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Abstract

A design scheme is presented for an all-pass coupled-line (APCL)-based dual-band
impedance-matching network. Salient features include a highly flexible frequency ratio
(r) (high of 15 and low of 1.2) and impedance transformation ratio (k) (high of 9 and low
of 0.2) simultaneously at two arbitrary, uncorrelated frequencies of interest. The design
strategy consists of two APCL sections and a stub that prove to be simple and easy to
prototype. Detailed mathematical modelling and graphical interpretations have been
presented. Closed-form design equations have been developed and backed up with design
examples. Two dual-band T-junction power dividers (TPDs) have been designed to
demonstrate the application of the proposed impedance transformer at two widely
separated frequencies. RO4350 B- and RO5880-based prototypes have been fabricated
for both the matching network and the TPD to validate the proposed theory. The
measurement results demonstrate an achievable frequency ratio of 15 and an impedance
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1 | INTRODUCTION

The last decade has seen a huge upsurge in the development of
wireless communication devices. Their utility has drastically
simplified human lives with applications including mobile
telephony, broadcasting and entertainment, military and
space applications, and medical instrumentation. Impedance-
matching networks are one of the key elements of all elec-
tronic systems. From the perspective of RF and microwave
circuits, impedance transformers are essential for maximum
power transfer between connected modules. They find appli-
cation in a broad range of passive and active devices such as
power dividers, couplers, crossovers, mixers, and amplifiers.
The pressing needs of emerging wireless applications over
the years have directed considerable research to multiband
devices. The existing literature is replete with dual-band
impedance transformer architectures [1-21], but most of
them have fundamental limitations, namely, a lower frequency
ratio (r) and impedance transformation ratio (k) [3—10]. The
well-known Monzon transformer [2] theoretically allows very

transformation ratio of 9 in simultaneous operation mode.

high values for the frequency and impedance transformation
ratios, but the obtained design parameters become highly
restricted because of fabrication limits. Few architectures
[10, 13, 14] have utilised additional shott/open stubs to miti-
gate transformation ratio limitations, the role of which is to
introduce extra transmission zeros in addition to impedance
matching, Another impedance transformer, reported in [16],
utilises a dual-transmission line approach to achieve high
transformation ratio values. However, these designs cannot
“push their limits” as the line impedances acquire unrealisable
values. A slow-wave-structure-based dual-band impedance
transformer has been proposed in [19] that matches real load
and source impedances at two arbitrary frequencies of interest.
The transformation ratios are limited by the line separation of
C-section coupled lines, which tend to achieve unrealisable
values on extension. A coupled line cascaded with planar
transmission line architecture has been reported in [20]. The
proposed design facilitates an impedance transformation ratio
range from 0.1 till 10 at frequency ratios between 2 and 7. The
circuit is limited by its non-simultaneous behaviour in which
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improvement of one transformation ratio (frequency or
impedance) degrades the other.

With the recent advancement of wireless standards and the
increase in the number of devices using the radio spectrum,
there has been an abrupt broadening of the spectrum in which
these devices operate. As a result, for a dual-band device, the
two frequencies of operation might be widely separated. A
majority of the architectures discussed above operate at lower
frequency and impedance transformation ratios. An early
report [11] has addressed the case of improving the impedance
transformation ratio but only for single-band operation.
Recently [21], a cross-coupled architecture for impedance
transformers capable of handling extreme load values was re-
ported. The design claims an impedance transformation ratio
of 0.1 to 40 but only for single-band operation with moderate
design flexibility. A comprehensive analysis on the simulta-
neous extension of both the frequency and the impedance
transformation ratio for dual-band matching networks is thus
lacking.

This article investigates the role of a “floating-arm” type
all-pass coupled-line (APCL) in transformation ratio exten-
sion. This configuration is of particular interest because of
its relaxed design constraints for selecting line impedances
that are otherwise not implementable using traditional
regard, dual-band
impedance transformer using APCLs has been proposed.

transmission lines. In this a novel
A rigorous analysis is performed, and a mathematical model
has been developed that demonstrates the possibility of
expansion of the limits of the frequency ratio from 1.2 to 15
and the impedance transformation ratio from 0.2 to 9
simultaneously. The proposed theory is backed by simulation
case studies and experimental results comprising fabricated
prototypes and their measurements. As an application of the
developed matching network, an equal-split T-junction po-
wer divider (TPD) has also been designed and fabricated
with the same specifications. Measured results of the divider
validate the design and highlight the utility of the proposed
theory.

2 | PROPOSED IMPEDANCE
TRANSFORMER

The architecture of the proposed dual-band impedance
transformer is illustrated in Figure 1. The APCL [Z., Zoi,
0;] transforms the real load Z; into two complex-conjugate
admittances, namely, G; + jB; and G; —jB; at fl and f2
respectively. [Zoc/sc, Os] is a dual-band stub that cancels the
net susceptance F(B; + B,) generated from the load-side
and the source-sided APCLs at the two frequencies. The
stub may be either open or short circuit depending on the
sigh of the susceptance generated. After susceptance
cancellation, the remaining equal-valued conductance G; at
f; and f, is matched to the source Zg by a similar APCL
[Ze2, Zo, 05). The mathematical analysis and derivation of
the design parameters are provided in the upcoming

subsections.

+j(B; + By)
Zoc /sc 05

Ze2 ) ZOZ ) e2

n

Yin,l
= (G +jBy)@f;
Ls Yis s = (G ~jBD@f, Zy
= G1 @f1, fz
FIGURE 1 The proposed dual-band impedance transformer
2.1 | Complex-conjugate generator [Z.y, Zo1,
04]

Figure 2 illustrates the APCL structure with ports marked
where Z; is the image impedance. The Z parameters given in
[1] for this architecture can be obtained by simple current-
voltage analysis of the coupled line [22]. Furthermore, the
image impedance Z; of the APCL structure is expressed in
Equation (2). Equations (1) and (2) can be simplified to obtain
the expression of Z; given in Equation (3).

Ziy = Ziy =5} (Za + Zur)eot 6 (1a)
Ziy =12y = %] (Zey + Zot)csc 6 (16)
2=z - ZuZis @)

1 11 Z44
Zi _ ch 'iz_ Zol <3)

For complex-conjugate generation at fl and f2, the condi-
tion in Equation (4) must be satisfied. Further simplification
gives the expression for Z.; in Equation (5). Apparently, the
value of Z,, within the fabricable limits of [20 — 160] Q en-
ables the determination of Z.. It must be noted that the values
of Z., and Z,; should be close to each other under the con-
dition Z,; < Z; for the APCL sections to be fabricable. The
ABCD parameters are obtained from the transformation
relation in Equation (6) and are expressed in Equation (7).

M =/7s71. (4)

2

Zay =2\ 2571, — Loy (5)
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FIGURE 2 All-pass coupled line in floating-arm configuration
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| ©

4 B (?l—’_?ﬂ) cos 0, %(Zel + Z,1)sin 0
el — %ol

[C D} - 2jsin 6; el +Zol 0

(Zer + Zon) Za—Z0 )

(7)

The admittance Yj,; obtained after the load-side APCL
stage can be expressed in Equation (8). Now, Y7, in Equa-
tion (9) can be obtained by simplifying Equations (7) and (8):

CZ,+D
) A 8
" A7, + B (®)
(Z nr;Jr Zgl)COS 0, 2%711‘53291
le _ 1= Lol 1 TZo1 (9)
% (ch + Zul )Sin 91 + ZI/(ZCZI:»EEO{COSQI

Decomposing Equation (9) into real and imaginary patts,
Yina = Gi £ jBy at f; and /5, respectively, can be obtained in
(2.1), the values of which are easily obtained using MATLAB:

ZLCOS 201 (Ze1 + 201)2 Z]‘(Zﬂ + Zo1)sin2 91

Gy =
1 (Za = Zn)’o (Zer + Zot)o
(10a)
. 1 .
. 27:%sin 0, cos 0 — 5(251 + ZO1)251n 01cos 0, (106)
p
where

ZLZ(Z(ﬂ + ZO1 )2C082 61
(ch - Zol)2

1
o= Z(Zel + ZO1)ZSin2 91 +

and

2
pP= (Zel - Zol)&(zel + Zol)zsmz 6 + ZI(Z(%Tf—;)j)CZM]

For dual-band operation at fl and fz, let us consider elec-
trical lengths at the respective frequencies to be € and 0. Now,
from the behaviour of transmission lines, 8 + 6, = n, where n
is an integer. If 6 = 0 where, t = f,/f;, the expression reduces
to 0, + t; = nw. This enables determination of the electrical
length of the dual-band L-network in Equation (11). Here,
n€[l,2,3..).

nm
= 11
o= (11)

The real part of the admittance, Re{Y},,} = G, at both f;
and f5, is matched to Zg by another (source-side) APCL section
[ZEZa ZOZ) 62]

2.2 |
0,]

Conductance-matching line [Z,, Z,,

For the line to operate as a dual-band quarter-wave trans-
former, the impedance condition in Equation (12) must be
satisfied. The conditions in Equations (3) and (12) can be
simplified to obtain the design parameters as expressed in (13).
Here, K = Z 5/ Z.:

Zs
=422 12
i G (12)
2, /&
Zeor = . 13
714K (13)

The susceptance generated by this section, B, can be
calculated from Equation (10b) by replacing Z; with Zg and

[Ze1, Zo1, 04] with [Ze, Zop, 02, where 6, = m6; and
me(l,2,3...).
2.3 | Dual-band susceptance cancellation

stub

Susceptances By and B, are added and cancelled using a
dual-band susceptance cancellation stub, the parameters of
which are expressed in (2.3). Here, OC and SC are for
open circuit and short circuit stubs,
0s = pO; where p € [1, 2, 3...). As evident from Equa-
tion (14), the choice of stub—open or short—depends on
the sign of the sum of susceptances (B; + B,), with an
open stub for a positive value and a shorted stub for a

respectively, and

negative value:
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transformation ratio for different values of Z.; and

Z,; for different source impedances
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FIGURE 5 Values of t for £ = 0.2, and
corresponding line impedances for the set
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FIGURE 6 Minimum possible values of r for
k =9, and corresponding line impedances for the set
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(Bl + Bz)tanHS

3 | DESIGN EXAMPLE AND CASE
STUDIES

It is imperative to note that the impedance transformation
ratio (k) depends directly on the chosen set of [Z.1, Z,1] of the
APCL adjoining the load. Figure 3 is a graphical representation
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{120
1110
100

190

80

70

60

100 100
50 50

z,(© z, ()

of the maximum value of impedance transformation ratio (k)
that can be achieved theoretically when varying the design
parameters of coupled-line section [Z.1, Z,] within the fab-
ricable limits. This is shown for different values of source
impedances, keeping the case of interstage matching in
consideration, where the output impedance of a stage, being
the nominal source impedance of the next stage, can be a non-
50 Q real value. However, it is observed that for standard 50 €2
sources, a maximum impedance transformation ratio of 9 is
achievable.

While the design parameters of the coupled line [Z.1, Zo1]
determine the maximum achievable impedance transformation
ratio, the maximum achievable frequency ratio depends mostly
on the selection of [Ze, Z,,] and is studied in Figures 4
through 7. It is observed that with the choice of selection of
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z, ()

[Ze1, Zo1] from Figure 3, the impedance surfaces obtained by
increasing both transformation ratios (r and k) are within the
fabricable limits of [20-160 €] in microstrip technology. This
directly determines Z., and hence Z,, from Equation (13). It is
worth mentioning that the value of K in Equation (13) should
be chosen as around 0.8 or 0.9 for the coupled line to be
physically implementable. Figures 4a and 4b illustrate the
ability of the network to operate at high impedance trans-
formation ratios at two distantly separate frequency bands
(high 7). This is clearly denoted by the high impedance surface
generated at r = 15 for the two extreme values of k = 7 and
k = 9. Figure 5 depicts the lower limits of the achievable
impedance transformation ratio for high frequency ratio values.
The ability of the proposed network to operate at closely
spaced frequencies with contrasting load conditions is illus-
trated in Figures 6 and 7, where the former portrays a high
impedance transformation ability (b = 9) at two arbitrary
closely spaced frequencies, while the latter depicts the same
with severely low loading conditions (B = 0.2). From these
figures, it is evident that the proposed network is highly flexible
in terms of impedance and frequency transformation, with
both operating simultaneously. It is also imperative to note that
extending any one of the transformation ratios (r or k) towards
the upper/lower limit is not detrimental to the othet trans-
formation ratio and the matching conditions at the frequencies
of interest. Subsequently, few examples have been considered
that demonstrate simultaneous enhancement of the frequency
ratio and impedance transformation ratio. The cases and cot-
responding design parameters are listed in Table 1. The values
cleatly confirm fabrication ability for industrial use. Figure 8
illustrates the simulation results for the case studies from
Table 1.

To demonstrate the practical utility of the proposed
impedance-matching network, Cases 1, 2, and 5 from Table 1
are fabricated on RO4350 (e, = 3.68, loz Cu) and RO5880

[ FIGURE 7 Minimum possible values of r for

1160 k = 0.2, and corresponding line impedances for the

set

1140

1120

100

60

40

{|—e— Case-1
J|—— Case-2
]]—=— Case-3
—+— Case-4
J|—— Case-5

S- Parameters (dB)

“ 56 64 72 8
Frequency (GHz)

FIGURE 8 Simulation results for the vatious case studies

(e, = 2.2, loz Cu) and measured. Figure 9 illustrates the
fabricated prototypes along with the measurement setup for
the S parameter measurements. It is evident from Figures 10
through 12 that the measured results achieve perfect matching
at the two desired frequencies of interest under the specified
loading conditions. It is also worth noting that the proposed
design scheme is substrate invariant. As evident from the
experiment, a frequency-stable substrate (RO5880) has been
chosen for demonstration at higher frequencies, and the
measured results show a perfect match at the two desired
frequencies ( = 15). The circuits are compact in size, thus
contributing towards a lower form factor in applications such
as an energy harvester. To the best of the authors’ knowledge,
this is the highest practically implementable frequency ratio
obtained to date for a dual-band transformer with simulta-
neous impedance transformation ratio improvement. The next
section describes the application of the proposed impedance-
matching topology in designing a TPD.
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TABLE 1 Case studies for various frequency and impedance transformation ratios
Design parameters
Cases r (= /) k (= Z1/Zs) Zer () Zo1 (©) 61 (°) Zs (2) 05 () Zez () Zoz (£2) 92 ()
1 1.3 6 125 120 77.14 126.71 (SC) 231.42 60 51.8 77.14
2 9 0.3 30 24.7 18 15.95 (OC) 18 36.8 23.7 90
3 10 10 160 156.11 16.36 159.5 (SC) 81.82 160 156.11 81.82
4 15 0.1 23.71 21 11.25 22.27 (OC) 33.75 24.94 23 90
5 15 9 151 149 11.25 160.0 (SC) 78.75 151 149 78.75

Note: (a) The source impedance (Zs) is kept constant at 50 Q, and thus, a different k signifies a different load impedance (Z;). (b) Fundamental frequency f; is versatile, signifying

matching ability at arbitrary frequencies for the corresponding ratio 1.

Abbreviations: OC, open circuit; SC, short circuit.

FIGURE 9 Measurement setup for the impedance transformer and their dimensions in terms of guided wavelength (a) For = 1.33, k = 6.0, (W1 = 2.65;
L' =4.124,)@1.8 GHz (b) For r =9, k = 0.3, (W2 = 1.224¢; L* = 3.364,)@800 MHz (c) For =15,k = 9, (W3 = 1.25Ag; L= 1.354,)@400 MHz. Here (1.1, W1),

(L2, W2), and (L3, W3) are the lengths and widths of the fabricated prototypes in (a), (b), and (c), respectively

4 | APPLICATIONS OF DUAL-BAND
T-JUNCTION POWER DIVIDERS

radiation at two closely/distantly sepatated frequency bands.
This proves to be suitable in scenarios where isolation is not

necessary between the output ports, such as in energy harvesters.
The proposed impedance transformer can be utilised to imple- Figure 13 illustrates the proposed equal-split dual-
ment a TPD that divides/combines the power absotbed from band TPD  featuring

ultra-high

frequency

ratios
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FIGURE 10 Case-1: Measured versus EM results; fractional
bandwidth (=15 dB reference) = 19.4%@1.8 GHz and 16.6%@2.4 GHz
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FIGURE 11 Case-2: Measured versus EM results; fractional
bandwidth (=10 dB reference) = 125%@800 MHz and 5.5%@7.2 GHz
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FIGURE 12 Case-5: Measured versus EM results; fractional
bandwidth (=10 dB reference) = 50%@400 MHz and 5.0%@6.0 GHz
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FIGURE 13 Proposed T-junction power divider with ultra-high

transformation ratio
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FIGURE 15 S-parameter simulation results of the T-junction power
divider (for £ = 5 and r = 1.33)
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FAIAGURE 16 S-parameter simulation results of the T-junction power Frequency (G HZ)
divider (for £ = 0.2 and r = 15)
FIGURE 19 Measured results versus Electro-Magnetic (EM) for
0 / / 7 = 6.25, fractional bandwidth = 61.1%@900 MHz and 12%@5.0 GHz
-5
a developed from the theory discussed above . Conven-
"\U/ -10 tionally, the ports of a power divider have standard
2 15 50 Q terminations. The design presented here can load
8 the output ports (marked 2 and 3) to a high value.
L 20 +S 1 This is done to demonstrate the power division capa-
g bility, which is augmented with high impedance trans-
= -25 +SZl formation at extended frequency ratios. As the even-
[ -30 and odd-mode half-circuits are the same in a TPD, the
1 . . .
175} +S31 equations to determine the design parameters are the
-35 same as those discussed above.
_40 ELL1 lviai g TNy Figures 14 througb 17 illustrate different. S-parame.ter
responses of the designed TPD wunder various loading
0.1 0.6 1.1 7.1 7.6 8.1 conditions. The output ports are terminated to 250 and
Frequency (GHZ) 10 Q, denoting an impedance transformation ratio (k) of

FIGURE 17 S-parameter simulation results of the T-junction power
divider (for £ = 5 and r = 15)

FIGURE 18 Measurement setup for
the T-junction power divider (a) For 7 = 6.25,

5 and 0.2, respectively, while the frequency ratio (r) is
chosen to be as small as 1.33, extending up to 15. This
also demonstrates the simultaneous flexibility of impedance

(b)

(W1 =139 L' = 6.715)@900 MHz (b)

For r = 15, (W2 = 0.804g L* =
2.944,)@500 MHz. Here, (L1, W1) and (L2,
W2) are the lengths and widths of the

fabricated prototypes in (a) and (b), respectively
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FIGURE 20 Measured results versus Electro-Magnetic (EM) for
r = 15, fractional bandwidth = 100%@500 MHz and 8%@7.5 GHz

transformation ratios over a wide range of frequency ra-
tios in both the higher and the lower ranges. It is evident
from the case studies that the power divider equally splits
the input power in the two uncorrelated frequencies of
interest.

To validate the realisation of the proposed TPD, two
prototypes, illustrated in Figure 18, have been fabricated
on RO5880, and measurements have been performed. It
can be inferred from Figures 19 and 20 that the fabri-
cated dividers are a perfect match at the desired fre-
quencies of interest, which are widely apart within the

dividers add power equally from the two ports at the two
frequencies. It is noted that while a flexible ultra-high
achieved, the fractional
bandwidth is limited at the upper frequency band. This
comes as a trade-off for
operation of dual-band networks.

transformation ratio can be
simultaneous transformation
Although bandwidth
increment was not the scope of this research, the pro-
posed design scheme provides commendable bandwidth at
the lower band of interest and works perfectly fine for
narrowband applications. Table 2 presents a structural and
functional comparison of the proposed architecture with a
few state-of-the-art designs. It is evident that this design
approach advances the state of the art significantly and
has the potential to simultaneously enhance the frequency
and impedance transformation ratios.

5 | CONCLUSION

A new approach for the development of dual-band
impedance-matching netwotks and TPDs using APCLs
has been proposed. The design scheme facilitates a
wide range of frequency and impedance transformation
ratios. Rigorous mathematical and graphical analyses have
been performed to develop a mathematical model for
the design process. Based on the design model, three
impedance-matching networks and two power divider
prototypes have been fabricated and measured under a
wide range of loading conditions over a frequency range
spanning from 400 MHz to 8.0 GHz. It has also been
demonstrated that the proposed model is generic and

substrate-independent. Excellent agreement between the

spectrum. The values of the S, and S;; parameters are simulated and measured results validates the design
the same at —3.07 dB, and it is also verified that the theory.
TABLE 2 Comparison of a few state-of-the-art designs
Simultaneous
Frequency Impedance r & k Design Design Approx. Size (/lg) at
Ref. (Year) Technique used ratio (r) ratio (k) transform. flexibility complexity corresponding Freq.
[11] 2016 Coupled lines N/A (SB¥) 20 No Low Complex N/A
[19] 2019 Coupled lines 3.88 4.0 No Moderate Very simple (3.6424 x 1.64)@ 900 MHz
[20] 2019 Planar 2-7 0.2-10 No Low Moderate (1.38 Ag x 0.55,)@ 400 MHz
TL + coupled
line
[21] 2020 Cross shaped N/A (SB*) 0.1-40 No Moderate Simple (0.4724 x 0.422,)@2.4 GHz
structure
This work  All-pass coupled 1.2-15 0.2-9 Yes High Very simple (2.6505 x4.12),)@ 1.8 GHz; (1.25),, x
(2021) lines

1.3519) @ 400 MHz

Note: Ay guided wavelength.
“SB: single-band operation; N/A: not available.
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