
ABSTRACT 

ERICKSON, EVAN LAWRENCE. Multi-Gbps Inductively Coupled Connectors. (Under the 
direction of Dr. Paul D. Franzon). 

To meet the high-speed, high pitch requirements of modern inter- and intra-chip 

communication, a non-contacting alternative to conductive signaling, AC coupled 

interconnect (ACCI), has been extensively studied.  Inductive coupling, a subset of ACCI, is 

currently used for communication in 3D ICs and for wireless power transmission and low-

speed signaling through the use of centimeter scale transformers.  If used to replace a 

conductive connector in mobile devices, inductive coupling has the potential to allow 

contactless transmission of both high-speed data and power across a waterproof connector 

that can breakaway to prevent damage when stressed.  The goal of this dissertation is to 

enable multi-Gbps signaling over inductive channels using millimeter-scale transformers 

suitable for a high-speed inductive connector. 

An analysis of the design of transformers for high-speed signaling is presented along 

with a characterization of the effects of misalignment, crosstalk, and coil-to-coil spacing.  For 

both power and multi-Gbps data transmission, a fully inductive connector employing a 

nested coil design and magnets to provide alignment and ensure proximity is proposed.  Two 

techniques to enable orientation independence of the connector are examined and the 

suitability of the connector for both power and data transmission is analyzed. 

To minimize inter-symbol interference (ISI) inherent in multi-Gbps signaling across 

higher inductance millimeter scale transformers, multi-bit fractional equalization is proposed.   

The benefit of this driver-side equalization scheme is examined for both one and two 

transformer channels to enable high-speed signaling by minimizing ISI.   



Inductive co-design for low power is proposed to reduce driver-side power 

consumption when signaling across lossy inductive channels.  By designing an inductive 

channel to require aggressive driver-side equalization, the power consumption of a current-

mode equalizing driver can be reduced by outputting a signal more closely resembling 

return-to-zero signaling than non-return-to-zero signaling.  Depending on the requirements of 

the channel, a driver using equalization may consume less power than a simpler non-

equalizing driver. 

Finally, this work presents a novel design for a 2-bit, 2-phase plus hold bit current-

mode fractionally equalizing driver, designed in IBM 0.13 m 8RF.  Using this driver and a 

pulse receiver, signaling across a 3-turn, in-phase transformer created in a standard PCB 

process was demonstrated at 4.5 Gbps, showing the potential for an inductive connector to 

meet the data rates required by modern signaling standards.  
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Chapter 1  

Introduction 

1.1 Motivations 

The prevalence of mobile devices and connected sensors in today’s world has led to an 

ever-increasing demand for more features and higher performance delivered at lower costs 

and in smaller packages.  To meet these demands, new connector technologies must be 

developed to deliver the multi-Gbps data rates required, while minimizing the space required 

within a device.  AC coupled interconnect (ACCI) was developed to address these challenges 

by using a low-pitch, non-contacting connection to transfer only the AC components of a 

binary signal at high-speeds [1].  An ACCI connection can be realized by transmitting data 

over either a pair of planar capacitors brought within close proximity or a pair of inductive 

coils comprising a transformer.  Capacitive connections have been examined to enable multi-

Gbps, high-density I/O by reducing signal pin pitch in planar chip-to-chip connections and 

vertical 3D ICs [2-7].  Inductive connections have been researched extensively as high-

density supplements to through-silicon vias (TSVs) for 3D stacked ICs [8-12].  Inductive 

connectors have been characterized and utilized as replacements for conductive connections 

in sockets and backplanes [13, 14].   
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For high-speed connectors, such as those used by the USB and IEEE 1394 (FireWire) 

standards, inductive coupling has a variety of practical advantages over capacitive coupling.  

Coupled inductors are more resilient to misalignment than capacitors and can withstand 

larger spacing between the elements.  In addition, an inductive connection can be designed to 

require no DC connections for power or ground and to allow differential signaling over a 

single element by driving both taps of the transformer with a differential pair.  The variety of 

design parameters that affect the inductance and capacitance between coils, such as the line 

width and spacing, and the number of turns, allows the fine-tuning of the channel not 

possible with capacitors.   

When used for mobile devices, inductive coupling has the potential to enable a non-

contacting, waterproof connector to transfer both high-speed digital data and power, while 

minimizing space used in the device and providing the ability to break-away when stressed.    

1.2 Objectives 

The main objective of this work is to investigate the use of inductive coupling as a 

replacement for conductive connectors used for high-speed signaling in mobile devices.  This 

includes development of methodologies and circuit techniques to increase the signaling data 

rate over millimeter-scale inductive channels and development of designs to integrate power 

and data transmission into a unified connector. 
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1.3 Original Contributions 

The design of millimeter-scale inductors for use in multi-Gbps inductive connectors are 

examined and sources of inter-symbol interference (ISI) that limit the maximum potential 

data rate are identified for single transformer channels, channels composed of a single 

transformer plus a transmission line, and channels with two transformers separated by a 

transmission line.  Design decisions that affect the frequency response of the channel, such as 

variation of the number of turns in an inductor, are examined in both the frequency and time 

domains.  This allows optimal transformers of any size to be designed for data transmission 

at any data rate.   

A driver-side equalization methodology, multi-bit fractional equalization, is proposed 

which reduces ISI caused by the slow decay of the coupled pulse produced when signaling 

across higher inductance transformer and enables signaling at higher data rates.  This 

methodology is also shown to reduce ISI in a two-transformer channel by minimizing the 

‘double pulse’ produced when the return-to-zero (RZ) pulse produced by the first transformer 

is coupled across the second.   

To reduce driver-side power consumption for an inductive channel that requires 

equalization, the concept of inductive co-design is proposed.   Through simultaneous design 

of the inductive channel and the equalization scheme employed, it is shown that in some 

situations, designing the channel to require more aggressive equalization may result in power 

savings by enabling an optimal output signal that resembles RZ signaling.   

To demonstrate equalization, two variations of a differential current-mode equalizing 

driver were designed and manufactured in an IBM 0.13 m process.  Both designs 
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implement a two-bit plus hold bit, 2-phase, fractional equalization scheme, which enables 

five unique output amplitudes within a single bit stream.  Extracted simulation results show 

operation at 6 Gbps while outputting a maximum of 2.8 mA of current differentially.   

A set of inductors were designed and manufactured using a standard 2-layer printed 

circuit board (PCB) and, when brought into close proximity, used to demonstrate low-cost 

millimeter-scale inductive coupling.  By using the proposed equalizing driver and a standard 

differential pulse receiver, signaling at over 4.5 Gbps across the inductive channels is 

demonstrated.    

A fully inductive connector for transferring high-speed digital data and power by nesting 

inductors is proposed and design tradeoffs analyzed.  A larger inductor, used to couple power 

at high efficiency, surrounds one or more smaller inductors, optimized for high-speed data 

transmission, in a compact unified design.   Utilizing this approach, a non-contacting 

connector, for example implementing the USB 2.0 standard, can be realized or a replacement 

for the standard TRS headphone jack designed.   

1.4 Dissertation Overview 

This thesis, focused on multi-Gbps inductive connectors, is divided into seven 

chapters. The second chapter examines relevant research and publications in non-contacting 

signaling using capacitive and inductive coupling.  Chapter three provides an overview of 

inductive signaling and an analysis of transformer design parameters.  The fourth chapter 

presents a design for a fully inductive connector designed as a replacement for conductive 

connections, such as those used in the USB standard.  The motivation for using equalization 
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for inductive signaling is examined in chapter five and a methodology to reduce ISI in one 

and two transformer channels is presented.  In addition, the concept of inductive co-design to 

enable low-power signaling is presented.  The sixth chapter examines a novel design for a 2-

bit plus hold, 2-phase, fractionally equalizing driver and presents measured results of 

signaling over coupled inductors formed on PCBs at up to 4.5 Gbps.  Chapter seven presents 

the conclusions and discusses future work.  Finally, an appendix, containing an alternative 

equalizing driver design and additional schematics is included.   
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Chapter 2  

Literature Review 

Contactless signaling has been investigated for a variety of applications.  This chapter 

summarizes previous work in the field, specifically in AC coupled interconnect (ACCI), a 

type of contactless connection that employs both capacitive and inductive coupling.  

Advances in the development of contactless coupling will be examined, along with their 

applications and implementations, with an emphasis on contactless high-speed signaling.  

Finally, an overview of modern high-speed connector standards will be presented to gain a 

better understanding of the conductive connector landscape and the signaling rates at which a 

fully inductive connector must communicate.    

2.1 AC Coupled Interconnect 

ACCI was developed to enable Multi-Gbps, non-contacting signaling in all levels of 

packaging, from chip-to-chip (L1) to board-to-board (L3) connections.  Two types of 

contactless AC connections, capacitive coupling, in which metal plate capacitors form the 

coupling element, and inductive coupling, in which data is coupled across a transformer 

formed by two inductors fabricated on opposing surfaces, were unified into ACCI by Mick et 
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al. in 2002 [1].  Based on work done by Knight and Salzman in 1994 on capacitive coupling, 

described in the following section, Mick et al. developed the concept of a buried solder bump 

to align the AC coupling elements, bringing them into close proximity, and providing a DC 

connection across the same interface, as illustrated in Figure 2.1.  Capacitive coupling using 

a 150 m x 75 m capacitor was demonstrated at over 4 Gbps using 0.35 m CMOS.  Mick 

et al. also proposed inductive coupling for high-density, high-speed signaling [1].  Inductors 

with 50 m diameters and 10 turns, formed on different metal layers of the same die with 3 

m of gap spacing between, were measured and found to only attenuate the coupled signal 

by 8 dB.   

 

 

Figure 2.1: Capacitive coupling using buried solder bumps to provide a DC connection.  
From Mick et al. [1],  2002 Mick. 

Through its non-contacting design, ACCI creates a zero insertion force connection that 

can withstand stress due to thermal expansion and enables high density interconnects by 

decreasing the pitch between signals.  Multi-Gbps communication is achieved by blocking 

the DC component of a signal and only transmitting the AC content, thereby outputting 

return-to-zero (RZ) pulses rather than non-return-to-zero (NRZ) square waves.  In capacitive 
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coupling, a DC connection is typically required to transfer power and ground, while in 

inductive coupling both data and power can be coupled over transformers.   

2.2 Capacitive Coupling 

Capacitive coupling was originally proposed by Knight in 1990 to enable high-speed 

signaling between integrated circuits (ICs) in a multi-chip module (MCM) [15].  Capacitors 

were formed with one plate on the bottom of the IC and the other on top of the MCM, 

creating an AC connection when brought into proximity, without providing a DC connection.  

Salzman and Knight applied capacitive coupling to the known good die problem in 1994, 

attempting to simplify the inherently difficult task of testing unpackaged die using a physical 

conductive test fixture [16].  The advantages of pulse signaling, which results from coupling 

a square wave across a high-pass channel, including noise tolerance and power savings, were 

examined by Hayden and Tripathi in 1994 [17].  Shortly after, Salzman et al. proposed using 

capacitive coupling to enable high performance, low cost, switching fabrics for 

communications chips [18].  In 1996, Fisher and Gabara employed quantized feedback to 

eliminate the DC wander effect inherent in capacitively coupled signals by establishing a 

local DC level at the receiver [19].  Error free signaling was demonstrated at 600 Mbps using 

0.5 m CMOS.   

2.2.1 3D ICs 

Kühn et al. first proposed capacitive coupling for vertical signaling in 3D ICs in 1995 

[5].  A transceiver composed of a simple driver and a receiver using hysteresis were proposed 
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and demonstrated to recover full-swing signals at up to 25 MHz over a 20 m x 20 m 

capacitor.  A wireless interconnect using capacitors to couple to either microstrip 

transmission lines or coplanar wave guides for inter-chip or intra-chip communication was 

proposed by Chang et al. in 2001 [20].   Using code division multiple access (CDMA) and a 

2.0 GHz clock in 0.18 m CMOS, data transmission consuming 15 mW per transceiver was 

achieved.  In 2003, Kanda et al. achieved 1.27 Gbps signaling using 20 m x 20 m 

capacitors to couple between stacked die, which they called Wireless Superconnect (WSC) 

[6].  Power consumption was measured at 3mW per pin using 0.35 m CMOS and 

hypothesized to achieve 8 GHz signaling while consuming 1.63 mW as Vdd scales in future 

technology nodes.  Chang et al. demonstrated two capacitive coupling schemes, ultra 

wideband impulse shaping interconnect (UII) and RF interconnect (RFI), in 2007 [21].  

Designed in MIT-Lincoln Lab’s 0.18 m 3D CMOS process, UII achieved 10 Gbps using a 

high-sensitivity impulse recovery circuit, while RFI upped the data rate to 11 Gbps by up-

converting an NRZ signal with an RF carrier using amplitude-shift keying (ASK) 

modulation.   

Employing capacitors measuring 8 m x 8 m, 1.23 Gbps signaling was achieved by 

Fazzi et al. in 2007 using 0.13 m CMOS chips stacked face-to-face with a synchronized 

clock transferred from receiver to driver [22].  In 2010, Harvard et al. proposed using 

capacitive coupling to reduce the power consumption while increasing the bandwidth of 

stacked 4 GB DRAM using a 64-bit wide bus [23].  The transfer of analog systems between 
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face-to-face stacked die was demonstrated by Sacrselli et al. in 2011 by using a calibration 

channel to compensate for the voltage attenuation due to capacitive coupling [24].   

Ikeuchi et al. proposed through silicon capacitive coupling (TSCC) in 2012 as an 

alternative to face-to-face stacking [25].  By stacking up to 3 die face-to-back and using 

capacitive coupling, up to 200 Mbps signaling through 400 m of silicon was demonstrated, 

allowing for easy access to bond pads on all tiers of the stack.  In 2013, an increase in the 

density of capacitive 3D interconnects was proposed by Aung et al. for face-to-face stacked 

die using alternating single-ended and differential capacitors and a transceiver with two 

differential receivers to minimize crosstalk [26].   

2.2.2 Chip-to-Chip Communication 

Capacitive coupling for chip-to-chip signaling, dubbed proximity communication, 

was demonstrated by Drost et. al in 2004 to communicate between two stacked die arranged 

face-to-face and partially overlapping [27].  A test chip with 16 channels operating at 1.35 

Gbps per channel for a total throughput of 21.6 Gb/s was shown using 35 m x 35 m 

capacitors.  In 2005 Mick et al. extended their previous work on buried solder bumps through 

simulation of 6 Gb/s transmitting across a pair of capacitors, each with 2 m gap spacing, 

separated by a 20 cm transmission line using coded NRZ signals [7].  Also in 2005, Luo et al. 

demonstrated 3 Gb/s signaling between two die using a pair of 150 fF coupling capacitors 

separated by a 15 cm transmission line [2, 28].  Using a low-swing differential pulse receiver, 

designed in 0.18 m CMOS, a 60 mV single-ended peak-to-peak signal was recovered, 
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allowing for smaller capacitors to be used and thus enabling higher densities.  Passive 

equalization due to the coupling capacitor was also examined.  Differential bidirectional 

pulse signaling between die separated by a 10 cm transmission line was demonstrated by 

Kim et al. in 2005 with a fully AC channel using 110 m x 110 m capacitors [29].  

Signaling at 1 Gbps was achieved while consuming 2.9 mW for the driver and 2.7 mW for 

the receiver in a 0.10 m 1.8 V CMOS DRAM process.    

A complete flip-chip ACCI channel with buried bumps for DC connections and 

coupling capacitors for AC, separated by a 5.6 cm transmission line, as shown in Figure 2.2, 

was demonstrated by Wilson et al. in 2005 [30-32].  Signaling over two channels at 2.5 Gb/s 

per channel in 0.35 m CMOS was demonstrated with 5 Gbps achievable in 0.18 m CMOS.  

Wilson et al. examined transmission line design for ACCI in 2006, determining that strip 

lines in close proximity to MCMs produce the best results and save area [33].   

 

 

Figure 2.2: Chip-to-chip capacitive coupling using flip-chip with buried solder bumps over a 
5.6 cm transmission line.  From Wilson et al. [31],  2007 Wilson. 

 Luo et al. demonstrated 36 Gbps signaling over 6 channels operating at 6 Gbps in 

2006 using TSMC 0.18 m CMOS and coupling capacitors as small as 95 fF separated by 30 
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cm transmission lines on an FR4 PCB [3].  A novel differential transceiver was presented 

consuming 1.97mW/Gbps, scalable to 0.56mw/Gbps in 90 nm technology.  In 2007 Hopkins 

et al. extended the work of Drost et al. by implementing electronic alignment correction and 

demonstrated 144 channels operating at 1.8 Gb/s each in 0.18 m CMOS [34].  Alignment is 

a major concern when assembling die in proximity communication, so a method to detect and 

correct alignment errors was presented in 2009 by Chow et al., along with schemes to 

mitigate crosstalk and reduce noise [35].  Majumdar et al. also examined tolerance to 

misalignment in 2010 for capacitive and inductive coupling as part of a general overview of 

proximity communication [36].  Capacitive coupling was determined to be effective for chip-

to-chip communication with small pads at low voltages despite the face-to-face orientation 

and precisely controlled gap spacing requirements.   

Sze et al. proposed using a bridge chip below and between a pair of flip-chip 

packaged die for capacitive communication between the die in 2009 [37].  Signaling at 4 

Gbps between the die at less than 2.5mW/Gbps in 90nm CMOS was achieved.  The 

combination of proximity communication with optical signaling using vertical-cavity 

surface-emitting lasers (VCSEL) was proposed by Zheng et al. in 2007 [38].  Optical 

signaling to communicate with a die, which then uses capacitive proximity communication to 

communicate with a second die, was demonstrated at 2.5 Gbps for the complete channel in 

90 nm CMOS.   

Su et al. proposed a delay line based fractional finite impulse response (FIR) 

equalizing receiver to enable capacitive coupling over larger capacitance ranges and 

transmission lines for backplane applications in 2008 [39].  In 2010, Su et al. proposed a 
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multi-capacitor technique to enable passive driver-side equalization in which a series of 

precisely sized smaller capacitors on the die side couple to a single larger capacitor on the 

receiver side.  By summing voltage on the single receiver side capacitor, as illustrated in 

Figure 2.3, inter-symbol interference (ISI) is minimized [4].  Simulated eye diagrams 

showing 5 Gbps signaling over an 80 cm transmission line on FR4 were presented, while the 

complete transceiver consumes 1.7mW/Gbps in 0.13 m CMOS.   

 

 

Figure 2.3:  Capacitive coupling using Multi-cap equalization. From Su et al. [4],  2010 Su. 

2.3 Inductive Coupling 

Inductive coupling was initially used to couple both power and AC signals using large 

inductors in low frequency applications, such as contactless smart cards and radio-frequency 

identification (RFID) systems [40, 41].   In 2002, Mick et al. proposed inductive coupling for 

high-speed data transfer using a simple current-mode driver and a low-impedance pulse 

receiver [1].  Spiral inductors exhibiting 8 dB of loss were fabricated on metal1 and metal4 

of a chip designed in TSMC 0.25 m CMOS with a gap spacing between the coils of 3 m.  



 

15 

A high-density interconnect, utilizing 75 m diameter transformers on a 100 m pitch, was 

hypothesized.  

Wireless power transfer, initially demonstrated over 100 years ago [42], has been a 

topic of considerable research in recent years.  Inductive coupling has been used to transfer 

power over distances many times that of the transformer coil diameter, allowing a light bulb 

to be lit from distances approaching a meter [43, 44].  Transfer of power to more than one 

device simultaneously has been demonstrated using a single 1 mm2 coil to transfer to two 

0.07 mm2 coils, thereby achieving greater system efficiency than for either single coil [45].  

To aid in health monitoring and disease prevention, inductive coupling is being investigated 

as a means to safely change implantable devices through the skin [46, 47].  3D implantable 

devices, such as the cube shown in Figure 2.4, are under investigation to allow power transfer 

to an implanted device in any orientation [48].  Inductive power transfer has even been 

combined with capacitive data transmission for use in deep sea applications, such as charging 

and configuring sensor arrays from submarines [49].   
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Figure 2.4:  Inductive powering coils surrounding a 3D heterogeneous chip stack. 
From Gadfort et al. [48],  2012 Gadfort. 

2.3.1 3D ICs 

Inductive coupling for use in high-density 3D ICs was proposed by Xu et al. in 2003 

as an alternative to capacitive coupling in either face-to-face or face-to-back stacked die [8, 

50].  The separation between inductors in which signaling can be achieved is larger than that 

between capacitive plates, thus making inductive coupling a better solution for the greater 

separations of face-to-back vertical signaling, as shown in Figure 2.5.  5 Gbps signaling was 

achieved in simulation on die thinned to 20 m with 100 m diameter inductors using 0.18 

m CMOS, while consuming 14.5 mW of power for the complete transceiver.  In 2005, Xu 

et al. demonstrated 2.8 Gbps signaling between die manufactured in TSMC 0.35 m CMOS 

where the top die was thinned to 90 m [11].  Double layer 150 m inductors with 8-turns 

per layer were utilized with the transceiver consuming 47.6 mW while tolerating up to 50 m 

of misalignment.   
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Figure 2.5:  Inductively coupled interconnect in 3D ICs stacked face-to-back.   
From Xu et al. [11],  2005 Xu. 

 In a pair of papers published in 2004, Mizoguchi et al. proposed wireless 

superconnect using inductive coupling for communication between up to three stacked die 

stacked face-to-back [9, 51].  A test chip designed in 0.35 m CMOS transmitted NRZ data 

at 1.2 Gbps over a distance of 300 m, while power and clock signals were provided using 

wire bonds.  Total power consumption for the transceiver was 45.5 mW, with 43 mW 

consumed by the driver and 2.5 mW by the receiver.  Miura et al. extended this work in 

2005, creating a 195 Gbps inductively coupled interface composed of 195 channels operating 

at 1 Gbps while consuming 1.2 W [10, 52].  The transformers, arranged in 3 rows of 65 with 

a pitch of 50 m, were created between stacked die by thinning the top die to create a 15 m 

space between the coils.  For bi-directional signaling, a transmitter coil was wound within a 

receiver coil, with each coil occupying 4-layers on die.  Data transmission only occurred in 

one direction at a time so crosstalk could be ignored.   

In 2007, Muira et al. created a 1 Tbps transceiver using 1024 transformer and 

consuming 3W [12].  Inductor coils 30 m in diameter were created with a 15 m gap 

spacing between the coils using 4-layers on a 0.18 m CMOS die.  Time division multiple 
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access (TDMA) was employed to reduce crosstalk and a 1 GHz clock was transmitted.  A 

high-speed inductive link operating at 11 Gbps and utilizing asynchronous transmission was 

designed in 0.18 m CMOS and demonstrated by Muira et al. in 2009 [53, 54].  On-chip 120 

m, 5-turn transformers were employed and the thinned die stacked using laser alignment.  

Increasing the coil-to-coil spacing to 45 m reduced signaling rates to 8.5 Gbps.  A burst 

mode link was also described to reduce area by multiplexing multi-bit data links.  By using 

two data links, for clock and data, a 15.2 Gbps aggregated data rate was demonstrated in 90 

nm CMOS.  Inductive coupling was found to work over a larger range of gap spacings, 

provide more flexible designs, and potentially consume less driver-side power compared to 

capacitive coupling by Majumdar et al. in 2010 [36]. 

For use in a sealed memory ROM, Yuan et al. prototyped side-by-side power and data 

links using inductive coupling in 2009 [55].  For coupling, 2 mm power transformers and 0.4 

mm data transformers were utilized delivering 56 mW of power over 4 channels and 

transmitting data at 150 Mbps.  In 2010, Yuan et al. demonstrated a nested design for the 

coupling of both power and data across a thinned die [56-58].  300 m x 300 m diameter 

clover shaped differential coils were used for clock and data to minimize interference from a 

700 m x 700 m diameter power coil.  Prototyped in 65 nm CMOS, 6 Gbps data was 

coupled during power transmission over a gap spacing of 20 m.  Power transfer efficiency 

of 5.2% to 10.2% were observed over a load resistance range of 100  to 2 k.   

Miura et al. demonstrated a dual-coil inductor, in which two identical coils are 

overlapped and the top rotated, for low power transmission in 2011 [59].  Using a 65 nm 
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process with supply voltages lowered to 0.55 V and die thinned to 22 m coil-to-coil 

spacing, a data link operating at 1.1 Gbps was demonstrated to achieve an energy dissipation 

of 10 fJ/bit.  In 2012, Miura et al. developed a 1 TB/s inductive link using 1024 channels 

between a 65 nm CMOS logic chip and an emulated 100 nm DRAM [60].  Using a quad data 

rate (QDR) architecture, a 2 GHz quadrature clock was used to multiplex and de-multiplex 

an 8 Gbps data stream.  60 m data and 79 m receiver transformers were used and, as in 

previous work, stacked die were thinned to achieve sub 25 m gap spacing.   

2.3.2 Non-Stacked Chip-to-Chip Connection 

Zero insertion force (ZIF) connectors using inductive coupling were proposed by 

Chandrasekar et al. in 2005 to replace press-fit style connectors in backplane applications 

[61].  Transformers ranging in diameter from 2.5 mm to 10 mm with 1-turn were built on an 

inexpensive 2-layer PCB with 90 m spacing between the coils, as shown in Figure 2.6.  For 

the 10 mm transformer, 400 Mbps NRZ signaling was demonstrated, while data rates 

increased to 3.3 Gbps using the 2.5 mm transformer.   A system level inductive backplane 

was discussed, which used two transformers separated by a transmission line, along with the 

need for equalization to reduce the resulting ‘double pulse’.   

 



 

20 

 

Figure 2.6:  Inductive connector test setup using 10 mm transformers on a PCB.  
From Chandrasekar et al. [61],  2005 Chandrasekar. 

 In 2006, Chandrasekar et al. examined sub-millimeter transformers for 2+ Gbps 

signaling for use in land grid arrays (LGA) using fuzz buttons for power and ground 

connection [13, 62].  100 m transformers were fabricated on a 3-layer silicon substrate 

process and flipped onto another copy of the substrate.  Single-ended signaling was achieved 

at 8.5 Gbps using a pseudo-random NRZ input across 5 to 8 m of gap spacing.  Sub 

millimeter connectors were proposed using 1-2 mil width and spacing PCBs.  In 2008, 

Chandrasekar further examined tuning the series crossover capacitance between coils to 

compensate for the high frequency roll in the forward transfer coefficients (S21) and to tune 

return loss in inductive channels [14].   

2.4 Multi-Gbps Connector Standards 

To replace conductive connections in backplanes and connectors, inductive coupling 

must meet both the size requirements and data transfer rates of modern standards.  These 

standards directly affect the physical design of the transformers in an inductive channel and 

provide a roadmap of signal rates required by the industry.    
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Universal Serial Bus (USB) is an industry standard collection of communication 

protocols and connectors, allowing for simultaneous data and power transfer, originally 

introduced in 1996 [63].  Version 2.0 utilizes four pins (5V, GND, and a differential pair), to 

transfer data at 480 Mbps.  The largest connector size, Std A, contains pins on a 2 mm pitch 

and is commonly used to connect to a computer, while the smallest connector, Micro-B is 

only 6.85 mm x 1.8 mm with pins on a 0.65 mm pitch.  Version 3.0 of the specification, 

introduced in 2008, expanded the connector to 10 pins, adding a pair of high-speed 

differential pairs for bi-directional signaling at 5 Gbps.  Connector dimensions were 

increased, but pin pitch remained unchanged from previous versions.  In July 2013, version 

3.1 was announced for availability in 2014 with the signaling rate increased to 10 Gbps.   

High-Definition Multimedia Interface (HDMI) was developed in 2003 to transfer audio 

and video signals at high-speeds [64].  Version 2.0 of the specification, released in 

September 2013, contains 3 differential channels signaling at 6 Gbps for a total throughput of 

18 Gbps.  The asymmetric connector contains 19-pins and comes in five sizes.  The standard 

Type A connector has interior dimensions of 14 mm x 4.55 mm with an offset 1 mm pitch, 

while the smallest connector, Type D, measures only 6.4 mm x 2.8 mm with an offset 0.2 

mm pitch.   

Peripheral Component Interconnect Express (PCI Express) was created in 2004 as a 

serial expansion bus for computers [65].  The current standard, PCI Express 3.0, requires 8 

GT/s or 985 MB/s per channel and combines 16 lanes to achieve a throughput of 128 GT/s.  

The next generation, PCI Express 4.0, with a release date in 2014 or 2015 targets 16 GT/s per 

lane and a throughput of 256 GT/s.  Each lane includes two differential pairs, one for 
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transmitting and one for receiving.  A PCI Express mini card includes two staggered rows of 

pins with on a 0.8 mm pitch.   

DisplayPort, first utilized in 2008, was originally designed to connect video sources to 

a computer [66].  Version 1.2, first approved in late 2009, has an effective bandwidth of 

17.28 Gbps over 4 differential lanes or 4.32 Gbps per lane.  The next revision, version 1.3, 

will support 8k resolutions with a theoretical bandwidth of 32.4 Gbps.  Mini Display Port, 

developed by Apple, contains 4 lanes and 20 pins on a 0.6 mm pitch. 

Thunderbolt, which combines PCI Express and DisplayPort, was first marketed by 

Intel in 2009 [67].  A pair of duplex differential channels enables 10 Gbps bidirectional 

signaling using the same 20-pin connector as the Mini DisplayPort standard.  Thunderbolt 2, 

released in 2013, allows for the two differential channels to be aggregated into a single 20 

Gbps channel.  Optical signaling was originally intended by Intel and is in development for 

later versions of the standard.   

 The highest announced data rates and the smallest pitch connectors for each standard 

are summarized in Table 1.   
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Table 1:  Summary of future connector standards. 

Standard  Smallest Connector 
Pitch 

Future Single Channel 
Data Rates 

USB 0.65 mm 10 Gbps (v3.1) 

HDMI 0.2 mm 6.0 Gbps (v2.0) 

PCI Express 0.8 mm 15.76 Gbps (v4.0) 

DisplayPort 0.6 mm 8.1 Gbps (v1.3) 

Thunderbolt  0.6 mm 20 Gbps (v2.0) 
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Chapter 3 

Design of Multi-Gbps Inductive Connectors 

Inductive coupling has been used to transfer data in a variety of applications, such as 

passive radio frequency identification (RFID) tags or during wireless power transfer to 

charge mobile phones.  In these applications, the relatively large size of the inductors and the 

low-speed at which data transfers occur allow for a standard non-return-to-zero (NRZ) signal 

to be coupled across a large range of inductor designs.  To enable both multi-Gbps data rates 

and the small pitches required for modern connectors, smaller inductors, for which NRZ 

signaling is not practical due to the frequency response of the transformer, must be carefully 

designed.  This chapter will examine the properties of millimeter-scale transformers, through 

frequency domain simulations, and analyze their effect on coupling high-speed data, using 

time domain simulations.   

3.1 Modeling 

To create a contactless inductive connector, as shown in Figure 3.1, a pair of inductors 

must be brought into close enough proximity to form a transformer.  Current input to the first 

inductor induces a current in the second, which is dependent on the inductance of the 

transformer and is directly affected by the gap spacing between the coils and their design.  

When the coils are wound in the same direction, as shown in Figure 3.2, an in-phase 

transformer is formed, otherwise an out-of-phase transformer is created.   
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Figure 3.1: A pair of inductive connections between a mobile device and a cable. 
 
 

 

Figure 3.2:  ANSYS HFSS model of an in-phase 4 turn transformer 

A lumped ASITIC pi model of a transformer is shown in Figure 3.3, where L1 and L2 

represent the self inductance of the coils, R1 and R2 represent their resistance, Rp and Cp 

represent the parasitic resistance and capacitance of the coils, C12 & C21 represent the 

capacitance between the stacked coils, and k is the coupling coefficient [68].  While it is 

possible to examine changes to the design of a transformer using similar models, for this 
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work all modeling of transformers was done using ANSYS HFSS, a 3D electromagnetic field 

solver, which produces more accurate results at high frequencies [69].  The output of HFSS, 

a frequency domain S-parameter model of the channel, can be used to investigate changes to 

the transformer properties.  Time domain simulations in this work are performed using the S-

parameter results and a custom inductive channel modeler created using the RF Toolbox of 

MathWorks Matlab, which enables analysis of both changes to the input data stream and the 

elements comprising the channel [70].  
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Figure 3.3:  ASITIC differential transformer model 

3.2 Pulse Signaling 

Transformers are high-pass filters in the frequency domain, as shown in Figure 3.4, for 

a 1 mm diameter, 4-turn transformer created by a pair of inductors on standard 2-metal 

PCBs.  The peak coupling frequency for millimeter-scale transformers is typically from 1-10 
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GHz, depending on the inductance, and is usually followed by a roll-off in coupling at higher 

frequencies as well as resonant frequencies.   

 

 

Figure 3.4:  Forward transfer coefficient (S21) for a 1 mm diameter, 4-turn transformer.  

By removing the low frequency content of an input signal, transformers act as 

differentiators in the time domain.  When an in-phase transformer is driven differential by a 

binary NRZ square wave, as shown in Figure 3.5, the rising edge of the input ‘1’ results in a 

positive return-to-zero (RZ) pulse, while the falling edge of a ‘0’ results in a negative pulse. 

Due to a 180° shift in phase, an out-of-phase transformer produces pulses that are inverted 

with respect to the input signal, which can be useful in determining orientation in a multi-

transformer connector.  The magnitude, width, and decay time of the output pulses can be 

adjusted through intelligent design of both the transformer and the input signal.     
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Figure 3.5:  Simulated NRZ input to (red) and RZ output from (blue) a 1 mm diameter, 4-
turn transformer 

3.3 Transformer Design 

When used in a high-speed connector, three main design properties of a transformer 

dictate performance: the overall diameter of the inductors comprising the transformer, the 

number of turns made by the coils of the inductors, and the gap spacing between the 

inductors.  Each of these properties was modeled in HFSS for millimeter scale inductors to 

determine the effect on data transmission. 

As illustrated in Figure 3.6, increasing the first of these properties, the diameter of the 

transformer, increases inductance, which decreases loss in the forward transformer 

coefficients (S21) while shifting the frequency of peak coupling lower.  
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Figure 3.6:  Forward transfer coefficient (S21) for 3-turn transformers with varied diameters. 

In the time domain, shown in Figure 3.7, this results in an increase in the peak 

amplitude of the coupled pulse as well as an increase in its width and decay time.  By using a 

larger transformer, power can be saved by decreasing the amplitude of the input signal while 

maintaining the minimum required output pulse, but in practice diameter is typically limited 

by design constraints.  For example, an inductive connector at the bottom of a mobile phone 

would be limited in diameter by the thickness of the phone.  Simply increasing the 

inductance of a transformer, however, may produce unintended consequences in the time 

domain.  The input binary signal may include frequency components at resonant or 

attenuated frequencies higher than the frequency of peak coupling, resulting in ripple effects 

of the coupled pulse in the time domain.   
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Figure 3.7:  Pulse (RZ) output from 3-turn transformers with varied diameters. 

To examine the effect of turns, Figure 3.8 shows the modeled forward transfer 

coefficients for a set of transformers with a fixed 1 mil line width and a 1 mm diameter while 

the number of turns the coils make around the center via are varied.  Increasing the turns of 

the inductors also increases inductance, and as shown in Figure 3.9, results in the time 

domain effects similar to increasing diameter.  However, cost can limit the number of 

achievable turns within a given diameter by limiting the minimum line pitch of the process 

used.  For a typical printed circuit board (PCB), the minimum line width and spacing of a 

couple mils combined with the drill and pad sizes required for the center via limits a 1 mm 

transformer to a single turn.  The thickness of the metal deposited can also vary with the 

process used, but simulations show for PCB processes it has a negligible effect on the 

performance of the transformer.   

 

3 4 5 6 7 8 9

x 10
-9

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

C
u

rr
e

n
t (

m
A

)

Time (s)

1 mil Line Width Transformers

 

 

0.50mm
0.75mm
1.00mm
1.25mm
1.50mm
1.75mm
2.00mm

Increase Diameter



 

31 

 

Figure 3.8: Forward transfer coefficient (S21) for 1 mm diameter transformers with varied 
turns. 

 
 

 

Figure 3.9: Pulse (RZ) output from 1 mm diameter transformers with varied turns. 

Design constraints usually limit the maximum allowable gap spacing between 

inductors when both sides of the connector are brought into proximity to create a 
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transformer.  As gap spacing increases, the loss in the forward transfer coefficients increases 

without significantly shifting the frequency of peak coupling, as shown in Figure 3.10 for a 

1.5 mm diameter 3-turn transformer.   

 

 

Figure 3.10: Forward transfer coefficient (S21) for a 1.5 mm diameter transformer as the gap 
spacing between inductors is increased. 

The result in the time domain is a decrease in the peak amplitude of the coupled pulse 

by a ratio of gap spacing to input signal that’s consistent regardless of the inductance of the 

transformer.  As seen in Figure 3.11 for a 1.5 mm diameter 3 turn transformer, a quadrupling 

of the gap spacing from 25 µm to 100 µm results in the peak amplitude of the coupled pulse 

decreasing by a third.  To meet the minimum output signal threshold for the worst-case 

spacing in a connector, either the input signal power or the inductance of the transformer can 

be increased.  To guard the inductors from wear and prevent them from shorting together, a 
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protective material such as glass or a polymer can be used to encase both sides of the 

connector without significantly affecting performance when compared to an air gap.   

 

 

Figure 3.11:  Effect of gap spacing on the output of a 3-turn, 1.5mm diameter transformer. 

3.4 Misalignment 

Compared to capacitive coupling, inductive coupling is fairly tolerant of misalignment 

that can occur either mating the two sides of the connector or resulting from manufacturing 

variations.  As with gap spacing, misalignment of the two inductor coils with respect to one 

another increases losses in the frequency domain without shifting frequencies significantly, 

as shown in Figure 3.12, resulting in a decrease in the peak amplitude of the coupled pulse.   
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Figure 3.12: Forward transfer coefficient (S21) for 1 mm diameter, 3-turn transformer as 
misalignment in the X and Y directions is increased. 

For a square transformer around a millimeter in diameter, misalignment of 10% of the 

coil diameter in either the X or Y direction results in approximately a 5% reduction in the 

peak amplitude of the coupled pulse, as shown in Figure 3.13, while X and Y misalignment 

of 10 % of the diameter results in approximately a 10% reduction.  Increasing misalignment 

in one direction to 1/3rd of the transformer diameter reduces the output pulse by 

approximately 30%, while misalignment of 1/3rd the transformer diameter in both the X and 

Y reduces the output pulse by over 50%.   
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Figure 3.13:  Effect of increasing misalignment in the X direction on a 1 mm, 3-turn 
transformer in the time domain. 

Rotational misalignment of the coils due to manufacturing can be a concern, but for a 

millimeter scale, square, in-phase transformer the peak amplitude of the coupled pulse is 

reduced by less than 5% for 10 degrees of misalignment, as shown in Figure 3.14.  When 

used in a square or rectangular connector that allows mating at multiple orientations, losses 

of around 5% are observed when the top inductor is rotated ± 90° and over 7% when rotated 

180°.  Accounting for the worse case misalignment, like gap spacing, may necessitate an 

increase in input signal or higher inductance transformers. 
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Figure 3.14:  Time domain effects of increasing degrees of rotational misalignment on a 1 
mm, 3-turn transformer. 

3.5 Crosstalk 

When used with a multi-channel protocol, such as USB or HDMI, two or more 

inductive channels must be located as close as possible to minimize connector size while 

maintaining sufficient isolation between the channels to achieve acceptable levels of 

crosstalk.  For a pair of differentially driven 3 turn, 1 mm diameter transformers, a spacing 

between the coils equal to 10% of the coil diameter (100 m) provides approximately 20 dB 

of isolation between the data channels, as shown in Figure 3.15.   
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Figure 3.15:  Forward transfer coefficients (S21) showing crosstalk for a pair of 1 mm, 3 turn 
transformer as coil spacing is increased. 

Increasing the spacing to 50% of the coil diameter (500 m) provides over 30 dB of 

isolation, but increases the width of the connector by 20%.  Depending on the application and 

the requirements of the receiver, increasing the space between channels to further reduce 

crosstalk may be beneficial, but in others, such as a connector at the bottom of a mobile 

phone, minimizing size may take priority.  For millimeter-scale transformers, increasing 

inductance by increasing diameter or the number of turns does not appreciably alter the affect 

of the data-to-data spacing on crosstalk.  Figure 3.16 shows over 20 dB of isolation between 

two 0.5 mm transformers with a 100 m inductor-to-inductor spacing, virtually identical to 

that of 1 mm transformers with the same spacing.  Despite the increased inductance, which 

results in the increased size of the coupled RZ pulse seen in Figure 3.17, crosstalk is dictated 

by absolute spacing between the channels.  This effect holds true for a change in the gap 
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spacing between coils forming a transformer as well.  Increasing the gap spacing does not 

appreciably affect the crosstalk between channels.   

 

 

Figure 3.16: Forward transfer coefficients (S21) showing crosstalk for a pair of 0.5 mm, 3 turn 
transformer as coil spacing is increased. 
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Figure 3.17:  Time domain comparison of the coupled RZ pulses produced by a 0.5 mm and 
a 1 mm, 3-turn transformer. 

These modeling studies show that through intelligent design, a high-speed, non-

contacting, and low profile multi-channel inductive connector can be created for situations 

where a bulky conductive connector is not practical.  By minimizing misalignment and gap 

spacing, controlling crosstalk, and optimizing the transformer inductance while meeting both 

size and process specifications, an optimal channel can be created to support multi-Gbps 

signaling.  The next chapter details a practical application of inductive signaling: a novel 

high-speed inductive connector for use in mobile devices. 
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Chapter 4  

A Compact Inductive Connector for Mobile 
Devices 

 Modern external connector standards enable multi-Gbps connections over cables 

exceeding two meters while using conductive connections with pitches as small as a fifth of a 

millimeter.   A selection of these standards, and their various connector types, are shown in 

Table 2.  Most of these connectors require considerable space within the device employing 

the standard. The tip of the common male USB type A connector is 11.75 mm long, requiring 

the device-side female connector to be over 19 mm [63].  The tip of the mini USB connector 

is reduced to 7mm, and the micro 5.4mm, but the complete female plug on the device side 

consumes significantly more area.  The tip of the smallest USB connector, the micro-B, is 

6.85 mm wide and 1.8 mm tall, and the plastic casing render it significantly larger. To enable 

their higher data rates with these connectors, differential signaling is employed to reject noise 

on the channel, but this requires two pins per data channel, increasing size.   

Conductive connections in which one side inserts into the other can lead to both cable 

and device damage if the connection is not severed before the device is moved, for example 

by a user who forgets a device is connected.  Due mainly to the inclusion of power and 

ground pins, these connectors only mate in one orientation, forcing users to fumble with the 

connection until one side inserts into the other.  Finally, as with most conductive 
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connections, these standard connectors are not waterproof and are one of the weakest links in 

the weatherproofing of a mobile device.   

As an approach to overcoming these deficiencies, this chapter presents a design for a 

contactless inductive connector, which could be utilized in mobile devices.  This inductive 

connector is created by nesting one or more inductors used for multi-Gbps data transmission 

within a larger inductor used only to transfer power.   

 

Table 2:  High-speed connector standards 

Standard Connector Type Pitch Channel Data Rate 

USB 
Std. A 2.00 mm 480 Mbps (USB 2.0) 

5 Gbps (USB 3.0) Micro B 0.65 mm 

DisplayPort Std. 1.00 mm 
5 Gbps 

Mini 0.60 mm 

HDMI  

Type A 1.00 mm 

3.75 Gbps Type C 0.40 mm 

Type D 0.2 mm 
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4.1 Design 

Inductive coupling has previously been used for both data transmission, for example in 

RFID tags, and for power delivery, most recently as a no-hassle means to charge a mobile 

phone.  In both of these cases, high turn inductors well over a centimeter in diameter are 

used.  For power delivery, in which the gap spacing between inductors may be up to a 

centimeter, increasing the inductance of the transformer to minimize channel loss is the goal.  

This is accomplished using a large, high-turn transformer to couple and rectify a single 

frequency power signal, either within the range of peak coupling, typically well below 1 GHz 

for centimeter-scale inductors, or at a resonant frequency.  High-speed inductive data 

transmission, unlike power delivery, requires transmitting signals containing high-frequency 

components that can be severely attenuated by larger transformers. As illustrated in detail in 

chapter 4, higher inductance transformers also lead to slowly decaying coupled RZ pulses in 

the time domain, which cause inter-symbol interference (ISI) and prevents multi-Gbps data 

transmission.   

To replace a legacy conductive connector in a cable standard, both the inductor size as 

well as the distance between the coils in an inductive connector would be significantly less 

than those used to charge a mobile phone.  To achieve the same size as conductive 

connectors, millimeter-scale inductors must be used to couple over gap spaces measured in 

fractions of a millimeter.  For an effective inductive connector, both a large transformer for 

power delivery as well as smaller transformers for data transmission must be employed.  

The proposed connector, one side of which is illustrated in Figure 4.1, consists of a 

large power delivery inductor surrounding one or more smaller data inductors.  In this design 
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the diameter of the power transformer would be as large as allowed by the connector 

standard, increasing its inductance and efficiency.  Potential turns of the power coil are 

eschewed in favor of accommodating data coils by removing interior turns rather than 

reducing the coil’s diameter.  The combination of an outer transformer for power delivery 

surrounding smaller transformers for data transfer minimizes the size of the connector while 

optimizing each of the inductive channels for its unique task.  The larger diameter of the 

power transfer results in a higher inductance, which shifts the frequency of peak coupling 

lower, while the relatively smaller data transformers shift the region of peak coupling higher 

into the GHz range to enable multi-Gbps signaling. 

 

 

Figure 4.1:  Proposed fully inductive connector with two data channels. 

  For use with a mobile device, a cable can be designed with an inductive connector at 

one end and at the other end either a standard conductive connector, such the types used by 

the USB standard, or another inductive connector.  For a mixed inductive/conductive cable, 

the mobile device would contain a transceiver, followed by a short PCB trace to the on-
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device inductor, which couples to the cable inductor and its longer transmission line, as 

shown in Figure 4.2.  In this configuration, an active cable would be required to convert 

coupled RZ pulses from the mobile device to NRZ signals and to drive NRZ signals from the 

conductive interface across the transformer.  This can be accomplished by including in the 

cable a small transceiver, powered by either the conductive interface or by the mobile device 

using the power transformer.  In addition to converting between RZ and NRZ signals, the 

transceiver would act as a buffer, potentially increasing the maximum useable cable length.  

An active cable with inductive connectors at both ends is also possible, though a passive fully 

inductive cable presents additional challenges to signaling.  These are examined in detail in 

chapter 5.   

 

TX RX

Transformer

Transmission Line

Mobile Device

PCB Trace

Cable

 

Figure 4.2:  A channel model for a mobile differential inductive connector. 

4.2 Sizing & Alignment 

Magnets around the periphery of the proposed connector, ideally along the short side, 

would bring the two sets of inductors into close proximity while ensuring alignment of the 

coils.  This would minimize the potential for X & Y misalignment, as described in chapter 3.  

The magnets would also allow the connector to break away when under stress without 
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causing damage to either the connector or the connected device.  Since no conductive 

connection is made, there are no pins to wear out, and the connection will not become loose 

over time, as one side of the connector does not insert into the other.  Simulations in ANSYS 

HFSS show that a pair of magnets spaced 25 m from the power delivery coil have a minor 

effect on both power transfer and data transmission (data not shown).  Depending on the 

design of the connector and its size specifications, the magnets may be moved farther away 

from the coils or even completely surround them to create a stronger connection.   

A thin plastic coating would be used to cover the inductors, both to protect them from 

the elements and to prevent the inductors from touching.  By encasing both sides of the 

connector, there are no conductive connections to short out and the connector is completely 

waterproof.  To optimize the power required for data transmission and increase the efficiency 

of power transfer, the coating on each side of the connector would ideally be as thin as 

possible with a low dielectric.  Since the inductors are coated, the magnets would press them 

together to minimize the gap spacing and increase the magnitude of the coupled pulse.  The 

effect of different plastics and polymers on signaling was examined and is presented below in 

section 4.4. 

By using magnets to connect the cables and create the transformers, minimal space is 

required in a device to implement the connector.  A simple 2-metal PCB can be used to 

create the inductors and can be embedded on any planar surface of a device.  The connector 

would be less than half a millimeter in thickness and limited in surface area only by the 

specifications of the chosen PCB process.  Optimization of the proposed connector involves 

balancing the size of the inductors used to couple data, the number of data channels required 
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and their spacing, and the desired overall dimensions of the connector.  As demonstrated by 

the modeling in chapter 3, increasing the number of turns made by the inductor used for the 

data channel or increasing its size may increase the amplitude of the coupled pulse, but at the 

expense of additional area.  Selecting a more advanced process with a smaller minimum line 

width and spacing would allow the inductor sizes to shrink while maintaining inductance. 

Data transmission using a fully inductive connector may require far fewer inductors 

than pins in a conductive connector.  For instance, a ground pin is not required for data 

transmission, only power and data need be transferred.  Additionally, since each inductor can 

be driven differentially, a single transformer can replace a pair of pins used for differential 

signaling in a conductive connector, further reducing connector size.  For example, the four-

pin USB 2.0 standard, consisting of 5V, Data-, Data+, and GND, can be implemented using a 

pair of nested inductors, as shown in Figure 4.3. 

 

 

Figure 4.3:  A nested inductive connector consisting of a 2-turn power transformer and a 3-
turn data transformer modeled in ANSYS HFSS. 
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4.3 Orientation Independence 

The large power coil around the periphery of the proposed connector enables 

orientation independence without the use of repeated pins.  Typical conductive connectors 

are asymmetric and can only be inserted in one direction.  This is done due to the difficulty 

of determining orientation on insertion and to prevent power and ground pins from 

accidentally connecting to the wrong channel.  Some newer connectors allow mating in two 

different orientations, but require twice the number of pins to do so.  By using a single power 

inductor around the periphery, a transformer will always be formed on insertion regardless if 

the connector is rectangular, square, or circular.  

For a single data channel connector, such as the square connector shown in Figure 

4.3, mating can occur in one of four orientations with only minimal impact on the power and 

data channel.  As demonstrated by the modeling presented in chapter 3, rotational 

misalignment of both the power and data coils for a millimeter scale transformer typically 

reduces the amplitude of a coupled pulse by less than 10%, depending on design. The 

connector can be assured to operate in all orientations by providing increasing the amplitude 

of the input signal or by using inductors with higher inductance.   

In a multi-data channel connector, orientation can be sensed in different ways 

depending on the number of channels and the design of the connector.  One method, which 

works in both connectors with one and two axis of symmetry, uses capacitive coupling as 

illustrated in Figure 4.4.  By creating a device-side connector with small capacitors at the 

corners and by using only a single capacitor on the cable-side, orientation of the cable can be 
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sensed by the presence of a capacitive connection.  If the connector is not orientated in its 

default position, the channels could be re-routed within an active cable or by the end devices. 

 

Orientation Capacitors Cable-Side 
Connector

Device-Side 
Connector  

Figure 4.4:  An orientation-sensing scheme for a fully inductive connector. 

A simpler method to determine orientation would use the polarity shift in coupled 

pulses caused by out-of-phase transformers.  As shown at the top of Figure 4.5, a rectangular 

connector with two data channels could be created on the device-side by using two identical 

coils wound in opposite directions.  The cable side of the connector would include an 

identical set of inductors for out-of-phase coupling or a set wound in the opposite direction 

from the device-side inductors for in-phase coupling, as shown in Figure 4.5.  This is 

somewhat counterintuitive, but mating the two sides of the connectors with identical 

transformers would result in their being out-of-phase since one is flipped onto the other.  

When mated in the first orientation, both transformers would be in-phase and a coupled ‘1’ 

would result in a positive coupled RZ pulse.  When the cable is flipped upside down and the 

inductors mated in the second orientation, out-of-phase transformers would be formed 

producing a negative coupled RZ pulse when a ‘1’ is input.  By transmitting a short startup 
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sequence on insertion, this polarity change would allow for instantaneous detection of 

orientation and allow for the re-routing of channels.   

 

Orientation 1:
Mated In Phase 

Orientation 2:
Mated Out of Phase

Device-Side Cable-Side

 

Figure 4.5:  Orientation sensing for a fully inductive connector using in-phase transformers. 

Orientation for a square connector with more than one data channel can also be 

determined by using a single transformer wound in the opposite direction from the rest on 

either the device or the cable side.  This orientation is shown in Figure 4.4, where the top 

right inductor on the device-side is wound opposite from the others.  As the connector is 

rotated through the four possible mating orientations, one of the four corner transformers 

would have the opposite phase from the others and could be used to sense orientation.   
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4.4 Signaling and Power Transmission 

To determine their effectiveness for replacing a conductive connector used in a high-

speed standard, nested millimeter scale transformers were simulated in the frequency domain 

using ANSYS HFSS.  To minimize costs, the connector was designed to be manufactured 

using a standard two-layer PCB process with a minimum metal width and spacing of 100 µm 

and a via pad diameter of 500 µm.  As shown in Figure 4.3, an approximately 3 mm x 3 mm 

connector consisting of a 2-turn power inductor and a 3-turn data inductor can be designed in 

this process.  This implementation could be used to replace a USB 2.0 connector or, by 

serially transmitting the left and right audio channels, a standard TRS headphone jack.   

The forward transfer coefficients (S21) for the power transformer are shown in Figure 

4.6 as the number of turns is varied.  Increasing the inductance of the power transformer 

increases coupling efficiency, but may produce diminishing returns.  When encompassing a 

3-turn data inductor, increasing the diameter of the power transformer from 3-turns to 4-turns 

increases the area of the connector by approximately 30%, which may not justify the 0.5 dB 

improvement in peak coupling.  Since power is transferred as a single frequency sine wave, 

only the loss at the frequency of peak coupling is of concern, unlike with data transmission.  

By designing the power transfer circuitry and inductor in tandem and implementing 

impedance matching, a resonant power transfer can also be achieved to maximize efficiency.   
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Figure 4.6: Forward transfer coefficients (S21) for a power inductor surrounding a 3-turn data 
inductor as turns are varied. 

 As with the power inductor, increasing the diameter of the data inductor by adding 

turns increases inductance and reduces channel loss, as shown in Figure 4.7, while increasing 

the connector’s size.  However, high-speed data transmission, unlike power transmission, 

becomes increasingly difficult as inductance increases.  Transmitting data using millimeter 

scale transformers requires coupling efficiently without overly attenuating high frequencies 

and therefore producing coupled pulses with reduced amplitude.  In addition, the wider 

pulses coupled by higher inductance transformers, as shown in Figure 4.8, produce ISI at 

higher data rates that must be minimized.  For optimal data transmission, designing the 

connector in a PCB process with smaller line widths and smaller vias may be necessary. 
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Figure 4.7: Forward transfer coefficients (S21) for the proposed connector’s data inductor as 
turns are varied. 

 

 

 

Figure 4.8:  Simulated time domain response for the proposed connector’s data inductor as 
turns are varied. 
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for a 1.1 mm 2-turn transformer, can affect the coupling of the data transformers at higher 

frequencies.  However, the effect on a coupled data pulse in the time domain is relatively 

minor, as seen in Figure 4.10, and depends on the dielectric constant of the material, the 

design of the transformer, and the data rate.  In these figures, air has a dielectric constant of 

1.0006, polyethylene (PE) of 2.25, polymethyl methacrylate (PMM) of 3.4, and glass of 5.5.  

Typically for millimeter scale transformers, increasing the dielectric constant of the material 

separating the coils reduces the peak amplitude of the pulse slightly without drastically 

affecting its shape.  The addition of a transmission line would minimize the difference 

between materials by attenuating higher frequencies.  The thickness of the material, however, 

dictates the gap spacing between the inductors and can significantly increase losses.  As 

described in chapter 3, increasing the separation between coils in a transformer does not 

significantly shift the frequency of the peak in the forward transfer coefficients.  Thus, the 

circuitry used for power transfer would not have to be redesigned due to changes in gap 

spacing, however the amount of power coupled may need to be increased to overcome the 

additional losses in the channel. 
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Figure 4.9: Forward transfer coefficients (S21) for a 1.1 mm, 2-turn data transformer 
separated by 50 m of the plotted materials.  

 
 

 

Figure 4.10:  Time domain simulation of a 1.1 mm, 2-turn data transformer separated by 50 
m of the plotted materials. 
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4.5 Crosstalk 

The effects of interference between the power and data channels due to the nested 

design were examined for a 2-turn power inductor surrounding a 2-turn data inductor.  Figure 

4.11 shows the crosstalk from the power channel into the data channel as the spacing 

between the inductors is increased.  For the chosen PCB process, the minimum spacing 

between power and data coils is 0.5 mm due to the via pad diameter.  This spacing, about 

1/3rd of the diameter of the data coil, provides almost 20 dB of isolation to the data channel, 

which can be increased by increasing the coil-to-coil separation.  Power transfer, on the other 

hand, is minimally affected by crosstalk from the data channel to the power channel. 

 

 

Figure 4.11:  Isolation between the data and power channels for a 2-turn data inductor within 
a 2-turn power inductor. 
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diameter of the connector is limited not only by the size of the data inductors, but also by the 

spacing required between data channels to minimize crosstalk.  Using the PCB process 

previously described, a pair of 2-turn data inductors within a 2-turn power inductor were 

examined as the data-to-data spacing was varied.  As shown in Figure 4.12 a minimal 

spacing of 0.5 mm between the coils provides 25 dB of isolation, while increasing the 

spacing to 1 mm provides 30 dB.  Depending on the application, the spacing between data 

channels may be limited.  However, in some applications, such as the bottom of a mobile 

phone, the connector may be stretched in one dimension to increase isolation between data 

channels as well as increase power transfer efficiency.   

 

 

Figure 4.12:  Isolation between a pair of 2-turn data inductors within a 2-turn power inductor. 
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Chapter 5  

High-Speed Inductive Signaling & 
Equalization 

To implement high-speed signaling standards using inductive coupling, a transformer 

outputting an RZ signal must replace a conductive pin outputting a standard NRZ signal 

without negatively affecting performance.  High-speed signaling over inductive channels will 

be examined in this chapter, along with a novel driver-side equalization technique to enable 

higher inductance transformers to signal at faster data rates.  In addition, a novel 

methodology using equalization and higher inductance transformers to reduce driver-side 

power consumption in lossy channels will be presented.   

5.1 High-Speed Inductive Signaling 

As described in chapter 3, the high-pass filter response of a transformer in the frequency 

domain acts as a differentiator in the time domain. Binary NRZ signals sent into the 

transformer are output as RZ pulses with a magnitude directly related to the rise or fall time 

of the NRZ edge and a decay time dependent on the inductance of the transformer.  If the 

desired signaling rate is faster than the decay time of the transformer, inter-symbol 
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interference (ISI) may occur.  Depending on the number of transformers in the channel, high-

speed signaling may be limited by different forms of ISI.   

5.1.1 Single Transformer Channels 

When using a millimeter-scale transformer as a replacement for a conductive data pin 

in a connector, the width of the coupled RZ pulse and its slow decay back to the zero state 

may limit high-speed signaling.   For the simulated 4 Gbps NRZ input shown in Figure 5.1, 

the simulated output from a 1 mm diameter, 4-turn transformer modeled in ANSYS HFSS is 

plotted in Figure 5.2.  

 

 

Figure 5.1:  4 Gbps NRZ input to a 1 mm, 4-turn transformer. 

4 5 6 7 8 9 10 11

x 10
-9

-1

-0.5

0

0.5

1

C
ur

re
n

t (
m

A
)



 

59 

 

Figure 5.2:  4 Gbps pulse output from a 1 mm, 4-turn transformer for the input in Figure 5.1. 

At this data rate, inter-symbol interference (ISI) is evident as the coupled pulse bleeds 

into the next bit period.  For periods of max activity, the output pulse fails to return to the 

zero state before the next bit, resulting in the decrease in amplitude seen for the highlighted 

negative pulse in Figure 5.2.  In this example the negative pulse produced by a ‘0’ bit occurs 

while the preceding positive pulse produced by a single ‘1’ bit is decaying to zero but is still 

positive.  The positive starting position of the negative pulse dampens its maximum 

amplitude.   

The ISI in the channel can be best observed using the two-symbol eye diagram in 

Figure 5.3.  The closing of the eye observable at the top and bottom is due to the reduction in 

amplitude during periods of max activity.  For consecutive ones or zeros, the pulse extends 

into the next bit period and produces distortion around the zero state in the middle of the eye 

diagram.  Jitter is observable in the eye diagram during the rising and falling edges of the 

pulse from the zero state.  These forms of interference may prevent successful signaling over 

the transformer at higher data rates.   
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Figure 5.3:  Two-symbol eye diagram for a 4 Gbps coupled across a 1 mm, 4-turn 
transformer. 

Extending the inductive channel by the addition of a transmission line, as shown in 

Figure 5.4, may result in increased ISI.  The lossy transmission line acts as a low-pass filter 

in the frequency domain due to the skin effect.  When combined with the high-pass filter 

effect of the transformer, the complete channel has a band-pass effect.  The result in the time 

domain for the complete channel is a reduction in the peak magnitude of the coupled pulse, 

while the decay time of the pulse is unchanged.  Therefore, higher inductance transformers 

with larger diameters and/or more turns are required to successfully transmit signals over 

inductive channels with long transmission lines.  To successfully signal over these channels, 

either the signaling rate must be reduced or the ISI produced by the channel must be 

controlled.    
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TX RX

Transformer

PCB Trace

Device 1 Device 2

 

Figure 5.4:  Inductive channel with a transmission line. 

5.1.2 Double Transformer Channels 

In an application where a fully inductive cable with inductors on both ends is desired, 

as shown in Figure 5.5, either an active cable with transceivers at one or both ends to buffer 

the coupled signal or a passive cable could be designed.  While an active cable would 

inherently be more expensive, signaling over two inductors without buffering back to an 

NRZ signal results in an additional form of ISI and further degradation of the input signal.   

 

TX RX

Transformer

PCB Trace

Device 1 Transformer Device 2

Cable  

Figure 5.5:  A two-transformer channel with a fully inductive cable. 
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After coupling across the first transformer and traveling down a transmission line, the 

original NRZ input signal has been converted into an RZ pulse with reduced amplitude.  

When input into the second transformer, the rising edge of the pulse is differentiated 

producing a positive coupled pulse, but before the coupled pulse returns to the zero state the 

falling edge of the input pulse is also differentiated.  The result is an RZ pulse with both a 

reduced width and amplitude followed by a ‘double pulse’ of opposite magnitude and 

approximately a quarter of the amplitude.  Figure 5.6 shows the output from a simulated 

channel composed of a pair of 4-turn, 1 mm transformers separated by a 10 cm transmission 

line when driven differentially using the input from Figure 5.1.   

 

 

Figure 5.6:  2 Gbps RZ output for a channel consisting of two 4-turn, 1 mm diameter 
transformers and a 10 cm transmission line 
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negative pulse produced by the ‘0’, depending on the data rate, and produce a negative pulse 

with increased amplitude.  However, if a series of three consecutive ‘1’s were coupled before 

the single ‘0’ bit, the double pulse produced by the ‘1’s would have no effect on the negative 

pulse produced by the ‘0’ bit and its amplitude would not be boosted.   Thus, as shown in 

Figure 5.7, signaling across a two-transformer channel produces distortion in the eye around 

the peak of the pulse.  During periods of consecutive ones or zeros, the double pulse is most 

visible and results in distortion in the eye around the zero state.  A method to control ISI in 

both one and two transformer channels, and thereby enable cost effective high-speed 

inductive connectors by allowing the use of larger transformers at higher data rates, will be 

examined in the next section. 

 

 

Figure 5.7:  Two-symbol eye diagram for the 2 Gbps output of a channel consisting of two 4-
turn, 1 mm diameter transformers and a 10 cm transmission line. 
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5.2 Multi-Bit Fractional Equalization 

To enable high-speed signaling over millimeter-scale inductive channels, a driver-side 

equalization scheme based on a discrete time finite impulse response (FIR) filter is proposed.  

Depending on the location of a bit within the data stream, the output current can be set to one 

or more levels over multiple bits or fractionally within a single bit to remove ISI in both 

single and double transformer channels.   

An FIR based driver-side equalization scheme was first proposed by Dally & Poulton 

to overcome the frequency dependent losses due to the skin effect in transmission lines [71].  

To ensure that a lone ‘0’ or ‘1’ would be detectable amongst a series of bits of the opposite 

polarity, they proposed using current addition and a 5-tap FIR filter to apply the effects of a 

high-pass filter by de-emphasizing the amplitude of the bits following a transition bit in a 

stream of the same polarity bits.  By reducing the amplitude of non-transition bits, they 

successfully increased the eye opening at the receiver to a recoverable level by minimizing 

ISI.  Applying this technique directly to a single transformer channel may reduce ISI for 

some single transformer channels, depending on both the data rate and the design of the 

transformer.  However, due to the inherent high-pass response of the inductive channel 

removing the DC components of an input signal, gradually reducing the amplitude of the bits 

following a transition to a steady state is not very effective as the next coupled bit will be 

reduced in amplitude.   

Fractional equalization, in which equalization tap spacing is less than a full bit period, 

was initial proposed to alleviate the need for precise clock phase control in adaptive 
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equalization for modems [72, 73] and more recently for differential signaling over coaxial 

cable [74].  Combining this technique with a FIR-based equalization scheme allows for the 

finer grain control of tap weights necessary to remove ISI in two transformer inductive 

channels, while improving equalization performance for single transformer channels.   

For data transmission, the optimal input signal to a transformer has rising and falling 

times as fast as possible to produce with the technology used.  This ensures the signal has 

components at the frequency of peak coupling and thus produces a pulse with maximum 

amplitude.  Due to the high-pass frequency response of the transformer, the magnitude of the 

change in amplitude for transition bits, for example from -1 mA to 1 mA for a differential 

signal, directly affects the amplitude of the coupled pulse.  Therefore, an effective driver-side 

equalization scheme must maintain the sharp rising edge of all NRZ input bits. 

A discrete time driver-side fractional equalization scheme based on a two-bit FIR 

filter using either two or four phases of the clock with an optional additional hold level, as 

illustrated in Figure 5.8, is proposed.  For an input data stream, transition bits and the bit that 

immediately follows a transition bit in a series of ‘1’s or ‘0’s are evenly divided into either 

two or four parts based on the phases of the clock.  Unique amplitudes can be output for each 

fraction of the two bits, independent of the amplitude of the other fractions.  A final 

amplitude level, labeled the hold bit in Figure 5.8, can be output for all remaining bits in a 

series depending on the channel.   
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Bit 1

A B C D A B C D

Bit 2 Hold Bit  

Figure 5.8:  4-phase, 2-bit plus hold fractional equalization 

5.2.1 Modeling 

To design an equalization scheme for inductive coupling, a custom inductive channel 

modeler was developed utilizing the RF Toolbox of MathWorks Matlab.  Transformers and 

transmission lines were simulated using ANSYS HFSS, which produces scattering parameter 

files that quantify how energy propagates through the simulated channel element.  Using 

these s-parameter files, the effect of an inductive channel on an input bit stream can be 

modeled in the time domain.   

The process of selecting the optimal equalization tap weights for a channel is 

illustrated Figure 5.9.  The first step is to create a transfer function from the input s-parameter 

files over the simulated frequencies, which is then converted into its analytical form and 

validated against the input s-parameters to determine the accuracy of the rational fit.  

Simulation of a differentially driven transformer requires converting a single-ended 4-port s-

parameter file to a differential 2-port file first.   
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Figure 5.9:  Process to determine the optimal equalization scheme for a channel using the 
custom inductive channel modeler. 

 To simulate the effect of transmitting data through the elements of the channel in the 

time domain, a random input bit stream is created at the desired data rate with rise and fall 

times matched to simulated driver results for the chosen CMOS process.  If the tap weights 

for an equalization scheme are known, they are applied to the bit stream, adjusting its 

amplitude accordingly.  Otherwise, parameters specifying the equalization scheme are 

specified and the modeler is setup to search for optimal tap weights.  A variety of 

equalization schemes are supported and were analyzed to determine their effectiveness for an 

inductive channel.  The response of the rational function to the bit stream is then calculated 

to produce the time domain output from the channel.  To determine the effectiveness of the 
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equalization scheme, a two-symbol eye diagram is created from the channel output data.  The 

return-to-zero eye is then analyzed using various metrics, such as eye area and distortion, 

which are used to search for the optimal tap weights for the chosen equalization scheme.   

5.2.2 Single Transformer Channel Equalization 

For an inductive channel with a single transformer, signaling at a data rate faster than 

the natural decay of the coupled pulse will produce ISI, which can be mitigated by reducing 

the width of the coupled pulse by accelerating its decay back to the zero state.  Depending on 

the data rate of the input bit stream, this can be achieved with equalization by reducing the 

amplitude of the later fractions of transition bits or the beginning fractions of the bit after a 

transition bit, as shown in Figure 5.8.  This reduction in amplitude of the input signal is 

coupled across the transformer as a small pulse with a polarity opposite of the original 

coupled bit, which effectively cancels out the decaying tail of the original coupled pulse, 

returning the output signal to the zero state within the original bit period.  After the dip in 

amplitude, the input signal must gradually increase in amplitude so as to increase the 

magnitude of the next transition without producing an errant pulse in the output signal.  If the 

input signal were to simply remain at the reduced amplitude, the coupled pulse for the next 

bit would be reduced in amplitude, resulting in a closing of the eye diagram.   

The magnitude of the dip in the amplitude of the input bit stream is dependent on the 

inductance of the transformer and the data rate.  Transformers with larger diameters or more 

turns require larger reductions in amplitude of the input signal to cancel out the tail of the 

coupled pulse than do lower inductance transformers at the same data rate.  Increasing the 
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data rate will also require a larger reduction in amplitude of the input signal since a higher 

amplitude of the original coupled pulse will have to be equalized to the zero state.  

The location of the amplitude dip within the input bit stream is purely dependent on 

the data rate.  To produce an optimal output signal, fractional equalization is necessary to 

precisely control the timing of the reduction in amplitude within the input bit stream.  

Increasing the number of bits equalized, precisely controlling the amplitude of the output 

signal, and further sub-dividing the input bits based on phases of the clock should improve 

the equalized signal.   

To illustrate the effects of equalization, the optimal 2-bit, 2-phase fractionally 

equalized input to a 4-turn, 1 mm diameter transformer is shown in Figure 5.10 along with 

the non-equalized NRZ input.  In this example, the transition bit is un-equalized and the 

amplitude of the input signal only falls during the first phase of the following bit, before 

recovering slightly in the second phase.   
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Figure 5.10:  4 Gbps NRZ (black) and 2-bit, 2-phase fractionally equalized (red) input to a 4-
turn, 1 mm diameter transformer. 

 The resulting output signals, plotted in Figure 5.11, show the reduction in the tail of 

the coupled pulse for the equalized signal, while the non-equalized signal trails into the next 

two bit periods.  The amplitude of the non-equalized signal is greater for the bit after a series 

of the same polarity, while for maximum activity bits the amplitude of the equalized signal is 

greater.  The resulting increase in eye area due to equalization, especially around the zero 

state, can be seen in the two-symbol eye diagrams plotted in Figure 5.12.  With equalization, 

the maximum amplitude of the coupled pulse has been reduced.  However, by reducing ISI 

the minimum amplitude has been increased, further increasing the eye opening at the top and 

bottom of the eye diagram.    
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Figure 5.11: 4 Gbps NRZ (black) and equalized (red) output from a 4-turn, 1 mm diameter 
transformer for the input signals from Figure 5.10. 

 
 

 

Figure 5.12:  Two-symbol eye diagrams for the 4 Gbps NRZ (black) and equalized (red) 
output signals from Figure 5.11. 

 Increasing the data rate for the same channel to 6.67 Gbps produces a non-equalized 

eye that is almost completely closed, as shown in Figure 5.13.  The optimal equalized signal 

for this data rate, also plotted in Figure 5.13, requires reducing the input signal to almost zero 

for first half of the bit after transition bits, thereby producing a pronounced negative pulse to 

4 5 6 7 8 9 10 11

x 10
-9

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

C
ur

re
n

t (
m

A
)

Output (s)

 

 

No EQ
2-Bit EQ

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

x 10
-10

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

Time (s)

C
u

rr
en

t (
m

A
)

 

 

No EQ
2-Bit EQ



 

72 

cancel out the tail of the coupled pulse.  With equalization, a simple pulse receiver without 

complex logic or clock circuitry can be used to recover the output of the transformer.   

 

 

Figure 5.13:  Two-symbol eye diagram for a 6.67 Gbps NRZ (black) and 2-bit, 2-phase 
equalized (red) output from a 4-turn, 1 mm diameter transformer. 

 Further increasing the signaling rate to 10 Gbps is only possible with aggressive 

equalization.  For the slower speeds already presented, 4 Gbps and 6.67 Gbps, 2-phase 

equalization was used since increasing the complexity of equalization to four phases only 

provided a minor benefit.  However, for this channel while signaling at 10 Gbps, 4-phase 

equalization provides an appreciable benefit.  Figure 5.14 shows both the 2-phase and 4-

phase equalized inputs to the 4-turn, 1 mm diameter transformer used previously.  For the 4-

phase signal, the reduction in amplitude begins during the fourth phase of the transition bit 

and the driver is effectively turned off for the 2nd and 3rd phases of the bit after a transition.  

The resulting two-symbol eye diagrams, plotted in Figure 5.15, show a significant reduction 

in both distortion around the zero state and jitter around the rising and falling zero crossings 

for the 4-phase signal compared to the 2-phase.  The complete channel, including the 
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receiver, would have to be taken into account to determine whether the improvement in the 

eye is worth the complexity of the 4-phase equalization scheme. 

 

 

Figure 5.14:  10 Gbps 2-bit equalized input signals with 2-phases (red) and 4-phases (blue) 
for a 4-turn, 1 mm diameter transformer. 

 
 

 

Figure 5.15:  Two-symbol eye diagrams for 2-phase (red) and 4-phase (blue) equalized inputs 
to a 4-turn, 1 mm diameter transformer at 10 Gbps. 
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determined for the six 1 mm transformers from Figure 3.9.  By varying the spacing between 

the coils, the number of turns was varied from one to six while holding the diameter at a 

constant 1 mm.  The benefit of applying 2-bit, 2-phase fractional equalization to the input 

signals of the six transformers at five data rates from 1 Gbps to 10 Gbps are shown in Figure 

5.16.  For the lower inductance transformers, which produce the smallest coupled pulses, 

equalization is not required at the lower data rates.  However, as either the data rate or the 

inductance of the transformer increases, the benefit of equalization increases to the point 

where signaling is only possible with it.   
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Figure 5.16:  The benefit of applying 2-bit, 2-phase fractional equalization to 1 mm diameter 
transformers as both the number of turns and the data rate are varied.   

Moving from a 2-phase equalization scheme to a 4-phase scheme for the same set of 

transformers provides additional benefits, but not for every situation, as shown in Figure 
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5.17.   Dividing the first two bits in a series into four fractions instead of two allows for 

precise timing of the negative pulse used to minimize the tail of the coupled pulse.  For lower 

inductance transformers at slower data rates, this results in a negligible benefit that is not 

worth the additional cost in power and area to implement 4-phase equalization.  As both the 

inductance and data rate increases, however, the ability to apply equalization to the last 

quarter of transition bits, and therefore create the negative pulse earlier, results in appreciable 

benefits.  The limits of equalization are observed for the 6-turn transformer at 10 Gbps, in 

which an open eye is only possible by applying an aggressive equalization scheme that is 

pure fractional pulse signaling.  For this situation, the optimal equalized input signal to the 

transformer starts at maximum amplitude during the first half of transition bits before 

completely shutting off and remaining at zero for the second half of the transition bit and all 

subsequent bits in the series.  Due to this, the 2-phase and 4-phase equalized signals are 

identical.   
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Figure 5.17:  Benefit of 2-bit, 4-phase equalization over 2-phase for 1 mm diameter 
transformers as both the number of turns and the data rate are varied. 

5.2.3 Double Transformer Channel Equalization 

For inductive channels with two transformers separated by a transmission line, such 

as the channel formed when two devices are connected using a fully inductive cable, the 

benefits of fractional equalization depend heavily on the signaling rate and the precision of 

equalization.  After coupling across the second transformer, the coupled pulse produced by 

the first transformer decreases in both amplitude and width while an opposite polarity 

‘double pulse’ is created.   

At slower data rates, typically around 1 Gbps or less for millimeter scale 

transformers, the width of the coupled signal pulse is small compared to the bit period, 

resulting in the double pulse occurring within the same bit period as the signal pulse.  Since 
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the double pulse doesn’t bleed into the bits that follow the transition bit, ISI is not produced.  

However, the double pulse, which is typically over a quarter of the amplitude of the coupled 

pulse, may be erroneously recovered by the receiver as an extra bit.  Fractional equalization 

can reduce the amplitude of the double pulse, but the slow data rate requires that four or more 

phases of the clock be used to provide the necessary precision.  Depending on the 

application, the additional driver logic and the clock tree complexity may not be worth the 

additional power consumption and driver-side equalization may not be beneficial at these 

speeds. 

At data rates in excess of 2 Gbps, the shorter bit period results in the double pulse 

bleeding into the following bits and producing ISI, which can be minimized through 

equalization.   Depending on the input bit stream, the double pulse manifests as either 

distortion around the zero state or, specifically for periods of max activity ‘010’ or ‘101’, 

distortion at the top of the eye diagram caused by the double pulse boosting the amplitude of 

the coupled pulse.  As an example of the benefits of equalization, Figure 5.18 shows the 

simulated 2-bit, 4-phase equalized input to a channel consisting of a pair of 4-turn, 1 mm 

diameter transformers separated by a 10 cm differential transmission line.   
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Figure 5.18: 4 Gbps NRZ (black) and 2-bit, 4-phase fractionally equalized (red) input to a 
channel consisting of a pair of 4-turn, 1 mm diameter transformers separated by a 10 cm 

transmission line.  

The channel output, plotted in Figure 5.19, illustrates both the reduction in the width 

of the coupled pulse and amplitude of the double pulse resulting from the application of an 

equalized signal with a significant decrease in amplitude during the last quarter phase of 

transition bits.  The corresponding eye diagram, plotted in Figure 5.20, shows a reduction in 

distortion at the top of the eye and around the zero state as well as a reduction in jitter when 

compared to a non-equalized NRZ input.   
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Figure 5.19: 4 Gbps NRZ (black) and equalized (red) output from a channel consisting of two 
4-turn, 1 mm diameter transformers separated by a 10 cm transmission line for the input 

signals from Figure 5.18. 
 
 

 

Figure 5.20: Two-symbol eye diagram for the 4 Gbps NRZ (black) and 2-bit, 4-phase 
equalized (red) output from a channel consisting of two 4-turn, 1 mm diameter transformers 

separated by a 10 cm transmission. 

As the data rate increases, the corresponding output eye diagram for an input NRZ 

signal closes due to both the double pulse and the width of the coupled pulse in relation to the 

bit period.  To successfully transmit, more aggressive equalization of the input signal is 

required.  For example, increasing the data rate for the channel described previously to 6.67 
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Gbps requires a wider negative dip in the input signal with a lower hold level, as shown in 

Figure 5.21, to produce the open eye plotted in Figure 5.22. 

 

 

Figure 5.21:  2-bit, 4-phase equalized input to a channel consisting of a pair of 4-turn, 1 mm 
transformers separated by a 10 cm transmission line at 6.67 Gbps.  

 
 

 

Figure 5.22: Two-symbol eye diagram for the NRZ (black) and equalized (red) output of the 
channel from Figure 5.21 at 6.67 Gbps. 

Reducing the complexity of equalization to 2-phase from 4-phase results in a 

significant decrease in the eye area, as shown in Figure 5.24.   At 6.67 Gbps, the optimal 4-
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phase equalized input signal decreases in amplitude during the last quarter of transition bits 

before recovering slightly.  To produce an optimal eye opening, the amplitude of the 2-phase 

equalized input signal must decline during the second half of transition bits or the first half of 

bits after a transition bit, as shown in Figure 5.23.  At this speed, neither choice is ideal as 

reducing the amplitude earlier reduces the amplitude of the coupled pulse while declining 

later fails to minimize ISI.  However, depending on the receiver design and the acceptable 

driver-side power consumption, 2-bit, 2-phase equalization may be sufficient.   

 

 

Figure 5.23:  6.67 Gbps 2-Phase (red) and 4-phase (blue) equalized input signals to a channel 
consisting of a pair of 4-turn, 1 mm transformers separated by a 10 cm transmission line. 
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Figure 5.24:  Two-symbol eye diagram for the 2-phase (red) and 4-phase (blue) equalized 
output of the channel from Figure 5.23. 

To summarize the effect of multi-bit fractional equalization on two transformer 

channel signaling, Figure 5.25 illustrates the benefit of 2-bit, 4-phase equalization for a 

channel consisting of two 1 mm diameter transformers separated by a 10 cm transmission 

line as the number of turns and the data rate is varied.  As with single transformer channels, 

lower inductance transformers at lower data rates do not benefit from equalization while the 

benefit of equalization increases with data rate and inductance.  However, unlike the single 

transformer channels examined previously, signaling at the highest data rates over the largest 

inductance transformers requires increasing the phases of equalization employed.  The 

complexity of 4-phase equalization combined with reduction in amplitude of the output pulse 

due to the second transformer make high-speed signaling over a fully inductive cable 

significantly more difficult than signaling across a single transformer.    
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Figure 5.25: The benefit of applying 2-bit, 4-phase fractional equalization to a channel 
consisting of two 1 mm diameter transformers separated by a 10 cm transmission line as both 

the number of turns and the data rate are varied. 

5.3 Inductive Co-Design 

While equalization enables high-speed signaling over a range of transformer designs, 

optimal inductive signaling requires minimizing ISI and controlling inductance by balancing 

the physical design of the transformers in the channel with the signaling rate desired.  

Typically, the size of an inductive connector is limited by its application, while the process 

used to create the transformer limits its design.  A variety of transformers, each with different 

line widths and spacings, diameters, and/or turns may meet specifications, but not all will be 

suited for signaling at the data rate required.  If a large gap spacing is required or the 
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connector is intended to be reversible, higher inductance transformers creating higher 

amplitude coupled pulses may be necessary.   

As an example of the tradeoffs required in inductive co-design, a non-contacting 

connector between a mobile device and an active cable with a 2 mm maximum diameter and 

supporting 4 Gbps signaling is considered.  If the transformers on both sides of the connector 

are designed in a PCB process with 3 mil width and spacing and 18 mil vias, a range of 

transformer designs can be created.  A selection of potential designs, ranging from a 2 mm 

diameter, 5 turn transformer to a 1 mm transformer with a single turn, are plotted in the 

frequency domain in Figure 5.26.   

 

 

Figure 5.26: Forward transfer coefficients (S21) for a selection of transformers with a 
maximum diameter of 2 mm. 

For each of these transformers, the result of low-speed signaling in the time domain 

without equalization is plotted in Figure 5.27.  The smallest transformer with the lowest 
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transformer has the highest inductance and thus the widest coupled pulse due to the region of 
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peak coupling occurring at a relatively low frequency. For signaling at 4 Gbps, both of these 

transformers are poor choices since the 1-turn transformer couples the smallest amplitude 

pulse, while the 5-turn transformer suffers from significant ISI, even with equalization.  The 

minor increase in peak coupling for the 2 mm, 4-turn transformer over the 1.5 mm, 3-turn 

transformer is outweighed by the ISI produced at 4 Gbps due to its wider pulse.  

 

 

Figure 5.27:  Time domain simulation for a selection of transformers with a maximum 
diameter of 2 mm.   

Eye diagrams for the three remaining transformer designs are plotted in Figure 5.28.  

For the 3-turn transformers, which use 2-bit, 2-phase equalization, increasing the diameter 

from 1.4 mm to 2 mm actually results in a slightly more closed eye.  Depending on the 

design of the receiver and the application, either the un-equalized 1.2mm, which consumes 

less driver-side power without equalization, or the equalized 1.4 mm transformer, which 

results in the largest eye opening, would provide the best performance at 4 Gbps while 

meeting the specifications.   
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Figure 5.28:  Two-symbol eye diagrams for a 2mm, 3-turn (black) and a 1.4 mm, 3-turn (red) 
transformer using 2-bit, 2-phase fractional equalization and a 1.2 mm, 2-turn (blue) 

transformer without equalization at 4 Gbps.  

Repeating this exercise using either a less expensive PCB process, which results in 

higher inductance transformers due to increased diameter, or increasing the data rate, for 

example to 10 Gbps to meet the USB 3.1 specification, would require equalization.  A novel 

approach to reduce driver-side power consumption through co-designing the inductive 

channel with the equalization scheme employed is presented in the next section.   

5.3.1 Inductive Co-Design for Low Power 

Driver-side fractional equalization has the potential to enable multi-Gbps signaling 

over millimeter-scale inductive channels, but requires more complex driver logic circuitry 

and consumes more power than a standard differential amplifier driver.  However, since the 

input bit width, set by the signaling rate, is independent of the output pulse’s width, the 

optimal equalized input signal at higher data rates is typically closer to a fractional RZ signal 

than the input NRZ signal.  The reduction in the input signal’s amplitude allows an 
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equalizing current-mode driver to output less current and consume less power during the later 

fractions of transition bits and all subsequent bits in a series.  By co-designing the 

transformers in an inductive channel to require an aggressive driver-side equalization 

scheme, driver-side power consumption may be reduced.  For higher inductance transformers 

with larger gap spacings that require more input current, an equalizing driver may actually 

consume less power than a simpler standard differential driver. 

To illustrate the potential benefit of inductive co-design, a single transformer channel 

with a maximum allowable diameter of 1 mm is examined for signaling at 4 Gbps.  Using a 

process with a 25 m minimum width and spacing, a 2-turn transformer producing minimal 

ISI without equalization can be designed.  By employing 2-bit, 2-phase fractional 

equalization, a higher inductance 4-turn transformer can be utilized, resulting in the output 

eye diagram in Figure 5.30.  Finally, a 6-turn transformer using equalization can be designed, 

which produces an eye with increased distortion and slightly less area compared to the 4-turn 

transformer.  Since the higher inductance of the 6-turn transformer shifts the region of peak 

coupling to a lower frequency, more aggressive equalization of the input signal is required, as 

shown in Figure 5.29.  While any of the three transformers are suitable for 4 Gbps signaling, 

the 4-turn transformer proves the best choice in terms of eye quality.   
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Figure 5.29:  4 Gbps NRZ input to a 2-turn transformer (black) and 2-bit, 2-phase equalized 
input to a 4-turn (red) and a 6-turn (blue) transformer. 

 
 

 

Figure 5.30:  Two-symbol eye diagram at 4 Gbps for the input signals from Figure 5.29. 

 The simulated driver-side power consumption for each of the three transformers is 

shown in Table 3 for a data rate of 4 Gbps.  The power consumption is estimated using a 

simulation of a 2-bit, 2-phase fractionally equalizing driver designed in a standard IBM 0.13 

m CMOS process, similar to the equalizer design described in Chapter 6, the amplitude of 

the current output onto the channel, and the equalization scheme.  For the non-equalized 
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transformer, power consumption is based on a simulated differential amplifier driving the 

channel along with buffers to convert a single-ended input to differential.  For the equalized 

driver, power consumption is based on a simulation of the input buffers, control logic 

required for equalization, and a series of four differential amplifiers, which can reduce their 

differential output current or turn off completely depending on the tap weights of the 

equalization scheme.  Power consumption of the clock tree was not included in either driver 

design.  When 1 mA of current is output differential onto the channel, the logic power of the 

equalized driver dominates and it consumes 37% more power outputting the equalized signal 

for the 4-turn transformer and 29% more power for the 6-turn transformer, when compared to 

the non-equalized driver.   

 

Table 3:  Driver-side power consumption using IBM 0.13 m CMOS at 4 Gbps for the input 
signals from Figure 5.29 at four output current levels. 

 Channel Output Current 
 1 mA 2 mA 3 mA 4mA 

2 Turns 4.06 mW 5.23 mW 6.39 mW 7.56 mW 
4 Turns EQ 5.57 mW 6.44 mW 7.32 mW 8.19 mW 
6 Turns EQ 5.26 mW 5.82 mW 6.39 mW 6.94 mW 

 

 In connector applications where orientation independence is required, misalignment is 

a concern, a protective glass or plastic forces a larger gap spacing to be used, or a higher data 

rate is required, the output current may need to be increased to overcome losses in the 

channel.  Doubling the output current to 2 mA increases the power consumed by the non-

equalized differential amplifier by 1.2 mW, but only increases the power consumption of 
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equalized driver by 0.87 mW while driving the 4-turn transformer and by 0.58 mW while 

driving the 6-turn transformer.  Compared to the non-equalized driver, this equates to a 23% 

increase in power for the 4-turn transformer and only an 11% increase for the 6-turn.  As the 

output current is increased further, it begins to dominate the power consumption, and despite 

the power consumed by the equalization logic, the 6-turn transformer consumes as much 

power as the non-equalized driver for 3 mA output and actually consumes 8% less for 4 mW 

output.   

Reducing the complexity of the equalization scheme, while potentially sacrificing eye 

quality, can achieve additional driver-side power savings. Two-bit pre-emphasis equalization, 

for which there are no fractionally equalized bits, requires simpler driver-side logic and 

therefore consumes less power.  Using this scheme, the inputs to a 5-turn transformer and the 

4-turn transformer from the previous example are plotted in Figure 5.31 along with the non-

equalized 2-turn transformer from Figure 5.29.  The resulting output eye diagrams, plotted in 

Figure 5.32, show that the change in equalization scheme had a minor effect on the 4-turn 

transformer, while the 5-turn transformer exhibits a limited amount of ISI, but produces an 

eye with greater area than the non-equalized 2-turn transformer.    

 



 

91 

 

Figure 5.31: 4 Gbps NRZ input to a 2-turn transformer (black) and 2-bit, 1-phase equalized 
input to a 4-turn (red) and a 5-turn (blue) transformer. 

 
 

 

Figure 5.32: Two-symbol eye diagram at 4 Gbps for the input signals from Figure 5.31 

Since the second half of transition bits are not reduced in amplitude, the power due to 

the output current is higher for the 4-turn and 5-turn transformers than it was for the 6-turn 

transformer from the previous example.  However, the logic power saved by implementing 

pre-emphasis overcomes this for lower channel output currents, resulting in the lower power 

consumptions shown in Table 4.  Using pre-emphasis, the 5-turn equalized transformer 
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consumes 0.13 mW less power outputting 2 mA than the non-equalized 2-turn transformer 

and 0.72 mW less than the 6-turn transformer, all while producing an output signal with 

greater eye area.  Changing to a fractional scheme for only transition bits and using a single 

output level for all remaining bits in a series would provide additional power savings over a 

2-bit, 2-phase scheme.  Determining the optimal equalization scheme to reduce power 

consumption depends heavily on the transformer size specifications and process parameters, 

which restrict transformer design and may prevent a higher inductance transformer that 

requires aggressive equalization from being utilized.     

  

Table 4: Driver-side power consumption using IBM 0.13 m CMOS at 4 Gbps for the input 
signals from Figure 5.31 at four output current levels. 

 Channel Output Current 
 1 mA 2 mA 3 mA 4mA 

2 Turns 4.06 mW 5.23 mW 6.39 mW 7.56 mW 
4 Turns EQ 4.47 mW 5.28 mW 6.10 mW 6.92 mW 
5 Turns EQ 4.37 mW 5.10 mW 5.82 mW 6.55 mW 

 

 To maximize power savings, usually at the expense of signal quality, pure RZ 

signaling can also be used as the input to the channel.  By applying either 2-bit, 2-phase 

fractional equalization or 2-bit, 1-phase pre-emphasis equalization with the second bit’s tap 

weight set to zero, an RZ signal will be output on the channel.  This saves significant power 

by shutting off the differential amplifiers for long stretches of a random bit sequence.  As 

seen in Figure 5.33, the 2-bit, 2-phase equalized output from the 6-turn transformer is 

comparable to the non-equalized 2-turn transformer, while the 2-bit pre-emphasis input to the 
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6-turn transformer results in a wider output pulse but suffers from more distortion and jitter 

due to ISI. 

 

 

Figure 5.33:  Two-symbol eye diagram at 4 Gbps output from a 6-turn transformer using 2-
bit, 1-phase equalization (blue) and 2-bit, 2-phase equalization (red), and a non-equalized 2-

turn transformer (black). 

 The optimal design to minimize power consumption varies amongst the three designs 

depending on the current output onto the channel.  For a 1 mA differential output, the non-

equalized driver remains the lowest power option, as shown in Table 5, but only marginally 

so.  Increasing the current to 2 mA results in a 6% savings for the 2-bit pre-emphasis output, 

which increases to 14% for a 3 mA output.  Finally, as the current increases, the effects of 

reducing the current output for the second half of transition bits dominates and the 2-bit, 2-

phase equalized driver is the best option at 21% less power than the non-equalized 2-turn 

transformer.   
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Table 5:  Driver-side power consumption using IBM 0.13 m CMOS at 4 Gbps for a 6-turn 
transformer utilizing 2-bit equalization with both 1 and 2 phases and a non-equalized 2-turn 

transformer. 

 Channel Output Current 
 1 mA 2 mA 3 mA 4mA 

2 Turns 4.06 mW 5.23 mW 6.39 mW 7.56 mW 
6 Turns 1-Phase EQ 4.24 mW 4.89 mW 5.51 mW 6.13 mW 
6 Turns 2-Phase EQ 4.99 mW 5.32 mW 5.63 mW 5.94 mW 

 

Design of the inductive channel in conjunction with the equalization scheme to be 

employed produces the best output signal results and, depending on the inductance of the 

channel, intelligently designing transformers to require aggressive equalization may actually 

save driver-side power while reducing ISI.  For a single transformer channel, implementing a 

simpler equalization scheme is most beneficial when minimizing power consumption is a 

priority, while a fractional scheme may be the best option for higher output currents and 

when minimization of ISI is a priority.  These same concepts extend to two transformer 

channels, such as a fully inductive cable, but fractional equalization may be required 

depending on the channel and the data rate.  The next chapter will propose a novel design for 

a 2-bit, 2-phase fractional equalizing driver with an additional hold bit for inductive 

signaling.   
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Chapter 6  

A High-Speed Multi-Bit Fractionally 
Equalizing Driver for Inductive Coupling 

To demonstrate high-speed data transmission over millimeter scale inductive links 

using the multi-bit fractional equalization scheme described in chapter 4, a current-mode 

transceiver was designed and manufactured in IBM 8RF, a 0.13 m CMOS process, and 

tested using transformers composed of inductors fabricated on printed circuit boards.  

Extracted simulation results show operation at up to 6 Gbps for the driver-side equalizer, 

while speeds in excess of 4.5 Gbps were measured in the lab while coupling across 

millimeter scale inductors on PCBs.  Measured eye diagrams for both the inductive channel 

output and receiver output validate multi-bit fractional e equalization as a means to reduce 

ISI in inductive channels.  A second variation of the equalizing driver was designed and 

manufactured, however, due to the complexity of testing and the success of the design 

presented here, it was not measured.  This variation is described in detail in Appendix A. 

6.1 Driver Design 

To allow the proposed driver to operate over the broadest possible set of inductive 

channels, consisting of single transformer connectors, single transformer connectors with a 

transmission line, and backplanes composed of two transformers separated by a transmission 
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line, a 2-bit, 2-phase fractional equalization scheme with an addition hold bit was 

implemented.   In this configuration, the driver may output two different signal levels for 

each of the first two bits in a series and one signal level for all subsequent bits in the series.  

This scheme allows for both the minimization of the long tails produced by high inductance 

single transformer channels, as well as a reduction in the double pulse produced by two-

transformer channels.  Ideally, for a two-transformer channel operating over a large range of 

data rates, a 4-phase equalizer would have been developed, but the design constraints of the 

0.13 m process would have severely limited the output data rate.  Instead, the two-phase 

design was chosen to enable 5+ Gbps operation.   

      The top level of the equalizing driver consists of a series of six connected current-mode 

differential amplifiers controlled by a logic block with a flip-flop based finite impulse 

response filter (FIR), as seen in Figure 6.1.  The first differential amplifier, which operates 

continuously, outputs a baseline current for the driver and is controlled indirectly by the input 

bit stream.  The second and third amplifiers operate only during the first and second half of 

the bit period, respectively, for transition bits.  The fourth and fifth amplifiers operate in a 

similar fashion, except they operate on the bit after a transition bit, while the sixth and final 

amplifier operates during a complete bit period for all subsequent bits in a series.  When used 

in conjunction, the differential currents output from all 6 amplifiers are added together and a 

total of five unique signal levels are possible. 
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Figure 6.1:  Implemented current-mode 2-bit plus hold, 2-phase fractional equalizing driver. 

 

6.1.1 Differential Amplifier Design 

To produce the desired current output for equalization, each of the six differential 

amplifiers uses a 4-bit digitally controlled tail current, as shown at the bottom of Figure 6.2.  

By progressively scaling the sizing of these four transformers and setting their state using a 

input control signals a total of 16 unique current levels can be output to enable testing of 

various equalization schemes.  In this design, the 24 bits required to set the tail currents for 
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all 6 amplifiers are serially input from off chip into a long flip-flop chain using two pads, one 

for the input and one for an enable. 

 

Drive

T1A  T2B

Drive

I_DrA I_DrB I_DrC I_DrD

200 Ω
x4

200 Ω
x4

4-bit Current Selection

T3 T3

I_T3A I_T3B I_T3C I_T3D

4-bit Current Selection

OUTOUT

 

Figure 6.2:  Differential amplifier design. 

The first of the six chained differential amplifiers is driven indirectly by the 

unmodified input bit stream and acts as a signal booster, allowing the total current output of 

the driver to be increased.  This enables the higher output current levels that may be required 

when driving lower inductance transformers, transformers with larger coil gaps, and/or 

misaligned transformers.  With all control signals enabled, the first amplifier contributes 1.6 

mA to the differential output of the complete equalizing driver, which has a maximum output 

of 2.8 mA.  However, by adding a constant current boost to all bits, some equalization tap 

weights are no longer possible to create.  For example, by adding 0.6 mA of baseline current, 

the minimum possible output level for any bit is 20% of the maximum.  Therefore, the 

equalization scheme desired for the channel may limit the amount of baseline current that 

may be added, thereby limiting the total output current.  The first differential amplifier was 
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designed to provide flexibility in testing, but could be removed in practice, saving additional 

power and area. 

6.1.2 FIR Filter and Tap logic 

To enable equalization and differentiate between the different types of bits in an input 

stream, a 2-tap FIR filter with a modified third tap was designed.  Passing the input bit 

stream through a pair of serially linked flip-flops, as shown in the middle of Figure 6.1, 

allows the past values of the bit stream to determine the state of the current bit.  For example, 

a transition bit can be determined from the input bit stream by comparing it to the previous 

bit.  To reach the data rates desired for this driver, a variation on the hybrid latch flip-flop 

(HLFF) proposed by Rasouli et al. [75], shown in Figure 6.3, was utilized for the two flip-

flops in the FIR filter and for the remaining six flip-flops used for synchronization.  In 

operation, the input CLK signal creates a three-inverter delay window for which D can be 

sampled.  Depending on the value of Q_Pre and D, the value of X may not change, saving 

power, and the delay from D to Q_Pre may be zero.  When implemented for the equalizing 

driver design, the values of Q and Q_Bar are used to provide complimentary signals required 

for tap logic and, in some situations along the critical path, the values of Q_Pre were used 

instead of Q. 
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Figure 6.3:  Modified single-edge triggered hybrid latch flip-flop (MHLFF) from [75]. 

The output of the 2-bit FIR filter, labeled Current in Figure 6.1 and Figure 6.4, is 

passed through a series of inverters and a pass-gate to convert it from a single-ended signal to 

a pair of differential signals, which then directly drive the first baseline amplifier.  To drive 

the remaining five amplifiers, the signals for a full bit width 3-tap equalizer are created using 

the FIR filter.  The first two taps are then subdivided using the differentially input clock 

signal to enable fractional equalization.  As shown in Figure 6.4, the differential input clock 

signals are buffered into two distinct signals, CLK Delay, which is used by the 

synchronization flip-flops in the tap logic, and CLK Drive, which is used to fractionally 

divide the tap signals. 
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Figure 6.4:  Buffers for the first amplifier and the clock tree. 

To drive a differential amplifier so that it only operates during transition bits, thereby 

creating the first tap of a full bit width equalizer, one side of the amplifier must be driven by 

a signal that is only high during positive transition bits, while the opposite side must only be 

driven high during negative transition bits.  For all other bits in the input stream, both inputs 

to the amplifier must remain low, which results in the amplifier consuming no power for 

these bits.  It’s this property that enables the saving of power by simultaneously co-designing 

the equalizer tap weights and the transformer design to produce a heavily equalized, but 

lower power output signal.  In addition, by encoding the tap logic into the signals that drive 

the amplifier, no additional logic needs to be placed in the tail current path, allowing the 

differential amplifier to operate faster while smoothing out transitions between taps.   

      For the described three-tap equalizer, the positive and negative drive signals for the first 

full bit width tap are created using the outputs of the FIR filter and a pair of flip-flops.  The 

outputs of the FIR filter allow a transition bit to be discerned, while the flip-flops ensure the 
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taps, labeled Tap1A and Tap1B in Figure 1.5, are synchronized with the drive signals for the 

first amplifier.  These full bit width taps are then combined with the differential clock to 

produce the fractional signals that drive both the second differential amplifier, which 

operates during the first half of the transition bit, and the third amplifier, which operates 

during the second half. 
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Figure 6.5: First tap logic, which drives the second and third amplifiers in the equalizer. 

The drive signals for the fourth and fifth differential amplifiers, which enable the 

second tap of the equalizer, are created in a similar manner.  As seen in Figure 6.6, the full 
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bit width positive and negative taps, Tap2A and Tap2B, are created using the first tap of the 

FIR filter and the outputs of the first equalization tap, Tap1A and Tap1B.  In this way, the 

first equalization tap doubles as a modified third-tap of the FIR filter, saving both power and 

space.  As with tap 1, the fractional drive signals for the fourth and fifth amplifiers, T2A and 

T2B, are created using the differentially input clock. 
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Figure 6.6: Second tap logic, which drives the fourth and fifth amplifiers in the equalizer. 

The positive and negative signals for the third and final equalization tap, labeled 

Tap3A and Tap3B in Figure 1.7, are created using both FIR taps as well as the first 
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equalization tap outputs.  Since the third tap was designed to hold its value for all remaining 

bits in a series, the drive signals for the sixth amplifier are simply delayed versions of Tap3A 

and Tap3B.   
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Figure 6.7: Third tap logic, which drives the sixth amplifier in the equalizer. 

Extracted simulation results for the drive signals to all six differential amplifiers are 

plotted in Figure 6.8 with the driver operating at 5 Gbps.  As seen in the figure, the signals 

with an ‘A’ at the end operate during the first half of the drive bit, while those ending in ‘B’ 

operate during the second half.  Each amplifier is driven by a positive and a negative signal 

and they are combined to enable five discrete equalization levels.   
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Figure 6.8:  Extracted simulation results of the drive signals for all amplifiers at 5 Gbps. 

Operation of the complete equalizing driver at 5 Gbps is shown in Figure 6.9.  For a 

random input bit stream, shown at the top of the figure, extracted simulation results for the 

positive channel of the output differential current are shown for three different equalization 

schemes.  For this simulation, the first differential amplifier is set to output a maximum 

baseline current, which boosts the driver output to a maximum of 2.8 mA, but limits the 

minimum current level for equalization to about 60% of the maximum.  The delay from input 

voltage to output current is approximately two clock cycles plus three inverter delays.  
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Figure 6.9:  Driver output for three equalization schemes with a baseline current at 5 Gbps. 
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The output of the driver at 6 Gbps, with the first differential amplifier disabled, is 

shown in Figure 6.10.  In this mode, the maximum output current is 1.2 mA, but all 

equalization schemes are possible since the output current can be set to 0 mA for any tap. 

 

 

Figure 6.10:  Driver output without a baseline current at 6 Gbps. 

 The two main components of the equalizing driver, the connected differential 

amplifiers and the equalization tap logic, affect the power consumption of the driver in 

different ways.  The type of equalization implemented, in this design two-bit plus hold, 2-

phase fractional equalization, directly affects the complexity of the equalization tap logic and 

thus the power consumption, which increases with data rate.  However, the power 

consumption of the connected differential amplifiers scales directly with the amplitude of the 

output current and is less affected by changes in the data rate.  By setting the 24 current 

control signals, power can be reduced by limiting the baseline current output by the first 

differential amplifier and by selecting a more aggressive equalization scheme, as described in 

chapter 5.  In extracted simulations at 6 Gbps and outputting the maximum 2.8 mA 
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differential current, the equalizing driver, not including the control signal flip-flop chain, 

consumes 14.82 mW.  Reducing the output current to 1.2 mA reduces the power 

consumption to 11.39 mW.  When implementing pure fractional pulse signaling by disabling 

the baseline amplifier and all the equalization taps except the first phase of the first bit in a 

series, power consumption for the driver is reduced to 9.24 mA.   

 As shown in Figure 6.11, the total size of the driver, not including electrostatic 

discharge (ESD) protection or the control signals flip-flop chain, is approximately 79.5 m 

by 32.5 m for a total area of 2584 m2.   
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Figure 6.11: Layout for the 2-bit plus hold, 2-phase fractionally equalizing driver in IBM 
0.13 m 8RF. 

6.2 Receiver Design 

To recover the pulses output from an inductive channel to full swing, a differential 

current-mode pulse receiver with three input voltage biases, shown in Figure 6.12, was 
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utilized.   The receiver input is composed of a pair of trans-impedance amplifiers, which 

convert the differential current pulses into voltage pulses using 50  termination resistors 

designed to reduce reflections by matching the impedance of a connected transmission line.  

The second stage of the receiver includes a pair of differential amplifiers that increase the 

amplitude of the voltage pulses before they are converted to full swing binary signals by a 

latch in the third stage.  Finally, three more progressively sized differential amplifiers further 

increase the amplitude of the square waves, which are output from the receiver differentially.  

As shown in Figure 6.13, the receiver is approximately 91.5 m by 31 m for a total area of 

2837 m2. 
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Figure 6.12:  Implemented current-mode differential pulse receiver. 
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Figure 6.13:  Layout of the current-mode differential pulse receiver in IBM 0.13 m 8RF. 

6.3 Test Setup 

Testing of the fractionally equalizing driver was conduct using off-chip inductors 

created in a standard 4-metal PCB process with a minimum width and spacing of 4 mils 

(101.6 m) and a via diameter of 20 mil (508 m).  Only the top two metal layers were used 

to create the inductors: metal1 for the coil and metal2 for the underpass to the center of the 

coil.  Inductors for three different transformer designs, an in-phase 3-turn, an out-of-phase 3-

turn, and an in-phase 2-turn, were created on a pair of PCBs, as shown in Figure 6.14 and 

Figure 6.15, and connected differentially to a transceiver die via wire bonds and a pair of 

PCB traces.   
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Figure 6.14:  Designs for the transmitter (left) and receiver (right) PCBs to create an in-
phase, 2-turn transformer with a diameter of 68 mils. 

 

Figure 6.15:  Transmitter PCB (left) and receiver PCB (right), each with 3-turn inductors. 

Transformers were created by flipping one PCB onto another, while overlapping just 

the edge of PCBs containing the inductors.  Due to this configuration, the in-phase 

transformers on the transmitter PCB are ¼ turn smaller than the inductors on the receiver 

PCBs, as shown in Figure 6.16, while the out-of-phase inductors are identical on both sides.  

To create a symmetric in-phase transformer would require that both PCBs overlap 
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completely when flipped, rather than just along one edge, which would prevent attachment of 

the die.  

 

 

Figure 6.16:  ANSYS HFSS model of an asymmetric 3-turn, in-phase transformer. 

 To ensure the inductors do not touch and subsequently short together, the inductor on 

the transmitter PCB was covered in solder mask and a piece of paper approximately 1 mil 

thick was placed between the PCBs.  The PCBs were then screwed together to align the coils 

and create consistent gap spacing of approximately 2 mils, as shown in Figure 6.17. 

 

 

Figure 6.17:  Overhead view (left) and side view (right) of the flipped test PCBs forming a 
transformer.  The transceiver chips are covered by plastic to protect the wire bonds. 
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Forward transfer coefficients (S21) for the three transformers were simulated in the 

frequency domain using ANSYS HFSS and are plotted in Figure 6.18.  These simulations do 

not include the effect of bond pads on the die or the wire bonds and assume 2 mils of air 

between the coils, rather than paper and solder mask.  All three transformers have square 

diameters of 68 mils on the receiver side, and the 3-turn, out-of-phase inductor is also 68 mils 

in diameter on the transmitter side.  Due to the ¼ turn reduction required for testing the in-

phase transformers, the 3-turn inductor is 60 mils by 68 mils on the transmitter side, while 

the 2-turn inductor is 56 mils by 68 mils, as illustrated in Figure 6.14.   

 

 

Figure 6.18:  Simulated forward transfer coefficient (S21) for 3 measured transformers, each 
with a maximum diameter of 68 mils. 

As expected, the higher inductance 3-turn transformers shift the region of peak 

coupling lower in frequency compared to the similarly sized 2-turn transformer.  The 

additional ¼ turn of the transmitter side inductor in the out-of-phase transformer results in a 

slight increase in inductance, compared to the in-phase variation.   High frequency roll-off is 
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evident for all three transformers, with resonant frequencies greater than 10 GHz, which will 

result in ripples in the slowly decaying tail of the coupled pulse in the time domain.  These 

transformers, approximately 1.75 mm in diameter, would be suitable for use in an inductive 

connector, although a PCB process with a smaller minimum width and spacing would 

provide more flexibility and allow for a smaller connector to be designed.    

Testing of the equalizing driver required inputting three high-speed signals, a 

differential clock and a single-ended data input, from an Agilent N4901 serial BERT using 

the SMAs on the transmitter PCB, as shown in Figure 6.15.  The tail current for each of the 

six differential amplifiers in the driver was set using a 4-bit control, for a total of 24 control 

bits.  These were input serially into a 24-bit long flip-flop chain using a Tektronix HFS 9000 

digital pattern generator, allowing complete control over the equalization scheme while 

testing.  On the receiver side, the three DC voltage biases required were input using a 

Tektronix programmable power supply, while the differential output from the receiver was 

monitored using a Tektronix TDS8000B digital sampling oscilloscope.  The complete test 

setup is pictured in Figure 6.19, with the BERT on the right hand side, the oscilloscope in the 

rear on the right, and the pattern generator on the far right.   

 



 

115 

 

Figure 6.19:  Inductive coupling test setup, with the BERT on the left, the oscilloscope on the 
middle right, and the pattern generator on the far right. 

6.4 Measured Results 

6.4.1 Channel Output 

Measurement of the channel output was performed on the 2-turn, in-phase 

transformer by connecting a transmitter die and measuring the voltage output from the 

transformer on the receiver PCB without a receiver die.  Figure 6.20 shows the channel 

output while the transmitter is driving a 1.4 mA differential NRZ signal and a boosted 2.8 

mA differential NRZ signal into the transformer.  The complete transmitter die for the 

baseline 1.4 mA output consumes 14.4 mW with the only the first differential amplifier on, 

while driving 2.8 mA onto the channel requires all six differential amplifiers and consumes 
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18.3 mW.   At a 1 Gbps data rate, the coupled pulse has ample time within the 1000 ps bit 

period to decay back to the zero state and therefore ISI is minimal.   

 

 

Figure 6.20:  Two symbol eye diagram for the channel output for a 2-turn, in-phase 
transformer with the connected driver outputting a 1.4 mA differential NRZ signal (left) and 

a 2.8 mA signal (right). 

The ripples in the tail of the coupled pulse are due to resonance and losses at high 

frequencies, which is typical of millimeter scale transformers.  The HFSS simulation of the 

forward transfer coefficient (S21) for this transformer, plotted in Figure 6.18, shows a 

resonant frequency around 10 GHz.  Matlab simulations of the time domain response for this 

transformer using the simulated S-parameters, plotted in Figure 6.21, exhibit the same ripple 

in the coupled pulse and the same decay time for the pulse as the measured data.  For this 

transformer, the ripple in coupled pulse is very similar to the double pulse in a two 

transformer channel, except the double pulse is opposite in magnitude of the coupled pulse. 
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Figure 6.21:  Simulated channel output for a 2-turn, in-phase transformer when an NRZ 
signal is input at 1 Gbps. 

As expected, increasing the data rate increases ISI, as illustrated by the eye diagrams 

in Figure 6.22 for a 2.8 mA NRZ input to the 2-turn, in-phase transformer at 3 Gbps and 4 

Gbps.  The dip in the coupled pulse while decaying back to the zero state actually reduces the 

width of the pulse in a manner similar to equalization, but the effect is not sustained.  The 

humps in the later portion of the coupled pulse before it reaches the zero state, as seen in 

Figure 6.20, produce significant ISI at 3 Gbps and 4 Gbps.   

 

 

Figure 6.22: Two symbol eye diagram for the measured channel output for NRZ signal input 
coupled across a 2-turn, in-phase transformer at 3 Gbps (left) and 4 Gbps (right). 
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The simulated eye diagram at 4 Gbps, shown in Figure 6.23, shows a smoother decay 

to the zero state after the first ripple, due to the simplifications in the transformer model.  

Without the second increase in amplitude due to a second ripple, less ISI around the zero 

state is observed and subsequently less distortion appears around the peak of the coupled 

pulse with less jitter in the rising and falling edges of the pulses.     

 

 

Figure 6.23:  Simulated two-symbol eye diagram at 4 Gbps for the 2-turn, in-phase 
transformer. 

At lower data rates, equalization is not required for this transformer, however around 

3 Gbps ISI has increased to the point where equalization is beneficial.  Figure 6.24 shows the 

output of the 2-turn, in-phase transformer channel for both a pseudo-random NRZ input and 

a fractionally equalized input.  Without equalization, the eye suffers from excessive ISI 

around the zero state and some distortion around the peak of the coupled pulse.  By applying 

an equalization scheme that decreases to around 60% of the peak amplitude during the 

second half of transition bits and 50% of the peak for all remaining bits in a series, the 

opening of the eye is significantly increased and the distortion is minimized.   
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Figure 6.24:  Channel output at 3.5 Gbps for a 2-turn, in-phase transformer with NRZ input 
(left) and equalized input (right). 

A similar benefit is observed for the channel at 4 Gbps.  At this speed, the eye of the 

non-equalized channel output is almost closed.  However, by applying a pre-emphasis like 

equalization scheme that reduces the driver output to approximately 50% of the peak 

amplitude for the bit after a transition bit and all remaining bits in a series, the eye area is 

significantly increased while reducing the minimum peak amplitude of the coupled pulse 

only slightly. With equalization, the transmitter consumes 20.7 mW compared to 22.2 mW 

without equalization. 
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Figure 6.25:  Channel output at 4 Gbps for a 2-turn, in-phase transformer with NRZ input 
(left) and equalized input (right). 

6.4.2 Receiver Output 

The output of the pulse receiver was measured for both the 3-turn, in-phase and 3-turn 

out-of-phase transformers at speeds up to 4.5 Gbps.  Between 4.5 Gbps and 5 Gbps the 

equalizing driver reached its maximum operating speed in the 0.13 m process and by 5 

Gbps the driver failed.  As shown in the following eye diagrams, signaling at 4.5 Gbps over 

millimeter scale transformers created in a PCB process achieved both with and without 

equalization, though the resulting equalized eye diagram is improved.  To further test 

signaling at this scale, the equalizing driver could be implemented in a modern process, such 

as 28 nm, to achieve the higher output data rates required to determine the limits of both 

equalized and non-equalized signaling.   

The non-equalized pseudo-random output from the channel containing the 3-turn, out-

of-phase transformer is shown in Figure 6.26 at both 1 Gbps and 2 Gbps, while outputting 

approximately 1.4 mA and a boosted 2.8 mA.  Increasing the output current is not necessary 
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at these speeds, as the receiver successfully recovers the channel output for both input 

currents, though the resulting eyes for the boosted current output suffer from significantly 

less distortion.   

 

 

Figure 6.26:  Receiver eye diagrams for the 3-turn, out-of-phase transformer at 1 Gbps (top) 
and 2 Gbps (bottom) when outputting approximately 1.4 mA differentially (left) and 2.8 mA 

(right). 

Increasing the signaling rate to 4 Gbps, as shown in Figure 6.27, produces an open eye 

diagram for both the 1.4 mA and the 2.8 mA differential driver output, however the eye is 

beginning to break down at this speed for the smaller output signal.  The larger output current 

will be used for the remaining eye diagrams to show the effect of applying equalization.   
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Figure 6.27:  Receiver eye diagram for the 3-turn, out-of-phase transformer at 4 Gbps when 
outputting approximately 1.4 mA differentially (left) and 2.8 mA (right). 

 The benefit of applying equalization to the input bit stream is shown in Figure 6.28 at 

both 4 and 4.5 Gbps.  At both of these data rates, the equalized input signal decreases to an 

amplitude of approximately 1.4 mA from 2.8 mA during the second half of transition bits and 

remains there for all subsequent bits of the same polarity in the series.  While both eyes are 

open, the measured width of the equalized eye at 4 Gbps has increased to 188 ps from 116 ps 

without equalization, subsequently increasing eye area by 67%.  Further increasing the data 

rate approaches the limits of signaling using an NRZ input, but is still successful at 4.5 Gbps.  

At this data rate, applying equalization increases the width of the eye from a non-equalized 

115.8 ps to 140 ps, resulting in an increase in eye area of 25%.   
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Figure 6.28:  Receiver eye diagrams for the 3-turn, in-phase transformer at 4 Gbps (top) and 
4.5 Gbps (bottom) without equalization (left) and with equalization (right). 

 Similar results are measured for the 3-turn, out-of-phase transformer, as shown in 

Figure 6.29.  For this channel, the equalized signal for the plotted 4 Gbps eye drops from 

approximately 2.8 mA to 2.2 mA during the second half of transition bits before the current 

output onto the channel is further reduced to approximately 1.4 mA for all remaining bits in a 

series.   Applying equalization results in a 20% increase in eye area as the width of the eye 

increases to 181 ps from 153 ps without equalization.  At 4.5 Gbps, a more aggressive 

equalization is scheme is applied, which reduces the second half of transition bits to 

approximately 1.6 mA from 2.8 mA.  The current output drops further to 1.4 mA for the first 

half of the bit after a transition bit in a series, recovers to 1.6 mA for the second half, then 
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returns to 1.4 mA for all remaining bits in the series.  This equalization scheme at 4.5 Gbps 

increases the eye opening significantly, resulting in an increase in eye area of 106%.   

 

 

Figure 6.29:  Receiver eye diagrams for the 3-turn, out-of-phase transformer at 4 Gbps (top) 
and 4.5 Gbps (bottom) without equalization (left) and with equalization (right). 

The measured channel output and receiver eye diagrams demonstrate the capacity for 

multi-Gbps signaling across a low cost channel composed of inductors created in a standard 

PCB process.  By applying multi-bit fractional equalization at the driver side using a modern 

CMOS process, such as 28 nm, should enable the data rates in excess of 5 Gbps required to 

compete with modern conductive connectors.   
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Chapter 7  

Conclusions and Future Work 

7.1 Conclusions 

The overarching goal of this work is to enable multi-Gbps signaling over an inductive 

channel composed of either one or two millimeter-scale transformers.  An inductive 

connector for mobile devices would offer all the capabilities of a standard conductive 

connector, while providing a contactless, waterproof design that minimizes space within the 

device.  By embedding a low-profile inductor into the exterior of the device, a transformer 

will be formed when a similar inductor, embedded into the end of a cable, is brought into 

close proximity.  Depending on the application, the cable may be designed with an inductive 

connector at one end and a conductive connector, such as those used in the USB standard, at 

the other for connecting to a computer or a power source.  A fully inductive cable, containing 

inductors on both ends and no conductive connections, is also possible, but the complexity of 

a two-transformer channel makes high-speed signaling difficult.   

An examination of the design of transformers, with a specific focus on the millimeter-

scale transformers required to enable an inductive connector, has been presented to determine 

the feasibility of multi-Gbps signaling.  Methods to optimize transformer design for high-

speed signaling have been discussed and variations in the spacing between coils, the effect of 
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two forms of misalignment, and the crosstalk between neighboring coils have been 

characterized through both frequency and time domain simulations.   

A fully inductive connector, providing both power and high-speed data transmission, 

has been proposed using a nested transformer design and magnets to provide alignment, 

maintain a minimum spacing between the coils and allow the connector to avoid damage by 

breaking away when stressed.  By utilizing a larger inductor surrounding one or more smaller 

inductors, the design of each transformer is optimized for its specific task.  The higher 

inductance of the outer transformer improves power transfer efficiency, while the interior 

inductors are sized to enable high-speed data transmission. Two novel design methodologies 

to enable connector orientation independence have been presented and the effects of crosstalk 

between the power and data channels have been characterized.  The proposed connector is 

suitable as a replacement for a conductive connector and a combination inductive/conductive 

cable capable of bi-directional signaling could be implemented by embedding a transceiver in 

both a mobile device and one end of an active cable.   

To minimize inter-symbol interference (ISI) prevalent when signaling across 

millimeter-scale transformers at higher data rates, multi-bit fractional equalization is 

proposed.  Transmitting a non-return to zero bit stream across a transformer produces 

positive and negative coupled pulses, with amplitudes and widths dependent on the 

inductance of the transformer, for each rising and falling edge of the input bit stream.  At 

higher data rates, the slowly decaying tail of a coupled pulse can bleed into the neighboring 

bit period, leading to ISI.  Driver-side fractional equalization minimizes ISI by attenuating 

the low frequency content of the input bit stream to speedup the decay of the coupled pulse, 
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thereby enabling multi-Gbps data transmission.  The proposed equalization scheme can also 

reduce the magnitude of the ISI producing ‘double pulse’, inherent when signaling across 

two transformer channels.  By applying driver-side multi-bit fractional equalization, the 

maximum data rate for an inductive connector can be increased to achieve the speeds 

required by modern standards. 

To minimize driver-side power consumption, the concept of inductive co-design for 

low power is presented.  An inductive channel is typically designed to achieve the maximum 

required data rate, while also maximizing the amplitude of the coupled pulse.  Implementing 

driver-side fractional equalization allows for high-speed signaling across a wider range of 

transformers, each of which may require different equalization schemes.  To save power, the 

inductive channel can be designed in conjunction with the equalization scheme employed to 

enable the required data rate.  By selecting an aggressive equalization scheme, in which the 

output of the current-mode driver more closely resembles RZ signaling than NRZ signaling, 

driver-side power consumption can be reduced by reducing the current output onto the 

channel.  For lossy channels, designing the channel to require aggressive equalization may 

actually save power compared to a simpler driver without equalization.   

To demonstrate the benefits of multi-bit fractional equalization, a novel 2-bit, 2-phase 

plus hold bit current-mode equalizing driver was manufactured in IBM 8RF, a 0.13 m 

process.  The design of the equalizer, based on a 3-tap FIR filter and a series of differential 

amplifiers, is presented along with the current-mode pulse receiver used for testing.  The 

benefit of fractional equalization is demonstrated through analysis of eye diagrams measured 

at both the channel output and the receiver output for a series of transformers created in a 
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standard PCB process.  Signaling at 4.5 Gbps was achieved across a pair of channels 

consisting of 3-turn transformers both in-phase and out-of-phase, demonstrating the potential 

for a multi-Gbps inductive connector for mobile devices.   

7.2 Future Work 

To further enable an inductively coupled connector for consumer electronics, mobile 

devices, or any other application where a high-speed compact connector is beneficial will 

require demonstrating 10+ Gbps signaling.   For a single transformer channel, for example 

between a mobile phone and a cable, this would be possible by designing a driver-side 

equalizer in a 65 nm or 45 nm process and utilizing inductors created in a 1 or 2 mil width 

and spacing PCB process.  Depending on the channel, a 2-bit, 2-phase fractional equalizer 

may be optimal, but for higher data rates only transition bits may require fractional division, 

thereby saving power by simplifying the required equalization logic. For high-speed 

millimeter scale connectors, transformer designs to minimize high-frequency losses by 

optimizing the crossover capacitive between the spirals can be further examined.   

A fully inductive cable with inductors at both ends or a cable with an inductive 

connection at one end and a conductive standard at the other would be possible using a single 

transceiver in an active cable.  By buffering the signal input from either end of the cable 

before transmitting it across the second inductor, ISI due to the two-transformer channel can 

be avoided.  To create a passive inductive cable, a fractionally equalizing driver using 4-

phases of the clock could be designed to minimize ISI due to the ‘double pulse.’  This may 
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require a more advanced process node or reducing the signaling speed to create the equalized 

driver output. 

A combination inductive/conductive active cable would be ideally powered by the 

conductive connector to maximize power transfer efficiency.  However, in the case of a fully 

inductive cable, the active cable would need to be powered by an inductive link, requiring the 

transceiver to be as power efficient as possible.  Techniques to optimize power transfer using 

millimeter scale inductors and further reduce the power consumption of the driver and 

receiver circuitry need to be explored.  Co-design of the inductors and the driver-side 

equalization scheme may provide additional benefit and techniques such as coding the input 

data stream can be examined to increase power efficiency.  Dynamically adjusting the output 

current on the channel in response to ISI may also beneficial.   

  

 

 



 

130 

REFERENCES 

[1] S. Mick, J. Wilson, and P. Franzon, "4 Gbps high-density AC coupled 
interconnection," in Custom Integrated Circuits Conference, 2002. Proceedings of the 
IEEE 2002 2002, pp. 133-140. 

[2] L. Luo, J. M. Wilson, S. E. Mick, J. Xu, L. Zhang, and P. D. Franzon, "3 gb/s AC 
coupled chip-to-chip communication using a low swing pulse receiver," Solid-State 
Circuits, IEEE Journal of vol. 41, pp. 287-296, Jan. 2006. 

[3] L. Luo, J. Wilson, S. Mick, J. Xu, L. Zhang, E. Erickson, and P. Franzon, "A 36Gb/s 
ACCI multi-channel bus using a fully differential pulse receiver," presented at the 
Custom Integrated Circuits Conference, 2006. CICC '06. IEEE 2006. 

[4] B. Su, W. S. Pitts, P. D. Franzon, and J. Wilson, "A zero power consumption Multi-
Capacitor structure for voltage summing in high-speed FFE," in Electrical 
Performance of Electronic Packaging and Systems (EPEPS), 2010 IEEE 19th 
Conference on Oct. 2010, pp. 13-16. 

[5] S. A. Kühn, M. B. Kleiner, R. Thewes, and W. Weber, "Vertical signal transmission 
in three-dimensional integrated circuits by capacitive coupling," in Circuits and 
Systems, 1995. ISCAS '95., 1995 IEEE International Symposium on May 1995, pp. 
37-40. 

[6] K. Kanda, D. D. Antono, K. Ishida, H. Kawaguchi, T. Kuroda, and T. Sakurai, 
"1.27Gb/s/pin 3mW/pin wireless superconnect (WSC) interface scheme," in Solid-
State Circuits Conference, 2003. Digest of Technical Papers. ISSCC. 2003 IEEE 
International, Feb. 2003, pp. 186,487. 

[7] S. Mick, L. Luo, J. Wilson, and P. Franzon, "Buried bump and AC coupled 
interconnection technology," Advanced Packaging, IEEE Transactions on, vol. 27, 
pp. 121-125, Feb. 2004. 

[8] J. Xu, S. Mick, J. Wilson, L. Luo, K. Chandrasekar, E. Erickson, and P. D. Franzon, 
"AC coupled interconnect for dense 3-D ICs," in Nuclear Science Symposium 
Conference Record, 2003 IEEE, Oct. 2003, pp. 125-129. 

[9] N. Miura, D. Mizoguchi, Y. B. Yusof, T. Sakurai, and T. Kuroda, "Analysis and 
design of transceiver circuit and inductor layout for inductive inter-chip wireless 
superconnect," in VLSI Circuits, 2004. Digest of Technical Papers. 2004 Symposium 
on, June 2004, pp. 246-249. 



 

131 

[10] D. Mizoguchi, N. Miura, M. Inoue, and T. Kuroda, "Design of transceiver circuits for 
NRZ signaling in inductive inter-chip wireless superconnect," in Integrated Circuit 
Design and Technology, 2005. ICICDT 2005. 2005 International Conference on, May 
2005, pp. 59-62. 

[11] J. Xu, J. Wilson, S. Mick, L. Luo, and P. Franzon, "2.8 Gb/s inductively coupled 
interconnect for 3D ICs," in VLSI Circuits, 2005. Digest of Technical Papers. 2005 
Symposium on June 2005, pp. 352-355. 

[12] N. Miura, et al., "A 1 Tb/s 3 W Inductive-Coupling Transceiver for 3D-Stacked Inter-
Chip Clock and Data Link," Solid-State Circuits, IEEE Journal of, vol. 42, pp. 111-
122, Jan 2007. 

[13] K. Chandrasekar, J. Wilson, E. Erickson, Z. Feng, J. Xu, S. Mick, and P. Franzon, 
"Signal integrity analysis for inductively coupled connectors and sockets," presented 
at the DesignCon, 2007. 

[14] K. Chandrasekar, J. Wilson, E. Erickson, Z. Feng, J. Xu, S. Mick, and P. Franzon, 
"Inductively coupled connectors and sockets for multi-Gb/s pulse signaling," 
Advanced Packaging, IEEE Transactions on, vol. 31, pp. 749-758, Nov. 2008. 

[15] T. Knight, "Capacitive chip to chip interconnections," Polychip Inc and M.I.T. 
Artificial Intelligence Laboratory, 1990. 

[16] D. Salzman and T. Knight, Jr., "Capacitive coupling solves the known good die 
problem," in Multi-Chip Module Conference, 1994. MCMC-94, Proceedings., 1994 
IEEE, March 1994, pp. 95-100. 

[17] L. A. Hayden and V. K. Tripathi, "Pulse signaling using Capacitively-Coupled 
CMOS," in Electrical Performance of Electronic packaging, 1994., IEEE 3rd Topical 
Meeting on, Nov 1994, pp. 7-9. 

[18] D. Salzman, T. Knight, Jr., and P. Franzon, "Application of capacitive coupling to 
switch fabrics," in Multi-Chip Module Conference, 1995. MCMC-95, Proceedings., 
1995 IEEE, 31 Jan - 2 Feb 1995, pp. 195-199. 

[19] W. Fischer and T. Gabara, "Capacitive coupling and quantized feedback applied to 
conventional CMOS technology," in Custom Integrated Circuits Conference, 1996., 
Proceedings of the IEEE 1996, May 1996, pp. 281-284. 



 

132 

[20] M.-C. F. Chang, V. P. Roychowdhury, L. Zhang, H. Shin, and Y. Qian, "RF/wireless 
interconnect for inter- and intra-chip communication," Proceedings of the IEEE, vol. 
89, April 2001. 

[21] Q. Gu, Z. Xu, J. Ko, and M.-C. F. Chang, "Two 10Gb/s/pin Low-Power Interconnect 
Methods for 3D IC," presented at the Solid-State Circuits Conference, 2007. ISSCC 
2007. Digest of Technical Papers. IEEE International, 2007. 

[22] A. Fazzi, L. Magagni, M. Mirandola, B. Charlet, L. Di Cioccio, E. Jung, R. 
Canegallo, and R. Guerrieri, "3-D Capacitive Interconnections for Wafer-Level and 
Die-Level Assembly," Solid-State Circuits, IEEE Journal of, vol. 42, pp. 2270-2282, 
Oct. 2007. 

[23] Q. Harvard, R. J. Baker, and R. Drost, "Main Memory with Proximity 
Communication: A Wide I/O DRAM Architecture," presented at the Microelectronics 
and Electron Devices (WMED), 2010 IEEE Workshop on, 2010. 

[24] E. F. Scarselli, A. Gnudi, F. Natali, M. Scandiuzzo, R. Canegallo, and R. Guerrieri, 
"Automatic Compensation of the Voltage Attenuation in 3-D Interconnection Based 
on Capacitive Coupling," Solid-State Circuits, IEEE Journal of, vol. 46, pp. 498-506, 
Feb. 2011. 

[25] K. Ikeuchi, M. Takamiya, and T. Sakurai, "Through Silicon Capacitive Coupling 
(TSCC) interface for 3D stacked dies," presented at the 3D Systems Integration 
Conference (3DIC), 2011 IEEE International, 2012. 

[26] M. T. L. Aung, E. Lim, T. Yoshikawa, and T. T. Kim, "Design of self-biased fully 
differential receiver and crosstalk cancellation for capacitive coupled vertical 
interconnects in 3DICs," presented at the Circuits and Systems (ISCAS), 2013 IEEE 
International Symposium on, 2013. 

[27] R. J. Drost, R. D. Hopkins, and I. E. Sutherland, "Proximity communication," in 
Custom Integrated Circuits Conference, 2003. Proceedings of the IEEE 2003, Sept. 
2003, pp. 469-472. 

[28] L. Luo, J. M. Wilson, S. E. Mick, J. Xu, L. Zhang, and P. D. Franzon, "3Gb/s AC-
coupled chip-to-chip communication using a low-swing pulse receiver," presented at 
the Solid-State Circuits Conference, 2005. Digest of Technical Papers. ISSCC. 2005 
IEEE International, 2005. 



 

133 

[29] J. Kim, I. Verbauwhede, and M.-C. F. Chang, "A 5.6-mW 1-Gb/s/pair pulsed 
signaling transceiver for a fully AC coupled bus," Solid-State Circuits, IEEE Journal 
of, vol. 40, June 2005. 

[30] J. Wilson, S. Mick, X. Jian, L. Lei, S. Bonafede, A. Huffman, R. LaBennett, and P. 
Franzon, "Fully integrated AC coupled interconnect using buried bumps," in 
Electrical Performance of Electronic Packaging, 2005. IEEE 14th Topical Meeting 
on, Oct. 2005, pp. 7-10. 

[31] J. Wilson, S. Mick, J. Xu, L. Luo, S. Bonafede, A. Huffman, R. LaBennett, and P. D. 
Franzon, "Fully Integrated AC Coupled Interconnect Using Buried Bumps," 
Advanced Packaging, IEEE Transactions on, vol. 30, pp. 191-199, May 2007. 

[32] J. Wilson, et al., "AC coupled interconnect using buried bumps for laminated organic 
packages," in Electronic Components and Technology Conference, 2006. 
Proceedings. 56th2006. 

[33] J. M. Wilson, S. E. Mick, J. Xu, L. Luo, E. L. Erickson, and P. D. Franzon, 
"Considerations for transmission line design on MCMs using AC coupled 
interconnect with buried solder bumps," in Signal Propagation on Interconnects, 
2006. IEEE Workshop on, May 2006, pp. 281-282. 

[34] D. Hopkins, et al., "Circuit Techniques to Enable 430Gb/s/mm2 Proximity 
Communication," Solid-State Circuits Conference, 2007. ISSCC 2007. Digest of 
Technical Papers. IEEE International, pp. 368-369, Feb. 2007. 

[35] A. Chow, D. Hopkins, R. Drost, and R. Ho, "Enabling technologies for multi-chip 
integration using Proximity Communication," presented at the VLSI Design, 
Automation and Test, 2009. VLSI-DAT '09. International Symposium on, 2009. 

[36] A. Majumdar, J. E. Cunningham, and A. V. Krishnamoorthy, "Alignment and 
Performance Considerations for Capacitive, Inductive, and Optical Proximity 
Communication," Advanced Packaging, IEEE Transactions on, vol. 33, pp. 690-701, 
Aug. 2010. 

[37] T. Sze, et al., "Proximity Communication flip-chip package with micron chip-to-chip 
alignment tolerances," presented at the Electronic Components and Technology 
Conference, 2009. ECTC 2009. 59th, 2009. 

[38] X. Zheng, J. K. Lexau, J. Bergey, J. E. Cunningham, R. Ho, R. Drost, and A. V. 
Krishnamoorthy, "Optical Transceiver Chips Based on Co-Integration of Capacitively 



 

134 

Coupled Proximity Interconnects and VCSELs," Photonics Technology Letters, 
IEEE, vol. 19, pp. 453-455, April 2007. 

[39] B. Su, P. Patel, S. W. Hunter, M. Cases, and P. D. Franzon, "AC coupled backplane 
communication using embedded capacitor," presented at the Electrical Performance 
of Electronic Packaging, 2008 IEEE-EPEP, 2008. 

[40] L. A. Glasser, A. C. Malamy, and C. W. Selvidge, "A magnetic power and 
communication interface for a CMOS integrated circuit," IEEE J. of Solid-State 
Circuits, vol. 24, pp. 1146-1149, Aug. 1989. 

[41] J. Bouvier, Y. Thorigne, S. A. Hassan, M. J. Revillet, and P. Senn, "A smart card 
CMOS circuit with magnetic power and communication interface," in Solid-State 
Circuits Conference, 1997. Digest of Technical Papers. 43rd ISSCC., 1997 IEEE 
International FEb 1997, pp. 296-297. 

[42] N. Tesla, "Apparatus for transmitting electrical energy," US Patent, 1914. 

[43] A. Kurs, A. Karalis, R. Moffatt, J. D. Joannopoulos, P. Fisher, and M. S. ́, "Wireless 
power transfer via strongly coupled magnetic resonances," Science, vol. 317, pp. 83-
86, 2007. 

[44] A. Karalis, J. D. Joannopoulos, and M. S. ́, "Efficient wireless non-radiative mid-
range energy transfer," Annals of Physics, pp. 34-48, April 2007. 

[45] A. Kurs, R. Moffatt, and M. Soljačić, "Simultaneous mid-range power transfer to 
multiple devices," Applied Physics Letters, vol. 96, Jan 2010. 

[46] A. S. Y. Poon, S. O'Driscoll, and T. H. Meng, "Optimal Operating Frequency in 
Wireless Power Transmission for Implantable Devices," presented at the Engineering 
in Medicine and Biology Society, 2007. EMBS 2007. 29th Annual International 
Conference of the IEEE, 2007. 

[47] M. Mark, T. Bjorninen, Y. D. Chen, S. Venkatraman, L. Ukkonen, L. Sydanheimo, J. 
M. Carmena, and J. M. Rabaey, "Wireless channel characterization for mm-size 
neural implants," presented at the Engineering in Medicine and Biology Society 
(EMBC), 2010 Annual International Conference of the IEEE, 2010. 



 

135 

[48] P. Gadfort and P. D. Franzon, "Design, modeling, and fabrication of mm3 three-
dimensional integrated antenna," presented at the Electronic Components and 
Technology Conference (ECTC), 2012 IEEE 62nd, 2012. 

[49] M. Gaudreau, M. Kempkes, N. Reinhardt, K. Schrock, and K. Vaughan, "Water 
impermeable, easy-disconnect electrical cable connector for deep sea applications," 
Electric Ship Technologies Symposium (ESTS), 2013 IEEE, pp. 456-458, April 2013. 

[50] J. Xu, S. Mick, J. Wilson, L. Luo, K. Chandrasekar, E. Erickson, and P. D. Franzon, 
"AC coupled interconnect for dense 3-D ICs," Nuclear Science, IEEE Transactions 
on, vol. 51, pp. 2156-2160, Oct. 2004. 

[51] D. Mizoguchi, Y. B. Yusof, N. Miura, T. Sakura, and T. Kuroda, "A 1.2Gb/s/pin 
wireless superconnect based on inductive inter-chip signaling (IIS)," in Solid-State 
Circuits Conference, 2004. Digest of Technical Papers. ISSCC. 2004 IEEE 
International, Feb. 2004, pp. 142, 517. 

[52] N. Miura, D. Mizoguchi, M. Inoue, T. Sakurai, and T. Kuroda, "A 195-gb/s 1.2-W 
inductive inter-chip wireless superconnect with transmit power control scheme for 3-
D-stacked system in a package," Solid-State Circuits, IEEE Journal of, vol. 41, pp. 
23-34, Jan. 2006. 

[53] N. Miura, Y. Kohama, Y. Sugimori, H. Ishikuro, T. Sakurai, and T. Kuroda, "A High-
Speed Inductive-Coupling Link With Burst Transmission," Solid-State Circuits, IEEE 
Journal of, vol. 44, pp. 947-955, March 2009. 

[54] N. Miura, Y. Kohama, Y. Sugimori, H. Ishikuro, T. Sakurai, and T. Kuroda, "An 
11Gb/s Inductive-Coupling Link with Burst Transmission," Solid-State Circuits 
Conference, 2008. ISSCC 2008. Digest of Technical Papers. IEEE International, Feb. 
2008. 

[55] Y. Yuan, N. Miura, S. Imai, H. Ochi, and T. Kuroda, "Digital rosetta stone: A sealed 
permanent memory with inductive-coupling power and data link," presented at the 
VLSI Circuits, 2009 Symposium on, 2009. 

[56] Y. Take, H. Chung, N. Miura, and T. Kuroda, "Simultaneous data and power 
transmission using nested clover coils," presented at the Design Automation 
Conference (ASP-DAC), 2012 17th Asia and South Pacifi, 2012. 

[57] Y. Yuan, A. Radecki, N. Miura, I. Aikawa, Y. Take, H. Ishikuro, and T. Kuroda, 
"Simultaneous 6Gb/s data and 10mW power transmission using nested clover coils 



 

136 

for non-contact memory card," presented at the VLSI Circuits (VLSIC), 2010 IEEE 
Symposium on, 2010. 

[58] A. Radecki, Y. Yuan, N. Miura, I. Aikawa, Y. Take, H. Ishikuro, and T. Kuroda, 
"Simultaneous 6-Gb/s Data and 10-mW Power Transmission Using Nested Clover 
Coils for Noncontact Memory Card," Solid-State Circuits, IEEE Journal of, vol. 47, 
pp. 2484-2495, Oct. 2012. 

[59] N. Miura, T. Shidei, Y. Yuan, S. Kawai, K. Takatsu, Y. Kiyota, Y. Asano, and T. 
Kuroda, "A 0.55 V 10 fJ/bit Inductive-Coupling Data Link and 0.7 V 135 fJ/Cycle 
Clock Link With Dual-Coil Transmission Scheme," Solid-State Circuits, IEEE 
Journal of, vol. 46, pp. 965-973, April 2011. 

[60] N. Miura, M. Saito, and T. Kuroda, "A 1 TB/s 1 pJ/b mm2/TB/s QDR Inductive-
Coupling Interface Between 65-nm CMOS Logic and Emulated 100-nm DRAM," 
Emerging and Selected Topics in Circuits and Systems, IEEE Journal on, vol. 2, pp. 
249-256, June 2012. 

[61] K. Chandrasekar, Z. Feng, J. Wilson, S. Mick, and P. Franzon, "Inductively Coupled 
Board to Board Connectors," in Electronic Components and Technology Conference, 
2005. Proceedings. 55th, June 2005, pp. 1109-1113. 

[62] K. Chandrasekar, J. Wilson, E. Erickson, Z. Feng, J. Xu, S. Mick, and P. Franzon, 
"Fine pitch inductively coupled connectors for multi-Gbps pulse signaling," in 
Electrical Performance of Electronic Packaging, 2006 IEEE, Oct. 2006, pp. 11-14. 

[63] USB.org. USB 2.0 Standard. Available: http://www.usb.org/developers/docs/ 

[64] HDMI.org. Available: http://www.hdmi.org/ 

[65] PCISIG.com. PCI Express®: Performance Scalability for the Next Decade. 
Available: http://www.pcisig.com/specifications/pciexpress/ 

[66] VESA, "DisplayPort Technical Overview." 

[67] Intel, "Thunderbolt Technology for Developers." 

[68] U. o. C. Berkley. ASITIC FAQ. Available: 
http://rfic.eecs.berkeley.edu/~niknejad/doc-05-28-01/faq.html 



 

137 

[69] ANSYS, "HFSS v. 15." 

[70] T. MathWorks, "MATLAB and RF Toolbox Release 2013a." 

[71] W. J. Dally and J. Poulton, "Transmitter equalization for 4-Gbps signaling," Micro, 
IEEE, vol. 17, pp. 48-56, Jan 1997. 

[72] G. Ungerboeck, "Fractional Tap-Spacing Equalizer and Consequences for Clock 
Recovery in Data Modems," Communications, IEEE Transactions on vol. 24, pp. 
856-864, Aug 1976. 

[73] R. D. Gitlin and S. B. Weinstein, "Fractionally-Spaced Equalization: An Improved 
Digital Transversal Equalizer," The Bell System Technical Journal, vol. 60, pp. 275-
296, 1981. 

[74] L. Xiaofeng and L. Jin, "A CMOS analog continuous-time FIR filter for 1Gbps cable 
equalizer," in Circuits and Systems, 2003. ISCAS '03. Proceedings of the 2003 
International Symposium on, May 2003, pp. 296-299. 

[75] S. H. Rasouli, A. Khademzadeh, A. Afzali-Kusha, and M. Nourani, "Low-power 
single- and double-edge-triggered flip-flops for high-speed applications," in Circuits, 
Devices and Systems, IEE Proceedings, April 2005, pp. 118-122. 

 
 



 

138 

APPENDICES 



 

139 

Appendix A: Alternative Fractionally Equalizing Driver 

 In the process of designing a 2-bit, 2-phase plus hold fractionally equalizing driver for 

inductive coupling, the driver design detailed here was manufactured, but due to its 

complexity, was not tested.  This design utilizes two less flip-flops and simpler logic than the 

design presented in chapter 6, but requires two differential clock signals 180 out of phase 

with respect to each other, which can be accomplished using either a 4-phase clock or by 

inputting two differential clocks.  This design, created in IBM 0.13 m 8RF and included for 

completeness, shows the evolution of the driver design illustrated in chapter 6.   

 The design is based on 3-tap FIR filter composed of the 3 flip-flops, shown in the 

center of Figure A.1, which output one, two, and three clock period delayed versions of the 

single-ended data input.  Each flip-flop is dual-edge triggered using the first clock and is 

based on the design from Rasouli et al [75].  This effectively sets the data rate equal to twice 

the clock frequency to push the limits of the 0.13 m process.  Two differential clocks, 180 

out of phase from each other, are input and used to create a clock drive signal at twice the 

frequency, as shown in Figure A., to enable fractional control.  The delayed version of the 

input bit stream, output from the third flip-flop and labeled Past in the diagrams below, is 

converted from single-ended to differential and used to control six differential amplifiers that 

drive the output current into the inductor, shown in Figure A.1.  The currents for the baseline 

amplifier and five tap amplifiers are controlled using 24 control signals input from off chip 

into a long flip-flop chain.  By adjusting these control signals, a maximum of 2.8 mA can be 

output onto the channel. 
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Figure A.1: Top level design of the alternative 2-bit, 2-phase fractional equalizing driver. 
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Figure A.2: Clock division circuitry to enable fractional tap control and drive circuitry to 
control six differential amplifiers. 

 The first differential amplifier in the driver is always on to provide a baseline current 

output onto the channel that mirrors the input bit stream.  To enable fractional equalization, 

the last five differential amplifiers are each selectively enabled for their period of operation 

by controlling a single NMOS transistor for each tap, which gates the tail current of each 

amplifier as shown in Figure A.1.  The first tap, Tap1, is created from the first two outputs of 



 

141 

the FIR filter, as shown in Figure A., then synchronized using a flip-flop controlled by the 

first clock.  To control the gating of the tail current in the second and third differential 

amplifiers, Tap 1 is then combined with the fractional clock signal to create the control 

signals T1A and T1B, which are enabled during the first and second half of the clock period, 

respectively.     
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Figure A.3:  Tap1 logic to create T1A and T1B, which control the second and third 
differential amplifiers. 

 Using all three outputs from the FIR filter, Tap2 is created and resynchronized using 

a two flip-flop chain, as illustrated in Figure A..  The drive current controls, T2A and T2B 

are then created using the fractional clock.  The final tap, Tap3, operates for all remaining 

bits of the same polarity in a series and does not include fractional control.  Tap3 is created 

using the output from the first two taps, as shown in Figure A., and is simply delayed to 

control the tail current for the final differential amplifier.   
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Figure A.4:  Tap2 and Tap3 logic to control the last three differential amplifiers. 

 Extracted simulation results for four different equalization schemes are show in 

Figure A. at 4 Gbps, though the maximum data rate for the driver is 5 Gbps.  The baseline 

amplifier can output a maximum of 1.2 mA onto the channel, while the enabling the tap 

amplifiers can add up to an additional 1.6 mA to reach the maximum output of 2.8 mA. 

Disabling the baseline amplifier allows for any 2-bit, 2-phase plus hold fractional 

equalization scheme to be created, or a scheme in which the current output is not turned off 

can be output at a boosted current level using the baseline amplifier.  

 This alternative driver design consumes 7.78 mW at 1 Gbps while outputting the 

maximum 2.8 mA, which increases to 11.40 mW at 5 Gbps.  Reducing the current output to 

1.2 mA reduces power consumption to 3.96 mW at 1 Gbps and 7.76 mW at 5 Gbps.  The 

total area consumed is 25.42 m2 without including the current control signals flip-flop 

chain.   
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A few shortcomings of this design were addressed through the design of the 2-bit, 2-

phase plus hold fractional equalizing driver detailed in chapter 6.  First, by using single-edge 

controlled flip-flops, rather than dual-edge, a higher-speed differential clock is input and used 

as the fractional clock.  This eliminates the need to use two clock signals and increases the 

maximum operating speed.  Second, the NMOS transistor used in this alternative design to 

gate the tail current of the tap differential amplifiers results in overshoot in the output current 

and reduces the maximum current that can be driven onto the channel.  This was addressed in 

the design from chapter 6 by incorporating additional logic to enable and disable the tap 

differential amplifiers through their input signals, allowing the NMOS in the tail to be 

removed.  Due to these changes, the driver design from chapter 6 consumes more power and 

area, but can output more current onto the channel, operate at a faster data rate, and is easier 

to test.   
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Figure A.5:  Equalized output current from the alternative fractional equalizer at 4 Gbps for 
four different equalization schemes. 


