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Abstract

This paper presents the design of a novel lowpass—-bandpass diplexer with compact size and
good performance using microstrip cells. For this purpose, two microstrip lowpass and band-
pass filters are separately designed and mathematically analyzed. The proposed microstrip
diplexer has a novel and simple structure. It occupies a compact area of 0.037 Ag> (722 mm?>),
and its insertion loss and S;; at both channels are low. The insertion loss at the lower and
upper channels is only 0.047 and 0.16 dB, respectively. Meanwhile, both channels are flat
with the maximum group delay of 1.68 ns which is the lowest compared to the previously
reported diplexers mentioned in this paper. To design the proposed diplexer, first, a lowpass
diplexer with good performance is designed which has low losses and a good figure of merit. It
has a flat passband with a sharp roll-off. Then, to achieve the proposed diplexer, a bandpass
resonator is added to the lowpass filter without any extra matching circuit, which saves the
overall size. The proposed diplexer is designed, simulated, and fabricated, where the simula-
tion and measurement results are close.

Introduction

A common communication channel can be shared with two different devices using a diplexer.
A lowpass-bandpass diplexer shares a common antenna between two distinct lowpass and
bandpass signals. According to the cut-off frequency of the lowpass channel and the resonance
frequency of the bandpass channel, it can be used for different wireless applications. The
design of a lowpass—bandpass diplexer is much more complicated than the filters and band-
pass—bandpass diplexers, because we have to design two different filters and connect them
with a high isolation between the lowpass and bandpass channels. Designing compact diplex-
ers with good performance is important for the wireless networks industry. Several types of
lowpass-bandpass diplexers [1-8] and bandpass-bandpass diplexers [9-15] have been
reported. Designing lowpass—bandpass diplexers is less common than the bandpass-bandpass
diplexers. The bandpass-bandpass diplexers need only one resonator to create two bandpass
filters (BPFs), whereas the lowpass—bandpass diplexers need to design two different resonators,
i.e. lowpass and bandpass. A dual-mode bandpass resonator with an elliptic function lowpass
resonator is combined to obtain a lowpass-bandpass diplexer in [1]. This diplexer has several
disadvantages, such as large size, a narrow bandpass channel, high insertion loss, and high
common port S;; at both channels. Similarly, the lowpass-bandpass diplexer presented in
[2] occupies a large area with a narrow bandpass channel and high losses. In [3], transition
matrix is used to design a novel lowpass-bandpass diplexer with a small size. The design
becomes more difficult when the distance between the cut-off frequency of the first band
(f.) and the resonant frequency of the second band ( f,) decreases. The distances between
the lowpass and bandpass channels of the proposed diplexers presented in [1-4] are large,
which make these designs easier. However, the losses in [4] are high. Although the ratio of
fIf- is decreased in [5], it has two disadvantages: large size and high losses. In [6, 7], the fre-
quency ratio ( f,/f) is also high. The designed diplexer in [7] is very small, but it has a narrow
bandpass channel with a very low fractional bandwidth (FBW). The oldest lowpass—bandpass
diplexer is presented in [8]. It has several disadvantages in terms of large implementation area,
lack of sharp edge of the lowpass channel, large losses, and narrow bandpass channel. The
other important parameter in the diplexer design is the flatness of passbands. Having a low
group delay ensures the flatness of passbands. Despite the importance of group delay, many
diplexer designers have not addressed this issue. In [3], [5], and [6], the group delays are cal-
culated where all of them have high group delays at their lowpass channels. The microstrip
bandpass-bandpass diplexers in [9-11] have high group delays at both channels.
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This paper presents a compact microstrip lowpass—bandpass
diplexer with low losses, which is suitable for modern wireless
communication systems. Compared with the previous designs,
the distance between the lowpass channel cut-off frequency and
the bandpass resonance frequency is shorter, making the pro-
posed diplexer more challenging to design. However, in this
work, we will try to keep our diplexer small in size with good per-
formance. First, a lowpass microstrip resonator will be proposed
and discussed to design our diplexer. Then it will be upgraded
to a lowpass filter (LPF). Next, the dimensions of important
parts of this filter will be optimized to achieve the best frequency
response. After that, an optimized bandpass resonator will be
added to our LPF to complete the diplexer layout. Our design
method is based on a mathematical analysis to extract some infor-
mation about the important microstrip cells. Based on this infor-
mation, the optimization is done to miniaturize the overall size.
Finally, a perfect comparison between our and previous works
will be made to show the advantages of this work.

Designing method

The topology of the proposed diplexer is presented in Fig. 1. It
consists of the integrated LPF and BPF. The lowpass section
includes three shunt stubs loaded on a transmission line. The
shunt stubs admittances are Y, and Y}. The physical and electrical
lengths of each part of the transmission line are shown with / and 6,
respectively. The BPF is composed of a spiral cell connected to a
pair of coupled lines. As shown in Fig. 1, the coupling between
two lines can create several capacitors. A passband channel will
be created when these capacitors connect to the spiral cell because
the spiral cell has an inductance feature. The order of the filters
should be selected to achieve a minimum size while we have a
relatively high degree of freedom in the design. Hence, the
shunt stubs for the LPF seems like a suitable choice. The order
of the BPF can be selected according to the LPF size. Because
as shown in Fig. 1, these filters should occupy the minimum
area together.

Design and analysis of the proposed LPF

To analyze the LPF, we can calculate its transmission matrix (T').
Then, by using it the conditions of loss reduction and
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Fig. 1. Basic structure of the proposed diplexer.
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transmission zeros can be determined. The transmission matrix
of the lowpass section in Fig. 1 is obtained as follows:

A B 1 0 cos 0
T:|: ]:[ ]x jsin 6
C D Y, 1 "

1 o cos 0
x[ :|>< jsin @
z

jzsin 0

cos 6

jzsinG |:1 0]
X —

Y, 1 cos 0 Y, 1

where:
A =cos® 6 + jzY}p cos Osin 6 — sin® 6
+ Y,(2jz cos Osin 6 — 22Y} sin® 6 cos 6)
9]

B =2jz cos Osin 6 — z*Y} sin Hcos O

C =(Y, + Y,) cos? @+ cos Osin 0
2
(E] +jzY, Y} cos 0 — Y, sin 0) +Y,D

D =Y,jzsin 6 cos 6 — sin? 0 (1 4+ 22Y, Y, cos? 6)
+ cos? 6 (jz(Yp + Y,)sin 0+ 1)

and

W/ Ere I
300

where 6, [, o, and &, are the electrical length, physical length (pre-
sented in Fig. 1), angular cut-off frequency of the LPF, and effective
dielectric constant, respectively. The perfect impedance matching
leads to decrease the return loss significantly. In equation (1), the
matrices containing the terms of sinf and cos@ are related to the
transmission lines with the electrical length 6 in Fig. 1 (lowpass
part). The other matrices are related to the shunt stubs of the
LPF. A high impedance matching is one of the factors which can
help to decrease the return loss. To achieve this advantage, the
reflection coefficient should be near zero. The reflection coefficient
of the lowpass cell (T) is calculated as follows:

_A+B-C-D 2
~A+B+C+D

For perfect matching: I' = 0. Therefore, A+ B=C+ D and as a
result:

2
jz(Yh +Y,+2-Y, - 7) =2[Y, +2Y,] cot 0
4

— Y, tan 0+ jz(Y, + Y, + 2Y, Y, + Y7) cos 6 (3a)

+ (Y,Ypz? + Ypz* + Y,)sin 0
— 2*Y,Y,(1 + Y,)sin Ocos 0

Due to the symmetrical structure of the LPF network, the
reflection coefficient in the output port of the LPF is exactly the
same as its input port. For predetermined values of cut-off fre-
quency, £, and I, the above equation will be in terms of admit-
tances. This means that from equation (3), for the
predetermined values of cut-off frequency, dielectric constant,
and the electrical length 6, we can adjust the values of shunt
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stubs. If the shunt cells are low-impedance, then we can write the
following equation and replace it in equation (3a) as follows:

2
Yb+Ya+2_;<<Y§
Y+ Yo {2V, Yy + Y2
Y, Y, 22\ Y2? + Y,

ij = —jlz[Yp + 2Y,] cot 6 — Y, tan 6 + jz(2Y, Y}, + Y{f) cos 0

+ (Y,Ypz%) sin 0 — 22 Y, Y;(1 + Y,) sin 6 cos 6]
(3b)

For predetermined values of /=6.5mm, &,,=1.72 and 1.67
GHz cut-off frequency, we calculated 8 =17°. Then, we can sim-
plify equation (3b) as follows:

2Y? = — j[23.2[Y} + 2Y,] — 0.3Y, + 0.95jz(2Y, Y}, + Y?2)

(39)
+0.29(Y,Y,z%) — 0.272%Y, Y, (1 + Y,)]

From the above equation, we can obtain the ratio of shunt rect-
angular admittances which help us to easier optimization. The
characteristic impedance z will be found based on the length
and width of the transmission line as well as the dielectric layer
thickness [16]. Equation (3) can be generalized for lowpass proto-
type filters with ladder equivalent circuit.

As presented in Fig. 1, our proposed LPF consists of three
shunt stubs loaded on a simple transmission line. We have
assumed that the two side stubs are similar and different from
the middle stub. The transmission line with the physical length
2l at the low frequency will be short-circuited. Therefore, a
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short circuit path will be created between the input and output
ports. Hence, it resonates at the low frequencies. The shunt
stubs can be the cells filled with copper, which can be used to con-
trol the sharpness, harmonics S;;, and insertion loss. Another
choice of shunt stubs can be the step impedance cells. The LC
model of step impedance cell includes capacitors and inductors.
We can upgrade this basic structure to an LPF. The optimization
method can be very helpful in improving the filter performance.

The layout of our LPF is presented in Fig. 2(a). We have placed
all the stubs at the top of the transmission line so that there is
enough space at the bottom to accommodate the bandpass reson-
ator. This makes the size more compact. A large negative value of
S11 in the passband is a transition pole. As shown in Fig. 2, a
T-shape step impedance cell is embedded in the middle which
can control the harmonics and create a transition pole, simultan-
eously. To increase the degree of freedom in controlling the fre-
quency response, four rectangular cells are used. Instead of a
rectangular resonator, any low-impedance resonators such as radial
or triangular types can be utilized. In general, the space created by
copper for moving the current is important. However, using the
rectangular resonators helps to reduce the overall size. Therefore,
we used the rectangular resonators instead of the other types of
resonators. The overall dimensions of this resonator are obtained
by the optimization method. Moreover, two tapped line feed struc-
tures are utilized to decrease the losses at the passband. The overall
size of the designed LPF is 0.24 1, x 0.099 A, (33.9 mm x 14.1 mm),
where A, is the guided wavelength calculated at the cut-off fre-
quency of the lowpass channel. Hence, the normalized circuit
size of this LPF is NCS =0.023 (A}/mm?). The important physical
dimensions in optimizing the frequency response are I, I, I, Iz, w,,
and wj. The frequency response of the proposed LPF is shown in
Fig. 2(b). The cut-off frequency and —20 dB stopband frequency of
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N & 4.7
=4 55 =
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Fig. 2. Proposed LPF: (a) layout (unit: mm), (b) simulated S,; and Sy3, (c) group delay.
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our LPF are f.=1.67 GHz and f; = 1.88 GHz, respectively. It has an
insertion loss (IL) of 0.047 dB and an S;; of —22.7 dB. The sharp-
ness factor is £=280.95 (dB/GHz), where = 17/(f, — f.). The har-
monics are attenuated up to 4.88GHz with a maximum
harmonic level of —20dB. Therefore, it has a relative stopband
bandwidth of RSB = Stop band Band width/fc =1.93 with a sup-
pression factor of SF = Maximum Harmonic Level/10 = 2. Our pro-
posed LPF has a two-dimensional structure. Hence, it has an
architecture factor of AF = 1. To compare with the other LPFs, hav-
ing a high Figure Of Merit (FOM) is a good option where FOM =
(¢ x SEx RSB)/(NCS x AF). The FOM of this LPF is 13585.52
which is good in comparison with the previous works. Another fac-
tor to compare LPFs is OFOM = FOM x RL/IL, where IL is the
insertion loss. OFOM of our LPF is 6561517.94 which is a very
good value. Another advantage of this LPF is its flat channel
with a low group delay of 1.27ns, where Fig. 2(c) depicts the
group delay of our LPE. This LPF is simulated by ADS software
(EM simulator) on an RT/Duroid 5880 substrate with £,=2.22,

Abbas Rezaei et al.

h=0.7874 mm, and tan (6) =0.0009. In this work, all simulation
results are obtained on the above substrate using ADS software.

The dimensions of the designed LPF are optimized. The effects
of changing physical dimensions on the frequency response are
shown in Figs 3(a)-3(f). Changing the physical length [, directly
affects the harmonics. This is presented in Fig. 3(a), where
decreasing I, increases the harmonic level. On the other hand,
by choosing an average value of this length we can create two
transition poles at the passband. Another physical length that
effects on harmonic level is J,, which is depicted in Fig. 3(b).
As shown in Fig. 3(b), having longer [, leads to suppress the har-
monics and better return loss (RL). Figures 3(c) and 3(d) show
that by tuning I, and I; we can achieve lower RL. The simulation
results show that wherever the RL is better, the IL is reduced.
Figure 3(e) shows that the shunt stub with the physical width
w, has an important effect on the harmonic level, so that reducing
w, products some undesired harmonics. As shown in Fig. 3(f), by
adjusting wy, a transmission pole can be generated.

0
=10+
—~ .20} 9 @
- F s
" _3gl; i
£ ? .1,=5mm >
E 4ok S0 MY /| S, 40 ;=5mm g
o - ©
ﬁ il —5,,.1,=2.5mm %
: S, Ia:2.5mm
80} — S,y 1, 1mm
ol . . 8,4 1,=1mm . .
o 1 2 3 4 5 0 1 2 3 4 5

Frequency (GHz)

(a)

Frequency (GHz)
(b)

S-Parameters (dB)

S-Parameters (dB)

Frequency (GHz)
(c)

0 1 2 3 4 5
Frequency (GHz)

(d)

S-Parameters (dB)

S-Parameters (dB)

0 ] 2 3 4 5 %% 1 2 3 4 5
Fig. 3. Frequency response of the proposed LPF

as functions of: (a) [y, (b) Iy, (c) I, (d) lu, (€) Wa, Frequency (GHz) Frequency (GHz)

(f) wp. (e) (f
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Design and analysis of the proposed BPF

The basic structure of our BPF is indicated in Fig. 4. The coupling
effect is presented with three coupled capacitors of C; which is an
approximated model of coupled lines. Each transmission line is
divided into two equal lines with the physical length [;, electrical
length 6;, and characteristic impedance Z;. Also, we assume that
the electrical length and characteristic impedance of spiral cell are
6, and Z, respectively.

The input admittance of this filter can be calculated as follows:

1
Yin =

+jZ,tan (6,)

T . FiwC
+2jZ;tan (6;)

1

ijCl
2iZ tan(6) +———
]£1 Ch) ] o)

)

In equation (4), Z, and Z, are the characteristic impedances of
the transmission line with the physical length [; and the spiral cell,
respectively. To obtain resonance frequencies, Y;,, must be zero.
Therefore, the angular resonance frequencies @; and w, can be
calculated as shown in equation (5).

3 — 8wC Z, tan (0;) + 4w*C2Z% tan® () = 0

8C1Z1 tan (01) —+/ 48Cfotan2(91) 0.1
wy; =

8C3Z2tan2(6,) "~ CiZ; tan (6;)
8C121 tan (91) + 48Cfotan2(61) 1.8
w); = =
! 8C3Z2tan?(6,) CiZ; tan (0,)
(5)

Since we need a single-mode resonator, one of the angular res-
onance frequencies is a harmonic which should be attenuated or
completely removed. From equation (5), if tan(6;) is a large num-
ber, then the values of w; and w, will be close to each other.
However, this method leads to a significant increasing of ;.
Another way to get rid of this harmonic is to set it at a very
high frequency. The characteristic impedance of Z; can be
obtained as follows [16]:

2= (s 1 025" Y and ¥ <1
= n — . — Janda —
YT e w h h=
where:
(6)
r 1 r 1 2
L +0.04(1 —%)

n 1
2 2 / h
1+12—
w1

Where €,, &,, h, and w, are the dielectric constant, effective
dielectric constant, thickness of dielectric, and the width of trans-
mission line with physical length [;, respectively. If w; = 0.3 mm,
h=0.7874 mm, and &,=2.22, then from equation (6) &,=1.72
and Z; = 144.2 Q. At a predetermined target resonance frequency
of f,; = 2.6 GHz, the value of 6, is (4.1];)° which is calculated from
equation (1). By replacing these values in equation (5), the
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Fig. 4. Basic structure of the proposed BPF.

following equation can be obtained:
0.1
= 2 =T <
1= 270 = 10426, tan (10
~ 424 x 107 )

= C, tan (4.1];)

If I, = 10.3 mm, then C; will be 0.046 pF which is an acceptable
value when the space between coupling lines is a little increased.
Because C; is a coupling capacitor that is usually a small value in
pE, by increasing the space between coupled lines, the value of C,
is decreased. For [; = 10.3 mm, the second angular resonance fre-
quency can be obtained as follows:

2 1.8
w = =
2 71442 x 4.6 x 1071* x tan (42.23)

~ 47.5GHz = f,))fn 3

:>fr2

Therefore, by placing the second resonance frequency at a far
distance from the first one, we get rid of this harmonic. In the
proposed BPF structure, [; =10.3 mm with 0.3 mm width so
that the overall size of coupled lines is 20.6 mm. The proposed
bandpass structure is carefully designed and directly connected
to the LPF filter without any extra matching circuits. This leads
to have a high-performance microstrip diplexer with good pass-
band characteristics. To find the ABCD matrix and reflection
coefficient of the BPF (T and I'g) we assumed that the impe-
dances of the coupled lines and spiral cells are Z and Zg, respect-
ively. Similar to the analysis of the LPF, T, I's, and the condition
for perfect matching (I's =0) can be obtained as follows:

142¢ 4
0:|: 7

1 Z 1
TB:|: Ci|><|:i ] —
0 1 Zs 1 1
Zs
Z 1
S Ze—— ©)
I — Zs Zs
p=—2S LS
24 p g L
Zs Tz
I's =0 Z !
=0 — = —
B C=1%7Zs

From equation (9), if Zc=1/(1 + Zg) then we have a perfect
matching in the output port of the BPF.

The proposed diplexer (structure and simulation results)

Usually, the design of lowpass-bandpass diplexers is started with
the design of LPF and BPF separately, and then they are
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connected to each other using an extra matching circuit. However,
we connected the proposed LPF to the analyzed BPF directly
without an extra matching network. This method leads to save
the size diplexer. Since the coupled lines are important parts of
bandpass resonators, we used them in our diplexer design.
Actually, the required capacitors to form the passband are sup-
plied through the coupled lines. Spiral cells are our other choice
for connecting to coupled lines, because they are inductors that
are easily adjustable and at the same time take up less space.
Accordingly, our proposed diplexer is depicted in Fig. 5(a). As
can be seen, we set the lengths and widths of coupled lines
equal to 20.6 and 0.3 mm respectively. These values are obtained
from the analyzed BPF in the previous section.

As mentioned above, the bandpass section consists of a pair of
coupled lines connected to spiral transmission lines. The advantage
of this structure is the direct connection without using machining
circuits. We also do not have to change the LPF structure to elim-
inate the loading effect. The overall size of our lowpass-bandpass
diplexer is 0.15 A, x 0.24 A, (21.3 mm x 33.9 mm), where A, is the
guided wavelength calculated at the cut-off frequency of the low-
pass channel. The more important physical dimensions in the opti-
mization process are L, s L, I, and the space between coupled lines
(S). We fixed them on the best values to get the best frequency
response. The frequency response of our designed diplexer is
shown in Figs 5(b) and 5(c). As it can be seen, the bandpass chan-
nel is from 2.39 to 2.76 GHz, where it resonates at f,=2.57 GHz
with a fractional bandwidth of FBW =14% and an insertion loss
of ILg=0.16 dB. The cut-off frequency of the lowpass channel is

Abbas Rezaei et al.

not changed significantly. It is located at f.=1.65 GHz with a low
insertion loss of IL; =0.047 dB. The §;, at the lower and upper
passbands are better than —21.8 and —20.9dB, respectively,
where there is a —30 dB transmission pole at the lowpass channel.
As illustrated in Fig. 5(c), the simulated isolation between ports 2
and 3 is better than —21.2 dB. The harmonics are suppressed up
to 4.3 GHz (2.6 f.), where there is a maximum harmonic level of
—20dB. A harmonic is defined as a positive integer multiple of cut-
off frequency of the lowpass channel.

To show how we adjusted the important physical dimensions,
we present their effects on the frequency response in Figs 6(a)-6
(e). As shown in these figures, changing these parameters does
not have a significant effect on the lower passband. Figure 6(a)
shows that the choice of a low value of I, is more appropriate,
because harmonics appear with the increase of it. Although an
increase in - pushes the resonance frequency to the left, but it
can create undesired harmonics after the passband. However, as
shown in Fig. 6(b) for suppressing the harmonics below and
above the passband we have to select a middle value of I
Figure 6(c) depicts that increasing [, can move the resonance fre-
quency to the left. As illustrated in Fig. 6(d), as the length I,
increases the passband becomes narrower. On the other hand,
with increasing this length the level of harmonics will be decreased.
Figure 6(e) shows that increasing and decreasing the distance
between the coupling lines will lead to the failure of the passband
so we had to choose a middle value for this distance. Another
important factor in determining the performance of a diplexer is
the group delay, which is not mentioned in most of the previous
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23 44
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I 206 ¥p3 506,
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Fig. 5. Proposed diplexer (a) layout (unit: mm), (b) transition parameters and S;;, (c) isolation between channels.
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Fig. 6. Frequency response of the proposed diplexer as functions of (a) I, (b) I5, (c) I, (d) Iy, (e) S.

diplexers. Having a flat passband channel is an advantage that
depends on low group delay. Therefore, group delay is more signifi-
cant within the bandwidth. The group delay is very low at both
channels of our diplexer. It is lower than 1.68 and 1.4 ns at the low-
pass and bandpass channels, respectively. The maximum group
delays at the lower and upper channels occur at 1.65 and 2.44
GHz, respectively. Figures 7(a) and 7(b) show the group delays of
S51 and S3; within the lowpass and bandpass channels.

Results and comparison

The proposed diplexer is fabricated and measured and there is a
good agreement between simulation and measurement results. An
N5230A network analyzer is used to measure the fabricated
diplexer. In Fig. 8(a) the comparison between the simulation
and measurement results for S-parameters of the proposed
diplexer is shown. Also, Fig. 8(b) shows the fabricated diplexer.
To show the features of this work, our proposed diplexer is
compared with the previously reported diplexers as shown in
Table 1. The comparison results consist of size, losses, FBW, and
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the frequency ratio f,/f.. It is clear that our diplexer occupies a com-
pact area while it has good FBW, low frequency ratio, low IL, and
good common port RL at both channels. The simulation results
show that obtaining a diplexer when its channels are close together
is more difficult. Usually, having close channels in a diplexer is
inversely related to improving its isolation, selectivity, and losses.
On the other hand, close channels make diplexer suitable for
FDD schemes [17]. Hence, having a high-performance diplexer
with close channels is an important advantage. Although the pro-
posed diplexer in [5] could design a diplexer with lower frequency
ratio than ours, it has very large size and higher ILs at both chan-
nels. We were able to reduce the losses better than others, because
the maximum IL and S;; of our diplexer are 0.16 and —20.9 dB,
respectively, which are better than other previous designs.

As it can be seen in Table 1, only the presented diplexers in [3]
and [7] have smaller sizes than ours. However, both of them have
high frequency ratios, while in [7] the bandpass channel is nar-
row. Some designers obtained negative group delays out of —3
dB passband frequencies [12, 13]. A negative group delay does
not break causality [13]. However, at the first resonance frequency
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Fig. 8. (a) Comparison between the simulation (solid lines) and measurement (dashed lines) results, (b) fabricated diplexer.
Table 1. Comparison between the lowpass-bandpass diplexers
References f, f. (GHz) IL;, ILg (dB) S11 (dB) FBW% Size ()\5) f./f
This work 1.65, 2.57 0.047, 0.16 —21.8, —20.9 14 0.037 15
[1] 2,35 0.3, 1.28 Better than —15 5 0.095 1.75
[2] 15,24 0.25, 2.42 - 8 - 1.6
[3] 1.88,3.56 0.12, 0.10 —19.2, -36 23 0.03 1.9
[4] 1,24 0.25, 0.58 —15, =30 - 0.046 2.4
[5] 2.64, 3.73 0.2, 0.25 —18, —15.58 18 0.075 1.41
[6] 24,42 0.15, 0.18 —18.2, —41.4 15.2 0.036 1.75
[7] 1.57, 3.35 0.01, 0.26 -31, -16 4.7 0.018 2.1
[8] 1.5, 2.4 0.25, 2.42 —15, —15 7.6 0.49 1.6
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Table 2. Maximum group delay (MGD) comparison

MGD at MGD at

the first the second
References channel (ns) channel (ns) Diplexer type
This work 1.43 1.68 Lowpass-bandpass
[3] 2 1.24 Lowpass-bandpass
[5] 2.25 2.75 Lowpass-bandpass
[6] 2.8 1.36 Lowpass-bandpass
[9] 3.15 2.98 Bandpass-bandpass
[10] 3 3.14 Bandpass-bandpass
[11] 2.2 2.6 Bandpass-bandpass

of the presented diplexer in [13] we can see a very high group
delay of 46.1 ns. The group delay of this work is compared with
previous lowpass-bandpass and bandpass-bandpass diplexers. It
should be noted that other references did not mention group
delay information. As presented in Table 2, the minimum
group delay at the first channel is obtained in our diplexer,
while the group delay at the second channel is acceptable.

Conclusion

In this work, a small microstrip lowpass-bandpass diplexer with
good performance is provided. The cut-off and resonance fre-
quencies of the proposed diplexer make it suitable for modern
wireless communication systems. Due to low losses, it is appropri-
ate for energy harvesting applications. Another feature of our
diplexer is its flat channels with low group delays. Its lowpass
channel has a sharp roll-off with a high figure of merit and
OFOM. The introduced diplexer could suppress the first and
second harmonics with a maximum harmonic level of —20 dB.
Due to the lack of needing an extra matching circuit, the size of
the proposed diplexer has been significantly reduced.
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