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Abstract—We explore a novel concept for pulse compression 
scheme applicable at RF, microwave, and possibly up to optical 
frequencies based on structured energy distribution in cavities 
supporting degenerate band-edge (DBE) modes. We show the high 
spatial concentration of energy due to DBE modes and proper 
choice of boundary conditions in coupled transmission lines (TLs) 
provide the basis for superior performance of the structured 
cavity when compared to a conventional cavity. We investigate 
the novel cavity features: larger loaded quality factor of the cavity 
and stored energy compared to conventional designs, robustness 
to variations of cavity loading, energy feeding and extraction at 
the cavity center, and substantial reduction of the cavity size by 
use of equivalent lumped circuits for low-energy sections of the 
cavity. Structured energy also allows for controlled pulse shaping 
via engineered extraction techniques. The presented concepts 
are general, in terms of equivalent coupled TLs, and can be 
applied to a variety of realistic guiding structures. Potential ap-
plications include microwave pulse compression devices, on-chip 
millimeter-wave pulse generation, and pulsed laser generation.

Index Terms—Cavity resonators, high-power microwave gen-
eration, optical pulse compression, photonic-bandgap structures, 
pulse compression methods, -factor.
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Fig. 1. Plots of spatial distribution of total time-average energy units of (J/m)
versus position in: (a) conventional cavity of length and (b) struc-
tured cavity of same length . In (b), about 60% of the total stored energy is
stored in just 25% of the total cavity length. (a) Conventional cavity.
(b) Structured cavity (DBE modes).

allowing for extraction of maximum amount of energy in the
minimal possible time. An example of such a structured energy
distribution, shown schematically in Fig. 1(b), plots the spatial
distribution of the sum of stored time average electric and mag-
netic energy density (units of J/m) for a novel structured cavity
having the same length as the conventional cavity res-
onator. In contrast to the constant energy distribution in the con-
ventional cavity shown in Fig. 1(a), we find that most of the en-
ergy in Fig. 1(b) is stored with a small region around the cavity
center. This allows releasing the stored energy faster due to the
reduction of the effective cavity length and this concept is the
basis for the work presented in this paper.
Such concentrated energy distribution is also helpful to con-

trol losses in structured cavity thereby improving the cavity .
It is well known that the skin-effect loss is frequency depen-
dent (see [16, Ch. 1] and [17, Ch. 2]) and at lower frequencies,
typically below 1 GHz, the skin-effect loss could be neglected
(see [16, Ch. 1] and [17, Ch. 2]). It is possible to use cavities
whose walls are coated with a thin layer of low-loss metals like
gold or silver to reduce skin-effect losses. Since the energy in a
conventional cavity resonator is uniformly distributed,
to control losses the entire cavity has to be coated with gold or
silver. However, a structured energy distribution allows for en-
gineering the losses in only a small region of the cavity thereby
further increasing the cavity due to further reduction in losses
using better materials only in those unit cells where most of the
energy is stored.
We propose in this paper a concept for a novel structured

cavity (i.e., with structured energy distribution) with applica-
tions to MPC devices. The cavity is composed of a cascade of

unit cells, properly designed, each supporting two distinct
electromagnetic modes (four, if distinguishing between forward
and backward modes), thereby leading to distributed storage of
energy in the cavity. The cavity is very large and importantly
it is insensitive to loading by source impedances. Such a cavity
presents a novel feature compared to a standard cavity whose
is dramatically reduced when loaded by source impedance.

The structured energy distribution also helps in efficient feeding
and evacuation of accumulated energy from the center of the
cavity. It also permits for substantial reduction in cavity size by

allowing for lumped circuit implementation of those unit cells
with lower stored energy. Another unique feature of the struc-
tured cavity is the preservation of spatial energy distribution
around the cavity center with increasing number of unit cells
.
The novel features of the structured cavity are partly due to

degenerate band-edge (DBE) modes [18]–[20]. DBE modes
are unique band-edge phenomenon supported by periodic
structures. At the DBE frequency, the photonic dispersion
curve follows a degenerate fourth power dependence of
the radian frequency on the Bloch wave vector , instead of
second power dependence associated with typical band-edge
resonances [18]–[20]. This leads, in particular, to vanishing
of the group velocity and consequent dramatic increase in the
field intensity inside a finite stack exhibiting the DBE mode
[18]–[20]. The concept of DBE [18]–[20] was first proposed in
a simple structure composed of stacked anisotropic dielectric
layers [18]–[20], where the importance of symmetry breaking
in achieving the DBE was emphasized. Planar circuits sup-
porting DBE modes were developed in analogy to propagation
of light in the stacked anisotropic dielectric layers [22], [23].
Recently it has been shown that the DBE can be obtained in
all-metallic circular waveguides with periodic loading [24].
The proposed pulse compression concepts can be applied to
all structures summarized in Appendix A. Previously, it has
been shown that field intensity enhancement varied as the
fourth power of the number of unit cells within the stack
[18]–[20] and was found to be true only for large [23]. The
finite stack supporting DBE modes is ideally suited for highly
frequency selective applications such as resonant cavities due
to the narrow line shapes associated with the transmission
band-edge resonance as evident from [18]–[20]. Although
the enhancement of field intensity in finite stacks have been
discussed [18]–[20], the application of DBE modes to cavities
with known boundary termination and feeding method has not
been explored.
In this paper, we study novel periodic structured cavities,

which not only make use of the energy concentration due to
DBEmodes, but also use proper choice of boundary and feeding
conditions to achieve superior loaded factor compared to
standard cavities. While various different cavity configurations
are conceivable, in this paper we study a particular cavity con-
figuration in which we feed and extract energy from the cavity
center. The basic configuration of the structure consists of a fi-
nite periodic stack of unit cells, as was done in [18]–[20], but
terminated here in short circuits with energy feeding and ex-
traction from the center of the cavity. In line with the definition
of active MPC devices [1]–[3], [9] we show that the of this
novel structured cavity can be dramatically altered by simple
modifications to the structure, thereby enhancing its appeal for
use in MPC applications. This paper is organized as follows. In
Section II, we describe the unit cell design, which is made up
of periodic coupled TLs made of two cascading TLs, with pe-
riodic coupling. It is understood that the equivalent TL model
can be an exact field representation of complex realistic waveg-
uiding systems [25]–[27]. Therefore, a periodic multi transmis-
sion line (MTL) is representative of a periodic cascade of mul-
timode waveguide sections shown in Appendix A. To develop
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a DBE, two coupled modes in each direction are necessary, and
a variety of structures may support such conditions, including
closed metallic waveguides for high-power applications. In this
work, structured cavities based on the DBE condition are mod-
eled using cascaded sections of MTLs. In Section III, we de-
scribe the structured cavity made up of a finite number of unit
cells and discuss key attributes of the cavity such as quality
factor and density of stored energy. In Section IV, we present
an illustrative implementation of the unit cell of Section II and
describe two states of the structure with dramatic differences
in the quality factors. In addition, we discuss applications of
the structured cavity to MPC devices. Although the concept of
structured cavity is being introduced withMPC applications, we
expect that it can be applied to printed or integrated RF circuits
and optical devices.

II. UNIT CELL DESIGN AND FORMALISM

The design of the unit cell is fundamental to the operation of
the structured cavity. A unit cell can be formed by a few possible
constituents and by several TLs, though in the remainder of this
paper we focus on having only two TLs. The unit cell consisting
of three MTL sections, for example, shown schematically in
Fig. 12(d) and [24], was designed in analogy to the anisotropic
dielectric layer unit cell in [18]–[20]. The unit cell consisting of
two MTL sections was designed starting from the unit cell with
three MTL sections and then compacting the equations. A sim-
ilar design was used in [22] and [23]. For example, the unit cell
of thewaveguide structure in Fig. 12(d) is made up of threeMTL
segments. This suggests a high degree of flexibility in the imple-
mentation of unit cells supporting DBE modes. The unit cells in
the paper consist of two MTL segments of lengths and

shown schematically in Fig. 2(a). Each MTL segment here
consists of two TLs. These are chosen here to be uncoupled in
segment and coupled by distributed coupling capacitance in
segment , though many other configurations are possible and
would lead to analogous results. A few possible implementation
configurations of the unit cell supporting the DBE condition are
detailed in Appendix A. The theoretical formulation forMTLs is
well known and we follow the notation presented in [28]–[30].
We denote

(1)

and

(2)

to be the series impedance and shunt admittance matrices, per
unit length, of segments and . Here, we define

(3)

as the resistance matrices (with per unit length entries) for the
segments and , respectively. We also define

(4)

Fig. 2. (a) Schematic of a unit cell with two coupled TLs capable of sup-
porting a DBE mode. (b) Plot of the - dispersion diagram for a periodic
MTL cascading unit cells using the parameter values detailed in Appendix B.
(a) Schematic of unit cell.

as the inductance matrices (with per unit length entries) for seg-
ments and , respectively, and

(5)

as the capacitance matrices (with per unit length entries) for
the segments and , respectively, where, are
the line inductance and capacitance, respectively, of the th TL
( ) in the th segment, is
the distributed coupling capacitance in segment and is the
radian frequency of operation. Here, we choose the two TLs
in section , and , to be dissimilar and the two
TLs in section , and , to be identical. Absence or
presence of coupling breaks the symmetry between segments

and . All TLs in sections and are assumed to have
some losses represented by line resistances series, which model
the ohmic loss on the surface of metals in real waveguides. We
also assume lossless coupling between the two guided fields,
represented by the two coupled TLs.
It is convenient to define the state-vector of the form

, where and
are the voltages and currents at a point on the upper and lower
sets of TLs in the cavity. The first-order differential equations
for the MTL in terms of the impedance and admittance matrix
is written as

(6)
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where

(7)

where and are the impedance and admittance matrices de-
scribing the per unit parameters of the MTL. Denoting

as the initial TL values at , assuming that does not
change with (i.e., for a uniform TL), we recognize (6) as the
well-known Cauchy problem [18]–[20] with a unique solution

, where we define the matrix ,
which uniquely relates the state vector between two known
points and as .
Extending this concept to cascaded segments of MTL struc-

tures as in Fig. 2(a), in the remainder of this paper it is conve-
nient to resort to the definition of the transfer matrix
(see [16, Ch. 4] and [17]), commonly used in microwave en-
gineering, and used here as generalized to multiple ports [28],
[31]. We define the matrix for each section, and ,
of the four-port circuits in Fig. 2(a) as

and , where

(8)

and is a zero matrix of order 2. It is customary to implicitly
assume in microwave engineering (see [16, Ch. 4] and
[17]), and therefore the argument is dropped in the remainder of
this paper.We can express the 4 4 -like transfer matrix

of the unit cell shown in Fig. 2(a), as the product of two 4
4 matrices describing the transfer matrices of the individual

sections of the unit cell

(9)

For an infinitely long stack of TL unit cells, a periodic solution
for the state vector exists in the Bloch form

(10)

where is the Bloch wavenumber, which assumes complex
values when losses are present and when describing the
bandgap. To determine the Bloch wavenumber, we can write
the following eigenvalue equation:

(11)

such that the four eigenvalues , , of
the operator are obtained as solutions of the characteristic
equation

(12)

where we define to be the identity matrix of order 4. The
- dispersion diagram, of the unit cell structure of

Fig. 2(a) is plotted in Fig. 2(b) for the TL values given below.
The structure exhibits the DBE mode at 4.887 GHz at the
edge of the Brillouin zone. In this paper, a constant distributed
loss series line resistance (m m), in the order of
magnitude of the metal surface resistivity of copper in the

Fig. 3. Schematic of structured cavity formed by cascading unit cells of two
coupled TLs.

hundreds of the MHz to GHz regime, is used in all numerical
calculations. The distributed shunt conductance is always set
to zero. All results are obtained for the structured cavity fed by
one ideal voltage source (V) and . All unit
cells in this work have a nominal length (cm). We note
at the DBE resonance frequency of 4.887 GHz, the free-space
wavelength (cm). The following are the parameters
of the MTLs for the unit cell in Fig. 2(a): (segments and are
mentioned in subscripts) (cm), (cm),

( H m), ( H m),
(nF/m), (nF/m),

(nF/m), and (pF/m). We find that
the above parameter values are of the same order of mag-
nitude as the equivalent MTL parameters for the structures
in Fig. 12(d) and [24]. This suggests that structured cavities
supporting DBE modes can be implemented using practical
waveguiding structures. These values are also repeated in
Appendix B for convenience.
For the losses considered, the plot in Fig. 2(b) is similar to

the one for the case without losses since small losses do not sig-
nificantly perturb the DBE condition. Note that in each TL seg-
ment we assume there is only one modal wavenumber (for both
modes in opposite directions). Therefore the periodic MTL sup-
ports four Bloch modes (with symmetry due to reciprocity),
the solution of (11). The degeneracy condition associated to
the DBE is among these four Bloch modes. The -like
transfer matrix of the unit cell derived in this section is used
in the formulation in Appendix C to calculate the -like
transfer matrix of finite cascade of unit cells, as shown in Sec-
tion III.

III. STRUCTURED ENERGY DISTRIBUTION IN A CAVITY
A schematic of the structured cavity of length , con-

sisting of cascaded unit cells each of length , is shown in
Fig. 3, in terms of equivalent TLs, where we denote the unit cell
as with .
We note the lines at are terminated in short cir-

cuits, though other load terminations would not alter the proper-
ties discussed here. We choose for convenience an even number
of unit cells with the cavity centered and fed at , although
we expect similar behavior for an odd number of unit cells. We
define and to be the source voltages and se-
ries source impedances feeding the upper and lower sets of TLs
in the cavity and located at , though other source loca-
tions would be possible, even at the extremities of the cavity

. As described in Section II, we assume a state-
vector of the form .



746 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 64, NO. 3, MARCH 2016

Fig. 4. Plots of versus position in a cavity with: (a) and
(b) unit cells.

Throughout this paper, all TLs are assumed to have losses rep-
resented by series line resistances only, (m m), which
model the loss on the surface of metals in real waveguides.
Similar to conventional cavities, the resonance frequency of

the structured cavity can be computed by applying the trans-
verse resonance method to the cavity at and the method
used is briefly discussed in Appendix C. For example, the res-
onant frequencies for structured cavities with unit cell defined
in Fig. 2(a) and with and are GHz,

GHz, and GHz, respectively, and were calculated
using the numerical parameters detailed in Appendix B.We first
characterize the structured cavity by studying the spatial dis-
tributions of voltage, stored energy, and energy loss per unit
second along using the methods to compute them detailed in
Appendices C and D. The results are obtained for the structured
cavity fed by one ideal voltage source (V) and
(V). At any point , we define
as the total absolute squared voltage in the cavity and denote the
maximum value of as .
In Fig. 4(a) and (b), we plot as a function of

in the structured cavity with and
unit cells, respectively, and realize that plots of

are analogous to the field intensity ( or squared amplitude)
plots in [18]–[20]. Note that in [18]–[20], only the envelope of
the field intensity was plotted. We choose each unit cell to have
nominal length (cm). We note at the DBE resonance
frequency of 4.887 GHz, the free-space wavelength
(cm).
It should be noted that the large enhancement in ex-

perienced in these cavities is not attributed to the use of short-
circuit terminations since other loads would also prevent out-
flow of energy from the ends of the cavity. In other words, the
resonance behavior discussed here would be preserved with a
large variety of load terminations.

Fig. 5. Plots of spatial distribution of energy loss per unit second versus posi-
tion in a cavity in units of [W/m] with: (a) and (b) unit cells.
Plots of spatial distribution of time-average energy versus position in a cavity
in units of [J/m] with: (c) and (d) unit cells. In (c) and (d),
about 58% of the total stored energy is stored in just 25% of the total cavity
length.

In Fig. 5(a) and (b), we plot the spatial distribution of the
energy loss per unit second (power loss density) with units of
(W/m) in the cavity with and unit cells, respectively,
using the formalism in Appendix D, while in Fig. 5(c) and (d),
we plot the stored time-averaged energy (per unit length) with
units of (J/m) in the cavity with and unit cells,
respectively.
We observe that the spatial profiles of the energy loss per

unit second and stored energy distribution in the cavity follow
the same spatial profile as . We note that the spatial
profiles of squared voltage and total stored time-averaged en-
ergy are not located at the spatial center of the structured cavity
( ) and is attributed to the asymmetry in the unit cell and,
in general, possible asymmetries in impedance terminations.
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In both cavities with and unit cells, pre-
serves the same spatial trend and the percentage of stored en-
ergy in sections of equal lengths of and centered on the
geometric center of the cavity in both cavities is approximately
equal. The cavity with unit cells and total length of

stores about 58.2% of the total stored energy within
a finite section of length centered around the geometric
center of the cavity while the cavity with unit cells
and total length of stores about 58.3% of the total
stored energy within a finite section of length centered on
the geometric center of the cavity.
The of the structured cavity (called ) is evaluated by

use of the fundamental definition , where
is the time-averaged storedenergy, is the time-aver-

aged energy loss per second, is the radian frequency
of resonance (see [16, Ch. 6] and [17, Ch. 7]), and is the
total energy loss per unit second in the cavity. At their funda-
mental resonance frequencies, and assuming ,
the unloaded of the cavity with and unit cells
are and

. Since the structured cavity is made up of TLs, we
compare the of the structured cavity with that of a standard
short-circuitedTLresonator formedbyaTLof length

(cm) corresponding to at a resonance frequency of
4.941 GHz, which is very close to the resonant frequency of the
structured cavity with unit cells, GHz.
We use 0.1 ( H m) and 0.1 (nF/m) as the distributed line in-
ductance and capacitance, respectively, of the standard short-cir-
cuited TL resonator. Note that these values are very close
to the TL parameters chosen for the structured cavity implemen-
tation (numerical values inAppendixB). In addition to that, these
values are of the same order ofmagnitude as the equivalentMTL
parameters for the structures in Fig. 12(d) and [24]. Note that
at the resonance frequency of 4.9 GHz [or free-space wave-
length (cm)], the cavity length (cm)
corresponds to . Previously, standard short-circuited

TL resonators have been explored in [3] and [5]–[15]
for MPC device applications and typically have lengths of a few
wavelengths. In [3] and [5]–[15], the TL resonators are
typically fed using an inductive iris on ametalwall located on the
extremity of the resonator. In this work, for simplicity the source
impedance is considered purely resistive. We also account for
losses by use of series line resistance (m m) and as-
sume zero shunt conductance. At the resonance frequency, the
unloaded of the short-circuited TL resonator (called

) is calculated to be using well-known
formulas (see [16, Ch. 6] and [17, Ch. 7]). Therefore, we observe
then that for the same distributed series line resistance the un-
loaded of the structured cavity is of the same order of mag-
nitude as the unloaded of the short-circuited TL res-
onator. It is important, however, to consider the effect of gener-
ator impedance loading on the in both cases of the structured
and standard cavities. Fig. 6(a) shows the variation in as
a function of the purely resistive source impedance when the
cavity is fed by only and . Importantly, the quality
factor of the structured cavity is insensitive to different source
impedances suggesting the robust nature of the cavity supporting
DBE modes.

Fig. 6. Plots of variations in of: (a) structured cavities of lengths and
and (b) standard TL resonator of same length and resonant
at GHz, as a function of purely resistive source impedance.

In Fig. 6(b), we plot the loaded of the standard TL
resonator (called ) as a function of a purely resistive source
impedance located at one of the extremities of the cavity.
The loaded is seen to dramatically decrease, as expected,

with increasing source impedance restricting the use of such
resonators. Indeed, we find when loaded by purely
resistive source impedance ( ).
The choice of feeding the TL resonator at one of the ex-

tremities was guided by the practical location of the inductive
iris in the short-circuited TL resonator used in [3] and
[5]–[15], [32].
However, a similar trend in loaded is expected when

the resonator is loaded by the source impedance at its center. In
contrast, is very stable when source impedance is varied
with and

when loaded by purely resistive source impedance
( ), very close to their unloaded ( ) values

and located at the center of the cavity. Therefore, considering
loading by source impedance is many orders of magni-
tude larger than the loaded of the standard TL res-
onator, thereby enabling the structured cavity to store signifi-
cantly more energy than conventional designs. A similar trend
for is observed when the cavity is loaded at its extreme
ends.
This is observed from the plot in Fig. 7(a) where four identical

purely resistive termination loads were used instead of short cir-
cuits. It is important to notice the flatness of the curve
for very large variation of load values. To further understand
the behavior of with number of unit cells , we plot
the variation in varying the number of unit cells in
Fig. 7(b). Clearly, is found to increase for small and
saturate for larger . This is because the quality factor cannot
increase indefinitely due to the internal losses in the TLs.
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Fig. 7. Plot of variations in as function of: (a) purely resistive termi-
nation impedances (at the four ports) for cavities of lengths and and
(b) number of unit cells . Notice how flat the value of is for a very
large variation of load terminations.

IV. ILLUSTRATIVE IMPLEMENTATION FOR
STORAGE AND RELEASE OF ENERGY

We present here an illustrative implementation of the unit cell
in Fig. 2(a) using TLs and lumped capacitive coupling elements,
which readily demonstrates the possibility of switching by
breaking the DBEmode and thus strongly modifying the energy
distribution and the cavity . Such TLs are representative of
propagation in coupled waveguides shown in Appendix A. The
unit cell needs to be specifically designed so that the cavity
supports the DBE mode with a large value when in the “On”
state; whereas in the “Off” state the DBE mode is destroyed
by suitably designed structural modifications. We modify the
unit cell in Fig. 2(a) by replacing the distributed capacitance in
segment by a lossless lumped capacitor network, as shown
in Fig. 8(a). Multiple switches are used within a unit cell as
to switch the structure from the “On” state to “Off” state. We
assume ideal lossless switches with infinite off-state resistance,
zero on-state resistance, and zero switching time. However,
practical implementations could utilize plasma-based switches
that could handle high peak power and fast switching speed in
the order of nanosecond to picoseconds [1], [9], [15].
The circuit of the modified unit cell in Fig. 8(a) requires only

lumped coupling between uncoupled TLs to create DBE mode
and, hence, can easily be implemented using TEM-like waveg-
uides coupled by lumped capacitors or by real waveguides with
stubs. The circuit in Fig. 8(a) is in the “On” state with the switch

closed causing the TL segments and to be coupled, and
with switches and open, thereby decreasing the capac-
itive load of the circuit. The circuit in Fig. 8(b) is in the “Off”

Fig. 8. Schematic of unit cell capable of supporting DBE mode in: (a) “On”
state and (b) “Off” state. (a) Schematic of unit cell in “On” state. (b) Schematic
of unit cell in “Off” state.

state with the switch open causing the TL sections and
to be uncoupled from each other and with switches and
closed, thereby increasing the capacitive load of the two uncou-
pled and periodic upper and lower TL segments. These mod-
ifications provide for control over the wavenumber-frequency
dispersion characteristic of the TL segments.
The transfer matrix of the unit cell in Fig. 8(a), which

uniquely relates the state vector between two known points
and , with , along the axes such that

, can be expressed as the product of three matrices
describing the transfer matrices of the individual sections of the
unit cell

(13)

where we define as the unit matrix of order 2, as a zero
matrix of order 2, and the admittance matrix

(14)

In addition, we define for the th section, where , the
following matrices:

(15)
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Fig. 9. - dispersion diagram of the unit cell structures. (a) “On” state in
Fig. 8(a) and (d) and “Off” state in Fig. 8(b) using the parameter values detailed
in Appendix B.

(16)

(17)

where and are the complex propagation constant and com-
plex impedance for the th section and whose values can be cal-
culated from the physical parameters for the relevant
segment [16], [17]. The transfer matrix of the unit cell de-
rived in this section is used in the formulation in Appendix C to
calculate the -like transfer matrix of finite cascade of
unit cells.
The - dispersion diagram of the unit cell in the “On”

state shown in Fig. 8(a) is plotted in Fig. 9(a) and is seen to ex-
hibit the DBE mode at 3.310 GHz. However, in the “Off” state,
on uncoupling the circuit, we obtain two independent dispersion
diagrams plotted in Fig. 9(b) corresponding to the two uncou-
pled and periodic upper and lower TL segments.
The difference between the - dispersion diagrams

corresponding to the “On” and “Off” states is clearly visible,
showing in particular that the DBE dispersion phenomenon in
Fig. 9(a) has disappeared. We would like to stress that while
we chose a simple uncoupling strategy, many other approaches
can achieve the DBE disruption depending on the topology
implementation of the structured resonant cavity.
As an illustrative example, a structured cavity was formed

by cascading unit cells, with length 16 (cm), in the
“On” state, the unit cell shown in Fig. 8(a), with short-circuit
terminations at the four ports located at two extremities of the
cavity. The cavity is fed at the spatial center by only one source

(V) with and . We neglect
since, as shown in Section III, it is not found to significantly

Fig. 10. Plot of versus position for a cavity with unit cells
obtained using two methods: (a) formalism in Appendix C based on transfer
matrix method and (b) standard circuit simulator. Results are in agreement.

affect the cavity performance. At the computed resonance fre-
quency, GHz, we plot as a function of
in Fig. 10(a) and (b) using the formalism in Appendix C and

also using the commercial circuit simulator AWR Microwave
Office, respectively.
The plots of obtained from circuit simulations are

seen to be in excellent agreement with those obtained using the
formalism in Appendix C.
The spatial energy distribution within the cavity with

unit cells in the “On” state [unit cell shown in Fig. 8(a)], is
plotted in Fig. 11 at GHz using the formalism in
Appendix C. In particular, in Fig. 11, the stored time-averaged
energy in the TLs, which is a continuous black curve, is plotted
separately from the stored time-average energy in the capacitive
coupling network, which is discrete, in red. Of the total time-av-
eraged energy stored in the cavity with unit cells, more
than 99.9% is stored in the TLs while the remaining 0.1
is stored in the lumped capacitor network. From the schematic
of the unit cell in “Off” state, we observe that the energy stored
in the lumped capacitor network cannot be extracted from the
unit cell as the capacitor is disconnected from the network by
the switch in open state.
However, about 99.9% of the total energy stored in the upper

and lower cascaded segments of TLs and the loading capacitors
can be extracted from the circuit by employing matched wave-
guide ports depending on the chosen implementation method.
We note that in the “Off” state the upper and lower cascaded TL
sections are uncoupled and have nominal line impedances and,
therefore, standard circuits matched to the TL line impedances
can be used to extract the stored energy. The exact matching cir-
cuit used to extract energy from the upper and lower MTLs in
the “Off” state depends on the choice of implementation. How-
ever, in the “On” state, when the DBE condition occurs, the
values of the source or load impedance do not make a difference
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Fig. 11. Plot of the time-averaged stored energy distribution in the cavity with
unit cells of two coupled TLs showing that about 60% of the total

energy is stored in just 25% of the total cavity length. Also shown is a schematic
of the energy extraction scheme with four unit cells in the “Off” state.

in practical terms as the resonance behavior of the structured
cavity would be preservedwith a large variety of source and load
terminations. See, for example, the plot in Fig. 6(a), where the
quality factor remains approximately constant for a very large
variety of source impedances and the plot in Fig. 7(a), where the
quality factor remains approximately constant for a very large
variety of termination impedances. Therefore, for a possible im-
plementation it is recommended that loads are to match those of
the “Off” state since they would not affect the quality factor of
the “On” state.
Importantly, we find that a large fraction of the energy is

stored in a small section of the cavity close to its center, whereas
sections of the cavity close to the extremities of the cavity
store very little energy. Indeed, about 60% of the total stored
steady-state energy is contained within just 25% (or 4 (cm) or

, where (cm) is the free space wavelength
corresponding to the operating frequency of 3.308 GHz) corre-
sponding to the total length, or from
and corresponding to four unit cells from to , close to
the spatial center of the stack. Such a distribution of energy
is beneficial to both feed the cavity and extract energy from
the cavity from its center and can lead to many advantages,
especially for applications in MPC devices.
Fig. 11 also shows one possible energy extraction scheme in

the form of a TL schematic, which takes advantage of the spa-
tial distribution of energy in the structured cavity. In particular,
this scheme could make the structured cavity suited for MPC
applications since it would be advantageous for MPC devices
to produce large amplitude, yet have very narrow pulse width,
therefore delivering higher pulsed power. Since 60% of the total
energy is stored within four unit cells from to , we choose
to place switches such that the unit cells – are isolated
from the rest of the circuit, as shown in Fig. 11. These switches,
which are normally closed, are open at the very same instant the
unit cells are switched from the “On” to “Off” state disrupting
the DBE mode in the circuit and leading to isolated upper and

lower TL segments, as shown in Fig. 11. Indeed, it can be recog-
nized that only units cells – need to be switched from the
“On” to “Off” state, thereby reducing the number of switches re-
quired. In Fig. 11, we assume that the sources are automatically
disconnected from the circuit using switches. In Fig. 11, we ob-
serve that energy can be extracted from the isolated upper and
lower TL sections from multiple available open ports. Astute
choices regarding the number of open ports from which energy
can be extracted simultaneously can be made, thereby gener-
ating pulses with very short pulse widths. Since the dispersion of
the upper and lower TL segments can be effectively controlled
by loading the circuit using capacitances and , it could be
possible to combine the energy simultaneously extracted from
multiple ports with different phases, thereby leading to efficient
control over the pulse shape and width by use of engineered ex-
traction techniques.
Since most of the energy is stored in units cells – ,

can be improved substantially by reducing losses in
only these four unit cells. Indeed, for the structured cavity in
Fig. 11 in the “On” state, reducing the series line resistance

from 1 (m m) to 0.1 (m m) in just the four units cells
– improves by almost 100% from 3.45 10 to

6.65 10 showing significant performance improvement can
be achieved by further engineering of the structured cavity.
An important advantage of the structured energy distribution,

which is the basis for the proposed energy extraction scheme in
Fig. 11, is the extraction of energy from the structured cavity
with much narrower pulse widths than conventional in
resonant cavities. For example, we consider a resonant
TL cavity having the same length as a structured cavity with

unit cells, (cm). For the case in which
both the structured cavity and cavity have a port at the
cavity center for energy feeding and extraction, the output pulse
width is proportional to , where is the group ve-
locity and is the length of the cavity from which energy is ex-
tracted. Let be the group velocity in the upper TL segments
in Fig. 11 and be the group velocity in the cavity.
Since the dispersion of the upper TL segments can be controlled
by capacitive loading, for simplicity, we assume energy extrac-
tion from only the upper TL array and . Assuming
the of both the cavity and the structured cavity is
switched after accumulation of the same amount of time-av-
eraged stored energy in both cavities and denoting and

to be the output pulse widths from the ( ) and structured
cavity, respectively, we obtain or the output
pulse width from a structured cavity is four times smaller than
the pulse width from a cavity, assuming that energy is
extracted from four unit cells of the structured cavity.
Another advantage of the structured energy distribution is

the possibility to substantially reduce the cavity size by use of
equivalent lumped circuits in sections of the cavity with lower
stored energy. We observe from Fig. 11 the net energy stored
in regions of the cavity from and

is only about 7% of . Therefore, it could be ben-
eficial to implement the TLs of unit cells in these regions by
lumped iterative structures. For example, the TLs of unit cells

– could be real waveguide segments while TLs in unit
cells – and – could be implemented as lumped
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iterative structures consisting of cascade of many lumped in-
ductors and capacitors since they only need to host a fraction
of the whole structured cavity energy. Such a scheme could re-
sult in a physically smaller and lighter cavity with capability to
store more energy when compared to conventional designs and
can have many implications for MPC devices since the physical
size and weight of cavities restrict mobile applications of MPC
devices.
Using the definition of gain, typically applied to conventional

MPC devices, given in [32], Gain ,
since in this example, we find that for the cavity struc-
ture using unit cell in Fig. 8(a) and for the peak value of the
standing wave at roughly the center of the cavity, the gain is
106.5 dB. Finally, we studied the structured cavity for many

different values of series distributed loss resistance and, as
expected, found to be inversely proportional to it. We
find that the structured cavity preserves all the observed spatial
properties for several values of . Due to the periodic arrange-
ment of unit cells integral to its design, the structured cavity is
scalable to any frequency with the losses are only dependent on
the implementation in that frequency. We anticipate that an all
dielectric implementation could significantly reduce losses and
improve the total stored energy and . Such implementa-
tions could potentially be useful also at optical frequencies and
we expect that the concept of structured cavity could be applied
to printed or integrated RF circuits and optical devices.

V. CONCLUSIONS
We proposed a novel cavity exhibiting structured energy

distribution by properly cascading unit cells. We found the
cavity to be very large and insensitive to loading by source
impedances. This novel result is in contrast to the of a
standard TL cavity, which is dramatically reduced when loaded
by source impedance. We showed that the structured cavity
could be further increased by reducing the losses only in those
unit cells where most of the energy is stored. It was also found
that a large percentage of energy is distributed within a small
region of the cavity around the spatial center of the cavity.
These features allow for efficient feeding and faster evacua-
tion of accumulated energy. Several key aspects of the cavity
relevant to MPC applications were discussed. An illustrative
implementation of the unit cell using TLs and lumped capacitor
coupling network was presented. A proposal to switch the
of the structured cavity was discussed and a possible energy
extraction scheme allowing for narrow pulse-width genera-
tion was considered. In addition, efficient pulse-shaping and
pulse-width control can be achieved by engineering extraction
schemes. The size of the structured cavity can be substantially
reduced by lumped circuit implementation of those unit cells
with lower stored energy. We anticipate many applications for
the structured cavity in MPC devices, integrated RF circuits,
and optoelectronic devices.

APPENDIX A
POSSIBLE IMPLEMENTATIONS OF STRUCTURES

SUPPORTING THE DBE CONDITION
Fig. 12 shows some illustrative schematics which iden-

tify possible implementation geometries for the unit cell

Fig. 12. Illustrative schematics showing some possible implementations of
coupled and uncoupled waveguiding sections based on: (a) aperture coupled
microstrip lines, (b) side coupled microstrip lines, (c) aperture coupled rectan-
gular waveguide sections, and (d) coupled circular waveguides with elliptical
cross sections. Inset in each plot shows the implementation of coupled and
uncoupled waveguiding sections. Periodic guiding structures supporting a DBE
are possible based on these configurations. Each section can be characterized
by an equivalent multi TL.

made up of coupled and uncoupled waveguiding sections
shown in Fig. 2(a). The implementations presented in
Fig. 12(a) and (b) and (c) and (d) represent unbounded (mi-
crostrip lines) and bounded (closed metallic waveguide)
waveguide configurations, respectively. The inset in all figures
identifies the coupled and uncoupled waveguide sections.
Coupled printed microstrip configurations, example geom-
etry plotted in Fig. 12(b), have previously been proposed to
implement DBE modes [22], [23]. In this case, the two mi-
crostrip lines are electromagnetically coupled due to physical
proximity. In Fig. 12(a), we propose an alternate method to
implement DBE modes using aperture coupled microstrip
lines to be investigated in future publications. In Fig. 12(c),
we present another possible implementation using aperture
coupled rectangular metallic waveguides [16], [17]. In both the
structures presented in Fig. 12(a) and (c), the two waveguides
can be coupled using single or multiple apertures, while the
structures in Fig. 12(a)–(c) couple the two waveguide sections
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Fig. 13. (a) Generalized schematic of cavity with load impedances. (b) Simplified representation of Fig. 13(a).

using proximity effects and apertures. As described also in [24],
the waveguide in Fig. 12(d) by use of three circular metallic
waveguides sections is able to support the DBE condition.
As shown in Fig. 12, each unit is made up of three cas-

caded circular waveguide sections with different elliptical
cross sections analogous to the cascaded anisotropic dielec-
tric layers presented in [18]–[20]. Coupling between wave-
guide modes, which occurs only at the interfaces, gives rise
to the DBE mode supported by the structure. We note that the
theory presented in this work could be used to model both
the microstrip and closed metallic waveguide implementa-
tions using the equivalent TL model [25]–[27]. Indeed, under
well-studied conditions [16], [17], [25]–[27] the transverse
electric and magnetic fields, and , in each homoge-
neous segment of a guiding structure, can be expressed as a
sum of equivalent TL voltage and current, and , as

and , where
and are eigenvectors and is an index (in

general, a double index). We also note that the implemen-
tation using coupled rectangular and circular waveguides
presented in Fig. 12(c) and (d) could have direct applications
for use in high-power microwave devices and the perfor-
mance of the entire structure could be well modeled using the
presented theory.

APPENDIX B
PARAMETER VALUES USED FOR NUMERICAL
CALCULATIONS AND CIRCUIT SIMULATIONS

The following are the parameters of theMTLs for the unit cell
in Fig. 2(a): (segments A and B are mentioned in subscripts)

(cm), (cm),
( H m), ( H m), (nF/m),

(nF/m), (nF/m),
(pF/m), and

(m m).
The following are the parameters of the TLs for the unit cell

in Fig. 8(a): (cm), (cm),

( H m), ( H m),
(nF/m), (nF/m), (nF/m),

and (m m).
The following are parameters of the lumped capacitors:

(pF), (pF), and (pF).

APPENDIX C
TRANSVERSE RESONANCE METHOD FOR CAVITY

The procedure to obtain the resonance frequencies of the
resonant cavity supporting DBE modes is briefly outlined. In
this work, for simplicity, we consider feeding the cavity using
only one ideal voltage source at a time, either of or .
In this section, we use the -like transfer matrix of
the unit cells in Figs. 2(a) and 8(a) derived in Sections II and
IV, respectively, to calculate the -like transfer matrix
of finite cascade of unit cells. We begin with a general cavity
structure with unit cells terminated in impedances ,

on the left and , on the right side,
respectively, as shown in Fig. 13(a). For simplicity, we assume

to be even and the cavity fed at . We combine the
transfer matrices to the left and right of corresponding
to the chain of unit cells to the left and right of and

define the matrices and

that provide and

. Such a simplified representation
of the cavity in Fig. 13(a) is given by Fig. 13(b). Compared to
Fig. 3, we note that, in Fig. 13(a), the terminations are general
load impedances rather than short circuits, which is a special
case treated in Section III.
After decomposing into 2 2 matrices such that

(18)
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we write

(19)

(20)

where ,
, , and

.
At , we note that , where

(21)

and, hence, (19) and (20) are simplified to a two-port represen-
tation at ,

(22)

where

(23)
represents the impedance finite length of the impedance termi-
nated chain observed from the input terminals, which are con-
nected to the sources.
Similarly, at we obtain

(24)

where

(25)
and we decompose into 2 2 matrices such that

(26)

Denoting

(27)

we apply Kirchhoff’s voltage law around both the source loops
at to obtain

(28)

where we assume that can be in-
verted. Equations (19), (20) and (22), (24), and (28) allow for
evaluation of the state vectors

and

With these state vectors, combinedwith the definition of transfer
matrices and the use of boundary conditions, the state vector

at an arbitrary point , in the cavity
can be computed.
We compute the input impedance seen by the source for a

particular case. If we assume and , the
input impedance seen by the voltage generator , with
, is or . Using
(22), (24), and (28), the input impedance seen by the voltage
generator is , where

and is the entry of the ma-
trix . Similarly, if we assume and ,
the input impedance seen by the voltage generator , with

, is or .
Using (22), (24), and (28), the input impedance is

, where is the entry of matrix
. The resonance frequencies of the cavity can be obtained

either graphically or numerically by solving or
for .

APPENDIX D
ENERGY AND POWER-LOSS DISTRIBUTIONS

The formulation to calculate the stored energy and power
loss is first developed for a cavity composed of the unit cell
in Fig. 2(a) and the modification of the formulation to the
cavity composed of the unit cell in Fig. 8(a) will be discussed
subsequently. We follow the notations in Sections III and
IV and the notations for MTLs in [28]–[30]. The numbering
of the unit cells begin from and starts from

ending with . Knowing the voltage distri-
bution and current distribution

at any point in the cavity using
formalism in Appendix C, the spatial distribution of stored
time-average energy (per unit length) is given by

(29)

where

(30)

is the spatial distribution of stored time-average electric energy
(per unit length) and

(31)

is the spatial distribution of stored time-average magnetic en-
ergy (per unit length), respectively, at any point in the cavity.
Here, is the capacitance matrix (per unit length) that is ei-
ther or , depending on whether is in segment or ,
respectively, and is the inductance matrix (per unit length)
that is either or , depending upon whether is in segment
or , respectively.
Furthermore, the time-average power lost per unit length is

defined as , where is ei-
ther or , depending upon whether is in segment
or , respectively. The spatial distributions of stored time-av-
erage energy (per unit length) plotted in Fig. 5(c) and (d) and
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the spatial distributions of power loss (per unit length) in
Fig. 5(a) and (b) were plotted using the formulation in (29)–(31).
The total stored time-average energy in the entire cavity

formed using the unit cell in Fig. 2(a) is obtained from

(32)

and the total power loss in the entire cavity is calculated using

(33)

The formulation describing the stored energies and power loss
for the cavity composed of the unit cell in Fig. 8(a) can be
obtained by modifications to the formulation presented in the
above paragraph. In particular, note that when assuming a loss-
less capacitive network, only the expression for the stored time-
average electric energy needs to be modified, while the
expressions for the stored time-average magnetic energy
and power loss remain the same. Therefore, the formu-
lation in (29)–(31) is still applicable, but the additional stored
time-average electric energy in the lumped capacitor network is
accounted for by

(34)
where is the location of the lumped capacitor network in
the th unit cell with . In Fig. 11, the stored time-
average energy (per unit length) in the TLs, which is plotted
using a solid black curve, was computed using formulation in
(29)–(31), while the stored time-average electric energy in the
lumped capacitor networks, which is plotted at discrete loca-
tions denoted via the color red, was computed using (34).
The total stored time-average energy in the entire cavity

formed using the unit cell in Fig. 8(a) is

(35)

while (33) is still applicable to calculate the total power loss in
the entire cavity.
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