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Abstract—In this paper, a coupled-line based dual-band branch-line coupler with port-extensions is
presented. The configuration of the coupler consists of a single coupled-lines section, two transmission
lines, and an easy to analyze L-section impedance matching network at all four ports of the coupler.
A detailed theoretical analysis is carried out to obtain the closed-form design equations to determine
the design parameters of the coupling structure. It is observed that the proposed dual-band coupler
can support wide band-ratio and arbitrary power division. To validate the proposed design concept, a
prototype working at 0.9 GHz and 1.8 GHz is fabricated on a 60 mil Rogers 4003C substrate exhibiting
excellent match between the simulated and measured results.

1. INTRODUCTION

Branch-line coupler (BLC) is one of the fundamental blocks in the field of microwave engineering [1].
Multi-band operation of a BLC enables its spectrum aggregation capability [2,3] which is a primary
technique to ensure real-time high-speed communication.

Conventional single band BLCs are implemented using quarter wavelength long branches resulting
in spurious responses only at the odd harmonics of the fundamental frequency [1]. In contrast,
multi-band designs are implemented by adding additional stubs [4] and half-wavelength sections [5]
to the conventional structure, modifying the coupled-lines structures [6] or some other unique BLC
structures [7,8], by port-extension techniques [9-11], etc. Over the years, numerous works have been
reported on different aspects of dual-band coupler performance, for example, bandwidth control [12] and
enhancement [13], miniaturization [14], wider band-ratio support [15], arbitrary port impedance [11],
and arbitrary power division [9-11, 16, 17].

For any dual-band coupler, two major design criteria are the band-ratio and arbitrary power
division. All of the dual-band branch-line couplers mentioned in the literature either achieve a wide
band-ratio [15] or support arbitrary power division [9-11,16,17]. In practice, a combination of both
of these capabilities in a single structure would be useful in the design stage of a complex structure.
Therefore, in this paper, a novel coupled-line based dual-band branch-line coupler is proposed to attain
wider band-ratio range and arbitrary power division capability at the coupled and through port of the
coupler.

This paper will begin with developing the design theory of the proposed coupler. Then, a prototype
following the proposed circuit topography is fabricated and measured for comparison with the simulated
response of the coupling structure. Finally, a comparison table of state-of-the-art port-extended BLCs
is presented to demonstrate the novelty of the proposed structure.
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2. DESIGN OF PROPOSED DUAL-BAND PORT EXTENDED COUPLED-LINES
COUPLER

In Fig. 1, we have proposed a special type of branch-line coupler where the vertical transmission line
sections of a conventional branch-line coupler are replaced by a single coupled-lines section having even
and odd mode impedances Z, and Z,, respectively. The electrical length of the coupled transmission
line is 26. Horizontal transmission line sections have a characteristic impedance of Z; with the same
electrical length of 20. The configuration has two axes of symmetry X X’ and YY’. Based on these
axes of symmetry, four different configurations of even-odd mode circuits are shown in Figs. 1(b)—(e).
The variable Y denotes the characteristic admittance of the transmission line which is inversely related
to the Z variables. Hence, Y. =1/Z., Y, =1/Z,, Y; = 1/Z;. Equivalent admittances for each even-odd
mode circuits can be derived as

Yee = j(Yitanf + Yo tan0) = jY; (1)
Yeo = j(—Yicotf + Y, tan6) = jY; (2)
Yoe = j(Yitan0 — Yo cot ) = jY3 (3)
Yoo = j(=Yicoth —Y,cot0) = jYs (4)

Here, j = v/—1. Equivalent admittances Yee, Yeo, Yoe, and Y, are complex quantities having imaginary
values of Y7, Yy, Y3, and Y3, respectively.
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Figure 1. (a) Core of the coupled-lines based dual-band branch-line coupler and equivalent circuit
configurations of the proposed coupler under the even- and odd-mode excitation: (b) even-even, (c)
even-odd, (d) odd-even, (e) odd-odd.

According to [18], the equivalent input admittance looking at any port of the coupler of Fig. 1(a) is
denoted by Y.q = Geq + jBey. Here, Gy and B, are the equivalent input conductance and susceptance
of the coupler, respectively. Their expressions can be derived as

YoY3 - Y1Yy
Beq - (5)
Yo+ Y3 —-Y1 -V,
Geqg = \/Beq (V1 +Yy) —V1Yy - B, (6)

Once the value of Y, is calculated using Eqgs. (5) and (6), dual-band port-extended impedance matching
networks can be implemented to realize a functioning dual-band coupler. It follows from Eq. (6) that
to make G, a positive real value, the following inequality must be met

(Beg — Y1) (Beg — Y1) <0 (7)
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In a dual-band design, the electrical length and design frequencies are interdependent [9]. If the two
design frequencies are f; and fo, where fo > f1 and the dual-band frequency-ratio is r = fa/f1, then
for a dual-band operation, the electrical length 6 at fi can be obtained as

mm
0|, = 8
’fl 147 (8)

Equation (9) gives the value of 6 at fy as

Here m can be any integer value. The relation of 6 at fi and f2 given in Eq. (9) dictates the complex
conjugate relationship in Egs. (1)—(6). In other words,

qu|f1 = qu*|f2 = G6q|fl +jB€¢1|f1 = Geq‘f2 _jBeq|f2 (10)

Equations (6) and (5) are plotted in Fig. 2(a) and Fig. 2(b), respectively. Both the plots validate
Eq. (10) by showing that for a fixed set of Z., Z,, and Z;, G, has an even symmetry whereas B,
has an odd symmetry with respect to the same asymptote at § = 90°. The ratio of So; and S3; of the
coupler is related to the power division parameter k, (k > 0) as below

So1 = jkSa (11)

Here, 20 log(k) denotes the power division ratio in dB. The definitions of S2; and Ss3; for a symmetrical
four-port network reduce to the following [10]

—_

So1 = (Fee - 1100) (12)

2
1
S31 = 5 (Fee + Foo) (13)

Here, the reflection coefficients for the even-even (I'c.) and odd-odd (I',,) cases are given by

_ }/eq - Yee qu#< _ |}/eq‘2 - }/eequ*

Tee = o2 = (14)
Y;fq + Yee qu |Yveq| + Yveeyveq
o Yveq - Yvoo }/;q* o ‘Yveq’2 - Y'ooyveq*

Too = -5 =L (15)
Yveq + YOO Y:fq |Yqu + Ybo%q
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Figure 2. Plot of (a) G¢q and (b) Beg versus 0 for Z. =802, Z, = 6012, and Z; = 45, according to
Egs. (6) and (5), respectively.
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Now using Egs. (12) and (13) in Eq. (11), the power division ratio can be derived as
521 o Fee = Too

R ) 16
S3l Fee + T'oo J ( )
Using Eqgs. (14) and (15) into Eq. (16) yields:
eq (Yo — Y]
Geg (Y2 — Y1) =k (17)
(GZ + BZ) — Beq (Y2 + Y1) + Va1
Gegq (Yo = Y1) = kGZy = k (Beg = Y1) (Beg — Ya) (18)

For any value of k, both sides of Eq. (18) must be equal which requires the computation of Egs. (1)—(6).
According to Eq. (8), once the frequency ratio r is selected, the electrical lengths of all the transmission
lines are known. The only variables to be considered are Z., Z,, and Z;. The choices of Z, and Z, values
are limited by the realizable width and separation of the coupled-lines, whereas Z; can take any values
from 20 2-120 €2 depending on the microstrip line technology. The process of calculating the values of
these three variables is described in the flow chart of Fig. 3. Using the flowchart with an appropriate
value of Z., Z, pair and known values of k and r, the value of Z; can be calculated so that the obtained
solutions always satisfy Eq. (18). For £k = 0dB (equal-power division case), Fig. 4(a) shows the plot
of Z; with respect to r, and it ranges from 472 to 672 for different values of (Z,, Z,) pairs. Fig. 4(b)
plots calculated G¢q and By, using Eqgs. (6) and (5) for different (Z., Z,) pairs with respect to frequency
ratio r. It is apparent from Fig. 4(b) that as the value of r increases, G¢, decreases and converges to
a lower value whereas B, at first decreases, reaches a minimum, and then increases. This indefinite
increase of B, limits the use of port impedance matching network (IMN) at each input port of the
core of the coupler shown in Fig. 1. The purpose of IMN is to match the resulting Y, from Egs. (5)
and (6) to port termination impedance, Z, (normally equal to Zy = 502). From the plot of Fig. 4(b),
it is evident that the IMN must be capable of transforming this wide range of Y, to port termination
impedance, Z,. As r increases, different IMN configurations need to be considered to match the ports
to the core of the coupler. In this paper, a simple L-section matching network is employed, shown in
Fig. 5, to match the complex valued admittance, Y4, to real valued port termination impedance, Z,.
The (Z1,61) line transfers Y, to Ye, using Eq. (19) where Z,, is given in Eq. (20).

YVe:p = Gez +jBez =

7. (19)

@ﬁ/ Assume r, k /L>| Calculate 8 using (8) |

——" Asumez, &——" AswmeZ.z,
v
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Figure 3. Flow chart for designing the core of the coupler.
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Figure 4. (a) Calculated values of Z; supporting (18) for different Z., Z, pairs. (b) Calculated values
of real and imaginary parts of core admittance Y, using the values of Z; obtained in Fig. 4(a). These
plots are for k£ = 0dB.
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Figure 5. Proposed port-extended dual-band coupler.

Req +j (Xeq + Zla)
(Z1 — Xeqa) + jReqa
Req (1 + a2)

Req + (Xeq + Zla)

Zez = Zl

(20)

Here, a = tan(f;). For dual-band operation, the value of #; is determined using Eq. (22) which is

similar to Eq. (8), and p can be any positive integer. The purpose of the characteristic impedance Z;

is to transfer Y, to Y, so that its real part G, given in Eq. (21) becomes equal to port termination

admittance, Y, (= 1/Zp). This leads to a quadratic equation in Z; as given in Eq. (23).
pw

147

a’Z} +2XeqaZ1 + [R2, + X2, — ZpReq (L+a%)] =0 (23)

O1ly, = (22)

A realizable solution of Z; from Eq. (23) will equalize G, to the port admittance Y,. The remaining
susceptance can be calculated using Eq. (24). The stub admittance Y; should be able to cancel
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this remaining B.,. This capability depicts the performance of IMN in transforming Y., to Z,.
To incorporate design flexibility, the stub can either be short or open-circuited with characteristic
impedance Z;. For dual-band operation, the value of 6 is limited by Eq. (25) where ¢ can be any
integer value. The characteristic impedance Z; is calculated using Eq. (26) from the values obtained in
Egs. (24) and (25).

- R2.a— (Z1 — Xeqa) (Xeg + Z10)

Bey 5 (24)
Z [qu + (Xeg + Z10) ]
qm
HS’fl - 1+7“ (25)
| —tan(fs) /Bes; open stub
Zs = { cot (0s) /Bex; shorted stub (26)

A summary for the design flow is shown in the flowchart of Fig. 6(a). A combination of flowcharts
shown in Fig. 3 and Fig. 6(a) is used to obtain a set of design parameters, namely, (Z., Z,) pair, Z;, Z1,
and Z; for different r and k values for the novel port-extended coupling structure shown in Fig. 5. The
novelty of the structure is two-fold. It supports an extremely wide range of both frequency ratio, r, and
power division ratio, k. To show this wide supporting range, a set of plots and tables are generated. At
first, the value of k is fixed at 0dB, and the calculated design parameters are plotted in Fig. 6(b) with
respect to dual-band frequency ratio, r. It is evident from the plot that for k¥ = 0 dB, the port-extended
branch-line coupler supports the dual-band ratio of 1.5-8.

oving T -
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Figure 6. (a) Flow chart for calculating design parameters for the configuration shown in Fig. 5. (b)
Plot of required characteristic impedances (Z;, Z1, and Zs), (Z., Z,) pair, for different electrical lengths
defined by (8), (22), and (25) respectively. The value of m and ¢ are kept at 1 whereas p varies from 1
to 3 to reduce the overall size of the structure for £ = 0dB.

Table 1 displays the calculated design parameters for extreme band-ratio cases. It dictates the
capability of the proposed coupling structure in supporting high r and k£ values. For example, the first
row of the table is for » = 1.5 where all the design parameters are in practical range for different k values,
namely, 2dB, 8dB, and 11.76 dB. It is also clear that, for K = 2dB, the proposed coupler supports the
r value of 1.5-7. For k = 8dB, the r value ranges from 1.5 to 11 whereas for kK = 11.76 dB, the r value
ranges from 1.5-12.

3. SIMULATION AND MEASUREMENT RESULTS

To validate the proposed design concept for the port-extended branch-line coupler, a prototype has
been designed, simulated, and fabricated using the proposed design configuration. A dual-band port-
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Table 1. Calculated design parameters m, (Z., Z,) pair, Z;, p, Z1, q, and Z, for different r values at
k =2dB, 8dB, and 11.76 dB.

ro | k[dB] | m | (Ze, Zo) [ | Z: [ | p | Z1 [Q] | Stub type | ¢ | Zs [©]
2 | 1| (100,80) | 5255 |1| 27.94 | Open | 1| 77.44

15| 8 | 1| (100,80) | 3199 [1| 2341 | Open |1 | 87.71
11.76 | 1 | (100,80) | 21.97 | 1| 19.80 | Open |1 | 86.28

2 | 1] (100,90) | 5897 [1| 4830 | Short |1 | 108.78

3 8 | 1| (100,80) | 33.05 |1 5205 | Open |1 |127.29
1176 | 1 | (100,80) | 22.35 | 1| 44.69 | Open | 1| 69.98

2 | 1| (100,80) | 5836 |3 | 2224 | Short | 1] 92.71

7 8 | 1| (100,80) | 34.05 |3 | 22,70 | Short |2 |109.01
1176 | 1 | (100,80) | 22.80 | 2| 22.16 | Open | 1| 28.58

| 8 [ 1] (10080) [3428 [2] 2180 | Open |2 2040
1176 | 1 | (100,80) | 22.91 |2 | 22.66 | Open |3 | 25.72
121176 | 1| (100,80) | 2292 [2] 2333 | Open |3/ 20.25

extended branch-line coupler prototype working at 0.9 GHz and 1.8 GHz (r = 2) with equal-power
division (k = 0dB) at the through (port 2) and coupled port (port 3) of the coupler is fabricated on
a Rogers 4003C board. The substrate has a dielectric constant of 3.55, thickness of 1.575 mm, loss
tangent of 0.0022, and copper cladding of 35 um on both sides. It is found that unity value of m, p, and
q in Egs. (8), (22), and (25) in the proposed circuit configuration of Fig. 5 can support the dual-band
operation for 7 = 2. This leads to the electrical length for all the transmission lines (6, 61, and ;) equal
to 60°.

The circuit parameters are calculated for a port impedance, Z, = 50€) using the flowchart of
Fig. 3 and Fig. 6(a) as: Z, = 1009, Z, = 809, Z; = 60.66Q2, Z; = 60.19Q, and Z; = 76.05 at
the first design frequency f; = 0.9 GHz. The photo of the fabricated prototype is shown in Fig. 7(a).
The physical dimensions are shown in mils (thousandth of an inch). The scattering parameters of
the designed prototype are measured using a Tektronix TT506A Vector-Network Analyzer (VNA).
The measurement setup is shown in Fig. 7(b) where the VNA display on the computer screen shows
the measured |S21|. The EM simulated results obtained using the Keysight ADS vs the measured S-
parameter magnitude response are shown in Fig. 8(a). It is apparent from the plots that the measured

(b)

Figure 7. (a) Fabricated prototype of the dual-band port-extended branch-line coupler. All dimensions
are in mils. (b) Test setup for the measurement of the S-parameters for the fabricated prototype shown
in Fig. 7(a).
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Figure 8. Simulated vs. measured results — (a) S-parameter magnitude response of the dual-band
coupler; (b) Phase difference between the through and coupled port of the coupler.

and simulated data correlate well with each other having return loss and isolation loss better than
20dB at both design frequencies. For a 10dB reference, the return loss bandwidths are 143 MHz Q@ f;
/ 118 MHz @ f5, and the isolation loss bandwidths are 150 MHz @ f; / 180 MHz @f,. The transmission
bandwidths in this region are 120 MHz @ f; / 100 MHz @ f5. Although the overall magnitude responses
of S11 and Sy; shift slightly from the intended second center frequency of 1.8 GHz due to fabrication
tolerances, the 10 dB bandwidth still supports the proposed/simulated regions of operation. If desired,

Table 2. Comparison table between the proposed and state-of-the-art port-extended couplers. Here,
Ao is the free space wavelength.

Po?v.er 201og(k) Band-Ratio 1'30rt. Fabricated Device
Ref. Division (B Range, 7 Terminations, Sizes. W x I
Capability ’ Zy ’
0.35X, x 0.17X,
[10] Equal 0 1-3 Equal [Ao @1 GHz,
r=2,k=0dB]
0.85)A, x 0.23),
[11] Arbitrary 11.76 1-1.93 Arbitrary Ao @1.25 GHz,
r=1.5, k= 0dB]
0.32), x 0.15X,
0 1.4-3.35 [\, @1.2 GHz,
. 2 1.55-3.4 . r=21k=6dB
9 Arbitrary 8 1.55-2.95 Arbitrary 0.32), X 0.19)\0]
11.76 1.65-3 [\, @1 GHz,
r =2, k=2dB]
This g 12:? 0380 x 0.18),
Arbitrary Arbitrary [Ao @0.9 GHz,
Work 8 1.5-11
11.76 1.5-12 r=2k=0dp]
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this shift can be fixed with post-fabrication tuning coupled with simulation. In Fig. 8(b), the simulated
and measured phase differences between port 2 and port 3 of the coupler are plotted. The measured
result is in correlation with the simulated results at both the design frequencies. The measured phase
differences are found to be 89.60° @Qf;/ — 90.10° Q fo.

A comparison table between the proposed coupler and the state of the art port-extended couplers is
presented in Table 2. It is shown in the table that the proposed coupling structure supports wide range
of band-ratios of 1.5-8 at k =0dB, 1.5-7 at kK = 2dB, 1.5-11 at £k = 8dB, and 1.5-12 at kK = 11.76 dB.
The fabricated device size is comparable to the state-of-the-art port-extended branch line couplers.
Therefore, in the design of microstrip line based planar port-extended coupling structures, the proposed
design configuration can support extensively large band ratio at arbitrary power division values.

4. CONCLUSION

In this paper, a novel port-extended dual-band branch-line coupler has been designed for the first time
which supports extensively high band-ratio and arbitrary power division. The closed-form analytical
design equations are derived, and a simple flow chart is presented to obtain the set of design parameters
for arbitrary band-ratio and power division values. To prove the design concept, a prototype has been
designed, fabricated, and measured. The measured and simulated results match quite well supporting
the design theory of the proposed coupler.
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