figure 12, respec-
tively. The results demonstrate that the filter has improved
selectivity, more TZs, and a smaller size. This hairpin filter
has a smaller size (0.031λ0 × 0.035λ0) than the convention-
al fourth-order hairpin filter (0.094λ0 × 0.11λ0).

Employing the fundamental electric and magnetic cou-
pling block,  we could  introduce  SEMCP in  various  classi-
cal  filtering  topologies,  such  as  the  in-line,  CT,  or  CQ
topologies.  Exploring  the  SEMCP  between  cross-coupled
resonators can introduce additional TZs, which is very ben-
eficial  for  designing  high-selectivity  bandpass  filters.  For
example, a  CT  topology  with  electric  and  magnetic  cou-
pling  generated  2  TZs  between  nonadjacent  resonators.
Compared  with  the  classical  CT topology,  which  can  only
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produce  one  TZ  with  cross-coupling,  the  employment  of
such novel EM couplings can introduce one more TZ, thus
achieving high selectivity.

The  most  popular  way  to  introduce  multiple  TZs  for
outband suppression is  by utilizing the standard cross-cou-
pling method. Nevertheless, when the number of TZs is be-
yond  half  of  the  passband  orders,  complex  cross-coupling
structures  will  inevitably  be  introduced  in  cross-coupled
topologies. To explain these advances in electric and mag-
netic coupling, a six-order BPF with four TZs is considered
here. Based  on  the  coupling  matrix  method,  the  synthe-
sized  topology  is  shown  in Figure  13(a). As  we  can  ob-
serve from  the  topology,  cross-couplings  exist  in  res-
onators 1 and 5 and resonators 2 and 4, which are quite dif-
ficult  to  implement  in  various  technologies.  This  may also
cause problems in  filter  tuning.  The extracted pole  topolo-
gy shown in Figure 13(b) may be an answer to arranging an
arbitrary number of TZs with an in-line topology. However,
in this  topology,  each  TZ  is  produced  by  a  dangling  res-
onator, and the dangling resonators refer to resonators 7, 8,
9  and  10  in  succession.  Thus,  the  overall  sizes  are  quite
large,  and  it’s  not  so  related  to  the  filters’ minimization.

Nevertheless, the use of SEMCP topology can be a very fa-
vorable  solution  to  tackle  this  issue. Figure  13(c)  shows  a
six-order  bandpass  filter  with  four  TZs  working  at  the  5.8
GHz WiFi frequency. As we can see, it can be realized with
four  SEMCP coupling  structures  without  any  cumbersome
cross-couplings. Figure  14 presents  the  synthesized  results
of the proposed in-line bandpass filter. The out-band attenu-
ation is better than −85 dB, which is a satisfying result for
nearly all applications in this spectrum range.
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Figure 13  The six-order in-line topology with electric and magnetic cou-
pling.  (a)  The classical  folded topology;  (b)  The extracted pole topology;
(c) The six-order in-line topology with electric and magnetic coupling.
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Figure 14  The  frequency  responses  of  the  six-order  filter  employing
SEMCP at 5.8 GHz for WiFi applications. The in-band return loss is −20
dB with four TZs located at 5.208 GHz, 5.467 GHz, 6.099 GHz, and 6.361
GHz, successively.
 

More efforts are focusing on this type of approach, and
many  excellent  circuits  have  been  proposed  to  accomplish
it.  This  increased  attention  is  because  the  separate  electric
and magnetic  coupling  path  theory  can  provide  many  ad-
vantages to  filter  design  by  adding  more  zeros  and  allow-
ing  their  control.  An  open-loop  microstrip  resonator  filter
with one or more TZs is suggested in [37]. The term “elec-
tric  and  magnetic  mixed  coupling ”  shows  the  “separating
electric  and  magnetic  coupling  paths ”  in  electric  behavior
or  the  derived  equation.  The  SEMCP  is  produced  in  two
coupled resonators by combining the coupled sides with the
maximum magnetic field and the open gaps with the maxi-
mum electric field. In the proposed coupled SEMCP filter,
the  coupling  coefficients  may  be  modified,  and  adjustable
TZs in the lower stopband, higher stopband, or both can be
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created by altering the spacing between resonators  and the
locations  of  open  gaps.  The  second-order  mixed  coupled
filter with equivalent SEMCP (based on magnetic coupling
dominant  in  the  middle  of  the  half-wavelength  resonator,
while  electric  coupling is  dominant  close  to  the  open ends
of the half-wavelength resonator),  which has a footprint of
just 0.13λ0 × 0.1λ0 (without accounting for the I/O feed), is
shown as a photograph in Figure 15.
 

 

Figure 15  Fabricated second-order microstrip filter [37].
 

On the basis of reference [37], a new triangular open-
loop  filter  [38]  shown  in Figure  16 is  proposed  to  realize
very  close-to-band  TZs  and  a  relatively  wide  passband  at
the  same  time.  When  compared  to  conventional  square
loops,  these  triangular  loops  exhibit  stronger  coupling  as
well as more controllable electric and magnetic coupling ra-
tios.  A  manufactured  three-pole  triangular  open-loop  filter
reaches a 6% 3-dB bandwidth while having very tight TZs.
The tested performance is better than that described in [37].
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Figure 16  Geometric  structure  of  a  two-pole  triangular  resonator  mixed
coupled filter with SEMCP backed aperture [38].
 

The proposed filter  in [31] uses a low-loss SISL plat-
form [12] by utilizing a differential inductor—which is fre-
quently  used  as  an  inductive  element—as  a  resonator  that
can operate in the 700-MHz spectrum in the low 5G band.
A  T-shaped  coupling  structure  (as  shown  in Figure  17)  is
first proposed on SISL to improve the stopband selectivity,
and  the  ideal  position  of  TZs  is  attained  by  reducing  the
electrical  coupling  and  improving  the  magnetic  coupling.
Edge coupling  is  used  to  achieve  magnetic  dominant  cou-
pling based  on  the  physical  path  separation  theory.  A nar-
rower  gap gs and  thinner Ws can  improve  the  coupling.

Without using any extra techniques to enlarge the stopband,
the second-order mode is 5.7/3.92 times the operating band.
Second-order  and  fourth-order  BPFs’ 20-dB  roll-off  rates
fell by 58.8% and 66.1%, respectively.
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Figure 17  Layout of  a  second-order  filter  with  magnetic  dominant  cou-
pling. (a) Without a T-shaped structure; (b) With a T-shaped structure [31].
 

Physical  path  separation  is  also  applicable  in  circuit
design of dual-pass band filters to achieve the introduction
and independent control of TZs. In [39], the authors present
a dual bandpass filter (DBBPF) based on the SISL platform.
To increase skirt selectivity, additional TZs are created uti-
lizing SEMCP between two different filter bands. The sug-
gested filters implement various electric and magnetic cou-
pling strategies for dual-band, small-size, and multiple TZs
using a hybrid spiral structure. Figure 18 illustrates a novel
topology  that  is  proposed  in  [39]. In  addition  to  syn-
chronously  tuned  resonators,  SEMCP  also  exists  between
asynchronous  resonators.  In  the  proposed  second-order
DBBFP, three zeros were introduced by SEMCP.
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Figure 18  The topology structure of the proposed DBBPF [39].
 

A short-stub-loaded resistor (SSLR) and two modified
feed  lines  make  up  another  DBBPF  [40].  In Figure  19(a),
the  SSLR  can  generate  the  first  passband  with  odd-mode
and  even-mode  analysis  of  the  modes  shown  in Figure
19(b) and Figure 19(c), respectively. The short-stub-loaded
line can be characterized by the inductance Lm,  i.e.,  of  the
magnetic  coupling  path,  while  the  coupling  gap  can  be
characterized  by  the  capacitance Cm, i.e.,  of  the  electrical
coupling path. The suggested SSLR is a magnetically cou-
pled dominant filter because of its weak electrical coupling
but  strong  magnetic  coupling.  The  dual-passband  filter  is
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implemented in [41] and [42] by using a similar method of
physical path  separation.  The  structure  of  the  main  cou-
pling  pattern  of  the  stepped-impedance  resonator  (SIR)  in
[41] and the topology are shown in Figure 20. This filter in-
troduces multiple zeros by using a combination of physical
path separation and source-load coupling.
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Figure 19  (a) SSLR; (b) Odd mode; (c) Even mode [40].
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Figure 20  (a) Main coupling pattern of SIR-I; (b) Topology of SIR-I [41].
 

A  filter  that  separates  electric  and  magnetic  coupling
routes on a multilayer structure on low-temperature cofired
ceramic (LTCC) is proposed in reference [43] and is based
on physical  path  separation  methods.  The  suggested  res-
onator is illustrated in Figure 21(a) and is composed of two
independent  parallel  coupling  channels,  one  for  electrical
coupling (E-path),  as shown in Figure 21(b),  and the other
for magnetic coupling (M-path),  as shown in Figure 21(c),
both of which are constructed on three metallic layers. As a
common ground  plane,  layer  2  physically  separates  the E-
path  and M-path  so  that  these  two paths  can  be  controlled
separately.

In addition to the planar circuit, the authors in [44] al-
so  an  inline  coaxial  filter  that  introduces  the  separating
electric and  magnetic  coupling  paths  to  achieve  indepen-
dent  control  of  the TZs.  As shown in Figure 22,  the metal
cap at the open end of the inner rod is equivalent to a load
capacitor  that  acts  as  an  electrical  coupling  path  between

the two cavities. To further enhance the electrical coupling
strength, a  conductive  strip  attached  to  the  dielectric  sub-
strate is  inserted in the coupling iris  and connects the caps
of the two inner  rods.  In addition,  the equivalent  magnetic
coupling path  is  achieved by the  current  of  the  conductive
pin,  tapping  the  abdomen  of  the  two  adjacent  rods.  As
shown in Figure  23,  controllable  TZs  are  also  achieved  in
the coaxial  waveguide cavity filter  by introducing SEMCP
in [45].
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Figure 22  Proposed  second-order  coaxial  cavities  filter  configuration
[44].
 

In [46], a  wide stopband filter  combining the separat-
ing electric and magnetic coupling paths with CT coupling
was  also  proposed,  as  shown  in Figure  24.  Three  quarter-
wavelength resonators make up the CT unit.  The introduc-
tion of controllable electric and magnetic coupling increas-
es the design flexibility. Both the magnetic and electric cou-
plings can  be  tuned  independently.  The  source-load  cou-
pling  and  inductive  cross-coupling  result  in  three  TZs.  A
coupled-line  input/output  arrangement  is  used  to  suppress
the third and fifth harmonics and widen the stopband.
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Using a two-layer PCB technique, a substrate integrat-
ed  waveguide  (SIW)  quasielliptic  filter  [47]  with  tunable
electric and magnetic coupling was proposed. This SEMCP
topology is created by combining an embedded short-ended
strip line with a typical inductive window between two cav-
ities. Two SIW cavity resonators with separated electric and
magnetic coupling paths are depicted in Figure 25.

The  simulated S-parameters  of  the  second-order  filter
are shown in Figure 26. According to Figures 26(a) and (b),
magnetic  coupling Mc > Ec (electric  coupling)  results  in  a
TZ in the lower stopband, and Mc < Ec results in a TZ in the
upper stopband. Both examples clearly show that the width
of  the  inductive  window  has  a  significant  impact  on  the
magnetic coupling, while the width of the inserted conduct-
ing strip has a significant impact on the electric coupling.

In  [48],  the  design  of  SIW  combine  resonator  filters
with advanced performance was investigated. Various cou-
pling configurations  involving  magnetic  and  electric  cou-
pling processes have been proposed and thoroughly investi-
gated for this purpose. It has been shown that the suggested

ki, i+1

electric coupling configuration offers a great  degree of de-
sign flexibility.  A filter  that  presents  a  highly  selective  re-
sponse with a broad rejection band has also been proposed,
one that arranges the magnetic and electric coupling meth-
ods of  SEMCP topology to create a  very compact  quasiel-
liptic  narrowband  bandpass  filter. Figure  27(a)  shows  the
top  view  of  the  coaxial  SIW  resonator,  including  its  main
design parameters. Figure  27(b)  shows the  variation in  the
total coupling coefficient  as W increases.

The  technology  of  electric  and  magnetic  couplings  is
used to efficiently create a six-order bandpass SIW filter in
[49]. The slots on the top metal plane of a SIW cavity can
be appropriately etched to create the cascaded resonators of
the filter.  Electric  coupling  is  produced  by  the  slots.  Ac-
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cording to Figure 28(a), periodic metallic vias in the center
of an SIW cavity create magnetic coupling. Two TZ points
are reached  via  the  magnetic  and  electric  couplings.  Elec-
tric coupling  influences  the  upper  TZs,  and  magnetic  cou-
pling influences the lower TZs. The measured results are in
favorable agreement with the simulated results, as shown in
Figure 28(b).

In  addition,  for  optimizing  the  coupling  matrix  in  the
equivalent  SEMCP,  reference  [50] proposed  a  new  tech-
nique  for  synthesizing  coupled  resonator  filters.  By  using
the coupling matrix’s eigenvalues of matrix pencils as well
as the  reference  zeros  and  poles  of  the  scattering  parame-
ters to  solve  a  nonlinear  least  squares  problem,  it  is  possi-
ble to determine the values of the coupling matrix’s nonze-
ro  elements.  The  proposed  method  with  SEMCP  topology
was confirmed  by  numerical  testing  for  a  variety  of  cou-
pling schemes, including triplets and quadruplets, for which
it  was  discovered  that  the  frequency-dependent  coupling
produced an extra zero.

The low-pass prototype can also be transformed in nu-
merous ways  to  realize  synthesis  of  a  circuit  with  the  de-
sired properties. To address the mutual coupling and mutu-
al  capacitance of frequency-variant  four-states,  in [51],  the

authors suggested  a  highly  selective  online  topological  fil-
ter with adjacent frequency-variant couplings (FVCs). Their
suggested  quadruplet  is  effectively  reduced  to  an  in-line
network  by  involving  two matrix  rotations  and  a  rescaling
operation after particular relations between the variables are
met. The changes required can also be expressed by a ma-
trix, which considerably decreases the total number of ma-
trix  operations  and  the  associated  rounding  errors  because
all of  their  variables  are  related to  the  initial  coupling val-
ues.  The  realization  of  in-line  topology  filters  that  contain
FVCs inside is shown in Figure 29.

 III. Regulation and Control of Electromagnetic
Energy Storage in Coupling

 1. Fundamentals and circuit-level realization
Considering  energy  storage  applications,  the  capacitor
forms an electric energy storage device, while the inductor
presents a magnetic energy storage device. These elements
represent  an  interesting  concept  of  using  EM  coupling  for
energy storage. There are three types of EM coupling ener-
gy regulation  and  control  (R&C)  for  RF  circuits  and  sys-
tems,  namely,  electrical  coupling R&C, magnetic  coupling
R&C, and mixed-EM coupling R&C.

For coupled resonators or coupled tanks, all fields, in-
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cluding the self-electric field , magnetic field ,
mutual  electric  coupling  and mutual  magnetic  cou-
pling , are given in Figure 30.
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Figure 30  General coupled RF/microwave resonators.
 

Although resonators with different structures have dif-
ferent  self-resonant  frequencies,  the  coupling  coefficient k
of coupled  resonators  or  tanks  can  be  obtained  by  defini-
tion  from  the  ratio  of  coupled  energy  to  stored  energy  as
follows [35]:
 

k =

y
εE1 ·E2dv√y

ε
∣∣∣E1

∣∣∣2dv×
y
ε
∣∣∣E2

∣∣∣2dv

+

y
µH1 ·H2dv√y

µ
∣∣∣H1

∣∣∣2dv×
y
µ
∣∣∣H2

∣∣∣2dv
(10)

E H

where ε and μ denote the permittivity and permeability, re-
spectively.  The  coupling  coefficient k comprises  electric
coupling and magnetic  coupling,  corresponding to the first
term  and  second  term,  respectively.  According  to  (7),  the
stored  energy  can  be  mathematically  described  by  the  dot
operation of field vectors  and , which results in either
positive-sign  coupling  or  negative-sign  coupling.  The
stored  energy  of  uncoupled  resonators  is  enhanced  if  the
polarity  is  positive,  and  vice  versa.  Obviously,  the  electric
and magnetic  couplings  could  result  in  the  same  or  oppo-
site effects based on the polarity of dot operations.

At RF frequencies, EM energy is usually stored, trans-
ferred,  and  modulated  using  certain  types  of  resonators  in
circuits  and  systems.  These  resonators  are  in  the  form  of
transmission-line  resonators,  coaxial  resonators,  dielectric
resonators, crystal  resonators,  surface  acoustic  wave  res-

onators, mixed-mode  resonators,  etc.  In  general,  the  sim-
plest resonator is realized by parallel or series inductors and
capacitors,  a.k.a.  LC-tanks,  which  are  often  used  to  model
other forms of resonators.

L1 = L2 = L3 = · · · = LN = L/N
C1 =C2 =C3 = · · · =CN =C

k

Because N coupled resonators in a magnetic field can
be equivalent to N coupled LC-tanks in a magnetic field, as
shown in Figure  31,  all  inductors  are  generally  coupled  to
each other, which can be treated as an N-coil magnetic cou-
pled  transformer  [2]. To  facilitate  the  analysis,  it  is  as-
sumed that all  LC tanks are identical with self-inductances
of  and  self-capacitances  of

, and the magnetic coupling co-
efficient between any two tanks is  [5]. Then, the resonant
frequencies of N coupled LC tanks can be expressed as
 

ω1 =

√
N

LC [1+ (N −1)k]
(11)

 

ω2 =

√
N

LC (1− k)
(12)

ω1 ω2

ω1

k = 1 ω1 ω2

(LC)−1/2

ω1

where  and  are  two  different  resonant  frequencies.
Generally,  the  lower  frequency  is  selected  as  the  main
resonating frequency. Assuming ,  and  are calcu-
lated as  and approaching infinity, respectively. The
effective Q-factor at  is expressed as
 

Qeff =


N3+1.5N

CR2

L
+0.5

(
CR2

L

)2

N3+N (1+N)
CR2

L
+

(
CR2

L

)2


NωL

R
(13)

Qeff

where R is  the  resistance  of  the  tank.  Typically, R2C/L is
much smaller than 1, which leads to a deducted  as
 

Qeff ≈
NωL

R
(14)

Thus, the effective Q-factor of the N-coupled tank is N
times higher than that of a single LC tank. The system thus
becomes  a  favorable  EM-energy  storage  and  transferring
method in the RF and millimeter-wave (mm-wave) frequen-
cies.
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Figure 31  The circuit schematic and equivalent circuit of multiple tanks topology.
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 2. Regulation and control based on multiple tanks
With  the  development  of  wireless  communication,  radio
frequency  integrated  circuits  (RFICs)  and  mm-wave  ICs
have attracted  widespread  attention.  As  the  frequency  in-
creases,  high  substrate  loss  and  metal  loss  of  commercial
silicon  will  lead  to  performance  degradation  of  the  circuit
and is not conducive to the design of some structures.  The
current silicon-based process generally has thick metal lay-
ers with low resistivity on the top layer, which can be used
to make  spiral  inductors.  However,  how  to  maintain  a  fa-
vorable Q-factor for small inductance devices, especially at
high  frequency,  is  a  challenging  problem  worth  studying.
This  problem  can  be  effectively  solved  by  improving  the
quality  factor  of  the  resonators  through  multiple  coupled
LC resonators [2].

Multitank technology has great application value, such
as linear  and  nonlinear  circuits,  systems,  transceiver  mod-
ules,  multiport  systems,  low  loss  matching,  high  power
combination, and off-chip applications. The following is the
specific application.

1) Multitank-based linear circuits (Switch and PA)
In  RF/mm-wave  circuits  and  systems,  linear  circuits,

such as switches and power amplifiers (PAs), could impact
the  overall  system  performance,  and  low  insertion  loss  of
passive  networks  is  a  key  requirement  in  linear  circuits.
Due to the enhanced Q-factor, multiple tanks [2] are adopt-
ed in linear circuits of mm-wave switches [3] and reconfig-
urable amplifiers [4].

In reference [6], a PA with a 4-way power combiner is
proposed based on multiple coupled LC tanks, as shown in
Figure  32.  Using  multiple  coupled  LC  tanks,  the  power
combiner  achieves  a  compact  size  and  high  efficiency  of
PA. Fabricated in GF’s standard 65 nm CMOS process, the
3  dB  bandwidth  is  16  GHz,  the  in-band  power  gain  is
greater than 23.8 dB, and the saturated output power is 19.7
dBm. The peak power-added efficiency (PAE) at 60 GHz is
13.4%  with  a  chip  area  of  0.32  mm2.  Compared  with  the
previous  design  [52],  the  size  of  the  power  synthesizer  is
less than one quarter.

Switches are  also  an  indispensable  component  of  lin-
ear  circuits.  In  reference  [7],  a  single-pole  double-throw
(SPDT) switch  using  a  magically  switchable  artificial  res-
onator  structure,  which  can  be  modeled  as  triple-coupled
LC  tanks,  could  effectively  alleviate  the  problem  of λg/4
transmission line area, as exhibited in Figure 33. The SPDT
switch  is  manufactured  by a  65  nm CMOS process  with  a
core area of only 0.0035 mm2. The measured insertion loss
of  the  switch  is  3.3  dB  at  155  GHz  and  is  less  than  4  dB
from 140 to 180 GHz. The isolation in the range of 140 to
180 GHz is greater than 21.8 dB, and the return losses from
130 to 180 GHz exceed 10 dB. Compared to typical SPDT
topologies [53], the circuit size is reduced by 96.5%.

2)  Multitank-based  nonlinear  circuits  (VCO,  ILFD,
frequency multiplier)

The  oscillation  frequency  of  the  voltage-controlled
oscillator  (VCO)  is  tunable  by  adjusting  the  energy  stored

in  the  capacitor.  In  reference  [54],  a  K-band  differential
Colpitts VCO using a 0.18-μm SiGe BiCMOS process was
demonstrated,  as  shown in Figure  34.  This  design  forms a
tri-coupled  LC  tank  via  varactor  diodes,  capacitor  banks,
and  strongly  tri-coupled  inductors.  Without  sacrificing
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phase noise, it increases the tuning range of the VCO. The
measured  frequency  tuning  range  is  22.5  to  26.23  GHz
(15.3%).  The  phase  noise  of  the  VCO  at  1  MHz  and  10
MHz  is –107.7  dBc/Hz  and –132  dBc/Hz,  respectively.  It
has an output power of –3.1 dBm at 24 GHz. The oscillator
core  and  buffer  consume  8.2  and  5.4  mW,  respectively,
under a 1.8 V power supply voltage.

In reference [55], a switched-core VCO was reported,
as shown in Figure 35. The oscillator has a switchable VCO
core to  enhance the  frequency tuning range.  The inductors
of the two VCO cores are strongly coupled with the induc-
tors of the frequency multiplier, and the required signals are
output to  the  frequency  multiplier.  By  controlling  the  mi-
crocurrent  source,  Core-1  and  Core-2  become  switchable.
Fabricated in  0.18-μm SiGe technology,  the  measured  fre-
quency  tuning  range  is  17%  with  phase  noise  of –93.45
dBc/Hz and –89.4 dBc/Hz at a 1-MHz offset in two operat-
ing  modes.  The  power  consumed  by  the  oscillator  ranges
from 7.6 to 15.5 mW.

Figure 36 shows an injection locked frequency divider
(ILFD)  with  dual LC-tanks  for  bandwidth  extension  [8].
The ILFD adopts the 0.18 μm SiGe BiCMOS process. The
transformer is  made of  top metal  with  an area of  123×123
μm2.  The circuit consumes 4.8 mW DC power under a 1.8
V  power  supply,  and  the  buffer  is  3.8  mW.  The  divider
locks  from  20.09  to  25.86  GHz  under  0  dBm  input.  The
maximum  output  power  is  3.23  dBm,  and  the  measured
phase noise is −116.07 dBc/Hz@10 kHz at 25 GHz.

Figure 37 shows a reconfigurable injection locked fre-

quency multiplier (RE-ILFM) [9]. Simultaneous ×2 and ×3
modes are realized with common input and output ports. In
addition,  multiple  tanks  are  introduced  into  the  ILFM  for
the  first  time  to  effectively  improve  the  amplitude  of  the
output signal and reduce the circuit area. The design accel-
erates  the  roll-off  of  the  output  signal  amplitude  in  the  ×3
mode and forms an isolation band at the edge of the locked
frequency. When the differential injection power is 0 dBm,
the  bandwidth  of  RE-ILFM is  from 20.7  to  43.8  GHz,  the
frequency  tuning  range  (FTR)  is  71.6%,  and  the  harmonic
rejection is  better  than 27 dB. The circuit  is  designed by a
55-nm CMOS process with a core area of 0.07 mm2.

3)  Multitumors  for  the  frequency  synthesizer  and
transceiver

Figure 38 shows a 270 GHz injection locked frequen-
cy synthesizer [10]. A sub terahertz (sub-THz) mixer is used
for  frequency  expansion  by  a  subsampling  phase-locked
loop (SS-PLL) and a mm-wave ILFM. The linearity of the
structure is improved by distributed bias technology. VCO,
ILFM and other structures in the system use multiple tanks
to improve performance. The system is designed with a 65-
nm CMOS process. The core area of the chip is 0.58 mm2.
It can achieve ultrawide frequency tuning ranges of 61.2 to
100.8, 122.4 to 136.8,  and 198.5 to 273.6 GHz with −79.3
to −95.4  dBc/Hz  phase  noise  at  a  1-MHz  offset.  An  inte-
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gral jitter of 124 to 159 fs is observed in the tuning range.
The measured output power is −11 dBm at 211.4 GHz, and
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the  corresponding  consumption  is  49.5  mW.  The  DC-RF
efficiency of the system is 0.16%.

In reference [11], a 60 GHz low-power wireless com-
munication  system  based  on  the  IEEE  802.11ad  standard,
comprising a baseband integrated circuit (BBIC) and a low-
power  60  GHz  RFIC  adopting  multitank  techniques,  was
proposed, as shown in Figure 39. An adaptive time-domain
equalizer (TDE) is adopted in the BBIC system, which not
only reduces power consumption but also allows a smaller
hardware size of the equalization process than the frequen-
cy domain equalizer (FDE). The BBIC uses a 16-bit paral-
lel host interface to support the max throughput of 4.6 Gbps.
A  6-bit  DAC/ADC  in  the  BBIC  connects  the  input/output
differential “I” and “Q” analogy signals of the RFIC. The 60
GHz RFIC comprises a Tx chain, a synthesizer with a local
oscillator  (LO)  network,  SPI  slave,  and  an  Rx  chain.
Through the LO feed network, the 22.5–26.23 GHz synthe-
sizer  with  a  K-band  multitank  VCO,  an  ILFD  and  a  PLL
can  be  shared  as  the  LO.  In  the  Tx/Rx  chain,  four  sets  of
cross-coupled (CC) low-pass filters (LPFs) filter the differ-
ential I/Q analogy signals from/to the BBIC. The Rx chain
includes  a  60  GHz  low  noise  amplifier  (LNA),  a  60  GHz
downconversion  subharmonic  mixer  (SHM),  which  con-
verts the differential signals to intermediate frequency (IF),
IF variable  gain amplifiers  (IF VGA),  and a  digitally  vari-
able gain  amplifier  (DVGA).  This  dual-chip  system deliv-
ers 9.8% error vector magnitude (EVM) for 16QAM with a
symbol rate of 1 GHz.

 IV. Dielectric, Air and Substrate Electromagnetic
Regulation Technique and Circuits

 1. Quasiplanar circuits with embedded air cavities
There are many explanations for the loss of electromagnet-
ic  waves in space and the substrate,  mainly dielectric  loss,
conductor  loss  and  radiation  loss.  In  the  traditional  planar
circuits  [56],  such  as  microstrips,  coplanar  waveguides
(CPWs),  and striplines,  the EM field is  partially or  wholly
located  in  the  substrate,  which  will  cause  large  dielectric
loss. Generally, the transmission loss in air is much smaller
than that in a lossy substrate. In view of these dynamics, if
the lossy substrate in planar circuits can be replaced by air,
there would  be  almost  no  dielectric  loss  in  the  ideal  situa-
tion.

In recent years,  the quasiplanar structure with embed-
ded air cavities proposed in reference [12] has been widely
investigated  and  named  SISL.  Further  development  of  the
SISL  platform  [13],  air-filled  SIW  [14], and  empty  sub-
strate integrated waveguide (ESIW) [15] all include this air-
embedded  concept.  Among  them,  the  SISL  platform  is  a
typical  representative  of  using  air  cavities.  In  SISL,  the
electromagnetic field is mainly located in the air, which sig-
nificantly reduces dielectric loss.

Figure  40 shows  the  difference  in  electromagnetic
field  distribution  between  SISL  and  microstrip  lines  [16].
SISL also  has  other  characteristics,  such  as  low cost,  high
integration level, and self-packaging.

With  the  advantage  of  the  low  dielectric  loss  of  the
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SISL  platform,  different  types  of  low-loss  and  high-effi-
ciency  circuits  can  be  designed.  In  reference  [17],  a  Ka-
band BPF was proposed.  As shown in Figure 41,  the half-
wavelength resonator uses a folded structure, which not on-
ly reduces the circuit  size but also forms the equal electric

potential of the folded two sides of the resonator so that the
electromagnetic field is distributed in the air instead of the
substrate,  thus  reducing  the  dielectric  loss.  At  the  central
frequency of 29.2 GHz, the IL values of the two BPFs are
0.78 dB and 1.19 dB. Compared with other state-of-the-art
Ka-band BPFs, it  has the advantage of low loss,  which re-
flects  the  effect  of  regulating  EM  loss.  A  low-pass  filter
based on SISL was proposed in reference [18], as shown in
Figure  42,  and  a  transition  using  via  holes  is  designed  for
ease of measurement. By using the SISL platform, the pass-
band insertion loss is less than 1 dB at the cutoff frequency
of 18 GHz.

In Figure 43, a continuous channel triplexer with mul-
tiple  transmission  zeros  was  realized  based  on  SISL  [19].
The  measured  insertion  losses  in  the  operating  frequency
bands of the three channels are 1.7, 1.5 and 1.4 dB. Due to
the introduction of  multiple  transmission zeros,  the perfor-
mance  of  out-of-band  suppression  and  roll-off  rate  of  this
design is improved.

Based on the self-packaged SISL technology, the slot-
line-based circuits have low dielectric loss and minimal ra-
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diation loss. In reference [20], a magic-T was designed us-
ing a slot line on the SISL platform, as shown in Figure 44.
By embedding the used slot line into the SISL and isolating
it  from  the  external  space,  the  radiation  loss  of  the  whole
circuit  can  be  reduced.  The  minimum insertion  loss  of  the

proposed magic-T is  3.1 dB, and the magnitude imbalance
is  ±0.14  dB.  In Figure  45,  a  differential  branch-line  type
slot-line  coupler  is  reported  [21]. The  two  slot-line  cou-
plers  feature  low  insertion  loss  and  favorable  common
mode suppression.
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SISL  technology  also  offers  advantages  in  the  design
of active circuits with low loss and high efficiency. In refer-
ence  [22],  as  shown  in Figure  46, a  77-GHz  low  conver-
sion loss (CL) fourth harmonic mixer using SISL technolo-
gy was  proposed.  Stubs  and transmission lines  are  used in

this circuit for impedance matching. This design achieves a
minimum CL of  12.2  dB.  In  reference [23],  a  filtering PA
codesigned  by  PA  and  BPF  based  on  a  metal  integrated
substrate  integrated suspended line  (MI-SISL)  was  design-
ed.  MI-SISL  offers  better  thermal  dissipation  performance
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than  traditional  SISL.  Two  low-pass  filters  are  designed,
with  one  acting  as  the  input  matching  network  and  the
other  as  the  output  matching  network.  The  bandpass  filter
response  and  favorable  harmonic  suppression  effect  are
achieved, and the harmonic suppression level up to the fifth
harmonic frequency is 40 dBc. The designed power ampli-
fier has a compact size of 0.12λg × 0.07λg. In terms of high-
efficiency  PA circuit  design, Figure  47 shows a  dual-band
and  two-state  (DBDS)  Doherty  power  amplifier  (DPA)
with a new design concept [24] using MI-SISL technology.
Equivalent  parameters  of  the  matching  part  were  obtained
by  using  impedance  transformation  and  a  matched  dual-
band  saturation  point  and  back-off  point.  At  3.4/4.9  GHz,
the average output power is 38/37 dBm, and the average ef-
ficiency is  37.9%/40.9%,  respectively.  Compared  with  ex-
isting dual-band DPA, DBDS DPA based on MI-SISL has a
higher peak efficiency at saturation.

To further reduce the dielectric loss on the SISL plat-

form,  the  DSISL  [16]  can  be  used,  as  shown  in Figure
48(a), which helps minimize the conductor loss and dielec-
tric  loss.  As  shown in Figure  48(b),  the  dielectric  loss  can
be minimized by partially removing the substrate according
to the circuit pattern.

As shown in Figure 49, a transition from SISL to sus-
pended coplanar waveguide (SCPW) was proposed in refer-
ence  [17]. By  using  low-loss  DSISL technology,  the  pass-
band of this transition can be achieved from DC to 60 GHz.
The  comparison  of  single-metal  layer,  double-metal  layer
and double-metal  layer  patterned  substrates  shows that  the
double-metal layer patterned substrate has the lowest inser-
tion loss,  which reflects  that  the SISL platform can reduce
the  loss  by  regulating  the  distribution  of  electromagnetic
waves. In reference [25], a novel 24-GHz frequency-modu-
lated continuous wave (FMCW) radar system based on the
SISL platform was  proposed,  which  has  high  performance
in measuring range, speed, direction, and other indoor envi-
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ronments. For coupled line circuits, a loss reduction method
using multiple inner layers was proposed [26],  where each
inner  board  layer  is  used  as  a  transmission  line  layer  in
Figure  50.  With  this  approach,  the  coupling  between  the
coupling lines becomes that between two inner boards, and
there is almost no dielectric between the two boards.  Even
when low-cost materials with high loss tangent are used, the

dielectric loss of the core circuit remains very low. A cou-
pled line coupler and a Marchand balun were designed us-
ing the multi-inner board SISL [26], and the insertion loss-
es were 0.23/0.3 dB at 4.5 GHz.

The  SISL  platform  also  supports  waveguide  mode
transmission  by  using  patterned  substrates  and  embedded
air cavities, which show good properties, especially at high-
er  frequency  bands,  such  as  millimeter  waves.  To  ensure
the  mode  conversion  between  quasi-TEM  mode  and  TE10
mode  and  the  transmission  signal  quality  [27],  transitions
between different  transmission  lines  in  Ka-bands  were  de-
signed as shown in Figure 51. All these boards were fabri-
cated  using  low-cost  FR4  materials.  The  measured  data
show  that  the  insertion  loss  is  0.4–1.03  dB  and  the  return
loss is better than 13 dB from 26.5 GHz to 40 GHz. In ref-
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erence  [28], a  1:4  Ka-band  SISL  power  divider  was  de-
signed, as shown in Figure 52. To obtain better matching in
broadband, the  iris  structure  is  used  at  the  T-junction  be-
tween the SISL and the air-filled SIW, and a bandwidth of
61.7%  is  obtained.  In  addition,  adding  three  ports  to  the

load  resistors  increases  the  isolation  of  the  overall  design
from 2.5 dB to  15 dB.  In  summary,  the  SISL platform of-
fers advantages in reducing dielectric loss and can also re-
duce  metal  loss  and  radiation  loss  of  circuits.  Some  case
studies are reported in reference [29]. The loss reduction of
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the SISL platform is significant in the millimeter wave fre-
quency band .

The use of an air cavity will reduce loss, but it will re-
duce  the  equivalent  dielectric  constant,  which  introduces
challenges  to  miniaturization.  The  design  of  the  SISL
quasilumped element  circuit  makes  full  use  of  the  advan-
tages of multiple layers to realize circuit miniaturization. In
Figure  53,  the  spiral  inductor  was  modeled  on  the  SISL
platform, and the Q factor was also enhanced by using dou-
ble metal layers and a patterned substrate [16].

Based on the SISL platform, a compensated interdigi-

tal  capacitor  (CIDC)  model  was  established,  as  shown  in
Figure  54 [30].  Compared  with  the  traditional  single-layer
interdigital and flat plate capacitor, the CIDC fully uses the
horizontal and  vertical  electric  fields  and  increases  the  ca-
pacitance density. Using the CIDC, a compact lumped balun
is designed, and the core size is 0.06λg × 0.11λg. As shown
in Figure  55,  miniaturized  5G  SISL  BPFs  were  proposed
[31]. By using differential inductors as resonators, the BPF
size can be reduced. The circuit sizes of the designed 2nd-
and  4th-order  filters  are  only 0.0023λg

2 and 0.0052λg
2, re-

spectively.
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 2. Cavities with embedded medium and circuits
For further miniaturization of the circuit, the SISL structure
takes  advantage  of  the  embedded  cavity.  Dielectric  blocks
with high dielectric constants can be loaded into the cavity,
which improves the miniaturization level of the circuit.

A high-density SISL capacitor using a filled dielectric
block is reported, as shown in Figure 56 [32]. Because two
air cavities are were formed due to the excavation in Sub2
and  Sub4,  by  filling  these  cavities  with  dielectric  blocks,
the equivalent  dielectric  constant  of  the  overall  design  in-
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creased, which  improved  the  capacitance  value  of  the  ca-
pacitor. Specifically, a ceramic dielectric block with a per-
mittivity  of  38.3  was  filled  in  the  air  cavity.  The  results
show that the extracted equivalent capacitance can reach 29
pF, and the capacitance density can reach 0.067 pF/mm3. A
lumped LPF was designed using the dielectric-filled capaci-
tor,  and  the  main  circuit  size  was  only  0.005λg ×  0.013λg.
The design has a clear miniaturization advantage compared
to competing state-of-the-art approaches.

The filled  dielectric  block  can  also  be  used  as  a  res-
onator for filter design. Figure 57 shows an SISL-based du-

al-band dielectric resonator filter (DRF) [33]. The DRF was
fed by a strip ring and achieved degenerate mode coupling
through a  coupling ring.  The filter  used multimode dielec-
tric  resonators  to  generate  two  passbands  and  four  out-of-
band  transmission  zeros  through  the  designed  coupling
path. The size of this filter is 38.4 mm × 19 mm × 3.8 mm.
 3. Composite metasubstrates and circuits
EM waves can be regulated by meta-substrates,  which can
enhance circuit performance. With periodic arrangement of
the metasubstrate, high permittivity can be obtained, which
contributes to  circuit  miniaturization.  SISL-based  metasur-
faces with a high permittivity have been reported, as shown
in Figure  58 [34].  Their  main  circuit  is  implemented  on
Substrate3 with the metasubstrate below. The “I-shaped” el-
ement was designed under Substrate3 as a metasubstrate. A
high  relative  permittivity  of  17.25  is  achieved.  A  Gysel
power  divider  (PD)  was  designed  by  using  an  SISL-based
metasubstrate. Figure 59 shows the Gysel  PD with a  com-
pact  circuit  size  of  0.15λg ×  0.27λg,  which  achieves  a  size
reduction of 61% compared to the conventional counterpart.

 V. Conclusion
This  article  presents  several  kinds  of  circuit  designs  using
electromagnetic  control  technology  in  the  radio  frequency
band.  The  separation  of  magnetic  and  electric  coupling
paths contributes  greatly  to  the  design  of  filters  in  mi-
crowave communication.  The  regulation  of  electromagnet-
ic  energy  is  a  valuable  tool  when  designing  oscillators,
VCOs, PAs,  ILFDs,  and  SPDTs  with  excellent  perfor-
mance. The principle of regulating the airspace electromag-
netic field  has  been  greatly  applied  in  circuit  designs,  in-
cluding  filters,  couplers,  LNAs,  PAs,  and  metasubstrates
based on the SISL platform. These circuits demonstrate that
the development  and application of  techniques for  regulat-
ing the electromagnetic field can improve the circuit perfor-
mance in terms of flexible control of TZs, loading effect for
size reduction, low insertion loss, improved selectivity, low
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phase noise, high Q, high efficiency, and size reduction.
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