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ABSTRACT

Abstract

Design of Voltage and
Temperature-tolerant Clock Path
and Phase Error Corrector
for High-Speed DRAM Interface

Soyeong Shin
Department of Electrical and Computer Engineering
The Graduate School

Seoul National University

To cope with problems caused by the high-speed operation of the dynamic ran-
dom access memory (DRAM) interface, several approaches are proposed that are
focused on the clock path of the DRAM. Two delay-locked loop (DLL) based
schemes, a forwarded-clock (FC) receiver (RX) with self-tracking loop and a quad-
rature error corrector, are proposed. Moreover, an open-loop based scheme is pre-
sented for drift compensation in the clock distribution. The open-loop scheme con-
sumes less power consumption and reduces design complexity.

The FC RX uses DLLs to compensate for voltage and temperature (VT) drift in
unmatched memory interfaces. The self-tracking loop consists of two-stage cascaded
DLLs to operate in a DRAM environment. With the write training and the proposed

DLL, the timing relationship between the data and the sampling clock is always op-
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ABSTRACT

timal. The proposed scheme compensates for delay drift without relying on data
transitions or re-training. The proposed FC RX is fabricated in 65-nm CMOS pro-
cess and has an active area containing 4 data lanes of 0.0329 mm?. After the write
training is completed at the supply voltage of 1 V, the measured timing margin re-
mains larger than 0.31-unit interval (UI) when the supply voltage drifts in the range
0f 0.94 V and 1.06 V from the training voltage, 1 V. At the data rate of 6.4 Gb/s, the
proposed FC RX achieves an energy efficiency of 0.45 pJ/bit.

Contrary to the aforementioned scheme, an open-loop-based voltage drift com-
pensation method is proposed to minimize power consumption and occupied area.
The overall clock distribution is composed of a current mode logic (CML) path and
a CMOS path. In the proposed scheme, the architecture of the CML-to-CMOS con-
verter (C2C) and the inverter is changed to compensate for supply voltage drift. The
bias generator provides bias voltages to the C2C and inverters according to supply
voltage for delay adjustment. The proposed clock tree is fabricated in 40 nm CMOS
process and the active area is 0.004 mm?. When the supply voltage is modulated by
a sinusoidal wave with 1 MHz, 100 mV peak-to-peak swing from the center of 1.1 V,
applying the proposed scheme reduces the measured root-mean-square (RMS) jitter
from 3.77 psrus to 1.61 psrms. At 6 GHz output clock, the power consumption of the
proposed scheme is 11.02 mW.

A DLL-based quadrature error corrector (QEC) with a wide correction range is
proposed for the DRAM whose clocks are distributed over several millimeters. The
quadrature error is corrected by adjusting delay lines using information from the
phase error detector. The proposed error correction method minimizes increased jit-

ter due to phase error correction by setting at least one of the delay lines in the quad-
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rature clock path to the minimum delay. In addition, the asynchronous calibration
on-off scheme reduces power consumption after calibration is complete. The pro-
posed QEC is fabricated in 40 nm CMOS process and has an active area of 0.048
mm?. The proposed QEC exhibits a wide correctable error range of 101.6 ps and the
remaining phase errors are less than 2.18° from 0.8 GHz to 2.3 GHz clock. At 2.3
GHz, the QEC contributes 0.53 psrws jitter. Also, at 2.3 GHz, the power consump-

tion is reduced from 8.89 mW to 3.39 mW when the calibration is off.

Keywords : Clock tree, delay-locked loop (DLL), dynamic random access memory
(DRAM) interface, forwarded clock receiver (FC RX), open-loop drift compensa-
tion, phase error, quadrature error corrector (QEC), temperature drift, timing mar-

gin, unmatched type receiver, voltage drift, voltage noise, write training.

Student Number : 2016-20926
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Motivation

As shown in Figure 1.1 [1], the bandwidth of dynamic random access memory
(DRAM) increases as the demand for high speed increases due to machine learning,
big data processing, etc. To cope with the demand, quadrature clocking and the un-
matched receiver are used as mentioned in Section 2.2 and Section 4.1 respectively.

To maximize the timing margin of the sampler in the DRAM receiver, the sam-
pling clock should be located at the center of the data eye. Therefore, the memory
controller unit (MCU) transmits data (DQ) and data strobe (DQS) with the calculat-
ed timing relationships for optimal timing margin. However, the DQS path and the
DQ path are different in the unmatched DQ receiver. Although the write training

procedure can locate the DQS at the DQ center, the timing margin is reduced by
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DRAM IO bandwidth trends
(reported in ISSCC)
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Fig. 1.1 DRAM bandwidth trends [1].

voltage or temperature (VT) variation. The DQS interval oscillator and periodic
training are proposed to solve the problem [2], [3]. However, these solutions require
additional time for retraining, thus reducing bandwidth. A DLL-based self-tracking
loop for VT drift compensation is proposed for background calibration [4]. Since
DQS only toggles when DQ is transmitted, the DLL of the proposed scheme to op-

erate in the DRAM interface is separated into two DLLs.

The clock distribution of DRAM consists of global distribution and local network.

The global clock is distributed as a current mode logic (CML) level and converted to
full swing in the local network to transmit and receive data. Similar to the delay drift
in the receiver, the supply voltage fluctuation deteriorates the noise of the distributed

clock, degrading the quality of data synchronized with the clock. The closed-loop
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method such as DLL can compensate for the drift, but it occupies an area and con-
sumes more power than the open-loop scheme. The open-loop based methods are
suggested [5], [6]. However, these schemes decrease bandwidth due to the increased
capacitance intentionally or require a bandgap reference which causes design com-
plexity. In this thesis, the proposed voltage drift compensation scheme is imple-
mented with a simple architecture, current starved inverters and a bias generator.
The bias generator generates bias voltages to control the current in the inverter and
control a feedback resistor in the CML-to-CMOS converter to compensate for drift.
In the quadrature clocking of the DRAM transmitter, phase error between quad-
rature clocks reduces the eye width of the transmitted data. Therefore, accurate mul-
ti-phase generators and quadrature error correctors are suggested [7]-[11]. However,
these methods require an oscillator or degrade the quality of the corrected clocks due
to the increased delay in the clock path. A digital DLL-based quadrature error cor-
rector is proposed that minimizes the contributed jitter of the phase corrector [12].
The proposed scheme minimizes the increased delay due to phase error correction,
so the increased jitter of output clocks of the quadrature error corrector can be min-
imized. Also, an asynchronous calibration on-off scheme is implemented to reduce

power consumption in the idle state.
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1.2 Thesis Organization

This thesis is organized as follows. In Chapter 2, the background of the DRAM
interface is explained. The basic operation of the transmitter and the receiver in
DRAM is described. Also, the reason why VT drift compensation and accurate
phase difference, which are the motives of this thesis, are important is mentioned.

In Chapter 3, the background of the DLL is explained. The basic operation and
the building blocks of the DLL are presented.

In Chapter 4, a forwarded-clock receiver with a DLL-based self-tracking loop for
unmatched memory interfaces is described. To operate in a DRAM environment, the
DLL is separated into two loops and the operation of the proposed DLL is explained.
Then, the circuit implementation is described and the measurement results are
shown.

In chapter 5, an open-loop-based voltage drift compensation in the clock distribu-
tion is presented. Prior works are shown and the open-loop voltage drift compensa-
tion method is explained. Then, the circuit implementation is explained and the
measurement results are shown.

In chapter 6, a quadrature error corrector is presented. Prior works are shown and
the quadrature error correction method which minimizes the increased delay is ex-
plained. Also, an asynchronous calibration on-off scheme is presented. Then, the
circuit implementation is explained and the measurement results are shown.

Chapter 7 summarizes the proposed works and concludes this thesis.
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Chapter 2

Background on DRAM Interface

2.1 Overview

Synchronous dynamic random access memory (SDRAM) is used widely for a
smartphone, personal computer, tablet, and so on. In SDRAM, a command or data is
synchronized to an external clock for processing high-speed data. For example,
READ or WRITE command is synchronous with CK and data (DQ) is synchronous
with data strobe (DQS). There are two types of SDRAM, single data rate (SDR) and
double data rate (DDR), as shown in Figure 2.1 [13]. In SDR, DQ is synchronized to
the rising edge of CLK like full-rate system. Contrary to SDR, DQ is synchronized
to both the rising edge and the falling edge of CLK like half-rate system. Also, DDR
can be categorized by its application. The graphics memory GDDR is used for gam-

ing, processing parallel data, and has a high per-pin data rate. The main memory
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Fig. 2.1 Types of DRAM.
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< Data N

Fig. 2.2 Communication between MCU and SDRAM.

DDR, which is also known as RAM, is used in servers and PC. The mobile memory
LPDDR, which concentrates on the low power consumption, is used for a mobile
phone and tablet.

The memory controller unit (MCU) and SDRAM are communicated with each
other as shown in Figure 2.2 [13]. The MCU transmits CLK and commands such as
READ or WRITE to SDRAM. Afterward, SDRAM sends the data stored in the
DRAM cell when the READ command is received. When a WRITE command is
received, SDRAM receives the data from the MCU and stores the received data in

the DRAM cell.
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2.2 Memory Interface

Figure 2.3 shows the block diagram of DRAM. The banks are at the top and bot-
tom of the DRAM. The bank includes the cell capacitor, bit-line sense amplifier,
row path, column path, and so on. The row decoder in the row path selects the target
word line. The column decoder in the column path chooses the target bit line. As a
result, the target DRAM cell is selected and the bit-line sense amplifier amplifies the
voltage difference between the reference voltage and the selected bit line. The pe-
ripheral circuits are in the center of the DRAM.

The peripheral circuit includes a clock tree, a DQ transmitter (TX), a DQ receiver
(RX), a delayed-lock loop (DLL), etc. In Figure 2.4, the global clock buffer distrib-

utes clocks to several DQs to send and receive data.

Bank
A|l B ]| C D (Core)
Peripheral
DQ CK DQ
I || | | (1/0)
Bank
A| B|C D (Core)

Fig. 2.3 Block diagram of DRAM.
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In DQ RX, the data transmitted from the MCU is converted to full swing level.
The data is amplified in the full swing in the sampler and aligned by the clock. Fig-
ure 2.5 shows a timing diagram of a sampler in the DQ RX. If the clock is not in the
center of the data, the timing margin is reduced. Therefore, the write training is im-
plemented to place the clock at the center of the data.

The delay of the input clock path td1 and the output driver td2 varies as process,
voltage, and temperature (PVT) change [13]. Thus, the sum of the delay is changed

by PVT variation and the data valid window (tDV) decreases as shown in Figure

DQ DQDQ DQ DQ DQDQ DQ
] O
clock

TIERET T

DQ DQDQ DQ T DQ DQDQ DQ

CK, CKB

Fig. 2.4 Clock distribution in DRAM.

ol (D
data
«» RXinvalid

Fig. 2.5 Timing diagram of a sampler in DQ RX.
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2.6(b). Thus, the DLL is introduced in the clock path to compensate for PVT varia-
tion as shown in Figure 2.6(a). Using a DLL prevents tDV from decreasing since the
overall path delay is fixed at N-tCK as shown in Figure 2.6(c).

The DQ TX transmits the data from the DRAM to the MCU. The block diagram
and the timing diagram of drivers in the DQ TX are shown in Figure 2.7. In the dif-

_ td1 _ NACK-(td1+#td2) _ td2 _

< > < >

CLK R | Data
CLK—>| RX > DLL I — DQ
B N*tCK R
(a)

External

CLK

Internal : :

CLK : :

DQ i é tDV I

(b)
External
CLK

Internal
CLK

: : tDV
DQ : :

(©
Fig. 2.6 (a) Block diagram of clock path and the timing diagram (b) without DLL

and (c) with DLL.
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ferential clocking, the data is aligned by differential clocks as shown in Figure 2.7(a).

In this architecture, the duty cycle error between the differential clock reduces eye
width of the transmitted data. Also, in the quadrature clocking as shown in Figure
2.7(b), the data is aligned by quadrature clocks. Similar to the differential clocking,
the phase skew among quadrature clocks degrades eye width. Therefore, it is im-

portant to remove the phase skew, so a phase skew corrector is required.

\ l —— \ ) —

Do—>| 0° DO :X R

A e

DDR  ——

D1->]180° b1 :X \ |/ X \
' | NS—{— ' ) —

CLK CLKE DDR X oo X b1 x

@

—

DO0—>|
D1
D2—»
D3—»

mZX / \x 7
02 :X\ "_)?\_
T e \ F) Sy
R __ XooXorXo2XosXeoXC

(b

Fig. 2.7 Block diagram and timing diagram of driver in DQ TX (a) differential

clocking and (b) quadrature clocking.
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Background on DLL

3.1 Overview

Phase-locked loops (PLLs) are used to generate a high-frequency clock, reduce
jitter, and recover the clock in a receiver. Since the PLL contains an oscillator as a
clock generator, jitter accumulates. In addition, stability should be considered when
designing the system with the PLL due to the second-order system [14]. Like PLL,
delay-locked loops (DLLs) are widely used in a clocking of the high-speed interfac-
es. DLLs are used as a zero-delay buffer in a source-synchronous system, a multi-
phase generator, a clock multiplier, and so on. The DLL uses delay cell instead of
the oscillator. Therefore, it is free of jitter accumulation and stability issue, because
it is the one-pole system.

As the PLL has two types, analog PLL and digital PLL, the DLL has two types.

11
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VCDL » CLK ut
Vctrl 1

A 4

C LKref

v

PD

\ 4

CP

A 4

LF

Fig. 3.1 Block diagram of analog DLL.

Figure 3.1 shows the block diagram of an analog DLL. The analog DLL includes a
phase detector (PD), a charge pump (CP), a loop filter (LF), and a voltage-controlled
delay line (VCDL). The PD compares the phase between the input clock and the
feedback clock and outputs a pulse whose pulse width is proportional to the phase
difference. Afterward, the CP charges or discharges a capacitor in the LF according
to the PD output. The output voltage V. controls the delay of the VCDL. The de-
layed clock CLK,y is fed back to the input of the PD. As a result, the DLL is a nega-
tive feedback system where the delayed clock is locked to the reference clock CLKer.
Moreover, the frequency of the output clock and the input clock is the same.
However, the current mismatch in the CP induces error. In addition, due to the
process scaling of CMOS technology, the gate leakage current increases and the
supply voltage decreases, which makes the design of the analog DLL challenging.
Therefore, the all-digital DLL (ADDLL) is introduced as shown in Figure 3.2. AD-
DLL consists of a PD, a digital loop filter (DLF), and a digitally-controlled delay
line (DCDL) which replaces the VCDL of the analog DLL. Contrary to the PD in
the analog DLL, the output of the PD in the ADDLL is a digital value that indicates
which comes first of the reference clock and the feedback clock. The DLF accumu-

lates and filters the digital output of the PD. The DCDL is controlled by the DLF to

12
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adjust the delay. The DLF occupies a small area and has PVT robustness and better
process portability compared to a capacitor, the LF of the analog DLL. However, the
ADDLL has a large jitter due to the quantization. The VCDL has fine resolution be-
cause it is controlled by a continuous value analog voltage. However, the DCDL is
controlled by discrete digital codes. Thus, there are several DCDL architectures to
implement a finer resolution.

There are also two types of DLL that are classified according to the presence of
another reference source, type-I and type-II. In the type-I DLL, the reference clock
and the feedback clock, which is the delayed version of the reference clock, are

compared as shown in Figure 3.3. This structure is used for the zero-delay buffer,

DCDL > C LK ut

A\ 4

C I—Kref

\ 4

PD » DLF

Fig. 3.2 Block diagram of all-digital DLL.

VCDL/
DCDL

A

> CLKout

v

CLK CP+LF/

DLF

\ 4

PD

v

Fig. 3.3 Block diagram of type-I DLL.
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multi-phase clock generation, and the clock multiplier.

Figure 3.4 shows the block diagram of the type-II DLL. In the type-II DLL, the

reference clock CLK. . is compared with the feedback clock CLK,y, which is the

delayed version of the other reference clock CLK .. This architecture is utilized for

clock generation in source-synchronous systems.

The following section will explain the building blocks of DLLs.

C I-Kref2

v

VCDL/
DCDL

A

C LKref1 — PD

\ 4

CP+LF/
DLF

[

Fig. 3.4 Block diagram of type-II DLL.
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3.2 Building Blocks

3.2.1 Delay Line

The delay line has two types, analog and digital. The analog type delay line is
controlled by voltage and the digital type delay line is controlled by digital code.
The current starved inverter is categorized as VCDL because the voltage controls the
current of the inverter, which results in changing the delay, as shown in Figure 3.5.
However, the delay curve of the current starved inverter is not perfectly linear, so
the gain of VCDL is changes with Vu. Also, when limited to the linear range, the
available delay range is reduced.

Figure 3.6 shows the shunt capacitor based DCDL. The delay is controlled by ad-
justing the capacitor with the 3-bit digital code. When the NMOS switch is on, the
load capacitor at the inverter output increases and the delay increases. On the other

hand, when the NMOS switch is off, the load capacitor does not increase. The delay

Lo T
IN E—OUT §
= = = Vew ’

Fig. 3.5 Circuit and delay curve of current starved inverter.
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curve of the shunt capacitor based DCDL is linear, but the available delay is quan-
tized.

The NAND gate can be used for the delay line as shown in Figure 3.7. D is a
dummy NAND gate to match the load capacitance at the output of each NAND gate.
The resolution of the delay line is twice that of the NAND delay (2-txanp). However,

if the control bit changes, there is a glitch problem. In order to address this issue,

there are several studies [15], [16].

|N—[>C outT
>
s
C<0> {C<1>—|{C<2> { 2
e d e
- - - ~
3'b000 3'b111 7

C<2:0>

Fig. 3.6 Circuit and delay curve of shunt capacitor based DCDL.

Fig. 3.7 NAND based DCDL.
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3.2.2 Phase Detector

Figure 3.8 shows the XOR PD and its transfer curve. The XOR gate is used as a
PD and converts the phase difference to the voltage Vou. If both inputs (V; and V»)
are the same, the output will be zero. Otherwise, the output is non-zero. As a result,
the output is minimum when the phase difference is an even multiple of pi and max-
imum when the phase difference is an odd number multiple of pi. However, if the
duty cycle error exists in the input clocks, the transfer curve will be shifted since
XOR PD is level-sensitive.

A Bang-Bang PD (BBPD), which is also known as a binary PD, is shown in Fig.
3.9. If the feedback clock V; leads the reference clock Vi, the output is -1. Other-
wise, the output is +1. It only indicates the sign of phase error without the amount of
phase error information. Therefore, its transfer curve is nonlinear and it has infinite
gain when the phase error is zero. Also, since the D-flip-flop is edge-sensitive, the
duty cycle error does not affect the transfer curve. However, the device mismatch

makes offset and shifts the transfer curve.

Vi — Vout
V, — A
. Vout,avg .
v, | ;' J : :
AQ ! ' '
f—(pf ; ;
\7 ; ' .
—_— — - T A
Vout l |—

Fig. 3.8 XOR PD and transfer curve.

17



Chapter 3. Background on DLL

Aout
Vi—D Q—out +1
>
/I\ Ag
—_— -1
V;

Fig. 3.9 BBPD and transfer curve.
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3.2.3 Charge Pump

The CP is used in the analog DLL with the analog PD. Figure 3.10(a) shows the
CP circuit. When UP is 1, the charging current flows and V¢ on a capacitor in-
creases. On the other hand, if DN is 1, the stored charge in the capacitor is dis-
charged and V.u decreases. Therefore, the charge pump converts the phase differ-
ence information into an analog voltage.

Matching of charge current and discharge current is important because static
phase error occurs in the locking state due to the mismatch between currents. As
shown in Figure 3.10(b), the charging current and discharging current differ as the
control voltage changes. Therefore, single and dual compensation methods are pro-

posed to eliminate the current mismatch [17], [18].

Current
’
[}

Iois lch

(b)

Fig. 3.10 (a) Charge pump circuit and (b) current mismatch.
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3.2.4 Loop filter

Figure 3.11 shows the analog and the digital loop filter in the DLL. Unlike the
analog PLL, the analog DLL only uses a capacitor as a loop filter. A capacitor stores
charge and outputs voltages to control the VCDL. However, the leakage current
changes the stored charge and affects the control voltage. Also, the capacitor
occupies a large area and has less controllability.

A DLF filters the output of the binary PD and generates the digital control code
for the DCDL to remove the phase error. The DLF in the digital DLL accumulates
the PD output with programmable gain a. Its function is the same as a capacitor in
the analog loop filter. Because the DLF is implemented in a programming language,
it has scalability. It also provides better control over the analog loop filter because

the gain can be easily adjusted instead of changing the value of the capacitor.

Vctrl Z'1
J_ PDout DLF oyt
@ (b)

Fig. 3.11 (a) Analog loop filter and (b) digital loop filter.
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Chapter 4

Forwarded-Clock Receiver with
DLL-based Self-tracking Loop for

Unmatched Memory Interfaces

4.1 Overview

The high-speed memory interfaces traditionally use source-synchronous architec-
ture in which a transmitter sends data along with a clock and a receiver latches data
with the transmitted clock [19]. Figure 4.1 shows two types of receivers in DRAM.
As shown in Figure 4.1(a), the matched type receiver has a tDQS replica delay cell
in the data (DQ) path to match the delay of the data strobe (DQS) path. Since the

amount of delay variation caused by a voltage or temperature (VT) drift is the same
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Fig. 4.1 Receiver types: (a) matched and (b) unmatched.

in each path, VT drift does not degrade the timing margin in the matched type re-
ceiver. However, recently, the receiver architecture of memory interfaces is moving
from the matched type to the unmatched type for lower power consumption as the
data rate increases. The unmatched type receiver eliminates the tDQS replica cell in
the DQ path as shown in Figure 4.1(b) to reduce the power consumption. Therefore,
it has a different delay between the DQ path and the DQS path. Thus, a memory in-
terface, which adopts the unmatched type receiver, performs a write training to lo-
cate a DQS transition edge on the DQ center at the DQ sampler for the optimal tim-
ing margin [20]. After the write training is done, a memory controller transmits DQ
later than DQS by tDQS2DQ, which means that the relative delay difference be-
tween the DQ path and the DQS path. However, VT drift occurring after the write
training changes tDQS2DQ and results in the reduced timing margin because the
sampling point deviates from the optimal sampling point, the DQ eye center. The

reduced timing margin is a critical problem since the one-unit interval (UI) time de-
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creases as the data rate increases. Therefore, compensation for the delay drift due to
VT variation is required to maintain the timing margin in the receiver.

To detect tDQS2DQ drift, periodic incremental training [3] and an internal DQS
clock tree oscillator [2] are suggested. In [3], the delay variation is monitored by
measuring the shift of the DQ eye edge in each refresh cycle. During the refresh, the
memory controller transmits ‘1010’ pattern to DQ and errors are counted by sweep-
ing the DQS path delay. From the counted number of errors, the drift of the edge of
the DQ eye can be tracked. [2] introduces an internal DQS clock tree oscillator
which replicates tDQS2DQ for tracing the drift of tDQS2DQ. To measure the
amount of tDQS2Q drift, a counter value synchronized with the oscillator clock is
stored in a register for a given time interval in the write training. Then, the entire
process is repeated after the write training to observe tDQS2DQ drift by comparing
the stored counter values. If a large drift is detected by using the previously men-
tioned methods, the memory controller is required to perform re-training to change
the delay setting, which indicates the relative timing relationship between DQ and
DQS from the transmitter. Consequently, the memory controller is responsible for
the delay drift compensation which incurs significant design complexity.

Instead of implementing re-training, embedding a delay-locked loop (DLL) in the
DQS path can be a feasible solution for self-tracking because the DLL can fix
tDQS2DQ by controlling delay lines of the DQS path even if VT drift occurs.
Moreover, the initial write training procedure can be utilized with a DLL since the
relative delay between DQ and DQS is set to tDQS2DQ in the initial training. As a
result, the DQS transition edge is always centered at the DQ eye and the timing

margin is not decreased by VT drift.
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In this chapter, a power- and area-efficient forwarded-clock (FC) receiver with a
DLL-based self-tracking loop is presented [4], which exploits the write training and
does not require re-training or DQ transitions for tDQS2DQ drift compensation.
This chapter details the architecture and the operation of the proposed FC receiver
with a DLL-based self-tracking loop. Then, the measurement results of the proposed

scheme are described and compared with previous works.
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4.2 Proposed Separated DLL

In the system of LPDDR and DDR, DQS only toggles when DQ is transmitted.
In the seamless mode, DQS is consecutive, so the phase comparison between the
input DQS (DQS _t or DQS c) and DQ sampling strobe, DQS I, can be carried out
using a phase detector (PD) as shown in Figure 4.2(a). A feedback-loop in the DLL
works using the result of the phase comparison. As a result, tDQS2DQ is fixed as
N-UI by means of DLL. Since the optimal sampling point is determined in the write
training after tDQS2DQ is fixed by DLL and DLL always keeps tDQS2DQ as N-UI
by maintaining the delay of the DQS path, VT drift does not change the sampling
point. Therefore, the timing margin, which is defined as the minimum value of the
left margin and the right margin from the DQ center, can be kept constant by the
DLLs even though VT drift occurs. However, if the DQS path delay is too long in
the non-seamless mode, the phase comparison between the input DQS and DQS 1,
cannot be performed because there is no transition edge in the input DQS when
DQS I has a rising transition as presented in Figure 4.2(b). Thus, another signal (e.g.

DQS_edge t) is required for the phase comparison with DQS 1.

. Optimal sampling point No transition
DQS_t "7 ST RNNAAY
DQ X X \,\, X X X pasc _/ .
DQS_t - / \ S p
DQS ¢ N 4 X DQS_edge_t
pas | Das._| < ' tDQS2DQ >
T7
(@) (b)

Fig. 4.2 Timing diagram (a) in the seamless mode (b) in the non-seamless mode.
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The DLL is separated into two parts to support the burst mode as shown in Fig-
ure 4.3. DQS _edge t and DQS _edge c are generated in the first-stage DLL for the
phase comparison with DQS I. The first-stage DLL makes DQS edge signals,
which are N;UI delayed version of the input DQS, by edge-aligning DQS edge
with the input DQS by controlling digitally-controlled delay lines (DCDL1). The
second-stage DLL generates the DQ sampling signal, which is N>-UI delayed ver-
sion of DQS edge, by edge-aligning DQS I with DQS_edge by adjusting DCDL2.
Therefore, the total DQS path delay from the input DQS to DQS I is equal to N-UL

- . . < DQ
> Digital Loop Filter < samplers
- 24 4 4
- (3] -
| | | a
g al 2 I
e N ~ (812818
DQS_edge_g|_PD_|‘ \ DQS |
DQS_ed t' |‘_L|
->| PD_II: = »lPD e
y y
bas_t AwP [ pcoL pcoL [ @ | | cmos
DQS_c[D (2stage) | 1 2 || divider | 4 | buffers
Delay 1 = N;-Ul Delay 2 = N,-Ul
— < >
_ J J
1% stage DLL 2" stage DLL
P DQS path delay = N-Ul

v

Fig. 4.3 Separated proposed DLL in the DQS path.
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4.2.1 Operation of the Proposed Separated DLL

Since DQ sampling signal is produced by delaying the input DQS, the amount of
the delay should be minimized for low jitter condition in the locked state. Thus, the
first-stage DLL aligns the rising transition of DQS_edge t with the transition edge
of DQS c closest to the rising transition of DQS_edge t but is later than the rising
transition of DQS_edge t when the delay of DCDLI is at the minimum. In the sec-
ond-stage DLL, the rising transition of DQS I is aligned with the nearest transition
edge of DQS_edge signals that is later than the rising transition of DQS I when the
delay of DCDL2 is minimal.

Figure 4.4 shows the lock point setting method of the first-stage DLL. Under the
minimum delay condition of DCDLI1, PD L1 calculates the lock point of the first-
stage DLL through phase comparison of DQS edge t and DQS c. The settled lock
point is the nearest transition edge of DQS _c that can be aligned with the rising edge
of DQS _edge t by the delay increment of DCDLI. For instance, if PD L1 is ‘0’, the
rising edge of DQS_edge t leads the rising edge of DQS c and it should be aligned
with the rising edge of DQS_c by increasing the delay of DCDLI1. Otherwise, if
PD Ll is ‘1’, the rising edge of DQS_edge t should be aligned with the falling edge

DQS_edge_t 7 AN A N 7 \ O\
DQS_c  \ AN /3
PD_L1 0 0 1 1
Lock point rising edge of DQS_c falling edge of DQS_c

Fig. 4.4 Lock point setting method: 1% stage DLL.
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of DQS_c¢ which is the nearest edge from the rising edge of DQS edge t. The de-
termined lock point in the minimum delay condition can be varied depending on the
initial delay condition or PVT variations due to the different positions of the rising
edge of DQS edge t. Similarly, the lock point of the second-stage DLL is deter-
mined as the rising transition of DQS_edge which is closest to the rising transition
of DQS I when the delay of DCDL2 is at the minimum for the same reason. The
rising edge of DQS I can be aligned with the rising edge of DQS edge t or
DQS edge c by increasing the delay of DCDL2. The combination of PD outputs,
PD_tand PD_c, indicates the position of the rising transition of DQS_I. As shown in
Figure 4.5, in the case shown on the left, (PD c, PD t) = (0, 1) pattern is detected
and the rising edge of DQS I is between the rising edges of DQS edge ¢ and
DQS edge t. Thus, the delay of DCDL2 should be increased to make the rising
edge of DQS I aligned with the rising edge of DQS edge t. In the case shown on
the right, (PD_t, PD_c) = (0, 1) pattern is detected and the rising edge of DQS I

should be aligned with the rising edge of DQS edge c by increasing the delay of

DCDL2.
DQS_edge_t 1 A 1 \ { \ f \
DQS_edge_c \ £\ 1 \ £ \ if
DQS_I \ ) 4 \ /
PD_t o 1 1 R
PD ¢ A0 1 0 e A

Lock point rising edge 6f DQS_edge_t rising edge of DQS_édgé_c

Fig. 4.5 Lock point setting method: 2™ stage DLL.
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After the lock point setting, DCDL in each stage DLL is controlled by the digital
loop filter (DLF). The rising transition of DQS_edge or DQS I is can be changed
due to VT drift. The determined lock point and PD outputs indicate the current posi-
tion of the rising edge of signals to be aligned and inform the DLF of the direction to
update DCDL. In Figure 4.6, if the lock point of the first-stage DLL is the rising
edge of DQS c and the rising edge of DQS_edge t is later than the rising edge of
DQS c, the update polarity of the code of DCDL1 is DN. Otherwise, DQS edge t
leads DQS ¢, the update polarity of the code of DCDLI1 is UP to align the rising
edge of DQS edge t to the lock point by increasing the code of DCDL1. However,
if the lock point is the falling edge of DQS ¢, the update polarity of the code of
DCDLI is reversed even if the rising edge of DQS _edge tis in the same area.

Also, the code of DCDL2 is controlled by the location of the DQS I rising transi-

DCDL1 code UP DN UP DN UP DN
DQS_edge_t =T AVAVET AV = AVA VAN AW
DAS_ ¢ Y £ U —\ { ( 4
Lock point rising edge of DQS_c falling edge of DQS_c

Fig. 4.6 Update polarity of DCDL1 code in the 1% stage DLL.

DCDL2 code DN UP ‘DN UP ‘UP ‘DN UP‘ DN

DQS_edge_t 1 \ 4 A \ \

DQS_edge_c \ U Y N S W
DQS_I N\ A i\ L

Lock point rising edge of DQS_edge_t rising edge of DQS_edge_c

Fig. 4.7 Update polarity of DCDL2 code in the 2" stage DLL.
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tion and the lock point of the second-stage DLL as shown in Figure 4.7. When the
lock point of the second-stage DLL is the rising transition of DQS_edge t and the
rising edge of DQS 1 is later than the lock point, the update polarity of the code of
DCDL2 is DN. Otherwise, the update polarity of the code of DCDL2 is UP to in-
crease the DCDL2 code to align the rising edge of DQS I with the lock point. As
with the first stage DLL, if the lock point is different, the update polarity of the code
of DCDL2 is inverted in the second stage DLL.

Consequently, the DLF controls DCDLs to make the DQS path delay from the
input DQS to DQS I as N-UL If the duty cycle of the input DQS is not 50%, the
DQS path delay will not be the same as N-UL. However, only fixing the DQS path
delay is important since the fixed sampling point will be at the optimal sampling

point when the memory controller performs the write training.
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4.2.2 Operation of the Digital Loop Filter in DLL

Figure 4.8 shows a flow chart of the DLF operation. A coarse sweep mode and
an update gain of each DCDL can be selected and controlled respectively by I°C for
adjusting the locking time of each DLL. First, the lock point of each DLL is deter-
mined by the PD output under the initial condition that delay codes of both DCDL1
and DCDL2 are at the minimum. Next, if the coarse sweep mode is on, the coarse
codes of each DCDL are increased until the PD output pattern changes from the ini-
tial value which is calculated at the lock point setting step. For example, if the

PD L1 is ‘0’ when the coarse delay of DCDLI1 is at the minimum, the PD L1 can

( Start feedback loop )

Find lock point
@ 1°' & 2" stage DLL

Is coarse sweep
mode on?

YES

Increase
DCDL1 coarse code

Update DCDL1 & DCDL2
corresponding to
PD outputs &

determined lock points
X

A

YES

Is PD_L1
changed from when lock
point setting?2

NO

Increase

DCDL2 coarse code
A

changed from when lock

NO

Fig. 4.8 A flow chart of the digital loop filter operation.
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be changed to ‘1’ by increasing the coarse delay of DCDL1 which implies the rising
edge of DQS edge t lags behind the rising edge of DQS c. This means the coarse
sweep of the first-stage DLL is done because the rising edge of DQS_edge t is later
than the lock point, the rising edge of DQS c. The following step is the coarse
sweep of the second-stage DLL. The coarse sweep of the second-stage DLL is done
in a similar way with the first-stage DLL. Then, the codes of DCDL1 and DCDL2
are updated simultaneously corresponding to the PD outputs and the determined

lock points as mentioned in Section 4.2.1.
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4.3 Circuit Implementation

Figure 4.9 shows the overall architecture of the proposed FC receiver. The FC
receiver consists of a DLF, 1:4 deserializers (DES), a divider, DQ samplers, and
two-stage cascaded DLLs which include PDs and DCDLs. Since the input DQS
have a low voltage swing from 0 V to 0.4 V, a PMOS input strong-arm latch based
sampler is used as the PD of the first-stage DLL as shown in Figure 4.10(a). Since
the input DQS is the sampler’s input and DQS_edge t is used as the sampling clock,
PD L1 becomes ‘0’ when sampling the zero value of DQS _c. On the other hand, as
shown in Figure 4.10(b), a D-flip-flop (DFF) is employed as the PD of the second-

stage DLL since both DQS_edge signals and DQS I are full swing signals.

o 16
DQ<3:0> > V’E —+ El ]
ref 1

h
4 4 | ey
Digital Loop Filter 4
PaN —-lc
- (I)I (/’I
- o - <] (<]
1 [ DI ala
E 14 5

[=]
o
4 N ( N
DQS_edge ¢ I_PD_I
> €
PD |« DQS_edge_t _ '_IP D_I
N —l

DQs_QB

DQS_IB

27 27
y
pas_t O AwP [ peoL peoL [ @ [ | cmos
DQS_c > (2stage) |_J 1 2 || divider | 4 | buffers
_ Delay 1=N;,-Ul _ Delay 2 = N,-Ul
(. D " J |\ D " J
1% stage DLL 2™ stage DLL

DQS path delay = N-Ul
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Fig. 4.9 Overall architecture of the proposed forwarded-clock receiver.

33



Chapter 4. Forwarded-Clock Receiver with DLL-based Self-tracking Loop for

Unmatched Memory Interfaces
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DQS_edge_t—T —-eqge. g G
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DQS_| —>| DFF |» PD_t DQS_| :
PD_c :
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1 pasedge t _f/ N/ \_
DQS_edge_t —\_/—\_/—
DQS_edge_c DQS_edge_c f {

(b)

Fig. 4.10 Architecture and the timing diagram of the phase detector (a) in the 1
stage DLL (b) in the 2" stage DLL.

The output of the PD is PD_t when the sampling clock is DQS edge t and PD ¢
when the sampling clock is DQS edge c. The DQS path includes a two-stage am-
plifier, two DCDLs, an 1-Q divider, and CMOS buffers. The two-stage amplifier
amplifies the input DQS from the 0.4-V peak-to-peak swing to the rail-to-rail swing.

As shown in Figure 4.11, DCDL is composed of dual coarse delay lines and a
phase interpolator (PI) based on tri-state inverters [13] to cover a wide delay range
larger than 1 Ul with fine resolution while avoiding a boundary switching problem.
In the coarse delay line, 6-bit thermometer codes CU and CD control the number of
on-state NANDs in CLKU and CLKD paths, respectively, which exhibit a 2-txanp
time difference between CLKU and CLKD. The PI interpolates CLKU and CLKD
by adjusting the number of the on-state tri-state inverters in each path. The length of
the DCDL codes is determined by the required delay range and DCDL has an effec-

tive resolution, 2-tnanp/15.
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Figure 4.12 shows the seamless boundary switching in DCDL. The boundary
switching problem that introduces large jitter occurs when the codes of both coarse
and fine delay lines are updated at the same time. To remove the issue, when the
delay of DCDL in the proposed DLL is increased in the boundary case, FSEL is not
changed but the code of the coarse delay line, CU (or CD) is updated with maintain-
ing the same delay in the output. As a result, the delay from IN to OUT is increased
seamlessly.

The 1-Q divider generates 4-phase clocks for a quarter-rate clocking. CMOS

Coarse code Finecode @ 15
CU<5:0>, CD<5:0>  FSEL<14:0> FSEL
L ¢ %_Do_
erge
IN dual CLKU Phase ouT --DO-OUT
— coarse Interpolatorf—— FSELB
delay line CLKD (fine) CLKD
(coarse)
(a) (b)
x5
CLK CUB,
Cu<s> IN“AD CUi
CDB; ;&D
CDi+
CLKD
CDB;
(c)

Fig. 4.11 (a) DCDL architecture (b) phase interpolator (c) merged dual coarse de-
lay line.
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buffers distribute quadrature clocks to four samplers per each phase. The DLF ad-
justs both DCDL1 and DCDL2 to fix the total DQS path delay as N times Ul by

two-stage cascaded DLLs.

2: tNAND

CLKU / CLKD; ; sw|tch|ng / CLKD;CLKU;

h — I

/7 /.ﬁi“/‘fff/... 77

FSEL 15{1'b1} — 15{1'b0} —> 15{1'b1}

Fig. 4.12 Seamless boundary switching in DCDL of the proposed DLL.
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4.4 Measurement Results

The proposed FC receiver (RX) is fabricated in the 65-nm CMOS technology.
The chip microphotograph and the core layout of the FC RX are shown in Figure
4.13. The DCDL in a transmitter (TX) and the emulated channel are implemented to
behave in place of the memory controller and the memory channel, respectively [21].
Using standard cells, the DLF is fully synthesized and automatically placed and
routed. The active area of the proposed FC RX is 0.0329 mm?, which includes 4 DQ

lanes.

, Transmitter .
5

T —
3@
£d
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4.4.1 Measurement Setup and Sequence

Figure 4.14 shows the measurement setup of the proposed FC RX. 6.4 GHz clock
from J-BERT is transmitted to the pattern generator of the TX for the generation of
3.2 GHz the input DQS and 6.4 Gbps PRBS7 DQ. The sampler’s output data in the
RX is connected to the input of the error detector. PC controls I?C and the supply
voltage of the RX. Also, PC receives the bit error rate (BER) from the error detector
while sweeping the DCDL codes with I*C.

Figure 4.15 shows the measurement sequence of the proposed scheme [21]. First,
set VDD as 1 V and start the DLL feedback loop to fix the total DQS path delay as
N-UL Next, fix the codes of the TX DCDL in the DQ path to make the sampling

point is the optimal. Then, change VDD and hold the RX domain DCDL codes after

»S. Ple
LAN 18 PC g« LAN
aardvark_py
; }
Aarlczi(\:/ark vop | Agilent B2962A
A\ 4
Agilent N4903A Y Power Source

o JBERT e
Pattern[ 5up | CLK v v Agilent E3631A
Gen. | cLK || +® 6.4GHz | DC Power Supply

O -@® >

T DUT Supply T Y
Error \ cLK || Data || 1.6 Gbis R'ﬁa

Det. P Recovered Datal Gnd egu ator
H (Deserialized) LT3042

A A

LS — ; FR4 PCB

Fig. 4.14 Measurement setup.
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the loop is settled. Next, measure BER while adjusting the TX DQS delay by sweep-
ing the TX DCDL of the TX DQS path to change the sampling point.

VDD_PG VDD_TX (0.4 V) VDD VDD_MUX
6.4 Gblsw Emutatea] PQ<3:0>
4 | | Ch. I 2
Pattern| TXDQ DCDL N-
Gi n. (X4) OS:'\-,N RX 1 f § out
=
Ser. (X6) Das._t 1.6 Gb/s| (to BERT)
3.2 GHz _@ DQ?_c
7 |w a Ch. 7
2 2
TX DQS DCDL
6.4 GHz (X2)
CLK (@ Optimal sampling point

(write training)

DQX

DQS_t
DQS_c
(Fix TX DQS DCDL)

DQS_I « O NUI R
(VDD: 1V) ‘Fixed delay by DLL

DQX

DQS t
DQS_c 3
@ (Sweep TX DQS DCDL)

Optimal sampling point

DQS_| P— >
® (Change VDD) 1Fixed delay by DLL

Fig. 4.15 Measurement sequence.
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4.4.2 VT Drift Measurement and Simulation

The graph of timing margin versus supply voltage VDD is shown in Figure 4.16.
The DLL-off case is explored when all DCDL codes of RX domain are set at the
minimum. At 1 V in the DLL-on case, the timing margin is reduced from 0.36 Ul to
0.33 UI due to the increased DQS path delay compared with the DLL-off case.
However, the timing margin in the DLL-on case remains larger than 0.31 UI while
the supply voltage drifts in the range of 0.94 V and 1.06 V after the write training is
done at 1 V.

Figure 4.17 and Figure 4.18 shows the measured DQ eye diagram and the bath-
tub curve at three different supply voltages when the write training is carried out at 1
V. Contrary to the DLL-off case, in the DLL-on case, both the DQ eye and the sam-
pling point do not shift because the sampling point is not modified.

04 - write tral?lng point

e — 4

o
w

o
(V)

.................49..

Timing Margin (Ul)
o

0 .
-0.1 / —— DLL-off (Fixed DCDL @ min.)
S —4—DLL-on

-0.2 . . } . ' :
0.94 0.96 0.98 1 1.02 1.04 1.06
Supply Voltage VDD (V)

Fig. 4.16 Measured timing margin vs. VDD variation (PRBS7, BER=10").
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Fig. 4.17 Measured DQ eye diagram (PRBS7, BER=10") and bathtub curve at 0.2-

V Vit of DLL-off case.
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Fig. 4.18 Measured DQ eye diagram (PRBS7, BER=10") and bathtub curve at 0.2-

V Vies of DLL-0n case.
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The simulated tracking behavior of the proposed scheme when the 0.06 V supply
voltage drift or 60 °C temperature drift occurs from 200 ns to 300 ns is shown in
Figure 4.19. When the DCDL update gain is high, the sampling time difference from
the settled point remains constant due to a high loop bandwidth.

Figure 4.20 shows the measured power breakdown of the proposed FC RX. The

100 - 1.06
E 50+ Coarse sweep =+ 1.05
g g done
o= 0 + + 1.04
8 2 =
g o o
5 o -50 +103 O
£ (DCDL1, DCDL2) S
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€3 — Update gain (27, 2%
= 150+ — VDD -+ 1.01
-200-1- 41
| 1 1 1 1 1 ]
I 1 1 1 1 1 1
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Time (ns)
(a)
50 — - 87
1S —L
—~ 0 4 ? =4 77
2w '\ o
< o
8 = -50 1 T 67 é
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& 8-100+ done 457 8
£ o (DCDL1, DCDL2) %
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(b)
Fig. 4.19 Simulated tracking behavior of the proposed FC receiver (a) when volt-

age drift and (b) when temperature drift occur.
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total power consumption is 11.45 mW from 1-V supply at 6.4 Gb/s including 4 DQ
lanes. In Table 4.1, performance of the proposed FC receiver is summarized and
compared with those of the state-of-the-art FC receivers [21]-[26]. The proposed FC
receiver occupies a small area and consumes low power. Furthermore, the FC re-
ceiver is able to operate in the absence of data transitions since the sampling point is
fixed by the DLL using only DQS and the write training sets the fixed sampling

point as the optimal sampling point for the DQ eye centering.

PD
DLF  9.42 mw
0.67 mW
DES
0.82 mW

Total: 11.45 mW at 6.4 Gb/s, 1-V supply, 4 DQ

Fig. 4.20 Measured power breakdown of the proposed receiver.
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Table 4.1 Performance comparison

ISSCC’12 | CICC’13 | SOVC’14 | TCAS2’16 | TCAS1’16 SOVC’19 This work
[22] [23] [24] [25] [26] [21]
Technology 90 nm 28 nm 65 nm 65 nm 65 nm 65 nm 65 nm
Architecture Digital DLL | Digital DLL | ILO+PI | ILO+PI | AnalogDLL wdmumm_u wmm wwmﬂ_mwwﬁwww%m
Datarate (Gb/s) 8 6.4 14 10 125 4.8 6.4
Clockrate (GHz) 2 3.2 3.5 5 6.25 1.2 1.6
Power (mW) 10.4* 6.73* 7.84* 71 4.5 7.04** 11.45**
VDD (V) 1.25 0.85 0.8 1 0.9 1.1 1
Power efficiency (pJ/b) 1.3 1.05 0.56 0.71 0.36 0.37 0.45
Area (mm?)**** 0.225%* 0.02 0.36 0.014 0.025 0.0056 0.008
Require data transition ? (0] (0] (0] (0] (0] (0] (Write Wm_:_:@v

*Excludes equalizer power
**With equalizer power
***Includes 4 data lanes
****Area per lane
****Includes TX + RX
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Chapter 5

Open-loop-based Voltage  Drift

Compensation in Clock Distribution

5.1 Overview

In the DRAM interface, the differential clock is in the center of the chip and goes
into a transceiver of DQ as shown in Figure 2.4. Therefore, the clock is distributed
as an H-tree and runs a distance of a few millimeters using buffers. As the frequency
of the clock increases, a current mode logic (CML) buffer is used instead of a
CMOS buffer in the step before the differential clock is divided into a lower fre-
quency. After that, the CML level is converted to the CMOS level in the CML-to-
CMOS converter (C2C) for use in the transceiver.

Two types of clock buffers are shown in Figure 5.1. The CML buffer draws static
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current and a single-ended peak-to-peak (P-P) swing is IR.
Unlike the CML buffer, the CMOS buffer, which is an inverter, consumes cur-

rent when the inverter input is switched because the MOSFET is turned on only

VDD
VDD
R R
ouT
IN Fne N ouT

(a) (b
Fig. 5.1 Two types of clock buffer: (a) CML and (b) CMOS.

0.9 0.55 1 1.65 1'.1
Normalized by VDD, om

Fig. 5.2 Delay of CML and CMOS when supply voltage drifts.
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when the input is in transition. It also consumes static current due to leakage, but the
amount of the leakage current is negligible. The P-P swing of the CMOS buffer is
rail-to-rail. Figure 5.2 shows the delay of buffers while sweeping the supply voltage
VDD. The CMOS buffer is more sensitive to voltage drift than the CML buffer be-
cause current and the P-P swing changes as VDD changes. The delay sensitivity of
the CMOS buffer is commonly known as 1%-delay/1%-supply [27]. Unlike the in-
verter, the delay of the CML buffer is Atq= CAVp.p/l = RC, so it depends only on the
load resistance (R) and the load capacitance (C).

Moreover, since the threshold voltage (Vi) of the MOSFET changes with tem-
perature as shown in Figure 5.3, the delay also changes with temperature changes.
However, the mobility of electrons reduces as temperature increases, so the change

in delay due to temperature drift is not dominant than voltage drift as shown in Fig-

450
400
s
£ 350;
>
300 —— PMOS
—4— NMOS
250

-40 -20 0 20 40 60 80 100
Temperature (°C)

Fig. 5.3 [V vs. temperature in PMOS and NMOS.
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ure 5.4.

5.
4.6

’542 —— CML

‘; —4— CMOS

[T}

(] 1 e e e
3.49————*

-40 -20 0 20 40 60 80 100
Temperature (°C)

Fig. 5.4 Delay of CML and CMOS when temperature drifts.
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5.2 Prior Works

There are several studies on eliminating supply noise or temperature drift. In
Figure 5.5, the latch and the resistor are inserted at the output of the ring oscillator
[28]. The resistor reduces positive supply sensitivity and the latch has negative sup-
ply sensitivity. As a result, the supply sensitivity of the oscillator can be zero at a
certain supply voltage, but the method sacrifices the speed of the oscillator.

A drift compensation scheme using a bandgap reference (BGR) is proposed [5].
In Figure 5.6, the control voltage Vg, generated by the BGR controls the PMOS
resistance to adjust the effective capacitance at the output of the clock buffer for de-
lay drift compensation. Vg, is a constant voltage, so as VDD increases, Vsg increas-
es. Therefore, the PMOS resistor decreases and the effective load capacitor increases,

resulting in positive supply sensitivity of the compensator circuit. Since Vg, is cre-

Freq Freq

\ ] L\ . w/o Res

+

» »

INV supply' LAT supply'
_DO_W Freq
INV
LATi} /e\

Optimal

point _
VCO supply

Fig. 5.5 Supply-noise insensitive ring oscillator.
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ated to track process and temperature fluctuations, this scheme can compensate for
temperature drift and process variation as well.

Figure 5.7 shows a delay circuit that is insensitive to supply and temperature [6].
The RC time of the delay circuit is fixed by designing R1 as the dominant resistor,
which means R1 is larger than MOS R. When the temperature rises, P2 turns on ear-
ly due to Vi reduction to compensate for the low saturation current of the inverter.

However, these approaches slow down the clock path due to the increased R or C.

Compensator
........ circuit
VDD
Delay +
Inv. Comp. CKT Vse
; : Vgap =
{ Comp. Inv.
i \ CﬁlterI
’ S VDD o
0.9 1 11 ypp El-l
CKin CKout

Fig. 5.6 Supply insensitive clock buffer.
VDD

L VDD
" e
Q1 P2 ouT
LI
—JC N1 |-'_-I___‘-,N2 I I§T3|—II§T4Q1-| N5

Fig. 5.7 Supply and temperature insensitive delay circuit.
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5.3 Voltage Drift Compensation Method

The overall clock distribution tree is shown in Figure 5.8. The global clock is dis-
tributed as the CML level and converted to the CMOS level in the local network. A
DLL-based scheme is proposed to compensate for delay fluctuations due to VT drift
[4]. However, it occupies more area and consumes more power than the open-loop
method. In the open-loop scheme, supply noise can be canceled by adjusting the de-
lay in both the CML path and the CMOS path. The CML delay can be adjusted with
the load resistance, but changing the load resistance alters the DC operating point,
making circuit design difficult. Instead of controlling R, inserting a load capacitor at
the CML output degrades the bandwidth. Thus, the CMOS delay circuit handles the
overall delay variation in the clock path with overcompensation to cover delay drift
in both the CML and the CMOS paths.

There are two types of CMOS delay circuits: VCDL and DCDL. Since the delay

is quantized in the DCDL, the VCDL is chosen as a CMOS delay cell to compensate

WCK

CML level

TX | RX TX | RX TX | RX TX | RX
7 S} f S} S} 7 S )
Local Local Local Local
network network network network
4 4 4 4

Global distribution |

Fig. 5.8 Block diagram of clock distribution tree.

52



Chapter 5. Open-loop-based Voltage Drift Compensation in Clock Distribution

for delay drift in the clock distribution path.

In order to minimize the increased capacitor in terms of power consumption, a
current starved inverter is used as shown in Figure 5.9. Biasp controls the pull-up
current and biasn controls the pull-down current of the inverter. The PMOS and the
NMOS, which are always on, prevent low slope of OUT. To counteract the negative
supply sensitivity of the inverter delay, the pull-up and the pull-down current should

be reduced when VDD increases. Thus, as the supply voltage increases, |Vgs| of both

biasp-o} f-GND

biasp

[ S

biasn
biasn| -vobD

Fig. 5.9 Current starved inverter controlled by bias voltages.

VDD vDD vDD
R3
R1 biasn RS
Vg m1 M Vg m2
R2 Ve R6
R4

Fig. 5.10 Bias generation circuit for voltage drift compensation.

VD

D
R7
Vs m2
M2
biasp
R8
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PMOS and NMOS should be reduced. Figure 5.10 shows the bias generation circuit
for voltage drift compensation, which creates biasn and biasp. The supply voltage
VDD and the current in M1 Iy affect biasn as expressed in (5.1). By making the
increased amount in In;R3 greater than in VDD, biasn decreases as VDD increases.

Since Imi depends on Vg mi, Vgsmi should increase as VDD increases.
biasn = VDD — I;;; X R3 5.1
The Vgmi is generated by dividing the supply voltage by poly resistors, so that

VM1 has positive supply sensitivity and is expressed as

R2
% =VDD X —— 52
.M R1+R2 (-2)
Similar to biasn, Im affects biasp and biasp is expressed as
biasp = Iy, X R8 (5.3)

As VDD increases, [Vgsm2| should be increased to increase biasp. It is the best to
reduce Vgm2 when VDD increases, but another MOSFET is required. Therefore,
Vem21s generated by dividing VDD like Vgmi in the generation of biasn. Vsm2 and

VM2 are expressed in (5.4) and (5.5). [Vgm2| is calculated in (5.6).

VS,MZ = VDD - IMZ X R7 (54)
R6
= X — 5.5
Vomz = VDD X oo e (5:5)
5
|Vgs,M2| =VDD X RS+ R6 Iy, X R7 (5.6)

The gain of the bias generator can be adjusted by the MOSFET size and re-
sistance. The supply sensitivity of biasn and biasp are shown in Figure 5.11.

The AC-coupling C2C consists of an AC-coupling capacitor, an inverter, and a
feedback resistor [29]. Figure 5.12 shows that the inverter and the feedback resistor

are controlled for delay adjustment. In general, a metal-oxide-metal (MOM) capaci-
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tor is used as a coupling capacitor, but the MOM capacitor is not available in the
DRAM process due to the small number of available metals. Therefore, the NMOS
capacitor is used for the proposed C2C. The current starved inverter and the MOS
resistor (MOS R) are used to adjust the delay according to VDD fluctuations. In the
MOS R, the PMOS transistor and the NMOS transistor are connected in parallel and
the gate voltages are controlled to adjust the resistance of MOS R. Considering the

supply sensitivity of biasn and biasp, MOS R increases when VDD increases. Since

biasn biasp

A 4

N\
vbD / VDD

Fig. 5.11 Supply sensitivity of biasn and biasp.

Fig. 5.12 Circuit of the proposed AC-coupling C2C for delay adjustment.
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the feedback resistor controls the output swing, the delay in the C2C is adjusted by
controlling the inverter current and the output swing. As VDD increases, the current
decreases and the output swing increases, increasing the overall delay. On the other
hand, as VDD decreases, the delay decreases because the current increases and the
output swing decreases. However, this compensation method increases the overall
delay because it is difficult to reduce the delay of the uncompensated inverter at low
VDD to match the delay of the inverter at high VDD for drift compensation.

The generated bias voltage for voltage drift compensation deteriorates the effect
of temperature drift. Figure 5.13 shows the temperature sensitivity of bias voltages
generated in the bias generator. Since |[Vu| decreases with increasing temperature,
the current in the bias generation circuit increases, which reduces biasn and increas-
es biasp. When the temperature decreases, biasn increases and biasp decreases. In
the inverter, the overdrive voltage (V,v) increases due to the decrease in [V, but the
mobility degradation is slightly more dominant than V,y, due to the large V. There-
fore, the temperature sensitivity characteristic of the proposed bias generator makes

the temperature drift worse than the inverter without voltage drift compensation.

biasn Low T biasp| HighT

High T Low T

> >

VDD vDD

Fig. 5.13 Temperature sensitivity of biasn and biasp.
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5.4 Circuit Implementation

The overall block diagram of the proposed clock distribution tree is shown in
Figure 5.14. The distributed clock is divided into a CML path and a CMOS path.
The global clock is distributed up to 400 um distance as CML level. The CML path
includes a 3-stage CML buffer, a CML divider, and a 6-stage CML buffer. The first
stage, the 3-stage CML buffer, amplifies the 12 GHz CML level clock to ensure the
CML divider operates correctly. The CML divider generates a 6 GHz CML quadra-
ture clock and the 6-stage CML buffer drives the 400 um wire. Afterward, every 100
pm, a CML quadrature clock is fed into the CMOS path. The CMOS path consists of
a C2C, a 4-stage inverter, and a bias generation circuit for voltage drift compensa-
tion. The CMOS quadrature clocks are used on each DQ.

The architecture of CML buffers is the same as in Figure 5.1(a). The architecture
of the D-flip-flop (DFF)-based CML frequency divider is shown in Figure 5.15. If
there is only a DC component at the input of the divider, the divider self-oscillates at
feelf ose- Also, the divider has a sensitivity curve similar to the injection lock range of
an injection lock frequency divider as shown in Figure 5.16 [30]. If the target output
frequency of the divider is close to fiir osc, the required minimum input swing of the
divider for normal operation is very low. Therefore, the divider is implemented to
have a feir osc at 7.52 GHz which is close to the target output frequency 6 GHz and
slightly higher than 6 GHz.
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WCK —

WCKB—
12 GHz

WCK2<3:0>

CML path
| _—_]CML buffer —wck2<0>
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3-stage | CML3B -
(amp.) Divider [ Q — CML buffer —Wwck2<1>
: — QB— g.stage [—WCk2<3>
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Fig. 5.14 Overall block diagram of proposed clock distribution tree.
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The block diagram of the proposed CMOS path is shown in Figure 5.17. Both the
current of the inverter and the feedback resistor are adjusted by biasn and biasp.
Figure 5.18 shows a detailed C2C delay circuit in the proposed CMOS path. The
current starved inverter is used and the feedback resistor consists of poly resistors
and MOS R. In the inverter stage after the C2C, the current starved inverter is not
used in the last stage for maintaining driving strength to drive the load capacitance.

The bias generator circuit for voltage drift compensation is shown in Figure 5.10.
The simulation results of the supply voltage sensitivity of biasn and biasp are shown

in Figure 5.19.

I cmLs

Fig. 5.15 DFF-based CML divider.

100 -

Required input swi

4.5 5.5 6.5 7.5 8.5 9.5 10.5
Output frequency (GHz)

Fig. 5.16 Simulated sensitivity curve of CML divider.
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I> -CK_DQ0<0>
c

I

I

C.
Wire0<0> C2C_OUT 5/50 /% % I : CK_DQo0<2>

Fig. 5.17 Block diagram of the proposed CMOS path.
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Fig. 5.18 C2C delay circuit in the proposed CMOS path.
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Fig. 5.19 Simulation results of biasn and biasp vs. supply voltage.
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5.5 Measurement Results

The clock distribution tree applying the proposed scheme is fabricated in the 40-
nm CMOS technology. The chip microphotograph and the core layout of the clock
tree are shown in Figure 5.20. The conventional clock distribution is also imple-
mented in the fabricated chip for performance comparison with the proposed scheme.
The conventional CMOS path is composed of a conventional AC-coupling C2C and
inverters. The bias generator occupies 0.0006 mm? and the area of the bias generator

is large for controllability. The total area of the fabricated chip is 0.0966 mm?.

Block description Area (pm?2)
A CML 3-stage 899.1
B CML divider 308.1
C CML 6-stage x2 1727.3
D CMOS path (conventional) x2 545.4
E CMOS path (proposed) x2 943
F Bias generator 602.6

Fig. 5.20 Chip microphotograph and layout details of the clock distribution tree.
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Figure 5.21 shows the measurement setup of the proposed scheme. MP1800A
provides a 12 GHz differential clock to the chip. To compare the performance of the
conventional scheme and the proposed scheme, the on-chip MUX selects one of the
output clock of the conventional scheme and the output clock of the proposed
scheme. After that, CLKour is triggered by a 6 GHz trigger clock of MP1800A and
jitter is measured on the oscilloscope. Also, the arbitrary function generator is used
for supply voltage modulation.

At 6 GHz output clock and 1.1-V supply voltage, the power consumption of the
conventional scheme is 8.67 mW and the power dissipation of the proposed scheme
is 11.02 mW, which is amortized by four assuming 4 DQs.

The measured bias voltage is shown in Figure 5.22. As intended, biasn has nega-

tive supply sensitivity and biasp has positive supply sensitivity.

Aardvark
2
Anritsu I'c
{pattern———~r=r Arbitrary function
iPattern[ 1rig |[DATA 2
iGen. 12 GHz generator
H CLK. || +®
: : Diff. CLK ]
H -® _| Supply modulation
: DUT _
ITrigger (6 GHz) «Sueely | Linear DC

Tektronl 0 6 GHz | cnd | Regulator [« Power

ektronix oscilloscope CLKour < LT3042 Supply

MSO 73304DX = FRAPCB

Conv, CK_DQ3<2>

Open
drain M

driver

Diff —| Clock distribution
! CLK—| (Conv. & Comp.) Comp, CK_DQ3<2>

Clock sel

Fig. 5.21 Measurement setup.
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The supply voltage is changed manually from 1.05 V to 1.15 V with 0.01 V step
to verify voltage drift compensation. Afterwards, the delay from the trigger point to
the output clock is measured. The measured delay versus the supply voltage is
shown in Figure 5.23. The delay of the compensation scheme is larger than the con-
ventional scheme due to voltage drift compensation, but peak-to-peak delay varia-

tion by supply voltage drift is reduced from 10.59 ps to 3.58 ps.

0.36 0.73
0.72
0.32
~ —
~ 0.71 2
7y &
® 0.28 ®
e 07 2
0.24¢
0.69
-e— biasp —+ biasn
0.2 0.68

1.05 1.07 1.09 1.11 1.13 1.15
Supply voltage (V)

Fig. 5.22 Measured results of biasn and biasp vs. supply voltage.
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Fig. 5.23 Measured delay from trigger point vs. supply voltage.
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The histogram of the measured jitter of the 6 GHz output clock at a 1.1 V supply
voltage without supply voltage modulation is shown in Figure 5.24. The proposed
scheme has larger jitter than the conventional scheme because the total delay of the
clock distribution path increases due to voltage drift compensation.

The measured jitter histogram when the 1 MHz, 100 mVp.p sinusoidal wave
modulates the supply voltage is shown in Figure 5.25. Since the proposed scheme
compensates for voltage drift, there is only one peak in the jitter histogram of the
proposed scheme compared to the conventional scheme which exhibits two peaks in
the jitter histogram. Therefore, RMS jitter and P-P jitter of the proposed scheme are
smaller than RMS jitter and P-P jitter of the conventional scheme.

The measured RMS jitter and P-P jitter versus the supply modulation frequency

are shown in Figure 5.26.

6 GHz 6 GHz
Conv. Comp.

w/o modulation w/o modulation
22ps  23ps  24ps  25ps  2Bps  27ps  28ps  2%ps  30ps

RMS jitter (psrus) P-P jitter (psp.p)
Conventional 1.21 8.29

Compensation 1.36 1.4

Fig. 5.24 Measured jitter histogram without supply voltage modulation.
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6 GHz
Conv.

w/ 1 MHz modulation

0
16ps 18ps 20ps 22ps 24ps 2B6ps 28ps 30ps  32ps  3dps

70ps T2ps T4ps

RMS jitter (psgrus)

P-P jitter (psp.p)

Conventional 3.77

17.85

Compensation 1.61

12.2

Fig. 5.25 Measured jitter histogram when 1 MHz, 100 mVp.p sinusoidal wave

modulates supply voltage.
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Fig. 5.26 Measured RMS jitter and P-P jitter vs. supply modulation frequency.
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To check for jitter degradation due to temperature drift as mentioned in Section
5.3, jitter is measured when temperature drifts from 18 °C to 50 °C and the supply
voltage is 1.1 V. Figure 5.27 shows measured jitter histogram when temperature
drifts. RMS jitter of the conventional scheme and the proposed scheme is 2.68 psrms
and 2.7 psrms, respectively. As expected, jitter increases, but the amount of in-

creased jitter is negligible.
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Table 5.1 shows the performance summary of the proposed voltage drift compen-

sation scheme. Using the proposed open-loop based scheme reduces the induced

jitter due to voltage drift while minimizing power and area overhead.

Table 5.1 Performance summary

JSSC 03’

JSSC 07’

This work
[5] [31]
Technology 250 nm 130 nm 40 nm
Supply voltage (V) 25 1 1.1
Frequency (GHz) 1 1.4 6
Conv. Comp.
Area (mm?) 0.028 0.064 0.003* 0.004*
Power consumption (mW) 10 9.6 8.67* 11.02*
i ST 3.28 3.9 1.21 1.36
supply modulation (psgys)
Amplitude of supply noise N/A 10 mV 50 mV
RMS jitter with 1 MHz N/A 3.95 3.77 1.61
supply modulation (psgys)
il Erlin )i N/A 3.97 3.97 1.62
supply modulation (psgys)
Normalized increased amount
" 0.06 (1 MHz) | 0.07 (1 MHz) | 0.02(1 MHz)
SRR IS SR N/A 0.07 (10 MHz) | 0.08 (10 MHz)| 0.02 (10 MHz)
modulation
Power overhead 30 % N/A - 271%
Area overhead 50 % 25.5% - 28.7%

*only includes DQ0<3:0> path (conv.: A+B+C+D, comp.: A+B+C+E+F)

**amortized by 4 (assume 4 DQs)

***Increased amount of RMS jitter (psgus)/noise amplitude (mV)
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Chapter 6

Quadrature Error Corrector with

Minimum Total Delay Tracking

6.1 Overview

In a half-rate system, DQ is synchronized to a differential clock whose frequency
is half the data rate as shown in Figure 6.1. If the duty cycle (D) of the clock is not
0.5, the data valid window (tDV) decreases. Therefore, the duty cycle correction is
necessary. As data transfer rates increase, clock frequencies used for high-speed data
paths also increase. Thus, multi-phase clocks are typically utilized in DRAM to re-
lax timing margins because of the reduced timing budget. Figure 6.2 shows the tim-
ing diagram of the quarter-rate system. When the time difference between I and Q

(Atq) is a quarter of the clock period (T/4), tDV is the maximum. However, if At
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osis deviated from T/4, tDV decreases. Phase skew between multi-phase clocks is
occurred due to device and layout mismatch. Since clocks are located in the middle
of the chip and distributed, distributed clocks may experience different line lengths,

which causes phase skew. To reduce phase error, multi-phase correction is required.

pa X XS X

CK & PN

CKB

Fig. 6.1 Timing diagram of half-rate system.

oo BB
[} ]
[}

QB

i
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6.2 Prior Works

Several multi-phase correction schemes have been proposed. The active poly-
phase filter-based open-loop scheme exhibits a small RMS jitter contribution but
remains the phase error after the error correction [7]. Furthermore, due to the injec-
tion-locking characteristic, it requires a few cascading stages for a wide-range opera-
tion. Figure 6.3 shows a distributed DLL-based multi-phase generator [8]. The con-
trol loop includes a phase detector (PD), a voltage-to-current converter (V/I), and a
capacitor as a loop filter (LF). Each control loop adjusts each delay cell to generate
accurate multi-phase clocks. The distributed DLL offers a small RMS jitter but the
residual phase error is non-negligible as well due to the mismatch of error detection
circuits in each control loop. The phase error corrector with a relaxation oscillator-
based phase detector is also susceptible to the mismatch [9].

The digital DLL-based scheme adopts a shared digital feedback loop to eliminate

the effect of mismatch as shown Figure 6.4 [10]. It updates four delay cells (to, tis,

g4 t t t

--gfﬁm-;f Voo:Vo1,Vp2  Vpo,Vp2,Vps  Vpo,Vp1,Vps Voo, Vp3,Vps

PD+ { | Control | [ Control || Control || Control
PV i | loop (1) || loop (2) || loop (3) || loop (4)
: LF |

Fig. 6.3 Distributed DLL-based multi-phase generator.
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toB, tquad) sequentially to make the time difference between adjacent clocks tquad. As a
result, tquad i equal to a quarter of the clock period (T/4) and 4 phase error is re-
moved. However, it shows a larger RMS jitter contribution than the distributed DLL
due to quantization noise and the increased clock path delay. Since the delay of in-
phase clock (ti) is fixed at mid-point by setting the code of DCDL, the overall set of
codes of DCDLs may not be at the optimum in terms of jitter, which leads to degra-
dation of the data eye. For instance, in the case of Figure 6.5, there are many solu-
tions to correct quadrature errors. Assuming Iy is later than its ideal position by 2
and t; is fixed at 7, tq, tis, and tos Will be 9 because Iy is later than its ideal position
and other phases are ideal (At.q < T/4, Atgsx > T/4, and other time differences of
adjacent clocks are T/4). In this case, the increased delay is greater than required to
remove phase error. On the other hand, if t; is 0, tq, tis, and tos are 2. This is the best
solution since the sum of the increased delay (= t; + tg + tis + tos) in the clock path is

the minimum. Therefore, to minimize the total delay, at least one of the delay in the

Fixed delay
Iin t > lout
Qn tog> Qout
IB\n tig> IBout
QB — /[% QBour
Fixedat | 1 | [

mid code Control Mux
signal control
logic &

Time-multiplexed{ MUXes
LF I Shared BBPD . |

BBour|BBPD /
MW

Fig. 6.4 Digital DLL-based 4 phase corrector.
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quadrature clock path should be at the minimum.

In this paper, an improved quadrature error corrector (QEC) which adopts the
shared feedback loop of [10] is proposed [12]. The calibration loop of the scheme
finds the solution that minimizes the total delay in the clock path. In addition, an
asynchronous and seamless calibration on-off scheme is also suggested for the re-

duction of power consumption in the idle state after calibration.

I T R B Y TR [ |
P prdfixedt | 18 4] I plieiint ]+ ]

Tt : T T : o : T T :

an AT . Qn AR P
: —> ! . : rell .

. th : . [} ItQ : [} 1] .

IBn I : +9 |1 1B I E 2 ! 5
] —> ] ] -) ’ ]

-tig E ' t tg E _!

)
]

-
»)
w

(@) (b)

Fig. 6.5 Timing diagram of phase error corrected output clocks when the solution

for error correction is (a) not optimal and (b) optimal.
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6.3 Quadrature Error Correction Method

Figure 6.6 shows the conceptual block diagram of the proposed QEC. The signal
selector selects two adjacent clocks with 90° apart. The selection of the two phases
is rotated over 4 clocks in a continuously running loop. For example, the output se-
quence of the signal selector is (L,Q) = (Q,IB) = (IB,QB) = (QB.I).

The quadrature error detector (QED) detects the phase skew between selected
clocks as shown Figure 6.7(a). The preceding one of the selected clocks (Omuxo) is
delayed in the DCDL by tqudo that is adjusted by the control signal Cquap and the

other clock (Omux1) is delayed in another DCDL by tqua With the minimum delay

Main clock path

Iin I !t. ; lout
Qi Htog > Qout
1By tig IBourt

QB tag> QBour
C\ Cao}\ Cie\Cqe | Q IB|QB ’

Digital loop filter & C .
Update controller L, Slgngl ;eEI;dor

(UCON) .

CLKLF
DES BBoyr<3:0>
Calibration loop

Fig. 6.6 Conceptual block diagram of proposed QEC.
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code. The Bang-Bang PD (BBPD) compares the two delayed clocks Owmuxop and
Owmuxip to collect quadrature error information. Figure 6.7(b) presents the case when
I and Q are chosen. If Omuxop leads Omuxip, the output of BBPD (BBour) is ‘0.
Otherwise, BBour is ‘1°. The phase comparison is repeated over 4 pairs of adjacent
clocks and the BBPD outputs are deserialized to a 4-bit wide DES BBour. The DLF
filters DES BBour. Afterwards, the five DCDL codes, Ci, Cq, Cis, Cgs, and Cquap
are updated by the update controller (UCON) to align Omuxop and Omuxip. There-
fore, the time difference between adjacent clocks will be the same as tquqg, Which is

the time difference between tquado and tquadi. As a result, at the locked state, all adja-

BBPD|CDOUT,

Signal
selector

\. min. code (fixed) )
(a)
(Omuxo, Omux1) = (1,Q) case
I tquad = tquadO'tquad1 I

v
:tquac

Omuxon: | + tgyado

Omuxip: Q + toyad1

Fig. 6.7 (a) Block diagram and (b) timing diagram of QED.
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cent time differences will be tquq as expressed in 6.1. 6.2 shows the sum of time dif-
ferences is equal to the clock period. Consequently, the adjacent time difference is a

quarter of the clock period as shown in 6.3.

Aty_q = Atg-1p = Atip_op = Atgp-1 = tquad (6.1)
AtI—Q + AtQ—IB + AtIB—QB + AtQB—I =T (62)
Atl—Q = AtQ—IB = AtIB—QB = AtQB—I = T/4 (63)

The phase errors are removed when the time difference of all adjacent clocks is
locked at tquac=T/4. Thus, not only the delay control signals of the four clock paths,
but also the delay control Cquap of the quadrature delay line must be determined.
Figure 6.8 illustrates the timing diagram of Omuxo and Omuxip and the update direc-
tion of each delay cell to align two delayed signals. In case (1), to align Omuxop and
Owmuxip, tr and tquado should be increased and tq should be decreased. In case (2), tq
and tquago should be decreased and tig should be increased. Thus, taking into account

the results of two comparisons, the update of tqado is canceled out. Updating 3 delay

Omuxop ¢ ¢
| + tquado ' -): E T E t 1
1 ] 0 0
Y Omuxip 1 Jd/4: . . . - :quid()?
Q+ 1:quad1 : : : : : Q
R ——— —
Omuxop g - g tod
E ‘ E ‘ E : Q
: H M 1:quad0¢
o tet
[} 0

Fig. 6.8 Timing diagram and update direction of each delay cell to align Omuxop

and Omuxip.

75



Chapter 6. Quadrature Error Corrector with Minimum Total Delay Tracking

cells corresponding to the one phase comparison result requires 3 adders, but 3 ad-
ders is unnecessary due to cancellation, so 4 BBours are collected and only one
DCDL is adjusted to reduce hardware complexity.

There are several candidates of DCDL whose update polarity is up or down as a
result of gathering BBours. Furthermore, four control codes for the DCDLs in the
main clock path do not have a unique solution to remove phase error because there
are many combinations that can eliminate the phase skews. To solve this problem,
an internal state of the DCDL update logic, update direction state (UDS) is intro-
duced to decide which DCDL to update in terms of minimizing the total increased
delay. Consequently, UCON combines the 4-bit wide DES BBour and UDS to
choose only one DCDL control register to update and how to update, up or down to
reach the optimum solution as shown in Figure 6.9.

Figure 6.10 presents a flow chart of UDS. Before updating the DCDL, check if at
least one of Ci, Cq, Cis, and Cqgg is 0 because that indicates the minimum code and is
a necessary condition to minimize the total increased delay. Without this condition,
many solutions exist, causing wandering of DCDL codes. Therefore, due to this
constraint, at least one of the main DCDL codes should contain the minimum code

and such code is the unique solution that eliminates quadrature error. If all codes are

Update controller
(UCON) To

UDS adder

DES BBout <3:02

DCDL
Update logic

\ 4

Update direction state (UDS)

Fig. 6.9 Block diagram of DCDL update logic.
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larger than 0, UDS will be DN to decrease the codes of DCDL for reducing the de-
lay. Otherwise, UCON selects the DCDL and the update polarity by the combination
of DES BBour and UDS. After that, an adder in the DLF calculates the correspond-
ing code of DCDL. If underflow occurs in the calculation, the calculated code is not
updated and UDS will be reversed as UP to search other solution which increases
the codes of DCDL.

On the other hand, the DCDL code is updated by the adder.

( Start Calibration )

v
Default setting
UDS: DN

Set
UDS
DN
Calculate code
determined <
by BBOUT & UDS
Underflow Usgts
occurs in cal. code uP
except Cquap) 2
\ 4
Update Don't update
DCDL code DCDL code

Fig. 6.10 A flow chart of UDS.
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There are 3 examples of the proposed QEC. As shown in Figure 6.11, where a
one-bit outcome of BBour informs that three DCDLs (two main DCDLs and quadra-
ture DCDL) should be controlled to align Omuxop and Owmuxip, 4-bit BBours and
UDS are combined to select only one of the four main DCDLs or the quadrature
DCDL. In this case, reducing tq or increasing tig would be the solution, but owing to
the UDS, only one DCDL code is selected. If the current value of the UDS is DN
then decreasing tq is selected or increasing tig is chosen.

Figure 6.12 illustrates the example when the quadrature DCDL (Cquap) is select-
ed. When all BBours are 0, the updates of main DCDLs are canceled from each oth-
er. Therefore, Cquap is chosen only if 4-bit wide BBour suggests to control Cqouap in

the same direction. In Figure 6.11, the selection of the main DCDL is determined by
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Fig. 6.11 Example: when the DCDL of the main clock path is selected.
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the UDS, which is to keep the overall total main clock path delays at the minimum.

However, the UDS does not affect the update polarity of Cquap because only Cquap

remains as a candidate and all update polarities are upward if all BBours are 0.

If 4-bit BBour is 0101 or 1010, the number of the selectable DCDLs can be more
than one even given UDS as shown in Figure 6.13. Given the UDS, there are two
candidates. In the proposed scheme, decreasing tos or increasing tig is decided as an
output of UCON if UDS is DN or UP, respectively. Regardless of which DCDL is
selected, the 4-bit BBout changes and transitions to another state by adjusting delay.
As a result, the DCDL codes converge to remove phase skew and one of the main

DCDL codes is always at ‘0°, thereby added jitter is minimized thanks to the short-

est total delays in the four clock paths.
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(4) 0 tQB Ta tI v tquadO T

Fig. 6.12 Example: when quadrature DCDL is selected.
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An asynchronous calibration on-off mode is supported to reduce the power con-
sumption after the skew correction is accomplished. In the on mode, the calibration
loop works to correct phase errors. In the off mode, DCDL codes are frozen until re-
activated and the calibration loop is turned off by clock gating of the signal selector
and the DLF. When an external signal, CAL, goes ‘0’ which might come asynchro-
nously at any time with respect to the incoming clocks, the calibration loop is deac-
tivated and keeps its state by two control signals, ENa and ENg, generated in the
enable sequencer (ENS) using synchronizers and clock gating. When re-activated on
CAL going 1’ the previous state is recovered and the calibration starts seamlessly.

The block diagram and the timing diagram of the calibration on-off scheme are

shown in Figure 6.14. EN4 is used as clock gating for the DLF clock CLKr and

I tqua\d = tquadO'tquad1 I
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Fig. 6.13 Example: when the number of the selectable DCDLs is more than one.
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ENg controls the inputs of the signal selector to turn on or off the calibration loop.
The suitable on-off sequence of enable signals is important to avoid malfunction or
deadlock due to metastability of the samplers. When CAL changes from off to on,
ENg becomes high before EN, in order to enable CLKr only after the inputs of the
signal selector are settled. On the other hand, when CAL changes from on to off,
ENa enters into off before ENg to disable CLKr first to avoid accidentally sampling
the wrong input to the DLF. Therefore, the ON->OFF sequence is (1)2>(2)~>(3) and
the OFF>ON sequence is (4)2>(5)—>(6).

External CAL [ Enable sequencer (ENS)
Asynchronous CAL CAL
CAL EN e
_ lour |—p o> o= ]l o olENs
c E: CME::In C|0Ck| za:; QB]—’ ) ) "l ’'y
1,Lq,Y18,LqB ACAL] LKLF PRE ?T? f
Calibration loop - LF,PRE ENa lout
[ EN,, ENg |
(a)
cAL | OFF [() ON | OFF

ENa ! OFF ON | OFF

ENg OFF | ON OFF

(b)

Fig. 6.14 (a) Block diagram and (b) timing diagram of asynchronous calibration

on-off scheme.
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6.4 Circuit Implementation

The overall architecture of the proposed QEC is shown in Figure 6.15. The QEC
consists of a main clock path with four DCDLs, the ENS for the asynchronous cali-
bration on-off, and the calibration loop. ENS generates ENa and ENg to turn the cal-
ibration loop on or off by an external signal CAL. The calibration loop is composed
of the signal selector, the QED, and the DLF including the UCON. The delays of
DCDLs in the main clock paths, ti, to, tis, and tgs are adjusted to remove the phase

error at the output. The signal selector chooses two adjacent clocks and the QED

Main clock path: always activated

In 1' !h />v > lour

Qi 1' !tég Qour
IBin tig > IBout
QB — top> ’ T QBour
h Enable [EN d

C|\ CQ\ C|B\ CQB\ CAL— Sequencer B, EN
p (ENS I Ql_IB QB .
Digital loop filter & Caunp i Signal selector
Update controller Se > & QED
(UCON) .
r r ENA

CLKir 1« |CLKurpre
DES BBoyr<3:0>

DES SEL1 <3:0>
Calibration loop )

Fig. 6.15 Overall architecture of the proposed quadrature error corrector.
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detects phase skew between the selected clocks. SEL1 of the signal generator is
deserialized to indicate the sequence of the selected clocks because the sequence can
change with each measurement if the counter is not reset. Afterwards, the UCON
uses the information from DES BBour to update one of five delay cells.

Figure 6.16 presents an enable circuit (EN) consisting of an AND gate. If ENg is

‘1’, one of EN’s outputs, I, outputs the same phase as Iour. Otherwise, I will be 0 to

(r,, \\\\
|our‘| I‘ ENg
|
ENs-{
lout 'I
_ Vg /

Fig. 6.16 Enable circuit (EN): AND gate.

| Signal selector"? Quadrature error detector
HLa.8,08 (QED)

: : P
SEL1 : SEL1<3>[ 1:4 |DES SEL <3:0>
<3:0> H D\ES
]
BBout [ 1:4 |DES BBoyr<3:0>
BBPD > DES ~

CLK\FprE

\4

VVVVY VVVY

...................................

Fig. 6.17 Block diagram of the signal selector and QED.
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disable the signal selector and QED. Figure 6.17 shows the block diagram of the
signal selector and QED. The signal selector includes two multiplexers (MUXes)
and the MUX SEL generator. The SELO controls the MUX, output and the SEL1

controls the MUX output.

The block diagram and the timing diagram of the MUX SEL generator is shown

in Figure 6.18. 2-bit binary counter is synchronized with Omuxo, the output of MUX.

After passing through the one-cold decoder and a NOR gate, D<3:0> is retimed by
the negative edge of clocks to generate the SELO and the SEL1. In order to achieve
the timing margin of T/2, to keep the level constantly low while the phase switching
occurs, and to prevent glitches on Omuxo and Omuxi, SELs are created by retiming
on the negative edge of clocks. The SELO and SELI are 4-bit one-hot coded to re-

move the possibility of being at the wrong state at power-up. If the least significant

SEL1<3:0>

Owuxo | 2 bit binary [SEL<1:0>| One-cold \;DWD QJ D<3:0>—D Qf—SEL0<3:0>
counter decoder :

N\ 2\
T_ lout,QBour, <L QBour, IBour,

IBout,Qout Qour, lour

N N N N N
1 1 1
1Bour I I I

@or | [ ] ] [ | |

Owmux1 Qour 1Bour QBour lout
SEL0<3:0> 4'b0001 4'b0010 4'b0100 4'b1000

SELO SEL lour | | SEL Qour | | SEL 1Bour |_| SEL QBoyr L

SEL1<3:0> 4'b0001 4'b0010 4'b0100 4'b1000

SEL1 SEL Qour | | SEL IBour | | SEL QBour | | SEL lour

lout

—

Qour

Bl
:

—

Fig. 6.18 The block diagram and the timing diagram of the MUX SEL generator.
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bit of the SELO and the SEL1 is 1, Omuxo outputs Iour, and Omuxi outputs Qour be-
cause Omuxo must be the leading clock.

In the QED, the BBPD compares two delayed clocks and SEL1<3> and BBour
are deserialized. In addition, CLKrprg is generated by dividing Omuxip. The fre-
quency of Omuxip becomes 0.8 times the clock frequency (f), so the frequency of
CLK_yrrre become 0.2 times f.

Figure 6.19 shows the block diagram and the measured delay curve of the main
DCDL. To cover the wide error correction range, the main DCDL employs NAND
lattice-based dual coarse delay lines [32] merged with a PI based on tri-state invert-

ers. Since the resolution of the DCDL affects the accuracy of the skew correction, a

SELU <2:0>, SELD <2:0> SO0 Ctrl <14:0>
In NAND lat.-based |—CLKU A(CLKUISY lour
Qn IN | dual coarse PI B (=CLKD)| 2 PI OUT Qour
1By . CLKD _| (mid-gen) 1Bour
delay line
QBN y Y (=M|Dy QBour
A
CLKU x15
mib —[>o—0UT
CLK
B
A i A 160
swntchmg
XN, X X, 7120

R4 \‘ ‘o' AN 3
o 40 Delay range: 156 ps
Avg. resolution: 1.23 ps/LSB

Plctrl 15{1'b1}) —> 15{1'b0} SO  15{1'b0} —> 15{1'b1}

—
S 0 30 60 90 120 150
S0 1'b0 switching

1'b1 Delay code

Fig. 6.19 The block diagram and the measured delay curve of DCDL in the main

clock path.
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fine resolution of tnann/15 is achieved using a pipelined interpolator [33], which
consists of the cascaded mid-phase generator (mid-gen) PI and the MUX. Moreover,
in the proposed DCDL, one of 15-bit controlled PI inputs is set at MID (Y) for
seamless boundary switching in order to avoid large jitter jump when codes of main
DCDLs are located at the boundary. The measured adjustable delay range is 156 ps
and the average resolution is 1.23 ps/LSB.

The timing diagram of the DLF operation is illustrated in Figure 6.20. To avoid

large dithering due to loop delay [34], MODE, a counter that is synchronized with

MODE X0 X1 X0 X1 X0 X
CLKLF_T A A A A

Retiming Update Retiming Update Retiming
DES BBour DCDL DES BBour DCDL DES BBour

UCON Compare & UCON Compare & UCON
sel. DCDL &' deserialize 'sel. DCDL &' deserialize ‘sel. DCDL &

cal. code BBout cal. code BBout cal. code
(a)
MODE X0 X1 X2 X0 X1 X
CLK. j A A A A
Retiming Update Retiming Update
DES BBoyr DCDL DES BBoyr DCDL
UCON Rest Compare & UCON Rest
sel. DCDL & deserialize ' sel. DCDL &
cal. code BBout cal. code
()

Fig. 6.20 Timing diagram of the DLF operation (a) without rest cycle and (b) with

rest cycle.
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CLK{pF, is introduced. When MODE is 0, the DLF retimes DES BBour and the
UCON selects DCDL and calculates the code of the selected DCDL. When MODE
is 1, the calculated code is updated, followed by phase comparison and deserializa-
tion of the comparison results in Figure 6.20(a). However, if the phase of the two
delayed clocks is compared immediately after the DCDL update, limit cycle might
be encountered due to settling time of the DCDL code transition. If the value of
BBour is the value that was compared before the code update, DES BBour notifies
DLF of incorrect information. Therefore, the rest period, which is one cycle of
CLK(r after DCDL update, is introduced as shown in Figure 6.20(b). It increases the

locking time of the proposed QEC but avoids large jitter caused by the limit cycle.
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6.5 Measurement Results

The proposed QEC was fabricated in the 40 nm CMOS and the active area is
0.0428 mm? as shown in Figure 6.21. Figure 6.22 shows the measurement setup of
the proposed scheme. In the test chip, four clock phases are generated internally
with a 1.6 GHz to 4.6 GHz differential clock by an 1Q divider. Moreover, program-
mable delay cells are added to the paths of the quadrature clock inputs to intentional-
ly add arbitrary input phase skews. Therefore, the performance of the QEC can be
measured in various input skew situations. If four output clocks are monitored ex-

ternally at the same time, an additional phase error will occur due to mismatch in
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cables, layout paths, and devices. To avoid the issue, one of four QEC output clocks

is selected by an on-chip MUX and measured. As a result, the selected output clock

CLKourp is monitored by an oscilloscope with a trigger clock having the same fre-

quency as four phase clocks.

The time difference between the rising edge of the trigger clock and the rising

edge of CLKour,p is measured with the oscilloscope as shown in Figure 6.23. For
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example, At indicates the time difference between the trigger clock and Iour. Using
information of the time differences, phase difference between quadrature clocks can
be gotten.

The maximum phase error is calculated, which means the largest value of the
phase error between adjacent clocks. The maximum phase error measured without
and with the QEC in four different input phase error cases is shown in Figure 6.24.
With the QEC, the maximum output phase error from 0.8-to-2.3 GHz is lower than
2.18° when the range of the input phase error is 101.6 ps. In Figure 6.25, the meas-
ured root-mean-square (RMS) jitter of the 2.3 GHz output clock without and with
the QEC is 2.28 psrms and 2.34 psrus, respectively. In the case without the QEC, all
the codes of DCDLs in the main clock path are fixed at the minimum to estimate the
RMS jitter increased by the QEC due to the increased delay. The QEC contributes
the amount of RMS jitter to 0.53 psrms because it minimizes the increased delay in

the main clock path.

Trigger clock

CLKour,p: lout Mg

Mg = At+Atg
Atqis = Atjg-Atq
Atig.q = Atq-Atig
Atgp. = T-(At+Atgg)

CLKour,p: Qour

CLKour,p: IBour

CLKour,p: QBour

Fig. 6.23 Phase skew measurement method.
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Figure 6.26 shows the tracking behavior of the proposed QEC. At 2.3 GHz,

QBour is selected when the transient measure is carried out. Thanks to the binary

search, the locking time of the QEC is about 500 ns.

In Figure 6.27, the bar graph shows the power consumption when the calibration

loop is turned on and off, respectively, after the calibration is complete. The power

consumption of the calibration loop is reduced from 5.12 mW to 0.13 mW at 2.3
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Fig. 6.24 Measured maximum phase error and 4 cases of input phase error.
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GHz when excluding the power consumption of the main clock paths which are al-

ways turned on.
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Fig. 6.25 Measured jitter histogram of 2.3 GHz Qour without and with QEC
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Fig. 6.26 Measured tracking behavior of the proposed QEC.
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Table 6.1 shows the performance summary of the proposed QEC and comparison
with other state of the arts. Although the QEC consumes large power due to the
large delay range of DCDLs for DRAM applications, the QEC achieves the lowest
normalized RMS jitter contribution and has the best phase error correction ratio

among other phase correctors.
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Table 6.1 Performance comparison

JSSC’09 ISSCC’09 TCAS2’'17 TVLSI19 This work
[8] [7]1 [10] [9]
Technology 90 nm 45 nm 65nm 55 nm 40 nm
VDD (V) 1 0.9 1 1.2 1.1
. . Relaxation oscillator L
Architecture Analog DLL Open-loop Digital DLL based PD Digital DLL
Clock frequency (GHz) 8-10 0.8-5 1.25 1-3 0.8-2.3
Phase 5 4 4 4 4
. . 0.257/0.293 0.81/0.94 1.85/2.14 2.28/2.34
RMS jitter before/after correction (psgys) (10 GHz) (5 GHz) 1.8/2.5 (3 GHz) (2.3 GHz)
RMS jitter contribution (psgus) 0.14 0.48 1.73 1.08 0.53
(Normalized RMS jitter contribution)* (1.4) (2.4) (2.16) (3.24) (1.22)
P-P jitter before/after correction (ps;.p) N/A /2.04 7.1/8 12.7/15 15.75/19.75 Mmm%m_Wwa
Correctable phaseerrorrange 26°* @ 9.5 GHz N/A 8.7° <24°**@ 3 GHz 84.1°@ 2.3 GHz
o o <2.18°
Max. phaseerror after correction 4.79°@ 9.5 GHz © mAmmOINV 0.48° w“om W an (0.8-2.3 GHz)
ad ' 1.77°@ 2.3 GHz
Phase error correction ratio*** 543@ 9.5GHz N/A 18.13 21.82 @3 GHz 47.53@ 2.3 GHz
8.89 (cal on)
54 2.08
Power (mW) 15 @5 GHz 2.27 @3 GHz w@%mﬁmmﬂw
Calibrationloop power (mW) N/A 5.4 N/A 1.41%* 5.12%**
Area (mm?) 0.03 0.0035 0.01 0.003 0.0428
A 0.10 (calon)
FOM 0.39 N/A 0.22 0.10 0.04 (cal off)

*RMS jitter contribution (psgys)-clock frequency (GHz)

**Estimated from paper

**Phase error correctionratio = correctable phase error range/max. phase error after correction

****Without DCDL power of clock paths

*****FOM = Normalized RMS jitter contribution-power (mW)/(clock frequency (GHz)-phase error correctionratio)
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Chapter 7

Conclusion

In this thesis, the forwarded-clock (FC) receiver with DLL-based self-tracking
loop, the open-loop-based voltage drift compensation in clock distribution, and the
quadrature error corrector are proposed. The proposed FC receiver adopts a cascad-
ed DLL architecture to support the DRAM interface. The proposed receiver com-
pensates for the VT drift by fixing tDQS2DQ using a DLL. Therefore, it does not
require re-training in the memory controller. Since it utilizes the write training, it
does not need DQ transitions. Besides, it does not increase the capacitance at DQ
pins because monitoring DQ is not necessary for VT drift compensation. The pro-
posed FC receiver is implemented in a 65-nm CMOS process and achieves the tim-
ing margin larger than 0.31 UI with power efficiency of 0.45 pJ/bit at 6.4 Gb/s while
the supply voltage drifts in the range 0.94 V and 1.06 V.

An open-loop-based method is proposed for voltage drift compensation in the

clock distribution. The open-loop-based compensation scheme has a simple architec-
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ture and minimizes increased power and occupied area due to the compensation
scheme. The bias voltages generated by the proposed bias generator control inverters
and CML-to-CMOS converters in the CMOS path to compensate for voltage drift.
The clock tree applying the proposed method is fabricated in 40 nm CMOS process.
When the supply voltage is 1.1 V and the supply modulation is 1 MHz 100 mVp.p
swing sinusoidal wave, the measured RMS jitter of the conventional scheme is 3.77
psrms. Under the same condition, the measured RMS jitter of the proposed scheme is
1.61 psrms. The power consumption of the proposed scheme is 11.02 mW at 6 GHz
output clock.

The quadrature error corrector (QEC) with an operating frequency range of 0.8 to
2.3 GHz is proposed. It minimizes the added delays in the main clock path, thus
minimizing the additional jitter caused by DCDLs for phase error correction. The
amount of the contributed jitter by QEC is 0.53 psrwms at 2.3 GHz. Also, the use of
the asynchronous calibration on-off scheme reduces the power consumption from
8.89 mW to 3.9 mW after calibration at 2.3 GHz. The proposed QEC is fabricated in
40 nm CMOS. The measured correctable phase error range achieves 101.6 ps and

the remaining phase error after error correction is less than 2.18°.
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