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Abstract

Modern processors are capable of working at a very high frequency with the advent of

technology scaling. However, memory limits the overall speed of operation. In order

to take complete advantage of these modern high-performance processors, it is essential

to improve the data transfer rates in the memory. As per open NAND flash interface

(ONFI) standard, the current data rate is around 800MBps. Between every successive

ONFI standard, a 100% improvement in data rate has been observed. By extrapolating

the existing trend, the data rate of next generation of ONFI can be about 1600MBps.

This project aims at achieving 1333MBps to support an industrial need. Since the

speed focused on Silicon is 1333MBps, the thesis strives to achieve 1400MBps in order

to accommodate parasitics. At this high frequency, the channel response deteriorates

because of dielectric loss and Inter-Symbol Interference (ISI). Additionally, crosstalk in

parallel interface degrades the signal integrity. The technique used to restore the channel

loss is called equalization. The thesis presents a design of Continuous Time Linear

Equalization (CTLE) based gigabit receiver for ONFI parallel interface on 16nm FinFET

technology. The design consists of a CTLE, a latch, a Current Mode Logic (CML) to

Complementary MOSFET (CMOS) converter and a duty cycle corrector (DCC). A novel

design has been proposed to support rail to rail Input Common Mode Range (ICMR)

of the receiver to provide flexibility to the transmitter. This receiver compensates an

estimated channel loss of 4dB at 1400MHz and provides a dc-gain of 10dB. Further, it

maintains 50±1.5% duty cycle to support Double-Data-Rate(DDR) (2.8GbBs). For a

given ICMR,a power efficiency of 1.4pJ/bit is achieved which is superior to the state-of-

art designs. However, in order to support complete rail to rail ICMR the novel design

was showing 4.7pJ/bit.
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Chapter 1

Introduction

Memory has been conspicuously requisitioned in the fast-paced era of electronics. Mem-

ory is used in the place where an application needs to load some data during processing,

while hard disk storage involves storing data for long and short retention period.

NAND flash memory is a type of hybrid memory which is non-volatile and has an

erasable read/write option. In order to read/write data into memory, a controller is

needed. The architecture of controller along with the memory is as shown in Figure 1.1.

It shows the controller driving NAND flash memory.

Figure 1.1: Controller driving NAND Flash[1]

1
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1.1 Open NAND Flash Interface (ONFI)

There was a need to standardize NAND flash to make it easier to switch between NAND

chips from different producers, thereby permitting the faster development of NAND-

based products and lower prices via increased competition among manufacturers. The

Open NAND Flash Interface (ONFI) is an industry workgroup made up of more than

100 companies that build, design-in, or enable NAND Flash memory. It is dedicated

to simplifying NAND Flash integration into consumer electronic products, computing

platforms, and any other application that requires solid-state mass storage. It defines

standardized component-level interface specifications as well as connector and module

form factor specifications for NAND Flash[1]. The trend of increase in the data rate of

ONFI is from 50MB/s to 800MB/s over 1.0 to 4.0 version. The Figure 1.2 shows a 100%

improvement of data rate from version to version.

Figure 1.2: Trend of ONFI Data Rate[1]

1.2 Parallel Interface

It can be seen that in Figure 1.1 the data transfer is done parallely. The advantages of

parallel interface are as follows.

� Programming is easy;

� Data rate is high since there is no handshaking of signals required.

� No latency time.

� Support large amount of data transfer.

� For time-sensitive data.
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Thus parallel interface has been adopted to drive flash memory. A real-time example

of parallel transmission can be video streaming. The concurrent 8-bits of parallel trans-

mission reduces the buffering, unlike serial transmission which has single bit at a time.

Hence parallel transmission is preferred for high-speed data transmission.

1.3 Channel

Figure 1.3: Transmitter and Receiver with the channel [2]

The controller and NAND flash are connected using metal connectors. The set of

metal connectors is called channel. Figure 1.3 shows the transmitter(memory) and re-

ceiver(controller) along with the channel. The channel differs from each other depending

on electrical and dimensional parameters. The resistivity of the channel increases with

the length; the capacitance and inductance are distributed along the length. The inter-

element capacitance shown in Figure 1.4 affects the signal propagation by the formation

of the pole and thus reducing the gain at higher frequencies as shown in Figure 1.5.

Usually, the channel is a Flame Retardant4 (FR4) microstrip line. The skin effect, the

impedance of the line, the propagation constant, etc. hamper the signal propagation.

Figure 1.4: Microstrip line with interelement capacitance [2]

The requirement to improve speed directly affects the hardware and power constraints.

Even though there has been a rapid growth in devices to support high-speed perfor-

mance, the interconnects have not improved in the same fashion. The channel between

the controller and the memory deteriorates the signal with the increase in speed. The

ac response of the channel is as shown in Figure 1.5 which shows a drop to -45dB at

20GHz.
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Figure 1.5: Channel Response vs Frequency [2]

1.4 Motivation

By extrapolating ONFI data rate, the next version is expected to have 1600MBps of

data rate. The main bottleneck involves the presence of a pole at such high frequency

which causes the degradation in the channel response. The scenario worsens with factors

like crosstalk, jitter, insertion loss, inter-symbol interference, etc leading to the closing

of the eye of the signal after channel as shown in the Figure 1.6. The technique of

overcoming these shortcomings of the channel at high frequency is called equalization.

This technique leads to the opening of the eye which implies reliable data transfer,

reduction in jitter, insertion loss, etc.

Figure 1.6: The closed eye of the signal after channel [2]

1.5 Objectives

The objective of the work involves designing a receiver for NAND Flash Memory.

� To achieve the targeted data rate of the receiver is 2.8GBps in order to support

future versions of ONFI.

� The expected channel loss of 4dB at 1.4GHz has to be compensated by an equalizer

in the receiver.
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� A 12dB gain has to be achieved to obtain a reliable transfer of data by the receiver.

� The output signals of the receiver must have a 50% duty cycle.

� A rail to rail input common mode support has to be given to the receiver since

the input common mode is unknown at pre-Silicon level.

� The aim is to achieve low power consumption.

1.6 Contribution

The reported work on CTLE based receiver till date supports a constant Input Common

Mode Range (ICMR). There is a need to support rail to rail ICMR in order to provide

flexibility to the transmitter design. This project has proposed a novel design to operate

for a large ICMR and has achieved the desirable performance across Process-Voltage-

Temperature (PVT) variation.

1.7 Structure of the Work

This thesis is divided into 5 chapters to reflect the necessary information that leads up

to the complete design of a receiver system.

� Chapter 1:Introduction

This chapter gives the introduction to the topic continuous linear time equalization

based gigabit receiver. It describes the challenges faced at high-speeds. Addition-

ally it elucidates the motivation,objective and contribution of the project.

� Chapter 2:High Speed Design Techniques

This chapter provides an account for different circuits used in high-speed designing.

There is a brief explanation of wideband amplifiers, equalization techniques, rail

to rail input common mode amplifiers, gain stage and duty cycle corrector.

� Chapter 3:Proposed Design of the Receiver

This chapter discusses the proposed receiver design and working. The detailed

analysis of equalizer, latch, Current Mode Logic (CML) to CMOS converter and

duty cycle correcter has been given.

� Chapter 4:Results and Discussions

This chapter shows the results of the proposed receiver. The process corners SS,



Introduction 6

TT, FF along with the temperature of -40oC, 25oC and 125oC are varied. The

voltage variation is VDD ± 5% has also considered.

� Chapter 5:Conclusions and Future Scope

This chapter concludes all the findings and contributions of this work and discusses

possible future work.



Chapter 2

High-Speed Design Techniques

There are different techniques to realize high-speed designs. The circuit must have

higher bandwidth. It needs to pump large current for faster performance. The power

consumption has to be optimized. Keeping the above design concerns, this chapter gives

techniques to design high-speed circuits.

2.1 Current Mode Logic Structures

It is a challenge to operate the MOS at unity gain current cut-off frequency (fT). High

speed implies charging and discharging capacitors at that high speed. The high-speed

blocks must use very less number of active devices in-order to overcome unnecessary

loading at each stage; further, the usage of PMOS has to be reduced owing to its low

mobility. Current Mode Logic (CML) structures are faster because of there low output

swing. Thus it has been adopted in the thesis for high-speed designing.

2.2 Wide Band Amplifiers

As we know using a multistage architecture relaxes the gain-bandwidth requirement

per stage, but we still require wide bandwidth in each stage to ensure that the -3 dB

bandwidth of the multistage amplifier (ωA) meets the design specification. In fact, the

required single-stage bandwidth (ωB) is always greater than the multistage amplifier

bandwidth i.e.ωB ≥ ωA. Therefore, it is important to understand the various methods

that can extend the bandwidth of stages.

7
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2.2.1 Capacitive degeneration

One of the methods to achieve a broadband response is to degenerate the transistors in

a differential pair such that the effective transconductance of the circuit Gm increases at

high frequencies thereby compensating for the gain roll-off due to the pole at the output

node. Such an arrangement is shown in Figure 2.1.

Figure 2.1: Wideband amplifier with capacitive degeneration

The circuit transconductance can be expressed as

Gm =
gm(RsCss) + 1

RsCss+ 1 + gmRL/2
(2.1)

From above notice that the circuit transconductance Gm contains a zero z1 and pole p2

at frequencies

z1 = 1/RLCL (2.2)

p2 =
1 + gmRs/2

RsCs
(2.3)

If the zero z1 cancels the pole p1 = 1/RLCL at the drain node, then the amplifiers

bandwidth can be extended to pole p2 = (1+gmRs/2)/RsCs. However, this increase in

amplifier bandwidth is obtained at the cost of a proportional reduction in the DC voltage
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gain Av = gmRL/(1 + gmRs/2). Figure 2.2, shows the variation in circuit transconduc-

tance Gm and the voltage gain Av as a function of frequency. In a variation of this

pole-zero cancellation technique explained above, if the zero is pushed slightly towards

lower frequency (by making Cs large) the frequency response will show a peaking. This

technique is called source-peaking. Note, however, that Cs should not be made too

large because the resulting gain peaking can distort the overall frequency response of

the multistage amplifier. Other advantages of using this method include controlling the

stage gain by varying Rs.

Figure 2.2: Variation of (a) Circuit transconductance Gm. (b) Voltage gain Av with
frequency (rad/s)[2]

For further study on wideband amplifiers [2] can be referred.

2.3 Equalizers

The channel loss caused by the microstrip line has to be compensated at high frequency

for which wideband amplifiers are needed. The dielectric loss and skin effect lead to

large intersymbol interference (ISI) in the channel transmitting data with errors. The

technique to compensate the channel loss is called Equalization. It can be done either

at transmitter or receiver side. First, let us understand different kinds of the equalizer

and later the application of wide-band amplifier.

2.3.1 Feed Forward Equalization

Feed Forward Equalization (FFE) is usually built at the transmitter side of the channel.

The coefficients for FFE are calculated based on pre-cursor and post-cursor (evaluated

from pulse response of the channel) of the channel response using convolution. The aim
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is to remove pre-cursor and post-cursor and obtain solely the main cursor. The cursors

are weighted and then added to the system thus reducing the loss. Figure 2.3 shows the

architecture of FFE. For a further understanding of DFE and FFE, [5] can be referred.

Figure 2.3: Feed Forward Equalization

2.3.2 Decision Feedback Equalization

The correction bits amplifies the noise as well in FFE. There is a requirement of clean

correction bits to remove the noise amplification, which is done by DFE. The effect of

post-cursor is eliminated by this feedback FIR. The equalizer can be made adaptive

with the change in the property of the channel. This equalization can only account for

post-cursor. This is done on the receiver side and can be seen in Figure 2.4. But the

power consumption is high and implementation is difficult.

Figure 2.4: Decision Feedback Equalization [3]

2.3.3 Continuous Time Linear Equalizer(CTLE)

CTLE, a receiver side equalizer is physically implemented with a differential pair. It is a

wideband amplifier as explained in section 2.2. The load resistors RL set the poles and

Rs set the zeros at the required frequency. The circuit is as shown in Figure 2.1. CTLE

is used for the smooth channel with comparatively lesser ISI effects. It power-efficient

compared to DFE. Hence it is used for this parallel interface project.
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2.3.3.1 State-of-the-art Work

The state-of-the-art work has been understood by reading the following papers. A

thorough study has been conducted both on parallel links and serial links. Firstly,

parallel links are considered. On a 65nm technology, [6] has been implemented. It has a

data rate of 16Gbps and channel loss of 15dB with an efficiency of 8 pJ/bit. In [7], there

is a channel loss of 15dB for 16/20Gbps data rate. An energy efficiency of 5.3pJ/bit has

been achieved on 40nm technology. [8] is designed for a10dB channel loss and 16Gbps

data rate, 4.1pJ/bit efficiency has been observed. It is implemented on 40nm technology.

32nm CMOS technology is used in [9] for a data rate of 16Gbps, 11dB channel loss with

an efficiency of 1.8pJ/bit. 32nm SOI technology [10] has been used to implement a

16Gbps data rate with 6.2dB loss and 1.8pJ/bit energy efficiency.

The study has been performed to understand the trend of serial links and it is as fol-

lows. [4] has a controllable transfer function of a multistage continuous-time linear

equalizer (CTLE) has been presented. The whole frequency range into six regions and

the value of each is obtained by the inverse transfer function of the channel. There are

two applications viz., 6-Gb/s data transfer per channel for high definition multimedia

interface (HDMI) 2.0 receiver and 5.4-Gb/s data transfer per channel for DisplayPort

(DP) receiver designs. The circuit has been fabricated in a 28-nm ultrathin body and

buried oxide fully depleted silicon-on-insulator technology with an area of 0.06-mm2

CTLE. The power consumption is 30 mW. The gain peaking is 28-dB peaking. The

total power consumption of complete receiver 55mW having an area of 0.21 mm2, has

a power efficiency of 9.2 pJ/bit at 6 Gb/s. The jitter tolerance of 0.7 unit interval (UI)

up to 10 MHz for HDMI and 0.42 UI up to 100 MHz for DP, which is superior to their

corresponding specifications.

The breach between on-chip and off-chip communication speed has become broader as

the IC process technology remains to shrink in order to increase the chip enactment.

The speed of on-chip circuit has beaten the off-chip communication speed. But, the

legacy of copper cannot support high data rate. As a result, the reliability of the signal

is weakened with nonideal effects introduced by the channel. Continuous-Time Linear

Equalizer (CTLE) is used at the receiver front-end to compensate the high-frequency

losses introduced by the channel. There can be first and second order CTLE as per the

requirement. The advantages and disadvantages of both first and second order CTLE

have been shown in [11].

The paper [12] a data rate of 10Gbps, the channel loss is compensated by CTLE and

1-tap DFE. The circuit has been implemented on 45nm technology. The cascode struc-

ture increases kick-back noise immunity, decreases power consumption by 11%. There is
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5GHz clock is driven by proposed PLL with 12.62 pspkpk jitters. The total power con-

sumption is 14.3mW at 1.1V and a channel loss of 15db has been compensated.[13]Two

equalizer filter topologies and a combined equalizer/ CDR circuit are described that

function at 10 Gb/s in 130nm CMOS technology. Reverse scaling, passive peaking net-

works, and dual- and triple-loop adaptation techniques help the prototypes adapt to

FR4 trace lengths. It is around 24 inches. The equalizer/CDR circuit consumes 133mW

at 1.6V. A new CTLE has been implemented in [14]. It is used for low supply voltage

with a degenerated differential pair. The data rate is 2Gbps simulated on 90nm 50-m

SI-POF. The total power consumption is 2.7mW with 1V of the power supply. [15]The

polynomial chaos expansion (PCE) with stochastic testing (ST) is used on three generic

CTLEs. The variation in eye-opening has been compared from 2 to 18Gbps and relative

impact in closing and opening eye has been measured.

Thus, the low power hungry and efficient equalizer CTLE has been chosen for the design.

CTLE can be realized in the first order or second order.

2.3.3.2 Working of CTLE

The architecture of CTLE is as shown in Figure 2.5 and the understanding is as per

[4].CML structure of CTLE places the poles and zeros precisely and hence it is used for

high-speed design independent of technology.

Figure 2.5: Circuit schematic of Second Order CTLE

The resistor RL sets the roll off pole. The resistors R1 and R2 along with C1 and C2

set zeros. R1 and R2 is chosen less than RL to obtain a dc gain. The point between

R1a and R1b acts as ac ground. C1a shorts R1a thus giving a boost and setting a zero.

C1≥ C2, then C2 comes into picture to short R2 to give more boost. The peak of the

boost is set by current and gm of driving transistors. The description can be seen in the

Figure 2.6. An approximate small signal model is represented in the Figure 2.7. This
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gives small signal model of half symmetric circuit. The analysis of the circuit along with

the equation is given in Chapter 3.

Figure 2.6: Frequency response of CTLE [4]

Figure 2.7: Small Signal model of CTLE

2.4 Rail to Rail Input Common Mode Amplifiers

Once the CTLE is comprehended, the study has been conducted to support rail to

rail ICMR. To attain power consumption of 90W for 1.8V supply voltage, a compacted

high-accuracy rail-to-rail CMOS operational amplifier (Op-Amp) is presented. It uses

strong inversion techniques. Two complementary differential pair techniques and one-

versus-three current mirror compensation techniques are adopted to realize wide input

dynamic range, while the output stage provides the rail-to-rail output drive through the

use of resistor-compensation circuits (RCC) and self-regular circuits (SRC). The output

is simulated and the area is just 0.005mm2 and there was also the improvement in THD

[16]. TO support rail to rail ICMR, folded cascode with self-bias technique is used in

[17]. It is for an ultra-low voltage of 0.5V on 90nm CMOS technology. [18] uses simple

architecture such as level shifter to implement constant gm, a folded cascode to combine

amplifiers and then a class AB amplifier to obtain a gain. It has been implemented on

130nm CMOS technology, with a 1.5V power supply voltage and consumes just 215W,
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and provides a 125dB gain. A pmos and nmos amplifiers, the working principle of [19]

consists of comparing the total trans-conductance of a pair of pMOS and nmos with a

reference value and then, appropriated tail currents are generated for the complementary

input pairs. The input common mode range is from 0 to VDD(3V) on 0.8 mm CMOS

technology. The zener diode to implement rail to rail amplifier in [20]. [21] Two novel

CMOS differential amplifiers are presented. Both differ from conventional CMOS differ-

ential amplifiers in having fully complementary configurations and in being self-biased

through negative feedback. The amplifiers have been applied as precision high-speed

comparators in commercial VLSI CMOS integrated circuits.

Going through the above papers level shifter has been used to implement rail to rail

amplifier as shown in Figure 2.8. But the shortcoming was as shown in Table 2.1. The

implementation of the p-level shifter to support lower voltages of n-CTLE has been

shown in Figure 2.8 (a). The output becomes independent of input below 300mV. The

same case holds with p-CTLE.

(a) N-Based CTLE with Level Shifter (b) P-Based CTLE with Level Shifter

Table 2.1: Dead-zone for Level Shifter and Rail to Rail amplifier

CTLE Type Level-Shifter Type Non-Operational Vin

N-CTLE P-level shifter
≤ 300mV , output of LS is CTLE output is
pulled to VDD independent of ICMR

P-CTLE N-level shifter
≥ 1V , output of LS is CTLE output is
pulled to VSS independent of ICMR

Figure 2.8: CTLE with Level Shifter
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Since level shifter implementation did not provide the solution, two different channels

for p and n based devices have been kept. A training would be given to system to

set ICMR by analyzing the eye measurements by varying the input from rail to rail

amplifier. The ICMR cannot be varied dynamically with this architecture. To have

a dynamically varying support of ICMR, folded cascode has been implemented and

explained in Chapter 3.

2.5 Gain Stage

The gain from the single CTLE stage is not sufficient since the focus in CTLE is to

obtain a peaking at high frequency. Hence a gain stage serves the purpose. One of the

gain architectures is Operational Trans-conductance Amplifier.

2.5.1 Operational Trans-conductance Amplifier(OTA)

The existing literature has been referred to understand the OTA and its application.

The ever-increasing hunt for low power circuits keeping large operational bandwidth has

led the design community to opt for Current Mode Techniques for Analog Circuit appli-

cations. The design in [22] provides high gain and bandwidth using positive feedback.

It is implemented on 90nm CMOS technology with 1V power supply and loaf of 0.5fF.

The gain varies from 24dB to 63.3dB gain with increasing the Unity Gain Frequency

(UGF) from 8.33 GHz to 11.12GHz.The power consumption is 11.39 W. An adjustable

bulk-driven operational transconductance amplifier (OTA) employed at weak inversion

region is implemented in [23]. Depending on the traditional positive feedback source

degeneration technique, a proposed current-shunt auxiliary amplifier is employed. The

proposed architecture improves the UGF by 120% with a negligible increase in power

consumption.[24] has been implemented on 45nm having a cascode structure that works

in the subthreshold region.OTA in [25] is a single Miller capacitor and an inverting

current buffer embedded in the input stage are exploited to implement the frequency

compensation network. Additional feed-forward path and a slew rate enhancer are also

utilized to improve the large-signal transient response. The dc gain is more than 110dB

and also load is 0.5nF.

By understanding the importance and application of OTA, to move further with the

circuit as shown in Figure 2.9,the output of CTLE is given to input of OTA. The drivers

M1 andM2 drive the input , it reflects inM3 andM4 mirrored toM5 andM6 respectively.

Since the current in M5 and M7 are same, M8 gets the mirrored current from M7. M6

and M7 form the AB amplifier stage.
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Figure 2.9: Operational Trans-conductance Amplifier

Though OTA gives CML to CMOS conversion, the implementation and testing of OTA

proved it to be a very power hungry device and with the parallel interface, the current

gets multiplied 8 times(for each byte transfer). Hence it has been replaced by another

gain stage, latch.

2.5.2 Latch

To obtain an idea of latch following papers were studied. In [26], a new reliable high-

resolution and high-speed dynamic latched type comparator with offset cancellation

mechanism is presented. The proposed paper presents a 1.25GS/s and achieves 14-bit

resolution in presence of 10mV input offset. Also, as simulation results prove that, in

the worst-case condition when the VDD=1V, the propagation delay time of the sug-

gested paper is 292ps, meanwhile, while VDD=1.8V, the delay time is decreased 126ps,

noticeably. The power consumption of the proposed structure is 342 W with the power

supply of 1.8V, as well. Regenerative comparators due to its power efficiency and high-

speed finds usage in many high-speed and low-power analog-to-digital converters. In

[27], a novel comparator based on double-tail architecture is proposed to improve latch

regeneration speed. Upon examining the delay expressions of some prevailing double-tail

structures, the structure of latch stage is modified by adding cross-coupled transistors to

improve latch regeneration thus augmenting evaluation speed. It has been implemented

on 90-nm CMOS technology. [28] uses Adomian Decomposition Method to calculate the

non-linear differential equations of the regenerative circuit because circuit simulators like

SPICE and Spectre solve the nonlinear differential equations numerically to obtain the

time domain behaviour. These numerical solutions neither give a closed form expression

of the regeneration time-constant nor they give an expression of time domain behaviour
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in closed form. ADM can be used to obtain the complete time-domain behaviour and

the regeneration time constant.

Figure 2.10: Latch

The understanding of latch is as follows. The positive feedback owes to high gain and

thus the bandwidth is less . Figure 2.10 shows the circuit diagram of the latch. It can

be seen that output stage senses the high capacitance seen at gates of M31 and M32.In

order to move the pole away, resistors are placed such that the output does not see the

large capacitance. It might increase the delay since resistance is coming into the picture

but the bandwidth improves by carefully placing zeros.

Section 2.1 tells about the requirement of CML to CMOS conversion. The inverter has

been implemented for the same.

2.6 Duty Cycle Correction

In order to digitize the signal and to convert from CML to CMOS, series of inverters

have been placed at the output of the latch. But the duty cycle was not 50%. Hence

the search to fix the duty cycle was carried out.

In [29] a balanced duty cycle is generated by using an edge combiner and also by re-

moving mismatch. It has been implemented on 180 nm and at the frequency of 250 to

625MHz. The duty cycle variation from 30% to 70% is fixed to around 70%. [30] A

DLL is implemented on 130nm with a power and area consumption were around 30mW

and 0.03mm2̂ at 2.5GHz. The jitter is around 14ps. Even this paper uses a unique tech-

nique to implement duty cycle correction which has been implemented in the work. [31]
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deals with high-speed transmission of signals at 1066MHz and the duty cycle and phase

alignment techniques are implemented. A low-cost duty cycle corrector has been imple-

mented in [32], the technique provides 50% duty cycle for a wide range of frequencies.[33]

speaks about improving 10% to 90% variation of the duty cycle to 50% implemented on

130nm. The power consumption is around 15mW with 1.5V power supply. Once the

different blocks of high-speed design have been comprehended, the effort was conducted

to implement it on 16nm FinFET technology, the design has been explained in Chapter

3.



Chapter 3

Proposed Design of the Receiver

After an exhaustive study on different high-speed design techniques, the design was

implemented on 16nm FinFET. This chapter gives a complete idea of architecture and

design of the receiver.

3.1 Specification

The specification of the design has been shown in the table 3.1. The high-frequency

design has been implemented in the thesis on 16nm FinFET.

Table 3.1: Specification

Supply 1.2±10%V

Data Rate 2.8Gbps

Peaking 4dB @ 1.4GHz

DC Gain 10dB

Duty Cycle 50±3%

Input Common Mode Range Rail to Rail

3.2 Architecture

The receiver architecture involves CTLE to compensate for channel loss. Amplifier/s to

provide the gain. CTLE being a CML structure, CML to CMOS converter is required

along with a duty cycle corrector. With a 50% duty cycle, the signal digitized and

transferred to System-on-Chip(SoC) Figure 3.1 shows the block diagram of the receiver.

19
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Figure 3.1: Architecture of the Receiver

3.2.1 First Order CTLE

Chapter 2 gives the explanation of CTLE. In Figure 3.2, the load resistors RL set the

roll-off pole, Rs and Cs set the zero and the gm owing to the current in the circuit decides

the peaking. From the understanding of CTLE it can be concluded that the value of gm

is comparatively higher to support large current and RL is comparatively lower to set

roll off at high frequency.

In Figure 3.2 the transistors M1 and M2 are the driving transistors. The Rs causes

source degeneration. Cs sets the zero and RL rolls off the gain. The first zero is at [11]

ωz =
1

RsCs
(3.1)

The first pole is at

ωp1 =
1 + gmRs/2

RsCs
(3.2)

The role-off pole is at

ωp2 =
1

RLCL
(3.3)

Here CL is the capacitance seen by the output.

The gain can be given by

A =
gmRD

1 + gmRs/2
(3.4)

The boost factor is given by

K =
ωp1

ωp2
= 1 + gmRs/2 (3.5)
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Figure 3.2: First Order N-Based CTLE

3.2.2 Biasing

The CTLE has to be biased for proper functioning. The resistance biasing technique is

the best for CML structure. In the gain equation above, gm1 and 1/RL are comparable

to each other. Across corners, if RL decreases the gain has to decrease but R0 in resistor

biasing also reduces. Thus current through R0 increases resulting in increase in gain

since gmα
√
I. Thus the gain is balanced with the change in R.

3.2.3 Gain Stage and CML to CMOS Converter

The CTLE is aimed to achieve high bandwidth and the hence gain is targeted is less.

There is a trade-off between gain and bandwidth. The gain is achieved from the next

stage. A latch is adapted to obtain the gain. The positive feedback of the latch in Figure

2.10 owes to high gain. It can be seen that output stage senses the high capacitance

seen at gates of M31 and M32.

The output impedance of latch is

rout = r0m1||r0m31 (3.6)

The pole is carefully placed at

p1 =
1

routC32
(3.7)

where rout is from 3.6.
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The swing of CTLE, a CML structure along with latch would not be sufficient to turn

off the following CMOS blocks. This increases the static power consumption. The latch

improves the gain and thus the swing. The inverter pulls the output from rail to rail,

acting as CML to CMOS converter.

CML to CMOS conversion doesn’t ensure 50% duty cycle. The parallel interface of the

design has 8 data signal and 2 clock signals. The signals must have 50% duty cycle to

ensure reliable sampling of the data. The output of CTLE and latch does not have the

required duty cycle. Hence a duty cycle corrector circuit has been implemented.

3.2.4 Duty Cycle Correction

The output of differential pair signal is provided as input to Duty Cycle Corrector(DCC)

in Figure 3.3. The edges of the output are pulled equally by a differential pair. The

transistors associated with clk is on and capacitor at DCCout is charged to VDD. When

the signal falls down, clkb is still not high enough to pull DCCout to zero hence the

charge on the capacitor is stored. When clkb becomes high, DCCout is pulled down to

zero. This process helps to achieve 50% duty cycle.

Figure 3.3: Duty Cycle Correction

The Figure 3.4 shows the detailed block diagram of the receiver. It has a first order

CTLE to boost the gain at 1.4GHz. The latch to increase the dc gain. Inverter acts

as CML to CMOS converter. A duty cycle corrector has been used to get a 50% duty

cycle. Then the signal is digitised to send it to SoC.

3.2.5 Rail to Rail Input Common Mode amplifier

The other objective is to provide rail to rail support. The level shifter with CTLE in

Figure 2.8 could not satisfy the requirement. Hence there are two separate channels for

n and p based designs and a training would be given. And an analog MUX can be used

to select the channel as shown in Figure 3.5.
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Figure 3.4: Detailed Block Diagram of Receiver

Figure 3.5: Receiver with Rail to Rail Input Common Mode

3.2.6 Dynamic Selection of Input Common mode

The architecture in Figure 3.5 does not have dynamically adjustable input common

mode range. Two different amplifiers and CML to CMOS converters must be used in

order to satisfy the gain for p-based and n-based CTLE. This would be overhead and

consumes extra area.

Hence in order to dynamically select the input common mode range a folded cascode

structure has been adopted as shown in Figure 3.6. The transistors Mp1-2 and Mn1-2

act as input to the rail to rail support. The transistors Mp3-4 and Mn3-4 are the current

sources to the CTLE. The Rs and Cs are used to generate zero at the required frequency.

The zero is placed by either n-based CTLE or p-based CTLE depending on the input

common mode range and is given by

ωz =
1

RsCs
(3.8)
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R1,2 generate external bias to folded cascode devices. We know that output impedance

of folded cascode is large,

rout = gmn6ron6(ron8||ron2)||gmp6rop6(rop8||rop2) (3.9)

In order to improve the bandwidth, an inverter with resistive feedback is used. Then

the final output impedance along with inverter feedback would be

Rout = R3||rout (3.10)

where rout is from Equation 3.9.

Hence the pole is set at

ωp =
1

RoutCl
(3.11)

where Rout is referred from Equation 3.10 and Cl is the capacitance seen by the output

of inverter namely, Cds of inverter and Cgs of next stage.

Figure 3.6: Proposed CTLE with Folded Cascode to support rail to rail ICMR

The complete architecture with rail to rail input common mode is as proposed in Figure

3.7. Since the gain from the folded cascode is too less because of dropping the output

node to R3, the gain has to be obtained from amplifier stage. The latch is used as the

gain stage to increase the gain of the CTLE. The differential signals are generated by

using two folded casode blocks and given to duty cycle corrector to improve the duty

cycle of the receiver which later is given to digitization block and then to SoC.
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Figure 3.7: Complete Architecture of Rail to Rail Input Common Mode Receiver



Chapter 4

Results and Discussion

The simulation results that define the receiver has been presented in the course of this

chapter. The schematics are designed in Cadence Virtuoso and in TSMC 16nm FinFET

technology.

4.1 Receiver

4.1.1 AC Analysis

The receiver is supposed to provide a gain of 10dB with 4dB peaking at 1.4GHz. The

multiple stages help in providing higher gain. The AC response of CTLE is shown in

Figure 4.1 which has -0.5dB dc gain. The intention of this stage is to obtain very high

operating frequency, hence gain has been intentionally kept less. The peaking is around

4dB at 1.4GHz has been achieved. The phase plot can also be seen in the result. The

output of CTLE is given to latch to increase the gain. The gain of 10 dB has been

achieved by the latch as shown in Figure 4.1

4.1.2 Transient Analysis

Once the AC analysis is complete, the circuit has been tested for transients. An input

to the receiver is 200mV with 40ps slew. The transient analysis has been performed

and the result is plotted at every node. Figure 4.2 shows the output of each stage, the

second strip shows the output of CTLE with a swing of 265mV. The improvement in

the swing is observed at the output of latch with 650mV swing. Then it is given to DCC

and digitised finally.

26
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Figure 4.1: AC response of the receiver

Figure 4.2: Transient response of the receiver

To test cross corners, the transient analysis is performed for SS, TT, FF with the tem-

perature variation of -40deg, 27deg and 125deg Celsius and voltage variation of 1.26, 1.2

and 1.14 as shown in Figure 4.3. The output is faithfully swinging from 0 to 1.2V cross

corner. The duty cycle that has been a major concern in the receiver has been achieved

carefully. The duty cycle corrector corrects the duty cycle the variation is about from

50 ± 1.5% .The maximum current in FF corner with 1.26 VDD is 3.2mA. The power

consumption is 4mW. The energy efficiency at 2.8Gbps is 1.4pJ/bit

.

4.2 Folded Cascode

4.2.1 AC Analysis

The gain of the folded cascode has been dropped because of the inverter resistor feedback

as shown in Figure 3.7. The gain of folded cascode CTLE with the inverter is -7dB and
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Figure 4.3: Transient response across PVT variations

then latch has been used to recover the gain to 5dB is as shown Figure 4.4.

Figure 4.4: AC response of Rail to Rail ICMR receiver

4.2.2 Transient Analysis

Figure 4.5: Transient Response at each stage
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To conduct transient analysis on folded cascode architecture, the input of 200mV and

the slew of 40ps has been given to the receiver in Figure 3.7. The output of folded

cascode CTLE is as shown in Figure 4.5. The gain at the output of folded cascode is too

low and it can be seen in the figure. Then the inverter with feedback resistor improves

the swing from 22mV to 218mV. The output of the inverter is given to latch, improves

the swing to 534mV. Then DCC corrects the duty cycle to 50% and then it is digitized.

The transient analysis is cross corner along with input common mode variation is as

shown in Figure 4.6 with the variation of temperature from -40deg, 27deg and 125 deg

Celsius with VDD variation of 1.26V, 1.2V and 1.14V across SS, TT, FF corners. The

variation is found to be 50 ±1.5%

Figure 4.6: Transient Response at Cross Corners

The current rating has been shown in Figure 4.7 across PVT. The variation of current is

from 3.44mA to 10mA. The power consumption would be 12.6mW and power efficiency

would be 4.5pJ/bit

Figure 4.7: Current Variation at Corners



Results and Discussion 30

4.3 Comparison

Table 4.1 tells about the existing comparison of existing data with the present work. The

present work has been power efficient compared to the existing work, it has 1.4pJ/bit

of efficiency. Though efficiency of 4.5pJ/bit is low, the architecture is used to support

large ICMR. This architecture is the first experiment in the history of CTLE to support

rail to rail ICMR.

Table 4.1: Comparison with previously reported work

[6] [7] [8] [9] [10] This work

Technology 65nm 40nm 40nm 32nm 32nm 16nm
SOI FinFET

Data Rate 16 16/20 16 16 16 2.8
(Gbps)

Peaking 15 15 10 11 6.2 4
(dB)

Efficiency 8 5.3 4.1 2.6 1.8 1.4
(pJ/bit) ===============

4.5 ‖ ICMR => 0− 1.2V



Chapter 5

Conclusion

A novel architecture has been proposed to support large ICMR between complete rails.

This work is successfully able to compensate channel loss at 1.4GHz. All circuits are

designed and simulated on 16nm FinFET technology. The circuit performance has been

robust against PVT variation and the duty cycle has ±1.5% variation compared to

typical value. The proposed design can support next generation ONFI standard. For

known ICMR, we were able to achieve 1.4pJ/bit which is much improved compared to

the state of art. The energy efficiency is 4.5pJ/bit in order to support rail to rail ICMR.

5.1 Future Work

Though for the fixed ICMR the architecture is better compared to existing systems, for

rail to rail variation of input common mode the power consumption is high and it can

be reduced by improving the current design or by implementing different architecture.

The delay of each block has to be measured and then optimized to obtain the least delay

at high speed. The offset cancellation can be easily done off-chip, but an on-chip offset

cancellation circuit can be implemented.
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Abstract—This paper presents a voltage controlled oscillator
(VCO) using amorphous Indium Gallium Zinc Oxide (a-IGZO)
thin-film transistors (TFTs). This circuit consists of a high-
gain OpAmp, a comparator and a relaxation oscillator. The
implemented relaxation oscillator shows a power consumption
of 700 µW, when it is simulated with a supply rails of ±5 V.
It shows a frequency of oscillation range from 327 to 560 Hz,
when the tuning capacitance value is in varying from 1.6 to 5 pF.
On the other hand, the VCO has a power dissipation of 1.3 mW
with frequency ranging from 400 to 556 Hz with a controlling
voltage from -5 to 5 V. In-house oxide TFT model is used for
circuit simulations in Cadence environment. This circuit would
find potential applications in large-area flexible systems, namely
smart packaging, biomedical and wearable systems, which needs
clocks with different frequencies.

Keywords—Voltage Controlled Oscillator, Relaxation Oscillator,
a-IGZO TFTs, comparator with oxide TFTs, positive feedback
operational amplifier.

I. INTRODUCTION

Amorphous Indium Gallium Zinc Oxide (a-IGZO) thin-
film transistors (TFTs) are gaining significant interest in
various real-world applications including smart packaging,
biomedical and wearable systems due to their low-temperature
fabrication [1], relative high mobility (>10cm2/V.s) and the
stability compared to the other competing low-temperature
TFT technologies (a-Si:H and organic TFTs). However, these
technologies impose challenges in circuit design due to the
absence of a stable complementary device.

In order to ensure compact flexible systems, all the circuits
need to be on-chip to eliminate external interface problems.
On-chip clock generator is one of the important functional
block with frequency of oscillation tuning ability. Though
many ring oscillators were reported with IGZO TFTs, they
have the limitation of inferior swing, very high supply voltages
(≥ 15 V) and a single frequency of oscillation [2], [3], [4],
[5]. Nevertheless, a ring oscillator with almost full swing is
reported with bootstrapping load, this circuit is also limited to
a single frequency of oscillation [6].

In order to address the above mentioned challenges, this
work proposes a voltage controlled oscillator (VCO) using
IGZO TFTs that contains an OpAmp, a comparator and a
relaxation oscillator. Since there is an absence of stable and
reproducible p-type oxide TFT, CMOS design techniques can-
not be adapted directly, and all desired circuit blocks are to be

designed only with n-type transistors, which makes designing
high performance circuits quite challenging. As a first step,
an OpAmp and a comparator are designed and characterized.
Then the relaxation oscillator and VCO are implemented and
simulated using an in-house oxide TFT model [7] in Cadence
environment. It should be noted that the model is capable
of predicting the circuit behavior very close to the measured
response, when the circuit is fabricated under same conditions
as the TFTs, whose data was used for model development [7].

The rest of the paper is organised as follows. Section II
demonstrates the proposed circuit design and its operating
principle. Section III presents the simulation results and dis-
cussions and finally the conclusions are drawn in section IV.

II. CIRCUIT DESCRIPTION

The VCO has been implemented as shown in Fig.1 [8]. It
is comprised of a relaxation oscillator, which is implemented
with comparator and an OpAmp. The design of all these
circuits with only n-type oxide TFTs are explained as follows.
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Fig. 1. Circuit diagram of voltage controlled oscillator.

Operational Amplifier: It is an important functional block
in the relaxation oscillator circuit and it plays a vital role in
minimizing stringent requirements of the comparator design
presented in Fig. 1. Circuit schematic of the OpAmp is shown
in Fig. 2, where the differential pair formed by transistors M1-
M4 form a positive feedback loop. The loop gain is Af as
shown in (1). It can be observed that this gain depends on
aspect ratios of the transistors forming positive feedback. The
aspect ratios of transistors are carefully selected to get the loop
gain close to unity. When Af ≥ 1, the OpAmp can become



unstable [9]. The transistors M11 to M14 form a differential to
single ended converter, which is followed by a common-drain
stage.
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Fig. 2. Circuit diagram of operational amplifier with positive feedback

|Af | = gm7(
1

gm9||ro7||ro9
) =

gm7

gm9
(1)

The gain of the differential to single ended conversion stage
is given by,

AS = gm11(
1

gm11||ro14||ro11
) (2)

and the overall gain of the Opamp is given by,

Av = gm1(
1

gm9(1−Af )||ro1||ro3
)gm11(

1

gm11||ro11||ro14
)

≈ gm1ro1||ro3 (3)

Comparator: The architecture of the proposed comparator is
shown in Fig.3. In order to ensure faster response, and get
rid of clock feed-through and kickback noise, the proposed
comparator consists of three preamplification stages and a
static latch. Each preamplifier consists of a differential pair
with positive feedback as shown in Fig.3a. This stage can
ensure high-gain due to the positive feedback even with only
n-type transistors, as explained in OpAmp design. A cascade
of three such stages relax comparator and latch requirements.
A regenerative latch together with preamplification stages can
ensure faster response.

A latch is a positive feedback regenerative circuit with
cross coupled TFTs as shown in Fig.3b. Its output is a growing
exponential function of the differential input as per (4). The
outputs of the third preamplification stage are applied as input
to the latch. Based on the relative magnitude of these signals
and threshold voltage of M11 and M12, proper digital rails will
be resulted at the output of the latch.

Vd(t) = Vd(0).e
t(gm13− 1

R11
)( 1

C11
) (4)

where Vd(t) is the difference between Vin− and Vin+ of
Fig.3b at time t, Vd(0) is initial difference voltage, gm13 is
transconductance of M13 and R11 and C11 are total resistance
and capacitance seen at input of M11.

Relaxation Oscillator: The relaxation oscillator circuit
schematic is presented in Fig. 1, which has capacitors K1C,
K2C and C along with switches, OpAmp and comparator. The
switches are controlled by non-overlapping clocks, clk1 and
clk2. To understand the working of the oscillator, assume Vout
is at VSS . A charge of K2CVSS is stored in capacitor K2C
when clk1 is high. This charge is transferred to capacitor C
when clk1 is low and clk2 is high. This makes Vx negative by
K2VSS . If this charge is sufficient enough to drive Vx below
zero then the Vout is driven to VDD. In the next on-time of
clk1, the charge stored on capacitor K2C is K2C (VSS + VDD)
makes the charge more positive and thus Vx becomes more
negative. In the following cycles, the voltage at Vx keeps on
charging to zero in the steps of K2VDD. The frequency of
Vout is given by (5).

f =
K2

K1

fclk

2 + VSS

VDD
+ VDD

VSS

(5)

where fclk is clock frequency of switching.

Voltage Controlled Oscillator: The relaxation oscillator was
used to obtain a VCO as shown in Fig.1. The capacitor K0C,
a feed-in capacitor is controlled in such way that the positive
Vin adds the charge to C with the same sign of K2C making
Vx reach zero earlier, thus increasing the frequency. With Vin
the charge added to C has opposite polarity comapared to that
of K2C making Vx reach zero later leading to lower frequency.
The frequency of VCO is calculated using (6).

f = (
K2

4K1
)fclk + Vin(

K0

4K1VDD
)fclk (6)

where Vin is voltage that contorls the oscillation of the circuit.

III. RESULTS AND DISCUSSION

Using inhouse oxide TFT model the OpAmp, the Com-
parator, the Relaxation Oscillator and the Voltage Controlled
Oscillator have been designed and simulated in Cadence envi-
ronment with a power supply rails of ±5 V.

The performance of the OpAmp: When the positive
feedback operational amplifier shown in Fig. 2 is simulated, it
is showing a gain of 61.7 dB. It is stable with a phase margin
of 720, power consumption of 200 µW and has a unity gain
bandwdith of 158 kHz as shown in Fig.4.

The performance of the Comparator: As stated before, the
comparator in the work has three preamp stgaes and a latch
as shown in Fig. 3. Whereas, Fig.5 shows the gain and phase
response of a single-stage preamplifier with a gain of 10 dB
and phase margin of 68o. Fig.6 shows the output response of
comparator having a swing of 4.32 to -4.21. Other performance
metrics of the comparator are shown in Table I.

The performance of Relaxation Oscillator: The output
Vout and the intermediate voltage level Vx has been shown
in Fig.7. In this response, the output is obtained for a clock
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Fig. 4. Response of operational amplifier showing gain and phase plots

Fig. 5. Response of single stage preamplifier showing gain and phase plots

Fig. 6. Output of comparator showing input and output voltages

TABLE I. CALCULATED PARAMETERS OF COMPARATOR

S.NO. PARAMETERS VALUES
1. Systematic offset 60 mV
2. Slope 22 V/sec
3. Resolution 50 mV
4. Power consumption 300 µW

frequency of 10 kHz. The charging and discharging of capac-
itor C in form of steps with sizes of K2VDD or K2VSS can
be seen as the voltage Vx.

The relation between the oscillating frequency and capac-
itor K2C is linear as shown in (5) from theoretical prediction.
The simulated outcome is compared and validated with the
expected value in Fig.8. The frequency increases from 327
to 560 Hz with the increase in K2/K1 value from 0.08 to
0.24 with K2C varying from 1.6 to 5 pF and K1C of 20 pF.
There is a slight deviation from predicted frequency because
of non-idealities of the opamap and comparator. The proposed



Fig. 7. Output response of relaxation oscillator

relaxation oscillator has a power consumption of 700 µW at
500 Hz. The ratio of clock frequency to oscillation frequency
is around 20:1 ratio. With the suitable K2/K1 ratio the circuit
can also work as frequency divider circuit.

Fig. 8. Plot between the simulated and predicted values of the relaxation
oscillator

The performance of the Voltage Controlled Oscillator: The
VCO has a power consumption of 1.3 mW. The static power
consumption can be reduced by using dynamic circuits. The
variation of frequency has a slight deviation from the calcu-
lated values, as shown in Fig.9, due to non-idealities of the
devices and circuits, such as, inferior gain and non-negligible
output impedance of the Opamp due to poor transconductance
(or poor mobility), and low resolution of the comparator.
The linearity between the input voltage Vin of Fig.1 and the
frequency of Vout is evident from the graph and is in agreement
with (6).

It should be noted that the semiconductor is amorphous
in nature and the field-effect mobility is around 10 cm2/V.s.
This device inferior performance lead to low frequency of
oscillation. In addition, the architecture [8] is meant for low
frequency, as circuit cannot function at higher frequencies
due to phase jitter. Further improvement in the phase noise
can be obtained by using design techniques consists of two
comparators [10].

Fig. 9. Plot between the simulated and predicted values of VCO

IV. CONCLUSIONS

This paper presented a voltage controlled oscillator with
IGZO TFTs for the first time, which is capable of generating
variable frequencies by tuning the voltage. The circuit can
be used as on-chip oscillator with frequency tuning ability
or as frequency divider (refering to relaxation oscillator) in
flexible large-area systems, such as, smart packaging, wearable
electronics and biomedical applications.
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