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Multilayer Microstrip

losely-Spaced-Channel

Wideband Diplexer With Highly-Selective
Fourth-Order Filtering Responses

Li Yang, Member, IEEE, and Roberto Gémez-Garcia, Senior Member, IEEE

Abstract—A type of multilayer microstrip diplexer with highly-
selective wideband filtering channels is reported. Its closely-spaced
fourth-order passbands are attributed to two circuit parts: (i) two
third-order quasi-elliptic-type microstrip-to-microstrip wideband
vertical transitions and (ii) a shunt two-stub dual-band bandpass
filter (BPF) junction printed on the top layer. The two microstrip
vertical transitions are developed by means of open-/short-circuit-
ended microstrip lines and slotline stepped-impedance resonators
(SIRs), respectively, and they correspond to the constituent lower
and upper channels. The shunt dual-band BPF junction produces
one additional transmission pole and one more pair of close-to-
passband transmission zeros (TZs) for each channel to further
increase their filtering selectivity. The RF theoretical foundations
and design procedure of the engineered broadband diplexer are
detailed. For practical-validation purposes, a proof-of-concept
prototype of two-layer fourth-order microstrip wideband diplexer
is simulated, manufactured, and tested. Its measured lower and
upper channels has two closely-spaced sharp-rejection passbands
with center frequencies of 1.496 GHz and 2.759 GHz and 3-dB
fractional bandwidths of 62.83% and 24.83%, respectively, while
featuring power-isolation levels above 27.39 dB from 0.5 to 4 GHz.

Index Terms—Bandpass filter (BPF), diplexer, microstrip
filter, multilayer circuit, multiplexer, RF/microwave circuit,
transmission zero (TZ), vertical transition, wideband circuit.

. INTRODUCTION

O FACILITATE the development of emerging wideband/
ultra-wideband communication systems, the exploration of
novel high-performance microwave devices for their RF front-
end chains is always requested [1]. As one of these key circuits,
RF wideband diplexers connecting the transmitter and receiver
modules are nowadays expected to feature not only low in-band
insertion-loss and high power-isolation levels for their channels,
but also sharp-rejection bandpass filter (BPF) actions into them.
Up to date, research efforts on RF wideband diplexers in
planar and multilayer structures have been restricted to a very
few solutions, such as those in [2]-[10]. For example, in [2]-[4],
coupled open-loop and stub-loaded resonators were exploited
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Fig. 1. 3-D layout of the proposed two-layer fourth-order microstrip diplexer
made up of (i) two quasi-elliptic-type third-order wideband microstrip-to-
microstrip vertical transitions using open-circuit-ended slotline SIRs and (ii) a
shunt two-stub dual-band BPF junction.

to develop microstrip wideband diplexers. By extending the
upper-stopband bandwidth of the lower channel that is shaped
by hybrid microstrip and slotline stepped-impedance resonators
(SIRs), a wideband diplexer using broadside-coupled filters
was designed in [5]. In [6], transversal signal-interference BPF
sections were applied to design sharp-rejection microstrip
wideband diplexers. In [7], by separately creating transmission
zeros (TZs) at the upper and lower passband edges of the two
relevant BPF channels with microstrip lines in bandstop mode,
a high-selectivity wideband diplexer was realized. Besides, an
alternative diplexer network made up of coplanar-waveguide
wideband BPFs was discussed in [8]. Furthermore, based on
multilayer superconducting quadrature hybrids in [9] and
multilayer inductors in [10], respectively, wideband diplexers
with compact circuit size were engineered. However, it is found
that none of the aforementioned diplexer approaches features
two closely-spaced channels with multiple close-to-passband
TZs at both sides of the band edges. Although single-ended and
balanced microstrip diplexers with pairs of close-to-passband
TZs were proposed in [11] and [12], respectively, their
usefulness is limited to narrow/moderate-bandwidth channels.
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Fig. 2. TL equivalent circuit of the proposed two-layer fourth-order microstrip wideband diplexer shown in Fig. 1.

In this brief, a two-layer fourth-order microstrip diplexer
with highly-selective wideband BPF channels is presented. It
basically consists of a third-order wideband diplexer, in which
the two building quasi-elliptic-type BPF channels are designed
by means of microstrip-to-microstrip vertical transitions using
open-circuit-ended slotline SIRs. Furthermore, by utilizing a
dual-band BPF junction that is shunt connected at the input port
of the third-order diplexer, one more transmission pole and two
additional close-to-passband TZs are attained for each channel.
In this manner, sharper-rejection capabilities when compared to

its preliminary counterpart recently reported in [13] are attained.

The analytical design methodology of the devised diplexer is
detailed in Section Il. In Section Ill, as practical validation, a
two-layer microstrip diplexer prototype with highly-selective
fourth-order wideband BPF channels is constructed and tested.

Il. FOURTH-ORDER WIDEBAND DIPLEXER

The 3-D layout of the proposed two-layer fourth-order
microstrip diplexer is depicted in Fig. 1. It consists of two main
circuit parts: (i) a third-order wideband diplexer with two
quasi-elliptic-type microstrip-to-microstrip vertical transitions
using open-circuit-ended slotline SIRs and (ii) a shunt two-stub
dual-band BPF junction loaded at the input port (Port 1). For
the third-order wideband diplexer, the lower channel centered
at f_ is realized by means of a microstrip vertical transition with
open-circuit-ended microstrip lines being printed on the top and
bottom layers and the open-circuit-ended slotline SIR etched at
the common ground plane [14]. On the other hand, its upper
channel operated at fy is shaped by the other transition with
short-circuit-ended microstrip lines and an open-circuit-ended
slotline SIR. Besides, an open-circuit-ended microstrip line and
a short-circuit-ended microstrip line are shunt connected by a
non-resonant high-impedance microstrip segment, which acts
as a dual-band BPF junction. Its main function is to create one
more transmission pole and an extra pair of close-to-passhand
TZs for each channel of the constituent third-order diplexer to
further enhance selectivity [15], [16]. To attain compact circuit
size in the diplexer, the open-/short-circuit-ended microstrip
resonators and slotline SIRs of the third-order diplexer, as well
as the shunt open-/short-circuit-ended microstrip lines of the
dual-band BPF junction, are realized by using folded structures.
Moreover, the ground planes of two open-circuit-ended slotline

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

SIRs of the two channels are connected as a common ground
plane by using a microstrip T-junction.

Based on the proposed diplexer in Fig. 1, its transmission-
line (TL) equivalent circuit can be obtained as depicted in Fig. 2.
As shown, the open-/short-circuit-ended microstrip resonators
and the open-circuit-ended slotline SIRs of the third-order
diplexer are represented by the in-series open-/short-circuit-
ended TL stubs and the shunt TL segments cascaded by the
open-circuit-ended TL stubs, respectively. Their impedance-
line parameters are set as Zm., Zs1, and Zs, for the lower
channel and as Zmy, Zsu1, and Zs, for the upper channel.
Besides, the shunt open-/short-circuit-ended microstrip lines of
the dual-band BPF junction are also replaced in the equivalent
TL circuit by the relevant open-/short-circuit-ended TL stubs,
but with different impedances Zm, and Zns. 1ts non-resonant
microstrip line is substituted by one TL segment with
characteristic impedance Zm and electrical length 6, at fu/2.
Note that, except the non-resonant TL segment, all the other TL
stubs and sections have an electrical length & = 90°, but at
different design frequencies. Specifically, the design frequency
for the third-order lower BPF channel and the short-circuit-
ended stub of the dual-band BPF junction is selected as f.. On
the other hand, the design frequency of the TLs of the other
channel and the open-circuit-ended stub of the dual-band BPF
junction is chosen as fu/2. Moreover, in order to properly model
the impedance variations of the coupled microstrip lines and
slotline SIRs of the third-order diplexer in the electromagnetic
(EM) simulation, two sets of transformers are utilized with
turns ratios of Nmi, Nst1, and Ng2 for the lower channel and of
Nmu, Nsu1, and Nsu, for the upper channel [17].

A. Third-Order Wideband Diplexer

In order to determine the RF operational foundations of the
conceived overall wideband diplexer, its constituent third-order
diplexer shaped by two quasi-elliptic-type wideband BPFs is
theoretically analyzed first. With the ABCD submatrices of the
two-port networks of the lower and upper channels in Fig. 2,
their relevant characteristic functions F and Fy are derived as

F = j( cot 00—z, cot9+—) (1)
sL ZsL
72 1

R = j(E Zmy_tan2 O+ 1}, tan 0 +——) 2
ZsU ZsU
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Fig. 3. Theoretical power transmission (|Sx[) and input-reflection (S oF-50 HEERE A

responses of the two-port third-order quasi-elliptic-type wideband BPFs - )1 R "

associated to the lower and upper channels in Fig. 2 (Nm_ = Noi1 = Ngi2 = Ny =
Nsu1 = Nsuz = 1). (a) Wideband BPF of the lower channel centered at f = 1.5
GHz (zm. = 2.031 and zg1 = zg2 = 1.6754). (b) Wideband BPF of the upper
channel centered at fy = 2.7 GHz (zmy = 2.4485, zyy; = 1.5166, and zy,; =
1.7958).

where
, 2 p 2
Iy = NmL X Zm &ZmU = NmU XZmy (3)
2 2
b2 L Zsatand—(Ng o x7g 5)zg4 COtO
Zy = Ngpy % 2 “)
Zgq+NgoxZg,
2 2
L2 Zgy1 tan @ —(Ngy, X Zgy,)Zgy1 COLO
Zgy = Ngup @ . (5

Zu1 + N2 X 2y

Here, Zm., Zs.1, Zsi2, Zmu, Zsu1, and zsy, are the normalized-
impedance variables. By imposing that F. — o and Fy — «©
with (1) and (2) as TZ-generation conditions, the TZ locations
of the two-port third-order wideband lower and upper BPF
channels are derived. Firstly, the intrinsic TZs of the lower BPF
channel appear at 2nf_ with n € N, which are produced by the
open-circuit-ended stubs. Due to the open-circuit-ended
slotline SIR, two extra close-to-passhand TZs appear at

2
tant Ngip X Zg 2

z
4 2nf, (6)

fLTZl =2 fL

2
1 [Na2xZg,

ZSL1 i (7)
T

For the two-port upper BPF channel, its TZs created by the
short-circuit-ended stubs are located at (2n+1)fu/2. Similarly,
two additional close-to-passband TZs are produced by its
employed slotline SIR, whose spectral locations are

tan”
flrzo =2(n+Df 21,

2
1 |Nsu2*XZgyo

Zgu1 (8)

T

tan™

furze =+ fy - fy

2
-1 NsUZ XZsyo

Zsu1
. 9
. C)]

tan

furzz =(n+Dfy + fy
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Fig. 4. Theoretical power transmission (|Sz1| and [Ssi|) responses of the
constituent third-order diplexer in Fig. 2 (zm. = 2.031, Zg1 = 251, = 1.6754, Znu =
24485, Zsu1 = 15166, Zsu2 = 17958, and N = NsLl = N5L2 = NmU = NsUl = NSUZ =
1). (a) Lower channel centered at different frequencies (f. = 1.35, 1.5, and
1.575 GHz) and the upper channel being fixed (fy = 2.7 GHz). (b) Upper
channel centered at different frequencies (fy = 2.7, 3, and 3.3 GHz) and the
lower channel being fixed (f_ = 1.5 GHz).

From the above discussions, frequency responses of these
two-port BPF channels are synthetically designed. In this
example, the wideband BPF associated to the lower channel is
expected to be centered at f_ = 1.5 GHz with relative bandwidth
of (furze — firz1)/fL = 100%, passband ripple of 0.059 dB-or
minimum in-band power-matching level of 18.723 dB-, and
stopband attenuation levels above 24.788 dB. Besides, the
wideband BPF acting as the upper channel is set to be centered
at fy = 2.7 GHz with fractional bandwidth of (furzz — furz)/fu =
52.67%, in-band power-matching levels above 15.084 dB, and
out-of-band rejection levels higher than 29.59 dB. Hence, the
impedance variables of the slotline SIRs are determined as z.s
= 22 and zusy = 1.1841zyq, respectively. To realize the
specified responses for the BPFs of the two channels, their
normalized-impedance values are selected as zm. = 2.031 and
ZsL1 = ZsL 2 = 1.6754, and Imu = 2.4485, Zsul = 1.5166, and Zsu2 =
1.7958. As shown in Fig. 3, the close-to-passband TZs for the
lower and upper wideband BPFs appear at 0.75 GHz and 2.25
GHz and at 1.989 GHz and 3.411 GHz, respectively, in
accordance with the theoretical predictions. The attainment of
quasi-elliptic-type responses for both BPFs is also verified.
Subsequently, the frequency responses of the whole third-order
diplexer channels designed with these two wideband BPFs are
illustrated in Fig. 4. Note that both the TZ positions and
quasi-elliptic-type  profiles are preserved for both
closely-spaced channels with regard to the isolated BPFs.
Specifically, Fig. 4(a) depicts the frequency responses of the
lower channel for several center frequencies (f. = 1.35, 1.5, and
1.575 GHz) and the upper channel being fixed (fu = 2.7 GHz).
As observed, the bandwidth of the lower channel is gradually
enlarged as f_ increases from 1.35 to 1.575 GHz. A similar
trend is observed in Fig. 4(b) when the center frequency of the
upper channel is varied (fy = 2.7, 3, and 3.3 GHz) and the lower
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Fig. 6. EM-simulated and associated theoretical power transmission (|S,:| and
[Ss1]) and input-reflection (|S11]) responses of the proposed high-selective
fourth-order microstrip wideband diplexer in Fig. 1 with the design dimensions
of Lin= 7609, Li=L= 209, L3 = 30673, Ly= 34875, L5 = 135, Le = 3764, L7
= 3524, Ls = 92, Lg = 124, L10 = 40, L11 = 976, L12 = L14 = 859, L13 = 512, L15
= 984, L16 = 3704, L17 = 25, L13 = 2957, ng = 15, L20 = 34875, L21 = 18, Lzz
=455, Lyz = 20, Lout = 45.3, Win = Woe = 1.82, W; = 0.22, W, = 0.4, W5 = 0.15,
W, = 3, Ws = 37, W =W; = 04, W = 012, Wy = 04, Wiy = 2, and Wy = 18
(unit: mm).

one is kept static (f. = 1.5 GHz). In this case, a larger bandwidth
is attained for the upper channel as fy goes from 2.7 to 3.3 GHz.
Note that the passband of each channel must be allocated within
the stopband region of the other one, and that a
frequency-contiguous behavior by setting the proper frequency
ratio of fu/f. for these two channels can be attained while
reasonably avoiding passband distortion as a design limit.

B. Shunt Dual-Band BPF Junction

To further increase the order and the selectivity levels of the
two channels of the above building third-order diplexer, a shunt
dual-band BPF junction connected at the input port is added, as
depicted in Fig. 2. Its function is to bring one more transmission
pole and two extra close-to-passhand TZs to each channel [15],
so that the overall wideband diplexer exhibits two
highly-selective fourth-order broadband BPF channels. To
demonstrate the effectiveness of this dual-band BPF junction,
the formula of its input impedance is determined as below

J[Zmlzmztan( 1 )Jrzmlzmzzmstan(2f —a)]
Zin = e (10)
Zmlzmz—zm1zm3tan( )tan(—) b
2f,
where
17Z'f
a= Zmlzmstan( )ta (—)tan(—f) (11)
U L
b= Zmzsttan(el”f)t cany (12)
2f,
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Fig. 7. Manufactured two-layer high-selective fourth-order microstrip
wideband diplexer prototype with the layout shown in Fig. 1. (a)
EM-simulated and measured power transmission (|Sz1| and |Sz1[) responses. (b)
EM-simulated and measured power input-reflection (|S11[) and isolation (|Ssz|)
responses. (c) Photographs (top and bottom view) of the assembled diplexer
prototype.

With the appropriately-chosen values Zm = 120 Q, Zmp =
35.5Q, Zmz = 30.5 Q, and 6, = 58.11° when Zi, — 0, three TZs
within the spectral interval from 0.5 to 4 GHz are introduced for
each channel of the proposed fourth-order diplexer. As shown
in Fig. 5, due to the dual-band BPF junction, the fourth-order
lower BPF channel presents two more close-to-passband TZs at
0.822 GHz and 2.098 GHz, while the two extra TZs for the
upper BPF channel are located at 2.098 GHz and 3.516 GHz.
Compared with its constituent third-order wideband diplexer,
the lower and upper channels of the overall fourth-order
diplexer exhibit sharper roll-off stopband responses as merit.

I1l. IMPLEMENTATION AND DISCUSSION

In order to verify the experimental viability of the proposed
fourth-order diplexer in Fig.1, a two-layer microstrip prototype
is developed and tested. The engineered circuit is fabricated by
a Rogers RO4003C substrate with relative dielectric constant &;
= 3.55, dielectric thickness h = 0.813 mm, metal thickness t =
35um, and dielectric loss tangent tan(dp) = 0.0027. To avoid
undesired coupling between the ends of the open-circuit-ended
slotline SIRs and the microstrip T-junction or the input-port
microstrip segment on the common ground plane, their physical
dimensions are properly adjusted during the EM simulation.
The EM-simulated frequency responses of the fourth-order
diplexer are plotted in Fig. 6. Here, the lower and upper channel
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IV. CONCLUSION

A class of two-layer sharp-rejection fourth-order microstrip
wideband closely-spaced-channel diplexer has been reported.
Its core part is a third-order wideband diplexer designed with
two quasi-elliptic microstrip-to-microstrip vertical transitions
using open-circuit-ended slotline SIRs. In addition, to further
increase the order and selectivity levels of its two BPF channels,
a shunt two-stub dual-band BPF junction is added at its input.
The RF operating principles of the proposed diplexer have been
detailed. Finally, the devised broadband diplexer approach has
been experimentally validated with a built two-layer fourth-
order microstrip prototype with 1.496/2.759-GHz channels.
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