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Abstract 
 

Today in each mobile device there are numerous 

communication modules to insure wireless data 

exchange with the external environment. Until now, 

in most cases, the antenna has been designed 

independently as a printed shape on the PCB or as 

an individual component to be assembled near the 

RF front end chip with an associated matching 

circuit. 

 

Apart from the size of such a solution the assembly 

of a separate antenna on the application board still 

presents difficulties during design and manufacture. 

 

In fact such operations are not cost effective as they 

require qualified RF personnel at the design phase 

and often expert tweaking during ramp up and even 

manufacture. This is needed to carry out the 

necessary adjustment to obtain a good impedance 

matching between the antenna and the RF front end. 

 

It is understandable that the integration of the 

antenna into the module brings a huge advantage in 

term of cost and performance. Attempts to integrate 

the antenna with the SOC (System On Chip ) have 

been made, but so far  the solutions do not meet 

performance criteria for a finished product. 

 

Insight SiP has designed RF SiPs over the past few 

years, based on various substrate technologies such 

as LTCC, laminate or IPD. The company has also 

conducted R&D work on antenna design, in 

collaboration with University partners. This has 

lead to SiP solutions which also integrate the 

antenna - called AiP (Antenna In Package) where 

the total size is less than 12x8 x1.4 mm
3
. 

 

This AiP solutions developed here are product 

oriented. The design takes into account the effect of 

the application PCB and manufacturing tolerances.  

Prototypes have been manufactured using SiP third 

party subcontractors. Product testing has shown that 

the system performance obtained for AiP modules 

shows improvement relative to the reference circuit 

using the same ICs and a separate printed antenna. 

 

In this paper the difficulties encountered with a 

standard approach of a module plus a separate 

antenna are outlined. The equivalent AiP solution is 

presented with some examples based on LTCC and 

laminate FR4 substrate. 

 

The performance of the antenna portion of the AIP 

is checked in terms of VSWR, radiation pattern and 

efficiency by simulation and by experiment. 

 

The interaction of the antenna with its close 

environment is tackled using 2D and 3D 

electromagnetic simulation software. Particular 

attention has been paid to the module shield whose 

metallic surface changes the antenna’s behaviour. 

 

Finally the paper will shows a short presentation of 

an AiP system performance for 2.45 GHz Module 

and extensions of the solution to other wireless 

applications. 

 

Introduction 
 

The SiP approach to RF system integration has 

become essential to the miniaturization road-map 

for nomadic devices. Despite a long term tendency 

to integrate more and more functions within a single 

semiconductor (SoC approach) the never ending 

increase in functionality for small personal devices 

continues to drive the use of SiP to make complete 

systems. 

 

RF SiP can be realized using a multitude of 

technologies. In this paper the following 

technologies are considered: 

• Organic multi-layer laminate with small 

SMTs,  

• Ceramic multi-layer substrates (LTCC).  

 

An example of an RF SiP is shown in Figure 1. 
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Figure 1 Typical RF SiP including RF transceiver, 

base-band circuit, power supply and matching. 

 

The integration of all the complex RF components, 

together with the base-band circuitry into a 

complete self contained module greatly facilitates 

the work of the system integrator. The system 

integrator no longer needs to design complex RF 

circuits at the application PCB level and the overall 

size of the complete application is reduced. 

 

However the system integrator still needs to ensure 

that the RF is connected to a suitable antenna that is 

placed within the application. The connection 

between the RF SiP and the antenna must ensure 

low insertion loss and good impedance matching, 

whilst the antenna placement needs to be controlled 

for optimum radiation performance.  

 

The integration of the antenna within the same 

package as the RF SiP greatly reduces the difficulty 

at the system level. This approach coupled to 

aggressive miniaturization of the antenna itself, 

using the same substrate technologies as the SiP 

leads to a new class of sub-systems termed Antenna 

in Package (AiP). 

 

Figures 2 to 4 illustrate three steps in the integration 

process: 

• Separate RF and BB SoCs together with 

SMT matching circuits and discrete 

antenna on the application PCB 

• Complete RF SiP containing the complete 

RF to base-band system functionality with 

a separate antenna and antenna matching 

circuit. 

• 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. 

 

The remainder of this paper presents the overall 

design philosophy for such Antenna in Package 

modules together with examples and results 

obtained. 

 

 
 

Figure 2 Application PCB with separate RF and BB 

SoCs discrete SMT matching components and 

antenna 

 

 

 
 

Figure 3 Application PCB with complete RF SiP 

and discrete antenna and matching network 

 

 
 

Figure 4 Application PCB with fully integrated 

Antenna in Package 

 

 

Design Methodology 
The design methodology developed at Insight SiP 

for RF SiP modules has already been described in 

previous communications
1,2

. The methodology is 

summarized in Figure 5. 

 

The method uses a combination of circuit and 

electromagnetic simulation tools to create a design 

progressively from basic schematic representation 

to a complete 3D electromagnetic representation of 

the layout.  

 

The complete design flow from initial schematic 

based circuit simulation to fully simulated and 

tested layout is shown in Figure 6. 
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Figure 5 Insight SiP Design methodology for RF 

SiP 

 

 
 

Figure 6 RF SiP Design Flow and Tool-set 

 

The key to the success of this design flow is the use 

of progressively more accurate models of each part 

of the RF SiP as the design progresses from 

feasibility to production ready 3D layout. 

 

Antenna Design 
 

The design philosophy adopted for the antenna uses 

the same basic flow and tool-set in order to 

maintain optimum speed and precision throughout 

the AiP design process. 

 

The key design constraints when designing an 

integrated antenna for an AiP module are described 

below: 

• Miniaturization of the antenna to fit into a 

small footprint. Typically the antenna 

footprint target is a reduction of a factor of 

2 to3 compared to a discrete antenna. 

• Adaptability of the antenna topology to be 

realized using the chosen SiP technology 

(organic or ceramic substrate or mix with 

IPD) 

• Return loss over the operating bandwidth. 

This can be relative to 50 ohm or some 

other impedance chosen relative to the RF 

transceiver impedance 

• Radiation efficiency to ensure minimum 

loss within the antenna structure 

• Radiation pattern to match system and 

regulatory requirements 

• Sufficient margin in terms of operating 

band to allow for the effects of ground 

plane size on antenna frequency tuning. 

Typically this needs to be at least 5% more 

than the operating band for 2.4 GHz ISM 

band antennas. 

 

The first step in the antenna design process is to 

assess suitable topologies for a miniaturized 

antenna. This is based on experience from previous 

antenna designs that will match the chosen SiP 

technology. 

 

Once a set of suitable topologies have been 

selected, for each topology a parametric mechanical 

object is created that corresponds to the layout of 

the antenna with appropriate adjustable parameters. 

 

These mechanical objects are then batch simulated 

using a 2.5D electromagnetic solver over a range of 

physical dimensions to create a parametric electrical 

model for each antenna option. This model can be 

optimised to tune the antenna for return loss 

coverage over the operating band. 

 

The final step in the design process is to transfer the 

mechanical object to a full 3D electromagnetic field 

solver together with the key metallic features of the 

full SiP (ground and signal paths, shielding, large 

metal surfaces of components) and fine tune the 

antenna. At this stage antenna radiation pattern, 

gain and radiation efficiency are fully evaluated. If 

need be further iteration can be made with improved 

mechanical objects to meet stringent system 

requirements. 

 

The flow chart of figure 7 describes the antenna 

design process. 
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Figure 7 Integrated Antenna Design Flow 

 

AiP Examples 
Two different examples of AiP are presented using 

the above design methodology. The first example 

uses a multilayer ceramic substrate, whilst the 

second uses a 2 layer organic laminate substrate. 

 

LTCC Antenna 2.4 GHz 
The first antenna is a 2.4 GHz antenna for the ISM 

band. The AiP antenna is intended to be integrated 

with an existing WiFi module (the WiFi module 

uses LTCC and is 8 x 8 x 1.4mm). The complete 

AiP based on this antenna is 8 x 12 mm. 

 

A large range of potential meander type structures 

were evaluated to ascertain tradeoffs in terms of 

size, efficiency and operating bandwidth. 

 

An initial batch of prototypes based on a 2 x 8 mm 

antenna size was manufactured. The best 

performance obtained is shown below. 

Measurements and simulations are compared in 

Figure 8. 

 

 
Figure 8 Measurement (red and grey) versus 

simulation (blue) for 2 x 8 mm LTCC antenna. 

 

 

The operating bandwidth at 6dB points is less than 

the ISM band consequently this antenna version has 

not been productized. 

 

Further development of the antenna LTCC structure 

has been carried out with satisfactory results. New 

topologies with varying surface areas have been 

designed and the results for a 4 x 8 mm antenna size 

are shown in Figure 9. 

 

 
Figure 9 LTCC AiP Antenna Return Loss for 

optimum topology 4 x 8 x 0.6 mm 

 

This antenna has adequate performance to meet 

ground plane size variations and manufacturing 

tolerances over the full ISM band: 

 

Parameter Units Characteristics 

6dB Bandwidth MHz 220 

Radiation efficiency 

over 6dB Bandwidth 

% > 50.0 

Min Gain over 6dB 

Bandwidth 

dBi -0.4 

 

Antenna Dimensions mm 4 x 8 x 0.6 

  

During the development of this antenna, novel 

structures that optimise bandwidth and size 

simultaneously have been used. A European patent 

application has been filed to protect these 

structures3. 

  

Organic Substrate AiP 
A second AiP is presented below based on the use 

of a 2 layer organic substrate. The overall module 

size is 8 x 12 x 1.4 mm and includes a proprietary 

2.4GHz ISM band USB radio and base-band 

together with an integrated antenna. The RF module 

includes electrical shielding within the case of the 

module. 

 

Figure 10 shows a 3D view of the complete AiP 

structure mounted on a PCB. Figure 11 shows a 

photo of the complete module. 
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Figure 10 3D view of organic laminate based AiP. 

 

 

 
 

 

Figure 11 Photograph of AiP module 8 x 12 mm 

with QFN style LGA interface 

 

The AiP module has the same functionality as the 

IC supplier’s reference design, including Crystal, 

Transceiver, Matching circuit and Antenna. Figure 

12 shows the AiP alongside the reference design as 

an indication of the miniaturization that has been 

achieved. 

 

 
 

Figure 12 ISM band AiP compared to reference 

design. 

 

Measurement results for the antenna structure used 

in this design are shown in Figure 13. The antenna 

size is 6 x 8mm, corresponding to half the module 

surface area. 

 

 
Etheta 

 
Ephi 

 
Figure 13 3D and 2D antenna simulations and 

measurements for organic laminate antenna 6 x 8 

mm 

 

Prior to building any SiP or AiP structure the 

tolerance to manufacturing and material tolerances 

is evaluated using a “Corner” analysis method. The 

results shown in Figure 14 indicate the relatively 

small de-tuning effect should the dielectric constant 

of the substrate vary from 4 to 5.5. 

 
Figure 14 Performance variations as a function of 

substrate dielectric constant 
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The complete AiP described above has been tested 

in full operating mode using a link budget analysis. 

The receive sensitivity of the AiP is within 1dB of 

that measured using a matched dipole antenna (6 cm 

long) and the same chipset mounted on the 

manufacturer’s reference design. The sensitivity is 

approximately 1.5 dB better than that obtained by 

the manufacturer’s reference system using a printed 

wiggle antenna. 

 

Future AiP Implementations 
The AiPs presented in this paper are based on 

systems that function in the 2.4 to 2.5 GHz ISM 

band.  

 

Further AiP developments are in progress to 

develop solutions for UHF band TV, GPS and 

WHDI video. Key factors in these developments 

include miniaturization, multiple co-located 

antennas (for MIMO systems) and wider relative 

bandwidths. 

 

Conclusions 
This paper has described a new type of System in 

Package that includes not only the RF and Base-

band functions but also the RF antenna. This 

Antenna in Package approach offers a simple 

solution path for system integrators that eliminates 

the need for costly and time-consuming detail RF 

design at the application level. 
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