} MathWorks

Introduction to Planar Antenna Design and Optimization

Giorgia Zucchelli — Product Manager RF & AMS
gzucchel@mathworks.com

© 2026 The MathWorks, Inc.


mailto:gzucchel@mathworks.com

4\ MathWorks'

Antenna Design, Analysis, and Visualization
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Antenna Design — Where To Start? o=
Antenna Antenna Array
Designer Designer

Antenna Designer / Array Designer

= Select an antenna / array based on the desired specifications

= Design the antenna / array at the operating frequency

= Visualize results and iterate on antenna geometrical properties
- Generate MATLAB scripts for automation

4 Antenna Designer
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Antenna Catalog: Available Parameterized Geometries
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Building your First Antenna

p=design (patchMicrostrip, 10e9)
impedance (p, linspace (99,119, 21))
pattern (p, 10e9)

current (p, 10e9)

Impedance (ohms)

l=design(linearArray, 12e9,
patchMicrostripCircular) g=fractalGasket

1.NumElements=4 g.NumIterations=4

pattern(l,12e9) s=sparameters (g, [800e6,1.1e9], ...

1] SweepOpthnu , 1] ll’lterp " )
rfplot (s)
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S$11 for patchMicrostrip
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p

|

dB(S11)
-+ Threshold (-10.00 dB)

Resonance (GHz) 10
Bandwidth (GHz) 0.142129

m 1
o [tel o w
5 ~

20+
-25

(gp) apnyubep

x (m)

»A..amm" i Aw%,
KA
AR mﬂwﬁﬂw%\»
L
R
s Ol
ol
TR
s et

-0.015

N,
SR
b

Metal mesh

il

\
K

MaxEdgelLength: 0.0014643
-0.005
y(m)

NumBasis: 2366
MeshMode: auto

mesh (p)

10 10.5

Frequency (GHz)

gis



4\ MathWorks

Enabling Antenna Design Automation

Benefits of a MATLAB-based catalog-driven approach:
- Rapidly evaluate different type of antennas

= Explore the design space programmatically

= Integrate with optimization / Al algorithms

%% Elliptical Patch

: Ci;cu;ar ?a:gb a = 33.5e-3; % Major Axis

i e-3; Radius _ 2. . :

£2 = 9.25e-3; % Feed Offset ?1 _1%8: 33 M;m; 2?5’ N

p_Circle= patchMicrostripCircular('Radius',r,'Height',h,... oo 957 s L o ) ) ) )

= p_Ellipse= patchMicrostripElliptical ('MajorAxis',a, 'MinorAxis',b, 'Height', h,...

'Substrate',d, 'GroundPlaneLength', LGp, 'GroundPlaneWidth', WGp, ...
'FeedOffset', [-(r-£f2) 0]);
pattern(p_Circle, Fc);

'Substrate',d, 'GroundPlanelength', LGp, 'GroundPlaneWidth',WGp, ...
'FeedOffset', [-(a/2-£f1) 0]);
pattern(p_Ellipse, Fc);

%% Triangular Patch

side = 37.63e-3;

f4 = 3.8e-3;

p_Triang= patchMicrostripTriangular('side',side, 'Height',h,...

% Rectangular Patch

is 28.20e-3; length

W 34.06e-3; width

f3 = 5.3e-3; feedoffset

p_Rectangular= patchMicrostrip('Length',1l, 'Width',w, 'Height',h, ...

'FeedOffset', [0 -side/2+f4]);

'Substrate’',d, 'GroundPlaneLength', LGp, 'GroundPlaneWidth',WGp, ...
pattern(p_Triang, Fc);

'FeedOffset', [-(1/2-£3) 0]1);
pattern(p_Rectangular, Fc);

'Substrate',d, 'GroundPlaneLength',LGp, 'GroundPlaneWidth', WGp, ...



Pretrained Al Antenna Models

Unique solution

Based on subset of antenna catalog
— Ready-to-use models

— Tunable parameters

— Dipole, dipoleHelix, horn, waveguide, patch antennas (8 types)

Enable Al-based analysis
— Rapid characterization

— Design space exploration
— Resonant frequency, bandwidth, beamwidth, peak radiation

https.//www.mathworks.com/help/antenna/ref/em.ai.aiantenna.html|
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Rapid Design Exploration Using Pretrained Al Models

»» p = design(pifa,2.4e8, ForAT=true)

ATAntenna with properties:

Antenna Info

Antennalype:
InitialDesignFrequency:

Tuonable Parameters

Length:

Width:

Height:
ShortPinWidth:

Show read-only properties

'pifa’
2.4000e+09

02582
0154
L0087
.0154

[ s T R e

z (mm)

Iteratively repeat
this after modifying
tunable parameters!

‘///

»» tic, fR = resonantFrequency(p), toc

fR =
2.4091e=+0%9

Elapsed time is 0.158043 seconds.

2.55

v

2.5 +

»>>» tic, [absBW,fL,fU,.matching]

absBW =
1.48305%e+08
fL. =

[RS]

.3186=+009

fo =
2.4667e+05

matching =

categorical
Matched

Elapsed time is 0.1909%11 seconds.

= bandwidth(p), toc

2.45

2.4 +

2.35

Resonant Frequency (GHz)

2.3 +

8

5

pifa antenna element

Design Space (15.845 sec)

Length 2.97959
Resonant Frequency 2.4

2.25
28 28 ae

2.95 3 3.05

Length (cm)

0.8

Height (cm)

Impedance (ohms)

Magnitude (dB)
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Impedance for pifa
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" Optimization completed.
[rain your Al Antenna Model e e %
Total elapsed time: 378.6171 seconds
Total time for training and wvalidation: 252.4126 seconds
) Best observed learner is a gp model  with:
. . " 26 L1: " R Learner: gp
parameterlzed - 24 4 Tor3z {?g :3 Sigma: B.28873413
antenna structure 481 381 |25 24 (142 3 [}g;?} BasisFunction: none
464 36 37 ~2[}"; byt 58 {2:1:2:4; KernelFunction: ardexponential
4 amd T L %8 g-‘ggf} KernelScale: NaM
. T 2 3[3,"-' 159 _I18 r42 | 26 — Standardize: false
|d tf predICtors and Ec 4271 327 A \ e | F24 Observed log(l + valloss): 8.823284
entry o2 Feed [x=0,v0) 2]
responses = 40 =305 25—;._&____ Al s 1Y Time for training and wvalidation: 1.2777 seconds
=t AN L, |
384 281 -\\-," IR A2
204 Yo | B\ / Best estimated learner (returned model) is a gp model with:
. %7 267 \\ /2' 18 Learner: gp
(design of . 5 _ R TR RPAVAY 9 16 Sigma: 8.0973413
experlments) y (mmj) * (mm) 21 21 . 148 A 1.4 BasisFunction: none
) 2 = KernelFunction: ardexponential
301 ) - Lo = [ KernelScale: Nah
) L W W d h R iR Standardize: false
Generate data using full-wave Estimated log(l + wvalloss): 8.823767
EM SimU|ati0n Estimated time for training and validation: 1.3343 seconds
35 Predictions on Training Data Predictions on Test Data
//
Prepare and preprocess data  zof . J@c"/
P for training 3t 1 5l v
// //
156F 1
® // v} //’
E g 25 pd g /-
q q L ] 5F 2 1 ¢ L -
machine learning E10 & e 825 P
[}
model (use AutoML) = = o o el
5t 1 & & g o
7 20 i 1% 2f &
o GQGQQ & Q/ﬁ
=Y ML model vs . o? e
EM simulation . . . | 15} f,z@w 1 sl 528@
o 10 20 20 o B O Observations
x {mm) ‘ O Observations ‘ 8 Perfect prediction
e Perfect prediction // x _ Emor=5%
1 & I I 1 1 1 & 1 i i 1
. . . . 1 15 2 25 3 35 1 15 2 25 3
Train Machine Learning Model for Analysis of Custom Antenna True Response True Response

https://www.mathworks.com/help/antenna/uq/train-mlmodel-for-analysis-of-custom-antenna.html 10
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Dielectric and Metal Material Properties

Dielectric materials:

= Use the dielectric catalogue of existing materials
= Define your own: relative permittivity, loss tangent

Relative permittivity | Loss Tangent

Air 1 0

Other >1 (typically <10) >0 (typically ~1e-3)

Metal materials:

= Perfect Electrical Conductor (PEC)
— Zero thickness, infinite conductivity

= Specify the metal material from the catalog
= Define your own: thickness, conductivity

https.//www.mathworks.com/help/antenna/material-cataloq.htm/
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4. Dielectric Materials
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Cus

tom

+ 0 =Userdefined

* d=User defined

Brass

= X |
File ®
H &
Name Relative Permittivity | Loss T: y C
1 Air 1 0 1.0000e+08
2 FR4 4.8000 0.0260 100000000
3 Teflon 2.1000 2.0000e-04 100000000
4 Foam 1.0300 1.5000e-04 50000000
5 Polystyrene 2.5500 1.0000e-04 100000000
6 Plexiglas 25900 0.0068 1.0000e+10
7 Fused quartz 3.7800 1.0000e-04 1.0000e+10
8 E glass 6.2200 0.0023 100000000
9 RO4725JXR 2.5500 0.0022 2.5000e+08
10 |RO4730JXR 3 0.0023 2.5000e+09
11 | TMM3 3.4500 0.0020 1.0000e+10
12 | TMM4 4.7000 0.0020 1.0000e+10
13 | TMME 6.3000 0.0023 1.0000e+10
j-. Metal Materials 14 | TMM10 9.8000 0.0022 1.0000e+10
) 15 | TMM10i 9.9000 0.0020 1.0000e+10
alS 16 | Taconic RF-35 3.5000 0.0018 1.9000e+09
H
Name Conductivity Thickness Units Comments
1 PEC Inf 0|m
2 Copper 59600000 1.4000 | mil Toz
3 Aluminium 37700000 30 | mil
4 Gold 41100000 0.2000 |um
5 Silver 63000000 0.2000 |um
6 Zinc 16900000 4 | mil
7 Tungsten 17800000 0.2000 |um
8 Lead 4550000 0.2000 |um
9 Iron 10000000 0.2000 |um
10 |[Steel 6990000 0.6800 | mm
11 |Brass 15800000 06800 Metal Catalog
PEC Copper Aluminium Gold Silver
a=Inf + 0=596e065/m + 0=377e065/m « 0=4118065/m  « ©=63e065/m
= d=0 *+ d=3586e05m + d=7.62e04m = d=2e07m + d=2e07m
Zinc Tungsten Lead Iron Steel
= 0=169e06S/m |+ ©=179e063/m + 0=455e068/m « a=10e06S3/m + 0=699063/m |-
= d=1.016e-04m |+ d=2e-07m * d=2e-07Tm = d=2e-07Tm + d=068e-03m

0 = 159206 S/m

+ d=068-03m

11
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Antenna Electromagnetic Analysis

= Full-wave solver: Method of Moments
Analysis-driven automatic mesh generation: triangles for surface, tetrahedra for volume

— Manual control on meshing for advanced use cases
- Validated against state-of-the-art results

FIGURE FORMAT TOOLS LAYOUT

= | Figure 2 X i | % Figure 3 x

NumTriangles: 902

NumTetrahedra: 1836

NNNNNNNNNNNN

MaxEdgel ength: 0.012157 . .
MeshMode: auto Metal-Dielectric

Magnitude (dB)

35 L | | | | L
2 25 3 315 4 4.5 5
Frequency (GHz)

https..//www.mathworks.com/help/antenna/ug/method-of-moments-metal-and-dielectric. html
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Design Custom Planar 2D Elements

= Define the boundary of your custom planar (2D) metal layer
— Basic shapes: rectangle, circle, ellipse, polygon
— Import boundary from photo
— Operations: intersection, union, difference

plate = antenna.Rectangle('Length',0.16, 'Width',0.106);
notchl = antenna.Circle('Center',[0,0], '"Radius', .01);
notch? = antenna.Rectangle('Length',0.15, 'Width', .005);
b = plate—-notchl-notch2;

https..//www.mathworks.com/help/antenna/custom-antennas.html| 13
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Design Custom Planar 2D Elements

= Define the boundary of your custom planar (2D) metal layer
— Basic shapes: rectangle, circle, ellipse, polygon

— Import boundary from photo
— Operations: intersection, union, difference

= Add arbitrary dielectric and metal layers to PCB stack
— Define vias and feed structures

4 Figurel [E=3 [
o

File Edit View Inset Tools Desktop Window Help

NEde bR A@PEL- 2 18 O

= pcbStack; Metal and dielectric layers E——
.BoardShape = b; N
.BoardThickness = 3e-3; r,//”///// el

.Layers = {ant,dl,d2,b}; ’
.FeedLocations = [0.02 0.05 1 4,;0.02 -0.05 1 47];

.FeedDiameter = le-3;

.Vialocations = [-0e-3 -0.040 1 4,;-10e-3 0.042 1 47];

.ViaDiameter = le-3;

14
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PCB Antenna Designer App Vias, Feed, Load =
Shapes Boolean operations Export PCB Antenna

Designer
\ / _—

O X

f' 4\ PCE Antenna Designer

DESIGN ANALYSIS

o X T
8 H & 9 HE A @ gl tg ¥ O H &
| New Open  Save Import | Add Rectangle  Triangle Circle = = Canvas | Validate | Default | Export
| Session Session Session - Layer = [*] Add Load & Settings | Design | Layout -
| FILE LAYERS SHAPES FEEDVIA | ACTIONS | SETTINGS | VALIDATE | VIEW | EXPORT ry
~ PCB Stack = | Canvas i |2 3D view
~ PCBAntenna - Probe-fed rectangular microstrip patch o
MetalLayer2 - Metal
~ [l BoaraShape T 7 . T
Polygon1
~ Layers
/ - MetalLayer2
~ Polygon3 15 pr——t— 1ttt
 Subtract
~ notchi
~ Add
nofch2 10 b
M DiclectricLayert .
—_— 15
PCB Stack |
~notch1
10
51 4
Name [notchi |
5
Angle | 0 |
E E o
Center |[Wc.Lc] | E oF + L 1 =
= ~
tength  [L | <
widh  [w | 10
5 4
10
~ Design Variables : 0
-10
10 4 10 5 0 5 10
/ ¥ (mm) X ()
MName Set Value/Expression Derived Value
O 2.1315-
[ {w 2|- A e e e e e e e e e e e e e e e =
O|Le 9.3885-W/2|8.3685
V ] bI | we 0.62663 |-
ariaples . l . l .
-10 -5 0 5 10
X (mm
(mm) [ Hide Dielectric

15
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Surrogate-Based Optimization
Collaboration with Prof. Bo Liu, Univ. Glasgow

Surrogate model Assisted Differential Evolution for Antenna synthesis
(SADEA) is an Al-driven antenna design method

IIEPZile]gM Generate a design samples from [a b]¢

1. Select the B best candidate designs
2. Generate [ child solutions

3. Prescreen [ child solutions using
Gaussian process surrogate model

» The specifications are met

* Objective values does not improve for
a certain number of iterations

Stopping
criteria

uuuuuuuuu

16
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SADEA: Yagi-Uda Optimization Example

Min value :-37.8 dBi z 10
Azimuth - [-180° , 180°]
Elevation : [-90°, 90°] 5
™ 0
initialdesign¥al optimdesignVal
1 |Reflector Length 0.9085 0.9361 5
2 |Director Length - 1 0.9085 0.7836 10
3 |Director Length - 2 0.9085 0.7318 15 3
4 | Director Length - 3 0.9085 0.7799 < Y 20
5 | Director Length - 4 0.9085 0.76338 25
6 | Reflector Spacing 0.5451 0.3186 %
7 | Director Spacing - 1 0.4542 0.2054
& |Director Spacing - 2 0.4542 0.3085 3
9 | Director Spacing - 3 0.4542 0.3501
10 | Director Spacing - 4 0.4542 0.3888
datasheetvals optimdesignvals H plane
=a0°
Directivity (dBi)
80
Gain (dBi) 10.35 10.917
F/B 16 15.762
E-plane Beamwidth (deg.) o4 =0
0.5 % i) H-plane Beamwidth (deg.) 63 o " .
y (m) Impedance Bandwidth (%) 10 10
210 330
240 300
Peaks (Dataset 1) ) Peaks (Dataset 1) ¥
11092 dB 2 1:10.82 dB ey

https://www.mathworks.com/help/antenna/uqg/optimize-yaqiuda-using-custom-objective-function.html 17
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Al for Surrogate Based Optimization

TR (Training-cost Reduced) — SADEA

Faster, while converging to a good solution

Adaptive Gaussian Process predictions

Handle up to 80 design variables
Enabled in apps and command line

Stopping ~
Ven Criterion? Bl

Output

4@\ MathWorks

o Sample to be predicted

SADEA

GP model
TR-SADEA

Initialize the
database

No
A 4

| Select T training

data

GP Surrogate
modeling

Select A best
individuals

Prescreening

DE mutation

Select the top 1

individual

DE crossover

Exact function
evaluation,
update database

";g?;%:stze DE operations
_—Stopping ) Adaptive GP
YT Criterion?_— modeling
{ ‘. T
\Output / No
.-"!‘--;
—<~"Local search? > Prescreening
Yes
i
RBF-assisted Select the most
No optimization PTG sohition
= - v | EM simulation,
L) .»elec(:ets'h; r:’s’ st [ | update database
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Antenna Optimization - Summary o -
Antenna Antenna Array
Designer Designer

Standard objective functions available in the apps

— SADEA, TR-SADEA, Surrogate optimization
— Support for geometric constraints and integration with RF PCB Toolbox
= Custom objective functions can be defined at the command line

— Interface for SADEA and TR-SADEA available
— Can be used with 3" party EM tools (*)

DESIGN

‘:.L..lj | ) H Frequency Range

New Open Save [6750,75:825

£\ -
E:‘ m Frequency I:‘J l_.-_, Q O
MHz ~ Impedance S Parameter 75 MHz ~ Current 3D Pattern AZ Pattern

SCALAR FREQUENCY ANALYSIS

FILE VECTOR FREQUENCY ANALYSIS

&%
patternoptions = psoptimset (Bpatternsearch);

patternoptions.PlotFcns = @psplotbestf;

patternoptions.MaxIter = 25;

M W ® B
iw  Minimize Array Thi Minimize
parasitic values, [1,[]1,[1, []1,LB,UB, [],patternoptions);

optimdesign = patternsearch (@ (x) yagi_objective_function[yagidesign,lx, freqg,elang), ..

&\ MathWorks

—
-
F—Y

PCB Antenna
Designer
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Integrating with RF PCB Components

z (mm}

https://www.mathworks.com/help/rfocb/pcb-components-catalog.html 20
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Example of RF PCB Design and Analysis: Branchline Coupler

>»> ¢ = design(couplerBranchline,2.4e9)

5]
5]
5]
5]
5]
%)

couplerBranchline with properties:

.0116
. 0651
L0229
.B083
L0233
. 0051

C =
c = couplerBranchline;
. PortLinelLength:
methods (C) ! PortLineWidth:
SeriesArmLength:
SeriesArmwWidth:
c = design (couplerBranchline,2.4e9); ShuntArmLength:
ShuntArmWidth:
show (c) ;
s = sparameters(c, [1e9 3e9], ... i

"SweepOption", "1nterp")
rfplot (c);

- O -
EERErEEERE REEE DD
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Cascading PCB Components

c = design(couplerBranchline, 2.4e9);

0y : mc = design (coupledMicrostripline,2.4e9);
Modular approach to building PCB assemblies me.Spacing = c.ShuntArmLength;

Automatic port assignments w = design(wilkinsonSplitter,2.4e9);
Combine components (shapes) and antennas

r = pcbcascade(c,mc) ;

r = pcbcascade(r, w, 3, 1);
r = pcbcascade(r, w, 3, 1);
show (r)

PEC
[ J
I Teflon
I o=

https://www.mathworks.com/help/rfocb/ref/ocbcascade. html 22
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PCB Design Using Basic Shapes

Modify the geometry of existing components

1. Define the geometry of the basic shape

W N

Add layer to a PCB components

Design new components based on arbitrary shapes

:

https://www.mathworks.com/help/rfocb/custom-geometry.html

|

Use variables for parametric analysis and facilitate design exploration
Perform Boolean operations (add, subtract, intersect)

M\

&\ MathWorks

Bends

bendCurved
bendMitered

bendRightfngle

U Bends
ubendCurved
ubendMitered

ubendRightangle

Rings, Curves, and Radia
ringfnnular
ringsquare

curve

radial

delta

Traces
tracespiral
traceRectangular
traceTee

tracelross

Custom Traces
tracePolint

tracelLine

23


https://www.mathworks.com/help/rfpcb/custom-geometry.html
https://www.mathworks.com/help/rfpcb/custom-geometry.html
https://www.mathworks.com/help/rfpcb/custom-geometry.html

&\ MathWorks

Fabrication with Gerber File Generation

Design your PCB antenna / antenna array
= Chose the manufacturing service

] Chose the connector Type of service from PCB services package, specified as one of the following:
. Generate Gerber ﬁleS »  AdvancedCircuitsWriter — Configure Gerber file generat

» CircuitPeopleWnter — -Configure Gerber file generation

= DityPCBsWnter — Configure Gerber file generation for
«  EuroCircuitsWnter — Configure Gerber file generation fc

«  GerberLook\Wnter — Configure Gerber file generation fo

»  GerberViewer\Writer — Configure Gerber file generation 1

Type of connector from PCB connector package, specified as one of the following:

«  Coax Connectors - Coax RG11, RG174, RGS3, and RGSY connectors directly soldered to PCE
« |PX Connectors - LightHorse IPX SMT jack or plug surface mount RF connector.

+  MMCX Connectors - MMCX Cinch or Samtec surface mount RF connectors.

«  SMA Connectors - Generc 5-pad SMA surface mount RF connectors, with 4 comer rectangul:
«  SMAEdge Connectors- Generic SMA edge-aunch surface mount RF connector. Cinch and Sz
«  SMEB Connectors - Johnson/Emerson and Pastermeck SME surface mount RF connectors.

«  SMC Connectors - Pastemeck SMC and SMC edge-launch surface mount RF connectors.

Coaxial Cable Connectors - Semi-rigid @.828 inch, 8.834 inch, 8.847 inch, and 8.118 ir

SMA %Qohm
-5 ¢

o ]




&\ MathWorks

Summary: Design Planar Antennas and RF PCBs

Use a catalog of components (antennas and PCC elements)
Build and optimize your own planar geometry

Perform EM analysis and speed up with Al

Integrate with feed and matching networks

Generate Gerber files for fabrication

25
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