
SAME 2010 Forum – October 6 & 7, 2010 

 

 1 

 

Abstract 
In December 2009, the Bluetooth Low Energy 

(BLE) standard was officially published by the 

Bluetooth Special Interest Group (SIG) as part of 

the latest version of the Bluetooth standard 

(Bluetooth Core Specification Version 4.0). Ultra 

Low Power (ULP) wireless devices based on this 

standard operate in the 2.4 GHz ISM (Industrial, 

Scientific and Medical) band. Compared to classical 

Bluetooth devices with their limited battery life time 

(few weeks max with rechargeable battery), BLE 

devices can use standard coin cell batteries and 

have life-times from several months to several 

years. This is due to drastically reduced maximum 

peak current consumption and low duty cycles. 

 

Thus it is expected that the current success of 

classical Bluetooth applications (wireless mouse, 

headset for mobile phone…) will be strongly 

enhanced by the Bluetooth Low Energy standard 

and its new ULP applications (Body Area Network 

- BAN devices, watch, sport and fitness sensors, 

health care sensors and remote controls). 

 

In this context, Insight SiP has designed and 

released to the market the very first System-in-

Package (SiP) module solution based on the 

Bluetooth Low Energy standard. This SiP integrates 

both a miniature antenna according to the Antenna-

in-Package (AiP) concept, and all the electronic 

components (transceiver, quartz, SMT components) 

to ensure RF communication at 2.4 GHz. The 

resulting AiP module has dimensions (8 x 12 x 

1.45 mm3) that make it ideally suited to highly 

space constrained applications. Its fully operational 

nature makes it easy to implement a complete BLE 

application. 

 

In this paper, the design of this AiP module is 

explained in detail. In particular the principles 

behind the AiP concept are clearly defined. 

 

The following aspects of the design will be covered: 

optimization of the current consumption, 

miniaturization of the RF portion of the system and 

design of the ultra miniature integrated antenna. 

 

The performance of the complete BLE AiP module 

will be presented in comparison to the equivalent 

reference design.  

 

The complete AiP solution is product oriented, the 

design takes into account the effect of the 

application PCB and manufacturing tolerances. 

 

The prototypes have been manufactured using high 

volume subcontractors. Initial characterization 

shows performance equivalent to or better than the 

reference design which used a total volume 4 to 5 

times greater than the AiP. 

 

Finally, a product demonstrator which has overall 

PCB dimensions of 20 x 24.3 mm² will be 

presented. The demonstrator is a BLE miniature 

wireless accelerometer which integrates the BLE 

AiP module, a microprocessor, an accelerometer 

and a 3V coin cell. A short visual presentation of a 

potential application of this wireless accelerometer 

will be made using software developed in house. 

 

 

Introduction 
Introduced within the Bluetooth specification v4.0 

and ratified in December 2009 [1], the Bluetooth 

Low Energy version, firstly named Bluetooth Ultra 

Low Power, targets market of products that get 

power from a coin cell battery, and therefore that 

have low consumption imperatives (remote 

controls, watches, sport, fitness and health care 

sensors). 

Shortly after this standard’s release, Insight SiP 

launched a complete and working Bluetooth Low 

Energy System-in-Package module solution [2]. 

This module is based on a Nordic Semiconductor 

BLE chip. Thanks to both Antenna-in-Package 
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approach and constrained PCB and assembly design 

rules, the complete RF BLE module has overall 

dimensions drastically reduced. 

The Antenna-in-Package principle is based on the 

integration of the radiating element directly in the 

chip package, together with the electronic 

components (RF transceiver, SMTs…). The antenna 

and electronic parts are co-designed in order to be 

impedance matched. Hence, the full resulting 

integrated RF SiP doesn’t need RF qualified 

engineers to be assembled on the application PCB. 

AiP may be seen as the culmination of progressive 

integration and miniaturization of an electronic 

system. The following distinct steps in this process 

are presented hereafter: 

- Separate RF and BaseBand SoCs (System-

on-Chip) together with SMT matching 

circuits and discrete antenna on the 

application PCB (Figure 1). 

- Complete RF SiP containing the complete 

RF to base-band system functionality with 

a separate antenna and antenna matching 

circuit (Figure 2). 

- Fully integrated Antenna-in-Package in 

which all the elements of at least one 

complete RF system are included in the 

format of a single semiconductor package 

(Figure 3). 

 

 
Figure 1 : Application PCB with separate RF and BB SoCs 

discrete SMT matching components and antenna 

 

 

 
Figure 2 : Application PCB with complete RF SiP and 

discrete antenna and matching network 

 

 

 
Figure 3 : Application PCB with fully integrated Antenna-

in-Package 

 

Bluetooth Low Energy Essentials 
The Bluetooth Low Energy specification features 

two implementations, namely “single mode” BLE 

and “dual mode” BLE/classical Bluetooth. Hence, 

single mode implementation will deliver the Ultra 

Low Power consumption with low cost and highly 

integrated compact devices (watches, BAN 

devices…). In the dual mode implementation, 

Bluetooth Low Energy functionality is integrated 

into traditional Bluetooth circuitry. Thus, dual mode 

chips will typically cost little more than classic 

Bluetooth chips. These dual mode chips will equip 

mobile phones and PCs in order to guarantee 

interoperability between all Bluetooth devices. 

At the hardware and material level, BLE operates in 

the unlicensed 2.4 GHz ISM band where 40 

physical channels at 2 MHz intervals are used (79 

channels spaced from 1 MHz for the traditional 

Bluetooth). The transmitted output power is within 

the limits -20 to 10 dBm, and the bit rate is 1 Mb/s. 

The modulation is GFSK (Gaussian Frequency Shift 

Keying). 

As classic Bluetooth, BLE is a packet-based 

protocol with a master-slave structure. Bluetooth 

Low Energy employs an advanced adaptive 

frequency hopping to combat interference and 

fading: only 3 channels are used as advertising 

channels
1
 compared to typically 20 to 79 channels 

for the previous versions of Bluetooth. Hence, the 

resulting reduced time to establish a communication 

between 2 Bluetooth Low Energy-equipped devices 

allows lower current consumption. Concerning the 

data packet, BLE standard is very efficient because 

data packet length is limited (10 to 47 bytes) as well 

as number of packets transmitted. Here again, the 

time to transfer data is then reduced. Moreover, 

BLE uses a lazy acknowledgment scheme which 

means that packets are only acknowledged when 

absolutely necessary. All these properties decrease 

the duty cycle and hence lead to reduced total 

energy consumption needed for a communication. 

In addition, Bluetooth Low Energy standard is 

characterized by ultra low peak, average and idle 

mode current consumption (typically <15 mA for 

peak current). 

 

 

Design of AiP BLE Module 
On the strength of its experience in highly 

integrated RF devices and a first successful 

partnership with Nordic Semiconductor, Insight SiP 

decided to design the world’s first Bluetooth Low 

Energy module, complete with an integrated 

antenna. 

 

 

                                                           
1 Advertising channels are channels used by Tx and Rx to  

synchronize 
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Low Power design 
The complete ISP091201 module is built using a 2 

layer organic FR4 substrate. Fine line PCB design 

rules combined with accurate BoM, surface area, 

antenna and substrate analyses enable the 

miniaturization of the reference design into a highly 

integrated module that has dimensions of 8 x 12 x 

1.45 mm3. The electronics and antenna part each 

occupy the same surface area, i.e. 8 x 6 mm². The 

ISP091201 System-in-Package module is a fully 

populated QFN LGA laminate package with epoxy 

over-molding. 

 

 

Miniaturization of the electronics 
The ISP091201 module is based on Nordic 

Semiconductor nRF8001 compact 5 x 5 mm² QFN 

package. The slave nRF8001 die is part of the 

µBlue family of products delivered from Nordic 

Semiconductor and dedicated to single mode 

Bluetooth Low Energy applications. The nRF8001 

is a single chip transceiver with an embedded 

baseband protocol engine. It includes on-chip flash 

memory to enable firmware updates during the 

initial phases of product rollout.  

The ISP091201 module embodies all the 

decoupling capacitors, the 16 MHz crystal and load 

capacitors plus the RF matching circuit and antenna 

in addition to the transceiver nRF8001. This SiP 

module can operate as a standalone Bluetooth 

sensor slave node with the addition of a small 

external microprocessor to run application software, 

a 32 kHz crystal and a 3V DC power source. 

 

 

Antenna miniaturization and 

integration 
The antenna is designed to be integrated in the 

upper half surface of the ISP091201 module. The 

antenna is printed on the laminate substrate and 

covered by the epoxy over-mold. The AiP approach 

and a new advanced concept described in patent 

currently on deposit [3] are combined in order to 

efficiently occupy the allocated volume area. 

Complete electromagnetic simulation study has 

been led to optimize the antenna performances in 

the 2.4 GHz ISM band. As the module has several 

end applications, the antenna was designed to be 

compatible with several ground plane sizes 

including that of an USB dongle and a cell phone. 

 

 

AiP BLE Module Performance 
After the design process, a series of BLE 

ISP091201 module prototypes has been realized. 

Figure 4 presents a module after component 

assembly operation: we can distinguish the Nordic 

Semiconductor nRF8001 transceiver, the 16 MHz 

SMT quartz and all passive 0201 SMTs. The upper 

part of the module is occupied by the printed 

antenna. 

 

 
Figure 4 : ISP091201 module without over-mold 

 

 

Figure 5 shows a top and a bottom view of a 

ISP091201 module after over-molding process. 

 

 
Figure 5 : ISP091201 module: top and bottom views 

 

 

Figure 6 compares the dimensions of the Nordic 

Semiconductor reference design and an ISP091201 

module mounted on PCB test board. In addition to 

the previous described electronic components, the 

two circuits have several connectors and a 32 kHz 

quartz which acts as the BLE protocol timing clock 

(corresponding white areas on Figure 6). The 

surface area reduction between the two circuits is 

self evident: the reference design blue area 

(nRF8001+quartz+SMT+antenna) is fitted in the 

dimensions of the ISP091201 module, i.e. 8 x 

12 mm². These two circuits have the same overall 

functions, that is to say Bluetooth Low Energy 

Rx/Tx operations in the 2.4 GHz ISM band and the 

possibility to flash nRF8001 firmware.  
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An initial batch of ISP091201 module prototypes 

presented above has been recently manufactured. 

Their test results are shown hereafter. 

 

The ISP091201 current consumption is given in 

Table 1. These currents are based on values 

measured for the nRF8001 µBlue prototype 

embedded in the ISP091201 module. It is expected 

that these values will be further optimized for 

production versions of the Nordic Semiconductor 

chip. 
 

Parameter Value BLE Specification [1] Unit 

Peak current, 

receiver active 
17 N/A mA 

Peak current, 

transmitter active 
16 15 mA 

Table 1 : ISP091201 current consumption 

 

 

Concerning the RF characteristics of the ISP091201 

module, the maximum RF range limit is expected to 

be around few tens of meters in a real multi-path 

environment (actually under test). The receiver 

sensitivity level is -80 dBm for a Bit Error Rate 

(BER) < 0.1 %. The measured Equivalent Radiated 

Power (ERP2) radiation patterns are plotted in 3 

planes at 2.45 GHz (Figure 7 to Figure 9). The 

Equivalent Isotropic Radiated Power (EIRP
3
), 

                                                           
2 ERP is the apparent power transmitted by a wireless system in 

a given direction. 
3 EIRP is the apparent power transmitted by a wireless system in 

the direction of its maximum antenna gain. More accurately, this 

is the amount of power that a theoretical isotropic antenna 

would emit to produce the peak power density in the direction of 

the maximum antenna gain. 

defined in the direction of the maximum antenna 

gain, is equal to 0.3 dBm. These radiation patterns 

reveal a quasi omni-directional character as well as 

a lack of polarization purity (not represented in 

these patterns). These two properties are an 

advantage in this kind of applications where the 

communicating device has to properly work in any 

position and should receive/transmit both vertical 

and horizontal polarization in a multi-path 

environment. 
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Figure 7 : ISP091201 ERP in dBm (YZ-plane at 2.45GHz) 
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Figure 8 : ISP091201 ERP in dBm (XZ-plane at 2.45 GHz) 
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Figure 9 : ISP091201 ERP in dBm (XY-plane at 2.45 GHz) 
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Figure 6 : Nordic Semiconductor reference design and 

ISP091201 mounted on PCB test board (all dimensions are in 

mm) 
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Figure 10 shows the measured |S11| of the 

ISP091201 antenna. The -6dB return loss 

bandwidth (290 MHz, 11.7 % at 2.46 GHz) is wide 

enough to compensate both module manufacture 

tolerances and application PCB dimensions 

variations, and thus to guarantee the 2.4 GHz ISM 

band coverage. The measured maximum antenna 

gain is around 0.3 dBi in the whole band. 
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Figure 10 : Measured ||||S11|||| of ISP091201 antenna  

 

 

RF performances of the ISP091201 module are 

summarized in Table 2. 

 
Parameter Value BLE Specification [1] Unit 

Rx sensitivity    

(BER < 0.1 %) 
-80 -70 dBm 

EIRP 0.2 -20 to 10 dBm 

Antenna gain  0.3 0 dBi 

Output power 

(conducted 

measurement) 

-0.1 -20 to 10 dBm 

Max range 30 1 m 

-6 dB antenna return 

loss bandwidth 

290 (2325 

to 2615) 

83.5 

(2400 to 2483.5) 
MHz 

Table 2 : ISP091201 RF characteristics 

 

 

BLE Accelerometer Demonstrator 
The overall size of the product demonstrator 

ISP100401 observed in Figure 11 is 20 x 24.3 x 

6 mm3 (the lower part of the PCB, the connector in 

the top view and the switch in the bottom view, is 

removed after programming the embedded 

memories). The complete unit is an autonomous 

low power device for wireless orientation/motion 

detection and transmission. It integrates the BLE 

AiP module ISP091201, a low power 8-bit 

microcontroller, a low power 3 axis 

orientation/motion sensor (accelerometer) and a 

small primary 3V button cell battery. 

 

      
Figure 11 : ISP100401 accelerometer: top and bottom views 

 

 

A short visual presentation of a potential application 

of this wireless demonstrator will be shown. 

Embedded firmware is available for autonomous 

operation of the complete ISP100401 device. Data 

captured by the motion sensor (acceleration and 

orientation) are transferred over the BLE link to a 

master Bluetooth Low Energy device connected to a 

PC. The application running on the PC and 

developed in house, uses an ad-hoc Bluetooth Low 

Energy profile derived from the proximity profile. 

This software allows the visualization on the PC 

screen of a ball moving on a curved slope. Of 

course, the performance of the Bluetooth Low 

Energy Radio link is that obtained by the 

ISP091201 module. 

 

 

Conclusion 
This paper has described the first Ultra Low Power 

System-in-Package plus Antenna-in-Package 

module for Bluetooth Low Energy applications. 

This Insight SiP module has compact dimensions of 

8 x 12 x 1.45 mm3. These constrained size 

properties combined to the presence of the antenna 

allow to easily integrate the module in wireless 

miniature devices such as watches or remote 

sensors. The SiP module has performance in 

agreement with the BLE specification. Further test 

results will be shown at the conference presentation. 

Currently, the ISP091201 module is undergoing 

certification testing to Bluetooth SiG, FCC and 

ETSI requirements. 
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