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Abstract— In this paper, a generalized analysis and design
methodology of a dual-band branch-line coupler (BLC) is pre-
sented. The proposed design, although based on the prevalent
method of replacement of various arms of a single-band BLC
with an equivalent T-/Pi-network, simplifies the design approach
by only replacing either pair of arms and therefore provides
four distinct topologies. Closed-form design equations along with
insightful comments are reported for all the four topologies of
the BLC. A number of cases are investigated to demonstrate the
effectiveness of the proposed design for equal and unequal power
division ratio and band-ratio (= f2/ f1). As an application, a novel
dual-band crossover as a cascade of BLCs is also presented.
While investigating the limitations of previous designs, a strategy
to obtain the crossover with so far the widest band-ratio and
simple layout is also presented. An unequal power division dual-
band BLC and a dual-band crossover are designed which operate
at 1/2 and 1/4 GHz, respectively. These designs are validated from
the electromagnetic simulations and prototypes implemented on
RT/Duroid 5880 substrate.

Index Terms— Coupler, crossover, dual band, microstrip,
multiband, unequal power division.

I. INTRODUCTION

ABRANCH-LINE coupler (BLC) is a four-port
high-frequency device that is frequently used for

power combining/splitting. For example, they are widely used
in balanced amplifiers, mixers, beam-forming networks, and
antenna arrays [1], [2]. On the other hand, a crossover is also
a four-port matched device similar to a BLC. As is implied
by its name, two signal paths are allowed to cross each other,
ideally with infinite isolation by a crossover. A crossover
can also be interpreted as a 0-dB coupler and is used in
applications such as Butler matrix for antenna arrays [3].
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In recent years, dual-band/multiband and reconfigurable
components have been given a lot of attention due to their
potential use in cognitive/software-defined radios [4]–[14].
This has led to development of numerous dual-band BLCs
and crossovers [15]–[37].

The most common approach to design a dual-band BLC
is by the simple replacement of all the quarter-wave lines
of a single-band BLC with equivalent dual-band quarter-
wave blocks. The composite right-/left-hand transmission
lines (TLs) [15], Pi-network [16], [17], T-network [18],
recently reported modified T-network incorporating coupled
line [19], and stepped impedance with open/short stub
lines [20], [21] are a few examples of dual-band quarter-
wave blocks. These reported designs have either limited band-
ratio or complex design procedure or they provide a means
of obtaining only equal power division. A few modifications
to the Pi-network-based dual-band BLCs have also been
reported, for instance, in [22] to obtain tunablity around the
two frequencies, in [23] to generalize the same, and, recently,
in [24] to achieve arbitrary phase along with arbitrary power
division.

Another technique is to show a particular structure to be
a dual-band BLC; in this context, a coupled line-based BLC
was proposed in [25], and further improvements were reported
to get unequal power division [26], [27]. Similar approach
was also adopted in the design of a cross line coupler [28].
Examples making uses of coupled line are difficult to tune for
good performance at two frequencies due to inherent unequal
even/odd-mode velocities in microstrip technology [25], while
a larger area is required for the realization of a dual-band
coupler reported in [28].

More recently, some of the dual-band coupler design tech-
niques [13], [29] that are based on the impedance matching
concept employ the dual-band equivalent of the port extension
techniques [30], [31]. However, larger board size is often
required in this technique, especially when cascading, for
example, to achieve a wider bandwidth.

The dual-band crossover reported in [34] is a three-
section branch-line structure which needs larger area whereas
the crossover design reported in [35] has complex layout.
In fact, a modified version of window-shaped structure using

2156-3950 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



MAKTOOMI et al.: SYSTEMATIC DESIGN TECHNIQUE FOR DUAL-BAND BLC USING T- AND Pi-NETWORKS 785

a T-network [35] has been reported very recently which uses
an asymmetric Pi-network to get improved band-ratio [38].
However, the board layout is too complex owing to the
presence of eight stubs inside the window. Moreover, if the
stub length is taken as an integer multiple (for example, = 2)
of the usual length, as is sometimes required [14], then the
same cannot even be fabricated. A dual-band crossover as
cascade of two dual-band couplers reported in [36] and a
simplified two-section crossover [37] have limited band-ratio.

Traditionally, when a dual-band BLC is obtained by incor-
porating a T-/Pi-network, it is the single-band BLC of equal
length which is at the core and thus, replacement of all
the four arms is required in this procedure [14]. An inter-
esting and the first successful conversion of a single-band
BLC of unequal branch lengths into a dual-band BLC using
a T-network was presented in [32]. However, it is limited for
equal power division only. Furthermore, the paper does not
provide any logical discussion regarding replacement of only
one of coupler’s arm pair by a T-network which essentially
leads to problem in analyzing and estimating the performance
metrics of this design.

In this paper, a simplified systematic approach, which is
more generalized, to design a dual-band BLC and crossover
with unequal branch lengths is proposed. The key contribu-
tions of this paper are as follows.

1) A generalized theory of conversion of an unequal length
single-band coupler into a dual-band coupler utilizing
T-networks is reported with clear mathematical analysis
which is also duly backed by intuitive reasonings.

2) The developed generalized theory for an unequal length
dual-band coupler using a T-network has been for the
first time extended to an unequal length dual-band
coupler using Pi-networks. In this process, it is also
demonstrated that it is advantageous to use a T-network
for higher band-ratios whereas a Pi-network performs
better for lower band-ratios. In addition, it is also shown
that two dual-band coupler topologies, but equivalent
structures, are possible with a Pi-network.

3) Finally, strategy to design dual-band crossover using a
T-type network, with very high band-ratio is proposed.
In fact, by providing proper interpretation, correction
and modification of a previously reported crossover [36]
along with the proposed crossover structure, a strategy to
come up with a crossover having the widest band-ratio
so far and simple layout is presented.

Remainder of this paper consists of the review of a single-
band unequal length BLC in Section II, an elaborated dis-
cussion on possible structures of the proposed couplers in
Section III, and the implementation strategy of the proposed
dual-band crossover in Section IV. Section V provides dis-
cussion on simulated results. For demonstration purposes,
prototypes developed along with the measurement results are
presented in Section VI, whereas Section VII presents a few
concluding remarks.

II. REVIEW OF UNEQUAL LINE LENGTH COUPLER

An unequal length BLC is shown in Fig. 1, which has,
for example, Za and θa as the characteristic impedance and

Fig. 1. Single-band unequal length BLC.

electrical length of the horizontal TL sections, respectively.
The corresponding terms for the vertical TL sections are
Zb and θb. Port 1 is the input port whereas Ports 2 and 3
are the through and coupled ports, respectively, and Port 4 is
the isolated port. The power division ratio, α (0 < α2 < 1),
is defined such that

P2 = α2 P1 (1)

where P2 = power output through Port 2 and P1 = power
input to Port 1.

The conditions that the structure of Fig. 1 behaves as a
single-band BLC were discussed in [39]. In this context, the
parameters of the BLC can be expressed as

Za = αZ0√
α2 + (1 − α2) sin2 θb

(2)

Zb = αZ0√
1 − α2|sin θb|

(3)

tan θa = − Zb

Za
tan θb (4)

where Z0 is the port termination impedance.
With the help of (4), (2) and (3) can also be written in terms

of θa as follows:
Za = αZ0

|sin θa| (5)

Zb = αZ0√
sin2 θa − α2

. (6)

Advantage of this alternative representation shall be evident
shortly.

III. PROPOSED DUAL-BAND COUPLERS

The single-band BLC shown in Fig. 1 can be configured
to work as a dual-band BLC by making appropriate changes
in this structure. For this purpose, it is pertinent to consider
sinusoid function that is present both in (2) as well as in (3).
A half cycle of sinusoid is shown in Fig. 2. It is apparent that
sinusoid remains the same at θ and at π − θ . Therefore, for
example, if the vertical TLs are assigned electrical length θb

at f1 then its value should be selected in such a manner
that when the frequency changes to f2, the electrical length
becomes π −θb. This shall, ideally, guarantee the same perfor-
mance at the two design frequencies. For a nondispersive TL,
the electrical length (θ ) is proportional to frequency ( f ) [14],
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Fig. 2. Half cycle of a sinusoid. It has the same value at θ and π − θ .

and hence, one can write the following two equations for
vertical TL sections:

θb = k f1 (7)

π − θb = k f2 (8)

where k is some constant with unit of radian per hertz.
The parameter θb can be found by solving (7) and (8)

θb = π/(1 + r) (9)

where r = f2/ f1 is the band-ratio, and r > 1.
With θb defined, the other parameter of the vertical TL

sections, namely, Zb can be determined using (3) for a given
value of α.

Unfortunately, the horizontal TL section for a dual-band
BLC can no more be a simple TL shown in Fig. 1. It needs
to be configured appropriately for dual-band operation. This
statement can be mathematically justified as follows.

Since r > 1, it can be deduced from (9) that θb < 90°.
Furthermore, the characteristic impedance is always positive
and therefore Zb/Za > 0. Combining these two facts it can be
concluded that

Zb

Za
tan θb > 0. (10)

Now, since (10) holds true, therefore from (4), the following
expression can be deduced:

θa = π − tan−1
(

Zb

Za
tan θb

)
. (11)

Noting that any θ defined at f1 would become rθ at f2,
since electrical length is proportional to frequency, evaluation
of the left- and right-hand side of (4) at f2 results into the
following expressions:

L.H.S| f2 = tan θa| f2 = tan rθa

= tan

(
rπ − r tan−1

(
Zb

Za
tan θb

))
(12)

R.H.S| f2 = −
(

Zb

Za
tan θb

)
| f2 = − Zb

Za
tan rθb = Zb

Za
tan θb

(13)

where the fact rθb = π − θb has been used. Now, since L.H.S
is a function of r whereas R.H.S is independent of r , therefore,
in general, there does not exist a TL whose electrical length

Fig. 3. Dual-band BLCs incorporating T-network. (a) Design A: vertical arm
intact, horizontal arm replaced with a T-network. (b) Design B: horizontal arm
intact, vertical arm replaced with a T-network.

can be found from (4) for dual-band application. This claim
can also be supported logically as follows. At f1 (which is
the lower frequency), it can be inferred from (4) that because
of the presence of a negative sign in (4), θa will be greater
than 90° as θb < 90°. Therefore, at f2, θa will need to be
smaller than 90° considering that θb > 90°. Thus, it can be
seen that when θb is selected using (9), the resulting θa must
decrease with increase in frequency, an attribute not exhibited
by a nondispersive TL. Thus, there is a need to synthesize a
block which can satisfy (4). It has been widely reported that
T- and Pi-networks provide this possibility.

A. Synthesis Using a T-Network

The modified BLC, called design A, is shown in Fig. 3(a),
where the horizontal sections of Fig. 1 have been replaced
by equivalent T-networks consisting of TL segments having
characteristic impedance Zs and electrical length θs and the
middle arm admittances of jBs . Essentially, this T-network
behaves as a line having characteristic impedance Za and
electrical length θa as regulated by (2)–(4) and (9).

By equating the ABCD parameter of the T-network to that
of the original horizontal line, the following three equations
are obtained:

cos 2θs − 1

2
Bs Zs sin 2θs = cos θa (14)

Zs(sin 2θs − Bs Zs sin2 θs) = Za sin θa (15)
1

Zs
(sin 2θs + Bs Zs cos2 θs) = sin θa

Za
. (16)
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Fig. 4. Dual-band susceptance. (a) Open stub. (b) Short stub. (c) Combination
of open–short stubs.

Moreover, the following two equations can be obtained from
simplification of (14)–(16):

M = Zs Bs = 2[cos 2θs + √
1 − α2|cos θb|]

sin 2θs
(17)

Zs = Za

(
M +

√
M2 + 4 sin2 θa

2 sin θa

)

. (18)

Since Zs is ideally constant with frequency, it is apparent
from (17) that Bs just changes its sign as the frequency
switches from f1 to f2, if θs = θb. This type of admittance can
be realized with a dual-band susceptance using a short-circuit
or an open-circuit stub or a combination thereof, depicted
in Fig. 4 [40], [41].

The design equations for these dual-band susceptances are
summarized as follows:

ZSC = −cot θst

Bs
(19)

ZOC = tan θst

Bs
(20)

ZOCSC = tan2 θst − 1

Bs tan θst
(21)

where ZSC , ZOC, and ZOCSC are characteristic impedances of
stubs in three cases. The electrical length of these stubs θst is
selected as integer multiple of θs (usually equal to θs or 2θs)
to get a positive value for the impedances of stubs and this
depends on the sign of Bs [41].

So far, the strategy was to let vertical line remain a normal
TL and synthesize the horizontal ones with a T-network.
A reverse process can also be used, that is, to let horizontal
line remain a normal TL and synthesize the vertical ones with
a T-network, as shown in Fig. 3(b). This structure is being
called design B. Here comes the use of the alternative expres-
sion given in (5) and (6). It is apparent that in a manner similar
to the previous case, θa can now be selected as

θa = π/(1 + r). (22)

Repeating the above procedure of equating the ABCD
matrix of a T-network, now with that of the vertical line,

Fig. 5. Dual-band BLCs incorporating Pi-network. (a) Design C: vertical arm
intact, horizontal arm replaced with a Pi-network. (b) Design D: horizontal
arm intact, vertical arm replaced with a Pi-network.

the following results ensue:

N = Zs Bs = 2[cos 2θs + |cos θa|/
√

1 − α2]
sin 2θs

(23)

Zs = Zb

(
N +

√
N2 + 4 sin2 θb

2 sin θb

)

(24)

where θs = θa and, again, dual-band admittances can be
realized with the help of (19)–(21).

B. Synthesis Using a Pi-Network

The proposed design C is shown in Fig. 5(a). To obtain
this configuration, each vertical line of the conventional BLC
is replaced by Pi-network. A Pi-network consists of a trans-
mission line segment having characteristics impedance Zs and
electrical length θs and two side arms having admittances of
jBs each. The idea once again is to achieve dual-band func-
tionality in terms of characteristic impedance and electrical
length given by (2)–(4) and (9).

For the case shown in Fig. 5(a), equating the ABCD matrix
of a Pi-network with that of the horizontal line of the BLC,
the following two equations are obtained:

cos θs − Bs Zs sin θs = cos θa (25)

Z2
s

1 − B2
s Z2

s + 2Bs Zs cot θs
= Z2

a . (26)
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Fig. 6. Proposed dual-band crossover using the cascade of two dual-band
BLCs of Fig. 3(a).

Solving (25) and (26), the following design equations are
obtained:

Zs =
√

(1 − α2)Zb = αZ0

|sin θb| (27)

Bs = 1 + √
1 − α2

Zs
cot θs =

(
1

Zs
+ 1

Za

)
cot θb (28)

where θs = θb.
Similarly, for design D shown in Fig. 5(b), the following

design equations can be obtained:
Zs = Za/

√
(1 − α2) = αZ0√

(1 − α2)|sin θa|
(29)

Bs = 1 + 1/
√

1 − α2

Zs
cot θs =

(
1

Zs
+ 1

Za

)
cot θa (30)

where θs = θa .
A few important comments regarding the prospects of

synthesis using a Pi-network are as follows.
1) Bs can again be realized using open or short stub with

the design equations given by (19) and (20).
2) The combination of open–short stubs of Fig. 4(c) may

not be useful in this case due to challenges in layout.
3) Interestingly, Zs (Zb) of design C has the same expres-

sion as that of Za (Zs) of design D. Also, from (28)
and (30), it is apparent that the final expression for Bs

is the same for designs C and D. This point has a
very important implication which will be apparent in
the subsequent sections.

IV. DUAL-BAND CROSSOVER

It is well known that cascade of two BLCs can be used to
construct a crossover [33]. This concept was used in [36] to
design a dual-band crossover in which two dual-band BLCs
like that shown in Fig. 5 were used. However, as shall be
evident in the simulation section, the band-ratio is substantially
larger if T-type BLCs (design A) are used. With this fact,
the proposed crossover is shown in Fig. 6. The characteristic
impedance of the common TL (seen in the middle) is halved
and equals Zb/2, as they are the parallel combination of TLs

Fig. 7. Variation of characteristic impedances with band-ratio for design A.

Fig. 8. Variation of characteristic impedances with band-ratio for design B.

having characteristic impedances of Zb. It is also important
to note at the outset that the T-type BLCs (design B) for
crossover design should be avoided. The next section provides
an elaborated discussion on this aspect.

V. SIMULATION AND DISCUSSION

In the first set of simulations, the T-network-based coupler
with equal power division (α2 = 0.50) is considered. Charac-
teristic impedance is assumed to be limited within the range
from 20 to 150 �. Fig. 7 shows the impedance variation for the
TL sections of design A. The band-ratio range over which one
can get realizable values of various TL sections is indicated
by arrows. It is clear from Fig. 7 that with the choice of using
open or short stubs or a combination thereof, on the higher
side, the band-ratio ranges from 2.3 to 4.8. On the lower side,
the band-ratio lies between 1.7 and 2.1. There is a gap, ranging
from 2.1 to 2.3, where the required characteristic impedance
for any type of the stubs is beyond 150 �.

At this moment, therefore, it is imperative to look at
the other alternative, namely, design B, whose characteristic
impedance variation is given in Fig. 8.

The value of Zs shoots up rapidly in this case and the reason
for such a behavior could be inferred from (2), (3), (5), and (6).
Apparently, the denominator of neither (2) nor (3) equals zero
for θb < 90° and 0 < α < 1. This situation is, however,
different in the alternative form (6), where denominator of Zb

does move toward zero when θa approaches toward 45°
(i.e., r = 3), and hence, the stub characteristic impedance Zs

related to Zb by (24) rises sharply. It can be identified from
Fig. 8 that the band-ratio ranges from 1.5 to 1.75 and 1.95
to 2.2 in this case. Thus, with the choice of being able to
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Fig. 9. Variation of characteristic impedances with band-ratio for design C.

Fig. 10. Variation of characteristic impedances with band-ratio for design D.

use both the possible structures (i.e., designs A and B), this
type of coupler can work seamlessly over the band-ratio range
1.5–4.8, with an exception of 2.2–2.3.

If the upper limit of impedance is assumed to be 120 �
instead of 150 � [18], then the achievable band-ratio changes
to slightly smaller values of 1.5–4.1, with a gap between
2.1 and 2.3. Compared with this, [18] has band-ratio of only
1.25–2.85 and apparently requires larger size as the integer m
defined in [18] ranges from 1 to 6.

Similarly, Figs. 9 and 10 show the impedance variation for
TL sections of Pi-network-based couplers of designs C and D,
respectively (α2 still equals 0.50). Comparing Figs. 9 and 10,
it can be observed that as noticed during analysis, Zs (Zb) in
Fig. 9 has the same profile as that of Za (Zs) in Fig. 10.

Also, ZSC /ZOC are the same in both the cases as Bs remains
the same for both the cases whether one synthesizes the
horizontal or vertical lines of the BLC using a Pi-network.
This is in stark contrast to the impedance profile exhibited
by the TL section of the BLC realized using a T-network.
Intuitively, this contrast can be attributed to the fact that the
stubs in Fig. 5, whether produced by the vertical line or the
horizontal Pi-networks, belong to the ports (corners), whereas
the stubs in the case of the T-network of Fig. 3 belong to the
arms.

It can also be seen in Figs. 9 and 10 that the band-ratio
in this case ranges from 1.35 to 3.5 and it is similar to
[16, Figs. 5 and 6].

In fact, the earlier reported design of a dual-band
coupler [16] can be considered as a special case, with equal
power division, i.e., α2 = 0.50, of the design scheme reported

Fig. 11. Variation of characteristic impedances with band-ratio for design A
with α2 = 0.6.

in this paper. The reported work here is more generic and
is capable of providing design strategy for unequal power
division as well.

Furthermore, the term fractional bandwidth δ defined in [16]
can be expressed in terms of band-ratio r as δ = (r − 1)/
(r + 1).

From the above discussion, it can be concluded that with
the choice of synthesis using a T- or Pi-network, and short,
open, or combined type of stubs, the overall band-ratio in
the range 1.35–4.8 can be achieved. It can also be inferred
from the above discussions that the use of a Pi-network
(designs C and D) is appropriate for lower band-ratio syn-
thesis while a T-network with the horizontal line replacement
should be favored (design A) for relatively higher band-ratio
synthesis.

Furthermore, a quick simulation reveals that the phase
shift (90°) differs in sign at the two frequencies for
design B, and this behavior is similar to the coupler
reported in [26]. However, due to the rapid variation of
Zs for design B, this particular structure shall not be
discussed further. Therefore, in subsequent discussions T-
network based BLC refers to the configuration shown in
Fig. 3(a), that is, design A. Similarly, since both the
Pi-network BLCs of Fig. 5 are similar, only the BLC shown
in Fig. 5(a) (design C) shall be discussed.

Now, the ability of the proposed structure for unequal power
division (α2 > 0.5) is explored. To that end, Figs. 11–13
show the impedance variations for α2 = 0.6, 0.7, and 0.80,
respectively, for design A. It can be observed in these plots that
the T-network-based formulations for design of a dual-band
coupler are indeed capable of unequal power division. How-
ever, it is also clear that the achievable band-ratio decreases
with the increase in power division ratio. The reason can be
deduced from (3), where

√
(1 − α2) decreases with increase

in α2, since 0 < α2 < 1, whereas α increases with increase
in α2.

The plots in Figs. 14–17 depict the impedance variation
for design C, for α2 = 0.6, 0.7, 0.8, and 0.85, respectively.
Comparison of the results in Figs. 14–17 with those in
Figs. 11–13 reveals that the available band-ratios in the case
of Pi-network-based BLCs (design C) are continuous, ranging
from 1.35 to 3.3 for α2 = 0.80. Finally, it is evident from
Figs. 14–17 that the band-ratio decreases even for design C
with the increase in α2.
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Fig. 12. Variation of characteristic impedances with band-ratio for design A
with α2 = 0.7.

Fig. 13. Variation of characteristic impedances with band-ratio for design A
with α2 = 0.8.

Fig. 14. Variation of characteristic impedances with band-ratio for design C
with α2 = 0.60.

Fig. 15. Variation of characteristic impedances with band-ratio for design C
with α2 = 0.70.

It is important to note that the junction discontinuities, end
effects in the open stubs, and via in the short stubs will cause
departure from the ideal behavior of the proposed designs.
And, therefore, tuning/optimization may be required during the

Fig. 16. Variation of characteristic impedances with band-ratio for design C
with α2 = 0.80.

Fig. 17. Variation of characteristic impedances with band-ratio for design C
with α2 = 0.85.

Fig. 18. Ideal and EM simulated performance of a 3-dB BLC (design A).
(a) S-parameters. (b) Phase difference.

final implementation. As an example, Fig. 18 depicts the ideal
and optimized electromagnetic (EM) simulation performance
of a 3-dB coupler, design A, for r = 1.85. For this design:
Zb = 56.04 �, ZS = 26.28 �, and θb = θs = 63.16°. The
middle arm admittances are realized using open–short com-
bination stubs having ZOCSC = 24.27 � and θst = 126.32°.
As the values of impedances are low, an alumina substrate with
εr = 9.9 and 35 μm copper is assumed for EM simulation.
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Fig. 19. Variation of halves of the characteristic impedances assuming the
minimum realizable impedance to be 30 �, with Pi-network.

Fig. 20. Variation of halves of the characteristic impedances assuming the
minimum realizable impedance to be 20 �, with Pi-network.

In this case, the EM simulated transmissions S21/S31 are
−3.28/−3.2 dB at f1 and −3.43/−3.37 dB at f2.

Next, to investigate the performance of the proposed
T-network dual-band crossover, initially the Pi-network-based
crossover presented in [36] is considered. As mentioned ear-
lier, the crossover shown in [36, Fig. 2] is cascade connection
of two BLCs shown here in Fig. 5. Therefore, the plots in
Figs. 9 and 10 along with the results shown in Fig. 19,
where halves of characteristic impedances are plotted, are
considered for comprehending the reported crossover in [36].
Subsequently, the following two inferences can be drawn for
Pi-type crossover reported in [36].

1) The highest range of band-ratio deduced in [36] is 2.96.
However, this is misleading as [36, Fig. 7] does not
consider halves of characteristic impedances. Consid-
ering 30 � to be the minimum realizable impedance
as assumed in [36], crossovers cannot even be realized,
at all, since according to Fig. 19, Zb/2 begins to increase
above 30 � when the stubs are not realizable. In contrast,
for the minimum allowable impedance of 20 �, the
maximum band-ratio is around 2.5 as shown in Fig. 20.

2) The minimum band-ratio in [36] was limited to 1.71
due to the adopted design strategy. For realization of
crossover with smaller band-ratio, the Pi-network-based
dual-band coupler design strategy, utilizing short stubs,
proposed in this paper can be used. It is evident from
Figs. 9 and 20 that the minimum band-ratio could be
1.35 in such a situation.

The capability of the proposed dual-band crossover shown in
Fig. 6 can be studied from Figs. 7 and 21. It is clear that

Fig. 21. Variation of halves of the characteristic impedances assuming the
minimum realizable impedance to be 20 �, with T-network.

Fig. 22. Fabricated BLC design C prototype with α2 = 0.60.

the impedance Zb/2 of the middle arm of the crossover can
still be realized. Apparently the band-ratio of the crossover
also ranges from 2.3 to 4.8 on the higher side. Therefore,
it would a good strategy to use the modified crossover, with
Pi-structure discussed above, for smaller band-ratios and the
proposed crossover with T-structure for the larger band-ratios.
Combined together, these two designs offer simple layout with
a band-ratio ranging from 1.35 to 4.8, the highest reported in
the literature.

VI. PROTOTYPES AND MEASUREMENT

To experimentally verify the presented concepts, two
prototypes are fabricated on RT/Duroid 5880 (substrate
εr = 2.2, substrate thickness = 1.575 mm, and copper
cladding = 35 μm).

The first prototype, depicted in Fig. 22, is the Pi-network-
based dual-band BLC [Fig. 5(a), design C] with α2 = 0.6
(i.e., for unequal power division). The two design frequencies
are assumed to be f1 = 1 GHz and f2 = 2 GHz. Using the
formulas discussed previously, the design values come out to
be Zb = 115.47 �, ZS = 51.64 �, and θb = θs = 60°.
The side arm admittances are realized using open stubs with
ZOC = 107.05 � and θst = 60°. The corresponding EM
simulation results and the measured results are compared
in Fig. 23. Isolation and return loss are better than −30 dB,
whereas transmission S31 is −7.4 and −7 dB and they are
slightly off from the ideal value of −6.9 dB. This structure was
optimized for correct differential phase of (S21–S31) as this is
important in realization of crossover by cascading technique.
The measured differential phase is 90.2° and 90.3° at the
two frequencies and could be categorized as extremely well
behaved.
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Fig. 23. Simulated and measured results of the fabricated BLC. (a) Matching
and isolation parameters. (b) Transmission parameters. (c) Phase difference.

The second prototype, depicted in Fig. 24, is the T-network-
based dual-band crossover discussed in Section IV. For the first
time, a dual-band crossover with such a simple layout is being
reported. The two chosen design frequencies are f1 = 1 GHz
and f2 = 4 GHz. Once again, using the formulas discussed
previously, the calculated design values are Zb = 85.06 �,
ZS = 113.71 �, and θb = θs = 36°. The side arm admittances
are realized using open stubs with ZOC = 44.59 � and
θst = 36°.

It is important to consider two points for this design. First,
although the electrical length of lines having characteristic
impedance of Zb and Zb/2 are the same, their physical dimen-
sions will differ from each other slightly considering that they
are functions of electrical length as well as the characteristic
impedance. Thus, to make the layout simpler, the final device
was optimized to make their lengths equal. Second, usually
the four stubs should be folded to set the same into the
inside vacant spaces of the crossover, but in this particular
example, the conductors were thick so it was not attempted.
The simulated and measured results for the crossover are
shown in Fig. 25. It is apparent that S11, S41, and S21

Fig. 24. Fabricated dual-band crossover prototype.

are better than −15 dB. The transmission S31, which should
ideally be equal to 0 dB, is −0.4 and −1.1 dB in this case.
However, these are around the acceptable limits of −1 dB
reported earlier [35]. In addition, the relatively higher devia-
tion in the proposed design could also be attributed to the fact
that (9) and (22) were derived assuming the electrical length
to be proportional to frequency (all the dual-band designs
reported in the literature whose solutions are similar are based
on this assumption as well). However, in practice, it is not
the case as the effective dielectric constant itself is frequency
dependent [42]. The phase � S31 is found to be 87° and 89° at
two frequencies as shown in Fig. 25(c). It is also to be noted
that like the existing literature [34]–[38], the proposed design
also does not incorporate 50 � connecting lines at all four
ports. The reason is that, unlike a coupler where differential
phase is important, in crossover absolute � S31 is important.
Thus, adding any length to the port in case of crossover would
cause � S31 to be different from the ideal value of 90°.

It is also interesting to note that the characteristic of the
proposed dual-band crossover is narrow band, much like that
reported in [35]. Just to compare, a crossover is designed using
the proposed method for r = 1.9, with the design parameters
as Zb = 56.59 �, ZS = 28.03 �, and θb = θs = 62.07.
The side arm admittances are realized using short stubs with
ZSC = 26.74 � and θst = 62.07°. The simulated result
is shown in Fig. 26. A comparison of this result with the
result shown in [35, Fig. 6(a)] reveals that the bandwidth of
the crossover is comparable and better than the one reported
in [35]. This observation is also true for the proposed dual-
band couplers. In fact, this also confirms the observation
made in [39] that BLCs based on unequal branch length are
inherently narrow band in nature.

Comparison of the proposed dual-band crossover scheme
with some recently reported works on dual-band crossover is
given in Table I. Layout complexity is an important parameter
for crossover as usually these are larger in size than BLCs.
Higher complexity in the layout is marked with more number
of asterisks in Table I. It is emphasized that the achievable
band-ratio of the proposed scheme is the highest among
the reported designs when layout simplicity is considered.
Furthermore, the length of various arms in the different
crossover structures reported in the state-of-the-art is given
by the same formula as (9)/(22), and hence, a convenient way
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TABLE I

COMPARISON OF DUAL-BAND CROSSOVER WITH CURRENT STATE-OF-THE-ART

Fig. 25. Simulated and measured results of the fabricated crossover.
(a) Matching and isolation parameters. (b) Transmission parameters. (c) Phase.

to compare different designs is in terms of θb. There are two
possible sizes in the proposed crossover scheme as there are
two possible cases, namely, Pi-type and T-type. Also, the size
mentioned for the proposed crossover with a T-type BLC is
based on the assumption that normally the stubs could fit inside
the vacant spaces.

Fig. 26. Simulation results of the proposed crossovers example at 1/1.9 GHz.

VII. CONCLUSION

A single-band unequal branch length coupler was investi-
gated and a generalized formulation for the design of its dual-
band version was obtained. Furthermore, it was shown that
four different configurations of a dual-band coupler result from
such a formulation. Each of these configurations was analyzed
to assess their capability in terms of power division ratio and
band-ratio. It is concluded that by having option of realizing
any of these configurations, a wide range of power division
and band-ratio could be obtained. Moreover, for the first time,
technique to design a very wide frequency ratio crossover
having simpler board layout was implemented to show the
viability of the proposed techniques. A challenge in the dual-
band design for a wide frequency ratio crossover was also
identified, namely, the variation of effective dielectric constant
with frequency, which causes the performance at the two
frequencies to deviate from the ideal. An inherent limitation
of the proposed technique is narrow bandwidth owing to the
use of unequal branch lengths.
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