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ABSTRACT

At present, wireless devices play key role in modern society. Transmitter circuits
performance need to be more and more efficient. Similarly, receiver circuits are also important
and needed to be improved. In receivers, coupler circuits play key role in determining their
performance since they are the very early part of the circuits in receiving data. In this project
coupler circuits with differential output signals are studied. The circuit, called rat-race coupler, has
four ports: one input port, two output ports and one isolation port. In connecting the coupler to
other circuits, the impedance of other circuits maybe complex values. Therefore, the rat-race
coupler must be able to be used with complex termination. The circuit are designed based on two
platforms: one in printed circuit board (PCB) and the other in integrated passive device (IPD). The
PCB type works with dual frequency bands while the IPD type works- on single frequency of

operation.

Keywords : rat-race coupler, complex impedance termination, integrated passive device.
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Chapter 1

Introduction

In wireless communication, low cost circuits are normally in high demand. Therefore, most
of the systems are implemented on chip as integrated circuit. At present, CMOS (Complementary
metal-oxide-semiconductor) is the most popular one due to its low cost. Nevertheless, for
wireless communication circuit, high frequency operation is usually needed. In this regards, the
CMOS process has a setback because inductors at high frequency are quite lossy when
implemented on CMOS process. To overcome this problem, another chip which is passive device
containing inductors and capacitors is made separately. Then these two chips are integrated in
system in package (SIP) form. The passive device chip is normally referred to as “Integrated
Passive Device”, IPD. Its characteristics is described in chapter 2.

1.1 Problem background

In wireless receiving circuit, a coupler circuit is a critical block in receiving signal. Once the
signal is received, the coupler circuit separates the signal into two parts and sends the signal to
later blocks for process. The signal output of the coupler circuit must be in differential form. A
coupler circuit that separates signal into two paths with four port termination is called rat-race
coupler. The circuit consists of one input port, two differential output ports and one isolated port

as shown in Fig. 1.1.

Coupler circuit

Pl P2 Signal 1
P4 P3 Signal 2

|

Fig.1.1 Receiving system.

To connect with other circuit blocks, the coupler output impedance at each port must be matched
to the input impedance of the other blocks. The input impedance of the other blocks can be
represented as termination impedance at each port. Conventional rat-race coupler has real
termination impedance value. Nevertheless, in some cases, the input impedance of the other

circuit blocks is complex impedance and therefore the termination impedances are complex



values. In this research, an identical complex impedance termination at all ports is used in the
analysis and design.

Another research interest is the ability of the rat-race coupler circuit to be working in two
different frequency bands. Since wireless devices nowadays works at various operating
frequencies, a rat-race coupler circuit with multiple operating frequencies is desirable. In this
research, a dual band rat-race coupler circuit with complex termination is also studied.

1.2 Research Purpose
To design a rat-race coupler circuit that can work with complex termination and operates in
single or double frequency bands.
1.3 Research Scope
Two rat-race coupler circuit protobypes work in single and dual- frequency band of
operation.
1.4 Methodology
The rat-race coupler circuit with complex termination is first analyzed by using distributed
transmission lines. Then the transmission line components are replaced by lumped component
circuits to reduce the size of the circuit. In the implementation, two forms are considered. One is
on printed circuit board (PCB). The other is in Integrated Passive Device Process (IPD).
For the PCB prototype, the design starts with designing distributed transmission lines.
Then all distributed transmission lines are replace with lumped component circuit. There are
some concerns in implementation on PCB. Because layout traces on PCB are made of copper and
have some length, these traces can cause errors in the design. To reduce the errors, layout traces
can be represented by parasitic lump components. Electromagnetic simulation program is used to
extract these parasitics. In the design, these parasitics are used together with lumped components.
Therefore, the lumped components used have different value from ideal lumped component.
Then there are two simulation results, e.g., one uses ideal lumped component values, the other
uses layout parasitics with lumped components. The simulation with layout parasitics is referred
to as ‘post-simulations’.
For IPD process, the design also starts with designing all distributed transmission lines.
Then all the distributed transmission lines are replaced with lumped components. To implement
lumped components, parallel plate capacitors and rectangular spiral inductors are used. Each
component is designed by using electromagnetic simulation program. When they are combined

with layout, they must be adjusted to accommodate parasitics from the layout as well.



1.5 Research Benefits
The rat-race circuit can be most receiver circuits and the design technique can be applied
to be used in other applications as well.
This report organizes as follows: chapter 2 introduces complex termination rat-race
coupler on PCB, chapter 3 shows analysis and design of complex termination rat-race coupler on

IPD process and finally chapter 4 draws conclusions.



Chapter 2

A Compact UHF Dual-Band Rat-Race Coupler with Complex Impedance Load

Rat-race coupler circuits are used in many circuit blocks such as low noise amplifier, power
splitter, etc. The circuits have been implemented in many forms, e.g., on printed-circuit board
(PCB), on CMOS platform or on Integrated Passive Device (IPD) platform. On PCB, the circuits
have been studied in distributed types [1-3] and lumped component types [4-6]. A combination
of distributed and lumped component types are reported in [7]. Each platform provides different
advantages over various applications. Each platform provides different advantages over various
applications. For lumped components types, the circuit size can be made smaller compared with
distributed types.

Most of the times, rat-race circuit needs to be integrated with other circuits. Therefore, the
terminated loads are usually complex impedance loads. The requirement for rat-race circuits to
work with complex impedance loads is of great benefits. In 2013, Q. He, et al. [3] proposed
novel 180 ° rat-race hybrid with arbitrary power division for complex impedances. The circuit
operates at single frequency with all ports terminated with identical complex loads. The signals at
two output ports are equal in magnitude and in phase while that of the other output port is null.
In this paper, a compact dual-band rat-race coupler with complex impedance loads is proposed.
The example circuits works at 450/900 MHz with output signals being out of phase. The
proposed theory of the circuit is based on transmission lines, and the circuit is transformed to

lumped components for further size reduction.

2.1 DUAL-BAND RAT-RACE COUPLER WITH COMPLEX IMPEDANCE TERMINAL
LOAD

In this section, the dual-band rat-race coupler with complex load is designed and analyzed
by using transmission lines. Properties of the three TLs in the circuit are identified. Then all
three transmission lines are transformed to lumped component circuits. The transformation
equations to two type of lumped circuits are given.
2.1.1. Dual-band rat-race coupler design with transmission lines

Figure 2.1 shows the proposed dual-band rat-race coupler, and all four ports are

terminated with the same complex load value of Z,. The load impedance values at the first and

second operating frequency are defined as Z, =R, ,+7X|, and Z =R, ,+jX, ,, respectively. The first



TL has characteristic impedance Z, with electrical length 26, at the frequency of interest.

Similarly, the second TL has characteristic impedance Z, with electrical length 8,, and the third

TL features characteristic impedance Z, with electrical length 26,. The circuit properties are

defined as follows.
S.=0

1551 =155

L8, - £S5, =£180°
S, =0

Z/ly 02

2.1)
(2.2)
(2.3)
(2.4)

°
L

Z

20,

Z,

26,4

§&

Fig. 2.1 The proposed rat-race coupler with complex load termination, Z, .
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By applying even and odd mode analysis, the circuit can be replaced by half-circuits as

shown in Fig. 2.2,
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(b)
Fig. 2.2 Equivalent circuit for (a) even- and (b) odd- mode analysis.

The [ABCD], matrix of the even mode can be calculated as

4, = cos(8,) - Z, sin(6,) tan(6,) , 252
Z3
B, = jZ,sin(6,) (2.5b)
C = ,[cos(é’z)tan(Ql) T sin(6,) _ jZ,sin(6,)tan(6,) tan(6;) N cos(92)tan(93)]
’ / ZI ZZ ZIZ3 Z3 ’
(2.5¢)
5
D, = 731n((92) tan(6,) +cos(4,) . (2.5d)
1
Similarly, the [ABCD], matrix of the odd mode can be calculated as
Z, sin(6,)
A =cos(8,) - =2—2~ _

, =cos(6,) Z.an(@,)" (2.62)
B = jZ,sin(6,), (2.6b)
C = —cos(6,) g sin(6,) JjZ,sin(6,) __cos(6,) | 260

Ztan(0)  Z,  ZZ,tan(6)tan(d;) Z,tan(6,)
Z, sin(6
D = Z,s1n(6,) +cos(6,). (2.6d)

°  Z tan(6)
From the [ABCD] matrix, the reflection and transmission coefficients of both even and

odd modes can be written as

L _AZ+B.-C|Z,-Dz,

€ AeZL + Be + Cele, + DeZL ’ (27a)
_A4Z,+B,-C,|z,[-D,Z, (2.7b)

° A4Z,+B+CZ!+DZ '
2Re(Z)) (2.7¢)

*"A4Z +B+CZ+D_Z,’



2Re(Z,)
o~ 2 . (2.7d)
AZ, +B +CZ,+DZ,

Then desired S-parameters of the circuit are
SH =%(re+ro)! (28&)
Sy = %(Te +T,), (2.8b)
S5 = %(Fe -I)), (2.8¢)
S, = %(Te ~T,). (2.8d)

The relationships between S-parameters in equations (8) and ABCD-parameters in
equation (5)-(7) were calculated in [1]. It was found in [1] that the relationships between the first
and third transmission line are

Z=Z,=m, (2.9)
6, =6, +%+n7z. (2.10)

Therefore, the unknown parameters for rat-race circuit are reduced to four unknowns
(m,0,,Z,,0,) for each operating frequency. To achieve the rat-race circuit conditions in (1)-
(4), four equations for must be satisfied as follows:

Z,sin(8,) =-m-sin(26,), (2.11)

cos(8,)tan(6,) y sin(6,)
m Z,

[cos(6,)~Z2sin(6,) tan(6, + %)]XL, +Z,sin(8,)~ [
m

, o cos(8,)tan(6, +2)
—m—zzsin(ﬁz)tan(ﬁl)tan(ﬁl +5)+ — IR +X7) , (2.12)

+[=Z25in(8,) tan(6)) + cos(8,)]X,, = 0
m

Z,sin(k-6,) =-m-sin(k-26,), (2.13)
[cos(k -0,)tan(k - 6))
m

(cos(k - 0,) - Z2sink - 8,) tan(k - 6, + %)]X“ +Z,sin(k-6,) -
m

208 ) 2 o6, tan(k-6) tan(k-6,+ 5 +
Z, m 2

cos(k-,) tan(k -6, +2)

- 1R+ X2)+ [—%sin(k -0,)tan(k-6)) +cos(k-6,)]1X,, =0

(2.14)



where k is the ratio of the second to the first operating frequency, k&=f/f,. For dual-band
operation, all TLs except TL, calculated from (11)-(14) can be realized using conventional
microstrip lines. Because of the requirement in (10), a conventional microstrip line cannot satisfy
the electrical length requirement of both operating frequencies for TL,. To solve this problem,
lumped circuits are used to replace the TLs. The dual-band and distributed-lumped element
transformation will be detailed in the next section.
2.1.2. Dual-band rat-race coupler design with lumped components

Consider a transmission line with Z characteristic impedance. The transmission line has
9f1 electrical length at the first operating frequency and 9f2 electrical length at the second
operating frequency. To replace a microstrip line with lumped components, two types of circuits
are used which are band-pass and band-stop circuit topologies. Figure 2.3 shows the lumped
circuit transmission line topologies. For the band-pass topology, the lumped components are

related to the transmission line properties as

ZH(esc(6,) = cot(d,)) - 2<csc( 12) = 00K0;,))

C,=—2 - 2.15
: ol — a)22 (2.152)
Yk
2 2
I=— ? “’1 , (2.15b)
Z;l(csc(gfl) —cot(6 1)) \ Z.0, (CSC(sz) cot(@ 2))
L\
o’ o
C' 2 1
2 _1_(_2_ Sm( 1)) _1_(_2_ sin(@ 2) (2.15¢)
o B ZB' o B, ZOBZZ
2 sin(f,,) 2 sin(d,,)
)
B, ZB B, ZB
L= — : (2.15d)
W — @,

where wjand w, are angular frequencies at the first and second operating frequencies,
respectively. The susceptance (B)) at the first frequency and the susceptance (B,) at the second

frequency are related to the transmission line properties as

1
B = Z—(csc(eﬂ) —cot(6,,)), (2.16a)

/]

1
B, = Z—(csc(ﬁfz) —cot(6,,)). (2.16b)

4
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(b)

Fig. 2.3. (a) Band-pass circuit and (b) band-stop circuit topologies of a T.L.
For the band-stop topology, the lumped components are related to the transmission line

properties as

1 @ )
C = 1 2
ol or 2 _sn@,), L5, sin(@,,) G172
B, zB ' B, ZB
11
[4) .
L= 1 = , (2.17b)
A'( ).~ Lo )
2 sm Sln
-2y (2 sin0,2)

B ZB ~ "B, 1B
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1_1
2 2
C, = = I 7 , (2.17¢)
2/
csc(d,,)—cot(8,,) csc(8,,)—cot(6,,)
a)IZo _ a)ZZo
é,)—cot(d 8,,)—cot(@
L= csc( fl) cot( f]) csc( f2) cot( fz). @2.17d)

o - o}
In the next section, all three transmission lines in the rat-race circuit are designed with
lumped components. The dual-band rat-race coupler operates at 450 MHz and 900 MHz.
2.2. IMPLEMENTATION AND MEASUREMENTS
An example circuit is designed with a complex impedance load. The rat-race circuit is
designed to operate at 450 MHz (f,) and 900 MHz (f,). To implement a complex terminal at the
rat-race port, a transformation circuit consisting of L-C ladder network shown in Fig. 2.4 is used.
The source impedance is assumed to be 50 (). The load values at both operating frequencies are

calculated to be Z, (f,)=33.117729.04 Q and Z,(f,)=38.65j4.65 2.
Z
Cp,=10 pF CLi=10 pF
I [l
M 1

(o]

50Q

LL2=22 nH LL] =22 nH

Fig. 2.4. Load transformation network.

Using the design equations (9)-(14), the properties of all three TLs are tabulated in Table
2.1. Then applying equations (15)-(17), ideal lumped components values are also shown in Table
2.2 as theoretical circuit. The circuits are implemented on a printed-circuit board (PCB) from
Rogers Corporation, RO3010 having relative dielectric constant (&,-) of 10.2 and loss tangent of
0.0022. The board thickness is 1.27 mm. To incorporate the PCB traces in the circuit, the layout
of the circuit are simulated by Momentum in Advanced Design System (ADS). Then all lumped
components are adjusted accordingly. The results are also shown in Table 2.2 as post-simulation
circuit. In addition, the implemented circuit shown in the table uses practical lumped components
for experiment. The prototype unit is shown in Fig. 2.5. The circuit size is 2.5><3.4cm2, which is

0.075X,%0.102A, where A, is wavelength at 900 MHz.
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Table 2.1. Transmission line properties for rat-race coupler with complex load Z,.

Frequency
Transmission line 1 Transmission line 2 Transmission line 3
(MHz)
450 z,=6943Q) | 26, z,=694382 | 0, z,=69430) | 205
= 243° = 243° = 64°
900 z,=69.430) | 20, 2,=694302 | O, 2,=69.43) | 205
=127° = 127° = 307°

Using complex ports shown in Fig. 2.4, the S-parameters of the rat-race circuits are shown in Fig.
2.6. Table 2.3 summarizes the circuit performance at 450 MHz and 900 MHz. From the table,
the theoretical circuit shows excellent performance as it meets all conditions in (1)-(4). With the
layout integrated into the circuit, the performance of the post-simulation circuit is dropped. For
the prototype unit, the performance of implemented circuit is dropped further.

performance of the post-simulation from the implemented circuit is caused by both using practical

Table 2.2. Lumped component values of the transmission line sections

Component | Transmission
line section | C 1(pF) L l(IIH) C 2(pF ) Lz(nH)
Circuit #
9.62 7.024 | 2.95 20.3
Theoretical Circuit 6.18 10.55 4.40 13.16
6.18 10.55 1.48 46.38
3.84 10.77 | 4.15 11.66
Post-simulation
6.09 8.768 1.87 14.41
Circuit
6.15 11.03 0.57 26.19
3.9 10 3.9 12
Implemented
5.8 8.7 1.8 15
Circuit
5.6 11 0.5 28

lumped components and having parasitic loss in components, especially the inductors.

The lower
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Fig. 2.6 S-parameters comparison of the rat-race circuits including (a) |S, |5, (0) S,/ (©) |5 5s

(d) 1S,/ and (€) | £ Sy— £ S,,|.
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Table 2.3. Rat-race circuit performance

Frequency Conditions
(MHz) Sl | 1S2las | Ssilas | ISalas | 1£85™ £ Syl
Circuit #
Theoretical -49 -3 3| 49 180°
450 Post-simulation -26 -2.6 | -3.8 -20 183°
Implemented -16 24 | 49 | -22 188°
Theoretical -54 -3 -3 | -56 180°
900 Post-simulation -15 38 [ -3 | -15 181°
Implemented -13 -5.6 | -45 | -25 170°

2.3. CONCLUSIONS

In this chapter, a compact 450/900-MHz dual-band rat-race coupler with complex
impedance load is designed, implemented, and measured. Lumped components are used to
implement transmission line sections in the rat-race design for circuit miniaturization. The circuit
simulation shows good performance at both frequencies. The measured circuit also shows good
rat-race functions with slightly different performance from the simulation due to two factors: 1)
using available lumped components to replace ideal values and 2) lossy lumped components,

especially the losses in inductors. The proposed methodology is promising in design dual-band

rat-race coupler with complex load termination.




Chapter 3

2.4 GHz Rat-Race Coupler with Complex Termination on IPD Process

Rat-race coupler are commonly used in microwave circuit. On printed-circuit board, the
longest transmission line can be as long as 3A/4 for normal real termination load [1]. Many
researches have been done to minimize the size of the circuit [2-5]. In CMOS process, the quality
factor of inductors is usually small, and therefore the performance of circuits is degraded [2]. In
LTTC process, performance of circuit is quite good because of availability of high quality factor
of inductors. Nevertheless, the production cost of LTTC is relatively high. Integrated passive
device (IPD) process becomes more popular because of its relatively low production cost. It also

provides high quality factor for passive components and modules [6].

Complex termination is usually encountered in circuit design. In [7], a hybrid rat-race
coupler with in phase output ports has been derived for complex termination. In this paper, a
proposed rat-race coupler at ISM band is implemented on IPD process. The output port design is
modified to have out-of-phase signals. The circuit ports are terminated with a complex
impedance value. The input port is matched. There are one isolation port and two output ports

with differential signal.

3.1. Rat-Race Coupler Circuit Properties

In this chapter, the rat-race circuit properties are defined as follows,

S11 =0, @3.1)
[S21] = 15341, (.2)
£S5 — £531 = £180°, (3.3)
Sa1 =0, (3.4)

where the input port is port 1, the output ports are port 2 and port 3 and the isolation port is port 4.
Figure 3.1 shows the proposed rat-race structure. Each port is terminated with a complex

impedance value, Z; .
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Port 1

TL2
25,0,

TLI1
23, 204

Port3

TL2
z, 0

TL3
73, 205

Port 2

Fig. 3.1 The proposed rat-race coupler.

Port 4

Because of the symmetric structure of the circuit, even and odd mode analysis can be applied.

The analysis will be described next.

3.2. Even and Odd Mode Analysis

Figure 3.2 shows the structure when even mode is excited into the circuit. The first and

the third transmission lines are separated in half, so does their electrical length. The reflection

coefficient for the even mode can be found as

1e
_ z-z;
e~ ,ile ’

where

zle — Zy(=jZ;cot(61))
I zg,+(~jZicot(6y))

e _ o Zz1tjZytan(6,)

x2 — ZZ +jze ’
2+jZg tan(0;)

e _ (=jzzcot(83))Z

X1 7 (~jzzcot(83))+2ZL

Note that * implies complex conjugate operator.

e
x2

Port |

TL1
Z, 6,

0.C.

TL2
2,6,

TL3
Z3, 65

o.C.

Port 2

Fig. 3.2 Rat-race coupler for even mode analysis.

The transmission coefficient

(3.5a)

(3.5b)

(3.5¢)

(3.5d)
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_ 1+T§ ) zie ( ﬂ)
T, = (e1'92+r‘ie'!'92 (zi11f+zs 1+ z.) (3.6a)
where
zE, -z
If = ez (3.6b)

For the odd mode analysis, Fig. 3.3 shows the equivalent circuit. The reflection coefficient of the

odd mode can be found as

_ Zin-Zi

l-‘O - Zil.,f"'ZL’ (373)
where

1o _ Z&(Ztan(8y)
2 = 22, +(jZ tan(6,))’ (3.70)

o _ 7 ZiitjZztan(8;)

2= 22 {7 tan(8y)’ (3.7c)

o — UZtan(6:))Z;

X1 ™ (jzjtan(63))+2L (3.7d)
The transmission coefficient for the odd mode is

_ 141§ ) z}° ( ﬂ)

To= (e192+rge—192 (zi‘,{’+zs i z,) (3.82)
where
o =% (3.8b)

L™ zo 42z, )

TL2
2,6,
Port 1 TL1 TL3 Port2
== Z,, 6, Z3, 63 =
I I
Fig. 3.3 Rat-race coupler for odd mode analysis.

Then S-parameters of the circuit can be found as
511 == O.S(Fe + Fo), (393.)
S21 = 0.5(T, + T,), (3.9b)

S31 = 0.5(T, — I,), (3.9¢)
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S41 =05(T, —T,). (3.9d)
The relationships between the first and the third transmission line can be found as

Z; =124, (3.10)
65 = 6; +~+nm. (3.11)

The relationships between the first and the second transmission line can be found as

Z, sin(6;) = —Z;sin(26;,), (3.12)
[cos(8,) — (Z,/Zy)sin(8,)tan(6; + 1/2)]1X,, + Z, sin(6,) — COS_(Bz;ta_n(B_z) .
e 1
: 9 0
sin) _ 72 73 5in(62) tan(6, ) tan (6, + ) , cost6) ta,,( 4 I .
2
[—%sin(ez) tan(61) + cos(ez)] X, =0,
1
(3.13)
where
Z, =R, +jX,. (3.14)

In the next section, a designed rat-race coupler on IPD process is discussed. The circuit layout is

simulated by using ADS.

3.3. Rat-Race Coupler on IPD Process

The IPD process has three metal layers and two different types of dielectrics. The
dielectric 1 and 2 have relative dielectric constant values of 6.7 and 2.65, respectively. The metal
and via between the dielectric layers are made of copper. Figure 4 shows the cross section view

of the IPD process.
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Fig. 3.4 Cross-section view of the IPD process.

An example circuit is set to have a complex terminal load value of Z; = 6.4 + j10 Q. Using

design equations (10)-(13), all the transmission line properties are found and shown in Table 3.1.

Table 3.1 Transmission Line Properties of Rat-Race Circuit

Transmission Line Characteristic Impedance (Q) Electrical Length (0)
1 25.64 111
2 26.92 141
3 25.64 201

In order to reduce the size of the circuit, lumped component pi-network is used to
represent each transmission line. The circuit topology is shown in Fig. 5. The circuit composed
of one series component and two identical shunt components. The series and shunt components
can be inductor or capacitor. If the series component is an inductor and the shunt components
are capacitor, the network represents right-handed transmission line. On the other hand, if the
series component is a capacitor and the shunt components are inductors, the network represents

left-handed transmission line. The lumped components of the circuit are shown in Table 3.2.

Table 3.2 Lumped Components of the Transmission Lines

Transmission Line Series Component Shunt Components
1 Capacitor: 3.89 pF Inductor: 0.648 nH
2 Inductor: 1.13 nH Capacitor: 6.9 pF
3 Inductor: 1.13 nH Capacitor: 0.986 pF
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(a)
CSC
o I o
Lsh Lsh
(b)

Fig. 3.5 Lumped transmission line topologies consist of (a) right-handed transmission line and (b)

left-handed transmission line.

Figure 3.6 shows the schematic of the lumped component rat-race coupler. All the
lumped components are then implemented on IPD process. Inductors are implemented by
rectangular spiral shape while capacitors are implemented by parallel-plate type. The chip photo

is shown in Fig. 3.7.

i

%. Cu

Cu

it

Ponl= l”_rﬁlq__ L g_ﬁu—_’" Y Port 2
R

Port 3 Port4

Fig. 3.6 Rat-race circuit with ideal lumped transmission line components.



22

SEEEEEEEREEEEREEEER llllllllIllr.....l...-.l.I.I.

T.L.1 T.L2 § T.L.3
| ]

FEEEEEEEEENRERNNEN IIIIIIIIII-‘-l.l.l..ll-l.llll

Fig. 3.7 Rat-race circuit photo on IPD process.

To check the performance of the circuit, the simulation results of the ideal lumped
component rat-race circuit are compared with the post-simulation results from the circuit
implemented on IPD process. The simulation uses frequency range of 1.5-3.5 GHz. The port
impedance is fixed at 6.4 + j10 £ in the simulated frequency range. The rat-race parameters
(eq. 1-4) are shown in Fig. 3.8. The implemented circuit is measured using network analyzer.

The measurement results are also compared with the simulation results shown in Fig. 3.8.

s
- o
-
8

20 + =&~ ideal components

—&— post-simulation
.50 = measurement
15 2 23 3s
Frequency (GHz)

(a)
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|s21|d8

~@= ideal components
=@ post-simulation
40 —g—measurement

15 2 25 3 3s
Frequency (GHz)

(b)

|s31|dB

—ii—ideal components

—®— post-simulation

g ~—dr= measurement
-45 A—— P :
15 2 s 3 25
Frequency (GHz)
(c)
0

50 e .t .\ } —m—ideal components

—&— post-simulation
307+ —ir—measurement
70 + ; - 4
D 2 25 3 35
Frequency (GHz)

(d)
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Fig. 3.8 Rat-race circuit simulation for ideal components and layout on IPD process of (a)

Sll,dB ,(b) SZl,dB(c) S3l,dB(d) S41,dB (e) phase difference between 521 and 531.

From Fig. 3.8, the ideal lumped components yield as low as 50 dB of S;; while that of
the layout IPD and the measured chip is -10.2 dB and -5.6 dB, respectively. The layout IPD
therefore has some reflected power at the input port. The transmission coefficients at port 2 are -3
dB, -5.8 dB and -6.9 dB for the ideal lumped components, the layout IPD simulation and the
measured chip, respectively. The transmission coefficients at port 3 are -3 dB, -3.7 dB and -5.7
dB for the ideal lumped components, the layout IPD simulation and the measured chip,
respectively. The output powers at the output ports of those three above cases differ by 0.002 dB,
2.1 dB and 1.2 dB, respectively. The transmission coefficients at port 4 are -64 dB, -15 dB and -
14 dB for the ideal lumped components, the layout IPD simulation and the measured chip,
respectively. Therefore, there is some power provided to the isolation port. Finally, the phase
difference at the output ports are 180°, 178.5%, 181.5° for the ideal lumped components, the
layout IPD simulation and the measured chip, respectively. Therefore the phase difference values

at the output ports are less than 2 © in all cases.

The discrepancies between the ideal components and the post-simulation are due to the
additional ground loop. While the discrepancies between the post-simulation and the
measurement are caused by the parasitic inductance of the whole chip, e.g., mutual coupling

between inductance loops in the chip.

3.3. Conclusions
The rat-race coupler with complex termination is implemented on IPD process. The rat-

race circuit properties are matching input port, yielding power balance and phase balance at the
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output port. The design equations for distributed structure are provided for single frequency
operation. To implement the circuit on IPD process, lumped component design is also illustrated.
The measured results show -5.6. dB reflection coefficient at the input port, -14 dB transmission
coefficient at the isolation port, the transmission coefficient at the output ports is better than -7
dB, and the phase difference at the output ports is lessthan 2 degrees. The measured results differ

from the post-simulation due to parasitic inductance in the chip. Isolation circuit such as guard

ring might be included for better performance.



Chapter 4

Conclusions

Rat-race coupler circuits with complex termination are analyzed and designed for single
and dual band of frequencies. One is implemented on printed circuit board (PCB) which works
on 450/900 MHz. The other is implemented on Integrated Passive Device (IPD) process which
works on 2.4 GHz. Both of the circuits use lumped components to minimize the size of the
circuits.

For the PCB implementation, a compact 450/900-MHz dual-band rat-race coupler with
complex impedance load is designed, implemented, and measured. Lumped components are used
to implement transmission line sections in the rat-race design for circuit miniaturization. The
circuit simulation shows good performance at both frequencies. The measured circuit also shows
good rat-race functions with slightly different performance from the simulation due to two
factors: 1) using available lumped components to replace ideal values and 2) lossy lumped
components, especially the losses in inductors.

For the IPD process implementation, the rat-race coupler with complex termination is
analyzed and designed. The rat-race circuit properties are matching input port, yielding power
balance and phase balance at the output port. The design equations for distributed structure are
provided for single frequency operation. To implement the circuit on IPD process, lumped
component design is also illustrated. The measured results show -5.6 dB reflection coefficient at
the input port, -14 dB transmission coefficient at the isolation port, the transmission coefficient at
the output ports is better than -7 dB, and the phase difference at the output ports is less than 2
degrees. The measured results differ from the post-simulation due to parasitic inductance in the

chip. Isolation circuit such as guard ring might be included for better performance.

Summary of outputs
1) C. Pakasiri, S. Wang, “A compact UHF dual-band rat-race coupler with complex

impedance load,” Microwave and Optical Technology Letters, vol. 60, pp. 2517-2522, 2018. (ISI:
impact factor (2017) 0.948)

2) C. Pakasiri, S. Wang, “2.4 GHz rat-race coupler with complex termination on IPD
process,” 18th Intl. Symp. On Communicatons and Information Technologies (ISCIT 2018). (will

be in Scopus index)



UITRNYNIN/BAT1TD1IDA

Chapter 2

[1] A. Bekasiewicz, S. Koziel, and W Zieniutycz, “A structure and design optimization of novel
compact microscip dual-band rat-race coupler with enhanced bandwidth,” Microwave Opt
Technol Lett 58 (2016), 2287-2291.

[2] R. Sinha, A. De and S. Sanyal, “A theorem on asymmetric structure based rat-race coupler,”

IEEE Microw Compon Lett 25 (2015), 145-147.

[3] Q. He, et al,, “A novel 180 ° rat-race hybrid with arbitrary power division for complex

impedances,” Journal of Electromagnetic Waves and Applications (2013), 318-329.

[4] T.-M. Shen, et al., “Design of lumped rat-race coupler in multilayer LTCC,” Asia-Pacific

Microw. Conf. Digest.(2009), 2120-2123.

[5] S. Wang and J. Y. Zhong, “A compact 2.4/5.2 GHz rat-race coupler on glass substrate,”

Progress in Electromagnetics Research Letters, vol. 24, pp. 109-118, 2011.

[6] B. Tang, et al., Miniaturized rat-race hybrid incorporating six lumped element components,

Microwave Opt Technol Lett 58 (2016), 1125-1128.

[7] C.-H. Tseng, C.-H. Mou, C.-C. Lin and C.-H. Chao, Design of microwave dual-band rat-race

couplers in printed-circuit board and GIPD technologies, IEEE Trans Compon. Packag.

Chapter 3

(1] D. M. Pozar, Microwave Engineering, 2nd ed. John Wiley & Sons: U.S.A., 1998, pp.401-411.

[2] R. C. Frye, S. Kapur, and R. C. Melville, “A 2-GHz quadrature hybrid implemented in CMOS
technology,” IEEE J. Solid-state Circuits, vol. 38, no. 3, pp. 550-555, March 2003.

[3] D. Ozis, J. Paramesh, and D. J. Allstot, “Analysis and design of lumped-element quadrature
couplers with lossy passive elements,” 2006 IEEE International Symposium on Circuits and
Systems, 21-24 May 2006.

[4] T-M. Shen, C.-R. Chen, T.-Y. Huang, and R.-B. Wu, “Design of lumped rat-race coupler in
multilayer LTCC,” 2009 Asia Pacific Microwave Conference, 7-10 Dec. 2009.

[5] S. Wang, and J.-Y. Zhong, “A compact 2.4/5.2-GHz rat-race coupler on glass substrate,”
Prog. In Electromagnetics Research Letters, vol. 24, pp.109-118, 2011.

[6] T. Vaha-Heikkila, et al., “Integrated passive device process for high quality factor passive
components and modules,” 2013 European Microwave Conference, 6-10 Oct. 2013.

[7] Q. He, et al,, “A novel 180° rat-race hybrid with arbitrary power division for complex

impedance,” Journal of Electromagnetic Waves and Applications, pp.318-329, Nov. 2012.



MARHIN

TQY Y °o_.Aa a v
agdmidsemsautulasemside
fye el KREF156101

Tasams  nesnszowdyanadmiunsevilime

Coupler Circuit for Wireless Application

veminlnsamside giunu W AN ING. N3
.:'

vy v
srwanulugeaaiun 5.0.0.2561 faTun 159.8. 2561

aythudszanamliswnlidunuditminitedalegiiv

Cavs avlszanmsan mlgae miF FmmlE9e AuUNde
wnaml¥ag . v b 1 o -
NalA3INg onsunieney | Nadegliy | azaudideqiiu (M30101)
UAUHUY
mlderoy 325,500 207,844.71 62,000 269,845 55,655
AYITY 40,000 2534.34
o] r3655000 - | 210379.05

° =y y Yas o oy 4 LT8R ]
SruRunldsunazdrnuRuiliae

Laduilady Srudunlasuin e (szyiu theu 1)

a1 347,225 6 1.9. 2561

<
1IAN 2 - -

N
ADNILY ATIN |

573 | 347,225 1)
a9 ~ $1URUNFE (V)
AN 1 210,379.05
€ah 2 100,866

5 | 311,245 (2]




29

asnuimh Tasansadudsunu pawndmhinsdu

Tasans



MANUHIN Y

o\ 3 1Y X%
wanaaf inanaido



PAKASIRI aNo WANG

WILEY-%

Received: 13 February 2018

DOI: 10.1002/mop.31358

A compact UHF dual-band
rat-race coupler with complex
impedance load

Chatrpol Pakasiri' ® | Sen Wang?

'College of Advanced Manufacturing Innovation, King Mongkut’s Institute
of Technology Ladkrabang, Bangkok, Thailand

*Department of Electronic Engineering, National Taipei University of
Technology, Taipei, Taiwan

Correspondence

Chatrpol Pakasiri, College of Advanced Manufacturing Innovation, King
Mongkut’s Institute of Technology Ladkrabang, 1 Soi Chalongkrung

1, Ladkrabang, Bangkok, Thailand.

Email: chatrpol.pa@kmitl.ac.th

Funding information

King Mongut’s Institute of Technology Ladkrabang and National Taipei
University of Technology-King Mongkut’s Institute of Technology
Ladkrabang Joint Research Program, Grant/Award Numbers: NTUT-
KMITL-107-01, KREF156101; Memorandum of Understanding

Abstract

A compact UHF dual-band rat-race coupler with complex
terminated loads is proposed. The design procedure starts
with design circuit with transmission line (TL) components,
and design equations are also detailed in this letter for dual-
band operation. Moreover, the circuit size is further reduced
by replacing the TLs with lumped components. An exam-
ple circuit operating at 450/900 MHz is given. The mea-
surement shows that the circuit has the reflection
coefficient at the input port less than —13 dB, the transmis-
sion coefficient greater than —5.6 dB and phase difference
less than £10° at the output ports.

KEYWORDS
complex load, dual-band, rat-race coupler, UHF

1 | INTRODUCTION

Rat-race coupler circuits are used in many circuit blocks
such as low noise amplifier, power splitter, etc. The circuits
have been implemented in many forms, for example, on
printed-circuit board (PCB), on CMOS platform or on Inte-
grated Passive Device (IPD) platform. On PCB, the circuits
have been studied in distributed types'™ and lumped com-
ponent types.*® A combination of distributed and lumped

different advantages over various applications. Each plat-
form provides different advantages over various applica-
tions. For lumped component types, the circuit size can be
made smaller compared with distributed types.

Most of the times, rat-race circuit needs to be integrated
with other circuits. Therefore, the terminated loads are usually
complex impedance loads. The requirement for rat-race cir-
cuits to work with complex impedance loads is of great bene-
fits. In 2013, He et al.? proposed novel 180° rat-race hybrid
with arbitrary power division for complex impedances. The
circuit operates at single frequency with all ports terminated
with identical complex loads. The signals at two output ports
are equal in magnitude and in phase while that of the other
output port is null. In this paper, a compact dual-band rat-race
coupler with complex impedance loads is proposed. The
example circuits work at 450/900 MHz with output signals
being out of phase. The proposed theory of the circuit is based
on transmission lines (TLs) and the circuit is transformed to
lumped components for further size reduction.

2 | DUAL-BAND RAT-RACE
COUPLER WITH COMPLEX
IMPEDANCE TERMINAL LOAD

In this section, the dual-band rat-race coupler with complex
load is designed and analyzed by using TLs. Properties of
the three TLs in the circuit are identified. Then all three TLs
are transformed to lumped component circuits. The transfor-
mation equations to two types of lumped circuits are given.

2.1 | Dual-band rat-race coupler design with
transmission lines

Figure 1 shows the proposed dual-band rat-race coupler, and
all four ports are terminated with the same complex load
value of Z; . The load impedance values at the first and sec-
ond operating frequency are defined as Z;; = R ; + jXi,

‘§&
Mﬁ+,§

-/

d §

Z Z
26, 2

FIGURE 1 The proposed rat-race coupler with complex load
termination, Z; [Color figure can be viewed at
wileyonlinelibrary.com]

Check for
component types are reported in ref.” Each platform provides =g
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and Z; > = Ry, + jXy,, respectively. The first TL has charac-
teristic impedance Z; with electrical length 26, at the fre-
quency of interest. Similarly, the second TL has
characteristic impedance Z, with electrical length 8, and the
third TL features characteristic impedance Z; with electrical
length 265. The circuit properties are defined as follows.

Su=0, (1)

| S21 =] 831 |, (2)
£Sy1 — £S5 = +180°, (3)
Sig = 0. (4)

By applying even and odd mode analysis, the circuit can
be replaced by half-circuits as shown in Figure 2.

The [ABCD], matrix of the even mode can be calcu-
lated as

2 i 2 9
8 = cosl0) 4 M (5a)
Z3
B, =jZ,sin(6,), (5b)
c. :j[cos (6,)tan (6,) L sin (6,)

Z % (5¢)

_JZ,sin (6, )1an (6;) tan (65) .cos (62)tan (65),

2123 231 1] ~

-z\.
N — Z—sm(Hg)tan (61) + cos (0,). (5d)
I

Similarly, the [ABCD], matrix of the odd mode can be
calculated as

Zz sin (92)

A= AN I
cos(6,) Ziian(85) (6a)
B, =jZ,sin(6,), (6b)

C =i —cos(6,) L sin (6,) JZ,sin(65) ~cos(6,)
ps Ztan (6,) V2 Z\Zztan (6,)tan(63)  Zstan(63)|’
(6¢)
2 Z,sin (93)

°=Zian(8,) + cos (6,). (6d)

From the [ABCD] matrix, the reflection and transmission
coefficients of both even and odd modes can be written as

_AZL+B.-C.|Z,’-D.Z,

= : 7
AL +E, +C.2 v D7, (7a)
_AZL+B,—Cy|Zi[ ~D,Z; (7b)
° " AZL+B,+C,Z} +D,Z;
2R
Te = C(ZL)” y (7C)
AZ +B,+CZ2+D.Z,
2Re(Z
e(Z.) (7d)

Tyl= 3 )
AoZL+B,+C,Z2 +D,Z;

Then desired S-parameters of the circuit are

PAKASIRI aANo WANG
— T,
'@
§z‘
o.C.
(A)

r.:

FIGURE 2 Equivalent circuit for (A) even-mode analysis and
(B) odd-mode analysis [Color figure can be viewed at
wileyonlinelibrary.com]

(B)
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FIGURE 3 (A) Band-pass circuit and (B) band-stop circuit
topologies of a T.L
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9.62 7.024 295 20.3
6.18 10.55 4.40 13.16

1

2

3 6.18 10.55 148 46.38
1 3.84 10.77 4.15 11.66
2 6.09 8.768  1.87 14.41
3 6.15 11.03-.0,57 26.19
1 39 10 39 12

2 5.8 8.7 1.8 15

3 5.6 11 0.5 28
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Zy TABLE 2 Lumped component values of the transmission line sections
C1>=10 pF Cp=10 pF s} ; e b
IL Il o
R Il ° e
t
50Q eoretical circul
}Lu=22 nH }LL|=22 nH
Post-simulation circuit
FIGURE 4 Load transformation network Teplemeest ey
1
S41 ZE(Te—T,,). (8d)

The relationships between S-parameters in Equation 8
and ABCD-parameters in Equations 5-7 were calculated in
ref.! It was found in ref.’ that the relationships between the
first and third TL are

Zl = Z3 =m, (9)

03:01+%+mt. (10)

Therefore, the unknown parameters for rat-race circuit
are reduced to four unknowns (m, 0;, Z,, 6,) for each operat-
ing frequency. To achieve the rat-race circuit conditions in
Equations 1-4, four equations must be satisfied as follows:

Zysin(0y) = —m-sin (260,), (11)

[COS (02) b é sin (02) tan (91 + E)]XL] + Z, sin (02)
m 2
(cos(6;)tan (0;) = sin(6s)
m Zz

—%sin(ez)tan(el)tan (01+g), (12)
cos (6, ) tan (01 +£)](
]

4 2

2 2
Ri + X))

= Zosin 02) a0 (00) + cos(0)|Xu =0
Z,sin (k-0,) = —m-sin (k-26,), (13)

Z
[COS (k-6,) —;2 sin (k-6,) tan (k'91 + %)
cos (k-0,)tan (k-6)

X11 + Z;sin (k02)—[ "
sin (k02) Zz . /4
+ i 7 sin (k-6,)tan (k-6 ) tan (k-0| + 5) +

cos (k-0,)tan (k-al + g)

](Rlz.l +le)
- [— ’% sin (k-6,)tan (k-6,) + cos (k-ez)] X1 =0,

(14)

TABLE 1

where £ is the ratio of the second to the first operating fre-
quency, k = f>/f;. For dual-band operation, all TLs except
TL; calculated from Equations 11-14 can be realized using
conventional microstrip lines. Due to the requirement in
Equation 10, a conventional microstrip line cannot satisfy
the electrical length requirement of both operating frequen-
cies for TL3. To solve this problem, lumped circuits are used
to replace the TLs. The dual-band and distributed-lumped
element transformation will be detailed in the next section.

2.2 | Dual-band rat-race coupler design with
lumped components

Consider a TL with Z, characteristic impedance. The TL has
0p electrical length at the first operating frequency and 6,
electrical length at the second operating frequency. To
replace a microstrip line with lumped components, two types
of circuits are used which are band-pass and band-stop

FIGURE 5 Rat-race prototype photo [Color figure can be viewed
at wileyonlinelibrary.com]

Transmission line properties for rat-race coupler with complex load Z;

FTS

Z,=69.43 Q 6, = 243 Zy = 69.43 Q 20, = 64°
heagraignt. and gl ¢ miocun e@}vﬂ-je PIUSQ. Zi= g9 B A" 8 20, = 307
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L2
circuit topologies. Figure 3 shows the lumped circuit TL L=~ = ar'l ;
topologies. For the band-pass topology, the lumped compo- Zow (CSC (af ') —e (gf : )) T Zo (CSC (af 2) e (ef 2))
nents are related to the TL properties as (15b)

_ % (ese(0) ot (B1)) ~ % (ese(62) — cot (62)) g AN i

0} —w3 ' sin (g sin(6.) )’
1~ %2 DY o 1" ) R T (1 T J2
@ \ By Z,B; w \ B; Z,B;

(15a)
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TABLE 3 Rat-race circuit performance

ST, 1 Sae ISyilas 1S21las 1S31lap 1Saslap 1£821— 253!
450 Theoretical —49 -3 -3 -49 180°

Post-simulation —26 -26 =38 =20 183°
Implemented -16 =24 -49 =22 188°
900 Theoretical -54 -3 -3 =56  180°
Post-simulation —15 -38 -3 -15  18I°

Implemented -13 =56 —-45 =25 170°

. (15d)

where @w; and w, are angular frequencies at the first and
second operating frequencies, respectively. The susceptance
(B;) at the first frequency and the susceptance (B5) at the
second frequency are related to the TL properties as

B, :Zi(csc(eﬂ) —cot (efl))’

(4

(16a)

B, = Zi (esc(fy2) —cot (672))-

0

(16b)

For the band-stop topology, the lumped components are
related to the TL properties as

C] i 1 ) _ (0F) (17a)
9 ¥ 2 . . ’
;=i | (5 sin(on) ) Sin(6y)
(E 7. ) (B_: W
O\ £
(l)'l' tl)2
L= I \ 7 ; (17b)
sin (o) L, Sin(ey)
B) 4,,3% By Z',B%
a1
C2 i3} 2 /ml Ch @, » /M , (170)
csc(0p)-cot (o) csc(0p)-cot(d,)
w1 Z, ) _ a7,
csc(61)-cot(6y)  csc(62)-cot(6)
&= . 17d
¢ w3} —w? (17d)

In the next section, all three TLs in the rat-race circuit
are designed with lumped components. The dual-band rat-
race coupler operates at 450 MHz and 900 MHz.

3 | IMPLEMENTATION AND
MEASUREMENTS

An example circuit is designed with a complex impedance
load. The rat-race circuit is designed to operate at 450 MHz
(f1) and 900 MHz (f>). To implement a complex terminal at

WILEY-22

the rat-race port, a transformation circuit consisting of L-C
ladder network shown in Figure 4 is used. The source
impedance is assumed to be 50 Q. The load values at both
operating frequencies are calculated to be Z(f;) = 33.11
—Jj29.04 Q and Z, (f;) = 38.65 — j4.65 Q.

Using the design Equations (9)-(14), the properties of all
three TLs are tabulated in Table 1. Then applying
Equations 15-17, ideal lumped components values are also
shown in Table 2 as theoretical circuit. The circuits are
implemented on a PCB from Rogers Corporation, RO3010
having relative dielectric constant (g,) of 10.2 and loss tan-
gent of 0.0022. The board thickness is 1.27 mm. To incorpo-
rate the PCB traces in the circuit, the layout of the circuit are
simulated by Momentum in Advanced Design System
(ADS). Then all lumped components are adjusted accord-
ingly. The results are also shown in Table 2 as post-
simulation - circuit. In addition, the implemented circuit
shown in the table uses practical lumped components for
experiment. The prototype unit is shown in Figure 5. The
circuit size is 2.5%3.4 cm®, which is 0.075A,%0.102\, where
A, is wavelength at 900 MHz.

Using complex ports shown in Figure 4, the S-
parameters of the rat-race circuits are shown in Figure 6.
Table 3 summarizes the circuit performance at 450 MHz and
900 MHz. From the table, the theoretical circuit shows
excellent performance as it meets all conditions in
Equations 1-4. With the layout integrated into the circuit, the
performance of the post-simulation circuit is dropped. For
the prototype unit, the performance of implemented circuit is
dropped further. The lower performance of the post-
simulation from the implemented circuit is caused by both
using practical lumped components and having parasitic loss
in components, especially the inductors.

4 | CONCLUSION

In this letter, a compact 450/900-MHz dual-band rat-race cou-
pler with complex impedance load is designed, implemented,
and measured. Lumped components are used to implement TL
sections in the rat-race design for circuit miniaturization. The
circuit simulation shows good performance at both frequencies.
The measured circuit also shows good rat-race functions with
slightly different performance from the simulation due to two
factors: (1) using available lumped components to replace ideal
values and (2) lossy lumped components, especially the losses
in inductors. The proposed methodology is promising in design
dual-band rat-race coupler with complex load termination.
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Abstract

We report the experimental results on controlling the
oscillation wavelength by inducing force-induced fiber
gratings in Tm/Ho co-doped fiber ring resonators. The
fiber grating generates the resonance loss bands that are
controlled with an electromagnet. The oscillation wave-
length covers from 1879 nm to 1995 nm overall by shift-
ing the passband that appears between the neighboring
loss bands.

KEYWORDS
Tm/Ho co-doped silica fibers, tunable fiber lasers

1 [ INTRODUCTION

2 pm-band eye-safe lasers attract great interest in the appli-
cation fields of lidars, gas detection, and medical
treatment'™. In these applications, laser wavelength tuning
is crucial to expand the usage range. For example, we can
access plural absorption peaks of the greenhouse gases, such
as carbon dioxide, nitrogen oxide, and water vapor, by tun-
ing the oscillation wavelength. As for the medical purpose,
one of absorption peaks of water is located at ~1.94 pm and
its absorption coefficient increases toward this peak. The
optical penetration depth in tissues is thus controllable by
the laser wavelength rather than the output power. The rare-
earth ions of Tm** and Ho" are most common as the active
media used for the 2 pm-band fiber lasers, which covers the
wavelength range from 1.75 pm to 2.15 pm™>®. The Tm/Ho
co-doped fiber lasers (THFLs) is capable of the broad oscil-
lation wavelength range by directly emitting the energy from
the *F, level to the *Hg of Tm>* or by transferring the energy
from the °F, level of Tm>* to the °1, level of Ho>*. So far,
the wavelength tuning in the 2 pm-band fiber lasers has been
realized by using extra-fiber optical instruments, such as
rotatable diffraction gratings.”® However, such tunable Sys-
tems remain the problems like insertion loss, robustness,
environmental fluctuation, because of the input and output
coupling of light with the fibers. In-fiber tuning mechanism
is capable of solving such problems. Thus far, all-fiber tun-
able lasers in the 2 pm band have been demonstrated using
temperature-dependent fused-fiber couplers and using polari-
zation controllers.”'® In our previous articles, we have
reported the wavelength control with all fiber configurations
by incorporating a force-induced long-period fiber grating
(LPFG) into the fiber ring resonators including the Er- or
Tm-doped fibers.'"'? In this article, we introduce the force-
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Abstract—This paper proposed a rat-race circuit
implement on IPD (Integrated Passive Device) process. The
termination loads of the circuit have a complex impedance
value. Design equations for single frequency operation of
distributed structure are provided. Lumped components
representation of distributed structure is illustrated in the
design example. The measured results yield -5.6 dB reflection
coefficient at the input port and -14 dB transmission coefficient
at the isolation port. The transmission coefficients at the
output ports are better than -7 dB while the phase difference is
less than 2 degrees.

Keywords—rat-race coupler, complex termination, integrated
passive device, IPD.

I. INTRODUCTION

Rat-race coupler are commonly used in microwave
circuit. On printed-circuit board, the longest transmission
line can be as long as 31/4 for normal real termination load
[1]. Many researches have been done to minimize the size of
the circuit [2-5]. In CMOS process, the quality factor of
inductors is usually small, and therefore the performance of
circuits is degraded [2]. In LTTC process, performance of
circuit is quite good because of availability of high quality
factor of inductors. Nevertheless, the production cost of
LTTC is relatively high. Integrated passive device (IPD)
process becomes more popular because of its relatively low
production cost. It also provides high quality factor for
passive components and modules [6].

Complex termination is usually encountered in circuit
design. In [7], a hybrid rat-race coupler with in phase output
ports has been derived for complex termination. In this
paper, a proposed rat-race coupler at ISM band is
implemented on IPD process. The output port design is
modified to have out-of-phase signals. The circuit ports are
terminated with a complex impedance value. The input port
is matched. There are one isolation port and two output ports
with differential signal.

This paper is organized as follows. Section II gives an
analysis on complex termination rat-race coupler. Section III
shows the implementation on IPD process and simulation
results. Section IV draws some conclusions.

II. COMPLEX TERMINATION RAT-RACE COUPLER

A. Rat-Race Coupler Circuit Properties

In this paper, the rat-race circuit properties are defined as
follows,

511 = 0,

978-1-5386-8458-0/18/$31.00 ©2018 IEEE

Sen Wang
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Taipei, Taiwan
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[S21] = 15341, (2)
485, — £S3; = £180°, 3)
S41=0 4)

where the input port is port 1, the output ports are port 2 and
port 3 and the isolation port is port 4. Figure 1 shows the
proposed rat-race structure. Each port is terminated with a
complex impedance value, Z; .

TL2
Zy, 0,

Port 1 Port 2

F TL1 TL3 =
17}, 20, \Z3, 20,

TL2
Zy, 0y

Port3 Port 4

Fig. 1 The proposed rat-race coupler.

Because of the symmetric structure of the circuit, even
and odd mode analysis can be applied. The analysis will be
described next.

B. Even and Odd mode Analysis

Figure 2 shows the structure when even mode is excited
into the circuit. The first and the third transmission lines are
separated in half, so does their electrical length. The
reflection coefficient for the even mode can be found as

zpe-z]
=4n"4L
r %, (5a)
where
le _ Zxy(-jZycot(81))
Zin = Z5,+(=jZycot(6y)) o
e =z ZatiZtan(e;)
X2 ™ %2 7,478 tan(6;)’ i
e — (CiZ3cot(63))Z; (5d)

X1 (= jzzcot(03))+2L,

(1) Note that * implies complex conjugate operator.
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Fig. 2 Rat-race coupler for even mode analysis.
The transmission coefficient
1+T¢ zie z]
T, = gtk o)(1+%4) 6a
g efP2+rfe=if2 J\z2e+ 2, z)’ (6a)
where
re = Zg1-2Z2 b
L = 7€ +7.° (6 )
X1 TEg

For the odd mode analysis, Fig. 3 shows the equivalent

circuit. The reflection coefficient of the odd mode can be
found as
{ zii-z)
l"O - Zil:"'zl.’ (7a)
where
fo _ 28:UZitan(6,)).
Zip = 29, +(jZ; tan(6,))’ (7b)
Zg1+jZztan(6;)
A\ %2 Zp+jzg,tan(87)’ (7€)
o _ (Zztan(63))Zy
X1 (jzztan(83))+2L (7d)
The transmission coefficient for the odd mode is
i 14T 70 ( ﬂ)
<k (el‘92+rge-i92) (z},f+zs >+ z)’ &
where
o _ 281=2>
= 2892, (8b)
TL2
Z», 6,
Port 1 TL1 TL3 Port 2
= Z, 6, 73, 65 L
& L
Fig. 3 Rat-race coupler for odd mode analysis.
Then S-parameters of the circuit can be found as
Sll = O.S(Fe + ro), (93)

521 = O.S(Te + TO)’ (gb)
S31 = 0.5(F, — T,), (%)
541 - O.S(Te - TO)' (9d)

The relationships between the first and the third transmission
line can be found as

23 = ZI’ (10)

65 = 6, + =+ nm. (11)

The relationships between the first and the second
transmission line can be found as

Z,sin(6,) = —Z,sin(26,), (12)

[cos(85) — (Z,/Z,)sin(0,)tan(0; + m/2)]1X,; +

. 0 0 in(6
Z, sin(03) =< 223"( 2) 4 sz(ZZ) -

(6,) tan(6
—Z—Z—sin(az) tan(6,) tan (91 + E) w] |Z,|? +

[ sm(Bz) tan(6;) + cos(Bz)] X, =0,
where

Zy, =R +jX;. (14)
In the next section, a designed rat-race coupler on IPD

process is discussed. The circuit layout is simulated by
using ADS.

I1T. RAT-RACE COUPLER ON IPD PROCESS

The IPD process has three metal layers and two different
types of dielectrics. The dielectric 1 and 2 have relative
dielectric constant values of 6.7 and 2.65, respectively. The
metal and via between the dielectric layers are made of
copper. Figure 4 shows the cross section view of the IPD
process.

. //// /// .

air

Fig. 4 Cross-section view of the IPD process.

An example circuit is set to have a complex terminal load
value of Z, = 6.4+ j10 Q. Using design equations (10)-
(13), all the transmission line properties are found and shown
in Table I.



TABLE L. TRANSMISSION LINE PROPERTIES OF RAT-RACE CIRCUIT
Transmission Line Characteristic Electrical Length
Impedance (Q) °)
1 25.64 111
2 26.92 141
3 25.64 201

In order to reduce the size of the circuit, lumped
component pi-network is used to represent each transmission
line. The circuit topology is shown in Fig. 5. The circuit
composed of one series component and two identical shunt
components. The series and shunt components can be
inductor or capacitor. If the series component is an inductor
and the shunt components are capacitor, the network
represents right-handed transmission line. On the other
hand, if the series component is a capacitor and the shunt
components are inductors, the network represents left-
handed transmission line. The lumped components of the
rat-race circuit are shown in Table II.

Lo Cee

! _]%C = JI_C::h Ly Ly,

(a) (b)

Fig. 5 Lumped transmission line topologies consist of (a)
right-handed transmission line and (b) left-handed
transmission line.
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Fig. 6 Rat-race circuit with ideal lumped transmission line
components.
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TABLE II.

LUMPED COMPONENTS OF THE TRANSMISSION LINES

Transmission Line

Series Component

Shunt Components

Capacitor: 3.89 pF

Inductor: 0.648 nH

2

Inductor: 1.13 nH

Capacitor: 6.9 pF

3

Inductor: 1.13 nH

Capacitor: 0.986 pF

P e T T LT T T

Fig. 7 Rat-race circuit photo on IPD process.

Figure 6 shows the schematic of the lumped component
rat-race coupler. All the lumped components are then
implemented on IPD process. Inductors are implemented by
rectangular spiral shape while capacitors are implemented by
parallel-plate type. The chip photo is shown in Fig. 7.

To check the performance of the circuit, the simulation
results of the ideal lumped component rat-race circuit are
compared with the post-simulation results from the circuit
implemented on IPD process. The simulation uses frequency
range of 1.5-3.5 GHz. The port impedance is fixed at 6.4 +
j10 Q in the simulated frequency range. The rat-race
parameters (eq. 1-4) are shown in Fig. 8. The implemented
circuit is measured using network analyzer. The
measurement results are also compared with the simulation
results shown in Fig. 8.
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Fig. 8 Rat-race circuit simulation for ideal components and
layout on IPD process of (a) Si14p,(b) S21,45(c) S31,45(d)
S41,ap (€) phase difference between S, and Ss;.

From Fig. 8, the ideal lumped components yield as low as
50 dB of S;; while that of the layout IPD and the measured
chip is -10.2 dB and -5.6 dB, respectively. The layout IPD
therefore has some reflected power at the input port. The
transmission coefficients at port 2 are -3 dB, -5.8 dB and -6.9
dB for the ideal lumped components, the layout IPD
simulation and the measured chip, respectively. The
transmission coefficients at port 3 are -3 dB, -3.7 dB and -5.7
dB for the ideal lumped components, the layout IPD
simulation and the measured chip, respectively. The output
powers at the output ports of those three above cases differ

by 0.002 dB, 2.1 dB and 1.2 dB, respectively. The
transmission coefficients at port 4 are -64 dB, -15 dB and -14
dB for the ideal lumped components, the layout IPD
simulation and the measured chip, respectively. Therefore,
there is some power provided to the isolation port. Finally,
the phase difference at the output ports are 180°, 178.5°,
181.5° for the ideal lumped components, the layout IPD
simulation and the measured chip, respectively. Therefore
the phase difference values at the output ports are less than
2%in all cases.

The discrepancies between the ideal components and the
post-simulation are due to the additional ground loop. While
the discrepancies between the post-simulation and the
measurement are caused by the parasitic inductance of the
whole chip, e.g., mutual coupling between inductance loops
in the chip.

IV. CONCLUSIONS

The rat-race coupler with complex termination is
implemented on IPD process. The rat-race circuit properties
are matching input port, yielding power balance and phase
balance at the output port. The design equations for
distributed - structure are provided for single frequency
operation. To implement the circuit on IPD process, lumped
component design is also illustrated. The measured results
show -5.6 dB reflection coefficient at the input port, -14 dB
transmission coefficient at the isolation port, the transmission
coefficient at the output ports is better than -7 dB, and the
phase difference at the output ports is less than 2 degrees.
The measured results differ from the post-simulation due to
parasitic inductance in the chip.  Isolation circuit such as
guard ring might be included for better performance.
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