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ABSTRACT A dual-band impedance transformer for achieving very high impedance transformation (k)
and frequency ratio (r) is presented in this paper. The design is accompanied by a thorough analysis and
systematic design procedure for facilitating the rapid development of the prototypes. A number of case
studies show the excellent design flexibility of the proposed design in regards to achieving ultra-high k
and r. Two prototypes, with very high design specifications, working at concurrent r = 5, k = 8.04
and r = 15, k = 20 are fabricated to validate the proposed architecture and the design procedure.
Subsequently, the application of the proposed impedance transformer is demonstrated in the design of a dual-
band balun architecture with inherent impedance transformation capability. To evaluate the performance
and the presented concept, an impedance transforming balun prototype is fabricated and the excellent
agreement between the simulation and experimental results is a testament to the effectiveness of the proposed
design.

INDEX TERMS Closed-form equations, dual-band, high frequency ratio, impedance matching, impedance

transformer, microstrip line, ultra-high impedance transformation.

I. INTRODUCTION

Impedance matching or transformation is one of the key
aspects often required in electronic circuits and systems.
Its role is more significant in RF and Microwave Circuits
and Systems considering the premium attached with the
available power at high frequencies [1]-[4]. In hindsight,
impedance transformation is essentially used for match-
ing unequal impedance environments. There have been
reports of many matching techniques to address the needs
of variety of applications [5]-[8] and these can be broadly
categorized into single-band and multi-band impedance
transformation approaches [10], [12]-[24]. The last decade
has seen emerging wireless applications and hence resulted
in requirements of multi-band circuits and components. This
effectively necessitated innovative multi-band impedance
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transformation techniques [9]-[19]. Many of these designs
report innovative techniques that can achieve high impedance
transformation ratio (k) and high frequency ratio (r) so that
they can find usefulness in the design of modern wireless
communication system components. Furthermore, inherent
impedance transformation is an important feature for the
wireless system components as they discard the need for
additional impedance transformers [25]-[33].

One of the important wireless applications that is common-
place is the dual-mode handsets and this needs appropriate
matching at various circuit stages. In this context, a dual-
band impedance transformer is characterized by its ability to
provide matching between wide range of impedance values
at varied range of frequency ratios. It provides the impedance
matching techniques the desired scalability and flexibility
to meet any design specification. It is important to mention
that in the domain of the dual-band impedance transformers,
r refers to the ratio of the second frequency (f2) to the first
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frequency (f1), and k refers to the ratio of the load impedance
(Z1) to the source impedance (Zs).

Literature is replete with multiple design techniques to
achieve the dual-band impedance transformation. For exam-
ple, one of the most cited dual-band impedance transforming
architecture with two stepped-transmission line was proposed
almost two decades ago [12]. Though the proposed architec-
ture was able to provide very high k and r theoretically, a case
reveals that this impedance transformer faces fabrication
challenges on FR4 substrate for k beyond 8.0 at r = 3.
Recently, a real-to-real dual-band impedance transformer [13]
was reported which utilizes slow wave architectures to
achieve the impedance transformation at two arbitrary
design frequencies. Another recent impedance transformer,
based on a novel dual-transmission line approach [14],
provides high k at high r. Several short-open stubs based
architecture were also reported recently to mitigate the
high impedance transformation challenges [15]-[17]. The
short-/open- circuited stubs, used at the ports of a sin-
gle transmission line (TL), provide the dual-band com-
plex impedance transformation [15]. Other examples with
similar stub based architectures are of three stepped
transmission line with three short-/open-circuited shunt
stubs [16], and three stepped transmission line with two short-
/open-circuited shunt stubs [17]. In these designs, the role
of the stubs is to provide a transmission zero in addition to
the required impedance matching. A ladder based network
for the impedance transformation can be used for the multi-
band impedance transformation, but it suffers from increased
size and design complexities with the increasing number
of bands [18]. Furthermore, sometimes these dual-band
impedance transformers can be augmented by load healing
technique to enhance the range of k& to some extent [19].
Overall, it can be inferred that the available techniques are
able to meet the needs of many applications but are often
limited for applications requiring concurrent high k and
high r.

In this paper, therefore, a simple structure of dual-band
impedance transformer capable of achieving very high k
at two arbitrarily distant frequencies is proposed. The pro-
posed design is also capable of providing high k£ and high
r concurrently. The design analysis augmented with a sys-
tematic design procedure is provided for facilitating quick
prototyping. A number of design examples are included to
comprehensively elaborate on the flexible design procedure,
performance enhancement, and advancement in the domain
of dual-band impedance transformer state-of-the-art. Two
prototypes at distinct design specifications are presented and
the excellent agreement between the measurement and the
EM simulation results demonstrate the effectiveness of the
proposed impedance transformer at high and arbitrary r and
k. Overall, the proposed impedance transformer is capable
of providing a) real and complex impedance transformations,
b) very high k, c¢) very high r, and, d) very high concurrent
k and r. Subsequently, it is demonstrated that the proposed
impedance matching technique is extremely important in
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variety of systems to simplify their overall designs. One such
important application is the design of a dual-band balun.
A dual-band balun based around the proposed impedance
matching approach is developed and it is shown that the
design readily achieves all ports matching and isolation. This
assertion is validated through a prototype of the designed
balun embedded with the proposed impedance transforma-
tion. It is shown that excellent agreement exists between the
measurement results and the EM simulation results and thus
validates the presented concept.

The next section presents the design of the proposed
impedance transformer and its corresponding analysis. Fur-
ther, Section III plays an important role to highlight the
design flexibility of the proposed impedance transformer.
A systematic and flexible design procedure is explained
through a design flow chart and many design examples are
discussed correspondingly. The section IV evaluates the per-
formance of the proposed impedance transformer at very
high design specifications, i.e., concurrent high r and k. The
features of the proposed design are also compared with the
recently reported dual-band impedance transformers in this
section. Subsequently, in Section V the application of the
proposed impedance transformer is demonstrated in a dual-
band impedance transforming balun with the experimental
results. Finally, section VI concludes the paper.

Il. PROPOSED IMPEDANCE TRANSFORMER

The proposed impedance transformer, shown in Fig. 1, con-
sists of a simple architecture with one coupled-line and two
open-/short-circuited stubs. These two stubs have the charac-
teristics impedance and electrical length as Z, (in €2), 6, (in
°) and Z;, (in 2), 6, (in °) respectively. The coupled-line has
even and odd mode impedances as Z, (in 2) and Z, (in 2),
respectively and the electrical length is 6, (in °). Terms Y,
Yy, and Y, denote the respective admittances.

e’

Movf vf
Y, c a
ZM "Nz, e, Z.,0. BZ

Z,Z,9

o’ ¥cC

. Open/Short .~
p— Stub

FIGURE 1. Proposed circuit for the dual-band impedance transformer.

The expressions for Y,, and Y, are deduced following the
TL theory and are mentioned in (1) and (2), respectively [34].
The electrical lengths follow the expression (6) for the dual-
band operation at two arbitrary frequencies where r is the
frequency ratio [35].
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The real and imaginary parts of Y, are equated with 1/Zg
and negative of Y} respectively for the required impedance
transformation. These two conditions are expressed in (7)
and (8), and solution of these provide the design parameters
of the proposed impedance transformer. To solve (7), any
two variables from Z,, Z,, and Z, can be considered to be
independent as per the suitability and can be chosen in the
range of [20 2 - 150 2] for the realizable design parameters.

1
Re[Y,] = Z @)
Im[Y,] = -V, (8)
where,

Y, = ——— for short circuit
JZp tan 6,

_Jtan®,

Y, for open circuit )

b

Ill. DESIGN FLOW CHART AND CASE STUDIES

A. DESIGN FLOW CHART

To enable quick prototyping of the proposed impedance trans-
former, a design flow chart is provided in Fig. 2. The design
flow chart is summarised below for the better understanding
of the design procedure.

1) Compute r and k based on specified frequencies of
operations and port terminations Z;, and Zg.

2) Calculate electrical lengths 8, and 6, using (6). Initially,
keep n = 0 for minimized architecture. Assume any
combination of open/short-circuited stubs.

3) Useeq. (7) to find the unknown design parameter. Here,
any two variables out of Z,, Z,, and Z, can be chosen
as independent variables. However, the selection of Z,
and Z, may be opted with high coupling coefficient for
the wider bandwidth [28].

4) In case the calculated parameter is not realizable, incre-
ment n in step 2. The selection of open- (or short-)
circuited stub (Z,, 9,) can also be altered.
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Get the design specifications (r, k),
Set n=0, Assume open/short stubs

v

Choose any two variables from Z,, Zg,
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v

Calculate 64 and 6, from (6), and the
unknwon variable from (7)

]
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Is unknown variable
realizable?

Calculate 6y, from (6) and Zy, from (8)
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o ]

Encrement n by one or alter

Is Zb
realizable?

Design Complete

FIGURE 2. Flow chart for the quick prototyping of the proposed IT.

5) Further, calculate electrical length 6, keeping n = 0.
Solve eq. (8) to calculate Zp,.

6) In case Z, is not realizable, increment n in step 5.
Again, the selection of open- (or short-) circuited stub
(Zp, 6p) can also be altered.

The proposed design and the flow chart envisages the
following important aspects: 1) the proposed design has two
stubs with the choices of being open- or short-circuited, 2) the
design analysis demonstrates that there are two independent
design variables, 3) the choice of selecting two independent
design variables out of three Z,, Z,, and Z,, and, 4) the
independent selection choices of n for 6,, 8, and 6, in (6).
Owing to the possibilities in computing the design param-
eters, the design procedure validates the enhanced design
flexibility of the proposed impedance transformer. It makes
the proposed design extremely suitable for a very wide range
of design specifications in terms of r and k.

B. CASE STUDIES: IMPEDANCE TRANSFORMER AT
VARIOUS FREQUENCY RATIOS
It has been explained in the last sub-section that the design
procedure is very flexible. Now, variety of case studies
are discussed in order to show its effectiveness and design
flexibility in practical scenarios. In essence, the proposed
impedance transformer is assessed and evaluated for a wide
range of possible k for varied values of arbitrarily selected r.
At first, the impedance transformer is designed for the
varying r for a fixed k of 2. This example enables evaluation
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TABLE 1. Design examples with variation in r (k = 2, Zg = 502 is fixed for
all cases) [Var*: Design parameters, S: short-circuited, O: open-circuited].

Var* | r=2 r= =6 =8

r=10 r=15 r=20 |r=30
case 1 [case2 |case3 |case4 |caseS |case6 |case7 |case8
Zaq(2)[65.8 | 105 65 469 |353 23.6 133.8 |40.4
04(°) | 60(S) |36(0) |25.7(0) 20(0) | 16.4(0)| 11.25(0) 77.1(S)| 46.4(0
Z(2)] 86 94 107 121 140 160 55.6 |67
Zo(2)| 56 67 84 95 109 140 373 |54.2
0.(°) |60 36 25.7 20 16.4 11.25 343 |58
Zp(£2)45.5 |98 103 144 143.8 [126.3 86.4 |128.7
0,(°) | 60(S) |36(0) |25.7(0) 20(0) | 16.4(0)| 11.25(0) 34.3(S)| 11.6(S)
R Y
AT b
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i
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FIGURE 3. Simulation performance of the design examples of Table 1.

of the design for the identification of possible extreme values
of r for a fixed value of k. A number of design examples
mimicking this situation are listed in Table 1 along with the
corresponding design parameters. It is clear that all the design
parameters are realizable for cases varying from r = 2 to
r = 30. The circuit simulation results for all these design
cases are plotted in Fig. 3. The results for the cases 7 and
8 are depicted only around the design frequencies for clarity
purposes. It is now safe to comprehend from these results that
the impedance transformer achieves excellent performance
for the values of r up to 30. Furthermore, the proposed
impedance transformer is capable of achieving fractional
bandwidth (FBW) in excess of 100% at the first frequency
for all the cases except cases 7 and 8. The FBW for case 7 is
38%, however, it is reduced to only 19% for case 8 at the first
frequency. Apparently, the enhanced design flexibility makes
it possible to have the realizable design parameters at such
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high values of r. But it should be noted that there is a trade-off
between the achievable r and the FBW as can be seen from
the deteriorating FBW of only 2% at the second frequency,
i.e. 20 GHz, in the design case 7. However, this constraint can
be circumvented and r of more than 30 can also be achieved
if the chosen design frequencies are at the lower RF spectrum
(for example, 200 MHz and 6 GHz).

C. CASE STUDIES: IMPEDANCE TRANSFORMER AT
VARIOUS IMPEDANCE TRANSFORMATION RATIOS

Now, the effectiveness and design flexibility of the proposed
impedance transformer is evaluated for varying k for a fixed
r of 4. The r is fixed at 4 to assess the concurrent impedance
transformation at two distinct frequencies. Multiple design
examples are listed in Table 2 with the calculated design
parameters. Again, all the design parameters are realizable for
the cases varying from k = 0.1 to k = 20. The circuit simula-
tion results of the design examples are also depicted in Fig. 4.
These results demonstrate the excellent performance of the
impedance transformer at all the k. It should be noted that
the operational FBW, as per required reflection coefficient
(I'yn), of the proposed impedance transformer reduces at the
higher k following the conventional theory (10) [34]. Here,
Af /fo is the FBW and f,, is the first frequency of operation.
Again, the enhanced design flexibility enables the impedance
transformer to have the realizable design parameters at higher
k but, for an FBW of 3%, impedance transformer is operable
for k varying from as low as 0.1 to as high as 20. However,
employing any bandwidth enhancement technique [36]-[38]
will further enhance the range of achievable impedance trans-
formation and frequency ratios. It is also practically evaluated
that the different combinations of the open-/short-circuited
stubs in the proposed design have the potential to improve
the bandwidth of the proposed design.

A—f=2—;cos_l|: L ZVzSZL} (10)

fo \/I_sz |ZL_ZS|

TABLE 2. Design examples with variation in k (r = 4, f; = 1GHz is fixed

for all cases) [Var*: Design parameters, S: short-circuited, O:
open-circuited].

Var*

k=0.05 [k=0.1 [k=0.5 |k=5 k=10 |[k=15 [k=20

case 9 |case 10 |case 11 | case 12 | case 13 | case 14 | case 15
Za(S2) [ 1549 [84.9 120.5 [94.2 93.7 98.7 97.2
6a(°) | 144(0) | 108(0) | 36(0) |[36(0) | 108(S) |108(S) | 108(S)
Ze(2) |20 27 52 120 156 150 141.5
Zo(£2) | 19 25.3 31 87 80 85 85.5
6.(°) | 108 72 36 36 36 36 36
Zy(Q2) | 46.1 62.6 68.9 38.3 62.5 46.3 36.6
0,(°) | 72(0) | 108(0) | 36(0) |[36(0) |216(S) |216(S) |216(S)

D. CASE STUDIES: COMPLEX IMPEDANCE
TRANSFORMATION

Furthermore, the capability of the proposed impedance trans-
former for the complex loads is also tested at the two oper-
ating frequencies simultaneously. Table 3. A design example
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FIGURE 4. Simulation performance of the design examples of Table 2.

TABLE 3. Arbitrary design examples [*Calculated as the ratio of real parts
of the port impedances, S: short-circuited, O: open-circuited].

Design r=4; k=5% r=5; k=8.04 r=15, k=20
Parameters case 16 case 17 case 18
Z1,(22) 150+4j*20 402 1000
Zs(£2) 150+4j*20 50 50
f1(GHz) 1 0.8 0.3
f2(GHz) 4 4.0 4.5
Za(2) 149.8 106.1 89.8
0a(°) 288(S) 30(0) 22.5(0)
Ze, Zo(82) 78, 45 126,71 105,70
0.(°) 36 30 33.75
Zp(2) 77.7 66.7 97.4
0,(°) 36(S) 120(0) 11.25(S)

is evaluated working at a high r of 4 and a widely separated
complex port impedance of 150 + j*20 Q at the load. The
design example with design parameters is provided in case
16 in Table 3.

The design cases 17 and 18 are also listed to demon-
strate the design flexibility at concurrent very high design
specifications, i.e., r, k = 5, 8.04 and r, k = 15, 20,
respectively. So many design examples with arbitrarily high
design specifications, as per authors’ knowledge, are very
rare in the reported literature. For example, a dual-band
stepped impedance transformer [12] provides very high r and
k, but working at higher k£ and r simultaneously brings inher-
ent fabrication challenges in this design. Designing of this
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well-known stepped impedance transformer for the design
specifications of » = 4, source impedance 50€2, and load
impedance 500 2 (i.e. k = 10) results in characteristics
impedances of 119.6 €2 and 209.1 €2 for the TLs in this design.
However, the calculated characteristics impedance of 209.1
is practically not realizable in microstrip technology. On the
other hand, for the proposed impedance transformer at the
same k = 10, the characteristics impedances are within
the realizable range of the microstrip technology i.e. within
[20 2, 150 2] for a very high r as can be seen in case 13 in
Table 2. All the design parameters listed in Tables 1, 2, and 3
for the three cases are within the microstrip TL realizable
limits.

IV. FABRICATION AND MEASUREMENT OF THE
PROPOSED IMPEDANCE TRANSFORMER

To validate the working of the proposed impedance trans-
former, two different prototypes working at very high design
specifications, i.e. cases 17 and 18, are fabricated. The first
prototype, i.e. case 17, working at 0.8 and 4.0 GHz (i.e.r = 5)
is fabricated on Rogers RO5880 substrate with a substrate
thickness of 1.57 mm, €, of 2.2, loss tangent of 0.0009, and
copper cladding of 35 wm on both sides of the substrate. The
source and load impedances of the impedance transformer are
kept 50 2 and 402 Q2 (i.e. k = 8.04), respectively. The design
parameters of the impedance transformer are calculated and
provided in Table 3. The load of the impedance transformer
is a 402 2 resistor CRCW0603402RFKEA which is shorted
to ground through a via on the printed circuited board (PCB)
and a 50 2 SMA connector is soldered at the source. The
size of the fabricated prototype is 0.018 )»f,. The second
prototype, i.e. case 18 for demonstration of extreme r and
k, is specified to operate at 0.3 and 4.5 GHz (i.e. r = 15) and
is fabricated on Rogers RO4350B substrate with a substrate
thickness of 1.524 mm, €, of 3.66, loss tangent of 0.0037,
and copper cladding of 35 wm on both sides of the substrate.
The source and load impedances are chosen to be 50 €2 and
1000 2 (i.e. kK = 20), respectively. The design parameters
of the impedance transformer are calculated and provided
in Table 3. The load of the impedance transformer is a 1000 €2
resistor CRCW04021K00FKED shorted to ground through
a via on the printed circuited board (PCB) whereas SMA
connector mimics the 50 2 source impedance. The size of
the fabricated second prototype is 0.0026 Xg.

These prototypes for cases 17 and 18 are depicted
in Figs. 5 and 7, respectively. The corresponding measure-
ment and EM simulated results are depicted in Figs. 6 and 8.
An excellent agreement between the simulation and the mea-
surement results validate the proposed design along with
the design process. Apparently, the measured return losses
(S11) of —20.5 dB at 0.8 GHz (—26.3 dB at 0.292 GHz)
and —18.5 dB at 4.0 GHz (—23.5 dB at 4.468 GHz) for
the first (second) prototype demonstrate extremely good
performances at the chosen frequencies for the respec-
tive designs. The unwanted resonance frequencies may be
observed in Fig. 8 due to the multifold electrical lengths
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FIGURE 5. Fabricated prototype of the impedance transformer with r =5
and k = 8.04.
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FIGURE 6. Measurement results of the fabricated prototype for r = 5 and
k = 8.04.

FIGURE 7. Fabricated prototype of the impedance transformer with
r =15 and k = 20.

(i.e., n > 1) and can be easily filtered by the existing fre-
quency selective multiband systems. It is imperative to note
that any design example in Tables 1, 2, and 3 or any other

125750
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FIGURE 8. Measurement results of the fabricated prototype for r = 15
and k = 20.

example conforming to extreme cases can be prototyped for
validation of the presented concept, but here, the selected
example for prototyping is regulated by the available lab
resources. However, the proposed circuit is discussed within
the scope of microstrip technology and can achieve the high-
est operable frequencies with some precautions [39].

Table 4 compares the features of the proposed impedance
transformer with the recently reported highly featured archi-
tectures. Despite utilizing the planar TL, coupled-lines,
and stubs combinations by most of the recently published
reports [13], [15]-[18], it is apparent that the proposed design
has extended the range of realizable design specifications
significantly. Several modifications in the architectures are
reported to achieve very high k [14], [15], [19] and very high
r [13], [14]. However, achieving the concurrent high k and
r have been rare in the reported literature. Though the load

TABLE 4. Comparison with state-of-the-art impedance transformers
capable of high k and r [*Calculated as the ratio of real parts of the port
impedances, **Calculated as the ratio of the maximum to minimum
operating frequency].

Ref Technology Max. r of | Max. k of | Specifications of the
examples | examples | fabricated prototype
(f2 GHz/ f1 GHz, k)
This | Coupled line | 20 20 (4.5/0.3,20), (4.0/0.8,
Work | with stubs 8.04)
[12] | Two Section | 7 20 Not Provided
Stepped TL
[13] | Coupled-lines 3.88 4 (2.4/0.9, 2)
[14] | Dual- 5.2 10 (2.8, 10),(5.2/1.0, 10)
Transmission
Line
[15] |Planar TL with| 1.5 5% (3.6/2.4, 5%)
stubs
[16] |Planar TL with| 1.66 1.35% (1.5/0.9, 1.35%)
stubs
[17] |Planar TL with| 1.94 4 (2.1/0.9, 2.02%)
stubs
[18] | Coupled-line 1.5%* 9.13* (3.0/2.0%*,9.13%)
with ladder
network
[19] | T-Type network | 2.5 5% (2.0/1.0, 1.86%)
with load healing
[40] |Planar TL witha| 2.5 15.36* (2.61/1.45, 15.36%)
coupled-line
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healing concept presented in [19] can enhance the range of
k to some extent, but it was able to achieve only marginal
improvement. The proposed circuit not only enhances the k
and r individually but also leads to significantly enhanced
concurrent k and r are also made possible. A design example
of concurrent r, k of 15, 20 is fabricated, depicted in Fig. 7
and the measurement results are demonstrated to validate
the design flexibility of the proposed impedance transformer.
Moreover, all the design cases given in Tables 1, 2, and 3
demonstrate that the proposed impedance transformer is
capable of providing a) real and complex impedance trans-
formations, b) very high k, c) very high r, and, d) very high
k and r concurrently in comparison to the recently reported
impedance transformers in Table 4. It is, therefore, safe to
convey that the proposed impedance transformer has the
ability to achieve the highest k and r reported so far and thus
enhances the existing state-of-the-art significantly.

V. APPLICATION OF THE PROPOSED IMPEDANCE
TRANSFORMER IN AN IMPEDANCE TRANSFORMING
BALUN

The ultrahigh k& and r capability of the proposed impedance
transformer make it suitable for its use in RF/Microwave
components like power divider, balun, filter, coupler, etc [41].
This can effectively aid to miniaturize the overall size of
the RF/Microwave system. For example, three impedance
transformers are used in a receiver module as shown in fig. 9.
By utilizing the proposed impedance transformer in a balun
design makes it capable of providing the required impedance
transformation inherently at the source and load. Therefore,
a single inherent impedance transforming balun can replace
all the components inside the red box in Fig. 9.

Proposed Impedance Transforming Dual-Band Balun

Impedance '
Transformer —'-rb

1
N

Impedance

Transformer Blun

Impedance
Transformer
2

FIGURE 9. Block diagram of conventional receiver side antenna module.

A. DESIGN OF DUAL-BAND BALUN INCORPORATING THE
PROPOSED IMPEDANCE TRANSFORMER

To verify the presented theory, a novel dual-band balun
architecture is designed utilizing the proposed dual-band
impedance transformer and is shown in Fig. 10. The source
(input port) and the load (output ports) impedances of the
balun architecture are Zg €2 and Z; 2 respectively. Here, all
the electrical lengths are denoted by 8; where i = x, 1, 2, 3, 4.

VOLUME 8, 2020

Apparently, the balun is a symmetric architecture [42] and
therefore, can be analyzed using simplified even-odd mode
analysis. The equivalent odd-mode circuit, shown in Fig. 11,
reveals that the balun is utilizing the proposed impedance
transformer for the required impedance transformation in the
odd-mode.

Ze2' ZoZ' e2

o Port 2
Ze3' Zo3' e3

7,0, R

Port3 —
ZeZ' ZoZ! e2

FIGURE 10. A dual-band impedance transforming balun architecture.

Z,Z2,9

e Fo? Yc

Port 2

Zl’ e1 Z03' 93

=

FIGURE 11. 0dd-mode equivalent circuit of the proposed balun
(the proposed impedance transformer).

The balun operates successfully if the conditions in (11)
are met [43]. In addition, electrical lengths for dual-band
designs are regulated by expression (12). Here, the term Zygq
is the odd-mode impedance at the input port, Teyen is the
transmission coefficient of signal in the even-mode, and 7 is
an integer.

Zodd = 2Zs and Teyen = 0 an
1
0 = a+mm (12)
1+r
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B. BALUN IMPLEMENTATION AND MEASUREMENT

To evaluate the effectiveness of the proposed design at high &
and at high r, a design example with k = 8 at r = 2, is fab-
ricated on RO5880 substrate with a thickness of 1.57 mm,
€ of 2.2, loss tangent of 0.0009, and copper cladding of
35 um on both sides of the substrate. The source and load
impedances are chosen as Zg = 50 Q; Z; = 400 Q
working at arbitrary frequencies of fj = 1 GHz and f, =
2 GHz. The design parameters for the example are mentioned
in Table 5. Appropriate optimizations in the layout design
are accounted for the non-idealities and discontinuities asso-
ciated with TL. The prototype with the marked dimensions
is depicted in Fig. 12. The prototype in fig. 12 includes two
additional (redundant) impedance transformers at the output
ports, inside the red box, to create 50 €2 environment for
measurement purposes. The intended prototype is smaller
without these redundant impedance transformers.

TABLE 5. Balun implementation examples.

Design Parameters Design Example with £k = 8,
r=2

Z1 (), 01 (°) 31.9,60

Zx (), 0x (°) 47.9, 60

Zea (Q), Zo2 (), 02 (°) 140, 110, 60

Ze3 (82), Zosz (§2), 03 (°) 168.6, 80.3, 60

Z4 (1), 04 (°) 29.7, 60

R 39

FIGURE 12. Fabricated balun prototype for r = 2 and k = 8. [a3 = 21.25,
b3 = 4.77, 3 = 1.14, d3 = 1.28, e3 = 2.46, g3 = 4.36, h3 = 25.60,

i3 =163.94, j3 = 7.13, k3 = 6.47, I3 = 1.02, m3 = 0.86, n3 = 33.12,

03 = 9.53, p3 = 34.24, q3 = 2.42, ly3 = 98.05, Ix3 = 133.35 (all in mm)]
(includes two redundant impedance transformers (L.T.) in red boxes).

The measured and EM simulated performances are com-
pared and depicted in Fig. 13. Apparently, return loss better
than —21 dB at both the design frequencies demonstrates
good matching at all the ports. The 10dB matching band-
widths in this case are better than 130 MHz @ 1 GHz and
2 GHz. Measured S3; is —3.5dB @ f; and —3.8 dB @ f»
whereas measured S3; is —3.3 dB @ fj / —3.8 dB @ f,
in Fig. 13 (top) indicates good performance of this design.
Furthermore, a high S>3 of —26 dB is achieved at both the
design frequencies as shown in Fig. 13 (middle). Finally, very
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good phase relationship can be observed in both the simulated
and measured results as depicted in Fig. 13 (bottom).

o

N
o

S Parameters, (dB)

Frequency, (GHz)

N
o

S Parameters, (dB)

09 1 1.5 2 21
Frequency, (GHz)

-180 ——EM
-
270 Meas

0.8 1 12 14 16 18 2 2.2
Frequency, (GHz)

FIGURE 13. EM simulated vs measurement results for r =2 and k = 8,
Top: input return loss and insertion loss, Middle: output return losses and
isolation, Bottom: phase difference; E: EM simulation results and M:
measurement results.

VI. CONCLUSION

An analytical methodology of designing a dual-band high
impedance transformer is proposed in this paper. The pro-
posed architecture, with high design flexibility, has three
main advantages: 1) the design is realizable for the real and
complex loads, 2) the design is realizable at a very high k, 3)
the design is realizable at a very high r, and 4) the design is
realizable at very high k and r simultaneously. To facilitate
the quick prototyping, the design analysis is augmented with
a systematic design procedure. Two prototypes working at
concurrent (r, k) of (5, 8.04) and (15, 20) are fabricated
and the measurement results validate the proposed circuit
at very high design specifications. The application of the
proposed impedance transformer is also demonstrated using
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an impedance transforming dual-band balun architecture and
its measurement results.

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

K. Rawat, M. S. Hashmi, and F. M. Ghannouchi, ‘“Dual-band RF circuits
and components for multi-standard software defined radios,” IEEE Cir-
cuits Syst. Mag., vol. 12, no. 1, pp. 12-32, 1st Quart., 2012.

R. Gomez-Garcia, F. M. Ghannouchi, N. B. Carvalho, and H. C. Luong,
“Guest editorial advanced circuits and systems for CR/SDR applications,”
IEEE J. Emerg. Sel. Topics Circuits Syst., vol. 3, no. 4, pp. 485-488,
Dec. 2013.

N. Shariati, W. S. T. Rowe, J. R. Scott, and K. Ghorbani, ‘“Multi-service
highly sensitive rectifier for enhanced RF energy scavenging,” Sci. Rep.,
vol. 5, no. 1, p. 9655, Sep. 2015, doi: 10.1038/srep09655.

Z.Liu, Z. Zhong, and Y.-X. Guo, “Enhanced dual-band ambient RF energy
harvesting with ultra-wide power range,” IEEE Microw. Wireless Compon.
Lett., vol. 25, no. 9, pp. 630-632, Sep. 2015.

J. de Mingo, A. Valdovinos, A. Crespo, D. Navarro, and P. Garcia,
“An RF electronically controlled impedance tuning network design and
its application to an antenna input impedance automatic matching system,”
IEEE Trans. Microw. Theory Techn., vol. 52, no. 2, pp. 489497, Feb. 2004.
S.Fan, Z. Yuan, W. Gou, Y. Zhao, C. Song, Y. Huang, J. Zhou, and L. Geng,
“A 2.45-GHz rectifier-booster regulator with impedance matching con-
verters for wireless energy harvesting,” IEEE Trans. Microw. Theory
Techn., vol. 67, no. 9, pp. 3833-3843, Sep. 2019.

F. Paredes, G. Z. Gonzalez, J. Bonache, and F. Martin, “Dual-band
impedance-matching networks based on split-ring resonators for applica-
tions in RF identification (RFID),” IEEE Trans. Microw. Theory Techn.,
vol. 58, no. 5, pp. 1159-1166, May 2010.

L. Liu, R. Jin, X. Liang, H. Fan, X. Bai, H. Zhou, J. Geng, and W. Zhu,
“A generalized approach for multifrequency transmission line transformer
with frequency-dependent complex source and load,” IEEE Trans. Microw.
Theory Techn., vol. 67, no. 9, pp. 3603-3616, Sep. 2019.

M. A. Maktoomi and M. S. Hashmi, ““A coupled-line based L-section DC-
isolated dual-band real to real impedance transformer and its application to
a dual-band T-junction power divider,” Prog. Electromagn. Res. C, vol. 55,
pp. 95-104, Dec. 2014.

L. Liu, R. Jin, X. Liang, H. Fan, W. Wang, J. Geng, F. Liu, and Y. Chen,
“Multifrequency transformer with arbitrary frequency and real impedance
transform ratio,” IEEE Microw. Wireless Compon. Lett., vol. 27, no. 9,
pp. 785-787, Sep. 2017.

M. A. Maktoomi, R. Gupta, M. H. Maktoomi, and M. S. Hashmi,
“A genaralized multi-frequency impedance matching technique,” in Proc.
16th Medit. Microw. Symp. (MMS), Abu Dhabi, United Arab Emirates,
Nov. 2016, pp. 1-4.

C. Monzon, “A small dual-frequency transformer in two sections,” IEEE
Trans. Microw. Theory Techn., vol. 51, no. 4, pp. 1157-1161, Apr. 2003.
D. Banerjee, A. Saxena, and M. Hashmi, “A novel design of a bandwidth
enhanced dual-band impedance matching network with coupled line wave
slowing,” in Proc. IEEE 69th Electron. Compon. Technol. Conf. (ECTC),
Las Vegas, NV, USA, May 2019, pp. 1770-1773.

X. Wang, Z. Ma, and M. Ohira, “Dual-band design theory for dual
transmission-line transformer,” IEEE Microw. Wireless Compon. Lett.,
vol. 27, no. 9, pp. 782-784, Sep. 2017.

O. Manoochehri, A. Asoodeh, and K. Forooraghi, “7-model dual-band
impedance transformer for unequal complex impedance loads,” IEEE
Microw. Wireless Compon. Lett., vol. 25, no. 4, pp. 238-240, Apr. 2015.
M.-L. Chuang and M.-T. Wu, “Transmission zero embedded dual-band
impedance transformer with three shunt stubs,” IEEE Microw. Wireless
Compon. Lett., vol. 27, no. 9, pp. 788-790, Sep. 2017.

M.-L. Chuang and M.-T. Wu, “General dual-band impedance transformer
with a selectable transmission zero,” IEEE Trans. Compon., Packag.,
Manuf. Technol., vol. 6, no. 7, pp. 1113-1119, Jul. 2016.

L. Jiao, Y. Wu, Z. Zhuang, M. Li, and Y. Liu, “Multiband DC-block
impedance transformer for extreme complex impedances,” Electron. Lett.,
vol. 54, no. 2, pp. 105-107, Jan. 2018.

M. A. Maktoomi, M. S. Hashmi, and F. M. Ghannouchi, “Improving
load range of dual-band impedance matching networks using load-healing
concept,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 64, no. 2,
pp. 126-130, Feb. 2017.

A. Baskakova and K. Hoffmann, “Design of microstrip dual-mode
impedance transformers,” IEEE Microw. Wireless Compon. Lett., vol. 29,
no. 2, pp. 86-88, Feb. 2019.

VOLUME 8, 2020

(21]

(22]

(23]

(24]

(25]

[26]

[27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(371

(38]

(391

[40]

[41]

[42]

[43]

P. Kim, G. Chaudhary, and Y. Jeong, “Ultra-high transforming ratio cou-
pled line impedance transformer with bandpass response,” IEEE Microw.
Wireless Compon. Lett., vol. 25, no. 7, pp. 445-447, Jul. 2015.

Q.-S. Wu and L. Zhu, “Wideband impedance transformers with good
frequency selectivity based on multisection quarter-wave lines and short-
circuited stubs,” IEEE Microw. Wireless Compon. Lett., vol. 26, no. 5,
pp. 337-339, May 2016.

R. Darraji, M. M. Honari, R. Mirzavand, F. M. Ghannouchi, and
P. Mousavi, “Wideband two-section impedance transformer with flat real-
to-real impedance matching,” IEEE Microw. Wireless Compon. Lett.,
vol. 26, no. 5, pp. 313-315, May 2016.

C.-W. Hsieh, S.-C. Lin, and J.-Y. Li, “Bandpass impedance transformers
with extremely high transforming ratios using IT -tapped feeds,” IEEE
Access, vol. 6, pp. 28193-28202, 2018.

W. Zhang, Z. Ning, Y. Wu, C. Yu, S. Li, and Y. Liu, “Dual-band out-of-
phase power divider with impedance transformation and wide frequency
ratio,” IEEE Microw. Wireless Compon. Lett., vol. 25, no. 12, pp. 787-789,
Dec. 2015.

R. Gupta, M. H. Maktoomi, V. V. Singh, and M. S. Hashmi, “High
impedance transforming dual-band balun with isolation and output ports
matching,” Prog. Electromagn. Res. Lett., vol. 81, pp. 121-126, Feb. 2019.
J. Pang, S. He, and C. Huang, “A novel design of concurrent dual-band
high efficiency power amplifiers with harmonic control circuits,” IEEE
Microw. Wireless Compon. Lett., vol. 26, no. 2, pp. 137-139, Feb. 2016.
H.-R. Ahn and S. Nam, “New design formulas for impedance-
transforming 3-dB Marchand baluns,” IEEE Trans. Microw. Theory
Techn., vol. 59, no. 11, pp. 2816-2823, Nov. 2011.

R. Gupta, M. S. Hashmi, and M. H. Maktoomi, “An enhanced frequency
ratio dual band balun augmented with high impedance transformation,”
IEEE Trans. Circuits Syst. I, Exp. Briefs, early access, Apr. 1, 2020,
doi: 10.1109/TCSII.2020.2984787.

M. Liao, Y. Wu, Y. Liu, and J. Gao, “Impedance-transforming dual-
band out-of-phase power divider,” IEEE Microw. Wireless Compon. Lett.,
vol. 24, no. 8, pp. 524-526, Aug. 2014.

H. Zhang and H. Xin, “A dual-band dipole antenna with integrated-balun,”
IEEE Trans. Antennas Propag., vol. 57, no. 3, pp. 786-789, Mar. 2009.
Y. Wu, L. Yao, W. Zhang, W. Wang, and Y. Liu, “A planar dual-band
coupled-line balun with impedance transformation and high isolation,”
IEEE Access, vol. 4, pp. 9689-9701, 2016.

E. S. Li, C.-T. Lin, H. Jin, and K.-S. Chin, “A systematic design method
for a dual-band balun with impedance transformation and high isolation,”
IEEE Access, vol. 7, pp. 143805-143813, 2019.

D. M. Pozar, Microwave Engineering, 3rd ed. Hoboken, NJ, USA: Wiley,
2010.

M. A. Maktoomi, A. P. Yadav, M. S. Hashmi, and F. M. Ghannouchi,
“Dual-frequency impedance matching networks based on two-section
transmission line,” IET Microw., Antennas Propag., vol. 11, no. 10,
pp. 1415-1423, Aug. 2017.

J. L. Li, S. W. Qu, and Q. Xue, “Miniaturised branch-line balun with
bandwidth enhancement,” Electron. Lett., vol. 43, no. 17, pp. 931-932,
Aug. 2007.

M. A. Amiri, C. A. Balanis, and C. R. Birtcher, “Gain and bandwidth
enhancement of ferrite-loaded CBS antenna using material shaping and
positioning,” IEEE Antennas Wireless Propag. Lett., vol. 12, pp. 611-614,
2013.

J. Enomoto, R. Ishikawa, and K. Honjo, ““Second harmonic treatment tech-
nique for bandwidth enhancement of GaN HEMT amplifier with harmonic
reactive terminations,” IEEE Trans. Microw. Theory Techn., vol. 65,no. 12,
pp. 4947-4952, Dec. 2017.

S. Huang, X. Xie, and B. Yan, “K band Wilkinson power divider based
on a taper equation,” Prog. Electromagn. Res. Lett., vol. 27, pp. 75-83,
Oct. 2011.

Y. Wu, Y. Liu, S. Li, and C. Yu, “New coupled-line dual-band DC-block
transformer for arbitrary complex frequency-dependent load impedance,”
Microw. Opt. Technol. Lett., vol. 54, no. 1, pp. 139-142, Jan. 2012.

D. Chen, L. Zhu, and C. Cheng, ‘“‘Dual-resonant-mode (DRM) impedance
transformer and its application to wideband 3 dB power divider,” IEEE
Microw. Wireless Compon. Lett., vol. 23, no. 9, pp. 471-473, Sep. 2013.
Y. C. Leong, K. S. Ang, and C. H. Lee, “A derivation of a class of 3-port
baluns from symmetrical 4-port networks,” in IEEE MTT-S Int. Microw.
Symp. Dig., Seattle, WA, USA, vol. 2, Jun. 2002, pp. 1165-1168.

R. Gupta and M. Hashmi, ““High impedance transforming simplified balun
architecture in microstrip technology,” Microw. Opt. Technol. Lett., vol. 60,
no. 12, pp. 3019-3023, Dec. 2018.

125753


http://dx.doi.org/10.1038/srep09655
http://dx.doi.org/10.1109/TCSII.2020.2984787

IEEE Access

R. Gupta et al.: Flexible Design Scheme for a Simple Dual-Band Ultra-High Impedance Transformer

RAHUL GUPTA (Graduate Student Member,
IEEE) received the B.Tech. degree in electron-
ics and communication engineering from Uttar
Pradesh Technical University, Lucknow, India,
in 2011, and the M.Tech. degree in VLSI and
embedded systems from the Indraprastha Insti-
tute of Information Technology Delhi, New Delhi,
India, in 2017, where he is currently pursuing the
Ph.D. degree. He had held research and engineer-
ing positions at the IIT Kanpur, India, and the
Indraprastha Institute of Information Technology Delhi, New Delhi. His
research interests include the design and development of RF/microwave
passive components for 5G architectures.

MOHAMMAD S. HASHMI (Senior Member,
IEEE) received the B.Tech. degree from Aligarh
Muslim University, India, the M.S. degree from the
Darmstadt University of Technology, Germany,
and the Ph.D. degree from Cardiff University,
Cardiff, U.K.

He had held research and engineering positions
at the University of Calgary, Canada, Cardiff Uni-
versity, Thales Electronics GmbH, Germany, and
the Philips Technology Center, Germany. He is
currently an Associate Professor with Nazarbayev University, Kazakhstan,
and also holds a faculty position at IIIT Delhi, India. His research activities
have led to one book, three patents (one pending), and over 185 publications.
His current research interests are in advanced RF circuits, broadband linear
and efficient power amplifiers for mobile and satellite applications, and high-
and low-frequency instrumentation. He is an Associate Editor of the IEEE
Microwave Magazine.

125754

MUHAMMAD AKMAL CHAUDHARY (Senior
Member, IEEE) received the Ph.D. degree in elec-
trical and electronics engineering from Cardiff
University, U.K., in September 2011. He was a
Postdoctoral Research Associate at the Agilent
Centre for High Frequency Engineering, Cardiff
University, from October 2011 to September 2012.
In addition to his research activities as a Postdoc-
toral Research Associate, he carried out commer-
cial work with Freescale Semiconductor, Mesuro,
TriQuint Semiconductor, and the National Physical Laboratory (NPL)
using nonlinear measurement system pioneered at Cardiff University. He
is currently an Associate Professor of electrical engineering with Ajman
University. He teaches various courses related to the field of electrical
engineering and conducts research in the broad fields of radiofrequency and
microwave engineering. He has authored one book and authored/coauthored
over 57 peer-reviewed articles. He is a Chartered Engineer (C.Eng.), Engi-
neering Council, U.K. In addition to the Engineering and Physical Sciences
Research Council (EPSRC) funded opportunity for his doctoral studies in
radio frequency and microwave electronics, he has won a number of highly
competitive gold medals, scholarships, and awards.

VOLUME 8, 2020



