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Abstract—This paper presents a method for synthesizing coupled
resonator diplexers composed of TX and RX filters (two types of
junctions connecting the TX and RX filters are considered). For
the first junction type, the common port is directly coupled to the
first resonator of the TX and RX filters, respectively. For the second
junction type, common node is realized by adding an extra resonator
besides those of the TX and RX filters. The method is based on the
evaluation of the characteristic polynomials of the diplexer using the
proposed linear frequency transformation and well-established method,
and then the “N + 3” coupling matrix of overall diplexer can be
obtained using hybrid optimization methods. Two diplexers have been
designed and fabricated to validate the proposed method.

1. INTRODUCTION

Microwave diplexers are important components in mobile communi-
cation systems. They are typically applied to transmit and receive
signals by a single antenna. A diplexer can also be used to separate a
composite signal coming from a common port into two channel signals
to permit each signal to be transmitted separately. Because of the in-
teraction of the two filters composing the diplexer, the characteristics
of a diplexer are different from the responses of the individual two fil-
ters. The complexity of the interaction makes the design of a diplexer
complicated.

For the design of microwave diplexers, the traditional approach to
is to design the TX and RX filters individually and then to design a
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Figure 1. Different diplexer junctions considered in this study. (a)
Type-I junction. (b) Type-II junction.

distribution network. The most employed distribution network used
today may be the T-junction (as in [1–5]) connecting the TX and RX
filters. The diplexer with the T-junction configuration has drawbacks
of large volume and time-consuming. Some interesting diplexers
design without distribution networks have appeared in the recent
literatures [6–12]. A new topology of the diplexer with the common
port directly connected to two filters was proposed and synthesized
in [7], although no design example was given. Figure 1(a) shows
this new structure proposed in [7]. In [6], the diplexers employing
an extra resonant junction [an extra resonator in addition to the
channel filters, shown in Figure 1(b)] has been synthesized based on
the evaluation of the characteristic polynomials of the diplexer and
similarity-transformation. A design procedure for coupled resonator
diplexers that do not employ any external junctions was also reported
in [8], and was further verified in [9]. The method in [8] is based
on gradient optimization technique. However, the gradient of the
objective error function was not given and asymmetric responses of
the diplexers were not synthesized. In addition, the diplexer structures
proposed in [8, 9] has poorer isolation than that shown in Figure 1.
In [10–12], miniaturized microstrip resonators diplexers designed using
common resonator sections have been proposed. These common
resonator sections must have two resonant frequencies, playing roles as
the one resonator of the TX and RX filters, respectively. In fact, these
compact diplexer structures can be described using Type-I junction
shown in Figure 1(a).

In this paper, a method is presented for coupling matrix synthesis
of overall resonator diplexer with two types of junctions, which
represent a large class of practical diplexers implementations. The
equivalent circuits of these junctions are shown in Figure 1. These two
categories of diplexers do not require T-junction. Type-I diplexer has
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compact circuit size. When two resonators coupled to common port
1 are replaced one resonator with two resonant frequencies (such as
SIR in [10] and T-shaped resonator in [11]), the size of Type-I diplexer
can be further reduced. Type-II diplexer has characteristics of easy
implement and high isolation, although its configuration has drawbacks
of large volume due to adding an extra resonator. For a designer, either
of two types of diplexers can be chosen according to filter technology,
electrical requirements, mechanical constraints, and so on.

The proposed method is based on the evaluation of the
characteristic polynomials of the diplexer using the proposed linear
frequency transformation and established method in [6], and then
coupling matrix of overall resonator diplexer can be obtained using the
proposed hybrid optimization methods. Using the technique described
in this paper, there is no need to master all the different existing
similarity-transformation-based techniques. Two diplexers has been
designed, fabricated and measured to verify the proposed method.

2. CALCULATION OF DIPLEXER CHARACTERISTIC
POLYNOMIALS

The S-parameters of the two low-pass prototype filters (RX and TX)
in the normalized frequency Ω domain (s = jΩ) can be expressed
through their characteristic polynomials as [6, 13]:

STX
11 =

FTX(s)
ETX(s)

, STX
21 =

PTX(s)
ETX(s)

=
p0TXPTXn(s)

ETX(s)

SRX
11 =

FRX(s)
ERX(s)

, SRX
21 =

PRX(s)
ERX(s)

=
p0RXPRXn(s)

ERX(s)

(1)

The polynomials ETX(s) and FTX(s) have degree NTX (order of TX
filter), the polynomials ERX(s) and FRX(s) have degree NRX (order
of TX filter). The TX and RX transmission zeros can completely
define the polynomials PTXn(s) and PRXn(s). The coefficients p0TX

and p0RX are determined by the return loss at the passband [13].
The S-parameters of the diplexers can be defined using four

polynomials in s domain as [6]

S11 =
N(s)
D(s)

, S21 =
p0tPt(s)
D(s)

, S31 =
p0rPr(s)

D(s)
(2)

The highest degree coefficient of N(s), D(s), Pt(s), and Pr(s) is
imposed equal to 1 with p0t and p0r suitable normalizing coefficients.
Note that the definition of S11 is different from that in [6]. It is no
necessary for two-type junction diplexers in Figure 1 to multiply the
polynomial N(s) by a coefficient.
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Figure 2. (a) Frequency mapping from Ω domain to f domain
from [6], and (b) the proposed frequency mapping from Ω′ domain
to Ω domain.

The synthesis of the diplexer is carried out in a normalized
frequency domain Ω, defined by low-pass to bandpass frequency
transformation as:

Ω = (f0/BW )(f/f0 − f0/f) (3)
where BW = fH2 − fL1 and f0 =

√
fL1 · fH2. Figure 2(a) shows

the correspondence among the relevant frequency points of this
transformation [6]. It is assumed that the RX band is below the TX
band. The passband limits of the RX filter are represented by fL1,
fL2, while those of the TX filter are fH1, fH2. Note that the two
inner passbands limits are not, in general, geometrically symmetric
with respect to f0 (consequently Ωr 6= −Ωt).

The initial synthesis of the TX and RX filters provides a very
good starting point for the calculation of the characteristic polynomials
of the diplexer, so the convergence can be achieved within 5 ∼ 10
iterations [6]. To obtain initial characteristic polynomials of the TX
and RX filters in Ω domain, a frequency mapping from Ω′ domain to Ω
domain is proposed. Figure 2(b) shows the correspondence among the
relevant frequency points of the proposed transformation. The TX and
RX filters are directly synthesized in Ω′ domain using method in [13],
and then initial characteristic polynomials of the TX and RX filters
in (1) can be obtained by the proposed frequency transformation.

The proposed frequency transformation from Ω′ to Ω can be
expressed as follows:

Ω = a1Ω′ + b1, for RX filter
Ω = a2Ω′ + b2, for TX filter (4)

Since −1 and 1 in the Ω′ domain are transformed to −1 and Ωr in
the Ω domain for the RX filter, respectively, and −1 and 1 in the Ω′
domain are transformed to Ωt and 1 in the Ω domain for the TX filter,
respectively, we must enforce{ −1 = −a1 + b1

Ωr = a1 + b1
,

{
1 = a2 + b2

Ωt = −a2 + b2
(5)
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From (5), the constant in (4) can be expressed as:

a1 =
Ωr + 1

2
, b1 =

Ωr − 1
2

; a2 =
1− Ωt

2
, b2 =

Ωt + 1
2

(6)

The diplexer polynomials can be derived using the admittances
at the input ports of the TX and RX filters, taking into account the
interaction between the RX and TX filters through junctions. The
following expressions can be obtained:

For Type I junction:

N(s) = STXSRX −DTXSRX − STXDRX

D(s) = STXSRX + DTXSRX + STXDRX

Pt(s) = PTXnSRX , p0t = p0TX

Pr(s) = PRXnSTX , p0r = p0RX

(7)

where
STX = (ETX + FTX) /2, DTX = (ETX − FTX) /2
SRX = (ERX + FRX) /2, DRX = (ERX − FRX) /2

(8)

The deviation of (7) is similar to the method in [6], and the diplexer
polynomials for Type-II junction can refer to [6, Equation (11)].

The evaluation of the diplexer polynomials is carried out
iteratively according to the following steps.

Step 1) Initialization: the RX and TX filters of the diplexer
are synthesized independently using the proposed linear frequency
transformation and well-established techniques available in the
literature [13].

Step 2) follow the iteration steps available in the litera-
ture [6, Section IV.A, steps (2)–(5)], diplexer polynomials can be ob-
tained. Note that the roots of the polynomial (N(s) + D(s))/2 =
STX(s)SRX(s) (derived from (7)) should be computed for type-I junc-
tion in the step of new estimation of and STX and SRX .

When diplexer polynomials are obtained, two methods can be
used to synthesize coupling matrix of overall resonator diplexer. One
method is to continue to follow the steps in [6, Section IV.B] using
similarity-transformation techniques. We will present another method
based on optimization techniques in next section.

3. COUPLING MATRIX SYNTHESIS OF DIPLEXER

3.1. Diplexer Responses Based on Coupling Matrix

Coupling path of the diplexer with two junctions (Figure 1) can be
described using the normalized (N + 3) × (N + 3) coupling matrix
suitable for three-port networks. This “N + 3” coupling matrix M is
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defined by blocks including conventional N×N coupling matrix Mn [7].
N is the total number of resonators of the diplexer.

The coupling matrix may be used for the analysis and design of
coupled resonator diplexers. The relation between S-parameters and
“N + 3” coupling matrix can be expressed [7]

S11 = 1+2j
[
A−1

]
11

, S21 = −2j
[
A−1

]
21

, S31 = −2j
[
A−1

]
31

(9)

Here, A = [ΩU0−jR0+M ] and U0 and R0 are diagonal (N+3)×(N+3)
matrices given in [7, Equation (3)].

Group delay characteristics and isolation (S23) of diplexer network
are not given in [7]. Assuming a lossless overall diplexer, the unitary
condition of the scattering matrix imposes that

S12·S∗12+S22·S∗22+S32·S∗32 = 1, S13·S∗13+S23·S∗23+S33·S∗33 = 1 (10)

According to the symmetry of the scattering matrix, isolation
(S23) can be obtained from (10) as:

|S23|2 = 1− |S21|2 − |S22|2, or |S23|2 = 1− |S31|2 − |S33|2 (11)

where S22 = 1 + 2j[A−1]22, S33 = 1 + 2j[A−1]33.
According the group delay in the Ω domain [14], we derive the

actual value of the group delay in the physical frequency f domain as

delay(2, 1) = −Im
(

1
S21

∂S21

∂Ω
∂Ω

2π∂f

)
,

delay(3, 1) = −Im
(

1
S31

∂S31

∂Ω
∂Ω

2π∂f

) (12)

Group delay between the ports may now be expressed using (3)
and (12) as follows

delay(m, 1) = Im




N+p∑
k=p+1

[
A−1

]
mk

[
A−1

]
k1

[A−1]m1


 ·

f0

2π ·BW

(
1
f0

+
f0

f2

)
,

m ∈ {2, 3} (13)

where p is the number of ports for the diplexer (p = 3). Note that,
the “N + 3” coupling matrix M can degenerate Mn for the Type-II
diplexer, and then its S-parameters (only S11, S21, and S31) can also
be computed by the method in [8]. However, equation in [8] is invalid
for the Type-I diplexer.
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3.2. Coupling Matrix Synthesis Using Hybrid Optimization

Once the diplexer polynomials are determined based on the method in
Section 2, the frequency response of the diplexer, as computed directly
from in (2), is determined. The nonzero coupling matrix element Mpq

are used as optimized variables and varying their values causes the
response to change. The aim of the coupling matrix synthesis process
is to select coupling matrix which produce a diplexer response by (9)
coincide with the response obtained from (2).

To this purpose, the cost function is proposed as

Eobj =
N∑

k=1

|S11(Ωrk)|2+
T1∑

i=1

|S21(Ωzi)|2+
T2∑

j=1

|S31(Ωzj)|2+(|S11(1)|−C1)
2

+ (|S11(−1)|−C−1)
2+(|S11(Ωr)|−Cr)

2+(|S11(Ωt)|−Ct)
2 . (14)

where Ωrk is are the reflection zeros of the diplexer (the roots of N(s) in
Ω domain); Ωzi, Ωzj are the frequency locations of transmission zeros
of S21, S31, respectively, T1, T2 are the numbers of the transmission
zeros of S21, S31 respectively C1, C−1, Cr and Ct are the absolute
values of S11 at Ω = 1, Ω = −1, Ω = Ωr and Ω = Ωt respectively.

By minimizing the cost function in (14), the nonzero coupling
matrix elements Mpq composing of the “N + 3” coupling matrix M
can be obtained by a hybrid method. This hybrid method consists
of a gradient-based SolvOpt algorithm [16] for a local optimizer and
genetic algorithm [17, 18] for a global optimizer, respectively. A similar
approach to the derivation of gradient of filter cost function in [19] has
been adopted in this paper to derive the gradient of the cost function
given in (14).

4. EXAMPLES OF DIPLEXERS SYNTHESIS AND
DESIGN

For the verification of the diplexer synthesis method presented in this
paper, two diplexers are synthesized, designed and measured.

4.1. Synthesis and Design of Diplexer with Type-I Junction
(Diplexer 1)

A diplexer with Type-I junction is required to meet the following
specifications:
RX Filter: Number of poles (NRX): 3; Band: 1.92–2.0033GHz;
Return loss (RLRX): 20 dB; Transmission zeros (GHz): 1.8929.
TX Filter (all poles): Number of poles (NTX): 3; Band: 2.1826–
2.28GHz; Return loss (RLTX): 20 dB.
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Table 1. The roots of the computed polynomials of diplexer 1.

k Roots of N(s) Roots of D(s) Roots of Pr(s) Roots of Pt(s)

1 −0.9801i −0.0686− 1.0558i −1.2137i −0.0155− 1.0695i

2 −0.8165i −0.2641− 0.8751i −0.0577 + 1.1027i −0.1473− 0.8792i

3 −0.5904i −0.1609 + 1.0919i −0.1885 + 0.7468i −0.1009− 0.4979i

4 0.9632i −0.3224 + 0.7253i −0.0762 + 0.3850i -

5 0.7250i −0.1950− 0.4560i - -

6 0.4868i −0.1613 + 0.3576i - -

p0r = 0.0683, p0t = 0.0505

Table 2. The synthesized coupling matrix of diplexer 1.
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We obtain that the transmission zeros of RX filter locates at−1.95
in Ω′ domain (corresponding −1.2138 in Ω domain) and Ωr = −0.55,
Ωt = 0.45, f0 = 2.10GHz; BW = 0.36GHz.

The roots of the computed diplexer polynomials are shown in
Table 1.

After optimization using the method in Section 3.2, the obtained
coupling matrix is shown in Table 2. The diplexer responses, obtained
directly from the coupling matrix in Table 2, computed according
to (9), (10) and (13), are shown in Figure 3.

The normalized coupling matrix must be de-normalized for using
in the physical dimensioning of the diplexer. The de-normalized
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Figure 3. The synthesized responses of the diplexer 1, (a) S-
parameters and (b) group delay.

coupling coefficients can be obtained via the following equation:

Kij = FBW ·M(i, j), i 6= j, i, j = 1, 2, . . . , N

f0i =
f0

√
K2

ii + 4− f0Kii

2
, i = 1, 2, . . . , N

Qem =
1

FBW ·M2(pk,m)
, k = 1, 2, 3

(15)

where, FBW is the fractional bandwidth, Kii = Mii · FBW , Kij

represents the coupling coefficient between resonators i and j. f0i is
the resonant frequency of the resonator i. Qem is the external quality
factor of the resonator m connected to the port pk.

Figure 4(a) shows the coupling scheme of the diplexer 1.
Using (15), the de-normalized coupling coefficients of the diplexer 1
are given as follows:

The coupling coefficients between resonators: K1,2 = 0.0476,
K2,3 = 0.0485, K4,5 = 0.0341, K5,6 = 0.0347, K4,6 = −0.0221.

Resonance frequency for each resonator (GHz): f0k = {2.2456,
2.2349, 2.2345, 1.9608, 1.9440, 1.9703}k = 1, 2, . . . , 6.

External quality factors: Qe1 = 18.229, Qe4 = 21.920, Qe3 =
18.092 and Qe6 = 22.121.

After the coupling coefficients are determined, the next step
requires the choice of proper resonator types to complete the diplexer
design. In this design the half-wavelength open-loop resonators was
chosen. The diplexer is designed to be fabricated on a Rogers
RT/duroid 5880 substrate with a relative dielectric constant of 2.2,
a thickness of 0.508 mm, and a loss tangent of 0.0009.

A full-wave simulator IE3D has been used to extract coupling
coefficients Kij and Qe for initial sizes of the diplexer using the
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method in [15]. In this diplexer design, 15 parameters, including 5
main couplings, 6 self-couplings, and 4 external Q values, need to be
tuned to obtain the acceptable diplexer responses. To accelerate the
diplexer design, the methods presented in [20, 21] can be applied to
guide the tuning of each channel in the diplexer. After tuning, physical
dimensions of the diplexer 1 are obtained as shown in Figure 4(b).
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The diplexer has been simulated using a full-wave simulator IE3D.
The loss factors (conductor loss and dielectric loss) are included in
the simulated response. The measured S-parameters of the fabricated
diplexer 1 are compared to the simulation one in Figure 5. Measured
responses show a reasonably good agreement with the simulated
responses. There is, however, a small frequency shift (about 17MHz,
0.8% with respect to the center frequency), which can be attributed to
the fabrication error or/and the change of permittivity.

4.2. Synthesis and Design of Diplexer with Type-II Junction
(Diplexer 2)

A diplexer with Type-II junction is required to meet the following
specifications:
RX Filter (all poles): Number of poles (NRX): 3; Band: 2.4–
2.4534GHz; Return loss (RLRX): 20 dB.
TX Filter: Number of poles (NTX): 5; Band: 2.5302–2.6 GHz;
Return loss (RLTX): 20 dB; Transmission zeros (GHz): 2.6328, 2.4986.

We obtain that the transmission zeros of TX filter locates at
1.9232, −1.9232 in Ω′ domain (corresponding 1.3139, 0.0061 in Ω
domain) and Ωr = −0.45, Ωt = 0.32, f0 = 2.498GHz; BW =
0.20GHz.

After obtaining polynomials and optimization using the method in
Sections 2 and 3.2, the obtained coupling matrix is shown in Table 3.
The diplexer responses, obtained directly from the coupling matrix
in Table 3, computed according to (9), (10) and (13), are shown in
Figure 6.

The de-normalized coupling coefficients are determined using (15),
and then the square half-wavelength open-loop resonators are chosen to

Table 3. The synthesized coupling matrix of diplexer 2.
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Figure 7. (a) The physical structure and dimensions and (b) coupling
scheme of the diplexer 2.

complete the design. The diplexer is designed using the same substrate
as diplexer 1. In this diplexer design, 21 parameters, including 9
main couplings, 9 self-couplings, and 3 external Q values, need to be
tuned to obtain acceptable diplexer responses. The methods presented
in [20, 21] can be applied to guide the tuning of each channel in the
diplexer. After tuning, physical dimensions of the diplexer 2 are
obtained as shown in Figure 7(a). Figure 7(b) shows the coupling
scheme of the diplexer 2.
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(a) S21, S11, and S31, (b) isolation (S23). Photograph of the fabricated
diplexer is inserted.
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Figure 9. Measured and simulated group delay of the diplexer 2.

Figures 8 and 9 show the measured and simulated S-parameters
and group delay, respectively. Measured responses show a reasonably
good agreement with the simulated responses. There is, however, a
small frequency shift (about 16 MHz, 0.64% with respect to the center
frequency), which can be attributed to the fabrication error or/and the
change of permittivity.

5. CONCLUSION

A novel approach to the synthesis of microwave resonator diplexers
with two-type junctions has been presented. A linear frequency
transformation is proposed for the evaluation of the characteristic
polynomials of the diplexer, and then coupling matrix of overall
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diplexer can be obtained using the proposed hybrid optimization
methods combining a gradient-based SolvOpt and a genetic algorithm.
The evaluation of group delay in the physical frequency f domain and
isolation (S23) based on coupling matrix are derived. To illustrate the
validation of the method, two examples, including 6-poles diplexer with
Type-I junction and 9-poles diplexer with Type-II junction, have been
synthesized, designed, simulated, and measured.
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