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ABSTRACT 
In this paper, we propose a beam-forming speaker based on digitally direct driven speaker system (digital-SP); the 

proposed speaker employs multi-bit delta-sigma modulation in addition to a line speaker array with flat-panel-

loudspeakers (FPLS) and a delay circuit. The proposed speaker can be realized only by D flip-flops and digital-SP. 

The sound direction can easily be controlled digitally. All processes can be performed digitally without the use of 

analog components such as power amplifiers, and a small, light, thin, high-quality beam-forming speaker system can 

be realized. The prototype is constructed using an FPGA, CMOS drivers, and a line FPLS array. The 20dB 

attenuation for 20 degree direction is measured. 
 

1. INTRODUCTION 

A beam-forming speaker is required in various 

applications. A digital signage with sound is useful, 

however the sound spreads to undesired direction. So, a 

high-directive loudspeaker is attractive to realize 

personal sound area in public space. A large flat-panel-

loudspeaker is mass produced to realize the high 

directional characteristics, however the sound direction 

is determined by the direction of the loudspeaker. In this 

paper, we propose a novel flat high-directive beam-

forming loudspeaker system using digitally direct driven 

speaker technique (digital-SP). The 20dB attenuation at 

20 degree from front direction can be achieved, and the 

direction of sound can easily be controlled digitally. We 

proposed a beam forming speaker using digitally direct 

driven speaker system [1], whose directional 

characteristic is not sufficient for digital signage. In 

order to improve the directional characteristic, the 

loudspeaker unit consists of eight rectangle shaped flat-

panel-loudspeaker (FPLS) units, whose aspect ratio is 

ten. The each long side of the FPLSs is connected. This 

configuration can reduce the disadvantage of an array 

speaker in frequency response such as notches caused 

by spacing of the arrayed speakers. In addition, 

combining the FPLSs and digital-SP realizes flat and 

thin speaker system. The FPLS consists of a thin film 

diaphragm with printed voice coils and magnets.  The 

FPLS is low-profile shape; the thickness is only 11mm. 

Moreover, a speaker cabinet is not required. In the 

proposed system, the bit length of the input digital 

sound data is reduced to 3-bit binary code by a multi-bit 

delta-sigma modulator (DSM) in order to use Digital-SP 

with several loudspeaker sub-units. The quantization 

noise caused by the reduction in the bit length is shifted 

towards a higher frequency. Therefore, a high SNR, 

exceeding 100 dB, can be achieved. The output binary 

code is converted into a thermometer code; the signals 

drive the speakers in the array after passing through the 

CMOS buffers, in order to drive equal-weighted 

loudspeakers sub-units. Moreover, a delay circuit is 

introduced between the mismatch shaper [2] and CMOS 

buffer, in order to add the beam-forming function. The 

beam-forming characteristics can easily be controlled by 

the delay time pattern. The mismatch shaper reduces the 

SNR degradation caused by performance mismatches 

among FPLSs.  

2.  CONVENTIONAL BEAM-FORMING 
SPEAKER 

A block diagram of a beam-forming speaker using a 

conventional audio system is shown in Fig.1. The PCM 

signal from a CD is provided as the input to the delay 

circuit. A directivity of speaker is controlled by number 

of delay circuit. The output PCM signal from delay 

circuit is translated to an analog signal by the DAC. The 

analog signal from the DAC is amplified by an analog 

amplifier. Disadvantage of this method is that the entire 

circuit is large. Because, in order to obtain directional 

characteristic, amplifiers and DACs of the same number 

as the speakers are needed. Analog circuits such as 

DACs and amplifiers are large and high power 

consuming. 

3. BEAM-FORMING SPEAKER USING A 
DIGITAL-SP SYSTEM 

3.1. Digitally direct driven speaker system 

A block diagram of the digitally direct driven speaker 

system (digital-SP) is shown in Fig.2. The digital data  

 

 

 

Figure 1: block diagram of conventional beam-forming 

speaker  
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are converted into multi-bit signals by the multi-bit 

delta-sigma modulation (DSM). As a result, the 

quantization noise resulting from the reduction in the bit 

length is shifted towards higher frequencies. The output 

data from the DSM is converted to equal-weighted 

signals by a binary-to-thermometer code converter. The 

output from binary-to-thermometer code converter is 

inputted to the mismatch shaper circuit using  noise-

shaping dynamic element matching (NSDEM) 

method[2]. The NSDEM method can shape the noise 

caused by mismatches among the speakers as DSM. The 

output signal from mismatch shaper circuit is amplified 

by the CMOS buffer circuit and drives the speakers.  

A block diagram of proposed beam-forming speaker 

using the digital-SP system is shown in Fig.3. The each 

bit of the mismatch shaper output is 1-bit digital 

selection code, which drives each speaker. Therefore,  

the directional characteristic can be achieved by 

inserting delay circuit between CMOS buffer circuit and 

mismatch shaper circuit. Since most of the system can 

be realized by the digital circuit in this method, a beam-

forming speaker can be realized without the analog 

circuit required to the conventional system.  

 

 

 

 

 

 

Figure 2: A block diagram of the digitally direct driven 

speaker system 

 

Figure 3: beam-forming speaker using digital-SP 

 

3.2. Control techniques of directivity  

Figure of the directivity with the line array type 

speaker is shown in Fig.4. The phase is controlled with 

the delay circuit to radiate same phase signal to 

direction of angle θ. The directivity can be controlled to 

arbitrary angle θ by changing the amount of the delay of 

each speaker. 

 

 

 

 
Figure 4: Directivity with the line array type speaker 
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The difference of the soundscape between a cone type 

and a flat type speaker is shown in Fig.5. Conventional 

cone type speaker radiates a sound to besides a target 

direction. This is called a grating robe, and it’s a 

problem in the conventional beam-forming speaker. It is 

necessary to satisfy the following expressions to 

suppress grating robe.  





sin1
D                                    (1) 

where D is array speaker’s distance,   is wavelength of 

sound, θ is arbitrary angle. On the other hand, flat-

panel-loudspeakers [3] (FPLS) consist of a thin film 

diaphragm with printed voice coils and magnets. 

Because the FPLS vibrates the flat printed voice coil, 

the shape of waves is plane wave. The role of the 

speaker unit can be played with a FPLS sub-unit. As a 

result,  the directional characteristics can be improved, 

since the distance of the speaker is narrowed. In this 

study, the direction characteristic of beam-forming 

arrayed speaker is improved by changing the speaker 

sub-units to the FPLS sub-units. 

 

3.3. Directivity control by delay circuit 

In order to use a beam-forming speaker as an 

application, directivity needs to be changed dynamically. 

A block diagram of delay circuit of conventional digital-

SP is shown in Fig.6. Conventional system uses DFFs 

as elements of delay circuit.  

 

 

 

 

 

 
 

Figure 5: Difference of the soundscape of a cone type 

and a flat type speaker 

 

3.4. Directivity control by delay circuit 

In order to use a beam-forming speaker as an 

application, directivity needs to be changed dynamically. 

A block diagram of delay circuit of conventional digital-

SP is shown in Fig.6. Conventional system uses DFFs 

as elements of delay circuit.  

 

 

 
 

Figure 6: Conventional delay circuit of digital-SP 

 

 

However, in order to change the directivity, the system 

needs to change the number of DFF and reconfigure. 

Therefore, in the proposed technique, the dynamically 

changing the directivity can be realized by using the 

random-access-memory (RAM) as the delya circuit.  

Proposed delay circuit configured by RAM is shown in 

Fig.7. The MAP interface with the PC controlling the 

sound direction. And the register holds the writing 

address of the RAM that is FIFO memory. In this way, 

the directivity can be dynamically changed without 

reconfiguring the circuit. 

 

 

 

 

 
 

 

Figure 7: Proposed delay circuit of digital-SP 
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4. EXPERIMENTAL RESULT  

A block diagram of the prototype is shown in Fig.8. 

The prototype system is implemented using a FPGA and 

the CMOS driver circuits on a PCB for electrical 

components and FPLSs for acoustic devices.  

 

 

 

 
Figure 8: Block diagram of the prototype 

 

 

 

Two types of the prototype systems are tested, where 

the aspect ratio of type 1 and type 2 of a FPLS for sub-

speaker units are two and ten, respectively. 

Conventional cone type speaker array is shown in Fig.9. 

Moreover, the FPLS of type 1 and type 2 is shown in 

Fig.10 and Fig.11, respectively.  

 

 

 

 
 

Figure 9: Photographs of cone type speaker 

(conventional) 

 

 

 

 
 

Figure 10: Photographs of FPLSs (type1) 

 

 

 
 

Figure 11: Photographs of FPLSs (type2) 

 

 

The delay data for realizing beam-forming such that 

the beam is concentrated at a distance of 1 m in front of 

the speaker array, at 45 degree, and at 60 degree to the 

array are loaded to the FPGA board. Sinusoidal signal 

of 3 kHz is inputted to the FPGA board. In the output 

stage, a sound signal is outputted from the line speaker 

array, and the directional pattern is determined by PC. 

The microphone is moved by 10 degrees, and it plots it 

in a round graph (Polar pattern). The polar pattern of 

conventional cone type speaker is shown in Fig.12. 

Moreover, the polar pattern of type 1 and type 2 are 

shown in Fig.13 and Fig.14, respectively. To control 

directivity to the direction of the target can be achieved. 

Moreover, the grating robe is suppressed well. 

 

 

 

 
 

Figure 12: Polar pattern of cone type speaker (input 3 

kHz sine wave) 
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Figure 13: Polar pattern of FPLSs-type1 (input 3 kHz 

sine wave) 

 

 
Figure 14: Polar pattern of FPLSs-type2 (input 3 kHz 

sine wave) 

 

 

 

A summary of Fig.13 and Fig.14 is shown in Table 1 

and Table 2, respectively. 17 and 20dB attenuation at 45 

and 60 degrees are realized in type 1 FPLSs. 17 and 18 

dB attenuation at 45 and 60 degrees are realized in type 

2 FPLSs. 

 

Table 1: Directivity of type 1 FPLSs 

 

  Measured position 

Beam direction  at 0° at 45° at 60° 

Normal  0 degrees 85dB 66dB 64dB 

Beam 45 degrees 66dB 83dB 62dB 

Beam 60 degrees 64dB 64dB 84dB 

 

 

 

Table 2: Directivity of type 2 FPLSs 

 

  Measured position 

Beam direction  at 0° at 45° at 60° 

Normal  0 degrees 85dB 60dB 64dB 

Beam 45 degrees 67dB 84dB 56dB 

Beam 60 degrees 67dB 66dB 85dB 

 

 

Frequency response of each type FPLSs when the 

directivity is appended to 45 degrees is shown in Fig.15 

and Fig.16 respectively. From the figure, when the 

directivity is added, it is understood that the influence of 

the notch seen in the cone type speaker is improved in 

FPLSs. 

 

 
Figure 15: Frequency response of type 1 FPLSs (0 

degree direction)  

 

 
Figure 16: Frequency response of type 2 FPLSs (0 

degree direction)  
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5. CONCLUSION 

The proposed beam-forming system has several merits:  

・Good directional characteristic; 25dB attenuation at 

45 degrees is realized. 

・Low-profile shape can be realized by using FPLSs. 

・The beam direction can easily be controlled. 

・Delay circuit can be easily realized. 

・The FPLSs can be digitally driven. 

・Since the FPLSs are driven by ON-OFF signals, the 

power efficiency is high. 

・The sound pressure can be increased by using several 

FPLSs. 

This system can realize dynamically directive control 

applications with low power and high sound pressure 

chacteristics. 
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