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Abstract—A 200-Mbps 0.02-nJ/b dual-mode inductive coupling
transceiver is proposed for cm-range multimedia application. The
inductive link geometry and the advantage of the pulse-based in-
ductive coupling are explained. In this paper, the parallel capac-
itor connected with the TX inductor, the intersymbol interference
(IS1) reduction scheme, and the pulse generation scheme are newly
proposed. The parallel capacitor connected with the TX inductor
increases the transmitter impedance so that it enhances the trans-
mission distance by twofold, and the ISI reduction scheme pushes
data rate up to 200 Mbps. Moreover, the pulse generation scheme
reduces the energy consumption as low as 0.02 nJ/b. Maximum
data rate and energy consumption are achieved in simulation. The
transceiver occupies mm in 0.25-um CMOS process.

Index Terms—Inductive coupling, low-power transceivers, near-
field communication, short-range wireless communication.

I. INTRODUCTION

ECENTLY, wireless communications with short range
R (< 5cm) and high data rate (> 100 Mbps) such as
wireless personal area networks (WPANS) are widely used for
battery-powered devices [1], [2]. Also, there is ongoing research
about short-range wireless access for mutual communication
between wireless devices [3], [4]. Since these applications are
powered by battery, low=power consumption is one of the most
important design issues. Although several existing wireless
standards such as ZigBee, Bluetooth, and RFID are consid-
ered candidate solutions to these applications, they have fatal
problems of low data rate and large power consumption. Fig. 1
shows the communication distance and the data rate of current
wireless standards. Existing wireless communications show
that their maximum data rate is only a few hundred kbps, which
is too low for high-speed multimedia WPAN applications.
Also, they consume power of a few hundred milliwatts [5], [6],
which is unsuitable for multimedia WPANSs. Ultra-wideband
(UWB) shows the highest data rate up to a few hundred Mbps
[5]. Especially in high-data-rate applications such as Internet
access, multimedia services, or wireless peripheral interfaces
and wireless body area network (WBAN) applications, UWB is
regarded as a promising solution [2], even though it consumes
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Fig. 1. Communication distance versus data rate of wireless standards.

high power. Currently, continuous research is underway on
decreasing its power consumption [7] [9]. However, UWB
transceivers still consume as much as 236 mW [7], which is
not acceptable for battery-powered devices such as portable
multimedia WPAN applications. Although the impulse radio
UWB (IR-UWB) transceiver does not consume a great deal
of power [9], its communication distance is limited to only a
few tens of micrometers, so that it is inappropriate for portable
applications.

The conventional approaches consume much power due to
their communication distance (> 1 m), as shown in Fig. 1.
There are WPAN applications with only a few centimeters
of communication range such as wearable computer sys-
tems or board-to-board communication systems [3], [4], [22],
[28]. Inductive coupling transceivers are mostly used for the
chip-to-chip communication system [10] [13], and the im-
plantable system [14] [20] for only limited communication
distance or limited data rate. Also, several inductive coupling
transceivers were proposed [21] [23], but none of them provide
both high data rate and low-power consumption. Thus, a new
low-energy cm-range transceiver with both low power and high
data rate above 100 Mbps is needed for multimedia WPAN
applications.

In this paper, we propose a dual-mode low-energy inductive
coupling transceiver for high-speed multimedia applications.
An effective intersymbol interference (ISI) reduction scheme
can improve the data rate as much as 200 Mbps, and the energy
consumption is only 0.02 nJ/b by the proposed pulse generation
scheme. By employing an adaptively enabled parallel capacitor,
the dual-mode transceiver can achieve low energy and extended
communication range.

The remainder of this paper is organized as follows. In
Section Il, the inductive link with the pulse-based inductive
coupling will be covered. Section 111 describes the operation of
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Fig. 2. RLC model of planar inductor.

the proposed transceiver, Section IV explains the design of the
transceiver circuits, and Section V presents the performance
evaluation. Finally, conclusions will be made in Section VI.

Il. INDUCTIVE LINK

A. Inductor Geometry Consideration

Inductive coupling applications usually employ planar
spiral type inductors made of monolithic metal wires, placed
on chip for chip-to-chip communication systems [10], [11].
The board-to-board coupling inductors are drawn on printed
circuit board (PCB) using thin metal patterns [12], [13]. The
shapes of these inductors signi cantly limit the characteristics
of the inductor such as inductance and size. To increase the
inductance value or the communication range, pancake-type
planar inductors are employed for this design [18]. Although
the pancake-type inductor is not an exact planar inductor, it can
be approximated as a planar inductor. Fig. 2 shows the shape
of the typical planar inductor and its equivalent RLC model,
with the outer diameter (dmax) and the inner diameter (dp,in)
of an inductor. For a pancake-type inductor, the following
relationship exists between the magnitude of dpyax, dmin, and
the height of wire (h):

dmax = dmin > h (l)

The inductors of this design are made by copper wires coated
with nonconductive material. Since A ~ 100 pm and d,;, >
1 mm, the inductor can be assumed as a planar inductor. The
inductance of the planar spiral inductor is expressed as [24]

7‘2'7’L2

L_8~r+11-wt0ta1 )
where r represents the average radius (dax + dmin/4), Wiotal
represents the total wire width of the inductor (dynax + dimin/4),
and n represents the number of turns. Equation (2) can be ap-
plied for the inductor with wy,¢.; > 0.2r. The 1l ratio p repre-
sents how hollow the inductor is and is de ned as

_ Wtotal
S )

with small p for a hollow inductor (d,,.x = dumin) and large p for
a full inductor (d,ax > dmin). This parameter shows that two
inductors with the same average diameter but different 1l ratios
will have different inductance values; a pancake-type inductor
has larger inductance value than a spiral inductor type has.

As shown in Fig. 2, the RLC model of the inductor can be
represented by the self-inductance L is expressed in (2), the
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Fig. 3. Inductance and self-resonance frequency versus size of inductor
(measured).

wire resistance Rg, and the parasitic components of the inductor
Cp and Rp. Rp and Cp are related to self-resonance frequency
(fsr) and @ factor of an inductor. Although the model is very
simple, it is tted perfectly for the frequency band below fsg,
which is the region of concern in this study. The impedance be-
tween node a and node b is derived as follows:

1
Zab = | jwL||Rp|| — R
o= (L nl g ) + Rs
_ jwL(Rs 4+ Rp) + RsRp(1 — w?LCp)

Rp(l — szCp) + jwlL (4)
Its fsg is derived as
fon = —— )
S 2/ LCp

Fig. 3 shows the relationship between the inductance value,
the fsgr, and the inductor size. Considering the sizes of induc-
tors that are used in [10] [23], pancake-type square inductors
with various sizes are designed to obtain more than 1-uH in-
ductance, which is enough for the cm- range inductive coupling.
As shown in Fig. 3, with the increasing inductor size, the induc-
tance value increases but the fsr decreases. Larger inductance,
i.e., bigger inductor, makes the communication distance longer,
and higher fsg, i.e., smaller inductor, makes the data rate higher
[13]. Since the tradeoff between the fsr and the inductance also
means the tradeoff between the data rate and the communication
distance, they are very important parameters in this design.

The amplitude of the received voltage depends on the cou-
pling coef cient & of the inductive link. By de ning & as the
ratio between input signal magnitude and the output signal mag-
nitude, the received signal V., (¢) is expressed by the trans-
mitted signal Vi, (t) as

Vout(t) = k - Vin(2). (6)

Based on (6), the practical coupling coef cient &k versus the
communication distance between the transmitter and the re-
ceiver is measured as shown in Fig. 4. The measurements
are performed for the various inductor diameters. From the
measurement results, the following two propensities are found.
1) The coupling coef cient & is inversely proportional to the
distance between inductors.
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Fig. 4. Coupling coef cient
of inductor size (measured).

versus communication distance for the variety

2) The amplitude of the received voltage is proportional to the
diameter of the inductor size.

Inductor size affects the value of the coupling coef cient k&
according to the communication distance. For example, when
2.5V,_, inputsignal is applied, the received voltage magnitude
of the 3-mm- and 5-mm-diameter inductors at 50-mm distance
is measured as less than 0.001 V. However, the received voltage
amplitude of the 10-, 15-, and 20-mm-diameter inductors at
same communication distance is a few tens of millivolts. For
this design, a 10-mm-diameter inductor is selected for both the
transmitter and the receiver. The inductance is about 2 H and
the fsg is around 400 MHz. Also, the coupling coef cient % is
0.0212 and 0.017 at distances of 30 and 59 mm, respectively. To
achieve the communication range of up to several centimeters,
the receiver must recover the signals as small as a few tens of
millivolt levels with 2.5 V,,_, input signal.

B. Pulse-Based Inductive Coupling

There are two types of signals which are used in the com-
munication through inductive link. One is the wideband signal
without any carrier signal [10] [13], and the other is narrow-
band signals with carrier signal [14] [17]. For the communica-
tions that do not use proximity coupling, the narrowband sig-
nals with several modulation techniques such as ASK, OOK,
FSK, or PSK are commonly used rather than wideband signals
[25], [26]. The narrowband signal uses a carrier signal of a cer-
tain frequency such as 13.56 MHz. When this signal is used
in the inductive link, the resonance frequency of the inductive
link is set to the carrier frequency by adding a capacitor, and
narrowband signal near the resonance frequency can be trans-
mitted effectively. However, this method is inef cient when the
resonance frequency of the inductive link is unknown. Because
the inductors in this work are handmade using copper wires,
there is a process variation in the inductance and the fsg even
for the inductors with the same size. The variations of the in-
ductor are measured as 15% for inductance value and 20% for
fsr, as shown in Fig. 5. These variations restrict the use of nar-
rowband modulated signals for communication, and become the
most important reason for using pulse-based inductive coupling
which uses wideband signals. The difference of the received
signal magnitude due to the process variation is much smaller
in pulse-based inductive coupling than in narrowband inductive
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Fig. 5. Process variation for inductors with the same size (measured).

Fig. 6. Transceiver block diagram.

coupling, and this is the reason that the pulse-based inductive
coupling transceiver circuits [27] can be simpler.

Although this design adopts the pulse-based inductive cou-
pling, an on-chip parallel capacitor is used with the transmitter
inductor to compensate the process variation [28]. It also plays
an important role in increasing the communication range, and
that will be described in detail in Section IV.

I1l. TRANSCEIVER OPERATION

Fig. 6 shows the block diagram of the proposed inductive cou-
pling transceiver. The transceiver consists of a pulse generation
block, a capacitor control block, and circuits for transmission
and reception of data. The transmitter sends the data as a pulse,
and the receiver receives the data through an inductor channel
by reactive coupling and recovers the data using Schmitt trig-
gers. The transmitter and the receiver are included in the same
chip, and the transceiver can operate either as a transmitter or
a receiver by setting TnR signal. In the case that the transceiver
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Fig. 7. Mode selection ow of the transceiver.

operates as a transmitter, the pulse generation block, capacitor
control block and circuits of the transmitter are activated. On the
other hand, as a receiver, only circuits of the receiver are acti-
vated as shown in Fig. 6.

There are two transmission modes in the proposed trans-
ceiver. One is power-saving mode for lower energy consump-
tion, and the other is extended-range mode for longer commu-
nication distance. Depending on the transmission mode, the
transmitter and the receiver determine whether or not the com-
ponent (a capacitor or an inverter) is activated. Because both the
transmitter and the receiver can operate in either transmission
mode, the mode synchronization between the transmitter and
the receiver is required. Fig. 7 represents the mode selection
process. It is performed when the multiplexer selection signal
named Test mode in Fig. 6 is set to 1. The mode_flag signal
represents the mode in which the transceiver operates at that
point in time; the power saving mode (mode_flag = 0) and the
extended range mode (mode_flag = 1). As shown in Fig. 7,
mode_flag signals of the transmitter and the receiver are set to
0 at the beginning of the process, so both of them operate in
power saving mode. To check whether the transmission mode
is proper or not, a test sequence 1111_1111 in this design is
transmitted by setting the Test mode to 1 periodically. When the
receiver receives this sequence, it sends an acknowledgment
signal (ACK) to the transmitter. This ACK is related to success
or failure of the test sequence transmission. To send the ACK
from the receiver to the transmitter, TnR signals of both the
transmitter and the receiver are toggled during three clock
cycles after the test sequence is transmitted. At the same time,
the roles of the transmitter and the receiver are changed. If the
test sequence transmission is successful so that receiver can
receive eight 1 sin arow, the ACK of the receiver becomes 0
and the mode_flag of the receiver still remains as 0. However,
if the test sequence transmission fails so that the number of 1
which the receiver receives is less than eight, the ACK of the
receiver becomes 1 and the mode_flag of the receiver toggles
into 1 from 0. When the transmitter receives the ACK from the
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Fig. 8. Pulse-generation block. (a) Data. (b) Clock. (c) Waveforms.

receiver, it determines whether to change the mode_flag to 1 or
not. After the mode selection process, the transmitter and the
receiver operate in the same mode according to their mode_flag.
Therefore, the percentage of the usage for each mode can be
changed according to the environment. By using this adaptive
mode selection technique of the transceiver, 37.5% of energy
reduction can be achieved in power saving mode compared to
extended range mode, and 97% of communication distance
extension can be achieved in extended range mode compared
to power saving mode.

IV. TRANSCEIVER CIRCUITS

As shown in Fig. 6, the transceiver consists of four parts.
The pulse generation block, the capacitor control block, and
the transmitter circuits (TXC) serve as a part of the transmitter
for reducing energy and extending communication distance, and
high data rate. On the other hand, only the receiver circuits
(RXC) is included the receiver.

A. Low-Energy Pulse-Generation Block

Because the inductor behaves like a short circuit for the dc
voltage, the voltage pulse forced across the inductor must have
a zero average value to avoid useless power dissipation. For this
reason, the voltage across the transmit inductor (Vx) should be
shaped into the two-level pulse to reduce the unwanted direction
current across the transmit inductor [29]. In this design, Man-
chester codes are adopted to make the two-level transmit pulse.
Fig. 8 shows pulse-generation blocks of data and clock and their
waveforms. The width of transmit pulses is determined by digi-
tally controlled delay block. This pulsewidth is closely related to
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Fig. 9. Transmitter architecture.

the fsr and energy consumption. In pulse-based inductive cou-
pling, all frequency components of the pulse should be smaller
than the self-resonance frequency to avoid ISI [13]. Thus, the
width of the transmit pulses should be longer than the inverse of
the fsg. On the one hand, the energy reduction can be achieved
to decrease the pulsewidth with the same slew rate [11]. There-
fore, when the digital control codes of the delay block is deter-
mined, energy reduction and ISI avoidance are in tradeoff. The
pulse-generation block generates the codes (—1, 1) from data 0
and (1, —1) from data 1, respectively.

To reduce the energy consumption, the proposed pulse-gen-
eration block employs both data pulses named pulsed data and
pulsed data and clock pulses named pulsed clock to make two-
level transmit pulses, as shown in Fig. 8. When pulsed clock
is low, pulsed data and pulsed data are the same. And when
pulsed clock is high, and pulsed data are the opposite. Therefore,
as shown in Fig. 8(c), a Vrx is nominally zero at the low dura-
tion of pulsed clock, so it can reduce useless power dissipation.

B. High-Data-Rate Transmitter Circuit (TXC)

Fig. 9 represents the architecture of the transmitter. The trans-
mitter circuit consists of H-bridge controlled by pulsed data,
pulsed data, and pulsed clock, described in Section IV-A, and
two nMQOSs which are used as switches by the clock.

An H-bridge transmitter is often used in inductive coupling
transceiver systems [10], [11], [22]. Most of them focus on the
pulse duration control to reduce power consumption and har-
monics. However, since effective ISI reduction and communi-
cation range extension are not considered seriously yet, they are
additionally investigated in the proposed transmitter.

The proposed ISI reduction technique is implemented by em-
ploying two nMOSs. They act similarly as a nMOS through the
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Fig. 10. RLC model of the planar inductor with on-chip parallel capacitor.

H-bridge used in [22]. Since the pulsed clock in the proposed
pulse generation block always goes high at the rising edge of the
clock, any signal in the low clock period may cause ISI. There-
fore, it is needed to suppress the signals when the clock is low.
In the proposed ISl reduction scheme, the transmit inductor is
disconnected from the H-bridge circuits during low clock pe-
riods. Since an nMOS can block both VDD signal and GND
signal well, two nMOSs are used to disconnect the transmit in-
ductor. In this case, the nMOS transistor behaves as a resistor to
transmit signals. Also, by increasing the width of these nMQOSs,
we can minimize the degradation of transmit signals. By using
this method, the data rate can be increased by 14% compared to
the conventional method.

C. Capacitor Control Block

Capacitor control block serves as the dual mode operation
of the transmitter. When the transmitter operates in extended
range mode, capacitor control block connects the on-chip par-
allel capacitor with the transmit inductor. On the other hand, in
power saving mode, capacitor control block does not connect
the capacitor. An enhancement of communication distance can
be achieved in extended range mode since the impedance be-
tween both ends of the inductor is increased when the capac-
itor is connected in parallel with the inductor at all frequencies
which includes the data signal components. Fig. 10 shows the
RLC model of the planar inductor with the additional parallel
capacitor. The RLC model of the planar inductor is same as in
Fig. 2. And the additional on-chip capacitor C is connected to
the planar inductor. The impedance between node a and node b
is derived as shown in (7) at the bottom of the page. By com-
paring (4) and (7), the only difference between with and without
a parallel capacitor is the term

~w?LC(Rs + Rp) + jwCRsRp(1 — w?LCp).  (8)

1
ZCL = 7 L R N R
’ {<Jw | PHJWCP> - S}

1

JwC
]wL(RS + Rp) + RsRP(l — U.)ZLCP)

Rp(l — LUZLCP) — OJQLC(RS + RP) + J{wL + wCRsRP(l - w2LCp)}

()

Authorized licensed use limited to: Korea Advanced Institute of Science and Technology. Downloaded on June 7, 2009 at 09:21 from IEEE Xplore. Restrictions apply.



1068

in the denominator of (7). Assuming the impedance of the planar
inductor itself is Z1, and the impedance of the planar inductor
with a parallel capacitor C is Z». Then, the impedances are

Z1 =a+ ‘],B
Zy =(a—=x) + (B +9) ©9)
where
a=Rp(1 —w’LCp)
B =wL
x =w?LC(Rs + Rp)
6 =wCRsRp(1 —w’LCp).
To achieve the merits of connecting a parallel capacitor C, the

difference between squares of Z; and Z, must be larger than
Z€ro as

(Ve 7)) - (Ve 0P+ 5 0F)

=2y — x> — 206 — 6% > 0.

(10)

From the above condition, the following condition is derived:

2 2 2
20y — x2 — 206 — 6% >0, >%.

11)
For the pulse-based inductive coupling transceiver, all frequen-
cies that are included in the signal components must be smaller
than fsgr of the planar inductor to avoid ISI. According to [30],
bandwidth of at least twofold of signal bandwidth is required
for inductive coupling to dampen the received signal and to di-
minish ISI. Therefore, based on S- and Z-parameter analysis
of the planar inductor, we can determine the upper limit of the
frequency for inductive coupling communication to the half of
fsr of the planar inductor as

1 1

2/LCp'

By using w = 1/2v/LCp, which is the upper bound frequency
of the signal, the expressions for o, 3, x, and é in (9) can be
simpli ed as

w <

12
<5 (12)

3 C
a=_Rp X—E(Rs-FRP)
1 L 3
=—y/=— 06=—=—=CRsRp. 13
P=3\acn svLCp 0P (13)

Also, considering the values in Table I, the magnitude condi-
tions in (13) are as follows:
X >0

X2 > 246. (14)

Therefore, the on-chip parallel capacitor should keep to the
condition

C 3
—(RS =+ Rp) < §Rp

ACp
- C <6Cp. (15)
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TABLE |
PARAMETERS OF THE INDUCTOR

Symbol Description Value
L Inductance 2uH
for Self-resonance frequency 400MHz
Cp Parasitic capacitance T9{F
Rp Parasitic resistance 13k
Rg Resistance 3Q
o Capacitance ratio (C/Cp) 0.5
C On-chip capacitance 40fF

Fig. 11.  -parameter variation of node a node b (Fig. 10) when the capaci-
tance changes from 0 to p (simulation).

Fig. 12. and self-resonance frequency versus capacitance at

p (simulation).

The other condition for the capacitance is about the resonance
frequency of the inductive link. When the additional capacitance
is large enough compared with the parasitic capacitance of the
inductor C'p, the resonance frequency is dominated by this addi-
tional capacitance, and can be signi cantly decreased compared
to the fsp if the additional capacitance is too large.

Fig. 11 shows how the impedance between node a and node b
(Fig. 10) changes according as the capacitance C, varying from
0to 6 Cp. Asthe capacitance gets larger, resonance frequency of
the planar inductor with the parallel capacitor becomes lower.
Also the impedance is increased at all frequencies which are
lower than the half of fgg. On the other hand, depending on the
parallel capacitor value, the impedance at frequency > 1/2fsgr
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Fig. 13. (a) Receiver architecture. (b) Mode ag generation block.

Fig. 14. Received signal strength versus reciprocal of coupling coef cient
(measurement).

Fig. 16. Board measurement result using discrete components.

Fig. 17. Layout photo ( mm mm except pads).

fully at longer distance. Fig. 12 shows the relationship between

the impedance, fsgr, and the capacitance. Simulations are per-

formed with Matlab and Spectre. Both simulation results show

the increase in impedance and decrease in resonance frequency

Fig. 15. Data transfer simulation waveform at 200 Mbps (a) (b) as capacitance becomes larger. Considering three factors of the

: communication distance increase, potential data rate decrease,

and power consumption increase, capacitance ratio « is set to

0.5. At this value, the impedance is increased by 20%, and the

is increased or decreased. Since the impedance of the trans-  resonance frequency is decreased by 15%. Because we use the

mitter inductor becomes larger, the received signal strength be-  signal frequency only up to the half of fsr, 15% decrease of
comes larger. It represents the signal can be transmitted success-  resonance frequency does not affect the data rate.
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