
Introduction

This document describes the design, fabrication, and radio electrical characterization (S11 parameter and radiation) of a set of 
seven antennas associated with their electronic board, operating in the ISM 2.45 GHz frequency band and available for the 
STM32WB and STM32WBA MCUs.
The seven antenna types are:
• Monopole T-shaped antenna
• Monopole L-shaped antenna
• Inverted F Antenna – IFA
• Microstrip meandered monopole antenna
• IFA metal plane antenna
• Yagi-Uda antenna
• Chip antenna
For guidelines on designing boards that use an STM32WBA microcontroller, refer to the application note How to develop RF 
hardware using STM32WBA MCUs (AN5948). For general information about RF design and specific details about designing 
with the STM32WBA5MMG module, refer to the application note PCB design guidelines for STM32WBA5MMG (AN6305). Both 
documents are available from www.st.com
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1 Reference board

The antennas described in this document have been evaluated with the MB1623 board, equipped with an Arm® 

Cortex®‑based microcontroller. This board is 40 mm high and 30 mm wide, and the connector is centered along 
the width at the top, as shown in Figure 1. Considering the limited dimensions compared to the operating 
wavelength, as well as the MB1623 board orientation that can adjust the antenna radiation properties, the 
proximity of the board must be taken into consideration during the design process.

Figure 1. Reference board

Design and manufacturing

The following section focuses on the design and fabrication of the antennas. In each sub-section, the simulated 
radio-electrical performances of each antenna type are presented. In addition, a section is dedicated to the 
fabrication of the antenna prototypes.

Note: Arm and Cortex are registered trademarks of Arm Limited (or its subsidiaries or affiliates) in the US and/or 
elsewhere.
The Arm word and logo are trademarks of Arm Limited (or its subsidiaries) in the US and/or elsewhere. All rights 
reserved.
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2 Context

From a design point of view, the proposed structures must respect different requirements including the size that 
must not exceed 100x50 mm². The antenna is etched on an FR4 substrate that is 1.6 mm thick.
The required radiation performances can be summarized as follow:
• Operating frequency band: from 2.402 to 2.480 GHz
• Reflection coefficient: -9.54 dB
• Radiation efficiency: 50 %
The simulation of the radio electrical performances of the different antennas is achieved using two different 
electromagnetic software simulations, CST Microwave Studio and ANSYS HFSS. The antenna radiation behavior 
is simulated in its real operating context and optimized to match the desired radio-electrical requirements. The 
simulation results of each optimized design following an antenna geometry tuning is presented and analyzed in 
the next section.
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3 Antenna designs and simulated performances

In this section, the different antenna designs are highlighted and their simulated radio-electrical properties are 
presented. A comparison between the design with a simplified and complete model illustrates the impact of the 
MB1623 board.

3.1 Used coordinates for gain patterns
For each antenna topology, the coordinates shown in Figure 2 are used. The gain patterns are assessed in three 
planes of interest:
• XoZ: Φ = 0°, θ = -180 to +180°.
• YoZ: Φ = 90°, θ = -180 to +180°.
• XoY: θ = 90°, Φ = -180 to +180°.

Figure 2. Coordinate system used in simulations for the gain patterns
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3.2 Monopole T-shaped antenna

3.2.1 Configuration
Many investigations are conducted in the literature to propose monopole [1] antennas based on different shapes, 
such as the meander [1] proposed in 1991, and having the property to be scannable to any angle between -90° 
and 90°. Another different work is presented in [2], where several experiments are carried out on various planar 
monopole antennas such as elliptical, rectangular, circular, hexagonal disc and square monopoles. The maximum 
bandwidth is achieved for elliptical disc shape.
Regarding the requirements and specifications, a simple design allowing a single band operation is chosen. 
Figure 3 shows the structure of the T-shaped planar monopole antenna excited by a coplanar waveguide line. The 
MMCX connector aims to link the antenna PCB to the MB1623 board. The antenna dimensions are optimized to 
achieve impedance matching at the desired frequency in the ISM band around 2.45 GHz.
The first simulation is performed based on a simple design as shown in Figure 3 (a). A simple PCB is designed by 
using Grounded FR4 substrate, and associated with the T-antenna using a 50 Ω MMCX connector.
To approximate the structure’s real model, a complete design as illustrated in Figure 3 (b) is constructed. It 
contains all the critical elements that can influence the antenna performances such as the battery, the USB 
connector and the vias allowing connection between the ground planes.
The overall size of the structure, antenna, and MB1623 board, is 30 × 63 mm2 and the substrate used here has 
the following characteristics: a dielectric constant of = 4.4, a loss tangent of = 0.02, and a thickness of ℎ = 
1.6 mm.

Figure 3. Monopole T-shaped antenna configuration: (a) simplified model (b) complete model
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3.2.2 Simulation results
The simulated reflection coefficient of the two previously presented models in Figure 3 is shown in Figure 4. It can 
be observed that a wide bandwidth is obtained, ranging from 1.52 to 2.63 GHz with a good impedance matching 
all over the bandwidth of interest which is, in this case, the ISM band. A negligible difference is noticed between 
the simple and complete model in terms of the reflection coefficient that falls from -24 to -18 dB at 2.4 GHz.
However, this fall remains acceptable and it is particularly due to losses generated by the insertion of the real 
environment components, such as battery and connectors.

Figure 4. Simulated return loss versus frequency for simple and complete models
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Figure 5 is mainly used here to show the response of the input impedance for the simplified and complete 
designs. It can be noted that the real and imaginary parts are almost identical for both designs, which confirms 
that there is no significant effect caused by the real antenna context. However, according to Figure 6, the total 
efficiency decreases by 3 % for the complete antenna model compared to the simple one, which is expected, 
because of material losses, such as solder mask, substrate, and cooper. A smooth resonance near 2 GHz can be 
observed, which explains the wide impedance matching. This resonance is linked to the presence of the MB1623 
board.

Figure 5. Simulated input impedance versus frequency for simple and complete models

Figure 6. Simulated total efficiency versus frequency for simple and complete models
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Figure 7 illustrates the radiation pattern performances for the T-shaped antenna following the three planes: φ=0°, 
φ=90°, and ϴ=90°. There is an omnidirectional behavior in the ϴ=90° plane. Moreover, the simulation results of 
the simplified model agree very well with the complete one. However, the cross-polarization level increases in the 
case of the complete design, which is essentially due to the battery insertion in the PCB.

Figure 7. Simulated radiation pattern for the simplified and complete models at 2.45 GHz: (a) φ=0°: XZ 
plane, (b) φ=90°: YZ plane, (c) ϴ=90°: XY plane 

3.3 Monopole L-shaped antenna

3.3.1 Configuration
The antenna under study here is the basic L-shaped monopole antenna. The design consists of three radiating 
arms. Regarding the dimensions requirements, the antenna shape is optimized to adjust the resonance 
frequency, by adding a small extension. The length of the radiating elements is tuned to achieve good impedance 
matching at the desired operating frequency of 2.45 GHz. The overall antenna dimensions, including the PCB 
board, are 30 x 63 mm2.
The substrate used is FR4 with the same characteristics as mentioned in the previous design. The simplified and 
the complete model, as presented in Figure 8, are studied and compared here.

Figure 8. Monopole L-shaped antenna configuration: (a) simplified model (b) complete model

3.3.2 Simulation results
Figure 9 depicts the simulation results of the reflection coefficient versus frequency variation. As observed, the 
antenna radiates over a wide range of frequencies, with good impedance matching around 2.45 GHz.
A small degradation of the return loss of -7 dB is perceived in the case of the complete model compared to the 
simplified one, but this does not affect the antenna performances.
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Concerning the input impedance, the variation of the real and imaginary parts within the frequency, are 
represented in Figure 10. A good agreement is detected for the complete and simplified model, which proves that 
the real environment has no effect on the antenna input impedance. Once again, the smooth resonance due to 
the chipboard is observable and helps to wideband input impedance matching.

Figure 9. Simulated return loss versus frequency for simple and complete models

Figure 10. Simulated Input impedance versus frequency for simple and complete models

Figure 11 describes the total efficiency variation within the frequency. The complete antenna model shows 1.7 % 
degradation in terms of total efficiency, like the previous design, but the values remain acceptable.
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The radiation patterns are exposed in Figure 12 in the three planes. The 3D representation shows a quasi-
broadside behavior within the φ=0° plane. Furthermore, the cross-polarization level increases with the complete 
antenna model.

Figure 11. Simulated efficiency versus frequency for simple and complete models

Figure 12. Simulated radiation pattern for the simplified and complete models at 2.45 GHz: (a) φ=0° (XZ 
plane), (b) φ=90°: (YZ plane), (c) ϴ=90°: (XY plane) 

3.4 Meander line antenna

3.4.1 Configuration
The proposed radiating element consists of a meander line antenna presented in [5], based on its a V-shaped, for 
which the meander line length, as well as the shape, is optimized to accomplish good impedance adaptation 
around the operating frequency of 2.45 GHz.
For this design also, the same context is used in the simulation. The structure’s size is 50 x 30 mm2, as presented 
in Figure 13.
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Figure 13. Meander line antenna configuration: (a) simplified model (b) complete model

3.4.2 Simulation results
The simulated reflection coefficient across the frequency range from 1 to 3 GHz is shown in Figure 14. The 
structure resonates at 2.45 GHz with an S11 better than -10 dB within the ISM band. The operating bandwidth is 
maintained despite the transition to the complex model. Otherwise, as exposed in Figure 15, the input impedance 
results demonstrate good stability in terms of real and imaginary parts whatever the studied model. Once again, 
the smooth resonance due to chip PCB is observed and it helps to widen the operating band.

Figure 14. Simulated reflection coefficient versus frequency for simple and complete models
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Figure 15. Simulated input impedance versus frequency for simple and complete models

The total efficiency of the antenna near the resonance frequency in the range from 2.2 to 2.7 GHz is also verified 
as plotted in Figure 16. A maximum of 92 % is obtained with the complete model, with a slight decrease of 
approximately 1 % compared to the basic model. The antenna radiation patterns for φ and ϴ polarized 
components are illustrated in Figure 17. The radiation power pattern shows an omnidirectional behavior following 
the ϴ=90° plane.

Figure 16. Simulated efficiency versus frequency for simple and complete models
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Figure 17. Simulated radiation pattern for the simplified and complete models at 2.45 GHz: (a) φ=0° (XZ 
plane), (b) φ=90° (YZ plane), (c) ϴ=90° (XY plane)

3.5 Inverted F antenna - IFA

3.5.1 Configuration
Numerous research studies are conducted to analyze the Inverted-F antenna such as in [4] where the authors 
present experimental observations about the IFA performances at the frequency 1.8 GHz for portable handsets.
The 3D inverted-F antenna is also explored in the presence of parasitic elements in 1989 by H.Nakano and his 
colleagues[5], to reveal the behavior of the input impedance and to widen the impedance bandwidth.
Similarly, the geometry and dimensions of the proposed inverted F antenna conceived here, are shown in 
Figure 18. The simplified and complete designs are also investigated here to ensure good accuracy results. This 
design is compact compared to the previous ones with an overall size of 52 x 30 mm2. Additionally, to optimize 
the location of the radiating element on the small PCB, an L-shaped extension is added to achieve resonance at 
the desired frequency without increasing the PCB dimensions as presented in Figure 18 (a).

Figure 18. Inverted-F antenna configuration: (a) simplified model (b) complete model

3.5.2 Simulation results
The proposed IFA models are designed also on the FR4 substrate based on dimensions shown in Figure 18. The 
simulated return loss for the simplified model is shown as a black line, while the complete one is as a dashed red 
line in Figure 19. A slight shift of the resonance frequency can be observed when the antenna is placed on its real 
environment. However, a good reflection coefficient is maintained over the ISM range of frequencies. Notice that 
the resonance associated with the chip PCB is not excited with this compact antenna topology and the matching 
frequency band is consequently narrower.
In Figure 20, the simulated input impedance variation within frequency is exposed. An insignificant difference is 
observed in terms of real and imaginary parts when switching to a complete model.
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Figure 19. Simulated return loss versus frequency for simple and complete models

Figure 20. Simulated input impedance versus frequency for simple and complete models

Figure 21 illustrates the total efficiency of the IFA antenna against frequency. A decrease of 1.6 % is observed in 
the case of the complete model compared to the simple one. Figure 22 shows the 2D radiation pattern in terms of 
gain, in three different planes at 2.45 GHz. Omnidirectional radiation is observed in the plane ϴ=90°. Notice that a 
good agreement is achieved between the complete and simplified models, except the cross-polarization level that 
increases in the φ=0° and ϴ=90°. The asymmetry of the diagram is observable in the φ=0° cut plane due to 
antenna topology.
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Figure 21. Simulated efficiency versus frequency for simple and complete models

Figure 22. Simulated radiation pattern for the simplified and complete models at 2.45 GHz: (a) φ=0° (XZ 
plane), (b) φ=90° (YZ plane), (c) ϴ=90° (XY plane)

3.6 Metallic inverted F antenna

3.6.1 Configuration
The geometrical configuration of a simple Metallic Inverted F Antenna is studied as shown in Figure 23. It is 
soldered on the FR-4 substrate and consists of a bent monopole parallel to the PCB with a short circuit 
implemented arm. Basic and complete models are investigated and compared in terms of radio-electrical 
performances.
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Regarding the constraints in terms of dimensions limitation, as well as the radiating element location that affects 
the impedance matching, the antenna is expanded by folding it at its extremity, to ensure on one hand a 
resonance at the ISM band, and on another hand a good size optimization and mechanical rigidity.

Figure 23. Metallic inverted F antenna configuration: (a) simplified model (b) complete model

3.6.2 Simulation results
The simulated return loss against frequency is as represented in Figure 24. The agreement between basic and 
complete model is good. The antenna is well matched to 50 Ω impedance and provides a return loss of -13 dB at 
2.45 GHz.
Figure 25 illustrates the variation of the input impedance versus frequency. Good stability can be noticed for the 
real and imaginary parts except for the maximum points for which a small decrease for the complete model is 
observed.

Figure 24. Simulated return loss versus frequency for simple and complete models
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Figure 25. Simulated input impedance versus frequency for simple and complete models

Figure 26 presents the impact of the context (complete model) on the antenna efficiency. A small peak efficiency 
drop of approximately 1 % is noticeable, but this remains largely acceptable.
Figure 27 exposes the variation of the 2D radiation pattern following the three principal planes at 2.45 GHz. 
Omnidirectional comportment is perceived following ϴ=90° plane, while a quasi-broadside one is observed in 
φ=0° plane. The radiation appears less symmetrical in the φ=0° and φ=90° cut planes compared to the printed 
IFA.

Figure 26. Simulated efficiency versus frequency for simple and complete models
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Figure 27. Simulated radiation pattern for the simplified and complete models at 2.45 GHz: (a) φ=0° (XZ 
plane), (b) φ=90° (YZ plane), (c) ϴ=90° (XY plane)

3.7 Yagi-Uda antenna

3.7.1 Configuration
Yagi-Uda antennas are used for a long time due to their end-fire radiation and relatively high gain [7]. Typically, a 
Yagi-Uda antenna includes an exciter with one reflector and one or more directors.
To have the antenna and MB1623 board in the same plane, a dual-layer dipole is selected. In such configuration, 
the feeding line is on one layer and the radiating elements are on the second layer. The optimized structure is 
shown in Figure 28. The feed printed dipole uses an incorporated Marchand balun to correctly excite the antenna. 
The size of the antenna is 50 x 50 mm2.

Figure 28. Geometry of the Yagi-Uda antenna

3.7.2 Simulation results
The simulated reflection coefficient versus frequency is presented in Figure 29. The difference between the 
simplified and the complete model is very small. The reflection coefficient is lower or equal to -10 dB from 2.4 to 
2.48 GHz.
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Figure 29. Simulated reflection coefficient of the Yagi-Uda antenna

Figure 30 shows the simulated complex input impedance of the optimized Yagi-Uda antenna at the MMXC 
connector of the antenna. The real part is close to 50 Ω in the band of interest and the imaginary part is close to 0.

Figure 30. Simulated input impedance of the Yagi-Uda antenna

Figure 31 illustrates the simulated radiation efficiency of the Yagi-Uda antenna. It is greater than 70% in the 
2.4-2.485 GHz band. A difference of 1.5% is observed between the complete and simplified models.
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The simulated gain patterns of the Yagi are provided in Figure 32 at 2.45 GHz. A maximum gain of 5.8 dBi is 
achieved at θ=0° and φ=0°. The front to back ratio is 8.1 dB. The gain patterns are almost identical for the 
simplified and the complete models which once again highlights the very small impact of the MB1623 board on 
the antenna characteristics. This is the advantage of the Yagi-Uda antenna since it presents à directional radiation 
oriented away from the Bluetooth® LE board.

Figure 31. Simulated efficiency of the Yagi-Uda antenna

Figure 32. Simulated radiation pattern of the Yagi-Uda antenna at 2.45 GHz: (a) φ=0° (XoZ plane), (b) 
φ=90°: (YoZ plane), (c) ϴ=90°: (XoY plane)

3.8 Chip antenna
A TDK chip antenna for the 2400-2484 MHz frequency band [7] is selected as the reference antenna. It is not 
possible to simulate it because its electromagnetic model is not known. The layout recommended by TDK is used. 
The matching to 50 Ω will be carried out based on measurements with the board and antenna connected. The 
gain patterns are characterized once the impedance matching is performed.
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4 Fabrication of the prototypes

The antenna drawings are grouped together in a single layout including breakable circuits. The properties of the 
layers are :
• 1.6 mm FR4 substrate
• 35 µm metallization
• 20 µm solder mask
• Metalized vias
An exploded view and pictures of the fabricated PCB are respectively shown in Figure 33 and Figure 34.

Figure 33. Exploded view of the layout

Figure 34. Pictures of the realized PCB (Top layer on the left, and bottom layer on the right)

Radio-electrical characteristics

The following section focuses on the measurement of the radio-electrical characteristics of the antenna prototypes 
(S11 parameter + radiation). The size of the devices is smaller than half a wavelength which requires precautions 
during measurements to minimize the interaction of the testing environment with the device under test (DUT). In 
particular, for S11 parameter measurement, the coaxial cable must be correctly soldered and positioned onto the 
device. Equally, for radiation measurement, a dielectric mast must be used and an optical link replaces coaxial 
cables to connect the DUT to the measurement instrument (Vector Network Analyser).
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5 Measurement setups

This section provides some details on the measurement setups and methods used to evaluate the radiation 
characteristics of the different devices. All measurements are carried out inside the UHF full anechoic chamber 
(From 0.8 to 18 GHz).

5.1 Reflection coefficient
The reflection coefficient, also called S11, of the devices, is measured using a VNA (Vector Network Analyser 
R&S ZVA40) with the antennas placed inside the anechoic chamber. A conventional OSM (Open-Short-Match) 
calibration is performed at the end of the coaxial test cable and an offset is used to configure the reference plane 
to the antenna connexion. The reference plane is used to evaluate the antenna input impedance in the right 
position.

5.2 Gain patterns
The UHF anechoic chamber is equipped with a VNA and two positioners as shown in Figure 35. The analyzer and 
positioners are automated using software developed internally. This allows measuring gain patterns in amplitude 
and phase of the antenna under test (AUT) in azimuth (called a cut) using the Theta positioner at different 
polarization orientations using the Alpha positioner (typically 0 and 90°). Additional cut planes can be obtained by 
repositioning the AUT.
Given the size of the devices to be tested, the support used to mount the AUT must be minimal. The reactive 
distance is equal to λ/(2π) which is about 2 cm at 2.45 GHz. A small polymer mast and polystyrene are used to 
minimize the interaction with the antenna.
An optical link replaces the traditional coaxial cable to connect the AUT to the analyzer. This is to prevent the 
leakage of currents from the devices to the cable grounding.
For gain measurement, the comparative method is used. In this case, a calibration is performed using a reference 
antenna (ETS-Lindgren's EMCO 3115) whose gain is well known. Afterward, the reference antenna is replaced by 
the AUT. The gain of the AUT is derived from the calibration and the gain of the reference antenna.

Figure 35. UHF anechoic chamber configuration for passive antenna measurements
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5.3 Efficiency
Due to the shape of radiation, two cuts are sufficient to have a good estimation of the efficiency of an antenna by 
interpolating over 180 degrees and then integrating the gain pattern over the whole space. This leads to the total 
efficiency η by computing the integral of the far-field gain patterns.

5.4 Coordinates for gain patterns
For each antenna topology, the coordinates of Figure 35 (Refer to Section 5.2: Gain patterns) are used. The gain 
patterns are assessed in two planes of interest.

5.5 Measurement parameters

Table 1. Measurement parameters

Parameter Value

Frequency range 2.2 to 2.7 GHz

Frequency step 1 MHz

VNA IFBW 1 kHz

Averaging 5

Angular range -180° to 180°

Angular step 2.5°
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6 Measurement results

In this section, the radio-electrical properties of the 7 antenna designs are presented and overlaid to the 
simulation results. The antennas are measured in the following configurations as shown in Figure 36:
• P1: cut XoZ
• P2: cut YoZ

Figure 36. Antenna positioning during measurements

6.1 Monopole antennas

6.1.1 T-shaped antenna
The simulated and measured gain patterns of the T-shaped antenna associated with the MB1623 Bluetooth® LE 
board (Figure 37) are given in Figure 38. Overall, the results are coherent. However, the short cable connected to 
the Bluetooth® LE board for the measurements has two effects: it increases significantly the Ephi component in 
the P1 cut and it rotates slightly the Etheta component in the P2 cut. The maximum measured gain is 2.0 dBi at 
2.45 GHz.
Figure 39 (a) displays the simulated and measured reflection coefficients. The measurements are in agreement 
with the simulation. The measured antenna has a reflection coefficient better than -16 dB over the Bluetooth® 

band (From 2.4 to 2.485 GHz). Figure 39 (b) presents the simulated and measured efficiency. The two curves are 
close. The minimum measured efficiency is 90 % in the Bluetooth® band.
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Figure 37. Monopole T-shaped antenna

Figure 38. Gain patterns at 2.45 GHz for the P1 (a) and P2 (b) cuts
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Figure 39. Reflection coefficient (a) and total efficiency (b)

6.1.2 L-shaped antenna
The simulated and measured gain patterns of the L-shaped antenna associated with the MB1623 Bluetooth® LE 
board (Figure 40) are shown in Figure 41. Similarly to the T-shaped antenna, the short cable connected to the 
Bluetooth® LE board increases the Ephi component in the P1 cut and rotates slightly the Etheta component in the 
P2 cut. The maximum measured gain is 1.3 dBi at 2.45 GHz.
Figure 42 (a) displays the simulated and measured reflection coefficients. The measurements are in agreement 
with the simulation. The measured antenna has a reflection coefficient better than -16 dB over the Bluetooth® 

band (From 2.4 to 2.485 GHz). Figure 42 (b) presents the simulated and measured efficiency. The two curves are 
close. The minimum measured efficiency is 94 % in the Bluetooth® band.

Figure 40. Monopole L-shaped antenna
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Figure 41. Gain patterns at 2.45 GHz for the P1 (a) and P2 (b) cuts

Figure 42. Reflection coefficient (a) and total efficiency (b)

6.1.3 Meander-line antenna
The simulated and measured gain patterns of the Meander-line antenna associated with the MB1623 Bluetooth® 

LE board (Figure 43) are plotted in Figure 44. Similarly to the L- and T-shaped antennas, the short cable 
connected to the Bluetooth® LE board increases the Ephi component in the P1 cut and rotates slightly the Etheta 
component in the P2 cut. The maximum measured gain is 1.3 dBi at 2.45 GHz.
Figure 45 (a) presents the simulated and measured reflection coefficients. The measurements are in agreement 
with the simulation. The measured antenna has a reflection coefficient better than -18 dB over the Bluetooth® 

band (From 2.4 to 2.485 GHz). Figure 45 (b) presents the simulated and measured efficiency. The measurements 
fit the simulation. The minimum measured efficiency is 84 % in the Bluetooth® band.
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Figure 43. Monopole meandered antenna

Figure 44. Gain patterns at 2.45 GHz for the P1 (a) and P2 (b) cuts
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Figure 45. Reflection coefficient (a) and total efficiency (b)

6.2 Inverted-F antenna (IFA)

6.2.1 Printed IFA
The simulated and measured gain patterns of the printed IFA antenna associated with the MB1623 Bluetooth® LE 
board (Figure 46) are given in Figure 47. Similarly to the three monopole antennas, the short cable connected to 
the Bluetooth® LE board increases the Ephi component in the P1 cut and rotates slightly the Etheta component in 
the P2 cut. The maximum measured gain is -0.1 dBi at 2.4 GHz. The measured patterns have been plotted at 
2.4 GHz due to a frequency shift on the reflection coefficient.
Figure 48 (a) shows the simulated and measured reflection coefficients. The measurements present a 50 MHz 
shift compared to the simulation. A retro-simulation of the antenna using a relative permittivity of 4.7 for the 
substrate fits the measurements. The design is adjusted accordingly. The measured antenna has a reflection 
coefficient better than -7.5 dB over the Bluetooth® band (From 2.4 to 2.485 GHz) due to the frequency shift. 
Figure 48 (b) presents the simulated and measured efficiency. The measured efficiency is over-estimated 
because of the non-revolutionary shape of the E-theta pattern in the P1 cut. The minimum measured efficiency is 
86 % in the Bluetooth® band.
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Figure 46. Printed IFA

Figure 47. Measured and simulated gain patterns at 2.4 GHz and 2.45 GHz respectively for the P1 (a) and 
P2 (b) cuts 
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Figure 48. Reflection coefficient (a) and total efficiency (b)

6.2.2 Metallic IFA
The simulated and measured gain patterns of the metallic IFA associated to the MB1623 Bluetooth® LE board 
(Figure 49) are shown in Figure 50. The results are close, although the measured Ephi component in the P1 cut is 
slightly higher than the simulation. The maximum measured gain is 0.0 dBi at 2.4 GHz. The measured patterns 
have been plotted at 2.4 GHz due to a frequency shift on the reflection coefficient.
Figure 51 (a) shows the simulated and measured reflection coefficients. The measurements present a 50 MHz 
shift compared to the simulation. A retro-simulation of the antenna using a relative permittivity of 4.7 for the 
substrate approximates the measurements. The design is adjusted accordingly. The measured antenna has a 
reflection coefficient better than -6.2 dB over the Bluetooth® band (From 2.4 to 2.485 GHz) due to the frequency 
shift. Figure 51 (b) presents the simulated and measured efficiency. The minimum measured efficiency is 81 % in 
the Bluetooth® band.

Figure 49. Metallic IFA
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Figure 50. Measured and simulated gain patterns at 2.4 GHz and 2.45 GHz respectively for the P1 (a) and 
P2 (b) cuts 

Figure 51. Reflection coefficient (a) and total efficiency (b)

6.3 Yagi-Uda antenna
The simulated and measured gain patterns of the Yagi-Uda antenna connected to the MB1623 Bluetooth® LE 
board (Figure 52) are plotted in Figure 53. Since the radiation has a lobe in the opposite direction of the 
Bluetooth® LE board, the patterns are almost not affected by the added short coaxial cable. The maximum 
measured gain is 5.6 dBi at 2.4 GHz. The measured patterns have been plotted at 2.4 GHz due to a frequency 
shift on the reflection coefficient.
Figure 54 (a) presents the simulated and measured reflection coefficients. The measurements present a 50 MHz 
shift compared to the simulation. A retro-simulation of the antenna using a relative permittivity of 4.7 for the 
substrate overlaps the measured S11. The design will be adjusted accordingly. The measured antenna has a 
reflection coefficient better than -5.6 dB over the Bluetooth® band (From 2.4 to 2.485 GHz) due to the frequency 
shift. Figure 54 (b) presents the simulated and measured efficiency. The minimum measured efficiency is 67 % in 
the Bluetooth® band.
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Figure 52. Yagi-Uda antenna

Figure 53. Measured and simulated gain patterns at 2.4 GHz and 2.45 GHz respectively for the P1 (a) and 
P2 (b) cuts 
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Figure 54. Reflection coefficient (a) and total efficiency (b)

6.4 Reference antenna
The selected reference antenna is the TDK ANT016008LCS2442MA2. The recommended layout is narrow and 
long (10 x 50 mm2) which is not convenient for the MB1623 Bluetooth® LE board. A 20 x 30 mm2 circuit is 
fabricated (Figure 55) to be consistent with the width of the Bluetooth® LE board and the monopole and IFA 
antennas. Since the size of the ground plane is different from the recommended one, the components of the 
matching circuit are different than the ones used in the datasheet. The first step consists in measuring the raw 
reflection coefficient. Figure 56 presents the measured S11. Based on this result, the matching is carried out. After 
that, the gain patterns are measured.

Figure 55. Reference antenna
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Figure 56. Reflection coefficient
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7 Conclusion

Seven antenna designs are carried out taking into account the MB1623 board. Monopole like antennas (T, L and 
meander shaped) propose very similar radiation properties with wide frequency bandwidth, thanks to the coupling 
with the chipboard. A similar high radiation efficiency (Superior to 90 %) is obtained for this kind of antenna. The 
printed and metal IFA show a narrower operating bandwidth and radiation properties close to the dipole antenna, 
with higher cross-polarization and radiation efficiency of the same order (Superior to 80 %). The Yagi-Uda 
antenna provides unidirectional radiation with higher gain (~6 dBi) over a limited operation bandwidth. Radiation 
efficiency is slightly lower (Superior to 70 %) than those of the other antenna topologies.
Overall, the measurements are in agreement with the simulation. Some discrepancies are observed on the gain 
patterns due to the added short coaxial cable introduced to connect the antenna to the measurement instrument. 
Some frequency shifts are detectable with a narrow band antenna (Printed IFA, metallic IFA, and Yagi-Uda) 
designs due to a change in dielectric substrate permittivity. Three antenna designs are retuned with the new value 
of substrate permittivity for impedance matching improvement over the frequency band of interest. A summary of 
the measured radio-electrical characteristics based on two cuts is provided in Table 2.

Table 2. Measured radio-electrical characteristics

Antenna type Maximum gain at 2.45 GHz 
(dB)(1)

Maximum reflection 
coefficient (dB) Minimum efficiency (%)

T-shaped monopole 2.0 -16 90

L-shaped monopole 1.3 -16 94

Meandered monopole 1.3 -18 84

Printed IFA -0.1 -7.5 86

Metallic IFA 0.0 -6.2 81

Yagi-Uda 5.6 -5.6 67
 

1. 2.4 GHz for the IFA and Yagi-Uda antennas
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