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A Novel Dual-Band Transmission Line
With Equal-Phase Responses
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Abstract—This article presents a novel dual-band transmis-
sion line (TL), consisting of a multibranch stub, which can
provide equal unwrapped phases at two different frequencies.
The frequency ratio can be close to one without any significant
degradation in the device performance. Besides, the bandwidth
of the proposed line can be manipulated at both frequencies by
adjusting the design parameters. The behavior of the structure
over the frequency bands is investigated theoretically, and the
design procedure and relations are derived. The simulation and
measurement results of a quarter-wavelength open-ended stub
and a branch-line coupler (BLC) are presented and compared
to verify the performance of the proposed dual-band TL. It is
shown that the first structure has a simulated and measured
insertion phase of 90° at 2 and 3 GHz. The BLC is designed for
4G and 5G applications with two center frequencies of 3.52 and
4.78 GHz, resulting in a frequency ratio of 1.36. The measured
insertion loss values at these frequencies are 3.8 and 3.2 dB,
the coupled port loss values are 3.5 and 3.1 dB, and the output
phase differences are 91.7° and 92.8°, respectively.

Index Terms—Branch-line coupler (BLC), dual-band, equal
phase, 4G/5G, multibranch stub, transmission line (TL).

I. INTRODUCTION

HE dual-band structures are used to combine two or more

frequency applications in one device, for example, LTE
and new 5G frequency bands [1]. Usually, the dual-band
structures have a smaller size and are cost-effective compared
with two single-band devices, while they preserve a similar
performance at both desired frequency bands.

Considering that many microwave components are based
on transmission lines (TLs), for example, couplers, one of
the common design methods for a dual-band structure is to
design a dual-band TL. In this way, composite right-/left-
handed (CRLH) TLs are widely used to convert the conven-
tional microwave components into dual-band devices [2]-[4].
Another design method is to use the lumped LC elements to
design a compact dual-band structure [5]. However, the desired
frequency response may not be achieved exactly. Finally,
adding open-/short-ended stubs to the TL is another way to
achieve the dual-band performance [6]-[9]. In all these cases,
only the 90° TL is investigated, and other phases are ignored.
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In addition, in [8], the ability to control the bandwidth at
the desired frequency bands by adjusting the insertion phase
variation is introduced. The open-ended stubs can be combined
with stepped-impedance sections to form a dual-band TL [10],
while Gai et al. [11] use dual TLs. The main idea of [6]-[11]
is to manipulate the ABCD matrix of the achieved TL to be
similar to a quarter-wavelength TL at two distinct frequencies.

There are heuristic dual-band design methods that are devel-
oped for a specific component, such as a branch-line coupler
(BLC). Mostly, the structure is modified in different ways. For
example, the equivalent lumped circuit models of the circular
patches are used in [12], and the whole structure is examined
with the even—odd mode technique to achieve a dual-band
BLC. With the same technique, cross-coupled branches, which
connect the corners of BLC to each other, are utilized in [13].
The even—odd mode analysis is widely used to design a dual-
band BLC, such as the design in [14]-[16]. In [14], the regular
branches of the BLC are replaced by the coupled lines, and
in [15], the conventional BLC is loaded with coupled line stubs
to achieve dual-band operation. In addition, it has been shown
that a dual-band BLC could be designed by adding extra stubs
to the center of the vertical branches [16] or to the corners
of the conventional BLC [17]. Extending the feed ports of the
single-band BLC is another approach to change the structure in
order to exhibit the dual-band performance [18]. A systematic
design technique utilizing T- and II-networks is presented
in [19] for designing a dual-band BLC and crossover. Finally,
in [20], a multiband BLC, which is designed by adding open-
ended stubs to a conventional BLC, is reported.

In this article, a novel dual-band TL with a multibranch
stub is presented, which is illustrated in Fig. 1. The novelties
of this work are as follows. The proposed structure can be
designed for any arbitrary equal unwrapped phase at two
arbitrary frequencies, while previous works have focused on
the TLs with wrapped +90° phases [2]-[11]. Another feature
of the proposed structure is preserving the desired performance
particularly at two close frequencies contrary to the previous
work, particularly CRLH-based structures [21].

The organization of this article is given as follows.
In Section II, the origin of the idea and the behavior of the
proposed dual-band TL are introduced with the possibility
of achieving an equal phase at two desired frequencies.
Section III discusses the design procedure of the proposed
TL, using straightforward and linear relations. This section is
continued by analyzing the impedance behavior of the TL,
the capability of phase variation control, and the flexibility of
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Fig. 1. Frequency behavior of the proposed multibranch stub used in the
equal-phase TL.

the design parameters. Section IV presents the simulation and
measurement results of the two sample structures based on the
proposed TL, followed by the conclusion.

II. THEORY

This section discusses the effect of loading a TL section
with a shunt element and derives the S-parameters of the
proposed structure. Fig. 1 depicts a TL section with the
length of /, the propagation constant of f, and the charac-
teristic impedance of Z; loaded with a shunt element with
the impedance of Zg, which is placed at the center of the
TL section. The ABCD matrix of the whole structure for

ZS = ]XS is
Ar  Br cos(%) ]Z(ﬁill(%)
pl
Cr Dr ,stEz) cos(%)

(D
The elements of the matrix are calculated to be
Zy .
Ar = Dy = cos(fBl) + — sin(p])
2 2Xg
Z
Br = jz‘;( (cos(Bl) — 1) + j Zo sin(Bl) 2)
s
Jj . cos(pl) + 1
Cr=—=— [ _—
"7 sin(B1) + i2Xs
Let the reference impedance be the characteristics

impedance of the TL section (Zj). The S-parameters of the
structure are

S = — " - (3)
cos(Bl) + jsin(Bl) — 33-(j cos(Bl) — sin(pl))
1
“)

- cos(Bl) + j sin(Bl) — 22705(j cos(Bl) — sin(Bl))
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From (3), the magnitude of the reflection coefficient can be
simplified as

Also, the insertion phase could be obtained from (4) as

/Sy = —(ﬁl —tan”! (22—)(03)) (6)

If [(Zo/2X5s)| < 1, then from (5)

1S11] = | 22 %
x|
Also, using (6) and considering
Z Z
tan~ ' =2 ) ~ 20 (8)
2X 2Xs
results in
Zy
LSy =~ —\pl——). 9
21 (ﬁ 2Xs) ©)

When [(Zy/2X5s)| < 0.33, |S}1] is less than —10 dB, and the
error of the approximation in (8) is less than 3.6 % error.

From (9), it is seen that the phase response of the whole
line consists of two distinct parts:

1) the phase of the TL section (fI);
2) an added phase caused by the
(—=(Zo/2X5)).

Inherently, in a nondispersive medium, f has a linear rela-
tion with the frequency. Thus, when the frequency increases,
the phase of the TL section increases proportionally. Thus,
for two different frequencies denoted by f; and f>, where
f1 < f2, the absolute phase of the TL section at f, is higher
than its phase at fj. On the contrary, the added phase caused
by the shunt element could be either negative or positive,
considering the sign of Xy, which depends on the nature of
the shunt element. Thus, it is possible to achieve an equal
total phase at f; and f> with a TL section loaded with the
shunt element. It is desirable that the shunt element behaves
as a capacitive load at f) to increase the phase lag of the
structure, while it behaves as an inductive load at f, to mitigate
the phase lag, as shown in Fig. 1. Thereby, it is possible
that such a structure has exactly equal unwrapped phases at
both frequencies by controlling the impedance of the shunt
element.

shunt element

III. DESIGN PROCEDURE

In this section, the idea of utilizing the shunt element to
compensate for the phase lag of the TL section over the desired
frequency band is explained. By rewriting (9) at two arbitrary
frequencies, it is seen that the phase response of the structure
can be manipulated by exploiting a proper shunt element to
achieve an equal phase at both frequencies.
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S11 (dB)

Fig. 2. Reflection coefficient of the proposed dual-band TL versus frequency
ratio (p) for different values of an electrical length (67).

A. Equal-Phase Transmission Line Design

Let 67 denote the desired equal phase of the structure at
both frequencies. Then, (9) is rewritten at f; and f, as

Or +x=0r, @f
PHR—X=9T, @f,

where 6y is the phase of the TL section at fj, p is the
frequency ratio (p =(f2/ f1)), and x is the added phase at f;
and the subtracted phase at f>, which is caused by the shunt
element. Thus, according to (9), x is
_ Zy  Zy

2Xs(fi))  2Xs(f)
As it is noted in (11), the added phase at f| and the subtracted
phase at f, are decided to be equal so that |Sj;| has the
same value at both f; and f>, based on (7) and (9).Then,
the equation set of (10) can be solved to find #x and x, which
yields

(10)

Y

2
Or = 1% 12
R= o0 (12)
p—1
= or. 13
X P (13)
Considering (5) and (13), |Sy;| values at f; and f, are
(p — )67

S =S = . (14
ISul(f1) = [Sul(/2) \/(p+1)2+(p— 0702 (14)

Also, the impedance of the shunt element can be calculated
from (11) as

Z
Zs(fi) = —12—;) (15)
Z
Zs(fp) = jz—)f. (16)

Using (14), the reflection coefficient of the proposed dual-
band TL is plotted versus p for four values of 67 in Fig. 2.
It is seen that the impedance matching improves when p or 67
decreases. Therefore, the proposed structure is particularly
suitable for dual-band applications, where the two frequency
bands are close.
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Fig. 3. Proposed dual-band TL with the multibranch stub. All electrical
lengths are defined at fj.
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Fig. 4. Two possible solutions for the shunt element. (a) Series LC resonator.
(b) Single open-ended stub. All electrical lengths are defined at f7.

B. Proposed Circuit for the Shunt Element

The proposed circuit for the shunt element is a multibranch
stub, as shown in Fig. 3, which satisfies the mentioned prop-
erties of the shunt element, but it is not the unique solution.
Before investigating this structure, it is helpful to examine two
intuitive solutions.

The first possible solution is a series L C resonator, as shown
in Fig. 4(a), which is capacitive at the lower and induc-
tive at the higher frequencies than the resonance frequency.
Inevitably, the lumped elements may degrade the performance
by adding parasitic elements and self-resonance especially at
higher frequencies and increase the assembly costs. Besides,
it may not be possible to find off-the-shelf components with
the desired values.

The next solution is to use open-ended stub, which could
be implemented in two configurations, i.e., II-shape [22] and
T-shape [7], with an electrical length smaller than 90° at f;
(capacitive impedance) and larger than 90° at f> (inductive
impedance). The T-shape structure is shown in Fig. 4(b), where
Zc is the characteristic impedance and 6 is the electrical
length of the stub at f;. Considering the open stub impedance
[Zs = —jZccot((fO/ f1)))] and equating it to the proper
impedances in (15) and (16), after some mathematical simpli-
fications, Z¢ and @ are obtained as

T

p+1

Zo(p + l)tan<#)
2(p — Doy

From (18), it is seen that, for p values, which are close
to 1, Z¢ becomes extremely large and, thus, impossible to

0=

A7)

(18)

Ze =
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fabricate the corresponding line on PCB. For example, if a
20-mil RO4003C substrate is used as the PCB substrate, for
f1 =2 GHz, f, =2.5 GHz, and 87 = 90°, then Zo =451 Q,
which corresponds to a microstrip line with less than 1 pum
width. Thus, in this case, the use of a single open-ended stub
is not practical for any p value. However, this idea can be
extended to a multibranch stub, as shown in Fig. 3, where
the design parameters are defined inside the figure. In this
case, there are more degrees of freedom available to design a
realizable structure. Indeed, Zc;, Zc2, and Zc3 can be chosen
in such a way that the corresponding branches can be realized
using a regular PCB process even though the value of p
becomes close to one.
Let Zp(f) = Z2()1Z3(f), where

Zy(f) = —jZc2 COt(%Hz) (19)

Z3(f) = jZcs tan(%é{;). (20)
1

To implement the inductive shunt element at f5, the electrical

length of the branch 2 is presumed to be(7 /2) at f>, or

o

=%,

which causes Zp to be zero independent of branch 3. There-

fore, branch 1 becomes a short-ended stub. Its electrical length

is calculated from (16)

0, 21

z 1 z
J22 = jZeytan(ply) — 0, = —tan ' —2—). (22)
2x p 2x”Zci

To obtain the electrical length of branch 3, first, Zg(f) is
written as

Ze(f) + jZeran(50,)
ZCl + ]Zp(f) tan(%@l)

By equating (23) at f; to (15) and after doing mathematical
simplifications, Z3(f1) is derived as

Zs(f) = Zci (23)

JZci

Z3(fl) = Zci _ (2xZci1=Zp tan(0))) 24)
Zca COl(ez) (Zo+2xZcy lan(&l))
and, consequently, 85 is obtained as
Z
0y = tan~" (ﬂ) (25)
JZc3

As an example, a dual-band 90° TL is designed utilizing
the proposed multibranch stub assuming that f; = 2 GHz
and f, = 2.5 GHz. Following the design procedure, from
(12) and (13), O and x are obtained to be 80° and 10°,
respectively. Considering Section II, the calculated value of
x in this example is smaller than 0.33 rad, which satisfies
the constraint of (8). Moreover, for implementing the shunt
element with multibranch stub, Zc;, Zc», and Zc3 are chosen
arbitrarily to be 80 €, and then, by using (22) and (25),
6, 6>, and 65 are calculated to be 48.65°, 72° and 16.25°,
respectively. The calculated reflection coefficient and insertion
phase of this line are shown in Fig. 5, which indicates that a
90° phase is achieved at both frequencies, while retaining a
proper value for |S;;|, which is —15.29 dB.
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Fig. 5. Calculated reflection coefficient and insertion phase of the proposed
dual-band TL for ZC] = ZC2 = Zc3 =80 Q, 97 = 900, f1 =2 GHZ, and
f>=2.5 GHz.

C. Multibranch Stub Impedance Behavior

To elaborate on the behavior of the multibranch stub, its
impedance is derived versus frequency. From (23), Zs(f) can
be simplified using trigonometric identities, as

0
Zs(f)=—JjZc COt(% + 9eff(f)) (26)
where
Oeir(f) = tan~! (i—z; tan(fT?z) — ;—2 cot(%)). 27)

From (26), the total impedance of the multibranch stub is
similar to the impedance of a single open-ended stub with
total electrical length of (f/f1)01 + Oexr(f) and with the
characteristics impedance of Z¢. Moreover, G.(f) is defined
as the effective electrical length of branch 2 and branch 3,
which are parallel.

D. Degrees of Freedom in the Design Procedure

Based on Section III-B, Z¢i, Zc>, and Zcz form the
degrees of freedom in the proposed design that can be selected
arbitrarily. Also, 6, can be changed as another degree of
freedom. These parameters could be used to manipulate the
performance or size of the structure.

1) Phase Slope Manipulation: Insertion phase variation
is important in dual-band applications because it influences
the phase stability over the desired frequency bands, and
consequently, it determines the useful bandwidth of the dual-
band TLs, in addition to the reflection coefficient criterion.
According to (26) and (27), the behavior of Zg is mainly
dependent on Z¢;. Therefore, the variation of Z; affects
the insertion phase variation of the proposed dual-band TL.
To examine this effect qualitatively, the example in Fig. 5
is redesigned with different values of Z¢;, and the insertion
phases are calculated and plotted in Fig. 6. It is seen that
the insertion phase slope increases at f; and decreases at f>
as Z¢ increases. To investigate the stability of the insertion
phase of a dual-band 90° TL at f; and f5, it is helpful to
define a figure of merit (A fo.) for both frequencies as

Afooe = fiooe — fgoe (28)
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Fig. 6. Calculated insertion phase of the proposed dual-band TL versus Z¢;
for 7 =90° and Z¢y = Zez = 80 Q.
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Fig. 7. Calculated A fopo for the proposed dual-band TL versus Z¢; for
different values of p, assuming that 7 = 90° and Z¢r = Z¢3 = 80 Q.

where fioo- and fgo- are the frequencies around the cen-
ter frequency, where the insertion phase is 100° and 80°,
respectively. Fig. 7 shows the values of A foo versus Z¢; for
a dual-band 90° TL section, assuming Z¢; and Z¢3 are 80 Q.
Fig. 7 suggests that A foo- decreases at f; and increases at f as
Z ¢ increases, which is inversely proportional to the insertion
phase slope. Afyp. is an applicable criterion to control the
bandwidth of the dual-band BLCs.

2) Flexibility in the Length of Branches: According to
Section III-B, in the multibranch stub design, the electrical
length of branch 2 is 90° at f, to make Zp zero, which
leads to a straightforward solution for calculation of 8 and 65.
However, 6, can be reduced, as another degree of freedom,
to manipulate the length of the branches. For other values of
6>, the corresponding values of #; and 65 can be obtained by
equating Zg in (26) to the impedances in (15) and (16), or

Zy

—jZcicot(0) +Oeie(f1)) =—j—, @fi
2x
Z (29)
—JjZcicot(pl + O (f2)) = J'Z, @ f>.

Following the example in Fig. 5, the equation set of (29) is
solved for different values of 8, assuming that Z¢; = 100 Q
and Z¢p = Zez = 30 Q. Then, the corresponding values
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TABLE I

PARAMETERS OF THE MULTIBRANCH STUB WITH DIFFERENT
VALUES OF 6, (67 =90°, fi =2 GHz, AND f, = 2.5 GHz)

Parameter | Design 1 | Design 2 | Design 3 | Design 4
b2 90° 80° 70° 60°
po1 55.08° 59.32° 65.87° 74.68°
o3 22.17° 31.61° 40.44° 48.34°

Shawdt U niversity of Technology

Port1 iy

Fig. 8. Fabricated TL loaded with the proposed dual-band quarter-wavelength
TL. All dimensions are in mm.

TABLE II
DUAL-BAND BLC DESIGN PARAMETERS

Parameter ‘ Or ‘ T ‘ 01 ‘ 0o ‘ 03 ‘
Zo =50 Q 77.27° | 12.73° | 41.05° | 67.69° | 21.52°
Zoy = 35.355 Q| 77.27° | 12.73° | 33.72° | 67.69° | 24.11°

of 8, and 65 are calculated in Table I, which shows that the
length of the branches is flexible parameter in the proposed
design.

IV. EXPERIMENTAL RESULTS

To evaluate the proposed dual-band structure with the
multibranch stub design, two structures are designed and
simulated by ANSYS HFSS. These circuits are fabricated
using RO4003C substrate (20-mil thickness and ¢, = 3.55)
and measured with a network analyzer.

A. Dual-Band Quarter-Wavelength TL

The first structure is a dual-band 90° TL designed for
fi=2GHz and f, = 3 GHz with the frequency ratio of
p = 1.5. Using (12) and (13), 6z and x are obtained to be
72° and 18°, respectively. x is smaller than 0.33 rad, which
satisfies (8). The value of Z¢y, Zc>, and Z¢3 could be chosen
arbitrarily, but, considering the practical limits, the value of
80 Q is selected for all three impedances. Thus, 6, 6,, and 65
are calculated to be 29.90°, 60°, and 34.42°, respectively.
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TABLE IIT
COMPARING THE PERFORMANCE OF THE PROPOSED BLC WITH OTHER WORKS

f1, f2 £8S31 — ZSs31| Bandwidth (%)
(GHZ) f2/f1 |Sll‘ (dB) |S21| (dB) |S31| (dB) (o) (|Sll| < —10 dB)
[3] 1,2 2 |-20.38, -24.19 | -4.29,-3.8 | -4.33,-4.54 *-90.6, 88 *12.5, 13.7
[6] 24,574 | 239 | *-285,-37 | -3.57,-4.06 | -3.62,-4.23 | *89.5, -91.6 *19.1,9.2
[11] 0.87, 1.79 | 2.06 -26, -21.6 -3.3,-3.09 -3.67, -39 89.3,91.4 *14.1, 20.9
[14] 2,4 2 -20, -20 -3.7,-5 -3.7, -3.8 86.5, 84.3 *38.2, 15.8
[15] 0.76, 1.42 | 1.87 -15, -15 -3.35, -3.74 -4, -4.1 -89.1, 89.6 *20.2, 12.2
[18] 1,2 2 -36.7, -25.3 -3.3,-3.1 -3.1,-3.7 90, 89 *25.9,12.8
This work | 3.52, 4.78 | 1.36 | -18.6, -23.38 | -3.78, -3.24 | -3.51, -3.11 91.7, 92.8 7.9, 20.2
*Estimated from the graphs in the paper
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Fig. 9. Simulated and measured |S>;| of the TL loaded with the proposed

dual-band 90° TL as an open-ended stub.

To demonstrate that the total phase of the dual-band TL is
90° at both frequencies, it is connected as an open-ended stub,
to a conventional microstrip line, which is shown in Fig. 8.
Therefore, it is anticipated that some nulls appear in |S>;| of
the whole structure at the frequencies, where the dual-band
stub becomes quarter-wavelength.

Fig. 9 compares the simulation and measurement results of
this structure, where two nulls in |S,;| curve are observed at
2 and 3 GHz. It implies that the 90° phase is achieved by
the dual-band TL with the multibranch stub at the designed
frequencies.

B. Dual-Band Branch Line Coupler

The second structure shown in Fig. 10 is a dual-band
BLC, designed for 3.4-3.6- and 4.4-5-GHz bands, which
corresponds to 4G band 42 [23] and 5G-n79 band [24],
respectively. To design this BLC, the conventional 90° lines
of the single-band BLC are replaced with the dual-band 90°
TLs with the operational frequencies of f; = 3.5 GHz and
f» = 47 GHz (p =~ 1.34), which are considered to be
the center frequencies of the desired bands. As mentioned
in Section III-D, the value of Zc; controls the bandwidth of
the TL. Thus, the value of Zc; is chosen 80 €, the same
as Zc¢y and Z¢s, to cover the required bandwidth referring
to Fig. 7. A procedure similar to the first structure design

Fig. 10.  Fabricated structure of the dual-band BLC using the proposed
dual-band TL. All dimensions are in mm.

is followed for designing the TLs of the BLC, which yields
the calculated values in Table II for 50- and 35.35-Q TLs.
According to Table II, x is smaller than 0.33 rad, which
satisfies the approximation in (8).

The simulated and measured S-parameters of this BLC are
depicted in Fig. 11(a) and (b), respectively. Fig. 11 implies
that the desired performance is achieved at both frequencies
considering the fact that the frequency ratio is close to 1.
Table III compares this work with a similar work, which
indicates that this work has the lowest frequency ratio, while
preserving proper bandwidth at both frequencies. As a para-
mount criterion, the phase difference of the direct and coupled
ports is near to 90° at both frequencies, whereas, in some of
the other work [3], [6], [15], it is not 90°. This is an important
issue in the phased array or switched array systems, such as
the Butler matrix [25]. A reasonable return loss is obtained at
both frequencies (better than 18 dB) in conjunction with the
proper values for the insertion loss (better than 3.8 dB) with a
low amplitude imbalance between the direct and coupled ports
(less than 0.2 dB).
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11.  Simulated and measured S-parameters of the dual-band BLC.
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V. CONCLUSION

In this article, the effect of a shunt element on the phase
response of a TL section, with the goal of achieving an equal
insertion phase, is studied, and as a solution, the multibranch
stub is proposed. The benefits of the proposed structure

are

studied, which can be summarized as the capability of

achieving an equal phase response at two arbitrary frequencies,
controlling the phase variation of the structure and designing
dual-band circuits for two close frequencies. Moreover, a dual-
band quarter-wavelength TL and a BLC were designed, fab-
ricated, and measured successfully, to verify the performance
of the proposed dual-band TL.
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