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ABSTRACT

In this paper, we propose a novel communication system in sensor networks. The network system is constructed by
combining multiple two-dimensional areas called “cells” with communication elements called “cell bridges.” A cell
bridge transmits signals electrically through cells to a neighbor cell bridge. The packet is transferred by multi-
hopping through multiple cell bridges with neither electromagnetic wave radiation nor long wires. We can construct
high-density sensor sheet on various materials and endow it with the function of communication medium. We show
the principle of the signal transmission and the protocol suitable for the property of the network system. We devel-
oped a prototype cell bridge based on CMOS technology. The experimental results showed the proposed system is
capable of high-speed signal transmission on stretchable clothes.

Keywords: networked sensing, cell bridge, two-dimensional communication, wearable computing, wireless, stretch-

able sensor sheet, pressure sensor array

1. INTRODUCTION

In these years, the demand of the network system
where various elements connect each other has been
growing along the progress of the network technology.
Sensor networks, a kind of those network systems, is
getting  much  attention in  many fields:
weather/environment observation, manufacturing and
other ubiquitous applications inside/outside of the
house. The basic issues on synchronization [1,2],
broadcasting [3] and coverage [4] have been already
studied intensively. One of the problems that have not
been discussed in sensor networks is how to physically
construct a high-density network on floors, wall,
clothes, desks, and other surfaces. Radio technology [5,
6] is supposed to be a solution for it. But there are
many cases in which RF is impractical in terms of the
energy consumption, power supply, and the acquired
throughput.

In this paper, we propose a novel signal transmis-
sion system in order to solve those problems. In this
system, the network is constructed by “cell bridge” and
“cell.” This approach is one form of the two-
dimensional communication [7] methods. A cell bridge
is a communication chip that can transmit and receive
electric signals through cells and that can also have
sensing function. A cell is a two dimensional medium
where the cell bridge transmits signals. Many kinds of

conductive materials like rubber and fabric are avail-
able for it. Therefore a stretchable network sheet fitting
to a sculptured surface becomes possible.

The cell bridge network is easily expanded by the it-
eration of the connection as Fig. 1 shows. The signal
paths are dynamically formed like the lines shown in
Fig. 1. The communication among the external ele-
ments: sensors, PC, or other peripherals, is carried out
via multi-hopping through multiple cell bridges.

The signal to the neighbor cell bridge is transmitted
by the electrostatic energy induced between the cell
and the ground layer. Since the laminar structure is
thin, the theoretical limit of energy consumption for
signal transmission is smaller than that of radio trans-
mission under the same noise energy density. Another
practical merit is that the cell bridge can be fabricated
by a low cost CMOS process. It is also easy to embed
the cell bridge function to various purposes of circuits.

The features of the proposed system are summarized
as follows.
®  High density network without long wires.
® Freedom on material selection. Stretchable sensor

sheets can be realized.
® Secure communication with smaller power con-
sumption compared with radio technology.

A cell bridge is especially effective when the cell
can take on other functions. A flexible pressure sensor
sheet is a good example of cell bridge application.
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Each cell can be used as a site of capacitive pressure-
sensing element. Then the sheet is not only a pressure
sensor sheet but also a communication medium with a
large capacity. We describe the physical layer and the
data link layer of a cell bridge in OSI reference model.
We develop the prototype of the cell bridge and mount
them on stretchable fabrics. We also show the experi-
mental results.

Signal transmission
by multi-hopping

External element
(PC, sensor, etc.)

Electric field Conductive layer

Fig. 1 The concept of the network constructed by cell bridges
and cells (upper). Packets are transferred by multi-hopping
between the external elements. An illustration of electric
field in a cross-section of the communication layer (lower).
Electromagnetic energy is confined in the communication
layer

2. SYSTEM DESCRIPTION

In this section, we explain the overview and the topol-
ogy of the proposed system. Fig.2 shows the schematic
diagram and the cross-section of the proposed system.

The proposed system consists of the following four
kinds of elements.
® Cell

A cell is the medium where a cell bridge transmits
signals. The half of all the cells is connected to a posi-
tive voltage source through inductor chips. We call
them the “positive cells”. We call the other half “nega-
tive cells”. A figure of the cell appropriate for the de-
ployment of cell bridges and inductor chips is a hexa-
gon. We can select various materials with low conduc-
tivity since the wide area transmits the signal current.

In the experiment, cells are made of conductive fabrics.

®  Cell bridge
A cell bridge can transmit and receive signals through
the cell. The power supply to the cell bridge is carried

out by its connection to a neighbor positive cell and a
negative cell.

® Inductor chip

Inductor chips maintain the positive and negative volt-
ages of the cell in DC. At the operating frequency of
the cell bride, the inductors work as insulators.

®  Ground layer

The ground layer is coupled with cells, and localizes
the electrostatic energy in the space between the cells
and the ground layer.
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Fig. 2 Overview (upper) and cross-section (lower) of the
proposed system.

As Fig.2 shows, cell bridges and inductor chips are
put between cells. The network is constructed without
long wires and is expanded by the iteration of these
structures. The energy to each cell bridge is supplied in
DC. The routes where the signals can propagate are
shown in Fig. 3.

Fig. 3 The network topology of Fig. 2. The lines show the
signal paths of the network in Fig. 2.

There are two ways that an external element con-
nects to the proposed system. One is mechanical and
electrical contact to a cell through the same interface as
a cell bridge. The other is to use capacitive proximity-



coupling by a pair of electrodes that are put close to a
pair of cells.

3. PHYSICAL LAYER OF CELL BRIDGE

In this section, we explain the physical layer of a cell
bridge. How a cell bridge transmits signals through a
cell to a neighbor cell bridge is presented, and we also
show the property of the signal transmission.

PRINCIPLE OF SIGNAL TRANSMISSION

A cell bridge transmits signals with two contacts to a
pair of cells. When a cell bridge transmits a signal, the
signal transmitted by the cell bridge is exclusively re-
ceived by its neighbor cell-bridges sharing the same
cell. Fig. 4 (a) shows the cross-section of the proposed
system and Fig. 4 (b) shows the equivalent circuit of
Fig. 4 (a).
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Fig. 4 (a) Cross-section of the proposed system. (b) Equiva-
lent circuit of (a). When the center cell bridge transmits sig-
nals, signals don’t propagate over the neighbor cell bridges.
Therefore the neighbor cell bridges can receive signals by
observing the voltage between a pair of cells.

The cell bridge functions as a resistor R when the
cell bridge doesn't transmit signals as shown in Fig. 4
(a). And we assume the capacitance between the cell
and the ground layer is C. When the center cell bridge
in Fig. 4 transmits signals, the center cell bridge ap-
plies the voltage V(t) between a pair of cells. Then if
we assume the angular frequency @ satisfies

! <<R> (1)
C-w

the voltage generated at cell 2 is V(t)/2 while the volt-
age generated at cell 3 is -V(t)/2. Thus the signals
reach only to the cells the cell bridge connects. The
neighbor cell bridges can receive the signals by ob-
serving the voltage between a pair of cells if the poten-
tials of cell 1 and cell 4 don’t change.

The properties and required conditions for the signal
transmission are summarized as follows.

®  The transmitted signals reach to the both cells the
cell bridge connects.

®  When the cell bridge receives signals through one
of two cells the cell bridge connects, the voltage
of the other cell must be constant.

® When a cell bridge receives signals, a cell bridge
cannot physically discriminate which of the two
cells the signals come from. This is because the
cell bridge observes the relative voltage between
the cells.

4. DATA LINK LAYER OF CELL
BRIDGE

In this section, we explain the protocol implemented
on cell bridges. The basic design of collision avoid-
ance partly follows the protocol of IEEE 802.11 [6].
The cell bridge system is different from the usual wire-
less networks in the prerequisites as follows. First, in
the cell bridge system, the relative positions among the
cell bridges do not change. Second, the boundary of
the coverage is clearly defined. These are good news to
make the protocol design easier. The third difference is
that each cell bridge has a limited resource of memory.
In our design, we allowed a memory space of only one
packet on the cell-bridge chip to save the circuit area.

As a suitable protocol to the above mentioned condi-
tions, the cell bridge cycles among the three states, (1)
reception, (2) transmission and (3) observation. Recep-
tion and transmission are the state to receive a packet
and to transmit a packet, respectively. In these states,
the interaction between a transmitter and a receiver is
based on the protocol of IEEE 802.11. The flow is
shown in Fig. 5. In the state of observation, that is the
state after transmission, a cell bridge detects the finish
of the packet transmission beyond the coverage. That
is carried out by observing the signal transmission by
the neighbor cell bridge. Then the cell bridge enters the
reception state.

In the cell bridge system, the route between a com-
munication pair is basically fixed. Then one-directional
data can be transmitted without loss by continuing the
three-state cycle, with the one packet memory on the
cell bridge. When other # pair’s routes cross the route,
the data source decreases the throughput to 1/(n+1) of
the original throughput to avoid the congestions.
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Fig.5 The interaction between cell bridges in the states of
transmission and reception. This is based on the protocol of
IEEE 802.11. (1) A transmitter sends RTS (Request To Send)
to require the permission of transmission. (2) A receiver
sends CTS (Clear To Send) if it can receive a packet when
receiving RTS. (3) Then the transmitter sends a packet after
receiving CTS. (4) The receiver sends ACK (ACKnowledge)
after receiving a packet.

5. EXPERIMENTS AND RESULTS

We developed prototype LSI chips for a cell bridge.
Fig. 6 (a) shows the expanded photo of the developed
LSI chip based on 0.35 g CMOS process and Fig. 6

(b) shows a cell bridge with the LSI chip. The length
of the side of the LSI chip with analog-digital mixed
circuits is Smm. The length of the digital circuit core is
about 1.Imm. The operating frequency of the LSI chip
is designed to be SOMHz. In the current protocol, we
tolerate the clock-frequency difference between a
transmitter and a receiver. The difference is compen-
sated by signal sampling of 16 phases in one clock
period. Then the chip requires no clock standard out-
side of the CMOS circuit.

The cross-section of the network system constructed
with prototype cell bridges are shown in Fig. 7. The
laminar structure of the system consists of cells, a
ground layer and a power layer. The prototype cell
bridge is supplied with the power by contacting a
ground layer and a power layer. In the current stage,
the structure is not faithful to the design goal as shown
in Fig. 2, in which the cell bridge has only two electri-
cal contacts on a single layer of the sheet.
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Fig. 6 (a) The photo of the developed LSI chip (a) and the
cell bridge (b).
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Fig. 7 The cross-section of the network system constructed
with prototype cell bridges and cells. The prototype cell
bridge gets the power by connecting to the power layer and
the ground layer. (This structure is not faithful to that of Fig.

2)

We examined the behavior of a single chip first and
then we constructed the network system and evaluated
the performance of it.

Fig. 8 shows the waveform of the clock oscillated by
a cell bridge. The average frequency of the clock was
55.6 MHz.
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Fig. 8 The waveform of the clock oscillation of a prototype

cell bridge. The average operating frequency of the chip is
55.6 MHz.

The network sheet with prototype cell bridges is
shown in Fig. 9. The thickness and sheet resistance of
the cell is 225 pm and 3.0 Q, respectively. The length
of the side of a cell is 20cm. Two cell bridges are
mounted between the cells. PCs are connected to the
network. Cells and insulators are made of stretchable
fabrics. Therefore as shown in Fig. 10, this network
sheet is stretchable. When we stretched this sheet in
the signal transmission, the stretching didn’t affect the
communication.



Cell bridge
Cell Insulator

Fig. 9 The experimental system. The matrix between the PCs
is the proposed system. The cell bridge is connected between
the cells.

Fig. 10 A scene of the experiment. The cell bridges are
mounted on stretchable conductive fabrics. Stretching didn’t
affect the communication.

The experiment was that the source PC transmits the
data to the destination PC through the network by two
hopping. We measured the basic performance of the
network, throughput, bit error rate, delay and so on.

Fig. 11 shows the waveforms at the instance of the
signal transmission between cell bridges. The line of
CH3 means the receiver’s waveform and the line of
CH4 means the transmitter’s waveform. The change of
the waveform in CH3 means the part of CTS that
means the receiver is ready to receive a packet. The
change of the waveform in CH4 means the packet data
is transmitted, and Fig. 11 shows the packet data is
transmitted after the receiver transmitted CTS.

The specification of a cell bridge and the experimen-
tal condition and results are showed in Tablel.
Throughput between PCs is about 2Mbps. Bit error
rate is less than 0.0003 % and Disappearance rate of
packets is about 0.00025 %. This data means the pro-
posed method is capable of high-speed and high-
quality communication. The power consumption is
247.5mW (waiting) and 330mW (in communication).
In this stage, the signal amplitude is unnecessarily
large compared to the environmental noise amplitude.
Minimizing the power consumption is a future work.
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Fig. 11 The waveform during the communication. The purple
line is the receiver’s waveform. The blue line is the transmit-
ter’s. Packet data is transmitted after CTS is transmitted.

Table 1 The specification of a cell bridge.

Specification of cell bridge
Operating frequency 55.6 MHz
Instant throughput F 55.6 Mbps
Condition of measurement
Transmitted data size 16,692,868byte
Packet size B 245 bit
Data size per a packet 116 bit
The number of trans- 1,192,348
mitted packets
The number of hopping 2
N
Results (average)
Total transmission time 60.5s
T
Throughput between 2,152 kbps
nodes
Delay time NB/F 8.81 us
Bit Error rate Less than 0.0003 %
Packet loss rate 0.00025 %
Power consumption 247.5mW (waiting)
330mW (in communica-
tion)




6. SUMMARY

In this paper, we proposed “cell bridge” and a network
system using it. The network system is constructed by
combining multiple two-dimensional areas called
“cells” with communication elements called cell
bridges. We described the principle of the cell bridge
system and developed a prototype cell bridge based on
CMOS technology. The experimental results showed
the proposed system is capable of high-speed signal
transmission on stretchable clothes.

By putting cell bridges at the boundaries of cells, we
can construct a network, and we can extend the net-
work by iterating the structure. The packet is trans-
ferred by multi-hopping through multiple cell bridges
with neither electromagnetic wave radiation nor long
wires. We can construct high-density sensor sheet on
various materials and endow it with the function of
communication medium. The power consumption is
expected to be lower than radio technology.
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