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A Microstrip Lossy Diplexer with Flat Channel Passbands

Fan Zhang', Yun Wu?, Liang Sun?, Yang Gao®, Yi Wang?® *, and Jun Xu'!

Abstract—Passband flatness and band-edge selectivity in microwave filters with finite quality-factor
resonators can be improved by the synthesis of lossy filters. This paper demonstrates the extension of
this technique to a lossy diplexer by means of resistive coupling. A dual-mode stub-loaded resonator
(SLR) junction and a fork-like feedline are used in the diplexer to address the challenge of independently
controlling the external coupling from the common port to the two channel filters and therefore enable
flexible realization of the channel bandwidth. The coupling matrices with resistive couplings for the
lossy diplexer are generated. For verification, a microstrip lossy diplexer operating at 1.91 and 2.6 GHz
was designed and tested. The flatness of the passband has been significantly improved, with a reduction
of the passband insertion loss variation from 1.4/1.2dB to 0.66/0.63dB for the low/high band. The
measured results are in good agreement with the simulations as well as the theoretical responses from
the coupling matrix. This was also experimentally compared with a reference diplexer without resistive
couplings.

1. INTRODUCTION

Loss has a major impact on the synthesis and realization of filters. Traditional filter synthesis assumes
lossless resonators of an infinite quality factor (@Q-factor). When applied to practical resonators of
relatively low Q-factor, the frequency responses suffer from a degradation of performance in terms of
insertion loss and selectivity especially at the bend edges, which affects the flatness of the insertion
loss over the passband [1-11]. This particularly concerns narrowband filters where the variation of the
insertion loss over the passband increases and puts extra burden on power equalization from the system
design point of view. This adverse impact can be alleviated by the ‘lossy filter’ technique, which can
restore in-band flatness and sharp transition (high selectivity) at the cost of increased insertion loss.
Fortunately, this additional insertion loss can be readily compensated for by amplification in many
applications. It is worth noting that ‘lossy filter’ is an established terminology to describe the type
of filters that achieve flatter insertion loss over the passband using resonators with ununiform quality
factors [12,13] or by deliberately introducing lossy elements such as coupling resistors [14,15]. This
terminology has been used to distinguish from conventional filters with inherent finite quality factors
(and therefore losses) without any extra resistive elements. So far, the lossy filter technique has only
been applied to fix-band two-port filters. There is a demand from some niche applications to extend this
technique to diplexers and multiplexers. As an example, for the C-band input multiplexers (IMUXs)
in satellites, being able to use compact low-() microstrip resonators while maintaining the pass-band
flatness and selectivity will significantly reduce their size and mass. This is highly desirable for space
applications.

This paper reports our work towards this direction. To the best knowledge of the authors, this
is the first demonstrated ‘lossy diplexer’ in open literature, where dissipative cross couplings are used.
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We borrowed from the concept of ‘lossy filter’ and coined the terminology ‘lossy diplexer’. To discern
the difference between a lossy diplexer and a conventional diplexer, the latter will be described as a
reference diplexer in this paper, which only has inherent losses without any added resistive elements.

In addition, instead of using a transmission-line based junction, two lossy filters are combined using
a resonant junction formed of a dual-mode sub-loaded resonator (SLR). The junction contributes to a
transmission pole for both the lower and the higher channels without adversely increasing the circuit
size [16,17], and therefore improving the selectivity of both channels. However, this all-resonator based
diplexer structure increases the challenge in the design, where the SLR resonant junction, being part
of both channel filters, would normally require to accommodate specific coupling to each of the two
channels. To be able to independently control the coupling from the common port to the two channels
via the SLR, a novel feeding structure, first reported in [18], was adopted here. This allows more flexible
control of the channel bandwidth, which has significant benefit in real diplexer applications. This paper
focuses on demonstrating the new device function of a lossy diplexer rather than the circuit layout
innovation.

The main contribution of the paper is a new type of diplexer with flat channel passbands realized
using a unique combination of technologies between lossy filters and all-resonator based diplexers with
independently controllable channel bandwidth. The improved flatness of the passbands has been
achieved by using resistive couplings. The synthesis of the coupling matrix and the design of the
microstrip lossy diplexer are much more involved than those of conventional diplexers. This paper
presents the design methodology and results with detailed comparisons.

The rest of the paper is organized as follows. The topologies of the all-resonator based lossy
diplexer and a reference diplexer will be first introduced and their coupling matrices are obtained. This
is followed by a brief discussion of the feeding structure that allows independent control of the coupling
to the two channels, and the detailed designs of the reference and the lossy diplexer with simulation
results. The measurement results will be given before the conclusion.

2. DIPLEXER TOPOLOGIES AND COUPLING MATRICES

Figure 1 shows the topologies of the reference diplexer and the lossy diplexer used in this work. They are
formed of coupled resonators without any transmission line junctions. Each circle in the two channels
denotes a resonator. The junction is a dual-mode sub-loaded resonator (SLR) with its two resonant
modes (marked as ‘1’ and ‘5’ in Figure 1) corresponding to the respective central frequencies of the two
channels. It forms one respective transmission pole for each channel filter.

The coupling topology of the lossy diplexer is depicted in Figure 1(b). The resistors R; (i = 1,2, 3,4)
represent the resistance cross coupling between resonators. For each channel filter, a resistive cross
coupling configuration similar to the one in [15] was used. This configuration is an effective and one
of the simplest configurations to implement using microstrip resonators with uniform Q-factors. The
latter point will be further elucidated by this work. For the lossy diplexer, one main design objective is
to minimize the variation of the insertion loss in the passband.

For comparison, the diplexer of the same coupling topology but without the four resistive cross
couplings is used as the reference design in Figure 1(a). Both the reference diplexer and the lossy
diplexer are designed at 1.91 GHz (fz) and 2.6 GHz (fr) with the fractional bandwidth (FBW) of 4.6%
and 6.5% respectively. The choice of frequencies is only for demonstration in this case. The return
losses for the two channels are specified to be better than 20dB. The diplexers are designed using
half-wavelength hairpin resonators, and fabricated on a Rogers 4003C substrate with a thickness of
1.524 mm. The dielectric constant of the substrate is 3.55, and the loss tangent is 0.0029. The copper
laminate is 18-um thick. Using this substrate, the unloaded quality factors of the hairpin resonators are
approximately 230 and 240 for the lower and higher channels, respectively, according to simulations.
These @ values are considered in the coupling matrix to represent the loss. Since the two modes of
the junction resonator are widely separated in frequency to tune with the two channels, the coupling
matrices for the two channels can be obtained independently (assuming mjs = 0). For the reference
diplexer, using a general coupling matrix synthesis method [19], the coupling matrices of the lower and
higher channels can be expressed as
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1 2 3 4 ) 6 7 8
1] —j0.094 0.911 0 0 5| —j0.064 0911 0 0
2| 0911 —j0.094 0.700 0 6| 0911 —j0.064  0.700 0
3 0 0.700  —j0.094 0.911 7 0 0.700  —j0.064 0.911
4 0 0 0911  —j0.094 8 0 0 0911  —j0.064

where the diagonal elements (j0.094 and j0.064) are utilized to model the finite quality factor (loss) of
the resonators for the lower and higher channels. The normalized external quality factors for the three
ports are 1.035.

For the lossy diplexer, the diagonal elements of the lossy diplexer matrix contain the loss
contributions from both the resonator and the associated resistive coupling. Assuming the lower and
higher channel filters are symmetrical, the resistive cross coupling coefficients are led to mi3 = may4,
and ms7; = mgg. The coupling matrix of the lower channel can be expressed as

1 2 3 4
1 —j0.094 - ]m13]*j 0.911 —m13*j 0
2 0.911 —j0.094 - |m13|*j 0.700 —m24*j
3 —mi3™j 0.700 —j0.094 — |ma3|*] 0.911
4 0 —mas 0.911 —j0.094 — |m1s3|¥j

Similarly, the coupling matrix of the higher channel can be expressed as

5 6 7 8
5| —j0.064 — |ms7|* 0.911 —msr™j 0
6 0.911 —j0.064 — |ms7|*] 0.700 —mgs*
7 —ms7*] 0.700 —j0.064 — |msz7|*j 0.911
8 0 —mes™] 0.911 —j0.064 — |ms7|*j

The resistive coupling coefficients m13 and ms; are obtained by using the approach from [15,20], and
they are optimized to be mi3 = 0.053 and ms7 = 0.039. Accordingly, the coupling matrices of the lower
and higher channels can be given as

1 2 3 4 5 6 7 8
1| —j0.147 0911  —j0.053 0 5| —j0.103 0911  —j0.039 0
2| 0911  —j0.147  0.700  —j0.053 6| 0911 -j0.103  0.700  —j0.039
3| —j0.053 0.700 —j0.147  0.911 71 —=j0.039 0.700 —j0.103  0.911
4 0 —j0.053  0.911  —j0.147 8 0 —j0.039 0911  —j0.103

Its normalized external quality factors are identical with the reference diplexer.

Figure 2 compares the calculated S-parameter responses of these two diplexers from the matrices.
One can see the lossy diplexer offers much improved flatness and sharper band-edges compared with
the reference diplexer. For the reference one, the variation of insertion loss in the passband is around
1.3dB (lower band) and 1.1dB (higher band). The insertion losses are 1.63 and 1.47 dB, respectively.
For the lossy diplexer, the variation of the insertion loss for the lower and higher channels is reduced to
0.6 dB. As a trade-off, the insertion losses increase to 3.8 and 2.9 dB.
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(a)

Figure 1. Topologies of the diplexers. (a) The reference diplexer. (b) The Lossy diplexer with resistive
couplings.
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Figure 2. Calculated S-parameter response of the reference diplexer with finite Q-factor and the lossy
diplexer from the coupling matrices.

3. DESIGN AND SIMULATIONS

3.1. Independently Controllable Coupling to the Resonant Diplexer Junction

As shown in Figure 3, the dual-mode junction resonator is implemented using a microstrip stub-loaded
resonator. The rest are hairpin resonators. For the SLR [21], the line section Iy is approximately the
same as lpg + 7. The open stub roughly has a length of lg, = lps — lp7 + lpg. Although it is not a strictly
symmetric structure, it can be treated approximately using the odd-even mode analysis [21]. The odd
mode frequency is determined by [0 as

(1)

s c
dd = 7 ————
’ Alp10+/Eeff
where c is the light speed in free space and e.5 is the effective permittivity of the microstrip substrate.
Assuming the SLR has a uniform line width, the even mode resonant frequency is determined by the
electrical lengths of the stub [, as well as ;o as

cot(Osup) tan(Bp1o) = —2 (2)

The SLR junction resonator resonates at 1.91 GHz (even mode) and 2.6 GHz (odd mode),
corresponding to the central frequencies of the two channels respectively. The SLR resonator is folded
into an upside-down Y-shape. The two modes can be clearly identified in the simulated current density
distribution in Figures 4(a) and (b). The fork-liked feedline is used to independently control the coupling
to the two channels. Each branch of the fork provides the edge coupling to one mode of the SLR. The
folded longer branch is about half of the guided wavelength at 2.6 GHz. It presents an open circuit
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and stops the higher channel signal from entering the lower channel, as can be seen from the simulated
current distribution in Figure 4(b). The external coupling to the two channels can be individually
tuned by adjusting the gap of g1 or go while keeping other dimensions fixed, as demonstrated previously
in [18].

Port2

Port1

Figure 3. Layout of the referenced diplexer with the SLR at the junction and the external coupling
structure at the common port which provides independently controllable coupling to the two channels
(lpy = 15.86, Ly = 10.94, lps = 2, lpy = 0.88, lp5 = 25.54, lyg = 14, ly; = 2.9, lyg = 7.5, lpg = 23.8,
lpio = 19.64, lg1 = 15.8, lpo = 15.7, Ips = 15.8, Igs = 14.75, lgg = 14.65, g7 = 14.3, wry = 4, wry = 4,
WR3 = 4.04, WRs = 9.6, WRe = 9.6, WRT = 9.44, gRrs = 2.3, JgrRe = 2.26, gr7 = 2, mio = 2.34, mo3 = 2.6,
maq = 2.26, mis — 2.52, mse — 2.7, mer — 2.4, q1 = 09, qo = 07, 21 = 136, 431 = 1864, w, = 1,
g1 = 0.76, and g2 = 1.2. units: mm).

|
gL ains BT & W

(a) (b)

Figure 4. Simulated current distribution at (a) 1.91 GHz and (b) 2.6 GHz of the reference diplexer.

3.2. Reference Diplexer

The reference diplexer and lossy diplexer were both designed to have a four-pole Chebyshev response
at each channel based on the external coupling structure. The two diplexers have the same fractional
bandwidths. Hairpin resonators with a line width of 1 mm were chosen for the construction of the
diplexer. The initial lengths of the resonators for the lower and higher channels are half-wavelength at
the center frequencies of the corresponding channels. The layout of the diplexer is shown in Figure 3.
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The design process of the diplexer can be found in [18]. The optimized critical dimensions are given in
the figure caption. The diplexer was simulated and optimized in Ansys EM simulator HFSS [22]. The
simulated response of the diplexer is shown in Figure 5 in comparison with theoretical ones obtained
from the coupling matrix. They are in good agreement with each other. It is noted that several
transmission zeros are produced. These are attributed to the stubs of the fork-like feeding structure
and the junction resonator of the diplexer, which cannot be accounted for by the coupling matrix. The
isolation between the two channels are better than 50 dB.

S-parameters (dB)

e —

-804

-0 v, = Diplexer synthesis
Ll ' —— Diplexer EM simulation
-100 +— T T T T T T T T T T T T
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

Frequency (GHz)

Figure 5. Reference diplexer EM simulation results in comparison with theoretical results based on the
coupling matrix with finite Q-factor but without resistive couplings. The simulated isolation parameter
(S23) is shown in a black dash dot line.

3.3. Lossy Diplexer

The proposed lossy diplexer is implemented using microstrip structures, as shown in Figure 6. The
channel filters and the coupling structure at the junction are similar to the reference diplexer. The
resistive cross couplings are realized by surface mounted resistors placed between two sections of thin
high-impedance lines, whose initial lengths are determined to be quarter of a wavelength at the respective
channel center frequencies. The resistor value was first estimated from the resistive coupling, m¢s,
by [15]
1
" MyesbFBW 3
Mres
where b is the susceptance slope of the resonator. The convenient rounded value of 300-€2 was chosen
after optimization. The main dimensions of the diplexer after optimization are given in the caption of
Figure 6.
The simulation results are compared to theoretical ones calculated from the coupling matrix as
shown in Figure 7. Very good agreement has been achieved. As observed in Figure 5 and Figure 7, it
can be seen that the resistive couplings do not adversely affect the isolation performance of the diplexer.

4. FABRICATION AND MEASUREMENT

Fabrication was made by a LPKF ProtoMat S63 micro milling machine. The overall dimension of both
diplexers is 100 mm x 60 mm and the minimum gap used is 0.35 mm. The fabricated circuits are shown
in Figure 8. Measurements were taken by an Agilent N5230A network analyzer. For the reference
diplexer, as shown in Figure 9, the measured average insertion loss and its variation over the passband
are 1.95dB and 1.4dB for the lower band, and 1.83dB and 1.2dB for the higher band. The small
deviation between the simulated and measured results is believed to be mainly due to the tolerances of
the fabrication.
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Figure 6. Layout of the lossy diplexer (I; = 5.5, lo = 13.3, I3 = 13.2, Iy = 6.65, l5 = 4.25, lg = 4.25,
l; = 5.6, lg = 11, lg = 5.55, lig = 7.35, l11 = 2.15, lp1 = 15.85, lyo = 11.95, lp3 = 2, Iy = 0.75,
lps = 25.15, lpg = 14, ly7 = 2.9, lpg = 7.5, lpg = 23.8, lp10 = 19.65, Ig1 = 15.75, [go = 15.75, I3 = 15.75,
lR5 = 14.75, lR6 = 14.65, lR7 = 14.3, WR1 = 4, WR2 = 3.9, WR3 = 3.55, WRs — 9.7, WRe — 9.5,
wry = 945, grs = 2.65, grg = 2.25, grr = 2.1, miz = 2.3, mag = 2.6, m3qg = 2.35, mi5 = 2.45,
mse = 2.65, mgy = 2.4, q1 = 0.9, g2 = 0.65, g21 = 13.6, g31 = 18.8, w1 =1, wy = 0.5, g1 = 0.75, g2 = 1,
g3 = 0.35, and g4 = 0.45. units: mm).

S-parameters (dB)

----- Lossy diplexer synthesis
Lossy diplexer EM simulation

-100 — T T T T
1.6 1.8 2.0 2.2 2.4 26 2.8 3.0

Frequency (GHz)

.\ e

Figure 7. Lossy diplexer EM simulation results compared to theoretical results based on the coupling
matrix with resistive couplings. The simulated isolation parameter (S23) is shown in a black dash dot
line.

The measured results of the lossy diplexer after tuning are shown in Figure 10(a) in comparison
with the simulation. The return losses in both channels are better than 15dB. The average insertion
loss is 4.23 dB for the lower band and 3.43 dB for the higher band. The variation of the insertion loss
over the passbands are 0.66 dB and 0.63 dB, respectively. The small deviation between the simulated
and measured results is again believed to be mainly due to the tolerances of the fabrication as well as
the parasitic effects from the resistors.

The comparison of the measured frequency responses between the reference diplexer and lossy
diplexer is shown in Figure 10(b). The much-improved flatness of the passband from the lossy diplexer
can be clearly observed from the comparison.
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Figure 8. Photographs of the fabricated reference and the lossy diplexer. (a) Reference diplexer. (b)
Lossy diplexer.
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Figure 9. Measured responses of the reference diplexer in comparison with simulations.
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Figure 10. (a) Measured lossy diplexer in comparison with simulation. (b) Measurement comparison
between the lossy diplexer and reference diplexer.

5. CONCLUSION

This paper reported for the first time the extension of the lossy filter concept to a microstrip lossy
diplexer. The dissipative cross couplings were used to increase the flatness of the channel passbands. A
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dual-mode resonant junction with an independently controllable external coupling structure was applied
to the diplexer. This enables the flexible realization of different channel bandwidths in resonator-based
diplexers in a compact way, and facilitated the realization of lossy channel filters. Very good agreement
has been achieved between the calculated responses from the synthesized coupling matrix, the EM
simulations, and the measurement results. This has verified the synthesis method of the coupling
matrix and the design approach. The flatness of the passband has been significantly improved, which is
reflected by a reduction of the insertion loss variation over the two channel passbands from 1.4/1.2dB
t0 0.66/0.63 dB for the low/high band. This device technology can also be used in diplexers with closer
channels as well as in multiplexers. This paper focused on the demonstration of the new device function
of lossy diplexer. The layout of the diplexer could be further optimized for miniaturization. A compact
lossy diplexer could find applications in communication systems requiring flat channel passbands, such
as in the input multiplexing block of telecommunication satellites.
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