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ABSTRACT A wideband 90° microstrip hybrid coupler with a bandwidth of 84.3% is proposed. The
hybrid coupler consists of a two-section coupled-line power divider and a 90° phase shifter. The two-section
coupled-line is of natural broadband characteristics, and not only performs the role of impedance matching,
but also makes the total circuit compact. The phase shifter employs a pair of open- and short-circuit stubs
inserted into the reference transmission line to compensate the phase variation in proportion to the operating
frequency for the conventional transmission line. Thus, the phase shifter possesses wideband performance
on impedance matching as well as phase shifting. To prove the design methodology, a wideband 90° hybrid
coupler operating at 3 GHz is designed and fabricated. In the case of —15 dB reflection coefficient for all
ports of the coupler, the output maximum amplitude unbalance is less than 1 dB, the phase variation is less

than 5 degree, and the port isolation is better than 18 dB.

INDEX TERMS Wideband hybrid coupler, broadband phase shifter, even- and odd-mode analysis.

I. INTRODUCTION

Hybrid couplers with 180° or 90° phase difference play an
important role in microwave circuits. The hybrid coupler is
a key component in balanced power amplifiers, modulators
balanced mixers, and various antennas’ feeding networks
[1]-[5]. Specially, the 90° hybrid coupler with equal power
division is often used in circularly polarized (CP) antenna
systems [6]—[8], which can be realized in four-port or three-
port structures. The branch-line directional coupler as a four-
port 90° hybrid and the conventional design [9] is confined
by a ~20% impedance matching bandwidth and a ~10%
phase shifting bandwidth, only suitable for a narrow-band
application. To meet the requirements of wideband systems,
various techniques have been proposed to achieve wideband
branch-line directional couplers [10]-[14]. The coupler with
defected ground structure in [10] accomplishes a bandwidth
of 43.3%, but the defected ground may lead to undesirable
radiation problem. The branch-line coupler employs cas-
cading multiple-section structure [11]-[12] achieved a frac-
tional bandwidth of ~56%, but suffers a severe restriction in
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fabrication. These results from the requirement that the
microstrip line should be of very high impedance, i.e.
extremely low aspect ratio or very thin conductor width.
The multi-layer structure can greatly broaden the bandwidth
[13]-[15], but multi-layer structure may increase circuit com-
plexity and cause incompatibility with other components dur-
ing circuit integration. The Lange coupler [16]-[19], which
has been fabricated in a small size on the single layer PCB,
has been suggested. Although it has wide band characteristics
in a small size, it still has drawbacks that narrow line widths,
narrow gaps between coupled lines for the tight coupling, and
low power capability depending on substrates, and multiple
wire-bonding are required.

Apart from the branch-line couplers, the hybrid coupler
can also be accomplished in the three-port structure. This
three-port structure consists of a balanced power divider and a
phase shifter, and various hybrid couplers can be achieved by
properly incorporating different phase shifters. For example,
some wideband planar baluns have been implemented by
adopting a Wilkinson power divider and a broadband 180°
phase shifter [20], [21]. However, the efficient bandwidths
are limited to ~50% while port reflection coefficient less
than —15 dB, which suffers from the bandwidth limita-
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phase shifter

FIGURE 1. The equivalent circuit of the proposed Hybrid Coupler.

tion of 50% ~ 60% (reflection coefficient <—15 dB) for
Wilkinson power divider [9]. The wideband coupler [22]
realized by the coupled-line power divider which operating
bandwidth is less than 50% because of the limitation of its
phase shifting. Therefore, accomplishing a three-port wide-
band 90° hybrid coupler can be regarded as designing two
key components, a broadband power divider and a broadband
90° phase shifter. Comparing with the design of a wideband
power divider, achieving a broadband phase shifter is more
technically challenging. So, various methods have been pre-
sented to improve the phase shifter performances [23]-[28].
For instance, the tight coupled-lines are employed in the
Schiffman phase shifter [23], [24] to broaden the operating
bandwidth, but the major drawback of which is difficult to be
fabricated, while the modified Schiffman phase shifters with a
defected ground structure in [25], [26] which may lead to seri-
ous radiation problems. Additionally, a lumped capacitor is
utilized to broaden operating band in an improved Schiffman
phase shifter [27]. However, in this case, the hybrid coupler
is limited to relatively low frequency applications. Aperture
coupling in multilayer structures is proved feasible to design
ultra-wideband phase shifters [28], but it is incompatible with
widely used single-layer components.

In this paper, a wideband 90° hybrid coupler composed of a
broadband power divider and a broadband 90° phase shifter is
proposed, whose equivalent circuit is illustrated in Fig. 1. This
paper is organized as follows. Firstly, the detailed theoretical
analysis and design procedure, including the odd- and even-
mode analysis for the power divider and the phase shifter,
are presented in Section II, respectively. Then, the simulated
and measured results of the designed wideband 90° hybrid
coupler are illustrated and discussed in Section III. At last,
the summary of the paper is given in Section IV.

Il. THEORETICAL ANALYSIS

A. THEORETICAL ANALYSIS OF POWER DIVIDER

This is a two-way symmetric power divider using a two-
section coupled-line and two isolation resistors. Since all the
transmission lines are coupled, the physical space between
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FIGURE 2. Configuration of the power divider (a) and its equivalent
circuit in even- (b) and odd-mode (c) excitations.

the two arms of the divider will be very close. Thus, the place-
ment of two small-size lumped resistors is convenient without
a ring structure for separating the two arms and mounting
the resistors. This feature enables the operation at higher fre-
quencies. These coupled-lines with characteristic impedances
Zie, Zio and electrical length 0, where i = 1, 2, perform the
role of impedance matching. Moreover, two lumped resistors
play a critical role in enhancing the isolation and output-port
matching performances for this divider.

According to even- and odd-mode analysis, the circuit can
be simplified to Fig. 2 (b) and (c) where the even- and odd-
mode characteristic impedances of coupled lines are effec-
tively separated for simplicity.

For a power divider with matched ports, the ideal input
matching (Port 1 in Fig.2 (a)) is necessary. Hence, the fol-
lowing relationship of the parameters in Fig.2 (b) must be
satisfied:

22y = 7, 221 @0 M
Zie + jZin1 tan 6

Zn = 2y 0 @
Zre + jZptan 6

After substituting (2) into (1), separating the real and imag-
inary parts of the combined equation, assuming Zy and 6
are known coefficients, Zi, and Z,, can be solved simulta-
neously.

A1+ 8tan*6 — 1
Zie =7y

tan2 0

3)
1+ 8tan*6 + 1
Zre =2y

2tan? 6

Similarly, to satisfy the ideal matching and isolation per-
formance between port 2 and port 3, namely, the reflection
coefficient equals zero, the relationship of the mentioned
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impedance parameters in Fig.2 (c) can be derived as

JR1Z1,tan 6
Zing = . 2 (4)
Ry +j2Z1,tan 6

Zino + jZr, tan 6

Ziy3 = Lpp—— 5
in3 20 ZZ() +jZin2 tan @ ( )
RyZ;
ZO _ 24i0n3 (6)
Ry + 2Zin3

Next, the solutions for R; and R, are obtained from the odd
mode requirements (4)—(6). They are given by the following
set of equations.

271072, tan? 6

(@10 + Z20) a2 6121, tan? 6 — Z3,|
220(Z1o + Z0)Z3, tan’ 0

 (Z1oZ3, — 23710 + 23 ) tan? 0 + 2325,
2237207 (Z1o + Z20) tan? 0[Z, tan? 6 — Z5,]
(Z10Z3, — Z3Z10 + Z3 ) tan2 0 + ZZ Zs,

Ry

N

R

Stte

e
@i+ D) ZioZne — 2Z3)sin6 cos 6 ®
B [ 3Z0Z1070 c0s*(0) — Zo(Z2, + 2Z3,) sin® § }

+j(Zie + Zoe)Z1eZoe + 2Z3) sin 6 cos 6

[zo(zzge — Z2)8in? 0 — ZyZ1.Zp, cos? 0 ]

S12e

_ V2 212 Zo ©
[ 320Z10Z2e c08* 0 — Zo(ZE, + 2Z2,) sin? 6 ]

+j(Z1e + Zoe)Z1eZoe + 2Z3) sin 6 cos 6

S22¢
20Z10Zse €082 0 + Zo(Z2, — 273 ) sin® 0
_ [—i—j(Zle + Z2e)(Z1eZ2e — 2Z3) sin 6 cos 6 } (10)
[ 320710226 c08> 6 — Zo(Z2, + 273,) sin” 6
| +i(Zie + Z2e)(Z1eZpe + 2Z3) sin 0 cos 6 ]

8220

[(R\R2Z0Z1, — 2R2 21023, + 420Z1,Z3,) sin® 6
—Z0Z3oR1R; cos® 0 +j(R\ Ry — 2R Zy)Z3, sin 6 cos 6
| +iZ10Z20(R1R2 — 2R1Zy — 2R2Zy) sin 6 cos 0
[—(RIR2Z0Z1p + 2R Z1 23 + 42021, 23 ) sin® 0
+Z0Z20R1R; cos® 0 +j(R\ Ry + 2R1Zo)Z;, sin 6 cos
| +Z10Z20(2R1R2 + 2R1Z3 + 2R2Zyp) sin 6 cos 0

eY)
Due to the symmetry of the circuit shown in Fig.2 (a), the
following relationships can be derived: S12 = S21 = S13 =
S31, S22 = 833, S23 = S3». First, consider Fig. 2 (b), accord-
ing to the transformation between scattering parameters and
ABCD-matrix parameters [29], the closed form even-mode
parameters can be simplified and summarized as (8)—(10). It
is interesting that we can also obtain the odd-mode param-
eters S7y, (11) using the above similar manipulation when
Fig.2 (c) is considered.
Therefore, the scattering parameters can be calculated
by (12)—(15).

S11 = Site (12)
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Sy = 22e . 220 (14)
8220 — §
Sy = 22e . 220 (15)

A careful examination of the solutions in (3) and (7)
reveals that they are all even functions in tanf. Therefore,
the solutions do not change for two different values of the
electrical length 6, one for tanf and the other for —tan6.
Once the terminal impedance Z( and the electrical length 6
are determined, and the inequalities Zl(,tan29 > 75, and
tan20 > 0 are satisfied, the parameters such as Zi,, Z., R|
and R, can be easily synthesized according to the analytical
design equations (3) and (7). There is one degree of freedom
in choosing the odd mode impedances Z,, Z3,, and this can
be used to control the relative coupling levels of the coupled
line sections.

The smallest electrical length 6 of the transmission line
required for the dual-band operation is derived in [21].

T tmw
= G=—

I+1¢ 1+t

In the above, t = f/f1 (fi < f2), f1 and f> designates the
two band frequencies of the dual-band operation, 6; and 6,
and corresponds to the electrical length 6 of the transmission
line at each band frequency, respectively. Either one of these
can be substituted for 6 in (3) and (7) to obtain the design data
for the divider with a specified band ratio.

Previous studies [30]-[33] show that the power divider
can realize dual frequency and wideband characteristics if
the band ratio t = f>/f; are determined reasonably. When
the band ratio ¢ is 2, the power divider shows broadband
characteristic.

As mentioned previously, S1; and S1» depend on Z;,
(i = 1, 2) which is determined by the band ratio ¢, and S»»,
S>3 are dominated by Z;, (i = 1, 2). Fig. 3 and Fig. 4 show
the relationship between |S22/, |S23]| and Z;, (i = 1, 2). Here,
¢ = ZiplZi, (¢c < 1) (i = 1, 2). Therefore, we can calculate
the odd impedances using (17).

Zio = ¢ Zie

01 (16)

(i=1,2) (17)
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FIGURE 4. The relationship between Z;, (i=1.2) and |S,3| with f,/f; = 2.
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FIGURE 5. Calculated frequency responses of the divider.

To design a wideband power divider, assuming that all
ports are terminated in the characteristic impedance Zy =
50 2, we make t = 2, ¢ = 0.75, and then Z;, = 79.3 €,
Zye = 63.1 2, Z1, = 59.5 Q, Zp, = 47.3 Q are derived.
We choose Ry = 82 2 and R, = 330 2 which can correspond
to commercial available values. The calculated frequency
responses of the divider are shown in Fig. 5 with two bands
of frequencies at 2 GHz and 4 GHz.

B. THEORETICAL ANALYSIS OF THE PHASE SHIFTER

The equivalent circuit of the 90° phase shifter is shown in
Fig. 6, where Zg stands for the characteristic impedance
of the 3A/4 reference transmission line, Z3 stands for the
characteristic impedance of the shunted open- and short-
circuited A/8 transmission lines, Z4 stands for the character-
istic impedance of the A/2 main transmission line.

Here S33 = S44 = 0, the scattering parameters of port
1 and port 2 can be obtained from the sum of the responses to
the even and odd excitation.

Fig. 7 (a) illustrates the equivalent circuit of the shifter. For
simplicity, all the impedance values of the 90° phase shifter
are normalized to the port impedance. Fig. 7 (b) and (c) show
the equivalent circuit in even- and odd- mode excitations. The
scattering parameters of the phase shifter can be calculated
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FIGURE 7. The normalized circuit (a) of the phase shifter and its
equivalent circuit in even- (b) and odd-mode (c) excitations.

from the reflection coefficients as

r.+rn
Su:Szg:—ez 2 (18)
r.—r
Sip =81 = 62 2 (19)

where I', and I', are reflection coefficients for the corre-
sponding even- and odd-mode circuits, respectively, in turn
can be calculated from the input port impedances or admit-
tances as

Zi—Zy Zi—1 1-Y;
i = = = = = L1=e€,0 (20)
Zi+7Zy Zi+1 14+Y;
with
. -
Y, = jYstan > + jY3tan 63 — jY3 cot 63 21

_ 0, _ _
Yy = —j¥a coté‘ +j¥3tanfs — jT3cotds  (22)

_ Now if we let Kj = Y4 tan(64/2) — 2Y3 cot 263 and K> =
Y4 cot(64/2) + 2Y3 cot 263, then we have

e =JKi (23)
—JjK2 (24)

4
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Using (21)-(24) in (20) yields
1—-jK
Fe=—71 (25)
1 4+jK;
1+ K
r, =2 (26)
1 —jK>
So we can obtain
1 /1—jK; 1+jK>
S11=802== 27
11 =>5» 2<1+jK1 l—sz) (27)
1 /1—jK; 1+jK>
S12 =581 == — 28
12="521 =3 (1 K1 _sz) (28)

The phase difference between the two branch line signals
can be expressed as

Ag = arg(S21) — arg(S43)
_1 1+ Ki(HK(F)
Ki(f) — Kx(f)

where 03(f) = fr/4, 04(f) = fm, 0(f) = 37f/2, Y3 and
Y4 is normalized admittance, f is the normalized frequency,
the central frequency is fo.
IT| = VSWR — 1 <0.18
VSWR + 1 (30)
|Ap — /2| <57 /180

Y3 =040, Y4=081,06<f<14 (31)

= tan - +0(f) (29)

Assuming VSWR < 1.43 (S;; < —15dB) and the maxi-
mum phase difference is 5°, the unknowns 73, Y4 and f can
be obtained by solving equations of inequalities (30).

Then, we have Z3 = 2.5Zy, Z4 = 1.23Zy. Fig. 8 illustrates
the calculated |S11| and phase shift of the phase shifter with
the central frequency of 3 GHz.

Ill. IMPLEMENTATION AND RESULTS

A. CIRCUIT CONFIGURATION OF THE HYBRID COUPLER
The impedance parameters of the proposed hybrid coupler are
expressed by the analysis of section II. Fig. 9 illustrates the
design process.
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FIGURE 9. Design process of the coupler.

FIGURE 10. The layout of the proposed hybrid coupler. The critical
dimensions are wp = 2.7 mm, w; = 1.6 mm, w, = 2.4 mm, w3 = 1.9 mm,
w4 = 0.37 mm, g; = 0.4 mm, g, = 0.6 mm, L; = 17.8 mm, L, = 17.4 mm,
Ly =33.9mm,L; =89 mm, Ls =6.0 mm, L 6 =24.4 mm.

The hybrid coupler with the central frequency of 3 GHz
was printed on the F4B-2 substrate with relative dielectric
constante, = 2.65, tané = 0.001 and thickness 2 = 1.0 mm.
Fig. 10 illustrates the layout and all geometry parameters of
the proposed hybrid coupler.

B. SIMULATIONS AND MEASUREMENTS
In this paper, the High Frequency Structure Simulator (HFSS)
is utilized to accomplish the simulation and the optimization.
The coupler is measured using Agilent ES071C series vec-
tor network analyzer. A photograph of the proposed hybrid
coupler is shown in Fig. 11.

Port reflection coefficients of the hybrid coupler are illus-
trated in Fig. 12. The investigations show that the operating
bandwidth defined by the reflection coefficient depends
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FIGURE 11. The photograph of the proposed hybrid coupler.
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FIGURE 12. The port reflection coefficients of the proposed hybrid
coupler. (a) |Sq;| and (b) |Sy31, 1S331-

mainly on the parameter |S2;|, and the measured bandwidth
for the reflection coefficients less than —15 dB is observed
ranging from 1.89 GHz to 4.47 GHz.

Fig. 13. shows the power balance bandwidth of the hybrid
coupler. The insertion loss (|S12], |S13|) is less than 4 dB
covering the frequency from 1.67 GHz to 4.42 GHz as the
measured curves illustrated, in which the hybrid coupler
delivers good impedance matching.

The isolation between the output ports of the hybrid cou-
pler is shown in Fig. 14. The measured curves show that
the worst port isolation (|S23|) of is higher than 18 dB over
the whole passband. Furthermore, +5-degree phase differ-
ence between the two output ports is observed varying from
1.85 GHz to 4.42 GHz (85.7%).
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TABLE 1. Comparison with other reported works.

5 1Sy Isolation Multi- Phase
Ref.
: (GHz) 15-dB (dB) layer (£5°)
~42%
[4] 45 15 1o ~44%
(3.6-5.5GHz)
~76%
[2] 1.9 2 no ~55%
(1.2-2.65GHz)
~57.6%
s | 59 20 yes ~49%
(4.2-7.6GHz)
~100% ~100%
4] | 68 18 yes )
(3.1-10.6GHz) (£10° )
~100%
8] | 24 20 no ~100%
(0.45-2.8GHz)
75.7% 15 43%
[22] 3 no
(1.92-4.19GHz) (1-5GHz) (2.2-3.5GHz)
~62% 15 84%
271 | 065 1o
(0.5-09GHz) | (0.4-0.84GHz) (0.36-0.89GHz)
This 3 92% 18 85.7%
no
work (1.83-4.58GHz) (1.46-4.42GHz) (1.85-4.42GHz)

From what has been discussed above, the proposed coupler
possesses a bandwidth of 84.3% (1.89-4.42 GHz) for the
balance of impedance matching and phase shift. Table 1 sum-
marizes the comparison of several 90° couplers in the litera-
tures with our work. The presented coupler is much better
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than [4], [12], [13], [22], [27] in terms of impedance match-
ing and phase shift performance. Although [14] has ultra-
wide bandwidth, multi-layer structure is usually incompatible
with widely used single-layer components. Reference [18]
used the Lange structure to achieve ultra-wide impedance
matching and phase shift bandwidth, but its operating band-
width is lower than 80% considering the power distribution
performance.

IV. CONCLUSION

A wideband 90° hybrid coupler has been proposed in this
paper. A pair of novel open- and short-circuit stub loaded
structure is utilized to achieve the wideband 90-degree
phase shifter, and two-section coupled-line Wilkinson power
divider is combined to broaden the power dividing operat-
ing bandwidth of the hybrid coupler. The measured results
demonstrate that the amplitude imbalance is less than 1 dB,
the port isolation is better than 18 dB, and the phase vari-
ation is less than 5 degree over the whole passband. Good
agreements between simulated and measured responses of the
hybrid coupler are demonstrated, indicating that the proposed
coupler has a promising application in multi-feed CP anten-
nas and systems for wireless communication.
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