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	 In this paper, we present a bit error rate (BER)-modulated inductive-coupling transceiver 
using a dynamic intermediate interference control technique for the first time.  By controlling 
interference from the intermediate writer, the BER can be modulated.  A simulation with 
Simulation Program with Integrated Circuit Emphasis (SPICE) is performed for a proposal of 65 
nm CMOS.  The simulation results show that the proposed approach is effective for the power 
and cost reduction of the writer.  The layout area without an I/O pad is approximately 0.015 mm2 
and the communication distance is 20 μm.  The power consumption of the transmitter is 
reduced to 0.3 μW.

1.	 Introduction

	 The demand for reducing the power consumption and implementation cost in IoT 
development is increasing.  To address these issues, low power consumption and cost reduction 
techniques have been reported.  In IoT development, wireless systems will become the 
mainstream solution because of their greater usability and higher mobility.  In addition, it 
may not be easy to drill holes through a wall, and a space looks neater without messy wires.(1)  
However, wireless communication has high power consumption and high implementation cost.  
One of the effective approaches to reducing the communication power and cost is to decrease 
the communication distance.  
	 To satisfy this requirement, proximity communication has been developed, especially 
for interchip communication between three-dimensionally stacked chips.(1)  Among the two 
schemes of proximity communication, namely, capacitive-coupling and inductive-coupling links, 
inductive-coupling links are advantageous from the viewpoint of communication configuration 
flexibility.  In other words, inductive-coupling links can be applied to not only face-to-face but 
also face-to-back or back-to-back communication, which means that the application range is 
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extended from two-layer chips to multilayer chips.  In addition, inductive-coupling interfaces 
enable low-power, high-speed, and cost-efficient communication.  Pulse-based inductive-
coupling transceivers have been applied to a wide range of applications, such as through-chip 
interfaces, noncontact memory, and wafer-level testing.(2)  Since inductive-coupling links can be 
implemented in standard CMOS technology, they are cost-efficient.
	 To further reduce the power, we have newly introduced a bit error rate (BER)-modulated 
technique to inductive-coupling links.  Recently, a Wi-Fi BER-modulated technique(3) and a Wi-
Fi backscatter technique(4) have been developed for power reduction.  In these studies, a marked 
power reduction by as much as four orders of magnitude compared with that of conventional 
wireless communication has been reported.  The mechanism for the power reduction is 
interference modulation (i.e., backscattering).  
	 Here, we present a BER-modulated inductive coupling transceiver for the first time.  By 
using the BER modulation scheme, the required power and cost can be markedly reduced for 
applications in Wi-Fi environments.  To verify its effectiveness, a simulation with Simulation 
Program with Integrated Circuit Emphasis (SPICE) has been performed for a proposal of 65 nm 
standard CMOS.
	 The remainder of this paper is organized as follows.  Section 2 introduces the proposed 
BER-modulated inductive-coupling transmitter.  Section 3 describes the circuit implementation 
and simulation conditions.  The simulation results are shown in Sect. 4.  A discussion is given in 
Sect. 5.  Section 6 gives the conclusion of this study.  

2.	 Methods of Interchip Communication Revisited

	 Over the past 50 years, Moore’s law and related innovations have focused on the scaling of 
both transistors and wires in chip manufacturing.  In the future, data communication between 
chips will be a bottleneck of system performance.  
	 There are three integration types of wired technology, as shown in Fig. 1.  Wire bonding 
in stacked chips has been widely used in large-capacity storage memory manufacturing.(1)  
Microbump technology(5) can only be applied to two chips that must be face to face.  This 
could greatly limit its scope of use owing to the requirement of a high-end logic chip with many 

Fig. 1.	 (Color online) 3D interfaces of wire communication: (a) wire bonding, (b)  microbump, and (c) TSV.
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I/O pins.  Through-Si via (TSV) technology is also currently attracting considerable interest 
and is being widely investigated.(6,7)  However, because it requires cutting-edge fabrication 
technologies, it is not yet in practical use owing to the need for manufacturers to invest a lot of 
money and develop suitable fabrication equipment.  Although there is no significant crosstalk 
when using TSV technology and it has excellent transmission speed, reliability, and power 
consumption, it has an extremely high cost and requires expensive equipment in manufacturing.  
	 For wireless technology, there are currently two mainstream approaches as shown in Fig. 
2: capacitive coupling(8) and inductive coupling.(3–7)  Similarly to microbump technology, 
capacitive coupling can only be used for two face-to-face chips, whereas inductive coupling is 
more widely used owing to its flexibility.  Also, previous studies(9,10) have shown that crosstalk 
between the inductive-coupling channels and interference with power lines and circuits 
underneath the inductors are negligible.  Thus, the inductors can be placed close to each other to 
create a dense array of parallel interfaces on top of existing circuits.(1)

3.	 BER-modulated Inductive-coupling Transceiver

3.1	 Concept

	 Figure 3 shows a conceptual image of the proposed architecture.  Its concept is similar to 
those of the Wi-Fi BER-modulated technique(3) and Wi-Fi backscattering.(4)  The proposed 

Fig. 2.	 (Color online) 3D interfaces of wireless communication: (a) capacitive coupling and (b) inductive coupling.

(a) (b)

Fig. 3.	 (Color online) Conceptual diagram of the proposed architecture.
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architecture consists of three components: a reader transmitter (READER_TX) and receiver 
(READER_RX), and a writer (WRITER).  Data are transferred from the writer to the reader 
receiver.  
	 The writer, placed between the reader transmitter and receiver,  generates interference that 
is controlled by a load modulation scheme as well as RFID.  As investigated in a previous 
study,(11) the interference can be changed by the impedance of the closed loop around the path 
of the magnetic flux.  
	 Identical to the cases of Wi-Fi environments,(3,4) the required power for interference is much 
smaller than that for conventional inductive-coupling transmission.  Thus, power reduction can 
be expected.  Additionally, the size of the writer inductor is expected to be smaller than that in 
the conventional approach, reducing the cost.

3.2	 Circuit diagram

	 Figure 4 shows a schematic of the proposed circuit.  This is a typical example of a physical 
implementation in standard CMOS technologies.  
	 The reader transmitter consists of an H-bridge transmitter.(11)  The writer consists of one 
capacitor and a serially connected NMOS.  The capacitance can be determined using the 
modulation magnitude while considering the trade-off with the additional footprint.  The gate 
of the NMOS is driven by an inverter chain.  
	 Figure 5 shows a schematic of the reader receiver.  The bias voltage is applied to the center 
of the inductor to guarantee NMOS operation.  An asynchronous reader receiver is chosen(11) to 
simplify the implementation to reduce the power and area of the circuit.  If a clock transceiver 
implementation is acceptable, a synchronous receiver can also be utilized.  
	 In addition, previous studies,(9,10) have shown that the crosstalk between the inductive-
coupling channels and the interference with power lines and circuits underneath the inductors 
are negligible.  Thus, the inductors can be placed close to each other to create a dense array of 
parallel interfaces on top of existing circuits.

 Fig. 4.	 (Color online) Proposed circuit. Fig. 5.	 S c h e m a t i c o f t h e r e a d e r r e c e i v e r 
(READER_RX). The bias voltage is applied to the 
center of the inductor.
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3.3	 Simulation conditions and test chip design

	 To verify the effectiveness of the proposed approach, we have performed a SPICE simulation 
of the proposed circuit using a process design kit (PDK) of 65 nm standard CMOS technology.  
Core transistors with a nominal supply voltage of 1.2 V were utilized.  The coupling coefficients 
between the inductors were calculated by considering Ref. 11.
	 The SPICE simulation was performed taking into account the size of the chip, the power 
consumption, and the signal received, and the chip was fabricated under the following 
conditions:

- Output signal frequency from Reader_TX: 500 MHz
- Output signal frequency from writer: 2 MHz
- Supply voltages of Reader_TX/RX and writer: 1.2 V
- Diameter of the inductors: 100 µm
- Communication distance: 20 µm
- Load capacitance at the writer: 10 pF

These conditions were determined by considering the performance in Ref. 11.  Under these 
conditions, the power of the writer was calculated to be 0.3 µW and the power of the readers 
(Reader_TX and Reader_RX) was 200 µW.
	 A test chip was designed and fabricated in 65 nm standard CMOS technology to verify the 
effectiveness of the proposed approach.  Figure 6 shows the micrograph and layout image of the 
test chip.  To achieve a short communication distance, all building blocks were implemented 
in one die.  By using upper/lower interconnect layers, three coils were stacked with a vertical 
alignment.  The test chip was then measured.  

4.	 Simulation Results

	 To explore the effect of each parameter on the results, only one parameter of the chip being 
fabricated was changed at a time in the simulation.  Figure 7 shows the simulated waveforms of 

Fig. 6.	 (Color online) Chip micrograph and mask layout image. 
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the overall transmitted and received signals.  As expected, the received signal was modulated by 
the interference from the writer.  A lower received voltage results in a lower SNR (higher BER).  
Thus, BER-modulated inductive-coupling communication was successfully verified.  
	 Figure 8 shows the simulated waveforms of the received voltage when the communication 
distance was varied from 5 to 15 µm.  The modulation strength increases with the 
communication distance.

Fig. 7.	 (Color online) Simulated output waveforms. (a) Output from Reader_TX. (b) Output from writer (transmitted 
data). (c) Received voltage at Reader_RX (received data). 

Fig. 8.	 (Color online) Simulated output waveforms for different communication distances.

(a)

(b)

(c)
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	 To estimate the BER from the results of the simulation, we measured the ratio of the received 
voltage because the BER is determined by the SNR of the received voltage.  Von is the voltage 
obtained by Reader_RX when the input of the writer is 0, whereas Voff is the Reader_RX 
voltage when the input of the writer is 1.  Here, Von/Voff is used to indirectly reflect the SNR.  
The following are the results of the simulation.  At present, the minimum value that can be 
processed should be at least 1.04.  As shown in Fig. 7, the value is 1.23 for the chip fabricated in 
this study.
	 Figure 9 shows the ratio of the received voltage as a function of the supply voltage of the 
writer (VDD_W).  As expected, the ratio increased with the supply voltage of the writer.  As 
the supply voltage increases, the magnetic field interference between the readers will also be 
stronger, leading to an increase in SNR.
	 Figure 10 shows the ratio of the received voltage as a function of the diameter of the writer 
inductor (Diameter_Writer).  With increasing diameter of the writer inductor, the ratio first 
increases and then decreases.  This may be because when the diameter of the writer exceeds 
that of the reader, the excess diameter does not affect Reader_RX, and the average magnetic 
flux change of the non-exceeding part will decrease.
	 Figure 11 shows the ratio of the received voltage as a function of the number of turns of 
the writer inductor (turns).  The ratio increased monotonically with the number of turns of the 
writer inductor.  This is assumed because the increase in the inductance of the writer allows 
greater interference.
	 Figure 12 shows the ratio of the received voltage as a function of the vertical position of the 
writer.  The vertical axis is the distance to Reader_TX.  Since the magnetic flux is concentrated 
on the Tx and Rx inductors, the interference from the writer becomes greatest at Tx and 
Rx, whereas it becomes smallest at the center position.  Thus, a concave almost symmetric 
characteristic was observed as we expected.  

Fig. 9.	 Ratio of received voltage as a function of 
supply voltage of the writer.

Fig. 10.	 Ratio of received voltage as a function of 
diameter of the writer inductor.
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5.	 Discussion

	 Although the proposed approach allows low-voltage operation and low-cost implementation, 
there are some disadvantages.  First, three inductors are required; the proposed approach must 
employ the reader transmitter/receiver and the writer, increasing the total cost.  Secondly, the 
proposed technique must employ a BER tester in the reader receiver.  The BER measurement 
required for data transmission results in a high overload on the reader receiver side.
	 As discussed above, the proposed technique focuses on reducing the power and cost of the 
writer, making it suitable for cost-aware applications.(12–14)  Therefore, the designer must take 
the trade-off with the above disadvantages into consideration.  

6.	 Conclusion

	 We proposed and demonstrated a BER-modulated inductive-coupling transceiver for the first 
time.  The results of a SPICE simulation showed the effectiveness of the approach and also that 
the modulation strength can be adjusted by changing the writer design.
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Fig. 11.	 Ratio of received voltage as a function of 
number of turns in the writer inductor.

Fig. 12.	 Ratio of received voltage as a function of the 
vertical position of the writer.
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