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The method of least squares is developed for the optimum design of multi-section asymmetrical transdirectional (ATRD) couplers
with arbitrary port impedance matching. Firstly, transmission matrix of a section of coupler is obtained, then the transmission
matrix of whole multi-section coupler is determined, from which the scattering matrix of device is obtained. An error function is
then constructed by scattering parameters. According to design specifications, error function depends on physical parameters of
coupler (such as widths, spacings and lengths of transmission line sections and capacitor values), of which minimum point gives
optimum values of it’'s dimensions and capacitors. Optimum design is carried out for a specified frequency response and
bandwidth. Error minimization is implemented by the combination of genetic algorithm (GA) and conjugate gradient method
(CGM). The design is verified by full-wave simulation software, fabrication and measurement. Several 3 dB, 6 dB and 10dB
couplers are designed with different bandwidths and port impedances. Compared to the proposed design method, design of
asymmetrical multi-section couplers by full-wave simulation softwares is by trial and error and at best random and almost

impossible because of extremely high CPU time due to the large number of parameters of coupler geometrical structure.

1. Introduction

The directional couplers as passive microwave devices have
extensive applications in RF designs, such as filters, phase
shifters and measurement equipments. Its various types have
been developed in different structures and platforms in the
form of single and multi-section configurations [1-4]. The
directional coupler is called as codirectional, contradirec-
tional and transdirectional according to the placement of the
isolated ports designated by 2, 3 and 4 as shown in Figure 1,
respectively. Their use in the Butler matrix, leads to a
complex configuration due to the crossover of circuit and
parasitic effects [5]. For the remedy of this problem, the
transdirectional coupler with capacitance loading is used in
[6]. A characteristic of transdirectional (TRD) coupler is the
achievement of specified coupling, with shorter lengths [7]
and blocking of DC current to the through and coupled port.
The last property, may be used in circuits where AC and DC
signals exist together, such as active ones.

The design of symmetrical 3-section TRD coupler with
3dB coupling and capacitance loading is presented in [6].
Each section of the structure is assumed as two directional
coupler and analyzed by the even- and odd-mode theory.
Due to the symmetry of structure, all attributes and prop-
erties of sections are identical. Inductance loadings in [7] are
used for the miniaturization of symmetrical 3dB TRD
coupler. In this design, the coupler properties are the same as
conventional ones, but the size has been reduced by about
50%. Since the realization of weak coupling is difficult in the
symmetrical microstrip structures, the design of symmet-
rical TRD couplers with 10dB and 20dB coupling are
carried out in CPW structures using DGS, capacitance
loading and series inductances in [8]. A structure has been
described in [8], consisting of three identical symmetrical
sections. A more complex configuration is presented in [9],
which uses compact capacitors, inductors and varactor di-
odes with DC bias to achieve arbitrary couplings for TRD
coupler design. The variation of bias voltage of varactor
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FIGURE 1: Schematic of transdirectional coupler.

diodes causes changing its capacitance value, which is used
to change the coupling coefficient of symmetrical TRD
coupler. With this configuration, 3-40 dB coupling coeffi-
cients has been achieved.

Various asymmetrical directional couplers and their
design parameters are presented in [10-15]. The symmetrical
directional coupler is generally used in practice which is
analyzed by the even- and odd-mode theory. However, its
parameters may be derived and specialized from the pa-
rameters of asymmetric directional coupler as a special case,
as described in [15].

The microstrip asymmetric directional coupler can also
be used as an impedance transformer. In [16], a 3dB
microstrip asymmetric directional coupler has been des-
igned to behave as an impedance transformer from 50 ohm
to 12.50hm in a power splitter for power amplifiers.

All the transdirectional couplers considered and re-
ported in the literature, are designed based on symmetric
structures employing coupled-line couplers and the even-
and odd-mode analysis. Such methods are useful only for
symmetric structures. However, for the design of asym-
metric coupled lines with arbitrary port impedances in-
corporating impedance transformation, without any
additional devices such as impedance matching networks,
asymmetric multi-section structures should be used and
analyzed by the methods based on ¢ and 7 mode parameters.

In this paper, TRD couplers with port impedance
matching are designed by the asymmetric transdirectional
(ATRD) couplers with capacitance loading. The circuit
model of ATRD coupler based on the asymmetric structure
of coupled lines is analyzed and designed by the ¢ and =
modes using the four port network. This general model may
be used for all the symmetrical and asymmetrical structures
of coupled line TRD couplers. In addition to the symmetric
transdirectional coupler properties and applications, this
general asymmetric transdirectional coupler can also be
used as impedance transformers in microwave designs. The
single- and multi-section asymmetrical coupled-line cou-
plers modeled as four port networks may be analyzed and
designed.

The structure of a single section ATRD coupler with
shunt capacitor loading is depicted in Figure 2, which is used
as the base of ATRD coupler in this paper. Since the proposed
structure consists of two asymmetric coupled lines and shunt
capacitor, at first, the transmission matrix of an asymmetrical
coupled-line and capacitor is obtained as a four port network.
Then, the transmission matrix of the complete multi-section
coupler structure and its scattering matrix are obtained. An
error function is then constructed from the scattering pa-
rameters, according to the specified powers delivered to the
ports of ATRD coupler. The frequency bandwidth and port
impedances are also arbitrarily specified.
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FIGURE 2: Structure of a section of transdirectional coupler with
shunt capacitor loading.

The five parameters of each section of ATRD coupler
(widths of upper and lower strips, spacing between the two
strips, length of the coupled lines and the value of shunt
capacitor) and the relations among them (such as difference
between the width of adjacent coupled line strips and
spacings between two adjacent strips in a coupled line
section, ranges and their relative values) should be consider
in optimization. Without imposition of appropriate con-
straints on their values, an optimum design will not be
obtained and there will appear fabrication and measurement
problems. The design of microwave devices by merely using
the commercial full-wave simulation softwares requires
extensive CPU times. This situation is exacerbated in cases
where the number of parameters is large. Usually the full-
wave simulation softwares need initial values of parameters
to start the optimization algorithms, on the other hand, the
proposed design method in this paper based on the
equivalent circuit model determines the optimum values of
variables, by combining the global (GA) and local (CGM)
optimization methods, irrespective of defining any initial
value for each variable. Consequently, the extraction of
appropriate equivalent circuits for ATRD coupler and the
derivation of appropriate algorithms based on its required
physical characteristics and specifications could effectively
simplify and speed up the design process. The average CPU
time of computer programs for each run of the presented
devices in personal computer Core i5 @1.8 GHz, is about 80
times faster than the simulation with HFSS software in that
computer. Since the used computer programs have high
accuracy, the optimum design of devices by the presented
method is significantly faster than the commercial full-wave
simulation softwares.

An error function based on the method of least square
(MLS) is constructed by scattering parameters of the
equivalent circuit of ATRD according to the design speci-
fication. Its minimum point is then obtained by the com-
bination of the genetic algorithm (GA) and conjugate
gradient method (CGM). At first, GA searches for the
convex space around the global minimum without specified
initial value. Next, CGM use values has been obtained from
GA as an initial value of optimization and searches rapidly
for the global minimum point in the convex space. Such an
algorithm combining GA and CGM determines the mini-
mum point of error function realizing the design specifi-
cations and the optimum values of coupler parameters. The
designed ATRD coupler is then simulated on the com-
mercial full-wave softwares to obtain its frequency response
to verify the MLS design. Several ATRD couplers are
designed, fabricated and measured as proof of concept, to
verify this method.
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2. Design of Asymmetrical
Transdirctional Coupler

The schematic diagram of an ATRD coupler loaded with
shunt capacitor is depicted in Figure 2, which is composed of
two coupled line sections and one intervening shunt ca-
pacitor. The input power (as P;) at port (1) goes to the
coupled port (2) (as P,), goes directly to through port (3) (as
P;) but a small amount goes to isolated port (4) (as P,). The
characteristics of ATRD coupler are defined as coupling (C),
directivity (D) and isolation (I).

According to physical and electrical characteristics of
directional couplers, they are divided into symmetrical and
asymmetrical structures. The symmetrical couplers may be
analyzed by the even- and odd-mode method. Asymmetrical
ones have more applications in the design of filters and
impedance matching devices, which are designed by the ¢
and 7 modes method.

A section of ATRD coupler as depict in Figure 2, is
composed of two coupled lines with characteristic imped-
ances Zg; and Zp, with different load impedances Z;; and
Z;,. Due to the different characteristics impedance of the
upper and lower strip lines, they have different widths.
Observe in Figure 2 that the proposed ATRD coupler
consists of two identical asymmetrical directional couplers
and a shunt capacitor, where Zg; and Zg, are the char-
acteristic impedances of upper and lower lines of coupled
lines, respectively, k is the coupling coeflicient of each
coupled line, is the shunt capacitor placed between the two
asymmetrical directional coupler, Z;; and Z;, are load
impedance of upper and lower section of coupled line, re-
spectively. Note that these coupled lines are identical. Be-
cause of the equal widths of two upper and lower sections in
two adjacent directional couplers, the load impedances in
upper and lower strips in left and right hand sides of
structure are equal.

Since the device is a multifunction coupler combining
coupling and impedance matching in a desired band-
width, a multi-section structure should be employed,
such as Figure 2. First, its whole transmission matrix
should be extracted, by multiplying the transmission
matrices of the coupled line and shunt capacitor as four
port blocks.

Figure 3 depict an asymmetrical directional coupler,
voltage and currents are assumed on each line. (V,I)),
(V,, I,), (V5,15) and (V,,1,) are voltage and current pair
ports 1,2,3 and 4, respectively. Now the normal mode pa-
rameters and impedance matrix of the coupled line in
Figure 3 maybe obtained as described in [15]. In next step,
the transmission matrix should be obtained from this im-
pedance matrix. At first, this method can be developed to
obtain the transmission matrix from impedance matrix for
the four port network model of this structure.

Figure 4 depicts the block diagram with appropriate
directions of current and voltages at its terminals for the [Z]
matrix and similarly for [T].

Now the transmission matrix is derived from impedance
matrix as a four port block, namely:

3
T T
I I
Vi 41,| Strip 1 |<—4 Vy
Stri |<—
V2 72’| = L Vs
1 1

I n
Vi ——— ——V
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(1]
V) ——— ——e—V;
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FIGURe 4: Schematic of current and voltage flow graph for
asymmetrical directional coupler.
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Equation (1) may be written as a four port transmission
matrix:

' Vs
vo|_[1zalze] ! p%]—[zAMzcy*[zD]] v,
oLz {Zc] " 1Zp) L
I, I, (2)
[ Tll T12 T13 T14 V3
[ T21 T22 :| [ T23 T24 ] V4

[ T31 T3Z ] |:T33 T34 ] 13
o T41 T42 T43 T44 14

The directions of currents at ports 3 and 4 for trans-
mission matrix are defined opposite to those of impedance

matrix as indicated in Figure 4. Therefore, (3) may be written
for the transmission matrix of four port network as follows:

Vi [ [ T, Ty ] [ Ty -Ty ] V,
VZ _ T22 T21 _T24 _T23 V3
h_rwﬂym%ﬂ -1,
12 o T42 T41 ;144 T43 _I3 (3)
4
[l [31] Vs
Sl o] |-
[T couptea] -1,



Compared to (2), the columns of submatrices
[Z4] [ZC]_I, [ZC]_1 are interchanged and columns of
submatrices [Zg] — [Z 4] [Zc]’1 [Zp] and —[ZC]’I[ZD] are
interchanged and are also multiplied by the negative sign.
From (3) the impedance matrix of asymmetrical directional
coupler as in [15] can be transformed to the transmission
matrix, called [T oypieq]-

The transmission matrix of shunt capacitor as a four port
block shown in Figure 5 is then obtained. The voltage re-
lations are V| =V, and V, = V;. The outward currents of
ports 4 and 3 are defined as —I, and —I;, respectively.
Therefore:
L-Y(V,-V,)+I1,=0, L+Y(V,=V,)+I,=0, (4)

The transmission matrix of the four port network of
capacitor is denoted as [T, ]:

Vi1 r1l 0 0071V,
v,| [o 1 00|V,
L |y «viol|-1,| (5)
Ll Loy v o1ll-1

[ TCap ]

Therefore the transmission matrix of a section of ATRD
coupler as depicted in Figure 2, is obtain as [T]:

[T] = [TCoupled] [TCap] [TCoupled] . (6)

Now the N-section asymmetrical transdirectional cou-
pler composed of coupled-lines and shunt capacitors maybe
drawn in Figure 6. It consists of N-sections of a ATRD
coupler, as shown in Figure 2, and lead and load sections.

The termination loads are Z;,, Z;,, Z;5 and Z;, at ports
1, 2, 3 and 4, respectively. Therefore, the specified coupled
power as well as impedance matching has been realized.

For the design of ATRD coupler, its transmission matrix
is first obtained as:

N
[TATRD] = {H [TCOupled]i[TCap]i[TCOupled]i } (7)
i=1

The complete ATRD coupler is shown in Figure 6, in-
cluding the lead and load sections at its ports, with trans-
mission matrices denoted as [T[.q] and [T..q4)s
respectively. Their evaluations are described in [17]. The lead
and load sections are shown in Figure 7, which are depict as
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F1GURE 5: Schematic of shunt capacitance as four port block.
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FIGURE 6: Schematic of multi section asymmetrical transdirectional
coupler with capacitance shunt load.
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FiGURE 7: Schematic of lead/load sections.

transmission lines. Based on [17], it’s transmission matrix is
obtained as (8), where y;; and y, are propagation constants
of upper and lower transmission lines, [;; and [}, are lengths
of upper and lower transmission lines, Z;, and Y, are
impedance and admittance of upper transmission line, Z,
and Y, are impedance and admittance of lower transmission
line, respectively. These transmission lines are used to
connect SMA connectors to the main ATRD coupler. As its
clear, for archive acceptable impedance matching in each
port, the widths of transmission line of the lead or load lines
should be equal to same section of ATRD coupler witch
connected to it. Also to reduce the mismatch effect, the
transmission lines have been connected to ATRD coupler by
bends.
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Therefore, considering the effect of lead and load sec-
tions in the design of ATRD coupler, the complete trans-
mission matrix of ATRD coupler should be as:

[TCOupler] = [TLead] [TATRD] [TLoad]’ (10)

where [T yrppl is calculated in (7). Finally, The scattering
matrix is defined as:

[S] = [YTerm] [ZM] [ZP] \ [ZTerm]’
[ZM] = [ZCoupler] - [ZTerm]’ (11)
[ZP] = [ZCoupler] + [ZTerm]'

where [Zcoypier] is the impedance matrix of the ATRD and
[Yrerm]> [Z1erm] are the diagonal admittance and impedance
matrices of the termination loads. In order to calculate the
scattering matrix of ATRD, the impedance matrix of the
whole structure, [Z¢,ypie;] in (11), should first be extracted
from the transmission matrix, [TCOupler] in (10).

The transmission matrix of four port structure in (3) may
be used to obtain the impedance matrix of the coupler:

Vi I,
£ :[ [Al[CT 4] [C]1[D]+[B]] Ll
Vy [cr' -[C]"'[D] -1y
Vs =I5
or,
Vi [Zu Zu] [213 Z14] I,
Vol _ Zy Zy Zyy Ly I, (13)
Vs |:Z31 Zsz] [233 234] -1,
Vy Zy Zy Zyy Ly =I5
Which may be written into form of standard impedance
equation:
Vv Zn Zn 2y —Zy3 I
Vol |tZa Zn ~Zoy —Z L.
“;3 Zy Zp ~Zu ~Zy3 I3
4 3 Ly —Zyy —Zs; I
Z,] 12 7 (0
& &l |E|
Iy

[ZCoupler]

" N 2 N 2 N
{wgz“sg ] ew, S [l e w Y
n=1 n=1

|sU | —LU]Z W i “SD —LD]Z}
13 T 11 13 T .
n=1

The substitution of impedance matrix [Z ¢, ] from into
(14), (11) gives the scattering matrix of the asymmetrical four
port network with different terminations. An error function is
then constructed for the design of ATRD coupler as (8).

Where C and S,, are the desired and actual coupling
coeflicients at port (2), T and S,; are the desired and actual
signals delivered to the through port (3), S;;, S,;, S53 and Sy
are the reflection losses at ports 1, 2, 3 and 4, respectively, S,
is the isolation between ports (1) and (4).

The desired frequency responses of coupled and through
ports of the ATRD coupler are drawn in Figure 8. Observe
that from f; to f (in band), the power delivered to coupled
and through ports is indicated as C and T, respectively. The
coupler should be designed in such a way that the expected
power losses are realized in the bands from f, to lower
frequencies (lower out band) and from f;; to upper fre-
quencies (upper out band).

The error function in (8) and (9), is constructed to satisfy
the desired frequency response, where the in band from f;
to fy is divided into M discrete frequencies and the lower
and upper out bands are each divided into N discrete fre-
quencies. Also, LY and L2 are the desired attenuations of the
coupled port in the lower and upper out band and SY,, S, are
the corresponding scattering parameters, respectively. The
corresponding parameters for the through port are
LY, LR, 8% and S, W, to W, are weighting factors of each
error term in (8) and (9). All of these parameters are assigned
in the optimization process to achieve the desired frequency
response.

The error values are obtained from the error function,
which depends on the widths, lengths, spacings and capac-
itors of each section of the multi-section ATRD coupler. Its
minimization gives the optimum values of its geometrical
dimensions for the realization of its design specification. The
minimization of the error function is performed by the
combination of genetic algorithm(GA), which is a slow global
minimum seeking algorithm and the fast conjugate gradient
method (CGM) which is a local seeking algorithm. The
minimization process starts by the GA which does not need
the initial values of parameters and the process is then
handed-over to CGM to finally locate the absolute minimum.
It should be note that, at the end of optimization, capacitors
are rounded to the nearest values of available standard
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--- Through
—— Coupled

FIGURE 8: Frequency response of couple port and through port.

TaBLE 1: Values of (9) for design 3dB ATRD coupler has been described in Example 1.

W, W, Wy W, W, Wg W, Wy Wy W,, W, C(dB) T (dB) L¢ (dB) Lg (dB) Ly (dB) L7 (dB)
1 1 1 1 1 4 4 2 2 2 2 -3 -3 -6 -6 -6 -6
TaBLE 2: Dimension and capacitor value for design 3dB ATRD coupler has been described in Example 1.
Section Wy (mm) Wp (mm) S (mm) L (mm) Cq (pF)
1 13 <136 <2 05<083<1 0.2<0.50<2 0.5<0.70<4 0.2<0.25<4
2 02<047 <2 02<099 <2 0.2<0.93<2 0.5<0.96<4 02<1<4
3 02<0.40<2 02<136<2 0.2<0.59<2 0.5<0.76 <4 0.2<0.25<4
4 02<040 <2 02<111<2 0.2<0.50<2 0.5<1.59<4 0.2<0.25<4
5 02<0.40 <2 02<0.70 <2 0.2<0.52<2 0.5<0.74<4 0.2<0.5<4
6 02<0.40 <2 02<042<2 0.2<0.50<2 0.5<0.70< 4 02<0.25<4
7 02<0.40 <2 02<040<2 0.2<0.50<2 0.5<1.31<4 02<1.2<4
8 02<041<2 0.2<0.60 <2 0.2<0.58<2 0.5<1.42<4 02<2<4
9 02<045<2 02<082<2 0.2<0.96<2 0.5<1.29<4 0.2<0.25<4
10 13<135<2 13<198 <2 0.2<0.50<2 0.5<0.71<4 0.2<3<4
TaBLE 3: Dimension of feed lines for design 3 dB ATRD coupler has
been described in Example 1.
Ly (mm) Lp, (mm) Lg (mm) Ly, (mm)
Port 1 Port 4
(Input) (Isolated) 25.6 25.6 24.3 25.6
Ly Lya capacitors. Then the final optimization algorithm that use
L these standard capacitors is carried out by CGM. To start the
. = . design and optimization, at first the parameters of (8) and (9)
such as weight factors, desired frequency-band of coupler,
Ly Ly insertion loss and out-of- band loss values are specified. Then,
the acceptable range of variables are specified. After that, the
Por Port 3 minimization algorithms of GA and CGM are performed.
(Cotipled) (Through) Finally, minimum point of error is located and the geo-
L. metrical dimensions of the ATRD coupler are determined.
| ! |
Wo T | . - - L
Wsé = S, 3. Examples of Numerical Design, Fabrication
C and Measurement

FIGURE 9: Schematic of 3dB ATRD Coupler, has been described in
Example 1.

For the validation of the proposed design method of ATRD
coupler, three examples of ATRD couplers are presented
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F1GURre 10: Frequency response of 3dB ATRD coupler. (a) Reflection Loss; (b) Coupling coeflicient; (c) Through coefficient; (d) Isolation

coefficient.

with specified coupling coefficient of 3dB, 6dB and 10dB.
They are selected to check the effectiveness of method for
weak and strong couplings with arbitrary port impedances,
up to S band frequency. It should be noted that, the circuit
model of ATRD coupler that based on asymmetric direc-
tional coupler, is valid over X band frequency, but for
fabrication limitation, such as PCB accuracy and available
capacitors these examples are designed up to S band
frequency.

The design process starts by assign the design specifi-
cations of coupling coefficients, port impedances, frequency
bandwidth, number of sections and dielectric characteristics
of substrate. Then, the acceptable range and bounds of
relevant parameters of (8) and (9) are assigned. The final
values of each parameter after the optimization are shown in
bold between two bounds in each table, witch this bound is
the acceptable variation range of variables in optimization
process. All simulations (full-wave and computer program)
are in personal computer Core i5 @1.8 GHz.

The scattering parameters of each ATRD coupler is il-
lustrated and described in each example. The measurements
have been done by Agilent E5071C. Since the port imped-
ance of network analyzers is 50-ohm and the measured
parameters are made on the basis of 50-ohm, in Sections 3.2
and 3.3 the measured values are converted to the specified
impedances used in the design and optimization by the
process has been described in detail in [18].

150

100

50 F

Phase difference (Deg)

1.2 1.4 1.6 1.8 2 2.2 2.4
Frequency (GHz)

- -- HFSS Simulation
—— Computer Program

FIGURE 11: Phase difference between through and coupled ports of
3dB ATRD coupler.

3.1. Example 1: Design 3dB Asymmetric Transdirectional
Coupler. A 3dB ATRD coupler is designed with terminal
impedances of 50, 75, 50 and 50 ohms at ports 1,2,3 and 4,
respectively. It has been designed on 1.5-2.1 GHz, which
allocated to the mobile frequency band. It is composed of 10
sections and designed on the Rogers 4003 substrate with
dielectric  constant ¢, =3.38, tan(d)=0.0027 and
thickness = 0.8 mm. The parameters of (8) and (9) are set as
in Table 1 to design a 3dB ATRD coupler with 6 dB out-of-
band losses for through and coupled ports. The final values
of dimensions and capacitors as well as their variation range
in optimization process are shown in Table 2. Its schematic
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TaBLE 4: Values of (9) for design 6dB ATRD coupler has been described in Example 2.

w, W, W, W, W, W, W, Wy W, W, W, C(dB T(@dB) LY (dB) IR (dB) LY (dB) LR (dB)
1 1 1 1 1 4 4 2 2 2 -6 -1.25 -9 -9 -45 -45
TaBLE 5: Dimension and capacitor value for design 6 dB ATRD coupler has been described in Example 2.

Section Wy (i) (mm) Wy (i) (mm) S(i) (mm) L(i) (mm) C(i) (pF)

1 1<1.9<2 0.9<0.95<1.1 0.2<0.7<2 0.5<1.3<6 02<0.2<4
2 02<1.5<3 02<1.35<3 02<0.6<2 0.5<1.5<6 02<0.5<4
3 0.2<0.9<3 0.2<0.8<3 0.2<0.55<2 0.5<1.3<6 02<0.2<4
4 0.2<0.75<3 0.2<0.95<3 0.2<0.55<2 0.5<1.2<6 02<1<4
5 02<1.3<3 0.2<1.65<3 02<0.6<2 0.5<1.1<6 02<0.2<4
6 0.2<0.75<3 0.2<1.65<3 0.2<0.8<2 0.5<1.25<6 02<1<4
7 02<1.4<3 02<1.75<3 02<0.7<2 0.5<1.25<6 02<02<4
8 02<2<3 02<2<3 0.2<0.8<2 0.5<2.75<6 02<05<4
9 0.2<1.55<3 02<1<3 0.2<0.85<2 0.5<5.65<6 02<02<4
10 1<1.1<2 0.6<0.7<0.8 0.2<0.65<2 0.5<1.15<6 0.2<0.2<4

TaBLE 6: Dimension of feed lines for design 6 dB ATRD coupler has
been described in Example 2.

Ly (mm)
6.1 6.1 6.4 7

L, (mm) Lp (mm) Ly, (mm)

diagram is shown in Figure 9. One section is drawn in a
larger scale to show the dimensions clearly. The dimensions
of the lead and load lines after optimization are given in
Table 3. Because of the obtained spacings between coupled
lines after optimization are smaller than the smallest
available standard capacitor sizes (0402 in inch) and also
because of the difficulties of assembly of smaller capacitors,
this 3dB coupler is not fabricated. Therefore, the results of
computer program and full-wave software are provided
merely to verify this method. Every loop of computer
program optimization on personal computer Core i5
@1.8 GHz, takes 4.951707 seconds. On the other hand,
HESS software takes 534 seconds for this process. Therefore,
computer program is about 107 times faster than the full-
wave simulation software in this example.The frequency
responses of the designed ATRD coupler as obtained by the
full-wave computer software (HFSS) and by the equivalent
circuit, are drawn in the figures. The full-wave simulation
(HEFSS) and equivalent circuit model (Computer program)
results for the scattering parameters S,;, S,, S;; and Sy, are
shown in Figures 10, 10(a)a-c10(c) and 10(d), respectively.
Notice that HESS simulation is a full-wave simulation that
includes all of effective parameters of the structure. How-
ever, The design procedure based on the equivalent circuit is
developed to speed up the design and optimization, which
does account for some parameters, such as actual size of
capacitors and exact mutual electromagnetic effect of sec-
tions and materials. However, the results of circuit model
and full-wave electromagnetic model agree quite well. On
the other hand, the final design of ATRD coupler is adjusted
by the full-wave optimization. The —20 dB isolation band-
width is 28.3% in the frequency bandwidth 1.53-2.04 GHz.

ol —

FIGURE 12: Fabricated 6 dB ATRD coupler of Example 2.

In this bandwidth the coupler coefficient is 3 +1 and
through value is also 3 + 1 dB. The phase difference between
coupled and through port are shown in Figure 11. Results of
computer program and HFSS simulation have good
agreement. The HFSS phase difference is 100 + 15 in
1.53-2.04 GHz frequency range.

3.2. Example 2: Design 6dB Asymmetric Transdirectional
Coupler. A 6dB ATRD coupler is designed with different
port impedance of 50, 70, 80 and 50 ohms at ports 1,2,3 and
4, respectively. It has been designed on 3.3-3.7 GHz, which
allocated to the WI-MAX frequency band. It is composed of
10 sections and designed on the Rogers 4003 substrate with
thickness = 0.8mm. The parameters of (8) and (9) are set as
in Table 4 for design a 6dB ATRD coupler. To achieve the
6dB ATRD coupler, C sets to -6 dB, T'sets to —1.25dB and
attenuation in out of bands sets about 3 dB lower than C and
T values in coupled and through ports. The final values of
dimensions and capacitors as well as their variation range in
optimization process are shown in Table 5. The dimensions
of terminal lines are given in Table 6. Every loop of computer
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FIGURE 13: Frequency response of 6 dB ATRD coupler. (a) Reflection Loss; (b) Coupling coefficient; (c) Through coefficient; (d) Isolation

Coeflicient.

program optimization on personal computer Core i5
@1.8 GHz, takes 7.035879 seconds, but HFSS software takes
540 seconds for this process. Therefore, computer program
is about 76 times faster than the full-wave simulation
software, in this example. A prototype model of this ATRD
coupler is fabricated and shown in Figure 12. The metal
traces are gold-plated and the standard capacitor with foot
prints of 0603, 0402 (in inch) are used.

Its frequency response obtained by the equivalent circuit
(computer program), full-wave simulation (HFSS) and
measurements are reported in Figure 13 for comparison. Its
scattering parameters S;;,S,,,S;; and S;, are drawn in
Figures 13(a)-13(d). Same as example 3.1, the results from
the MLS design and HFSS software simulation are in good
agreement. The measurement results are also included in the
drawings of these figures which are all in good agreement.
However, the discrepancies among the results of HESS
simulation and computer program and measurement data
are due to imperfect soldering, losses in capacitors, man-
ufacture imprecision of spacings among coupled tracks.

Based on the measurement results, in the designed frequency
band |S;;| dB < —12dB with the minimum point of -15.5 dB at
3.7 GHz, the coupling value [S,| dB is about —7.3 + 0.6 dB, the
power delivered to through port |S;;| dB is about —2.1 + 0.3,
and the isolation |S,,| at isolated port is less than —15.5 dB with

o /
g S
I "t
&8 -100 R
ks ™
L]
3 7
= 7

2200 L= L L L L L L L

25 275 3 3.25 35 375 4 425 45
Frequency (GHz)
--- HFSS Simulation
Measurement

—— Computer Program

FIGURE 14: Phase difference between through and coupled ports of
6dB ATRD coupler.

the best achievement of —21.4dB at 3.7 GHz. The phase dif-
ference between coupled and through port are shown in Fig-
ure 14. Results of computer program and HESS simulation and
measurement have good agreement. The measurement phase
difference is 114 + 15° in 3.3-3.7 GHz frequency range.

3.3. Example 3: Design 10dB Asymmetric Transdirectional
Coupler. A 10dB ATRD coupler is designed with different
port impedances of 50, 60, 75 and 50 ohms at ports 1,2,3 and
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TaBLE 7: Values of (9) for design 10dB ATRD coupler has been described in Example 3.
W, W, W, W, Wy Wg W, W, W, W,, W, C(dB) T (dB) LY (dB) L2 (dB) L{ (dB) L7 (dB)
1 1 1 1 1 4 4 2 2 2 2 -10 —-0.45 -13 -13 -3.5 -3.5

TaBLE 8: Dimension and capacitor value for design 10 dB ATRD coupler has been described in Example 3.

Section Wy (i) (mm) Wp (i) (mm) S(i) (mm) L(i) (mm) C(i) (pF)

1 1.3<158<2 09<1.08<1.3 02<19<2 05<299<5 02<02<4
2 02<176 <3 02<25<3 0.2 < 1.38<2 0.5 < 3.85<5 02<02<4
3 02<188<3 02<141<3 02<125<2 0.5<1.04<5 02<02<4
4 0.2<0.69 <3 02<103<3 02<19<2 05<274<5 02<05<4
5 02<222<3 02<269<3 0.2<0.87 <2 05<27<5 02<02<4
6 02<057<3 02<103<3 02<195<2 05<18<5 02<02<4
7 02<059<3 0.2<0.51 <3 02<197 <2 05< 117 <5 02<05<4
8 02<087<3 02<059<3 02<17<2 05<1.09<5 02<02<4
9 0.2<0.56<3 02<062<3 02<191<2 0.5<1.69 <5 02<02<4
10 1.3<157<2 05<074<1 02<131<2 05<1.09 <5 02<05<4

TaBLE 9: Dimension of feed lines for design 10 dB ATRD coupler
has been described in Example 3.

Ly (mm)
5.15 5.15 5.8 5.45

Ly, (mm) Lg (mm) Ly (mm)

4, respectively. It has been designed on 3.1-3.9 GHz, which
allocated to the WI-MAX frequency band. It consists of 10
cascaded sections and designed on the Rogers 4003 substrate
with thickness = 0.8mm. The parameters of (8) are set as in
Table 7, to design 10 dB ATRD coupler, C sets to —10dB, T
sets to -0.15dB and out of band attenuation sets to 3dB
lower than C and T values, for coupled and through ports.
The final values of dimensions and capacitors as well as
their variation range in optimization process are shown in
Table 8. The dimensions of terminal lines are given in
Table 9. Every loop of computer program optimization on
personal computer Core i5 @1.8 GHz, takes 7.195208
seconds, but HFSS software takes 498 seconds for this
process. Therefore, computer program is about 70 times
faster than the full-wave simulation software, in this
example.

A prototype model of this ATRD coupler is fabricated
and Its photograph is shown in Figure 15. The metallic tracks
are gold-plated for improved performance. Its frequency
responses obtained by the equivalent circuit (computer
program), full-wave simulation (HFSS) and measurements
are reported in the figures for comparison. Its frequency
response for S,;, S, Sy and isolated port S,, are shown in
Figures 16, 16(a)-16(d), respectively.

In this example, there is a little shift between the scat-
tering parameters of circuit model and HFSS simulation.
However, the frequency responses in the designed frequency
band, have acceptable behavior. This frequency shift is due to
several causes, such as tolerances of section widths which
have been ignored in equivalent circuit model for simplicity.
On the other hand the HFSS simulation results and mea-
surement results are in good agreement. However, a fre-
quency shift in Figure 16(d) and also a difference between

o Lali

FIGURE 15: Fabricated 10dB ATRD coupler of Example 3.

HEFSS simulation and measurement in Figures 16(b), 16(c)
may be due to imperfect soldering, loss in capacitors and
imprecision of spacings among coupled lines, and unad-
justed of spacings and standard capacitors sizes.

Based on measurement results in the designed frequency
range, |S;,/dB < —10.5dB with minimum point -19.7 dB at
3.67 GHz, coupling value [S;,|dB is about —11.9 + 0.4dB
and power delivered to through port [S;;/dB is about
-1.2+ 0.6dB and isolation [S,,/dB< —11.5dB dB with
minimum -79.2dB at 3.52 GHz. The phase difference be-
tween coupled and through port are shown in Figure 17.
Results of HFSS simulation and measurement have good
agreement in designed frequency range. Due to the com-
puter program do not cover all of the properties that effect
on results as full-wave simulation software and measure-
ment, the result of computer program have a bit difference
with others.

In [8] using the CPW lines with DGS, a 10dB TRD
coupler has been designed. It is claimed that the realization
of such weak TRD couplers on microstrip technology is
impossible. However, a 10 dB ATRD coupler is designed in
our paper with asymmetrical coupled lines.
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FIGURE 16: Frequency response of 10 dB ATRD coupler. (a) Reflection Loss (b) Coupling coeflicient; (c) Through coeflicient.; (d) Isolation
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FIGURE 17: Phase difference between through and coupled ports of 10dB ATRD coupler.
TaBLE 10: Compression between TRD coupler in other papers and this study 10dB ATRD coupler.

Reference Isolation > 20dB Through Coupling Return loss >rbin 15dB Technology Structure
[8] 1.421-1.520GHz (6.3%) 0.68 + 0.2dB 10.8 + 0.4dB  1.36-1.66 GHz (19.8%) DGS CPWs Symmetrical
[6] 3.31-3.93 GHz (17.13%) 2.18

(7]
This study

+ 018dB 25 + 0.5dB 3.05-4.1 GHz (29.3%)  Single layer PCB ~ Symmetrical
1.5-1.69 GHz (11.91%) 3.47 + 0.33dB 3.18 + 0.37dB  1.42-1.82 GHz (24.6%) Single layer PCB  Symmetrical
3.32-3.68 GHz (10.2%) 0.86 + 0.03dB -11.7 + 0.2dB  2.7-3.8 GHz (33.8%) Single layer PCB  Asymmetrical
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In Table 10, the comparison of this study 10dB ATRD
coupler with other TRD couplers in the literature, has been
reported. The through and coupled output power values
exhibit on isolation greater than 20dB. According to Ta-
ble 10, in comparison to [8], this paper ATRD coupler
bandwidth has been improved. Also, the through and
coupled port power characteristics of this study ATRD are
flatter than the available works in the literature. Note that
this paper ATRD asymmetrical coupler uses only a single
layer PCB technology, which has a simple realization,
compared to other conventional symmetrical TRD couplers.

4. Conclusion

The goal of this paper is design general weak or strong
transdirectional coupler with arbitrary coupling coefficient
and arbitrary port impedances. The asymmetrical coupled
lines are adopted and analyzed by the ¢ and 7 modes,
contrary to the even- and odd-mode analysis for the sym-
metrical coupled lines. The outcome, is the method of design
any weak or strong ATRD coupler with port impedance
matching and any desired operating frequency and band-
width. An equivalent circuit model for the ATRD coupler is
described, then the scattering parameters of the four port
network (ATRD coupler) are derived by obtaining its im-
pedance matrix and then its transmission matrix. The
transformations between the impedance, transmission and
scattering matrices of a cascade of four port networks are
presented in detail. Finally, optimization and design based
on the method of least squares (MLS) is developed based on
the equivalent circuit of the ATRD coupler. The constructed
error function is minimized to determine the geometrical
dimensions of ATRD coupler for the realization of specified
coupling coeflicient and impedance matching at its ports for
any specified frequency bandwidth. The performance of the
designed ATRD coupler is finally evaluated by full-wave
computer simulation software and measurement. As a proof
of concept, two prototype models of ATRD couplers are
designed and fabricated according to the specifications.
Observe that the proposed MLS design algorithm based on
the equivalent circuit of a ATRD coupler takes a relatively
short CPU time for the determination its geometrical di-
mensions compared to the effort and CPU time required by
a full-wave simulation software. The examples presented in
this paper, report the average CPU times of a single run of
proposed algorithm computer program and the full-wave
simulation software, which this time for computer program
is about 80 times faster than full-wave simulation software.
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