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Abstract— In this article, a dispersive quadruplet structure
that can flexibly control the rejection response of a high- Q
monoblock dielectric resonator (MDR) filter using a shared cavity
is introduced. Being simple in structure, traditional partitioning
walls for positive couplings are replaced by metalized through
holes. The dispersion effect of the blind hole for negative coupling
can be effectively compensated by parasitic cross couplings by
appropriately managing the through holes, leading to a shared
rectangular cavity for the resonators. With the aggregated effort
of the blind hole and through holes, the rejection response
can be well controlled to a certain extent. The closed-form
mathematic transformation from the dispersion-less to dispersive
coupling matrices of the quadruplet is also given for explaining
the working principle of the dispersive quadruplet and pro-
viding a design guideline. Two design examples are presented:
a quadruplet MDR filter with two symmetric transmission zeros
(TZs); and an eight-pole MDR filter consisting of a proposed
quadruplet and a box unit, showing superior performance of the
MDR quadruplet structure in realizing a wide range of rejection
responses and validating the theory for practical applications.
The experimental result demonstrates that the MDR quadruplet
is particularly useful when rejection specifications near the
passband are stringent.

Index Terms— Cross coupling, dispersive coupling, monoblock
dielectric resonator (MDR) filter, quadruplet block, transmission
zeros (TZs).

I. INTRODUCTION

TRANSMISSION zeros (TZs) play an essential role in
realizing high rejection roll-off in microwave bandpass

filters. Traditionally, cross couplings between two nonadjacent
resonators [1] and extracted-pole sections [2] are popularly
used to generate TZs. With cross couplings, a signal on the
main path is split into multiple paths and then recombined at
another node. One or more TZs may occur at the frequencies
at which the recombined signals interfere with each other. The
extracted-pole section uses a different mechanism, with which
a dangling resonator joined at a nonresonant node is introduced
to create short-circuiting on the main path at a designated
frequency, leading to a TZ.

Monoblock dielectric resonator (MDR) filters have
regained their popularity in the wireless industry for the
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fifth-generation (5G) wireless systems recently. Tracing back
to the 1980s, MDR filter was first built in the comb-line
structure with transverse electro-magnetic (TEM) mode
resonators [3], [4]. Dielectric resonators with non-TEM
modes were later used to build waveguide MDR filters [5]–[7].
A dielectric rod with one end short-circuited was used to
form an MDR filter supporting TM01 mode [8]. Very recently,
a dielectric rectangular waveguide resonator loaded by a
metalized cylindrical ridge is presented in [9] for supporting
a quasi-TEM mode. The cylindrical ridge, or blind hole,
on top of the resonator, can reduce the size of the resonator as
compared with a normal dielectric waveguide resonator and
fine-tune the resonating frequency, bringing great flexibility
in coupling layout. With its relatively high unloaded Q factor
and compact volume, such kinds of MDR filters have been
widely adopted in 5G wireless systems.

The most convenient way to realize TZs in a compact
MDR filter is to use cascaded N-tuplet units [10], among
which the two simplest cross-coupled units are triplet and
quadruplet. A cascaded quadruplet (CQ) unit is favorably used
to create two TZs in a four-pole response. However, when the
flexibility of TZ control is concerned, a compulsory diagonal
cross coupling in the CQ unit must be under control although
it may not be feasible in a compact MDR filter.

Dispersion effect inherently exists in coupling elements of
a quasi-TEM mode MDR filter. A coupling element on the
shortest signal path with strong dispersion can be used to
generate a TZ when the element resonates near the pass-
band [11]–[14]. Recently, various efforts have been devoted to
synthesize bandpass filters with dispersive coupling elements
for creating TZs [15]–[19]. In fact, another application of
dispersive coupling elements is to control the sign of coupling
in a relatively simple manner. The principle is that when
the resonant frequency of the dispersive coupling element
situates far away from the passband, its coupling value is
either positive or negative depending on which side of the
passband the resonance occurs. Such a coupling value varies
with frequency monotonically, exhibiting a dispersion effect.
In using such a dispersive coupling element in a quasi-TEM
mode MDR filter, extra caution is required to ensure the
spurious resonance is far enough from the passband.

In practice, dispersive couplings can also appear on a
nonshortest signal path in a cascaded unit. The synthesis of
such a filter is first presented in [20], in which a dispersive
filter in the folded form is addressed. Most recently, a sys-
tematic synthesis of bandpass filters with more useful dis-
persive coupling units, i.e., duplets, triplets, and quadruplets,
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Fig. 1. (a) Dispersion-less quadruplet with a diagonal cross coupling.
(b) Quadruplet with a dispersive coupling element on the nonshortest path,
where the arrow denotes a dispersive coupling.

is reported [21]. It is shown that a dispersive coupling that is
not on the shortest path in a quadruplet can play the role of
diagonal cross coupling. In another word, the quadruplet unit
shown in Fig. 1(a) can be realized by the quadruplet unit in
Fig. 1(b), where the diagonal cross coupling is absorbed into
the dispersive coupling element. For the sake of simplicity,
the dispersive coupling always refers to the coupling between
resonators 2 and 3 when it is mentioned in a quadruplet in
this article.

Theoretically, the rejection rate near the passband is traded
off by controlling the locations of the two TZs. When a CQ
unit is involved, accurate control of the diagonal cross coupling
would be very important in filter design. However, due to the
inevitable dispersion and the integrality feature of an MDR
filter, it is difficult to control the diagonal cross coupling in a
physical realization.

To realize a negative coupling in CQs in MDR filters with
the quasi-TEM mode, a metalized blind hole between two
ridge-loaded waveguide resonators is a good choice with the
merit of manufacturing convenience [9]. However, the blind
hole is a dispersive coupling element, whose dispersion effect
needs to be taken into consideration in the filter synthesis
and design. In contrast, a positive coupling is conventionally
realized by a partitioning wall formed by a vertical channel in
one or two sides of the dielectric block.

It is known that the quadruplet unit in Fig. 1(a) can realize
all the three possible responses with two TZs: 1) the two
TZs locate on the right-hand side of the passband when all
couplings are of the same sign; 2) the two TZs locate on the
left-hand side of the passband when M24 is with the opposite
sign as that of the rest of couplings; and 3) one TZ is on each
side of the passband when M14 or M23 is with the opposite
sign as that of the rest of couplings except M24. In the last
scenario, the lower (higher) TZ is closer to the passband if
the diagonal cross coupling M24 is with the opposite (same)
sign as that of M23 when all the other sequential couplings are
positive. The response becomes symmetric when the diagonal
cross coupling vanishes.

This article will focus on a novel physical realization of a
quadruplet for MDR filters using quasi-TEM mode resonators.
The structure can provide an accurate control of TZs on each
side of the passband without using a diagonal cross coupling
element and is highly suitable for the stamping press man-
ufacturing process. With the structure, the traditional center
partitioning walls for positive couplings are replaced by met-
alized through holes, which not only play the role to control a
positive coupling but also can adjust the aggregated diagonal

Fig. 2. Low-pass prototype of a coupled resonator network.

cross coupling in a shared cavity where quadruplet resonators
dwell. Through a closed-form transformation between the
general dispersion-less coupling matrix of a CQ unit to its
dispersive counterpart, it can be mathematically justified that
adjusting the diagonal cross coupling equivalently controls the
dispersion effect of the dispersive coupling element to achieve
various symmetric and asymmetric responses. A design exam-
ple of a quadruplet MDR filter with two symmetric TZs is
given to illustrate how to use the transformation to guide
the design. A practical eight-pole MDR filter is designed
and prototyped using the proposed structure. The excellent
rejection response justifies the effectiveness of the proposed
structure and demonstrates the usefulness of the quadruplet
structure in an MDR filter when the rejection specifications
near the passband are stringent.

II. THEORY

A. Congruence Transformation of Coupling Matrix

The loop equation for a dispersion-less coupled resonator
network in the low-pass domain, as shown in Fig. 2, can be
expressed as⎡

⎢⎢⎢⎢⎢⎣
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0
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0
0

⎤
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vN

⎤
⎥⎥⎥⎥⎥⎦

(1)

where the port admittance matrix G is a 2 × 2 diagonal matrix
with entries of GS and GL , the N × N identity matrix I states
that all the capacitance Ci (i = 1, . . . , N) are scaled to 1 [1],
B is an N× 2 matrix whose entries are the couplings between
input/output (I/O) and resonators, M is an N × N matrix
consisting of couplings between resonators and diagonal self-
couplings, and s = jω with ω being the low-pass frequency.

Since iin = iS − GSvS and iout = −GLvL

[
iin

iout

]
= jBT

⎡
⎢⎣

v1
...

vN

⎤
⎥⎦ (2)

assuming there is no direct coupling between source and load.
Consider that vin = vS , vout = vL , it can be found that⎡

⎢⎣
v1
...

vN

⎤
⎥⎦ = −( jM + sI)−1 jB

[
vin

vout

]
. (3)

Authorized licensed use limited to: Chinese University of Hong Kong. Downloaded on July 06,2022 at 09:45:12 UTC from IEEE Xplore.  Restrictions apply. 



ZHANG et al.: DISPERSIVE QUADRUPLET STRUCTURE FOR MONOBLOCK DIELECTRIC RESONATOR FILTERS 3107

Substituting the node voltage vector in (3) into (2) results in[
iin

iout

]
= − jBT (M + ωI)−1B

[
vin

vout

]
(4)

from which the admittance matrix related to port voltages and
currents can be written as

Y = − jBT (M + ωI)−1B

= − jBT �(�M� + ω��)−1�B

= − jBT �PT
(
P�M�PT + ωP��PT

)−1
P�B

= − jB′T (M0 + ωMd)
−1B′ (5)

where � and P are diagonal matrix and orthogonal matrix,
respectively, with rank (�) = N . The development of (5)
states that a dispersion-less coupled resonator network can
be equivalently represented by a dispersive coupling matrix
with its value at the center frequency M0 = P�M�PT ,
the dispersion slope matrix Md = P��PT that is with
unity diagonal entries and nonzero entries at the designated
location(s), and the constant matrix B′ = P�B that presents
coupling between I/O and resonators if there is any.

By setting Q = P�, the dispersive coupling matrix M (ω) =
M0 + Md ω, and B′ = QB, where

M0 = QMQT (6)

Md = QQT . (7)

Having said that conducting the transformation becomes
a matter of finding the transformation matrix Q subject to
solving a set of polynomial equations that are established
based on the designated coupling topology and the assignment
of dispersive coupling elements such that [22]

(QB)i, j = 0, for (i, j) ∈ T1(
QMQT

)
i, j

= 0, for (i, j) ∈ T2(
QQT

)
i, j

= 0, for (i, j) ∈ T3(
QQT

)
i,i

− 1 = 0, for i = 1, . . . , N (8)

where T1, T2, and T3 are the sets of indices of the couplings
that are supposed to be zero between: 1) I/O and resonators;
2) uncoupled resonators; and 3) dispersion-less couplings,
respectively.

B. Transformation for the Quadruplet

In this section, the direct transformation to convert the
dispersion-less quadruplet unit shown in Fig. 1(a) into the
dispersive quadruplet unit shown in Fig. 1(b) is established.
Let M be the dispersion-less coupling matrix of the dispersion-
less quadruplet and Q be the unknown transformation matrix
defined in (6) and (7), whose solution leads to M0 and Md

with the designated coupling topology shown in Fig. 1(b).
Referring to Fig. 1(b), the specific sets of null coupling

indices for applying (8) can be set as

T1 = {(S, 2), (S, 3), (S, 4), (L, 1), (L, 2), (L, 3)}
T2 = {(1, 3)}
T3 = {(1, 2), (1, 3), (1, 4), (2, 4), (3, 4)}.

By neglecting the trivial solutions due to sign symmetries, the
unique solution of the matrix Q can be analytically found as

Q =

⎛
⎜⎜⎜⎜⎜⎝

1 0 0 0

0
M34√

M2
24 + M2

34

−M24√
M2

24 + M2
34

0

0 0 1 0
0 0 0 1

⎞
⎟⎟⎟⎟⎟⎠

. (9)

Substituting the matrix Q into (6) and (7) leads to the disper-
sive coupling matrix corresponding to the topology in Fig. 1(b)

M0(1, 1) = M11, M0(3, 3) = M33, M0(4, 4) = M44,

M0(3, 4) = M34, M0(1, 4) = M14, M0(1, 2) = M12 M34√
M2

24 + M2
34

M0(2, 2) = M33 M2
24 − 2 M23 M24 M34 + M22 M2

34

M2
24 + M2

34

M0(2, 3) = M23 M34 − M24 M33√
M2

24 + M2
34

(10)

and

Md (2, 3) = −M24√
M2

24 + M2
34

. (11)

Note that B remains unchanged after the transformation.
It is clearly stated that Md (2, 3) exhibits an opposite sign as

that of M24 and that M24 = 0 leads to the vanishing of Md (2,
3).

As mentioned before, for the response with two TZs located
at different sides of the passband, the sign of M24 decides the
relative locations of the TZs. According to (11), the sign of
Md (2, 3) determines the side of the TZ that is closer to the
passband. A symmetric response can be realized when Md (2,
3) = 0. The asymmetry of the two TZs becomes stronger with
the increase of the absolute value of Md (2, 3).

It must be mentioned that due to the complex multiple
cross couplings and the dispersion effect, the equivalent circuit
shown in Fig. 1(b), although which is not physical, provides
a unique and convenient representation of the dispersive CQ
unit for filter design and tuning.

III. PROPOSED QUADRUPLET STRUCTURE

A. Control of Diagonal Cross Coupling

Conventional design of a quadruplet by means of the
MDR configuration is shown in Fig. 3(a), in which positive
coupling is implemented by a partitioning wall formed by
a vertical channel of the dielectric block and the negative
coupling M23 is realized by a blind metalized hole. The relative
permittivity of the dielectric is 19.15. A typical response
of the quadruplet with one TZ on each side is shown in
Fig. 3(b), in which the center frequency f0 = 3.6 GHz and
the bandwidth BW = 0.2 GHz. Although partitioning walls
are inserted to physically isolate the cross-coupled resonators,
a pair of asymmetric TZs is still seen due to the dispersion
effect of the blind hole for negative M23.

To mediate the asymmetry in the response, an appropriate
positive diagonal cross coupling M24 needs to be introduced.
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Fig. 3. (a) Layout of conventional quadruplet with a partial-height post placed
between resonators 2 and 3 as negative coupling element and partitioning
walls as positive coupling elements, and (b) asymmetric response of the MDR
quadruplet filter.

Fig. 4. (a) Structure of an MDR quadruplet with only positive couplings
realized by through holes. (b) Corresponding coupling topology of (a) with
diagonal parasitic coupling depicted by a dashed line. (c) Top view and
(d) front view with typical dimensions of the structure in (a) (unit: mm).

In this article, metalized through holes are used to replace
the partitioning wall in the conventional MDR filter design
and to compensate the dispersion effect. Fig. 4(a) illustrates
one embodiment of the proposed quadruplet structure, showing
a shared cavity for four resonators. The through holes are
introduced to control the positive sequential coupling in the
MDR filter with the quasi-TEM mode while offering an
ability to adjust the diagonal cross coupling that occurs in

Fig. 5. Diagonal cross coupling M24 and the sequential coupling M34 versus
the offset x . Rest of physical dimensions of the quadruplet are given in Fig. 4.

the shared cavity. Define the offset variable x of a through
hole coupling element away from the center-to-center line of
the two concerned resonators to be: 1) negative, if the hole is
closer to the outside wall; 2) positive, if closer to the center
of the cavity; and 3) zero, if on the line. It is found that
the offset x affects both the designated positive coupling and
the parasitic diagonal cross coupling. Based on the typical
dimensions shown in Fig. 4(c) and (d), the joint changes of
designated coupling M34 and diagonal cross coupling M24 by
varying the offset x that is associated with M34 are depicted
in Fig. 5.

By varying the offset x and extracting the coupling matrix
corresponding to the topology shown in Fig. 4(b) using the
model-based vector fitting (MVF) method [23], it can be
observed that only M24 and M34 change noticeably with the
other mutual couplings being stable. As plotted in Fig. 5, when
x = 1–3 mm (the through hole is close to the center), M24 is
negligibly small. When the through hole is closer to the outer
sidewall (x is a negative value), M24 increases monotonously.
The through hole acts like a “valve” that controls the leakage
of the diagonal cross coupling. The sequential coupling M34

becomes minimum when the through hole situates at the center
of resonators 3 and 4 and increases as it is moved away from
the center-to-center line.

Based on the above-mentioned observation, the diagonal
cross coupling can be controlled by shifting the position of the
through hole with respect to the center-to-center line. Accord-
ing to (11), this feature equivalently compensates dispersion
slope Md (2, 3).

B. Dispersion Characteristic of the Blind Hole

Another embodiment of the proposed quadruplet structure
is shown in Fig. 6(a), where a negative coupling (2, 3) is
realized by a blind metalized hole and two through holes are
utilized to realize coupling (1, 4) that is much weaker than
other mutual couplings. Such a quadruplet generates two TZs,
one on each side of the passband. The coupling topology of
the quadruplet with the dispersive coupling element can be
presented in Fig. 6(b). It will be found that the dispersion
property decisively determines the relative locations of the two
TZs, whereas the relative locations of the through holes will
significantly affect the dispersion slope. Typical dimensions
of the CQ unit in the 3.6-GHz frequency band are listed
in Fig. 6(c) and (d). Two scenarios are investigated here: the
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Fig. 6. (a) Structure of an MDR quadruplet with the negative coupling
realized by a blind hole between resonators 2 and 3, and other positive
couplings realized by through holes. (b) Corresponding coupling topology
of (a) with the dispersive coupling depicted by an arrow. (c) The top view
and (d) side view with typical dimensions of the structure in (a) (unit: mm).

Fig. 7. Constant part M0 and the slope Md of the dispersive coupling (2, 3)
versus offset t and depth d of the blind hole when x = 3 mm.

through holes are moved toward the center (in the case of
x = 3) and toward the outside walls (in the case of x = −2),
for which M0 (2, 3) and Md (2, 3) are extracted from EM
simulation response for different offset distance t of the blind
hole from the center-to-center line and depth d of the blind
hole.

When the through hole is positioned at x = 3, the diagonal
cross couplings are blocked according to the previous result.
Therefore, the dispersion characteristic of a blind hole can be
analyzed as plotted in Fig. 7. The magnitude of M0 (2, 3)
decreases as the blind hole is moved toward the center and
reaches the minimum when situating on the center-to-center
line. It also decreases as d increases. However, Md (2, 3) is
insensitive to both parameters t and d . It is worth mentioning
that although Md (2, 3) can be increased by decreasing the
radius of the blind hole, it is not advisable as it will bring

Fig. 8. (a) Structure of the MDR quadruplet in Fig. 6 when x = −2 mm.
(b) Physical topology of the structure in (a) with the two diagonal cross
couplings represented by dashed lines. (c) Constant part M0 and slope Md
of the dispersive coupling (2, 3) versus offset t and depth d of the blind
hole in (a).

the spurious resonance in the lower rejection band closer to
the passband.

When x = −2 with the representative layout shown in
Fig. 8(a), the parasitic diagonal cross coupling is increased as
compared with the case of x = 3. The coupling topology of
this case is shown in Fig. 8(b), where both diagonal couplings
and the dispersive coupling exist. To avoid any ambiguity of
this multiple solution problem, which is proven in Appendix,
the circuit model of Fig. 1(b) is used, by which the diagonal
couplings are absorbed into the aggregated dispersive cou-
pling (2, 3). With the existence of the diagonal cross couplings,
the aggregated dispersion defined in Fig. 1(b) presents a larger
range of realizable values by adjusting the offset t and depth
d of the blind hole. As revealed in Fig. 8(c), increasing t will
increase Md (2, 3) and decrease M0 (2, 3), whereas increasing
d leads to opposite changes. Comparing with Fig. 7, both
Md (2, 3) and M0 (2, 3) can be controlled in a larger range.
Md (2, 3) can vary from a negative value to a positive value.
The large variation range of the aggregated dispersive coupling
provides a large range of control for the two TZs on different
sides of the passband. An attractive feature of this structure
is that the spurious mode in the lower rejection band is not
affected even when Md (2, 3) is as large as 0.8. The spurious
mode performance is not sacrificed since the nature of the
blind hole is not affected.

Having understood the equivalence between the dispersion-
less and dispersive coupling matrices for the CQ unit, one can
vary Md (2, 3) by managing the diagonal cross coupling M24

or vice versa.
To illustrate the concept of compensation, the dispersion-

less coupling matrix for the response shown in Fig. 3(b) is
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extracted using MVF as

M=

⎛
⎜⎜⎜⎜⎜⎜⎝

0 1.0098 0 0 0 0
1.0098 0.0064 0.8392 0 0.2751 0

0 0.8392 0.1276 −0.7968 −0.1513 0
0 0 −0.7968 −0.1663 0.8246 0
0 0.2751 −0.1513 0.8246 0.0092 1.0157
0 0 0 0 1.0157 0

⎞
⎟⎟⎟⎟⎟⎟⎠
(12)

whose dispersive counterpart can be obtained by (10) and
(11) as

M0 =

⎛
⎜⎜⎜⎜⎜⎜⎝

0 1.0098 0 0 0 0
1.0098 0.0064 0.8254 0 0.2751 0

0 0.8254 −0.1648 −0.8137 0 0
0 0 −0.8137 −0.1663 0.8246 0
0 0.2751 0 0.8246 0.0092 1.0157
0 0 0 0 1.0157 0

⎞
⎟⎟⎟⎟⎟⎟⎠
(13)

with Md (2, 3) = 0.1805, which is comparable with the natural
dispersion characteristic shown in Fig. 7. As long as Md (2, 3)
is positive, the TZ in the higher rejection band will be closer
to the passband than the one in the lower rejection band.

To control the TZs of an MDR filter containing a CQ unit,
the dispersion slope Md (2, 3) must be under control to a
certain extent. However, in most cases, the blind hole coupling
structure only provides very limited control to its dispersion
slope, e.g., only positive. To accommodate this limitation,
the through holes provide a unique way to not only realize
the required positive couplings but also introduce a parasitic
diagonal cross coupling to compensate the dispersion effect.

IV. DESIGN EXAMPLES

In this section, two MDR filters with the proposed dispersive
CQ unit will be designed to demonstrate the control of the two
TZs: a quadruplet filter with two symmetric TZs and an eight-
pole filter containing a CQ for generating a pair of TZs with
the lower one closer to the passband and a box unit. Neither of
the two responses can be realized by the conventional MDR
quadruplet structure in Fig. 3(a).

A. Quadruplet Filter With Two Symmetric TZs

A quadruplet filter with two symmetric TZs is first synthe-
sized based on the topology in Fig. 1(b). The center frequency
of the filter f0 = 3.6 GHz and the bandwidth BW = 0.2 GHz.
For return loss RL = 20 dB and two normalized TZs at
±1.73 j , the synthesized coupling matrix can be found as

M=

⎛
⎜⎜⎜⎜⎜⎜⎝

0 1.0196 0 0 0 0
1.0196 0 0.8488 0 0.2424 0

0 0.8488 0 −0.7946 0 0
0 0 −0.7946 0 0.8488 0
0 0.2424 0 0.8488 0 1.0196
0 0 0 0 1.0196 0

⎞
⎟⎟⎟⎟⎟⎟⎠

(14)

whose dispersive counterpart can be found, through (10)
and (11), as M0 = M with Md (2, 3) = 0.

Fig. 9. Responses of the synthesized dispersive coupling matrix (dashed
lines) and EM designed model (solid lines) of the quadruplet filter with two
symmetric TZs.

TABLE I

REJECTION SPECIFICATIONS OF THE FILTER

The physical realization of this filter looks the same as that
in Fig. 6. By comparing the extracted coupling matrix of each
EM design step with the synthesized coupling matrix, physical
dimensions can be adjusted until the response matches the
desired one. The final responses of the EM designed and the
synthesized are superposed in Fig. 9, showing good flexibility
of the proposed quadruplet structure in TZ control.

B. Eight-Pole Filter With CQ and Box Topology

In this section, an eight-pole MDR filter that contains
one CQ unit and one box unit is designed and fabricated
to demonstrate the proposed novel CQ structure. It will be
demonstrated that the proposed quadruplet structure can be
applied to an MDR filter to precisely control the two TZs
near the passband. In this case, the lower TZ is closer to the
passband than the higher one, which is also unrealizable by
the conventional structure in Fig. 3(a).

According to the stringent rejection specifications as listed
in Table I, the eight-pole filter with four TZs that are evenly
located on both sides of the passband is synthesizedas shown
in Fig. 10. The passband is from 3.5 to 3.73 GHz and the four
normalized TZs are −1.93 j , −1.20 j , 1.30 j , and 2.81 j , among
which TZs −1.20 j and 1.30 j are realized by the dispersive CQ
unit, whereas TZs −1.93 j and 2.81 j are realized by the box
unit. Notice that the specifications in the lower rejection band
are barely met, meaning that the locations of two lower TZs
need to be precisely controlled. Even though the specifications
in the higher rejection band are not too tight, the two higher
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Fig. 10. Synthesized response together with narrowband specifications.

TZs also need to be well controlled since any deviation will
affect the response in the lower rejection band. In fact, only
the TZ that is farthest from the passband in the higher rejection
band can be relaxed a bit.

It is obvious that the synthesized response requires precise
control of the diagonal cross coupling since both lower TZs
are closer to the passband than the higher TZs. Therefore,
the proposed structure will be used to deal with this case. It is
straightforward to come up with the topology with two CQs to
realize the two pairs of TZs. However, the proposed quadruplet
structure forms a shared cavity which produces a spurious
mode in the higher rejection band. As the result, when the CQ
unit is used in a two cascaded CQ configuration, two spurious
modes distinctly appear. To suppress the spurious modes,
a four-pole box unit of resonators 5-6-7-8 is cascaded to the
CQ unit, as shown in Fig. 11(a), with its coupling topology
shown in Fig. 11(b). In this filter structure, the first unit is
the CQ with three positive couplings controlled by metalized
through holes closer to the outside walls and one negative
coupling realized by a blind hole, while the second unit is

Fig. 11. (a) Model and (b) corresponding topology of the eight-pole MDR
filter.

the box in which three positive couplings are implemented
by the through holes closer to the center and one negative
coupling is realized by a blind hole. Since the frequencies
of the parasitic resonant modes in the two different shared
cavities are different, the spurious modes can be suppressed.

In this design, the pair of TZs that are closest to the
passband are realized by the CQ unit (1-2-3-4) as they can
be well controlled by the proposed CQ structure. The other
two TZs are assigned to the box unit. Unlike a traditional
four-pole box unit that can only realize one TZ, the dispersive
negative coupling M56 in the box can generate the farthest TZ
in the higher rejection band.

The synthesized coupling matrix is listed at the bottom
of the page. The four-pole box has two solutions, but only
the one that is convenient to be realized by an MDR filter
is used in this design. In practice, a blind hole negative

M0 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 0.9857 0 0 0 0 0 0 0 0
0.9857 −0.0025 0.7509 0 0.2922 0 0 0 0 0

0 0.7509 0.1722 −0.7777 0 0 0 0 0 0
0 0 −0.7777 0.1332 0.4659 0 0 0 0 0
0 0.2922 0 0.4659 −0.0049 0.5293 0 0 0 0
0 0 0 0 0.5293 −0.0859 −0.4547 0.3503 0 0
0 0 0 0 0 −0.4547 −0.5658 0 0.6037 0
0 0 0 0 0 0.3503 0 0.6743 0.5426 0
0 0 0 0 0 0 0.6037 0.5426 −0.0025 0.9857
0 0 0 0 0 0 0 0 0.9857 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

Md =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0
0 0 1 −0.1478 0 0 0 0 0 0
0 0 −0.1478 1 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 1 0.0901 0 0 0
0 0 0 0 0 0.0901 1 0 0 0
0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
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Fig. 12. Dimensions of the simplified simulated model (unit: mm).

TABLE II

DIMENSIONS OF BLIND HOLES IN FIG. 12 (UNIT: mm)

coupling element usually demonstrates a dispersion slope
Md (5,6) ∼ 0.09, which is considered in the synthesis stage.
However, the proposed CQ structure must be used, in which
the parasitic diagonal cross couplings can effectively compen-
sate the dispersion slope of coupling (2, 3) so that the achieved
value approaches the synthesized Md (2, 3) = −0.1478.

A simplified model whose fillets and chamfers are not
shown is illustrated in Fig. 12 with dimensions listed in
Table II to illustrate the key dimensions. The relative permit-
tivity of the dielectric is 19.15 and the loss tangent is 5 ×
10−5. The basic dimensions, such as the radii of the through
holes and blind holes, are the same as those in Section III
and, therefore, not shown. All of the vertical edges are filleted
with a radius of 0.75 mm. The inside edges, or the edges at
the bottom of the blind holes, are filleted with a radius of
0.3 mm. The rest of the horizontal edges are chamfered with
a distance of 0.3 mm.

The prototyped eight-pole MDR filter is made of a
MgTiO3− CaTiO3 based ceramic brick and is manufactured by
CNC machining with accuracy of better than ±0.02 mm. The
surface silver immersion coating process consists of 2–3 times
of immersion, deposition, 200 ◦C drying, and 800 ◦C–900 ◦C
baking to plate a 10-μm-thick silver layer on the outer surface.
The necessary fine-tuning can be performed by scratching
the inner silver-coated surface of the bland holes or through
holes. A photograph of the prototyped MDR filter is shown in
Fig. 13(a). The measured narrowband and wideband responses
are shown in Fig. 13(b) and (c), respectively. It is observed
that all of the tight specifications are satisfied. The quality
factor of resonators extracted from the measured response
is around 1200 and the in-band insertion loss is shown in
Fig. 13(b). The spurious mode in the higher rejection band
is also successfully suppressed. In the lower frequency band,
there are two spurious modes contributed by the two blind
holes. It is not an issue as they are sufficiently below the
required rejection spec.

Fig. 13. (a) Photograph of the prototyped filter. (b) Narrowband and
(c) wideband measured response with specifications.

This design example demonstrates the necessity of the
proposed CQ structure in designing a high-performance MDR
filter when the specifications require stringent control on the
TZs. It is also affirmed that a precise compensation of the
dispersion slope is very important for accurate control of
the TZ pair close to the passband.

V. CONCLUSION

This article concerns an important feature in designing
an advanced MDR filter that contains a CQ with a dis-
persive negative coupling element for realizing two TZs on
each side of the passband. A simple-to-make configuration
for realizing a coupling controllable CQ is proposed and
experimentally validated. It has been demonstrated by EM
simulation that by appropriately planting the thin metalized
through hole between each pair of sequentially coupled res-
onators, the dispersion effect caused by the blind hole for
negative coupling can be well compensated while controlling
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the required positive coupling. Consequently, the TZs of the
rejection characteristic near the passband can be very well
controlled without introducing extra manufacturing complicity.
The closed-form mathematic transformation that reveals the
relationship between the diagonal cross coupling and the
dispersive negative coupling is developed, which explains
the working principle of the proposed CQ structure and
provides a design guideline. A design example of a quadruplet
MDR filter containing a pair of symmetric TZs is given
to illustrate the possibility of compensating the dispersive
effect using parasitic couplings. An eight-pole MDR filter that
contains one CQ and one box coupling unit is designed and
fabricated to demonstrate the proposed structure. Excellent
near-passband rejection and spurious resonance suppression
can be observed. The proposed CQ structure is especially
useful for designing MDR filters where specifications require
stringent control on the TZs of the rejections.

Being a relatively new filter format with high potential in
M-MIMO base station applications, the MDR filter should
receive more attention from academia and industry. Due to
the limited space, the details of the dispersive box unit are not
discussed. A separate article from the authors will be dedicated
to the investigation of dispersive box units in MDR filters in
the near future.

APPENDIX

A proof of the infinite number of multiple solutions of the
circuit shown in Fig. 8(b) is provided here. Note that the
solutions caused by sign symmetries are not considered.

The coupling problem of the dispersive CQ unit described
by the circuit shown in Fig. 8(b) can be represented by the
following dispersive coupling matrix (M0, Md , B):

M0 =

⎛
⎜⎜⎝

M0(1, 1) M0(1, 2) M0(1, 3) M0(1, 4)
M0(1, 2) M0(2, 2) M0(2, 3) M0(2, 4)
M0(1, 3) M0(2, 3) M0(3, 3) M0(3, 4)
M0(1, 4) M0(2, 4) M0(3, 4) M0(4, 4)

⎞
⎟⎟⎠
(A1a)

Md =

⎛
⎜⎜⎝

1 0 0 0
0 1 Md(2, 3) 0
0 Md (2, 3) 1 0
0 0 0 1

⎞
⎟⎟⎠ (A1b)

B =
(

M(S, 1) 0 0 0
0 0 0 M(4, L)

)T

. (A1c)

According to (1) through (7), performing the congruence
transformation with transformation matrix

Q =

⎛
⎜⎜⎝

1 0 0 0
0 x1 x2 0
0 x3 x4 0
0 0 0 1

⎞
⎟⎟⎠ (A2)

will not change the response of the coupled resonator network.
By enforcing resultant Md (2,2) and Md (3,3) to be unity

after the transformation, the general solution for Q can be
found as

x2 = −Md(2, 3)x1 −
√

Md (2, 3)2x2
1 − x2

1 + 1 (A3a)

x4 =
√

Md(2, 3)2x2
3 − x2

3 + 1 − Md (2, 3)x3 (A3b)

where the other two unknowns x1 and x3 can be of any values
as long as Q is nonsingular. It justifies that there are infinite
number of solutions for the circuit in Fig. 8(b).

By enforcing resultant M0 (1,3) and M0 (2,4) to be zero after
the transformation, the variables x1 and x3 are stipulated by

x1 = M0(3, 4)√
M0(2, 4)2 − 2Md(2, 3)M0(2, 4)M0(3, 4) + M0(3, 4)2

(A4a)

x3 = M0(1, 3)√
M0(1, 2)2 − 2Md (2, 3)M0(1, 2)M0(1, 3) + M0(1, 3)2

(A4b)

which means that the circuit in Fig. 1(b) is with a unique
solution. Be noted that the dispersive coupling matrix
(M0, Md , B) that appeared on the right-hand side of (A3)
and (A4) is physical variables, although difficult to acquire.
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