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9.1 What You Will Learn Tutorial Project: Modeling Coplanar
Waveguide Structures And Lumped
Devices

In this tutorial you will learn how to construct coplanar
waveguide (CPW) transmission line structures with
different termination types. You will learn about
lumped devices like linear resistors and nonlinear
diodes. You will examine temporal waveforms of
different types for exciting your CPW structure and
will investigate the transient response of your circuit.
You will also learn how to parameterize geometric
objects using independent and dependent variables.

o EM.Tempo Manual:

http://www.emagtech.com/wiki/index.php/EM.Te
mpo

ewm. Tempo Tutorial Gateway:

http://www.emagtech.comiviki/index.php/EM.Cu
be#EM.Tempo Documentation

Objective: In this project, coplanar waveguide
(CPW) transmission line segments with different
types of termination are examined.

& Download projects related to this tutorial lesson:
Concepts/Features:

http://www.emagtech.com/downloads/ProjectRej
o/EMTempo_Less@rip

CPW Port Source
Lumped Device
Resistor

Diode

Variable

Field Probe
S-Parameter
Z-Parameter

9.2 Getting Started

Start a new project with the following attributes:

=A =4 -4 4 -4 A _—a 9

Starting Parameters
Minimum Version Required: All versions

Name EMTempo_Lesson9
Length Units Millimeters
Frequency Units GHz
Center Frequency 6GHz
Bandwidth 11GHz

A coplanar waveguide with a slot width of w = Imm and center metal strip width of s = 2mm on a dielectric
substrate of thickness h = 1.5mm and - 2.2 has a characteristicimpedanceof & 99. 18q and ef fect
permittivity of - 1.48. At an operating frequency of "Q 6GHz, the free-space and guide wavelengths

are_  50mmand_ _j -  41.13mm, respectively.
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You can verify these results using the CPW Transmission Line Calculator tool in the Device Manager
of RF.Spice A/D. RF.Spice A/D is a powerful visual simulation environment for analysis and design of
analog, digital, RF and mixed-signal circuits and systems. The line calculators take the substrate properties
and the physical dimensions of a line types and calculate its characteristic impedance & and effective
permittivity - . The Line Calculator dialog also has an operational frequency input with a default
frequency of 1GHz, which is used to calculate the guide wavelength of the transmission line at that
frequency. In many practical applications, you need quarter-wavelength line segments. In that case, you
must first calculate the guide wavelength of the transmission line as definedby _  _j - , where _

) "Qis the free space wavelength at the operational frequency.

To access the Transmission Line Calculator, select the menu item T 0 o | s RF.$pice A/D Device
Manager (Figure 1) or use the keyboard shortcut Ctrl+Shift +V. The RF.Spice A/D Device Manager dialog
opens up as indicated in Figure 2. If a warning message appears stating: "You must now locate the parts
database ..." it indicates that EM.Cube does not point to the correct folder \Documents\EMAG\RFSpice.
Therefore, use the Open File dialog to locate the parts database (parts.mdb), i.e.,
\Documents\EMAG\RFSpice\parts.mdb.

H EMTempo_Lessond

File Edit View Object | Tools | Simulate Help
G-l LB *BLLf
ke ol ple pds = = @ Transform »
M
F Resource Manager EasurE
-
I.J IEIJ B2 Transmission Line Wizards
é Iir - ‘ EM.Tempo: FI RF. Spice A/D Device Manager... Ctrl+Shift+V
[}
E-% Physical 5 i
i} =y L[LI PEC [0 Antenna Wizards
,!!. 4 {I:ﬂ] Thirn Array Pattern Synthesis
4 {5 PMCF
9 i g Dielec Propagation Wizards
= a & Anizot Geospatial Reference...
I {Hj Drizpern ]
FAN W | % Givratr Terrain Manager...
O ' Wirkual Communication Link Calculator...
@ = - EDmIESFraE:: Radar Link Calculator...
| {j.”,
* *. ..... &8 Period Spherical Target Calculator...
" | IR B o
- ey % CRML Compaonent Wizards
L ~# =77 Discretizat i
A ee M Windows Calculator..,
| ee
. LE | I R Fixed Basic Data Generator...
% W
D = *E.x A1 G Image-Based Data Generator...
m o v \(Z Gr
T Spatial Data Generator... Ctrl+Shift+D
-*- L @-Lx 5 ar
“= I'_'I SDurces

Figure 1. Accessing the RF.Spice A/D Device Manager in EM.Cube.
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Next, selectthe menuitemTool s Y Transmission Line Calculatimrs Y Co
the RF.Spice A/D Device Manager dialog (see Figure 2).

BE] RF.Spice A/D Device Manager — O >
File Edit View Tools Special Help
e [ T S sy i

Deviees Transmission Line Designers Coupled Microstrips
Process Models - .
Simulation Models Covered Microstrip
Symbols Suspended Microstrip
Fackages ) )
Categories Inverted Microstrip
Manufacturers Coplanar Strips (CPS)

Stripline

Coupled Striplines

Off-Center Stripline

Conductor-Backed CPW g

Finite-Ground CPW
Covered CPW
Analyze a microstrip line Covered Conductor-Backed CPW UM l— P
CPW with a Superstrate
Double-Layer CPW

Coaxial Line
Twin-Lead Line
Twisted-Pair Line

Figure 2. The RF.Spice A/D Data Manager.

In the CPW Calculator dialog, set the Operational Frequency (fc) to 6GHz and change the values of
Thickness (h) and Permittivity to 1.5mm and 2.2, respectively. Finally, set the Slot Width (w) to 1mm in
the CPW Properties section of the dialog and click the Compute button. You will see that Z0 and Eff.
Permittivity -  are calculated to be 99.1848 and 1.4776, respectively (see Figure 3).
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CPW Calculator >

Substrate Properties
Thickness (h) |1,57mm W S W
Permittivity 2.2 !q‘
Loss Tangent IW

CPW Properties T-Line Properties

Slot Width (w) | 1 i
Z0 99,18476521 Chm
Slot Spading (s) | 2 mm

Eff. Permittivity 1.477543261

(Center Strip Width)
?ﬁﬂfﬁ% 0.01 mm Guide Wavelength [41,1324397 mm
Conductivity |1nuuuuuuuu 5fm Cond. Attanuation liu.uueagﬁg T Nofm
Operational Freguency Diel. Attenuation 0.004525301 Npfm

fc | & GHz

Done |

Figure 3. The coplanar waveguide calculator tool of RF.Spice A/D.

9.3 Building the CPW Geometry

1
Click on the CPW Wizard |*%| button of the Wizard Toolbar (Figure 4) or select the menuitemTool s Y
Transmission Line Wi zards. Y Coplanar Wavegui de

.h.ﬁ.Elﬁ-EEiﬁ?i@é?ElEl XxaEabDdbiyuas — [ 58 - [ WO [Ef BR 4 &8

Figure 4. EM.Tempo's Object Toolbar.

A one-port CPW structure is created in the project workspace (Figure 5). The transmission line segment is
fed from the right edge of the substrate using a "Coplanar Waveguide Port Source" called "CPW_1". The
two lateral ground planes "Ground_1" and "Ground_2" extend to the entire length of the substrate. The
center metal strip is terminated in an open end at x = -25mm. The open-ended center strip itself consists of
two rectangle strip objects called "ANCHOR" and "Feed".
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Figure 5. The geometry of the original one-port CPW structure created by the wizard.

First, open the Variables dialog and change the definitions of a number of variables according to the table
below:

Variable Name | Original Definition New Definition
h 0.0015*to_meters 15
sub_len 0.1*to_meters 100
sub_wid 0.05*to_meters 50
center_len 0.05*to_meters 50
feed_wid 0.002*to_meters 2
center_wid 0.002*to_meters
slot_wid 0.002*to_meters

Note that most of the changes above were done to express the dimension variables directly in the project
units just for convenience. The slot width of the CPW line was the only variable that effectively changed the
geometry of your CPW structure.

Now add three new variables, one independent and two dependents, according to the table below:

Variable Name | Original Definition New Definition
gap N/A 8
rect_len N/A sub_len-center_len-feed_len-gap

rect_x N/A -sub_len/2+rect_len/2
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The Variables dialog should now look like Figure 6.

Variables >
1D | Mame | Definition | Current Value  »
4 mud 1. 25a664e-0086 1. 25a864e-0086
5 c 2,99792e+003 2,99792e+008
[ fc Be+009 Be-+H109
7 bw 1.2e4010 1.2e4010
8 to_meters 1000 1000
9 lambda0 cioffc 0,09499553
0 ko (2.0%pi) lambda0 125.751
11 lambdal_unit lambdal®to_meters 49,9653
12 er 2.2 2.2
13 h 1.5 1.5
14 sub_len 100 100
15 sub_wid 50 50
16 center_wid 2 2
17 slot_wid 1 1
18 feed_wid 2 2
19 center len 50 50
20 feed_len 0.5%sub_len - 0.5%center_len 25
21 ground_wid 0.5%sub_wid - slot_wid - 0.5%feed_wid 23
22 feed_x 0.5%feed_len + 0.5%center_len 37.5
23 ground vy slot wid + 0.5%ground _wid + 0.5%feed wid 13.5
24 gap 3 a3
25 rect_len sub_len-center_len-feed_len-gap 17
26 rect_x -sub_len/2+rect_len/2 -41.5 v
£ >

Maove Up | Update | oK |
Edit Move Down | Delete | Cancel |

Figure 6. The variables dialog after making all the changes and adding the new variables.

Next, make sure the PEC group "CONDUCTOR" is the active material group in the navigation tree. Then,
add a PEC rectangle strip according to the table below (Figure 7):

Part
Rectl

Object Type | Material Type Dimensions Coordinates

PEC

Rotation Angles

Rectangle Strip rect_len x 4mm | (rect_x, 0, 1.5mm) (0, 0°, 0°)
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Rectangular Strip Properties *
Label |Rectl
Parent Face Edage Mode
Link | [0 =1 o =] o |
X L z

LCS Origin | rect_x = |o =+ |15 -
LCS Rotation [0 = |o = |o -

Outer Size Irect_len j |4 ﬁ
Loop wWidth I 29.5 5: [” Rectangular Loop

FixCenter: X W ¥ v

Cancel |

Figure 7. The property dialog of the new rectangle strip object called "Rectl1" using the new variables.

Also, open the domain settings dialog and Domain Settings X
change the domain offset parameters
according to Figure 8 as shown below: —Domain Type

i Default (Specify Offsets in Wavelengths)

" Custom {Specify Domain Corners in Project Units)

- Domain Size
¥ ¥ i
+Offset: | 0.25 o jo.1
- Offset: | 0.25 [0 [o.1

—Domain Wall Colors
Chedk all the domain walls to be painted:
r x r r =z
[~ +x ™+ M +z

Select wall colar: Color

Color | Reset |

Figure 8. EM.Tempo's Domain Settings

I
dialog. Apply | Ok I Cancel |
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In this case, all the domain box faces are still PML walls. But the +Z wall have been brought closer to the
substrate as the structure does not radiate. The lateral +Y now touch the substrate and model a laterally
infinite substrate and ground along the +Y directions. The geometry of your physical structure should now
look like Figure 9 as shown below:

Figure 9. The geometry of the one-port CPW structure with an open-ended center strip and shrunken
domain box.

A CPW source consists of a pair of special distributed sources that are associated with a PEC rectangle
strip object (Figure 10). They are placed at one edge of the strip and extend out in opposite directions.
The Spacing parameter of the CPW source is set equal to the slot width of the CPW transmission line. The
name refers to the spacing between the strip and the two lateral ground plane objects. A CPW source is
automatically set to launch the odd mode of a CPW transmission line. Open the property dialog of "CPW_1"
from the navigation tree and examine its parameters. Change the internal source Resistancet o 100 q .
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Coplanar Waveguide (CPW) Port/Source *

Label: | CPW_1 Color | _

—Source Location

Rect Strip Object: |Feed j

Edge: I +X ;I Spacding: I alot_wid

—Corner 1 Coordinates

x1| 50 v1[1 z1[ 15

x2|53 vz|;:_ 22|1,5

—Corner 2 Coordinates

X1 |50 Y1f-1 21|15

x2|53 v2|_g 22|1,5

—Source Properties

Waveform... | IAutomaﬁc: Mod Gauss:Amp: 1.000000, )
Resistance: IlUU _Ij Ohms Brray Weights. ., |

Cancel_|

Figure 10. The CPW port/source dialog.

The wizard created the CPW source and automatically added a port definition to the navigation tree. Open
the Port Definition dialog, select/highlight "PORT_1", and using the dialog's Edit button, set the value
of Reference Impedancet o 1 (#iQuage 11).
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Port Definition ot
Freguency Range for Computation of Scattering Parameters
Label: |PD_1 Start: | fo-bw/2 End: | fc-+bw/2
Fort | Source | Impedance{Chm) |

PORT 1 100.0000

Edit PORT_1 =

— Sources

Available Associated
CPW_1

[ [

Add Edit Delete

Impedance: Ilﬂﬂ Ohm
Carce_|

Figure 11. Setting the port reference impedance in the Port Definition dialog.
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9.4 Defining the Observables and Simulating the CPW
Structure

For this project, you will define a Temporal Field Probe and three near-field sensor observables according
to the specifications below:

Field Probe Coordinates
Probe_1 (25, 1.5mm, 1.5mm)

Field Sensor Direction Coordinates Plot Type Max. Size| Cone Length Ratio | Cone Radius Ratio
Sensor_1 z (-25mm, 1.5mm, 1.5mm)| Vector 0.5 0.5 0.25
Sensor_2 X (25mm, 1.5mm, 1.5mm) | Vector 0.5 0.5 0.25
Sensor_3 Y (-25mm, 1.5mm, 1.5mm)| Intensity - - -

Note that the coordinates of the field probe and field sensors have been chosen to measure the field at the
center of the positive slot line (Figure 12).

Figure 12. The CPW structure with all objects in freeze mode and two field probes and three orthogonal
field sensor planes.
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Before you run an FDTD simulation of your CPW structure, do the following:

1 Open the Mesh Settings dialog, click the button labeled High Precision Mesh Settings, and change
the mesh density to 40 C e | L gsde &igure 13).

FOTD Mesh Settings — *
Mesh Properties
Mesh Type: | Adaptive - High Precision Mesh Settings | e

" ! !
Restore Defaults | Fast RunfLow Memory Settings | Hloe sl aeme e sl

Variable Mesh Settings Spedfy Min Grid Spacing for Geometric Contours As:
- . a0 cells/ . sz Fraction of Max Grid
Minimum Mesh Density: ellsf Aoy * Spacing in Free Space: 0.20

In Free Space

Wavelength at Max Freq: 26.086957 mm
Max Grid Spacing at Max Fregq: | 1.043473 i

In Highest Dielectric Material
. Spedfy Min Grid Spacing at Thin or Marrow Regions As:
Wavelenath at Max Frea: 17.587822
TeEEL e fm 5 Fraction of Max Grid

(o A . 0.20
Max Grid Spacing at Max Freq: |0,703513 mm Spacing in Free Space:
05

i

(" Min Distance: 0., 203696 rnm

Mesh Adaptation at Thin or Marrow Regions

[¥ Refine Grid to Capture Thin or Marrow Regions

(" Min Distance: 0., 203696 M

Absolute Minimum Grid Spadng

¥ Create Gradual Grid Transitions

Fixed-Cell Mesh Settings
¥ ? 5 Fraction of Max Grid

X
fo -
Cell Size in mm |1 1 |1 Spacing in Free Space: | 0.
(" Absolute Min Distance: | 0.052174  mm

[~ Apply 30 Mesh Fill (Slower than Default 1D Mesh Fill)

Apply | Advanced... | K | Cancel |

Figure 13. EM.Tempo's mesh settings dialog.

1 Open the Engine Settings dialog. In the section titled Termination Criterion, select the second radio
button labeled Specify End Time and change the value of No. Time Steps to 2500.

Run an FDTD simulation of your transmission line circuit and visualize its field distributions. Figure 14 shows
the electric field distribution on a horizontal plane at z = 1.5mm, i.e. the surface of the CPW line. The E-
field is almost zero everywhere except on the two slots. The fields are uniform longitudinally along the two
slot lines, meaning that a decent impedance match has been accomplished and there is little wave reflection
that would cause a standing wave pattern. Note that the electric field at the open end is at its maximum
while the magnetic field is at its minimum at that location. You can also clearly see the standing wave
pattern of the fields along the transmission line (Figures 14-19).
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erspective

Figure 14. The vector plot of the electric field distribution on the horizontal plane at Z = 1.5mm
(EMagTotal).

Perspective

Figure 15. The vector plot of the magnetic field distribution on the horizontal plane at Z = 1.5mm
(HMagTotal).
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Figure 16. The vector plot of the electric field distribution on the vertical plane at the center strip's open
termination at X = -25mm.

Figure 17. The vector plot of the magnetic field distribution on the vertical plane at the center strip's open
termination at X = -25mm.
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Figure 18. The intensity plot of the electric field distribution on the vertical plane at Y = 1.5mm.

Figure 19. The intensity plot of the magnetic field distribution on the vertical plane at Y = 1.5mm.
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The distance between two consecutive field minima or maxima is equal to the half guide wavelength. This
can easily be verified from the 2D graphs of field distributions. Open the Data Manager and plot the data
file "Sensor_1 X ETotal.DAT" (Figure 20). Similar to the tutorial lesson 6, measure the distance between
two field peaks in the graph. The figure below shows a spacing of 20.4mm. Alternatively, you can open
"Sensor_1 X ETotal. DAT" in spreadsheet using the View button (Figure 21). According to RF.Spice A/D,
half the guide wavelength for this CPW line is _ j ¢ = 41.132/2 = 20.57mm (see Figure 3).

u EM.Cube Graph - C\Users\Maxwell\Documents\ EMAG\Projects\EMTempo_Lesson® — O x

Sensor 1 X Etotal
=il ) ) ! ! ) ) )

BOO | oo N

E Total(v/m)

| 2| =

4| a]

Figure 20. Measuring the spacing between to field maxima in 2D field graph.
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Data File Contents - Sensor_1_¥_ETotal.DAT — O *
File Edit Compute

o |x | E Total(vjm) | A
112 -9.07079% 728.549900
113 -8.628319 753, 105700
114 -3.185841 F73.957700
115 -7.743363 791, 107500
116 -7.300885 304,473300
117 -5.853407 313.994900
118 -6.415829 819.627000
821.344400
120 -5.5304873 319,140500
121 -5.08849% 313.027900
122 -4.646018 803.037200
123 -4.203540 789,217300
129 -3.701062 771.636800
125 -3.318554 750,331000
126 -2.876106 725,551800
127 -2.433628 897.271200
128 -1.991150 065,073900
129 -1.543673 530,912900
130 -1.108195 593.156100
131 -0.6e683717 552.583800
132 -0.22123% 509,391600
133 0.221239 463, 730600
134 0.863717 415,988500
135  1.106195 366,227300
136  1.548673 314.743100
158  11,283190 738.772400
159 11.725680 761.411400
160 12,168140 780,440600
161 12610620 795, 770600
162 13.053100 807,331100
163 13.495580 315.067400
164 13.933050 318.944400
166 14.823010 815,068700
167 15.265490 307.336300
168  15.7079a0 795,.734700
169  16,150440 780,469400
170 16,592920 761.463700
171 17.035400 738.858400
172 17.477850 712.761300
173 17.920350 683, 295700
174 18.362830 6550,603200
175 18,805310 514,838000
176 19.247790 576.170100
177 19.690270 534. 734200 b

Figure 21. The contents of the data file "Sensor_1_X ETotal. DAT" shown in data manager's
spreadsheet.
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9.5 Examining the Temporal Waveforms on the CWP Line

The excitation source in a FDTD simulation pumps up energy into the computational domain and sets the
initial conditions of the boundary value problem. By default, EM.Tempo uses modulated Gaussian
waveform to excite all the sources. The default waveform starts after a short delay from o
over a certain amount of time determined by the project bandwidth, reaches a maximum value in this interval
and gradually decays to zero as 60° Hb. In the CPW Por/Source dialog and all other source dialogs, you
can click the Waveform... button to open the Excitation Waveform dialog (Figures 22 and 23). In the
Excitation Waveform dialog, click the Plot button to see a graph of the excitation waveform along with its

mathematical expression and parameters in this dialog (Figure 24).

Coplanar Waveguide (CPW) Port/Source

Source Location

Label:| CPW_1 Color I

Rect Sirip Object: |FEE.;|

Corner 1 Coordinates

=]

Edge: |[+% - Spacing: | slot_wid

Source Properties

X150 vt z1[ 15
3{2|5|] '1"2|2 22|1,5
Corner 2 Coordinates

X1|50 v1]-1 71|15
3{2|5|] '1"2|_2 22|1,5

Resistance: | 100 _I Ohms

Waveform... |Aummaﬁc: Mod Gauss: Amp: 1.000000,

)

Cancel

Figure 22. EM.Tempo's Coplanar Waveguide (CPW) Port/Source dialog.

0, oscillates



http://www.emagtech.com/wiki/index.php/EM.Tempo

EM. Tempo Tutorial Lesson 9

Excitation Waveform >

—Select Exdtation Scheme

¥ Generate optimal waveform automatically
Amplitude Phase Effective Bandwidth
1.000000 0.000000 deg 1. 100000E +010 Hz

™ Use custom frequency-domain spedifications

—Frequency-Domain Spedfications

Waveform Type: | Modulated Gaussian ;I

Amplitude: I il Phase: |0 deg
Center If,: Spectral [, Hz
Frequency: Hz Bandwidth:

Min/Max Cutoff Ratio at Bandwidth: | 0.1

11

™ |ze custom time-domain specifications

—Time-Domain Specifications

Waveform Type: I ;I

Expression: | sp.j0(2*pi*fc™t)

* Enter a mathematical or Python expression in variable t (time) and dick Apply button.

File-Based Waveform

Erowse, ., Mew, ., | OpEn,.. |

* After importing or creating new waveform data, dick Apply button.

Frequency-Domain Mormalization Factor: I 1

—Waveform Expression

1.000000 * exp{(-{t-3.951916828746399e-010)**2)/(+8.732E-011)**2) * cos(2*

Mo, Samples: I 1000 End Time: IB.S"&SE—UlD =
Flot I apply | QK | Cancel |

Figure 23. The graph of the excitation waveform.
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u EM.Cube Graph - CA\Users\Maxwell\Documents\EMAGProjects\EMTempo_Lesson94 — a *

FDTD excitation waveform file

0.8 ) ) ) T ) ) ) )

Amplitude

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time_ns

Figure 24. EM.Tempo's Excitation Waveform dialog.

Open the Data Manager and plot the data file "Probe_1_Y_E_Time.DAT". This graph represents the
temporal waveform at the locations of "Probe_1" at x = 25mm (Figure 25). You can see two pulses in the
graph. The first one represents the incident wave and the second one represents the reflected wave after
hitting the open-end discontinuity. You can measure the time interval between the peaks of the two pulses.
It is about 0.42ns.
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Figure 25. Temporal waveform at the location of the field probe.

Next, you will verify this result using the factthat _  _j - . According to Figure 18, _ ¢ ¢ ®

T b I (the distance between two consecutive field minima or maxima is equal to the half guide wavelength).

Therefore, - (50/41)? = 1.487, which is the same as calculated by RF.Spice A/D. The round-trip

distance between the location of "Probe_1" and the open-end discontinuity is 'Q 100mm. The phase
velocity of the propagation mode is 0 ¢*j - . We can now calculate the round-trip time as:

o o
]

- - ™ p 6

30 -
0\



