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Abstract—A high-speed inductive-coupling link is presented. It
communicates at a data rate of 11 Gb/s for a communication dis-
tance of 15 m in 180 nm CMOS. The data rate is 11 higher than
previous inductive-coupling links. The communication distance is
5 longer than a capacitive-coupling link for the same data rate,
bit error rate, and layout area. Burst transmission utilizing the
high-speed inductive-coupling link is also presented. Multi-bit data
links are multiplexed into a single burst data link. It reduces layout
area by a factor of three in 180 nm CMOS and a factor of nine in
90 nm CMOS.

Index Terms—Burst transmission, data link, high speed, induc-
tive coupling, three dimensional.

I. INTRODUCTION

C MOS technology is scaling with Moore’s Law. The
number of transistors integrated in a single chip has been

doubling every two years, providing an exponential growth
in computational performance by 70% per year. However, in
recent years, the end of Moore’s Law is widely discussed [1].
One of the biggest problems is cost increase for chip fabrica-
tion. As technology scales, mask cost and lithography tools cost
increase exponentially, resulting in serious yield degradation.

Three-dimensional (3D) system integration is one of the key
approaches to realize “More than Moore” that can provide con-
tinuous growth without relying on simple device scaling. It en-
ables multiple chips to be stacked vertically in a package. Fab-
rication cost can be reduced since a highly-integrated and hence
high-performance system can be realized even by using less-
scaled device technology.

A technical challenge in 3D system integration is how to
form interconnections between stacked chips. Wire bonding
is one of the solutions. Although it is a reasonable solution
to deliver power to the stacked chips, the performance for
data communication is limited due to its long interconnection
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Fig. 1. Performance comparison between this work and previous reports.

length. In addition, since pads for the bonding can be placed
only in the chip periphery, the number of possible pins is
small, which restricts aggregate data bandwidth. Micro bumps
(MB) [2], [3] and through-Si vias (TSV) [4], [5] are direct
vertical interconnections between stacked chips. The commu-
nication performance can be significantly improved since the
interconnection length can be reduced and the direct vertical
interconnections can be distributed across the entire chip area
to enhance parallelism of I/Os. However, both MB and TSV
require additional wafer and mechanical processes for fabrica-
tion, resulting in considerable cost increase. Capacitive [6]–[15]
and inductive-coupling links [16]–[20] are wireless circuit so-
lutions where a pair of metal electrodes forms a capacitively
coupled link and a pair of metal coils forms an inductively
coupled link, providing wireless direct vertical interconnec-
tions between stacked chips. They have two main advantages
over MB and TSV. First, the metal electrodes and the metal
coils can be simply made by on-chip IC interconnections. No
additional wafer or mechanical process is required and is hence
low cost. Second, capacitive and inductive coupling are both
non-contact AC coupling. It allows the removal of electro-static
discharge (ESD) protection circuits, which enables high-speed
and low-power operation with a small-area I/O cell.

The first literature on capacitive and inductive-coupling links
appeared in 1995 [15] and 2004 [20] respectively. Since then,
various circuit techniques [6]–[14], [16]–[19] have been pre-
sented for performance improvement. Fig. 1 plots data rates
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Fig. 2. Channel model of (a) capacitive and (b) inductive-coupling link.

and communication distances of previously-presented capaci-
tive and inductive-coupling links. At ISSCC 2007, an 11 Gb/s
capacitive-coupling link in 180 nm CMOS was presented [6],
however the communication distance was only 3 m. When the
communication distance was extended to 10 m, the data rate
was degraded to 1.5 Gb/s [11]. The capacitive-coupling link
can be used only at distances shorter than 10 m for the fol-
lowing reason. Fig. 2(a) depicts an equivalent circuit model of
the capacitive-coupling link. Received voltage of the capaci-
tive-coupling link is given by )
where is the signal voltage in the transmitter electrode,
is the capacitance between the electrodes, and is the ca-
pacitance between the electrode and the substrate. is
reduced in long-distance communication, since is reduced
and is limited under the supply voltage. Even if the elec-
trodes are enlarged, increases very little, because both

and increase in a similar way. On the other hand, the
received voltage of the inductive-coupling link is given
by where is mutual inductance between coils and

is current through the transmitter coil (Fig. 2(b)). By in-
creasing the coil size, can be increased and hence
can be increased even if the communication distance is long.
Therefore, the inductive-coupling link can be used for longer-
distance communication. However, as shown in Fig. 1, the data
rate of the inductive-coupling link so far has been limited to
around 1 Gb/s.

This paper presents a high-speed inductive-coupling link
whose data rate is higher than 10 Gb/s (Fig. 1). It delivers
11 Gb/s for a distance of 15 m in 180 nm CMOS. Compared
with the capacitive-coupling link in the same device technology
[6], the communication distance is extended by 5 for the same
data rate, bit error rate (BER), and layout area. Burst transmis-
sion utilizing this high-speed inductive-coupling link is also
presented. Multi-bit data links in parallel are multiplexed into
a single burst data link for reducing the number of data links
and layout area. Test chips are fabricated in 180 nm and 90 nm
CMOS. Device scaling improves the data rate of the burst
transmission so that it can enhance the layout area reduction.
The layout area is reduced by a factor of three in 180 nm CMOS

and a factor of nine in 90 nm CMOS. The rest of the paper is
organized as follows. Section II will explain the circuit detail of
the high-speed inductive-coupling link, followed by simulated
and measurement results in 180 nm CMOS. Section III will
present the inductive-coupling burst transmission, and will
demonstrate layout area reduction by test-chip measurements
in 180 nm and 90 nm CMOS. Section IV will summarize this
paper with some conclusions.

II. HIGH-SPEED INDUCTIVE-COUPLING LINK

A. Circuit Design

Fig. 3 depicts a proposed high-speed low-latency asyn-
chronous inductive-coupling transceiver. An H-bridge driver
in the transmitter generates from Txdata and drives the
transmitter coil. Positive or negative small pulse-shaped voltage

is induced in the receiver coil which is biased at (around
) by a replica bias generator (detail will be explained

later). Centered around , a positive pulse is generated when
Txdata transitions from low to high and a negative pulse is gen-
erated when Txdata transitions from high to low. The receiver is
a hysteresis comparator that detects the small pulse and converts
it to digital data Rxdata. The hysteresis comparator consists
of a gain stage (CMOS inverters XL, XR) and a latch circuit
(cross-coupled PMOS). The gain stage amplifies pulse and
it drives the succeeding latch to switch and recover Rxdata.
According to Rxdata the latch circuit modulates threshold
voltage of the inverters in the gain stage. A broken line in Fig. 3
denotes the modulated threshold voltage of the inverter XL,
namely . For example, when Rxdata is low, increases
to where is the nominal threshold voltage of
the inverter (typically around ) and is the hysteresis
width of the comparator. is designed within an appropriate
range so that the receiver can distinguish the signal and noise.
When the inverter’s input exceeds due to the
positive pulse , Rxdata switches to high. The latch circuit
then shifts to and holds Rxdata high until
the negative pulse voltage is applied to the inverter’s input.
Repeating this operation, digital data is correctly recovered
from the pulse voltages.
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Fig. 3. High-speed inductive-coupling link and its simulated waveforms.

TABLE I
SUMMARY OF SIMULATED PERFORMANCE

In this asynchronous transceiver, the received voltage
and the hysteresis width are designed with a wide margin
against variations in process, voltage, and temperature (PVT),
and communication distance. should keep large enough
by transmit current increase. should keep low enough for
the signal detection while remain high enough to ignore noise.
Transistor size is carefully chosen based on full process-corner
simulation. In addition, in the receiver, a precise control on

is critical for reliable operation since the CMOS inverter
in the gain stage has a sharp gain characteristic on . A
replica of the receiver, whose input and output terminals are all
shorted, is utilized for the generation. It precisely sets
at and adaptively controls against PVT variations. A
bypass capacitor is inserted to reduce noise from the power,
ground, and substrate.

Simulated performance of the proposed transceiver is sum-
marized in Table I and is compared with the previous induc-

tive-coupling transceiver [16]. In our proposed transceiver, an
asynchronous scheme is employed for the data link. No clock is
needed for the data recovery. Since complicated timing control
required in the synchronous scheme by using multi-phase clocks
and a high-precision phase interpolator [16] is not needed, op-
eration speed is improved. The maximum data rate of the in-
ductive-coupling transceiver is determined by the transition fre-
quency of the transistor . It is around 60 GHz in 180 nm
CMOS. The self-resonant frequency of the coil can be designed
to be higher than 100 GHz in 180 nm CMOS so that it does not
limit the data rate. Circuit simulation shows that the data rate
can be improved up to 11 Gb/s by the asynchronous transceiver.
However, coil size should be increased to improve signal-to-
noise ratio (SNR) in order to compensate for weak noise im-
munity of the asynchronous receiver. This area overhead can be
eliminated by burst transmission that will be introduced later.
Modulation scheme is also modified such that Txdata drives the
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Fig. 4. Stacked test chips of high-speed inductive-coupling link.

H-bridge directly to generate . A pulse generator in the con-
ventional transmitter is removed. The number of circuit stages
in the transmitter is reduced, resulting in a small link latency.
The simulated latency from Txdata to Rxdata is only 36 ps that
is equivalent to 0.5FO4 inverter delay in 180 nm CMOS. This
short latency enables high-speed burst transmission, which will
also be discussed later.

In this modified modulation scheme, the transceiver con-
sumes large DC current. Although the overhead can be
minimized in high-speed operation during an active mode, the
DC current should be switched out in a stand-by mode for
low-power applications, such as in [21].

B. Test Chip Measurement

Two test chips for a transmitter and a receiver are fabricated
in 180 nm CMOS. The transmitter chip is thinned to three dif-
ferent thicknesses 40, 25, and 10 m, and stacked over the
receiver chip, both face-up, with 5 m-thick adhesive (Fig. 4).
The communication distances are therefore 45, 30, and 15 m,
respectively. The 40 m chip thickness is possible for mass pro-
duction in a leading company. Coil size is 120 m in diam-
eter. Number of coil turns is five, providing self inductance of
6 nH and self-resonant frequency of 16 GHz. It communicates
through the transmitter chip substrate. In this chip stacking, the
transmitter and the receiver coils are aligned by using infrared
light with an alignment accuracy of less than 3 m [16]–[18]. In
mass production, m misalignment should be considered.
It will slightly degrade the coupling strength of the coils but can
be compensated by 4% transmit current increase [22]. The bias
voltage of the receiver is applied through the center tap on
the receiver coil. The bypass capacitor stabilizes the bias
voltage.

The stacked test chips are attached to a silicon wafer and
then mounted on a probe station (Cascade Microtech SUMMIT
11201B). The power and ground of the chips are supplied by
DC probes (Cascade Microtech EyePass probe) while high-fre-
quency signals such as Txdata and Rxdata are delivered through

Fig. 5. Measured BER dependence on data rate.

TABLE II
PERFORMANCE COMPARISON BETWEEN CAPACITIVE- AND

INDUCTIVE-COUPLING LINK

AC probes (Cascade Microtech Infinity GSGSG probe) and
2.3 mm coaxial cables. Txdata is produced by a pattern gener-
ator in a serial bit error rate tester (BERT: Agilent Technologies
N4906B). A pseudo random binary sequence (PRBS) data is
used for Txdata. BER in Rxdata is tested by an error detector
in the BERT.

Measured BER dependence on the data rate is presented in
Fig. 5. For the communication distance of 15 m, the maximum
data rate is 11 Gb/s with BER . For the distances of
30 m and 45 m, the maximum data rates are 10.5 Gb/s and
8.5 Gb/s, respectively.

C. Performance Comparison

Table II compares the measured performance of the induc-
tive-coupling link with the state-of-art capacitive-coupling link
[6]. The communication distance of the inductive-coupling
link is five times longer for the same data rate, bit error rate,
and layout area. Although the data rate is slightly degraded to
10.5 Gb/s, it can communicate over 30 m distance which is
ten times longer than that of the capacitive-coupling link. The
energy dissipation of the inductive-coupling link is relatively

Authorized licensed use limited to: Keio University. Downloaded on March 3, 2009 at 22:21 from IEEE Xplore.  Restrictions apply.



MIURA et al.: A HIGH-SPEED INDUCTIVE-COUPLING LINK WITH BURST TRANSMISSION 951

Fig. 6. Concept of burst transmission.

Fig. 7. Block diagram of inductive-coupling burst transceiver.

high because it operates under the nominal supply voltage in
180 nm standard CMOS.

III. INDUCTIVE-COUPLING BURST TRANSMISSION

A. Circuit Design

Burst transmission is an area reduction technique. The con-
cept itself is well-known in high-speed serial link technology,
such as in [23]. As illustrated in Fig. 6, since the bandwidth of
the data link is improved by the above-mentioned asynchronous
transceiver, multi-bit data links can be multiplexed into one
burst data link. It reduces the number of data links and hence
layout area. In face-up and back-to-back chipstacks, coils with
large diameter is required due to the long communication
distance. Therefore, it is area efficient to reduce the number
of coils even if the multiplexer (MUX) and demultiplexer
(DEMUX) increase the layout area for the circuits. A technical
challenge is in providing a high-frequency burst clock to MUX
and DEMUX in a simple way. Of course, a phase-locked loop
(PLL) circuit is one approach to generate the high-frequency
clock. However, it consumes large layout area. A simple digital
circuit solution is required for area reduction.

Fig. 7 depicts a block diagram of our proposed transceiver
that supports the burst transmission. Multi-bit data Mtxdata are
multiplexed into burst data Txdata and transmitted by the high-

speed inductive-coupling link. The high-frequency burst clock
Txclk for providing timing to MUX is generated by a local ring
oscillator (OSC) and a counter. The counter generates the same
number of clock waves as the number of data bit after rising
of the system clock Sclk. Txclk is transmitted by another in-
ductive-coupling link along with the data link and used for de-
multiplexing the received burst data Rxdata. Large jitter in the
ring OSC can be cancelled out by this source synchronous trans-
mission. In addition, since both clock and data are transmitted
by the same inductive-coupling links whose latency is as small
as 36 ps, variation in sampling timing caused by PVT
changes can be largely suppressed. A delay is inserted in the
clock path to the demultiplexer in order to latch the data in the
middle of the data cycle. No other timing control is needed.

Fig. 8(a) shows the timing chart of the burst transmission. In
our test chip, the burst transmission is designed for 400 MHz
system clock Sclk, assuming application to a processor for mo-
bile phones such as in [24]. Sclk is assumed to be delivered
to the receiver chip by using wire bonding or the inductive-
coupling link for the global synchronization. All the circuits
(MUX, DEMUX, oscillator, counter, and delay buffer) are im-
plemented in current mode logic (CML) for high-frequency op-
eration and small PVT variations. MUX and DEMUX are de-
signed for 6.4 Gb/s operation, since upper limit of the operating
frequency of the MUX/DEMUX is around 10 Gb/s in 180 nm
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Fig. 8. (a) Timing chart of burst transmission and (b) simulated PVT variation in � .

Fig. 9. Stacked test chips of inductive-coupling burst transceiver in 180 nm CMOS.

CMOS [25]. The local ring oscillator is thus designed to pro-
duce 3.2 GHz Txclk. The counter should be Johnson-type for
such high-frequency operation. It generates 8 clock waves in
order to multiplex 16-bit at 400 Mb/s Mtxdata into 6.4 Gb/s
burst Txdata. Both Txdata and Txclk are transmitted by the in-
ductive-coupling links whose link latency is 36 ps. The delay
buffer gives 0.5UI delay in Rxclk so that the sampling timing

is set in the middle of the data cycle ( 78 ps) Simulated
PVT variation in is less than 20 ps ( 13%UI) as shown
in Fig. 8(b). This wide design margin is obtained by the source
synchronous transmission with the low-latency inductive-cou-
pling link.

B. Test Chip Measurement in 180 nm CMOS

Fig. 9 shows microphotographs of stacked test chips for
the burst transmission. Layout area of the burst transceiver
including MUX/DEMUX and oscillator is 0.1 mm . All ex-
perimental setups are identical with the previous measurement
for the high-speed inductive-coupling link. Again, device tech-
nology is 180 nm CMOS. The transmitter chip is thinned down

Fig. 10. Measured BER dependence on supply voltage variation in burst trans-
mission.
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Fig. 11. Stacked test chips of inductive-coupling burst transceiver in 90 nm CMOS.

and stacked over the receiver chip both face-up. The communi-
cation distances are 45, 30, and 15 m. Coil size is 120 m in
diameter and the number of coil turns is five. Two coils for the
clock and the data link are placed next to each other. Compared
to the capacitive-coupling link, the inductive-coupling link
causes relatively larger crosstalk [26]. However, in the burst
transceiver, crosstalk is small enough since it uses only two
inductive-coupling links and the number of crosstalk channels
is limited. Theoretical calculation based on [26] shows that the
crosstalk-to-signal ratio is lower than 20 dB for the distances
shorter than 90 m. In case of using multiple burst links in
parallel, space between coils will be required to eliminate the
crosstalk. In the space between them, the transceiver circuits
and MUX/DEMUX will be placed so that the area efficiency
will not be degraded. The stacked chips are mounted on the
probe station and tested with a BERT.

The BER of the burst transmission is measured at the
maximum data rate of 6.4 Gb/s. BER is less than and
error-free operation is achieved. Tolerance against supply
voltage change in the burst transmission is also measured in
order to demonstrate the robustness of this system. Fig. 10
presents measured BER dependence on supply voltage. In 6.4
Gb/s burst transmission, BER is achieved for 10%
variations of the supply voltage. It is confirmed that the source
synchronous transmission by the low-latency inductive-cou-
pling link provides strong immunity against supply voltage
change.

C. Test Chip Measurement in 90 nm CMOS

As mentioned in Section II, the inductive-coupling channel
has large headroom in operation frequency and it does not
limit the data rate. The data rate is restricted by the transition
frequency of the transistor . In 90 nm CMOS, increases
to 150 GHz which is 2.5x higher than that of 180 nm CMOS,
and thus we can expect data rate enhancement up to 16 Gb/s
( 6.4 Gb/s x 2.5). Test chips are designed and fabricated in

Fig. 12. Measured eye pattern of 2:1 DEMUX output in 90 nm CMOS burst
transceiver.

90 nm CMOS for demonstrating this performance improve-
ment. Fig. 11 shows the microphotograph of the stacked test
chips. A transmitter chip is thinned down to 40 m thickness
and stacked over a receiver chip both face-up using 5- m-thick
adhesive. The communication distance between the transmitter
and the receiver is thus 45 m. Coil diameter is 120 m, the
same as in 180 nm CMOS, since the communication distance
is identical. Circuits are shrunk due to the device scaling and
thus total layout area is reduced to 0.08 mm .

BER is measured by sweeping the operating frequency of
the transceiver. The maximum data rate for BER is
15.2 Gb/s which is almost equal to the expected performance
improvement. Fig. 12 shows a measured eye pattern of a 2:1
DEMUX output. Wide eye opening is obtained with a timing
margin of 112 ps ( 85%UI). The source synchronous transmis-
sion by the low-latency inductive-coupling link is still effective
in providing accurate clock timing for high-operating frequency
over 10 Gb/s.

D. Performance Summary

Table III summarizes measured performance of the burst
transceiver in 180 nm and 90 nm CMOS. In 180 nm CMOS,
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TABLE III
PERFORMANCE SUMMARY OF INDUCTIVE-COUPLING BURST TRANSCEIVER

the burst transceiver communicates at 6.4 Gb/s. In conventional
parallel transceiver [16], 16 data links would have been required
for the same aggregate data rate of 6.4 Gb/s. Even though the
coil diameter can be reduced to 90 m in the synchronous
scheme, a layout area of 0.3 mm is needed. On the other
hand, the burst transceiver requires only two links (data and
clock). The layout area is reduced to 0.1 mm , which is 1/3
of the parallel transceiver. In 90 nm CMOS, the data rate is
increased to 15.2 Gb/s. The burst transceiver can multiplex
38 inductive-coupling links so that area reduction ratio can be
improved to 1/9.

IV. CONCLUSION

In this paper, a high-speed inductive-coupling link is pre-
sented. An asynchronous scheme is employed for the data re-
covery, which improves operation speed by eliminating com-
plicated timing controls. Modulation scheme is also modified in
order to minimize the number of circuit stages, reducing the link
latency down to 36 ps. A replica bias generator provides bias
voltage through the center tap of the coil. It precisely controls
bias voltage against PVT variations and guarantees reliable op-
eration. Test chip measurement in 180 nm CMOS demonstrates
a data rate of 11 Gb/s with BER for a communication
distance of 15 m. The data rate is 11 times higher than past in-
ductive-coupling links. The communication distance is 5 times
longer than the state-of-the-art capacitive-coupling link for the
same data rate, BER, and layout area.

Burst transmission utilizing the high-speed inductive-cou-
pling link is also presented. Low-speed data links are multi-
plexed into the high-speed burst inductive-coupling link for
reducing the number of data links and hence layout area. A
high-frequency burst clock for multiplexing is generated by a
simple digital circuit solution with a local ring oscillator and
a counter. Although clock jitter is large, the area overhead
can be minimized. The large jitter is canceled out by source
synchronous transmission where the burst clock is transmitted
by another inductive-coupling link along with the data link and
used for demultiplexing. Moreover, since the clock and data
are transmitted by the same inductive-coupling link whose link
latency is only 36 ps, immunity against PVT variations can
be improved. Test chip measurement in 180 nm CMOS shows

6.4 Gb/s burst transmission with BER for 10%
variations of the supply voltage. It can multiplex 16 data links
and reduce layout area by a factor of three. Device scaling from
180 nm to 90 nm CMOS improves the data rate up to 15.2 Gb/s.
Layout area reduction is further enhanced by another factor of
three.
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