80

IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 9, NO. 1, JANUARY 2019

Wideband and Compact Impedance-Transforming
90° DC Blocks With Symmetric Coupled
Transmission-Line Sections
Hee-Ran Ahn , Senior Member, IEEE, and Manos M. Tentzeris , Fellow, IEEE

Abstract— Wideband and compact 90° dc blocks are presented
for the impedance-transforming function and designed based
on the transmission-zero movement method combined with the
pole (root) split method, which is the reason for the wide
bandwidth responses, even with being very compact. For a
proof-of-concept demonstration, one prototype is tested, and the
measured bandwidth with the 10-dB return loss is 0.74–4.05 GHz
(331%) with a design frequency of 1 GHz.
Index Terms— Compact 90° dc blocks,
transforming dc blocks, wide bandwidths.

impedance-

I. I NTRODUCTION
SET of coupled transmission-line sections (CPL) can be
used to prevent dc current flow [1]–[18], while permitting
RF to flow through. Small and compact capacitors have
been used for many applications as the dc blocks. However, as operating frequencies go higher, the lumped element
capacitors have disadvantages, one of which is to produce
parasitic elements, being difficult to handle. To overcome the
problem, distributed dc blocks consisting of arbitrary lengths
of CPLs [1]–[18] have been implemented.
For the 90° dc blocks, design formulas were attempted
for the symmetric and asymmetric structures in 1980 [2] and
1986 [3], respectively, but seem to be approximate. For this,
the improved design formulas were derived in [4] and [5]
for the symmetric and asymmetric dc blocks. If its effective
electrical lengths of the dc blocks are 90° at the design
frequency [2]–[5], real impedance transforming for diverse
applications including branch-line couplers is possible.
As the wireless communication systems require substantial
reduction in mass and volume, the compactness of the dc
blocks has been of high interest. Several works are available
for the compact dc blocks [7]–[12]. However, the bandwidths
are all low (less than 40 %) [7]–[12] and the sizes are not
compact [11]. In this paper, to overcome the conventional
problems with small bandwidths, the impedance-transforming
wideband and compact 90° dc blocks (WCDCs) will be
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treated. The WCDC consists of a CPL, two ports of which are
terminated in two identical susceptances and can have wide
bandwidths, even with being very compact. The reason for
this is they are designed by the combined methods, the pole
(root) split (PS) method [4], [5], [19] and the transmissionzero movement (TZM) method that are different from the
conventional filter design techniques.
For the verification of the suggested theory, one prototype
is designed at 1 GHz and measured 0–5 GHz. The measured
bandwidth with the 10-dB return loss is 0.74–4.05 GHz
(331%) with a design frequency of 1 GHz, and good agreements between measured and predicted results are achieved,
given the fabrication errors.
II. D ESIGN M ETHODS AND C OMPACT DC B LOCKS
A. Basic Concept
To enlarge the bandwidths of the passive components, such
as impedance transformers, there have been several ways, two
of which are the PS and the TZM methods.
1) Pole Split Method: In a filter design, to increase the bandwidths, the number of stages (orders) needs to be increased.
However, with no increase in the number of stages, the bandwidths can be widened by the PS method. The PS method
does not belong to the conventional filter design techniques
because the structure itself is not changed, but the responses
are changed by the design formulas. One example is the dc
blocks with Chebyshev responses [4], [5], and another one is
the Butter–Cheby filters [19]. That is, the frequency responses
of the 90° dc blocks are changed by the design formulas, but
the original structure is kept unchanged.
2) Transmission-Zero Movement Method: The TZM method
has been used for diverse applications to increase the bandwidths. For example, there are three dc blocks designed at
a design frequency of 1 GHz, which are 90°, 60°, and 40°
long at 1 GHz. The even- and odd-mode impedances are
103.4 and 23.4  for both termination impedances of 40 .
Their frequency responses are plotted in Fig. 1. As can be
seen in Fig. 1, the 90° dc block is perfectly matched at 1 GHz,
while the two others are not matched at 1 GHz, but perfectly
matched at 1.52 and 2.26 GHz, respectively. The bandwidths
that can cover the 15-dB return loss in Fig. 1 are red, black,
and blue lines with 40° , 60° , and 90° , respectively, and
the red line with 40 ° is the largest. That is, the bandwidths
with the 15-dB return loss are inversely proportional to the
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Fig. 3.
Fig. 1. Frequency responses of |S11 | of dc blocks with the electrical lengths
of 90°, 60°, and 40° at 1 GHz.

Fig. 2.

electrical lengths of the dc blocks. The reason for this is that
the first TZ frequencies of the 90°, 60°, and 40° dc blocks
(except 0 GHz) are moved to higher frequency region, such
as 2, 3, and 4.5 GHz as shown in Fig. 1. With fixing the TZ
frequencies, the matching frequency of the 60° or 40° dc block
needs to be shifted to the design frequency of 1 GHz to make
the coverage form from around 1 GHz. To move the matching
frequency means to build matching circuit using 60° or 40°
dc block by adding susceptances so that the resulting circuits
can be perfectly matched at 1 GHz and the effective electrical
lengths are 90° at 1 GHz. For this, careful matching processes
are required.
In this paper, a way that combines the above-mentioned
two (PS and TZM) methods will be applied to have the wide
bandwidths of the dc blocks. Due to the fundamental reason,
the frequency performances of the dc blocks to be treated in
this paper are better than those of the conventional filters in
terms of bandwidth versus size.

A 90° dc block terminated in real impedances of R S and R L
and its WCDC are shown in Fig. 2(a) and (b), respectively, where the impedance parameters of the 90° dc block
in Fig. 2(a) [4, eq. (1) with a symmetric case] are

= −j
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2
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III. C OMPACT DC B LOCKS

v1
v2

WCDC with currents and voltages.

To design the WCDC in Fig. 2(b), a four-port CPL with
Z 0ea , Z 0oa , and a should be considered first as shown
in Fig. 3, where the port-currents and voltages are indicated.
The impedance parameters of the four-port CPL in Fig. 3
[20, eq. (4)] are
⎤
⎡
Z 13a Z 14a
Z 11a Z 12a
⎢ Z 12a Z 11a
Z 14a Z 13a ⎥
⎥
(2)
[Z] = ⎢
⎣ Z 13a Z 14a
Z 11a Z 12a ⎦
Z 14a Z 13a
Z 12a Z 11a

(a) 90° dc block. (b) WCDC.
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(1)

where Z 0eR and Z 0o R are the even- and odd-mode impedances
and the values of Z 0eR and Z 0o R are determined by the
Butterworth response [4].
The WCDC in Fig. 2(b) consists of one CPL with the evenand odd-mode impedances of Z 0ea and Z 0oa and the electrical
length of a , and two identical susceptances of Sa . The design
formulas for the WCDCs will be derived.
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=
Z 14a
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.
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Terminating at ports ③ and ④ in the identical susceptances of
Sa gives the relation as
i 3 = − j Sa v 3 , i 4 = − j Sa v 4 .
Substituting the relations in (4) into (3) yields
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Equation (5b) is simplified as
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where


U=

1
0


0
.
1

From (4)–(6), the impedance matrix between ports ① and ②
can be obtained as (7)
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F11a = F22a = Z 11a −
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Da = (1 + j Sa Z 11a )2 − ( j Sa Z 12a )2 .
The susceptance of Sa can be realized with an open stub as

Sa = Y0eR Y0o R tan T a = YT a tan T a
(8)
where
Fig. 4. Frequency responses of |S11 |. (a) T a = 10°. (b) T a = 20°.
(c) T a = 25°.

−1
−1
Y0eR = Z 0eR
and Y0o R = Z 0o
R.

The matrix of F a (7a) should be equal to those of the 90° dc
block in (1), from which the design formulas for a , Z 0ea ,
and Z 0oa are obtained as follows:
cosT a 4S 2a + tan2 T a (Y0eR − Y0o R )2
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Z 0eR and Z 0o R of the 90° dc block are determined by
Butterworth response in [4, eqs. (14) and (24) with Rip =
0] and expressed as
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Scattering parameter of S11 can be formulated [21] as
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 2
F11a ff0 + R S F11a ff0 +R L − F12a ff0
(11)
where f and f 0 are operating and design frequencies.
R S = R L = 40 , C T = −3, −4, and −5 dB being
substituted into (10a) and (10b), the even- and odd-mode
impedances of Z 0eR and Z 0eR of the 90° dc blocks are
calculated for the Butterworth responses as (Z 0eR , Z 0o R ) =
(96.5 , 16.5 ), (103.4 , 23.4 ), and (111.1 , 31.1 ),
respectively. With the values of (Z 0eR , Z 0o R ), varying
T a = 10°, 20°, and 25° in (8), the even- and odd-mode
impedances Z 0ea and Z 0oa along with the electrical lengths
a of the WCDCs can be calculated based on (9).
The scattering parameters of |S11 | with the calculated values
of Z 0ea , Z 0oa , and a can be calculated based on (11), or can
be obtained by a circuit simulator like ADS, as shown in Fig. 4,
where those with T a = 10°, 20°, and 25° are displayed
in Fig. 4(a)–(c), respectively, where f 0 and f are the design
and operating frequencies, and the return loss values of L R are
indicated. For T a = 10° in Fig. 4(a), the response of |S11 |
with C T = −3 dB intersects a line indicating L R = 15 dB at
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TABLE I
BANDWIDTHS D EPENDING ON L R AND C T

TABLE II
D ESIGN PARAMETERS FOR Z 0ea , Z 0oa , AND a W ITH
Z 0e R = 103.40  AND Z 0o R = 23.40 

two points f 1 and f 2 , and the bandwidth with L R = 15 dB
is defined as ( f 2 − f 1 )/ f 0 . In this way, the bandwidths are
calculated in Table I, where the calculation values find that
with longer lengths of T a (or shorter lengths of a ) and
with higher values of C T , wider bandwidths can be obtained
in some degree.
When the value of Sa−1 is given as 278.9 
in Figs. 2(b) and 3, substituting the values of Sa−1 , Z 0eR =
103.4 , and Z 0o R = 23.4  for C T = −4 dB into (9)
gives the even- and odd-mode impedances of Z 0ea = 105.1 
and Z 0oa = 23.02  and the electrical length of a = 77.07°
of the WCDCs. In this way, the design parameters can be
obtained in Table II, where Z T a = 49.18  can be calculated
from (8) and the values in parentheses are for T a to have
the required values of Sa−1 .
With the electrical length of a shorter, since the coupling
lengths become shorter, the values of Z 0ea increase and
those of Z 0oa decrease to make up for the lacking coupling
generated by reducing the coupling lengths. Based on the
design parameters in Table II, the WCDCs were simulated
with ADS and the frequency responses of |S11 | are plotted in
the range of (0–5) f 0 in Fig. 5, where the dotted lines are
those with the original 90° dc block in Fig. 2(a), and solid
lines are those of the WCDCs in Fig. 2(b). Each susceptance
of Sa was realized with an open stub having the uniform
characteristic impedance of 49.18  from (8). In this case,
R S = R L = 40 .
The maximum number of roots for the solutions to
S11 ( f / f 0 ) = 0 (11) is four in a range of 0−(180°/a ) f 0 , and
the real roots are called poles. All the WCDCs in Fig. 5 are
perfectly matched at f0 , and the bandwidth with L R =
10 dB of the 90° dc block is about 0.6–1.41 f 0 (81%).
On the other hand, the 10-dB bandwidth with a = 77.07°
in Fig. 5(a) is 0.65–1.585 f0 (93.5%). That with a = 64.84°
in Fig. 5(b) is 0.69–1.86 f 0 (117%). Those with a = 42.33°,
39.13°, and 35.79° in Fig. 5(c)–(e) are 0.74–3.57 f0 (283%),

Fig. 5. Frequency responses of |S11 | with C T = −4 dB. (a) a = 77.07°.
(b) a = 63.84°. (c) a = 42.33°. (d) a = 39.13°. (e) a = 35.79°.

0.74–3.9 f 0 (316%), and 0.74–4.24 f 0 (350%), respectively,
and inversely proportional to the electrical length of a .
When a = 90°, the WCDC becomes the original 90° dc
block and two poles for the perfect matching are overlapped
at f 0 . When a becomes shorter than 90°, any value of Sa is
needed for the perfect matching at f 0 as explained in Fig. 1 and
the overlapped two poles at f 0 start to be split, or PS method.
For a = 77.07° in Fig. 5(a), one pole is at f 0 , and another is
at 1.2 f0 . For a = 42.33° in Fig. 5(c), two poles exist at f0
and 2.18 f0 , and two complex roots exist around 3.08 f 0 and
can be developed into real roots with slight changes. As the
electrical lengths of a become shorter, the two roots (poles)
close to the TZs {0 GHz and (180° /a ) f0 } are located further
away, which is the main reason for enlarging the bandwidths.
That is, the TZs are moved further as the red dots are indicated
in Fig. 5, which is the TZM method.
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TABLE III
D ESIGN PARAMETERS FOR I MPEDANCE T RANSFORMING

IV. V ERIFICATION W ITH M EASUREMENTS
For the verification of the suggested theory, one prototype
was fabricated on a substrate (RO3003, εr = 3 and
H = 0.75 mm).
A. Measurements
Fig. 6.
Frequency responses of the impedance-transforming WCDCs.
(a) (R S , R L ) = (100 , 50 ). (b) (R S , R L ) = (50 , 30 ) for a greater
than 63°. (c) (R S , R L ) = (50 , 30 ) for a less than 60°.

B. Impedance-Transforming WCDCs
Since the effective electrical length of the WCDCs is 90°
at f 0 , any impedance transforming is possible and there is no
limitation around design frequency. The design parameters of
the two cases for (RS , R L ) = (100 , 50 ) and (50 , 30)
are listed for C T = −4 dB and C T = −6 dB in Table III
based on which the frequency responses of |S11 | are plotted
in Fig. 6, where those for (R S , R L ) = (100 , 50 ) are
plotted in Fig. 6(a), while those for (R S , R L ) = (50 , 30 )
are in Fig. 6(b) and (c), where the responses for a greater
than 63° are in Fig. 6(b), while those for a less than 60° are
in Fig. 6(c).
As can be seen in Fig. 6(a) and (b), all are perfectly matched
at f 0 , regardless of the termination impedance values, and the
bandwidths with a = 77° and 63° (black solid and dotted
lines) for C T = −4 dB (see Table III) are slightly wider than
those with a = 78° and 66° (blue solid and dotted lines with
symbols) for C T = −6 dB.
For (RS , R L ) = (50 , 30 ) in Fig. 6(c), the bandwidths
become wider with smaller lengths of a , but due to the lowest
return loss value for a = 38.19° expressed as a red cross
between two poles at 1 GHz and around 3.5 GHz, the bandwidths with L R greater than 10 dB are restricted somehow,
which is similar to quarter-wave impedance transformers with
higher impedance transformation ratios.

For the measurements, the electrical length of a in Table II
is chosen as 39.13°, where the corresponding values are
Z 0ea = 143.61 , Z 0oa = 16.84 , and Sa−1 = 65.27 .
To realize Sa , two transmission-line sections connected in
cascade are employed, one of which is high-impedance line,
and another of which is low-impedance line. The characteristic
impedances of the high–low-impedance line are 140 and 35 ,
and the electrical lengths are 6.0° and 22° at 1 GHz with the
form in [22, Fig. 13(b)]. One side of the low-impedance line
is open-circuited, and another side is connected to the highimpedance line, which is located between the low-impedance
line and the CPL.
Since the required even- and odd-mode impedances have a
tight coupling higher than −3 dB, 2-D microstrip format may
be impossible, and strip lines, microstrip coupled lines with
defected ground structure (DGS) [10], multiconductor lines
[23], [24], and vertically installed planar (VIP) [25]–[27] are
good candidates for such a tight coupling. However, since the
strip lines use a flat strip of metal that is sandwiched between
two parallel ground planes, the fabrication process may be
complicated. The possibility of such tight coupling is demonstrated with DGS in [10], but the exact design formulas are not
established. Such a tight coupling may also be feasible with
multiconductor lines, but the resulting even-mode impedance
becomes too high to fabricate on the given substrate. Thus, in
this paper, the tight coupling will be fabricated with the VIP
using the 3-D structure as shown in [25, Fig. 18(b)].
To realize both Z 0ea and Z 0oa , first consider the

2-D structure in [25, Fig. 18(a)] that can have Z 0ea =

143.61  and Z 0oa = 67.45  in [25, eq.(21)], whose physical
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Fabricated WCDC.

Fig. 9. Measured and predicted frequency responses of WCDC. (a) |S12 |
and |S11 |. (b) Close view of |S12 |.

Fig. 8. Measured data transformation. (a) 50- termination impedances.
(b) 40- termination impedance.

dimensions are width wc = 0.39 mm and gap g ≈ 0.25 mm
(10 mil) in [25, Fig. 18(a)]. For the case with Z 0oa = 16.84 


and Z 0oa = 67.45 , which are the same as Z 0o and Z 0o ,
respectively, in [25, eq. (23)], the capacitance of 2Cv in
[25, Fig. 18(b)] and [28] is calculated as (εeff μ)1/2 /22.45,
which implies that the impedance due to the capacitance of
2Cv is 22.45 . The width wv in [25, Fig. 18(b)] for the
characteristic impedance is easily obtained in the way shown
in [25, Fig. 19] by a 3-D commercial simulator like HFSS as
wv = 0.93 mm. The fabricated WCDC is shown in Fig. 7.
Since the WCDC is terminated in 40 , the 50-measurement
system may not be suitable without impedance transformers.
One of ways for the 50- measurements is as follows.
Letting the targeting circuit for the measurements be WCDC
in Fig. 8(a), the characteristics of the WCDC are not changed
by the termination impedances. That is, impedance, admittance, and ABCD parameters of the WCDC are not changed
by the termination impedances, but only scattering parameters
are changed by the termination impedances. The WCDC is
measured in the form in Fig. 8(a), where the characteristic
impedance and the electrical length of the feeding lines are
assumed to be 50  and  f , respectively. After measuring the
scattering parameter of the WCDC with the 50- termination
impedances, save the measured data in the ADS data item as
shown in Fig. 8(b).
Since the saved data contain the feeding lines, the effect
should be removed by adding two transmission-line sections
with the characteristic impedance of 50  but the electrical length of − f . For the measured data, terminate it
in the desired termination impedance of 40  as shown
in Fig. 8(b) and simulate it once more. Then, the converted

data are obtained, and they can be the measured data with
40--termination impedances. The measured frequency
responses of |S11 | and |S12 | are in Fig. 9(a), while the close
view of |S12 | is in Fig. 9(b). The measured bandwidth with
10-dB return loss in Fig. 11(a) is 0.74 –4.05 GHz (331%)
with the design frequency of 1 GHz. At the design frequency
of 1 GHz, the measured |S12 | is about −0.634 dB.
B. Comparisons With Conventional Works
The prototype is compared with the conventional ones [2],
[4], [7], [8], [10], [11], and compared results are listed in
Table IV where the “total TL.” means total CPLs, “Arb.
Term.” indicates arbitrary termination impedances, “o” or “x”
is possibility or impossibility, “Passband” is a frequency region
where the return loss is greater than 10 dB, and f 0 is a design
frequency. The measured prototype is only 39.13° long, but
the bandwidth is 331%, and the impedance transforming is
possible because the effective electrical lengths are 90° as
demonstrated in Fig. 6. The CPLs of the dc blocks in [7],
[8], [10], and [11] are 45°, 67.12°, 38.19°, and 95° long,
respectively, and the bandwidths are 40%, 20%, 37%, and
32.5%, respectively, as written in Table IV. The insertion loss
of the measured prototype is 0.63 dB at 1 GHz, while the
others at the design center frequencies are 0.6–0.8 dB [2],
0.19 dB [4], 1.0 dB [7], 0.5 dB [8], and 2 dB [11].
The dc blocks in Table IV are designed at f 0 , and their
frequency responses except for the prototype in this paper
are about symmetric with respect to f 0 . Therefore, the design
frequency is the same as the center frequency. On the other
hand, the prototype is designed at 1 GHz, but the frequency
responses are not symmetric with respect to 1 GHz. Thus,
the design frequency is not located at the center of the
passband, which is the fundamental reason to differentiate
this paper from the conventional designs. Furthermore, the
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TABLE IV
C OMPARISON OF T HIS PAPER W ITH C ONVENTIONAL O NES

passband region of the prototype is much wider than the
conventional works even with the compacter size.
V. C ONCLUSION
In this paper, the impedance-transforming WCDCs are
presented. The WCDCs can be much shorter than 90° long,
but the bandwidths can be much wider than those of the
convention ones as demonstrated in Table IV. The WCDCs
each consist of a CPL with two ports terminated in two identical susceptances in a diagonal direction, and the bandwidths
increase gradually as the CPL becomes shorter in a certain
range. The reason for the wide bandwidths is that the WCDCs
are designed using the combined PS and TZM methods.
Since the presented dc blocks are compact and can
have wide bandwidths with additional impedance-transforming
functions, many applications can be expected in diverse
applications.
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