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1 Introduction 
Growing legislation requiring drivers to make hands-free mobile phone calls is fuelling the demand for after-
market Bluetooth®-enabled hands-free car kits. These kits enable drivers to make safer phone calls while 
driving. Consumers require excellent performance, so manufacturers want to meet their demands and ensure 
market acceptance.  

Two types of hands-free car kits are popular: 

 Compact monolithic electronic devices, where the microphone and the speaker are housed in the same 
casing as the electronics. These are essentially after-market kits, sometimes referred to as do-it yourself 
(DIY) kits. 

 Bundled pieces of hardware, where the microphone and the speaker are mounted in different locations 
inside the vehicle. These may be OEM products, dealer installed systems or after-market kits. 

Bluetooth hands-free car kits are designed to deal with the inherent issues of echo and environmental noise. The 
audio quality depends on using a combination of the following during system design: 

 signal processing techniques  
 mechanical and acoustical engineering  

The design considerations described in this document are based on actual field usage of DIY Bluetooth hands-
free kits. This application note describes the basic design considerations relating to audio performance that 
should be examined during engineering process.  These guidelines will help set performance expectations of 
various design considerations and various trade-offs. 
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2 Compact Hands-free (DIY) Kit Design Considerations 
2.1 Overview 
DIY hands-free kits are popular because of their portability, ease of installation (by the end customer) and low 
cost. Portability of a hands-free kit means it must perform in acoustical environments that are not well defined 
(e.g.  the reverberation characteristics or the level of the background noise). Designers, therefore, need to find a 
favourable solution, which performs in different vehicle environments. In addition, the close proximity of the 
loudspeaker to the microphone poses challenges to achieve good echo cancellation and noise reduction. The 
distance between the microphone and loudspeaker is shorter (10 times or more) than the distance between the 
talker and the DIY kit. Hence, the signal level from the loudspeaker is stronger at the microphone than the signal 
levels of the desired speech.  Extracting speech and discarding the echo signals is difficult and requires signal 
processing techniques.  

A fine quality Bluetooth Hands-free kit has the following features: 

 Excellent echo cancellation 
 Excellent reduction of background noise 
 Excellent frequency response for microphone and loudspeaker 
 Low acoustic and mechanical coupling between the loudspeaker and the microphone 
 Good sound quality from the loudspeaker  
 Good isolation from wind 
 Easy to install and use 
 Compact size 
 Rugged 

This application note focuses on the aspects of a Bluetooth hands-free kit that effect audio performance. 

A well-designed Bluetooth hands-free kit supports smooth operation during and between the different states 
encountered during a typical telephone call. These states include single talk in the send or receive direction 
double talk and Idle (no one talking).  Smooth operation is critical in reducing the fatigue encountered by both the 
far-end and near-end talkers. A poorly designed hands-free kits will make telephone calls difficult and reduces 
customer satisfaction. 

This application note considers: 

 Hardware considerations, e.g. placement of the physical components of the hands-free kit 
 Digital signal processing considerations 
 Limitations and problems encountered using the components in certain combinations 
 Methods to enhance the performance of the Bluetooth hands–free kit 
 Aspects of echo cancellation and noise reduction techniques (CSR’s Clear Voice Capture (CVC) 

modules) 
 Design considerations regarding signal processing capabilities provided by the CVC modules. 
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3 Transducers and Electronic Hardware 
The characteristics and placement of the transducers, the microphone and loudspeaker, with its associated 
circuitry, are important in determining the quality of the hands-free kit. 

3.1 Microphone Considerations 
Microphone(s) in a hands free kit require special attention in order to operate effectively.  Specifically, the 
following microphone characteristics are needed to obtaining good performance: 

• The frequency response should be relatively flat in the required frequency range (usually 300Hz to 
3400Hz)1.  

• The dynamic range should be large enough to pick up the speech of the user and not clip the audio 
signal when the loudspeaker(s) is set to maximum volume.  

• The microphone should be uni-directional with the maximum sensitivity directed towards the intended 
speech source (talker).  This reduces the amount of echo and noise that will be heard at the far end (the 
person at the other end of the call)   

• The microphone sensitivity should be large enough to limit the effects of electrical and RF interference. 

• The structural attachment of the microphone should be designed to isolate it from mechanical vibrations 
either from the loudspeaker or due to the place of the hands-free kit. 

• A wind screen protecting the microphone from wind buffeting due to open windows or HVAC (Heating, 
Ventilation and Air Conditioning) system.   

• A grill or opening to the microphone, which is design so, it will not adversely affect the microphones 
performance. 

• The distance between the microphone and the user (talker) which is smaller than 50 cm (21 in) when 
used in a vehicle.  

In addition, to these characteristics, care should be taken as to where the microphone will be located.  Structures 
such as steering wheels, dashboard components, gear shifters, cup holders, and instrument pods will reflect, 
diffract and distort the acoustic wave (signal).  This can reduce the effectiveness of the microphone and should 
be considered in the design of the hands-free kit. 

Commonly available microphones have directivity patterns shown in Figure 3.1 and  Figure 3.2.  When using uni-
directional microphones it is important to follow these recommendations: 

• The microphone should be oriented to have greatest sensitivity towards the driver when the kit is 
installed.  

• When using unidirectional microphones, it is very important not to block ports leading to the microphone.  
Restriction to these openings changes the acoustic properties of the microphone and leads to poor and 
unexpected performance. 

 Extreme caution must be exercised with dipole directivity pattern (see Figure 3.3)  because this 
directivity can pick up undesired noise (e.g. noises from open side windows)., 

 

 

                                                           
1 See ITU_T recommendations P.310 
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Figure 3.1: Default Directivity Pattern for Automotive Powered DIY Kits 

 
Figure 3.2: Directivity Patterns of Directional Microphones 
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Figure 3.3 Directivity Pattern Unsuitable for DIY Kits 

3.2 Loudspeaker Considerations 
Like microphone, the characteristics of the loudspeaker affect the overall performance of the hands free kit. The 
frequency response of the loudspeaker should be flat in the required frequency range (usually 300Hz to 
3400Hz)1. The speaker system, which includes the housing, should have its maximum directivity aligned towards 
the listener.  In addition, reducing the amount of sound directed towards the microphone will increase the 
performance of the kit. 

The loudspeaker system, including the audio amplifier, should not exhibit non-linear characteristics in the entire 
acoustic and audio range where the hands-free kit is to perform.  Figure 3.4 shows various linearity 
characteristics exhibited by a loudspeaker.  A linear, non-linear and unacceptable loudspeaker are shown. The 
unacceptable speaker is suffering from high noise floor and poor dynamic range. These and other non-linear 
characteristics can be due to poor design,  low quality, and may appear after the speaker is in-service due to 
environmental stresses.  The greater the linearity of the loudspeaker the better the echo and noise reduction 
algorithms will perform. 
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Figure 3.4 Non-linear Characteristics Exhibited by a Speaker 

                                                           
1 See ITU_T recommendation P.310 
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3.3 Electromechanical Design Considerations  
Determine the placement of the microphone and the speaker using: 

1. Application-level considerations 
2. Functional-level considerations 

3.3.1 Microphone Placement Relative to Speech Source 
The design of the hands free kit should ensure that the greatest directivity of the microphone is pointed in the 
direction of the talker (speech source).   Improper positioning of the microphone to the speech source can occur 
due to the covering of the microphone by other structures inside the vehicle, such as the dashboard. This could 
lead to dramatic reduction in the speech-to-noise levels and reduce the operating performance.  

Figure 3.5 shows good microphone placement for a visor-mounted design. The microphone has good exposure 
to the speech source. 

 
Figure 3.5: Good Microphone Exposure to Speech Source (Visor-Mounted DIY Kit) 

3.3.2 Avoiding Mechanical Coupling of Vibrations into the Microphone  
Mechanical coupling between the speaker and microphone should be avoided. It usually occurs when the 
speaker and microphone are mounted on the same electronic PCB (see Figure 3.6). This mechanical coupling is 
due to vibrations from the speaker being conducted to the microphone through the coupling media. This causes 
feedback in the system and deteriorates performance.  Mechanical decoupling can be achieved by designing a 
mechanical isolator, for example a vibration dampener between the microphone and speaker. The mechanical 
isolator has to be designed for the specific hands-free kit, otherwise unexpected results can occur.  Improper use 
of a mechanical isolator can significantly increase mechanical coupling, i.e. can make the structure resonant.  
Alternately, the microphone and the speaker can be mounted on different PCB boards with flexible wires running 
between them, again care must be used to select wires that don’t couple the PCB boards or resonant. 

The microphone should be isolated from the vibrations produced in the vehicle. The proper use of isolation 
materials can help prevent the conduction of vibrations from the vehicle into the microphone; this in turn,helps to 
reduce the transient noise picked up by the hands-free kit. Transient noises are hard to eliminate. Figure 3. 6 
shows a PCB mounted microphone with mechanical isolation using a foam mounting. Additonally complete 
mechanical isolation can be achieved by using flexible wires connecting the microphone to the PCB board 
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Figure 3.6: Mechanical Coupling of the Microphone and the Speaker 

3.3.3 Minimising Acoustic Coupling between the Loudspeaker and the 
Microphone  

Acoustic coupling between the speaker and microphone should be minimised. The strategic placement of the 
speaker and microphone can help reduce this coupling.    When acoustic coupling is unavoidable, the 
microphone signal should not clip or distort when the loudspeaker’s volume level is set to maximum. The 
microphone sensitivity should provide good (10% of full scale) signal levels of the required speech source with 
the speaker gain set to its maximum level for echo feedback (for normal speech levels by the far end talker). 
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3.4 Electronic Considerations 
DIY hands-free kits usually have greater mechanical and acoustic coupling because of the close proximity of the 
microphone to the loudspeaker and the sharing of a common housing.  The signal level at the microphone due to 
the loudspeaker is significantly larger than the signal level from the speech source. It should be expected that 
there would be users who set volume level to maximum because: 

 the freedom to position the DIY kit wherever the user wants to put it 
 the frequency response of the loudspeaker 
 the vehicle’s ambient noise 

This means that the electronic hardware should have sufficient dynamic range to handle huge swings in signal 
levels without deterioration. 

Digital gains of the signal can be used; however all analogue gains should be exhausted before relying on digital 
gains to adjust the signal levels of the microphone and speaker to improve the performance of the echo 
cancellation. Performance tradeoffs are required if gain adjustments and huge signal swings (maximum 120dB 
SPL peak with 1% THD) cannot be accommodated without distortions. 

Performance tradeoffs might include: 

 Switching to half-duplex mode from full-duplex mode (and vice versa) 
 Preserving the quality of near end speech while maintaining adequate echo cancellation for situations in 

which both users are speaking at once 

The speaker/power amplifier combination should not distort when the maximum volume level is set.  At the same 
time, the microphone and microphone circuitry should not clip the signal.    
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4 Signal Processing Techniques 
4.1 Near End and Far End Systems 

 
Figure 4.1: Near End and Far End Systems 

In Figure 4.1, is a basic diagram the shows the typical use case for a hands free kit.  In this case, the hands-free 
kit is considered as the near end. The far end is another telephone used at the other end of the call chain.  

The Bluetooth unit consists of a Bluetooth hands-free kit paired with a Bluetooth cellular phone. The signal from 
the Bluetooth phone is transmitted to a cell phone tower.  The cellular network then properly routes this signal to 
the far end unit.  Similarly, the signal from the far end unit is received by the Bluetooth cellular phone from the 
cellular network.  

  
Figure 4.2: Signal Processing Components at Near End 

Figure 4.2 shows the signal processing blocks usually used in a hands-free system.  

 

The microphone signal, at SND_IN in Figure 4.2, must be processed before transmission to the far end. This 
signal path is referred to as the send path.  Most of the hands free signal processing occurs on the send path 
which may included the following : 

 acoustic echo cancellation (AEC) 
 noise reduction (NR): helps to reduce the transmission of acoustic noise. 
 special processing of non-linear signals (NLP) to reduce the degradation of the audio signal  



 

 
 

 
 
 

Signal Processing Techniques 

 

CS-110745-ANP2 © CSR plc 2006 
This material is subject to CSR’s non-disclosure agreement. Page 12 of 17 

 

_
äì
É
`
ç
êÉ

™ B
luetooth H

ands-Free D
esign C

onsiderations 

 comfort noise generation (CNG) 
 parametric equalization (PEQ): adjusts the frequency response along the send path to improve far end 

performance.  

The signal transmitted from the far-end and enters RCV_IN in Figure 4.2, is referred to as receive path.  In the 
hands free kit this signal may be processed before it is sent to the loudspeaker. This signal is the reference signal 
for the echo canceller.   When the loudspeaker is of poor quality and exhibits non-linear characteristics, soft-
clipping or other signal processing can be used in the receive path to limit the impact on sound quality. 

4.2 CVC Modules 
This section describes the three primary modules in the CVC portfolio that have a major impact on the overall 
intelligibility and speech quality of the hands-free system: 

 NR 
 AEC 
 PEQ 

4.2.1 Noise Reduction (NR), using a One-Microphone Solution 
Speech communication can often occur in noisy environments. Since the microphone in a hands-free kit is not 
positioned next to the talker’s mouth, the speech-to-noise ratio will be less than what is found with a standard 
handset.  Extracting clean speech from this signal is of paramount importance to enhance the intelligibility and 
quality of speech. 

Single-microphone techniques can handle noise sources that have stationary or quasi-stationary characteristics. 
DIY kits are generally built using a single microphone so exposure to transient noise and wind buffeting must be 
minimised. 

NR is an advanced signal processing technique that utilises the differential statistical characteristics of noise and 
speech signals to reduce the noise in the signal. Noise sources with stationary or quasi-stationary statistics 
include fan noise, constant road noise, water noise and automotive engine noise. Noise sources that have non-
stationary characteristics include rattling road noises, wind buffeting, rain noise and whizzing vehicular noise. 
CVC-NR is not designed to eliminate other speech sources or music sources in the background that have non-
stationary statistics.. 

4.2.2 Acoustic Echo Cancellation (AEC) 
The acoustic signal from the loudspeaker is picked up by the microphone of the hands-free kit (at the near end) is 
perceived as echo at the far end (see Figure 4.2).  Echo cancellation is obtained by an algorithm which uses the 
receive signal to remove the echo in the send path.  This algorithm determines the transfer function of the 
acoustic path from the loudspeaker to the microphone and then modifies the signal from the microphone by 
subtracting its estimate of the echo signal.  Because AEC algorithm is designed with an acoustic model, 
mechanical coupling of the loudspeaker to the microphone deteriorates the performance of the system.  

The AEC is a linear adaptive system, with provisions to handle some non-linearities.  This means that the greater 
the non-linearity’s found in the echo path equates to a reduction in performance of the echo canceller. 

Double talk occurs when both the near end and far end talkers speak simultaneously. When this happens, the 
acoustic path could be inaccurately modelled and hence the echo could be transmitted during this condition.  The 
problem is compounded if the speaker is very closely coupled (acoustically) to the microphone. This requires 
tradeoffs in the performance of the echo canceller to operate in full-duplex mode during the double talk 
conditions. 

4.2.3 Parametric Equalisation (PEQ) and Frequency Shaping 
The frequency response of the send path signal may not be flat or have the required spectral characteristics. The 
PEQ adjusts the frequency response of the send path signal.  Figure 4.3 shows a signal modified by the PEQ to 
improve frequency response to enhance the quality of speech heard on the far end.. 
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Figure 4.3: Frequency Shaping with PEQ 
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5 Summary 
When designing a Bluetooth hands-free car kit consider the following. 

Ensure that the microphone: 

 Has linear characteristics 
 Has good sensitivity and dynamic range  
 Is exposed minimally to non-stationary and transient noise sources 
 Is mechanically isolated from the loudspeaker 
 Is mechanically isolated from the vehicle 
 Has reduced acoustical coupling with the loudspeaker  
 Does not clip with loudspeaker volume set to maximum 
 Is close to the intended speech source 
 Has its greatest sensitivity (directivity) positioned towards the talker 

Ensure that the speaker: 

 Has linear characteristics in its full range of operation 
 Is not mechanically coupled to microphone 
 Has reduced acoustical coupling with the microphone 
 Has 1% or less Total Harmonic Distortion (THD) 

Rely on signal processing techniques: 

 To reduce noise  
 To eliminate echo 
 To help smooth the frequency response with the use of equalization techniques 

Costly or non-feasible propositions for signal processing techniques include: 

 Improving speech quality of a distorted (e.g. clipped) audio signal 
 Eliminating the signal picked up by the microphone due to mechanical coupling with the loudspeaker 

Compensating for a poor quality loudspeaker 
 Compensating for a poor quality microphone 
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Terms and Definitions 
AEC Acoustic Echo Canceller 

BlueCore™ Group term for CSR’s range of Bluetooth wireless technology chips 

Bluetooth® Set of technologies providing audio and data transfer over short-range radio connections 

CNG Comfort Noise Generator 

CSR Cambridge Silicon Radio 

CVC Clear Voice Capture (CSR’s portfolio of software modules) 

DIY kit Do-IT-Yourself kit 

ITU International Telecommunication Union 

Mic Microphone 

NLP Non-Linear Processor 

NR Noise Reduction 

PCB Printed Circuit Board 

PEQ Parametric Equaliser 

RCV_IN Receive In signal at the near end (loudspeaker input) 

RCV_OUT Receive Out signal at the near end (loudspeaker output) 

SND_IN Send In signal at the near end (microphone input) 

SND_OUT Send Out signal at the near end (microphone output after processing) 

Spkr Speaker 

SPL Sound Pressure Level 

TCL Terminal Coupling Loss 

THD Total Harmonic Distortion 
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responsibility for any errors. 

CSR’s products are not authorised for use in life-support or safety-critical applications. 



 
专注于微波、射频、天线设计人才的培养 易迪拓培训 
网址：http://www.edatop.com  

 

射 频 和 天 线 设 计 培 训 课 程 推 荐 

 

易迪拓培训(www.edatop.com)由数名来自于研发第一线的资深工程师发起成立，致力并专注于微

波、射频、天线设计研发人才的培养；我们于 2006 年整合合并微波 EDA 网(www.mweda.com)，现

已发展成为国内最大的微波射频和天线设计人才培养基地，成功推出多套微波射频以及天线设计经典

培训课程和 ADS、HFSS 等专业软件使用培训课程，广受客户好评；并先后与人民邮电出版社、电子

工业出版社合作出版了多本专业图书，帮助数万名工程师提升了专业技术能力。客户遍布中兴通讯、

研通高频、埃威航电、国人通信等多家国内知名公司，以及台湾工业技术研究院、永业科技、全一电

子等多家台湾地区企业。 

易迪拓培训推荐课程列表： http://www.edatop.com/peixun/tuijian/ 
 

 

射频工程师养成培训课程套装 

该套装精选了射频专业基础培训课程、射频仿真设计培训课程和射频电

路测量培训课程三个类别共 30 门视频培训课程和 3 本图书教材；旨在

引领学员全面学习一个射频工程师需要熟悉、理解和掌握的专业知识和

研发设计能力。通过套装的学习，能够让学员完全达到和胜任一个合格

的射频工程师的要求… 

课程网址：http://www.edatop.com/peixun/rfe/110.html 

手机天线设计培训视频课程 

该套课程全面讲授了当前手机天线相关设计技术，内容涵盖了早期的

外置螺旋手机天线设计，最常用的几种手机内置天线类型——如

monopole 天线、PIFA 天线、Loop 天线和 FICA 天线的设计，以及当前

高端智能手机中较常用的金属边框和全金属外壳手机天线的设计；通

过该套课程的学习，可以帮助您快速、全面、系统地学习、了解和掌

握各种类型的手机天线设计，以及天线及其匹配电路的设计和调试...

课程网址： http://www.edatop.com/peixun/antenna/133.html 

WiFi 和蓝牙天线设计培训课程 

该套课程是李明洋老师应邀给惠普 (HP)公司工程师讲授的 3 天员工内

训课程录像，课程内容是李明洋老师十多年工作经验积累和总结，主要

讲解了 WiFi 天线设计、HFSS 天线设计软件的使用，匹配电路设计调

试、矢量网络分析仪的使用操作、WiFi 射频电路和 PCB Layout 知识，

以及 EMC 问题的分析解决思路等内容。对于正在从事射频设计和天线

设计领域工作的您，绝对值得拥有和学习！… 

课程网址：http://www.edatop.com/peixun/antenna/134.html 
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专注于微波、射频、天线设计人才的培养 易迪拓培训 
网址：http://www.edatop.com 

CST 学习培训课程套装 

该培训套装由易迪拓培训联合微波 EDA 网共同推出，是最全面、系统、

专业的 CST 微波工作室培训课程套装，所有课程都由经验丰富的专家授

课，视频教学，可以帮助您从零开始，全面系统地学习 CST 微波工作的

各项功能及其在微波射频、天线设计等领域的设计应用。且购买该套装，

还可超值赠送 3 个月免费学习答疑… 

课程网址：http://www.edatop.com/peixun/cst/24.html  

 

HFSS 学习培训课程套装 

该套课程套装包含了本站全部 HFSS 培训课程，是迄今国内最全面、最

专业的 HFSS 培训教程套装，可以帮助您从零开始，全面深入学习 HFSS

的各项功能和在多个方面的工程应用。购买套装，更可超值赠送 3 个月

免费学习答疑，随时解答您学习过程中遇到的棘手问题，让您的 HFSS

学习更加轻松顺畅… 

课程网址：http://www.edatop.com/peixun/hfss/11.html 

ADS 学习培训课程套装 

该套装是迄今国内最全面、最权威的 ADS 培训教程，共包含 10 门 ADS

学习培训课程。课程是由具有多年 ADS 使用经验的微波射频与通信系统

设计领域资深专家讲解，并多结合设计实例，由浅入深、详细而又全面

地讲解了 ADS 在微波射频电路设计、通信系统设计和电磁仿真设计方面

的内容。能让您在最短的时间内学会使用 ADS，迅速提升个人技术能力，

把 ADS 真正应用到实际研发工作中去，成为 ADS 设计专家... 

课程网址： http://www.edatop.com/peixun/ads/13.html 
 

我们的课程优势： 

※ 成立于 2004 年，10 多年丰富的行业经验， 

※ 一直致力并专注于微波射频和天线设计工程师的培养，更了解该行业对人才的要求 

※ 经验丰富的一线资深工程师讲授，结合实际工程案例，直观、实用、易学 

联系我们： 

※ 易迪拓培训官网：http://www.edatop.com 

※ 微波 EDA 网：http://www.mweda.com 

※ 官方淘宝店：http://shop36920890.taobao.com 

 
 

专注于微波、射频、天线设计人才的培养 

官方网址：http://www.edatop.com 易迪拓培训 
淘宝网店：http://shop36920890.taobao.com 
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