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Compact Branch-Line Coupler with Harmonic Suppression
Based on a Planar Simplified Dual Composite Right /Left-Handed
Transmission Line Structure

Cheng Wang' and Wanchun Tang? 3> *

Abstract—1In this paper, a planar simplified dual composite right /left-handed (SD-CRLH) transmission
line (TL) structure is proposed and applied to the design of branch-line coupler. The SD-CRLH TL
is obtained by a microstrip line with an open-ended stub in square spiral form. Since this structure
has unusual phase shift characteristics with a transmission zero out of the passband, the branch-line
coupler with the planar SD-CRLH TL can achieve both size reduction and harmonic suppression. Such
a branch-line coupler operating at 0.915 GHz is investigated and fabricated. The equivalent circuit
simulation, full-wave simulation and measurement results agree well with each other. From the results,
it is shown that the area of the proposed branch line coupler is reduced by 74% compared to the
conventional one while maintaining similar performance, and the second harmonic suppression can be
lower than —45dB.

1. INTRODUCTION

Branch-line coupler is an important passive component in practical microwave circuits, which is
commonly used in the design of mixers, balanced amplifiers and power dividers, etc. [1]. A conventional
branch-line coupler is formed by four quarter-wavelength transmission lines (TLs). At the operating
frequency band, it offers equal magnitude and a 90° phase difference in the outputs of the through
and coupled ports. However, the conventional branch-line coupler will occupy large area especially at
interest low frequency band. Therefore, various techniques have been proposed to miniaturize the size of
the branch-line coupler [2-12]. In [2], the size of the coupler can be reduced significantly using lumped
elements, but the lumped elements with precise value and high quality are not always available. Then
structures employing purely distributed elements are presented to replace the quarter-wavelength TLs.
Most of them are realized by different forms of shunt loading, such as low or high impedance lines [3-6],
interdigitated capacitor [7]. Other approaches using defected ground structures (DGS) [8,9], fractal
geometries [10, 11], coupled lines [12] are also introduced to effectively reduce the area. However, in
some cases, the electrical performance deteriorates compared to the conventional one.

In 2003, the team of Itoh firstly discussed the fundamental properties of composite right /left-hand
(CRLH) TL structures [13] Then various physical realizations of 1- and 2-D CRLH TL structures [14-21]
were described to demonstrate the practicality in the field of microwave and optical engineering. Caloz
proposed the dual composite right/left-hand (D-CRLH) TL structure [22] in 2006, which consists of a
parallel LC tank in series and a series (instead of parallel) LC tank in shunt. Compared with CRLH
TL structure, D-CRLH TL structure has a stopband between RH and LH passbands with transmission
zeros. By taking away a capacitor or an inductor from the LC tank in series or parallel of the D-CRLH
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TL structure, simplified dual composite right /left-handed (SD-CRLH) TL structures are presented [23],
which can reduce both the size and the complexity.

In this paper, a branch-line coupler based on a planar SD-CRLH TL structure is introduced.
The planar SD-CRLH TL unit cell is realized by a microstrip line with an open-ended stub in square
spiral form. Based on the equivalent circuit analysis, the planar SD-CRLH TL has unusual phase shift
characteristics with a transmission zero out of the passband, which can achieve both size reduction and
harmonic suppression. Using this planar SD-CRLH TL structure, a branch-line coupler operating at
0.915 GHz is investigated and fabricated. From the results, it can be found that the proposed branch-
line coupler reduces the area to 26% of the conventional one while maintaining similar performance,
and achieves high second harmonic suppression performance.

2. BASIC THEORY OF THE PLANAR SD-CRLH TL UNIT CELL

A planar SD-CRLH TL unit cell is presented in Fig. 1. It is realized by a microstrip line with an open-
ended stub in square spiral form on the substrate, where the square spiral structure is at the center of
the microstrip line. The relative permittivity and height of the substrate are ¢, and h, respectively. The
square spiral structure is completely specified by the number of turns Ny, the turn width w, the turn
spacing s, and any one of following: the effective outer dimension dqyt, or the effective inner dimension
din. An additional TL of length [ and width w connected to the microstrip line is also a part of the spiral
structure. The length and width of the microstrip line are Iy and wy, respectively. The corresponding
equivalent circuit model is established and depicted in Fig. 2, where Lr and L correspond to the
inductance of the microstrip line Lj; and the spiral structure Lg. C is composed by two parts, one is

Figure 1. The configuration of the planar SD-CRLH TL unit cell.
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Figure 2. The equivalent circuit of the planar SD-CRLH TL unit cell.
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the capacitance between the microstrip line and ground, and another is the capacitance between the
open-ended stub in spiral form and ground, i.e., Cjs + Cs/2, while Cg is denoted by Cg/2. So C' is
larger than Cr. Compared with the conventional D-CRLH TL structure, the proposed SD-CRLH TL
structure takes away a capacitor (Cf) from the LC tank in series.

The transmission matrix of the planar SD-CRLH TL unit cell can be written as

& a]=[o Ty V06 ]

(1)
|1+ E 2+ F)

Y 1+ 4F

where the impedance Z and the admittance Y are, respectively,
Z = ijR (2)

. Cr

Y = C+-—FFF—— 3
Jw( + 1—w2LLCR> (3)

One may note that this SD-CRLH TL unit cell has a transmission zero at

v =\ (@)

On the basis of the periodic boundary condition (PBCs) and the Bloch-Floquet theorem [1], the
dispersion equation and the Bloch impedance are as follows:

Y(w) = a(w) + jBw) = cosh! (A 5 D>
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where 7y(w) is the complex propagation constant with the attenuation constant a(w) and the phase
constant f(w). And p is the length of the SD-CRLH TL unit cell which is less than \;/4, where A,
represents the guided wavelength.

From Eq. (5), we can find that the wave can propagate only when |(A + D)/2| < 1, that is

—4<ZY <0 (7)
Substituting Egs. (2) and (3) into Eq. (7), we obtain the condition of the wave which can propagate,

O<w<wy, w<w<ws (8)
. LrCH+LRCRr+4L Cr— (LRC+LRCR+4LLCR)2716LLCRLRC C 1
with w; = \/ \/QLLCRLRC ywr = \/(1+F) o, and wy =

LRC+LRCR+4LLCR+\/(LRC+LRCR+4LLCR)2716LLCRLRC
2L; CrLRrC :
It is obvious that this structure has two passbands, i.e., from 0 to wq and from ws to ws. In addition,
the transmission zero w, is in the stopband between the two passbands (i.e., w1 < w, < ws).

3. BRANCH-LINE COUPLER USING THE PLANAR SD-CRLH TL STRUCTURE

The conventional branch-line coupler is constituted of two pairs of quarter-wavelength TLs with
characteristic impedances Zy and Z;/ V/2, respectively, as shown in Fig. 3. And each quarter-wavelength



130 Wang and Tang

ZIlh

£, o - f.“

] 4 @
+ /4 *
f'n L4 lf"u

@ | | ' ®

/£ i . - f 4 ]

[ ["-'»' 2 i

Figure 3. Topology of the conventional branch-line coupler.

TL will be replaced by the proposed planar SD-CRLH TL with N unit cells to realize the miniaturization
of the branch-line coupler and suppress its second harmonics.

For the quarter-wavelength TLs with Zg = 502, the total phase shift of the planar SD-CRLH TL is
d(wp) = NAp(wg) = m/2 at the operating frequency of wg, where A¢(wg) = B(wo)p is the phase shift of
each planar SD-CRLH TL unit cell, and the Bloch impedance Zp(wy) = Zy = 50£2. Using the Eqgs. (5)
and (6), these two conditions can be written as follows:

L C
-l <c i ﬁ) — cos (3 (wn) p) = cos (m/2N) 9)

LR CR CR
Lp(1-wi=" — — | =% 1
\/ R( “0y <C+1—w§LLCR)>/(C+ 1—ngLCR> 0 (10)

The transmission zero of the planar SD-CRLH TL unit cell will be set as twice of the operating frequency,
ie., w, = 2wq, so that the second harmonics of the branch-line coupler can be suppressed. And the
operating frequency wy is in the first passband.

From the above description and the Egs. (9) to (10), we can obtain the following expressions for
the components in the equivalent circuit model of Fig. 2.

100 /1 — cos (7/2N)

Lp = _— 11

" wo \/ 1+ cos(7/2N) (11a)
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When wgy, N and Cpr are determined, using Egs. (11a)—(11c) the parameters of the equivalent circuit
can be calculated. Then the CAD formulas in [24] to calculated equivalent circuit components of the
square spiral structure are given as follows:

&
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0.865, ws=w+s, M=(b1+b2) /ws, A1/4:b% — b2, by=(din,—3) /2, ba=(dous+35)/2.

1/n

Cs= (Cloar+Clar) (12b)
derenA B
where Chyeqr=— az 1/4.%, Crar= . L r2= 0.9(1—dyp fdout) ~'8, n=1.114(1~
Cfgao\/327rA1/4 4NsM }5r+1

din /dout)? 0 (w/ws) 3L, As the inductance and capacitance of the square spiral structure are determined,
dout, W, S, din, and Ny can be fitted to match these values.

Since the characteristic impedance of the microstrip line is Zyp=+/L/Cps. Using the formulas
in [25], the width w; can be calculated as

1/nl

— nl
nl eo(er+1)
1 27w 704 [ 20T 1
N [Zo 505r:| N [g (6 0\/ 20 _ (1 + 22, %))] (13a)
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where n1 = 0.911 — 0.00629¢,.. The capacitance C, of per unit length microstrip line is

[ reogrwr e er+1 1 w \19) V4
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where ¢ = 1.07. And the length [y is obtained as Cys/Cy,.
Briefly, the design procedure of the planar SD-CRLH TL unit cell can be summarized as follows:

Step 1) Determine the operating frequency wp and the number of the planar SD-CRLH TL unit
cells N.

Step 2) Choose a suitable value for Cp.
Step 3) Use Eq. (11) to calculate the other values of the equivalent circuit Lg, Lz, and C.

Step 4) For the values of Cr and Ly, apply the Egs. (12)—(13) to determine [, doyt, w, S, din, and
Ns.

Step 5) Use the Egs. (13a)—(13b) and determined values of Lr and C—Cpg in order to obtain w;
and [/; of Fig. 1.

As an example, the operating frequency of the proposed branch-line coupler is chosen as 0.915 GHz,
and it is fabricated on a 32-mil Rogers RO4003C substrate. Then N should be selected properly. Here,
N =1, 3, and 5 are considered, since Cr should be less than C, according to Eq. (11b), Cg is less
than 1.49pF, 0.74 pF, and 0.46 pF, respectively. For comparison, Cp is taken as 0.35pF. Using the
above design steps (1)—(5), the dimensions of the planar SD-CRLH TL unit cell with different N are
given in Table 1. In Fig. 4, the S-parameters of the planar SD-CRLH TL with different N by both the
equivalent circuit simulation and the full-wave simulation are illustrated. The total phase shift and the
Bloch impedance of the planar SD-CRLH TL with different N by the full-wave simulation are shown in
Fig. 5 and Fig. 6, respectively. From the results in Fig. 4, it is shown that when N = 1, the frequency
characteristics do not agree well with the results of the equivalent circuit simulation, and the total
phase shift ¢(wg) and Bloch impedance Zp(wp) in Figs. 5 and 6 are also not accurate at 0.915 GHz. The
reason is that the calculated characteristic impedance of the microstrip line is Zy=+/Lys/Cps, which
means that the equivalent circuit is only suitable at low frequency range. When using one proposed
unit cell to replace the conventional quarter-wavelength microstrip line, it is found that the length of

Table 1. The dimensions of the planar SD-CRLH TL unit cell (unit: mm).

w1 A l dout | w S din
063|354 |08| 38 [03]0.2]1.2
09 [(11.2 108 | 3.8 |03]0.2] 1.2
034 | 44 |08 ] 3.8 |03 0.2 1.2

ol w2
Wwwg
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Figure 4. S-parameters of the planar SD-CRLH TLs with different N. (a) N =1, (b) N = 3, (c¢)
N =5.
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Figure 5. The total phase shift of the planar SD-CRLH TLs with different N by the full-wave
simulation.

the microstrip line is not small enough, then the method in [25] to obtain w; and [; is not effective.
For N =3 or N = 5, the frequency characteristics are similar between the equivalent circuit and full
wave simulation in Fig. 4. From Figs. 5 and 6, it is observed that the planar SD-CRLH TLs have the
total phase shift ¢(wp) = 7/2 and the Bloch impedance Zp(wp) = 502 at 0.915 GHz. What’s more, the
total phase shift ¢(w) with N =3 or N =5 is nearly linear and the Bloch impedance Zp(w) is almost
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Figure 6. The Bloch impedance of the planar SD-CRLH TLs with different N by the full-wave
simulation. (a) reZpg, (b) imZp.

frequency independent from 0.6 GHz to 1.2 GHz, which mean that both the planar SD-CRLH TLs with
N =3 and N = 5 can replace the conventional quarter-wavelength microstrip line. While for N = 5,
the planar SD-CRLH TL unit cells cannot arrange in the same side from Fig. 4(c), which will go against
miniaturization of the branch-line coupler. So, N = 3 is a suitable choice in this design. The total
length of the planar SD-CRLH TL with N = 3 is 33.6 mm, while the conventional quarter-wavelength
microstrip line is 50.1 mm at 0.915 GHz, which means the proposed structure can achieve size reduction.
At 1.83 GHz, S9;1 is —63 dB, the second harmonics are suppressed significantly.

Similarly, for the other quarter-wavelength TLs with Zy/v/2 = 35.4Q each TL is also replaced by
3 planar SD-CRLH TL unit cells. The equivalent circuit values are Lr = 3.29nH, L; = 15.12nH,
Cr = 0.5pF, and C' = 1.79pF. The dimensions of the planar SD-CRLH TL unit cell are calculated
as follows: wy = 1.75mm, I; = 10.8mm, [ = 1.1mm, doyt = 4.7mm, w = 0.5mm, s = 0.3mm,
din = 2.1 mm, and Ny = 2.

4. EXPERIMENTAL RESULTS

For experimental validation, the proposed branch-line coupler is fabricated, and its configuration is
illustrated in Fig. 7. In order to make the proposed coupler more compact, one planar SD-CRLH TL
unit cell is folded. The measured S-parameters are given in Fig. 8. For comparison, the equivalent
circuit and the full-wave simulation results are also added. It can be seen that all results achieve good
agreements. What’s more, it also can be observed that in the frequency range of 0.79-1.04 GHz, the

Figure 7. Photograph of the designed branch-line coupler.
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return loss and isolation are lower than —10dB. At 0.915 GHz, the measured insertion loss |S2;| and
|S31] are —3dB, —3.32dB, respectively. And the second harmonic signals are significantly suppressed
with [S21| and |S31| under —45dB at 1.83 GHz. Fig. 9 shows the phase difference and amplitude
balance between |S2;| and |Ss1|. For phase difference within 90° 4 2°, the frequency range is from 0.8
to 1.05 GHz, while amplitude balance varies from —1.51 to 0.35dB. In addition, the dimension of the
fabricated prototype shown in Fig. 7 is 25.8 mm x 25 mm (0.13Ag x 0.125),), where A, is the guided
wavelength at the operating frequency), which shows an area reduction of 74% compared with the
conventional branch-line coupler. In Table 2, the performance of both the proposed and conventional
branch-line coupler are summarized, it is shown that the performance of the proposed coupler is similar
with the conventional one, while it can significantly reduce the size and get the harmonic suppression.
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Figure 8. S-parameters of the proposed branch-line coupler. (a) |S11] (dash lines), [S21| (solid lines),
(b) |S31] (solid lines), |S41| (dash lines).

Table 2. Comparison of conventional and proposed branch-line couplers.

Conventional | Proposed
Reactive area 100% 26%
Insertion loss |So1], |S31| (dB) | —3.33, —2.98 | —3, —3.32
Return loss |S11| (dB) —234 —24.2
Isolation [S41| (dB) —25.5 —25.3
Phase difference 89.7° 89.7°
Harmonic suppression No Yes

Table 3. Comparison of previous and proposed branch-line couplers.

Ref. Technology Reactive area | Harmonic suppression
[4] Distributed Capacitors 38% Not shown
[5] Asymmetrical T-Structures 12.2% Not shown
6] H-shaped transmission lines 36% Yes
[7] Interdigitated shunt capacitors 26.8% Yes
9] CSRRs 40% Not shown
[11] Symmetric polygonal folding lines 24% Not shown
[12] Coupled lines 33% Not shown
This work planar SD-CRLH TLs 26% Yes
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Figure 9. Phase difference and amplitude balance between So; and S3; of the proposed branch-line
coupler.

Table 3 summarizes the comparison of the proposed coupler with others in previous literatures. From
the table it is found that the proposed branch-line coupler has good performance.

5. CONCLUSION

In this paper, a branch-line coupler based on a planar SD-CRLH TL structure is presented. Compared
to the conventional microstrip line, the proposed planar SD-CRLH TL has unusual phase shift
characteristics with a transmission zero out of the passband. With this structure, a branch-line coupler is
investigated and fabricated, and the design procedure is also presented. From the results, the proposed
branch-line coupler effectively reduces the area compared to the conventional one while maintaining
approximately the same performance, and has high second harmonic suppression performance. With
these good features, it is applicable to microwave system applications.
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