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1.   Introduction

1.1   Current wireless networks
Recently, considerable progress has been made in 

developing broadband wireless local area networks 
(LANs) for the 2.4-GHz and 5-GHz bands, reviewing 
frequency usage in the 920-MHz band to expand 
machine-to-machine (M2M) communication appli-
cations, and improving home automation and home 
security technology for the 300-MHz and 400-MHz 
bands. Various wireless systems that utilize the char-
acteristics of each frequency band have been devel-
oped. However, in order to use these systems in home 
networks, users need a certain degree of knowledge 
of wireless systems, and they need to carry out the 
following tasks:

1)	� Selecting a wireless system that suits their pur-
poses

2)	� Configuring the system’s access point (AP) and 
building the wireless network

3)	� Fixing hidden problems such as interference 
caused by APs or wireless terminals in the 
neighborhood

1.2   Future home networks
In future home networks, the use of information 

and communications technology (ICT) will make it 
possible to further advance the development of smart 
homes or smart communities that provide more var-

ied and efficient home and social activities. At that 
time, it will be necessary for everyone, even those 
without wireless skills, to be able to use their wireless 
network easily. We are now researching and develop-
ing a flexible wireless system on a wireless home 
network that will make the above three tasks unneces-
sary.

An image of the wireless home network of the 
future, as well as that of a conventional system, is 
shown in Fig. 1. The future network features a single 
flexible AP that supports all wireless systems from 
low-speed ubiquitous data transmission systems to 
high-speed wireless LANs. This makes it unneces-
sary for users to select a wireless system and build 
their own wireless home network. Furthermore, 
through remote analysis of radio spectra and remote 
support of wireless operations, we can provide a user-
centric wireless home network that will enable users 
to use devices and applications without being aware 
of the wireless systems the network accommodates.

2.   Technical overview of the
flexible wireless system

To enable users to effortlessly access and use wire-
less home network services without even being aware 
of the wireless systems their network accommodates, 
much less having to manage or monitor them, it is 
necessary to build a common signal processing 
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platform that can accommodate a wide variety of 
wireless systems. The configuration of our flexible 
wireless system, which features such a platform, is 
shown in Fig. 2. The system comprises a flexible AP 

in the home network, a wireless signal processing 
server connected to the AP over the network, and 
engine servers to control them. In conventional wire-
less systems, an analog radio frequency (RF)  

Fig. 1.   Comparison of conventional and future home networks.
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frontend, an analog-digital converter (ADC)/digital-
analog converter (DAC), and digital signal processing 
hardware are compressed into a single equipment 
unit. In our flexible wireless system, the analog RF 
frontend and ADC/DAC are incorporated into the 
flexible AP. The digital signal processing is per-
formed through cooperation between the AP and the 
network server (Table 1). The system’s wideband and 
multiband analog RF frontend, which allows multiple 
frequency bands to be used simultaneously, makes it 
possible for the single flexible AP to accommodate 
various wireless terminals regardless of what fre-
quency bands are used.

Cooperative software in the flexible AP and the 
network server performs the digital signal processing 
that needs to be processed differently for each accom-
modated wireless system. In addition, correspon-
dence between the diverse wireless systems and 
enhancements made to them later can be achieved 
merely by replacing the software. OSGi technology*1 
makes it possible to replace the software in coopera-
tion with the functions and services of the home 
gateway. Furthermore, the transmission to the net-
work server of radio wave data received in the flexible 
AP makes it possible to balance the load of the signal 
processing resources under high load conditions and 
to analyze the home radio environment in the net-
work. Since there is a huge amount of digitized radio 
wave data, the ADC’s data compression function is 
deployed to transmit the data to the network server 
through fiber access networks. By aggregating the 
several nearby radio environments at the network, the 
system can analyze in detail hidden problems such as 
interference between different or identical systems. 
These distributed functions are controlled by the net-
work engine servers, and this is what achieves the 

user-centric wireless home network.

3.   Key technologies

In this section, we introduce two key technologies 
that have enabled the development of the flexible AP. 
One is wideband and multiband radio frequency cir-
cuits that can operate at frequencies from several 
hundred megahertz up to 6 GHz. The other is data 
compression of digitized radio waves.

3.1   �Wideband and multiband radio frequency 
circuits

Recent wireless communication systems such as 
wireless LANs or cellular systems require unified 
terminals and APs that operate in several frequency 
bands. They also require wideband and multiband RF 
circuits. Reports have been published on systems 
using tunable band pass filters and multiband ampli-
fiers [1]–[3]. Conventionally, there are two general 
system compositions: 1) those using a number of 
single-band circuits in parallel [4], and 2) those using 
wideband circuits and digitized wideband radio wave 
data. The former is advantageous in that it enables a 
number of commercial circuits to be used; however, 
the problem is that the number of circuits increases 
along with the number of frequency bands. The latter 
is advantageous in that it comprises only a small 
number of circuits; however, it requires a high-speed 
and expensive ADC that can process a huge amount 
of digitized radio wave data.

To overcome these problems, we developed a wide-
band low noise amplifier and a multiband simultane-
ous receiving mixer [5]. In contrast to conventional 
mixers that use a single local oscillator (LO) signal 
and receive a single RF signal, the mixer we devel-
oped uses multiple LO signals and receives multiple 
RF signals simultaneously, as shown in Fig. 3. Gener-
ally, multiband wireless systems require a wide 
dynamic range to handle multiple power levels with a 
relative difference of about 100 dB, which is caused 

Item

Frequency band

Receiving power

Power transmission

Independent gain control in each band

Spurious emission

Desired value

From 0.3 to 6 GHz

From –120 to +10 dBm

From –41 to +13 dBm

90 dB

–80 dBc

Table 1.   Desired RF component performance.

*1	 OSGi technology: OSGi (Open Service Gateway initiative) is a 
standard framework for developing a Java-based module. It 
makes it possible to deploy a software component called a bun-
dle, to run in conjunction with it. It has been standardized by the 
OSGi Alliance.
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by the differences in terminal locations or transmis-
sion power levels of each wireless system. Our mixer 
can control the conversion gain for each frequency 
band independently by using variable attenuators to 
control the relative power of the multiple LO signals. 
This enables down-converted intermediate frequency 
(IF) signals to be controlled so that they all have the 
same power levels. This in turn enables the ADC to 
operate on fewer bits than for the case of a wide 
dynamic range receiver, which reduces the amount of 
radio wave data. The mixer can also change the fre-
quency band allocation of the received signals; e.g., a 
signal to be demodulated is allocated to a lower fre-
quency in the IF frequency band while others, such as 
power-sensing signals, are set in higher frequencies. 
This system configuration makes it possible to reduce 
the number of radio circuits and to produce a radio 
circuit that can be implemented in the batch digital 
signal processing of any wireless system.

3.2   Data compression of digitized radio waves
Broadband radio waves received in the flexible AP 

are digitized by an ADC so that they can be trans-
ferred to the digital signal processing server via fiber 
access networks. However, the amount of data in 
digitized radio waves becomes very large; for exam-
ple, if an entire radio wave of the 2.4-GHz ISM 

(industrial, scientific, and medical) band*2 is digi-
tized, the amount of data per second becomes 
2 Gbits*3. Therefore, it is necessary to apply a data 
compression technique that can reduce the amount of 
data to between 1/100 and 1/1000 of the original 
amount in order to enable the digitized radio wave 
data to be transferred to the digital signal processing 
server via the access networks. To minimize the 
required bandwidth for transferring the radio wave 
data, we focus on a certain feature, i.e., the sparsity of 
radio wave data, and investigate data compression 
that makes use of compressed sensing technology 
[6].

An overview of the compressed sensing technology 
is shown in Fig. 4. Compressed sensing is a new 
method for solving ill-posed inverse problems by 
utilizing the sparsity of data [7]. It allows us to recon-
struct data by using sub-Nyquist*4 rate information. 
We have already achieved 1/400 data compression for 
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Fig. 3.   Proposed multiband simultaneous receiver.

*2	 ISM band: The ISM bands are radio bands reserved for the use of 
RF energy for industrial, scientific, and medical purposes. They 
are used by wireless LANs, Bluetooth, etc.

*3	 The 100-MHz bandwidth of the ISM band is sampled at the Ny-
quist rate and quantized with the 10 bits used in wireless LAN 
systems (100 MHz × 2 × 10 = 2 Gbit/s).

*4	 Nyquist sampling: Nyquist sampling is sufficient to reconstruct a 
signal completely from samples.
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radio signal detection by using the frequency and 
time domain sparsity of radio wave data and 1-bit 
quantization. We will attempt to improve this to 
1/1000 data compression by using the space domain 
sparsity of radio wave data and a weighting method 
based on known information on the presence of a 
signal [8]–[10].

4.   Future efforts

In the future we can expect to see expanded use of 
ICT and wireless communications along with the 
continuous review of frequency band usage, the 
development of new standards, and changes in new 
generations of wireless systems. To meet the chal-
lenges of such changes, we plan to continue our 
research and development work with the aim of 
achieving a wireless home network that users can use 
without being aware of wireless systems and that will 
provide easy maintenance and operation for network 
operators.

References

[1]	 K. Kawai, H. Okazaki, and S. Narahashi, “Center frequency, band-
width, and transfer function tunable bandpass filter using ring resona-
tor and J-inverter,” Proc. of the 39th European Microwave Conference 

(EuMC2009), pp. 1207–1210, Rome, Italy, 2009.
[2]	 T. Furuta, A. Fukuda, K. Kawai, H. Okazaki, and S. Narahashi, “Com-

pact 1.5 GHz to 2.5 GHz multi-band multi-mode power amplifier,” 
IEICE Electronics Express, Vol. 8, No. 11, pp. 854–858, 2011.

[3]	 M. Kitsunezuka, K. Kunihiro, and M. Fukaishi, “Efficient Use of the 
Spectrum,” IEEE Microwave Mag., Vol. 13, No. 1, pp. 55–63, 2012.

[4]	 “UMTS/HSPA/GSM/GPRS/EDGE RF Transceiver LSI for Multi-
mode/Multiband Communication,” FIND (Fujitsu semiconductor 
magazine), Vol. 28, No. 1, 2010.

	 http://www.fujitsu.com/downloads/EDG/binary/pdf/find/28-1e/2.pdf
[5]	 T. Kaho, Y. Yamaguchi, H. Shiba, K. Akabane, K. Uehara, and K. 

Araki, “A Simultaneous Receiving Multi-band Mixer with Indepen-
dent Gain Control,” Proc. of the Asia-Pacific Microwave Conference 
2011 (APMC2011), pp. 383–386, Melbourne, Australia.

[6]	 D. Lee, T. Yamada, H. Shiba, Y. Yamaguchi, and K. Uehara, “Com-
bined Nyquist and compressed sampling method for radio wave data 
compression of a heterogeneous network system,” IEICE Trans. Com-
mun., Vol. E93-B, No. 12, pp. 3238–3247, 2010.

[7]	 T. Tanaka, “Mathematics of Compressed Sensing,” IEICE Fundamen-
tals Review, Vol. 4, No. 1, pp. 39–47, 2010 (in Japanese).

[8]	 T. Yamada, D. Lee, H. Shiba, Y. Yamaguchi, K. Akabane, and K. 
Uehara, “Experimental results of compressed sensing reconstruction 
for FSK signal demodulation in flexible wireless system,” Proc. of the 
Society Conference of IEICE 2011, B-17-5, Hokkaido, Japan (in 
Japanese).

[9]	 D. Lee, T. Sasaki, T. Yamada, K. Akabane, Y. Yamaguchi, and K. 
Uehara, “Spectrum Sensing for Networked System Using 1-bit Com-
pressed Sensing with Partial Random Circulant Measurement Matri-
ces,” Proc. of the IEEE 75th Vehicular Technology Conference 
(VTC2012-Spring), Yokohama, Japan.

[10]	 T. Yamada, D. Lee, H. Toshinaga, K. Akabane, Y. Yamaguchi, and K. 
Uehara, “1-bit Compressed Sensing with Edge Detection for Com-
pressed Radio Wave Data Transfer,” Proc. of the 18th Asia-Pacific 
Conference on Communications (APCC2012), Jeju, Korea.

Fig. 4.   Compressed sensing technology.

Radio wave data compression transfer

P
ow

er Ti
m

e
Frequency Time Time

Reconstruction Reconstruction of radio wave data
(L1-minimization)

Compressed radio wave data Reconstruction

Random sampling of radio wave data
(compressed sensing)

Broadband radio waves 
including multiple signals

Sampling of radio 
waves

Data compression based on 
the sparsity of radio waves

Time Time

A method for solving ill-
posed inverse problem
utilizing a sparsity of 
data



Vol. 11 No. 3 Mar. 2013 �

Feature Articles

Shuichi Yoshino
Senior Research Engineer, Supervisor, Wire-

less Systems Innovation Laboratory, NTT Net-
work Innovation Laboratories.

He received the B.E. and M.E. degrees in 
mechanical engineering from Kanazawa Univer-
sity in 1990 and 1992, respectively. He joined 
NTT Laboratories in 1992 and worked on satel-
lite Internet system and wireless networking 
technology development. He is currently engaged 
in R&D of wireless technology for ubiquitous 
services.

Takana Kaho
Senior Research Engineer, Wireless Systems 

Innovation Laboratory, NTT Network Innovation 
Laboratories.

She received the B.S. and M.S. degrees in 
physics from Tokyo Metropolitan University in 
1994 and 1996 and the Dr.Eng. degree in com-
munication engineering from Tokyo Institute of 
Technology in 2007. Since joining NTT Radio 
Communication Systems Laboratories in 1996, 
she has been engaged in R&D of MMICs. From 
2010 to 2012, she was a Visiting Associate Pro-
fessor at Research Institute of Electrical Com-
munication, Tohoku University, Miyagi. She 
received the Japan Microwave Prize at the 1998 
Asia Pacific Microwave Conference and the 
Young Researcher’s Award in 2004 from the 
Institute of Electronics, Information and Com-
munication Engineers (IEICE). She is a senior 
member of IEICE.

Hiroyuki Shiba
Senior Research Engineer, Wireless Systems 

Innovation Laboratory, NTT Network Innovation 
Laboratories.

He received the B.E. and M.E. degrees from 
Gunma University in 1995 and 1997, respec-
tively. Since joining NTT Wireless Systems 
Laboratories (now NTT Network Innovation 
Laboratories) in 1997, he has been engaged in 
research on software defined radio and cognitive 
radio technologies. He received the Young Engi-
neer’s Award from IEICE in 2001 and 2012, and 
the 18th Telecom System Technology Award 
from the Telecommunications Advancement 
Foundation.

Hideki Toshinaga
Research Engineer, Wireless Systems Innova-

tion Laboratory, NTT Network Innovation Labo-
ratories.

He received the B.E. and M.E. degrees from 
the Department of Electronics and Communica-
tions of Waseda University, Tokyo, in 1994 and 
1996, respectively. He joined NTT Wireless 
Systems Laboratories in 1996. He is currently 
engaged in R&D of flexible wireless systems. He 
is a member of IEICE.

Takayuki Yamada
Research Engineer, Wireless Systems Innova-

tion Laboratory, NTT Network Innovation Labo-
ratories.

He received the B.E. degree in electronics from 
Doshisha University, Kyoto, in 2005 and the 
M.E. degree in communications and computer 
engineering from Kyoto University in 2007. 
Since joining NTT Network Innovation Labora-
tories in 2007, he has been engaged in research 
on flexible wireless systems. He received the 
Best Paper Award from IEICE Communications 
Society in 2012. He is a member of IEICE and 
IEEE.

Mamoru Kobayashi
Senior Research Engineer, Supervisor, Wire-

less Systems Innovation Laboratory, NTT Net-
work Innovation Laboratories.

He received the B.E. and M.E. degrees in elec-
tronic engineering from Shizuoka University in 
1987 and 1989, respectively. Since joining NTT 
Wireless Systems Laboratories in 1989, he has 
been engaged in research on channel control for 
satellite communications systems. He is current-
ly engaged in R&D of flexible wireless systems 
and their services.

Yushi Shirato
Senior Research Engineer, Wireless Systems 

Innovation Laboratory, NTT Network Innovation 
Laboratories.

He received the B.E. and M.E. degrees in elec-
trical engineering from Tokyo University of Sci-
ence in 1990 and 1992, respectively. Since join-
ing NTT Wireless Systems Laboratories in 1992, 
he has been engaged in R&D of adaptive equal-
izers, modems for fixed wireless access systems, 
and software defined radio systems. He is cur-
rently engaged in R&D of flexible wireless sys-
tems. He received the Young Engineer’s Award 
from IEICE in 2000 and the 18th Telecom Sys-
tem Technology Award from the Telecommuni-
cations Advancement Foundation. He is a mem-
ber of IEICE.


