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SILICON LABS

AN1088: Designing with an Inverted-F

2.4 GHz PCB Antenna

This document describes an Inverted-F 2.4 GHz PCB antenna
designed by Silicon Labs for use with 2.4 GHz wireless chipset
designs. The Inverted-F antenna is one of the more commonly
used antennas at 2.4 GHz. Silicon Labs provides antenna dimen-
sions in two different substrate thicknesses. PCB antennas are
board specific, so you may need to modify the antenna dimen-
sions for your board implementation.
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1.

Overview

One of the main reasons to use a PCB antenna is to reduce cost. Since the antennas are printed directly on the board, they are gener-
ally considered to be free. On boards with room to spare, this will be true. On boards that need to grow to account for the increased size
of the printed antenna, you must include the added cost of the larger PCB when calculating cost savings.

Well-implemented PCB antennas will have similar performance to that of a ceramic antenna.

Silicon Labs has released the following Inverted-F based Reference Designs:

EM358x USB Ceramic Balun with Inverted-F PCB Antenna Reference

EM35xx 2-layer Reference Design with Ceramic Balun and Spiral Inverted-F PCB Antenna

EFR32MG, EFR32BG, and EFR32FG 2.4 GHz radio board designs

Note: The details included in this application note are based on four legacy 2.4 GHz designs. All of the details contained within this

document are applicable to EM3x and EFR32 2.4 GHz designs. The four legacy 2.4 GHz designs used to collect the data contained
in this document were:

EM250 4-Layer Design, Inverted-F Antenna, 0.062" thick (EM250_REF_DES_LC_LAT_INV-F_62mil.zip)
EM250 4-Layer Design, Inverted-F Antenna, 0.8mm thick (EM250_REF_DES _LC_LAT_INV-F_0.8mm.zip)
EM260 4-Layer Design, Inverted-F Antenna, 0.062" thick (EM260_REF_DES_LC_LAT_INV-F_62mil.zip)
EM260 4-Layer Design, Inverted-F Antenna, 0.8mm thick (EM260_REF_DES_LC_LAT_INV-F_0.8mm.zip)
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http://www.silabs.com/Support%20Documents/Software/EM358x_REF_DES_CER_USB_INV-F.zip
http://www.silabs.com/Support%20Documents/Software/EM35xx_REF_DES_CER_SPIRAL-INV-F.zip

AN1088: Designing with an Inverted-F 2.4 GHz PCB Antenna
Layout

2. Layout

PCB antennas are very layout sensitive. For best performance, Silicon Labs recommends following the reference design layouts as
closely as possible.

2.1 Key Features

Some key features of the design include the following:
» There are two versions of the layout: for the 62 mil and 0.8 mm board thicknesses
» Feed arm should be fed with a 50 ohm microstrip transmission line (14 mils for an 0.008" top layer)
» Shorting arm must be shorted to the ground plane, preferably with ground vias
* There should be no ground plane under the antenna
+ Ground plane on layers 2 and 4, with stitching vias along the ground edge (however, EFR32 radio boards use ground planes on
each layers, where possible)
» The antenna was designed to have a 40 mil clearance between the shorting arm and the board edge, and a 20 mil clearance be-
tween the board edge and the antenna trace
» The antenna should be covered with soldermask
» Simulations have shown no benefit to increasing the width of the shorting arm or mitering the bend in the shorting arm

The following figure illustrates the dimensions of the antenna.

Inverted-F Antenna Dimensions For 0.062" FR4 Substrate

(Antenna can be mimored)

| 782~ |
Board Edge | } |
| 0.020" I

0 108"

0327

| Board Edge

0.040° =
—»| 00407 | -+ 0.040" fa

4

0.020
oo o [ ] e O o e o

R 0.050°—] Place vias along

Antenna shorting arm ground plane edge
should be grounded with approximately

with 2 vias 50 oh 50 mil spacing to
stitch layers 2 and 4

together

Inverted-F Antenna Dimensions For 0.8mm FR4 Substrate
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Figure 2.1. Antenna Dimensions

Note: You may need to modify dimensions for your board’s implementation.

silabs.com | Building a more connected world. Rev.0.1 | 3




AN1088: Designing with an Inverted-F 2.4 GHz PCB Antenna
Layout

2.1.1 Board Stackup

The following figure shows the board stackups used in the designs.

Layer Stackup
Total Thickness = 0.062" +/- 10%

Layer 1 (1/2 oz)

1
N N 0.008" FR4
Layer Z (1 oz) —
V. > 0.044" FR4 *+*
Layer 3 (1 oz) — I
[ N 0.008" FR4
Layer 4 {(1/2 oz) I

*** Material thickness between Layer Z and Layer 3
may be adjusted to meet Total Thickness requirement.

(a) Total Thickness 0.062"

Laver Stackup
Total Thickness = 0.034" +/- 10%

Layer 1 (1/2 oz)

1
N N 0.008" FRA
Layer 2 (1 oz) —
V. ] 0.016" FRE ***
Layer 2 (1 o=) — I
RN N 0.008" FR4
Layer 4 {(1/2 oz) I

**+ Material thickness between Layer Z and Layer 3
may be adjusted to meet Total Thickness requirement.

(b) Total Thickness 0.8mm

Figure 2.2. Board Stackup
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3. Tuning and Antenna

3.1 Antenna Placement

Silicon Labs designed and optimized the Inverted-F reference designs for a 1"-wide PCB board. The ground plane forms an important
part of the antenna. The following figure shows the surface currents around the antenna. As you can see, there is significant current
running along the ground plane edge. Changing the size of the ground plane will affect performance; most notably, the antenna match
will be detuned. For boards that vary in size from the reference design, Silicon Labs recommends the placement shown in the following
figure.

Type = Surface Current (peak)
Honitor = h-field (f=2.115) [1]
Maximum-3d = 150.472 A/m at 786.168 / 62 / 909.239
Frequency = 2.445

Phase = 8 dearees

Figure 3.1. Surface Current
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Figure 3.2. Recommended Antenna Placement
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3.2 Tuning

Silicon Labs designed the printed antenna to provide a 50-Ohm output. An inverted-F antenna can inherently be matched to 50 ohms
without using any external tuning component. However, board size, plastic enclosures, metal shielding, and components in close prox-
imity to the antenna can affect antenna performance. For best performance, the antenna might require tuning that can be realized by
two ways:

» Dimension changes in the antenna layout structure, or
* Applying external tuning components.

The latter is typically the preferred solution when layout modification is not required on a custom design. To accomplish this, Silicon
Labs generally recommends reserving SMD placeholders for external antenna tuning components, where the suggested external an-
tenna matching structure is a 3-element P| network. You can achieve a good match using a maximum of two elements (with one series
and one shunt component) of the Pl network. Any unknown passive impedance can get matched to 50 ohms on this Pl network, since
all L, C, L-C, C-L combinations can be realized on it and therefore any de-tuning effect can be compensated out.

The following figure shows the values of L required for the reference design prototypes. All four designs required C71/C2 to be unpopula-
ted. Note that every implementation of the antenna design will require different combinations of inductors and capacitors. The EM260
0.8mm reference design has the printed inverted-F antenna inherently matched to 50 ohms.

\ Inverted-F

./ Antenna
=t am260_040_with_mask_no_tuning.S[1,1]

L ;
YT
== [am250_040_with_m ask_18nH].S[1,1]
LCl TCZ —a— [em260 062 with mask 18nHL.SM1

—— [em250_062_with_mask 20nH].S[1.1]

Figure 3.3. Antenna Matching Components

+ EM250 62 mil: L = 2.0 nH
+ EM260 62 mil: L = 1.8 nH
+ EM250 0.8mm: L =1.8 nH
+ EM260 0.8mm: L =0 ohm
* C1, C2 are not populated
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4. Antenna Performance

Silicon Labs designed the antennas using CST Microwave Studio. Antenna gain patterns for two board thicknesses were simulated; the
following two figures show this for the 62 mil thick board and for the 0.8 mm board, respectively. The gain shown is the absolute sum of
both polarizations. These figures also show the board orientation.

dB
1-44
8.934 1
8.594 I
8.255
2]

=2.52
=4.53
-6.5%
=8.56

Type = Phi

Approximation =

Honitor = farfiel *

Component = fibhs

Output = Gain

Frequency = Z.145

Rad. effic. = B8.9227

Tot. effic- = 8.9222 z

Gain = 1.443 4B

Type =

Approximation =

Honitor = farfield % *

Component = Abs

OQutput m Gain

Frequency = Z.445

Rad. effic. = @.9227

Tot. effic. = B.9222 Theta

Gain = 1.443 48

Figure 4.1. Simulation of Gain Pattern for the 62 mil Antenna
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dB
1.29
8.832
8.5213
8.227
a
=2.56
=4.61
-6.G6B
-8.71
Phi
*®
Type = Farfie
Approximat ion = enabled
Honitor = farfield
Component = fbs
Output m Gain
Freguency = Z.%+15
Rad. effic. = @.9831
Tot. effic. = B.9838 z
Gain = 1.285 4B
dB8
1.29
Phi
Type = Farf
Approximation = enable
Honitor = fFarfield
Component = fibs
Output = Gain
Freqguency = Z.%15
Rad. effic. = 9.9831
Tot. effic. = @.83638
Gain = 1.285 48

Figure 4.2. Simulation of Gain Pattern for the 0.8 mm Antenna
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4.1 Effects of Manufacturing Variations

Silicon Labs designed both antennas to have enough excess bandwidth to maintain performance over manufacturing tolerances. The
following figure shows that a good match can still be maintained when varying the dielectric constant between 4.3 and 4.8 and the
board thickness by +/-3 mils.

|51,1] indB

epsion = 4.3
epsion = 455

= : i
23 24 25 [epsion =42 :-14.07
epsion = 4.5 1 -18.42
Frequency / GHz epsion = 4.8 : -24.65

|51,1] ndB
2,405

BoardThickness = 37
.| BoardThickness = 40

BoardThickness = 4%

o & b L o

L.| BoardThickness = 37 : -13.34
s =40:-1573

ness = 43 :-18.85

26

Frequency / GHz

Figure 4.3. Effects of Manufacturing Tolerances

4.2 Measured Antenna Patterns

Silicon Labs measured antenna patterns for eight prototype boards—two each of 62 mils and 0.8mm for both the EM250 and EM260—
in a 5 meter anechoic chamber. Patterns in three orthogonal planes were measured for both polarizations. The following figures illus-
trate these patterns for EM250 62 mil boards, EM260 62 mil boards, EM250 0.8 mm boards, and EM260 0.8 mm boards, respectively.
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4.2.1 Antenna Patterns for EM250 62 mil Boards

SNO1—EUT flat SNO02—EUT flat

270
____Vertical Polarization Gain (dBi) min: 260 max:-36 aw:-102 ____Vertical Polarization Gain (dBi) min: 21.6 max:-50 aw:-11.8
—— Horizontal Pdlarization Gain (dBi) min: -23.9 max: 07 aw: -84 —— Horizontal Polarization Gain (dBi) min: -284 max:-13 aw -84
SNO1—EUT side SNO02—EUT side

____Vertical Polarization Gain (dBi) min: 266 max: 41 aw: 97 ____Vertical Polarization Gain (dBi) min: 232 max: 63 aw:-10.7
—— Horizontal Pdlarization Gain (dBi) min: -23.3 max:-15 awg 74 —— Horizontal Polarization Gain (dBi) min: -21.5 max: 04 aw 92
SNO1—EUT vertical SNO2—EUT vertical

Vertical Polarization Gain (dBi) min: -192 max:+1.8 aw:-38 Vertical Polarization Gain (dBi) min: -145 max:+21 aw:-31

—— Horizontal Pdlarization Gain (dBi) min: 284 max: 62 aw: -139 —— Horizontal Polarization Gain (dBi) min: -23.7 max: 50 aw--122

Figure 4.4. Measured Antenna Patterns for EM250 62 mil Boards
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4.2.2 Antenna Patterns for EM260 62 mil Boards

SNO1—EUT flat

Vertical Polarization Gain (dBi) min: 285 max: 46 aw:-94

—— Horizontal Pdarization Gain (dBi) min: 21.8 max:-1.2 aw:-8.1

SNO1—EUT side

Vertical Polarization Gain (dBi) min: 266 max:-39 aw:-89

—— Horizontal Pdarization Gain (dBi) min: 229 max: 20 aw:-838

SNO1—EUT vertical

Vertical Polarization Gain (dBi) min: 255 max: 21 aw:-7.0

—— Horizontal Pdlarization Gain (dBi) min: 258 max: 55 aw:-118

SNO02—EUT flat

Vertical Polarization Gain (dBi) min: 261  max:-1.7 aw:-10.0

—— Horizontal Polarization Gain (dBi) min: -24.1 max: 09 ag: 9.0

SNO2—EUT side

Vertical Polarization Gain (dBi) min: -30.9 max: 50 aw:-12.7

—— Horizontal Polarization Gain (dBi) min: -30.2 max:+03 avg: 94

SNO2—EUT

270

Vertical Polarization Gain (dBi) min: 95 max:+0.1 aw:-34

—— Horizontal Polarization Gain (dBi) min: -24.5 max:-53 aw -125

Figure 4.5. Measured Antenna Patterns for EM260 62 mil Boards
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4.2.3 Antenna Patterns for EM250 0.8 mm Boards

SNO1—EUT flat SNO02—EUT flat

____Vertical Polarization Gain (dBi) min: 334 max: 65 aw:-132 ____Vertica Polarization Gain (dBi) min: -346 max:-18 aw:-9.7
—— Hovizontal Pdlarization Gain (dBi) min: 375 max: 02 aw 96 —— Horizontal Polarization Gain (dBi) min: 324 max: 26 awg 94
SNO1—EUT side SNO02—EUT side

____Vertical Polarization Gain (dBi) min: 354 max: 41 aw:-10.8 ____Vertica Polarization Gain (dBi) min: 234 max: 52 aw:-10.2
—— Hoiizontal Polarization Gain (dBi) min: 387 max:-28 aw:-112 —— Horizontal Polarization Gain (dBi) min: 282 max: 28 awg-104
SNO1—EUT vertical SNO2—EUT vertical

Vertical Polarization Gain (dBi) min: -123  max: +0.5 aw: 42 Vertical Polarization Gain (dBi) min: -120 max: +2.0 aw: 43

—— Horizontal Pdlarization Gain (dBi) min: 285 max: 49 aw:-146 —— Horizontal Polarization Gain (dBi) min: -28.0 max: 58 aw:-122

Figure 4.6. Measured Antenna Patterns for EM250 0.8 mm Boards
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4.2.4 Antenna Patterns for EM260 0.8 mm Boards

SNO1—EUT flat SNO02—EUT flat

__ Vettical Polarization Gain (dBi)  min: 214 max:-02 aw:-93 __Vettical Polarization Gain (dBi)  min: 250 max:-1.9  aw: 92
— Hotizontal Pdlarization Gain (dBj) min: 250 max: 03 aw: 87 — Horizontal Polarization Gain (dBi) min: 258 max: 00 aw 87
SNO1—EUT side SNO02—EUT side

____Vertical Polarization Gain (dBi) min: 253 max:-34 aw:-12.2 ____Vertica Polarization Gain (dBi) min: 272 max:-48 aw:-11.9
—— Hoiizontal Pdlarization Gain (dBi) min: 21.0 max: 01 awg 69 —— Horizontal Polarization Gain (dBi) min: -245 max:+0.1 aw:-83
SNO1—EUT vertical SNO2—EUT vertical

Vertical Polarization Gain (dBi) min: 150 max:-15 aw: 62 Vertical Polarization Gain (dBi) min: -128 max:-16 aw: 4.6

—— Horizontal Pdlarization Gain (dBi) min: 206 max: 42 awg:-101 —— Horizontal Polarization Gain (dBi) min: -22.7 max:-16 awg -10.7

Figure 4.7. Measured Antenna Patterns for EM260 0.8 mm Boards
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5. After Reading this Document

If you have questions about the information described in this document, please contact support at https://www.silabs.com/support.
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Disclaimer

Silicon Labs intends to provide customers with the latest, accurate, and in-depth documentation of all peripherals and modules available for system and software implementers using or
intending to use the Silicon Labs products. Characterization data, available modules and peripherals, memory sizes and memory addresses refer to each specific device, and "Typical"
parameters provided can and do vary in different applications. Application examples described herein are for illustrative purposes only. Silicon Labs reserves the right to make changes
without further notice and limitation to product information, specifications, and descriptions herein, and does not give warranties as to the accuracy or completeness of the included
information. Silicon Labs shall have no liability for the consequences of use of the information supplied herein. This document does not imply or express copyright licenses granted
hereunder to design or fabricate any integrated circuits. The products are not designed or authorized to be used within any Life Support System without the specific written consent of
Silicon Labs. A "Life Support System" is any product or system intended to support or sustain life and/or health, which, if it fails, can be reasonably expected to result in significant
personal injury or death. Silicon Labs products are not designed or authorized for military applications. Silicon Labs products shall under no circumstances be used in weapons of mass
destruction including (but not limited to) nuclear, biological or chemical weapons, or missiles capable of delivering such weapons.

Trademark Information

Silicon Laboratories Inc.® , Silicon Laboratories®, Silicon Labs®, SiLabs® and the Silicon Labs logo®, Bluegiga®, Bluegiga Logo®, Clockbuilder®, CMEMS®, DSPLL®, EFM®,
EFM32®, EFR, Ember®, Energy Micro, Energy Micro logo and combinations thereof, "the world’s most energy friendly microcontrollers", Ember®, EZLink®, EZRadio®, EZRadioPRO®,
Gecko®, ISOmodem®, Micrium, Precision32®, ProSLIC®, Simplicity Studio®, SiPHY®, Telegesis, the Telegesis Logo®, USBXpress®, Zentri and others are trademarks or registered
trademarks of Silicon Labs. ARM, CORTEX, Cortex-M3 and THUMB are trademarks or registered trademarks of ARM Holdings. Keil is a registered trademark of ARM Limited. All other
products or brand names mentioned herein are trademarks of their respective holders.
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Silicon Laboratories Inc.
400 West Cesar Chavez
Austin, TX 78701

USA
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