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ABSTRACT

An all-digital fast-lock self-calibrated DLL is proposed in this thesis. Base on the
proposed rapid self-calibration (RSC) algorithm, the timing error caused by process
mismatch and various output loading can be.cffectively self-calibrated. Besides, an
unbalance binary search algorithm is proposed to extend the locking range and avoid
harmonic lock at the same timé&. An unbalance binary search algorithm based (UBS)
controlled is implemented in UMC 90nmTCMOS technology. The simulation results
show that, the operating frequency:1s:100MHz.t6.500MHz (up to 5X) and the lock-in
time is down to 22 reference clock cycles'in the worst case.

A 300MHz-1.08GHz all-digital multiphase delay-locked loop with precise
multi-phase output has been designed with UMC 90nm CMOS technology. The linear
approximate delay element property of linearity and insensitive to PVT variation is
good for digitally controlled delay line. In addition, a digital calibration unit is
designed based on RSC algorithm, which makes the phase error among the multiple
outputs can be self-calibrated. The entire calibration unit could be turned off after
calibration procedure is complete to reduce power consumption. The simulation
results show the DLL exhibits a lock range from 300MHz to 1.08GHz. The maximum
phase is reduced from 20.9ps to 4.5ps when the DLL is operating at S00MHz. The
total power dissipation of the all-digital self-calibrated multiphase delay-locked loop
is 2.16mW at 1GHz with 1V power supply. The presented DLL can be robustly used

in embedded memory applications.
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

With the growth of CMOS process technology, the complexity and operating
frequency in the VSLI systems had growth exponentially. The design trend goes
toward to the system-level integration and single-chip solution. In the point of
System-On-Chip (SoC) design, the reusable modules takes advantages of design cycle
and process portable. Therefore, the quality of the synchronous clock signals between
each module becomes more important.'How to eliminate the clock skew becomes an

important issue for the high performance/VEST systems and SOC application.

Phase-locked loop (PLL) and delay-locked loop:;(DLL) are widely used to solve
the clock synchronization problem. However, the DLL is more suitable for the clock
de-skew problem than PLL due to"the simple design effort and innate characteristic.
Besides, the DLL also provides better jitter performance because there is no jitter
accumulation in a voltage controlled delay line (VCDL) or digitally controlled delay

line (DCDL). As a consequence, the DLL is frequently used in clock synchronous.

1.2 MOTIVATION

The application of DLL is not only limited to the clock synchronous but also for
the clock/data recovery (CDR) circuit [45], double data rate (DDR) SDRAM [9], [10]
and frequency multiplier [43], [44], [1]. A multiphase VCDL or DCDL output is
typically used to implement this circuit function. However, the edges of the
multiphase output signals are not equally spaced due to the delay mismatches. For the
CDR circuits using the multiphase sampling schemes [45], the phase offset corrupts

signal constellation and raising the bit error rates. Similarly, the frequency multiplier



using edge combiner schemes [43], [44], the static phase error among each delay
stage induce the fixed pattern jitter at the multiplied clock output. Therefore, a DLL
with precise multiphase outputs is necessary. Moreover, the conventional DLLs may
suffer from harmonic lock over a wide operating frequency range. Various wide-range
DLLs architectures have been develop to solve the false locking problem. The DLL
with multiple VCDLs to overcome this problem of a limited delay range is proposed
n [14]. In [6], an all-analog DLL improves the locking range by using replica delay
line. However, it is not suitable for the process portability and noise immunity

consideration. Therefore, digital is developed to improve this problem.

According to above issues, this thesis focuses on the techniques of the search
algorithm for the DLL to eliminate false locking problem and the calibration
mechanism for the multiphase outputs to compensate the delay mismatch among the

delay line.

1.3 ORGANIZATION

The thesis organization is as follows:

Chapter 2 gives an overview'of DLL, including analog DLL and digital DLL. A

comparison result is also given in this chapter.

Chapter 3 describes the fundamentals of the calibration schemes for multiphase
DLL and presents a novel rapid self-calibrated (RSC) algorithm. Base on the RSC
algorithm, the multiphase DLL can adjust the phase difference in digital manner and
eliminate the phase error of the multiple outputs. A comparison result with other

calibration schemes is also presented.

Chapter 4 A modify binary search algorithm is presented which extends the
locking range to fully delay line and avoid harmonic locking, simultaneously. Then, the
circuit design and detail operation flow of the DLL which base on modify binary search

algorithm will also be addressed.

Chap 5 presents a multiphase DLL with precise multiple outputs. Base on the RSC
algorithm, the system architecture and its circuit design is also presented. Finally, we

will show the implementation of layout, simulation result and performance summary.



Chap 6 presents the conclusion and future work.




CHAPTER 2
AN OVERVIEW OF DELAY-LOCKED
LOOP

2.1 BASIC CONCEPTS OF DELAY-LOCKED LOOP

Reference Outout
Clock Clock
Delay Line (Ty) —>
Clock
L Buffer(T,,)
—»  Phase DLL
detector | troll
Feedback [ controlier
Clock

Figure 1 The architecture of conventional DLL

The basic architecture of a conventional DLL is shown in Figure. 1. A DLL
consists of a phase detector, a variable delay line, and a DLL controller to convert the
PD’s output signal to digital or analog signals for the delay line. It automatically tunes
the delay time of the delay line and inserts an optimal delay time (T4) to compensate the
phase error between the reference clock and output clock. After the DLL is locked,
equation (2.1) will be satisfied, where K is an integer, Tt represents the clock period of
the reference clock. T4 and T, denotes the delay time of delay line and clock buffer
respectively.

K T, =T+T, 2.1)

e

According to equation (2.1), when the DLL is locked, there is no phase error



between the reference clock and output clock (or called feedback clock). At the same
time, the output clock will be synchronized with the reference clock, and the clock

buffer delay can be ignored.

Since the delay line is adjusted in the analog manner, the continuous tuning
step results in higher delay resolution than in a digital one. Besides, it can achieve better
jitter performance and smaller chip area. However, it is not suitable for future
low-voltage applications because it cannot provide enough delay range under low
supply voltage [4]. Moreover, the process-sensitive characteristic makes them difficult
to be transferred to advanced technologies and less noise immunity in a System on Chip
(SoC) environment. On the contrary, digital manner can provider more robust to
overcome the process, voltage, and temperature (PVT) variations, and exhibit shorter

lock time and noise immunity than analog one.

The design challenge of DLL is how to overcome the PVT variations, and
balance the clock jitter, power consumption; area cost, portability, and lock time. Thus,
different manners have been proposed to.reach this objective. In the next section we

will introduce the classifications of delay-locked loop.

2.2 CLASSIFICATIONS OF DEEAY-LOCKED LOOP

We can classify delay-locked loop into open loop type and closed loop type by

different locking mechanisms.

I. Open loop type Delay-Locked Loop

Synchronous mirror delay (SMD) is the most typical circuit of open loop type
design. The main advantage of SMD is the fast locking characteristics in recovering
from power-down or standby mode within a few cycles of the system clock.
Nevertheless, the fast locking characteristics of SMD, the phase error between the
reference clock signal and output signal cannot be controlled as accurately as a close
loop type DLL [46]. Thus the analog synchronous mirror delay (ASMD) [49] was

proposed to enhance the phase acquisition performance.

II. Closed loop type Delay-Locked Loop



Register-controlled DLL [15], [29] and Counter-controlled DLL [48] is the most
typical example of closed loop type delay-locked loop design. The most advantage is
the improvement of the clock skew problem in open loop type delay-locked loop
caused by environment variation, and smaller static phase error and lower clock jitter is
also achieved. However, in order to synchronize between the reference clock signal and
output clock signal the lock time in closed loop type is longer than in an open loop one
and the lock mechanism also consumes more power. Thus, the Successive
Approximation Register-controlled DLL [4] that uses binary search manner and Time
measurement controlled DLL has been proposed to resolve lock time and power

consumption problem.

Besides the classifications mentioned above, we can define different types of
DLLs by circuit implement manners. The classifications of DLL circuit are defined as

follows

(1) Analog DLL - Each block processes an analog signal. The advantages are low
jitter output and higher delay resolution. The disadvantage is lower noise immunity and

a longer design cycle.

(2) All Digital DLL : Each block processes digital signal. Higher noise immunity
and portability are the advantages 6f ADDLL. However, the lower delay resolution and

jitter performance are disadvantages in ADDLL in general.

(3) Mixed DLL - Using digital blocks to reach fast coarse tuning lock and fine
tuning the phase error in an analog manner. The advantage is that it can reach high
delay resolution and fast lock time, but the drawback is it is hard to integrate digital and

analog blocks simultaneously.



2.3 DESIGN OF ANALOG DELAY-LOCKED LOOP
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Figure 2 Block diagram of analog DLL

Figure 2 illustrates the block diagram of an analog DLL that contains a
voltage-controlled delay line (VCDL); al phase, detector, a charge pump, and a first
order loop filter. The reference clock signal-propagates through the voltage-controlled
delay line that consists of cascaded variable delay stages. The phase detector compares
the phase between the reference clock and output clock, which is the delay version of
VCDL, and produces an up/down signal. The charge’pump integrates the phase detector
output signal and the loop filter produces a‘control voltage, Vi, to operate the delay

line.

2.3.1 Voltage-controlled Delay Line

Delay elements are widely used in digital systems and are essential parts for
clocking operation in high speed VLSI application. The simple and easy to design
makes the RC delay and inverter chain method have been the most common delay
elements in those applications. However, the characteristics of the delay element are

sensitive to supply noise and PVT variations.

In this section, we will introduce the two distinct approaches of VCDL. They are
RC-time-constant Controlled Delay Line (RCCDL) and Current-Starved Controlled
Delay Line (CSCDL)



1. RC-time-constant Controlled Delay Line

The basic delay line of RC-time-constant controlled delay element is shown in
Figure 3(b). The circuit can be obtained by cascading even number of the same delay
elements. In Figure 3(a), the control voltage (V1) controls the charge current. The
transistor Mn1 in essence controls the amount of effective load capacitance “seen” by
the driving gate. Large value of V. decreases the resistance of the transistor Mnl, so
the effective capacitance at the logic gate output increase, producing a large delay.

IN O—DOi—OUT Delay
element

IN ouT

vl .

o d T T

(a) (b)

Figure 3 The RECDL (a) delay element (b) delay line
2. Current-Starved Controlled Delay Line

A basic delay element of CSCDL 1S shown in Figure 4(a). A simple current mirror
can be used to generate two bias voltages.. The control voltage Vy is applied to a
series-connected element which can “current starve’ an inverter. V., modulates the ON
resistance of pull-down transistor Mn1, and through a current mirror, pull-up transistor
Mpl. These variable resistances control the current available to charge or discharge the
load capacitance. Large values of V; allow a large current to follow, producing a small
delay.
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Figure 4 The CSCDL (a) delay element (b) delay line



2.3.2 Phase Detector

Phase Detector is a circuit that is response the relationship between reference and
feedback signal. Figure 5 shows three-state phase detector circuit and Figure 6 shows
the waveforms in some conditions. Unlike multipliers and XOR gate, three-state PD
generates two outputs that are not complementary. When the feedback signal is high
and the reference signal is low, then the PD produces positive pulse at down signal,

while up signal remains at zero.

Conversely, if reference signal is high and feedback signal is low then positive
pulses appear at up signal while down signal is zero. It should be note that, in principle,
up and down are never high together in the simulation. The average value of up-down is

an indication of phase difference between reference and feedback clock.

D
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Figure 5 Three-state phase detector
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Figure 6 PD responses with (a) reference signal lag feedback signal (b) reference signal lead feedback
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Figure 7 PD state diagram

In the Figure 7, it shows the PD circuit behavior. It has three state diagrams: UP=1,
DOWN=0 (state 1), UP=0, DOWN=0 (state 0), UP=0, DOWN=1 (state 2). Because the
PD is build up from two edge-triggered sequential circuits, we can avoid dependence of

the output upon the duty cycle of the inputs.

Suppose the circuit is initially in state 0. Then a rising edge on reference
signal takes the circuit to state 1, where UP=1, doewn=0. With state 1 is reached, any
more rising edges at reference gignal won’t case state change at all. The circuit will
remain in this state until a transition occurs on feedback signal, upon which the PD

returns to state 0. The switchingsequence between state 0 and state 2 is similar.

The three-state PD can nominally detect a full range of phase difference, i.e.
+2pi,-2pi. A phase difference larger than 2pi is truncated with respect to integer of 2pi.
The output of the PD can drive charge pump to produce a controlled voltage for delay

line. The charge pump and loop filter will be discussed followed.

2.3.3 Charge Pump and Loop Filter

The simple model of charge pump and loop filter is shown in Figure 8. It consists
of two matched current sources and function as switch. When the up signal is high, it
turns on the upper switch and charges output node Vctrl. On the other hand, when the
down signal is high, the down signal turns on the lower switch and discharges the
output node Vctrl. Finally, if both up and down signal are low, then net current is zero

and output node Vctrl holds the original voltage.

The loop filter can be either passive or active. In general, a passive filter is
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simple to design and has better noise performance. The passive filter was shown in
Figure 9, which may be first-order, second-order, or other high order structure. High
order filters take advantages of rejecting out-band noise. However, low order filters
result in more stable operations. The choice between high order filters and low order

filters depends on the applications and to prevent DLL into unstable state.

Ip UP
UP —p )i DOWN
Ly Vel
—0 Iy
DOWN—p | Y R
LOOP 1

Filter
Ip Vctrl A

=

Figure 8 Simple model of ¢harge pump and loop filter

I I

— Vctrl —p Vctrl Vctrl
—0 —0 -0

— C;

Figure 9 Loop filter

2.3.4 Stability Analysis of Delay-Locked Loop
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Figure 10 Small signal AC model of the conventional analog DLL.
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Before starting the stability analysis of ADLL, the small signal AC model shall be
introduced first. This is shown in Figure 10 where summer stands for phase detector,
Icp is the charge pump current, TREF is the period of input reference clock, C is the
capacitor value in loop filter, and KVCDL is the gain of VCDL. When loop is in

steady-state locked condition, the s-domain transfer function from input to output is

D, (s) _ 1 2.2)
Dl(s) 1+ i
Wy
Where
2p
Wy = T_ 2.3)

From Eq. 2-10, we can easily find that the DLL is a first order system that is
inherently stable. Unlike the small-signal AC model for a typical PLL, a minimum of a

second order transfer function is required.

Since the transfer function is inherently stable; a wider loop bandwidth can be
used. This allows a fast acquisition time; as well -as the use of small loop filter
capacitors facilitating integration. However;-the small-signal AC model is only valid
when the loop bandwidth, that is ‘@N;-is;much smaller than the phase detector
comparison frequency (generally 10:1). Therefore, the following equation should be

satisfied for stability consideration.

JEM ICP ><I{VCDL i (24)
Whir 2p C 10
Where
2p
Wy = T_ (2.5
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2.4 DESIGN OF CONVENTIONAL DIGITAL DLL

D_[>l> Digital control delay line _[>[>[>[>_ B
DCDL

Ext_clk ( ) Int_clk
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—p Phase -
detector (= Control unit
—> (PD) (CU)

Figure 11 Block diagram of digital DLL

The conventional digital DLL architecture is shown in Figure 11. It consists of
three major blocks and constructs a close loop circuit. The major blocks are phase

detector (PD), control unit (CU) and digital control delay line (DCDL) respectively.

The input of DLL is externdl clock (Ext. clk) and feedback signal is internal clock
(Int_clk) which is the delayed version of the external clock signal. The CU generates
digital signals to control the amount.of the delay time, and the PD detects the phase
error between the input signal clock signal and the feedback signal. If Ext_clk signal
leads Int_clk signal, the CU adjusts the digital signals to increase the delay time of
DCDL. Conversely, the CU decrease the delay time to compensate the phase error until

the Int_clk synchronize to Ext_clk.

By different implementation of control unit, we can classify control unit into
register-controlled, counter-controlled, successive approximation register-controlled,
and time measurement controlled of conventional DLL. The following section will

describe in detail.

2.4.1 Register-controlled DLL [15]

As Figure 12 shows the block diagram of register-controlled DLL. The n-bit shift
register which is controlled by the output of phase detector is used to generate control

signals for the digitally controlled delay line. At any time, only on bit of the shift
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register is active to select a specify delay time of delay line. The phase detector detects
the relation between input clock and output clock, and generates left and right signal for
shift register to control the amount delay time. When Enable is active, it will enable the

shift register, vice versa.

-] dl |« T Delay Line
Delay Delay Delay
° |> cel [ cell [Z®®® | cel
Input Output
Clock Clock

N-bit shift register

In
Out
i?cl))ctlll Control
L 5] signal
Phase detector
(dummy)

Figure 12 Register controlled DLL

When the output clock leads the input clock, the phase detector sends left signal to
shift register and the high bit in the Shift register Will be shifted left to increase the delay
time to compensate for the delay-mismatch. Similarly; yvhen the right is active, the high
bit in the shift register will be shifted right to decrease the delay time. When Enable is
active, the phase error between the input clock-and the output clock is within one unit
delay, and the data in the shift register will be held.‘ Under this mechanism, the loop is

locked and the phase error will not exceed the unit delay.

Although the control mechanism is quite sample, but when the operating range is
increased, the additional delay stages of delay line should be added, however, it
increases the chip area. Beside, the control mechanism is one by one, means, the more
delay stages needs more shift registers to control the delay line. Thus, it also increases

locking time. In the worst case, n-bit shift register needs n/2 locking cycles.

2.4.2 Counter-controlled DLL [48]

Basically, the operating principle of counter-controlled DLL is similar to
register-controlled DLL expect the up/down counter substitutes for the shift register to
control the delay line. In addition, the binary-weighted delay line is adopted and no

longer consists of delay stages with equal delay time. The linearity of binary-weighted
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delay line is an important issue, we will discuss in section 2.4.5. Hence, we focus on the

characteristic of CDLL.

Binary-Weighted d2
_>| dl k_ Delay Line _>| k_
O—[> —>e 0 e
Tnput Output
Clock Clock

L))
| (dummy)

Figure 13 counter-controlled DLL

Figure 13 shows the block diagram of counter-controlled DLL. The active of
up/down counter is base on the output of phase detector. The n-bit control word
determiners whether the input signal goes'through the delay path or passes it. The most
different between register-controlled DLL (RDLL) ‘an‘d counter-controlled DLL (CDLL)
is area requirement. For example; compﬁfe with the: RDLL, if 128 delay stages are
required in a RDLL, only 7 delay stages are required in a CDLL. Besides, the 128-bit
shift register in a RDLL can Be substituted ‘for 77-bit up/down counter. While the
operating ranges and delay resolution of RDLL and CDLL are the same, the delay line
of RDLL will get larger offset delay time and occupy larger chip area than the CDLL.
By using CDLL, the chip area could be reduced while maintaining the same operating
range as in a RDLL. However, the CDLL still use to linear approach manner to trace the
input clock, thus the locking time of CDLL would not get any improvement as RDLL.
In the worst case, with n-bit binary-weighted delay line, the locking time maintains n/2

locking cycles.

2.4.3 Successive Approximation Register-controlled DLL [4]

As we mention above, the locking time is an important parameter for digital DLL
to evaluate the performance, especially in the high-speed memory applications. Both of
the DLL that mentioned above based on the linear search exhibit the same lock time.

The linear search algorithm increases the locking time when finding the optimal delay
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of delay line to insert into the input clock and output clock. The binary search algorithm
may be applied to reduce the locking time. First, the most significant bit (MSB) of the
control word is set to 1, and the other bits all are set to 0. The phase detector judge
whether the output clock leads the input clock or not. If output clock leads the input
clock, the MSB is set to low. If output clock lags the input clock, the MSB remains high
and held constant. In this way, the MSB is determined. The operating produce is

repeated for the following bit until the least significant bit (LSB) is determined.

Figure 14 shows an example of the 3-bit binary search algorithm. Assume the final
control word is set to “001” and the initial control word is set to “100”. In this example,
the output clock leads input clock in the step 1 and step2, and output clock lags input

clock in the step 3. Finally the binary searching finds the correct control word “001”.

Figure 14 Flowchart'of 3=bitbinary search algorithm

The successive approximation ‘register (SAR) DLL changes the searching
mechanism to binary search algorithm and adopted with binary-weighted delay line. It
is not only reduces the chip area but also shorten the locking time. In the worst case,
with n-bit delay line, the locking time of SAR-DLL is log2(2*(n-1)). Unfortunately,
The SAR controller in the DLL determines the value of each bit of the word in a
sequential and irreversible. Therefore, it becomes an open-loop type circuit after
lock-in and never against the PVT variation. An improved SAR DLL [41] was
proposed to solve this problem by using the counter-controlled control word instead of
SAR-controlled. The initial control word of the counter is load from the SAR controller,

and then a counter-controlled DLL is started to maintain the environment variation.
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2.4.4 Time measurement controlled DLL

Another mechanism to reduce the locking time was proposed in [49] [32]. The
time measurement controlled (TM) DLL divide the locking produce into two stages,
coarse tuning and phase tracing. The coarse tuning stage is based on the time to digital
converter (TDC) circuit. In RDLL and CDLL; the narrow tuning step causes the long
locking time. The TDC can measures the input.clock period and convert it to digital
signals within two clock cycles, then tralnéfer‘ the digital control word to the control
block, therefore, the tuning step is extensive--After tﬂe coarse tuning stage, the phase
tracing stage is active to fine tune the delay of the delay line. Usually, only few control
bits need to be determined in the phase tracing stage, therefore, a counter-controlled
based control block is preferred. Compare with the TD-DLL and SAR-DLL, there is no
different of locking time in phase tracing stage, the most distinction between TD-DLL
and SAR-DLLis in the coarse tuning stage. The locking time in the coarse tuning stage
of SAR-DLL depends on how many control bits need to be determined, but the
TD-DLL can achieve coarse truing within only few cycles. In the worst case, assume m
fine tuning bits, the locking time of TD-DLL is (m/2+2) locking cycles. Although the
search time of TD-DLL is quite quick, the drawback of TD-DLL still is the area

requirement.

17



> dI |« > d2 je

DCDL I 90
Tnput Output

Clock Control Block Clock

Y

Phase detector

Figure 16 TM DLL

2.4.5 Digitally Controlled Delay Line

Digitally controlled delay line (DCDL) is the key component of ADDLL. Like
most voltage controlled delay line (VEDL); the DCDL consists of several different
digitally controlled delay elements (DCD‘FT)T Tl“leré are two main parameters to adjust
the delay time of DCDL. One is the total Iilifnber of the delay elements, usually taken
for the coarse tune method, and the otheris the propagation delay time of the delay
elements (i.e. inverters), which 1s usually tz‘lkeﬂr;for the fine tune method. The first delay
time adjustment parameter is usually realized by a path-selection approach, and Figure
17 shows the example [16]. In this example, 2" delay buffer are connected in series. A
decoder decodes an n-bit control word D into 2" control lines. Hence, if the propagation

delay time of each buffer stage is Tyyfter, then the time resolution is 2* Thygrer.

n
D o> N-to-2" Decoder
I
n_1/
21,
o 0 /
|
D=2"-1
)
ouT

Figure 17 DCDL realized by a path-selection method
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Another example of phase-selection method is shown in Figure 18. The lattice
delay line (LDL) [5] cascaded several lattice delay units (LDU). The digital control
word T determines the clock signal (CLKIN) propagation path. Unlike conventional
digital controlled delay element with two different delays controlled by a multiplexer
increasing tuning range but intrinsic delay increases as well. When the tuning range
increases, the minimal delay is not changed. Both the intrinsic delay and the delay step
in an LDL are the delay of two NAND gates. As the operating frequency increases, the
number of activated delay units is reduced and the power consumption remains the

same.

T,
s

5

]
Y

CLK,,

Ve

Figure18 LDU and LDL

There are several different architectures that have been used to implement a
DCDE. However they can generally be classified into the shunt capacitor based, the
parallel-inverter based and the current-starved based delay elements. In the following

section, we will introduce different kinds of DCDE.

2.4.5.1 Shunt Capacitor based DCDE

Figure 19 shows the basic circuit of using a shunt capacitor based DCDE [50]. In
this circuit, MC1~MCn acts as shunt capacitor. Transistor M1~Mn controls the
charging and discharging current to the MC1~MCn. The operating is similar to RCCDL,;
replace the Vctrl to the digital control word D which is n-bit resolution controls the
equivalent capacitance on the output node. As a consequence, the delay time of shunt
capacitor based method can be controlled in binary-weigh. The drawback of shunt
capacitor based DCDE is sensitive to power supply noise and PVT variation.
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Figure 19 shunt-capacitor based DCDE

2.4.5.2 Standard Cell based DCDE

== == ==

One simple example of standard cell based DCDE was proposed in [20] [51], as

shown in Figure 20. The delay eleméntis cascaded six inverters in the first row and the

additional tri-state inverter with:ts control bit is.added in every column. By enabling

the number of tri-state inverter buffer, the delay time of DCDE can be controlled. It is

simple and easy to implement. However; it needs large area and high power dissipation

for the fine tune necessarily in the DEDL design. Besides, the resolution is hard to be

uniform.
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Figure 20 parallel tri-state inverter based DCDE

OouT

The other example, as shown in Figure 21, the DCDE is implemented by an

add-or-inverter (AOI) cell and or-and-inverter (OAI) cell with two parallel tri-state
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inverters was proposed in [48]. The basic method is to adjust the driving capability with
resistance control. The advantage is that this fine tune method of DCDE has less area
and power dissipation compare with [20] [51]]. However, since it’s based in AOI-OAI
cell to change the delay resolution, the resolution step is also hard to be uniform and
sensitive to power-supply variation. Besides, it also requires an additional decoder for

mapping the control input of AOI-OAI cell.
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Figure-21"AOI-OAI parallel based DCDE

2.4.5.3 Current-starved based DCDE

The current starved based DCDE was proposed in [26]. As Figure 22 shows, the
charging and discharging currents of the inverter, composed of M1 and M2, are
controlled by two sets of current-controlling nMOS (Mn0, Mnl1, ...) and pMOS (Mpl,
Mp2, ...) transistors at the source of M1 and M2, respectively. The current controlling
transistors are sized in a binary fashion. It allows achieving binary incremental delays.
As can be seen, by applying a specific binary vector to the controlling transistors, a
combination of transistors is turned on at the sources of M1 and M2 transistors. Such an

arrangement controls the rise time and fall time of the output voltage of the inverter.
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Figure 22 current starved based DCDE

However, one of the problems with the current staved based DCDE architectures
is the non-monotonic delay behavior with ascending binary input vector. As can be seen
in the circuits of Figure 23, the input vector changes the effective resistance of
transistors placed at the source of the nMOS or pMOS transistors of the inverter. This
not only changes the resistance at the source:of M1 or M2, but also changes the
parasitic capacitance associated with transistors ‘at these nodes. This is because the

parasitic capacitance at the drain-of asMOSFET is different in the ON and OFF states.
In [8], there are two factors depending on the input vector to affect the delay :
(1) The resistance of the controlling transistors:

The circuit delay can be increased / decreased by increasing / decreasing the

effective ON resistance of the controlling transistors at the source of M1.
(2) The capacitance of the controlling transistors:

The charge sharing effect cause the output capacitance to be discharge faster and
the overall delay decrease as the effective capacitance of the controlling transistors at

the source of M1 increase.

The larger resistance increases the delay; however, larger parasitic capacitance
decreases the delay. The effective capacitance seen at the source of M1 depends on
which controlling transistors are on. Because of the ON and OFF capacitances between

drain and ground of a MOSFET is different. Therefore, it may make monotonic
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characteristic of the DCDE can not be ensured with ascending input vector. This
situation will be further complicated as the number of delay controlling transistors

increases. Table 1 shows the comparison of the different type of DCDE.

Table 1 Comparison of different type DCDE

Delay cell type Drawbacks Circuit structure
) » Sensitive to power supply nef >0y 1 e OuT
Shunt-capacitor , . 4%% H%_”EM 4%9,,““
noise
based MC1 MCZ MCr
» Process mismatch % % %

» Larger area and power

. e Dt Tt
dissipation : e
Standard-cell
» Delay resolution
based D —<[>nf7
» Different coarse delay-and D s B
fine delay cells e e (DI
I I B
R 7 — 0 0 —

Current-starved » Poor linearity

based > Sensitive to PVT variation

2.5 COMPARISON OF DIGITAL DLL AND ANALOG DLL

The most advantage of the analog approaches is the smaller static phase, good
jitter performance, fine resolution because the delay is varied continuously. In addition,
the analog DLL achieves small chip are and low power consumption. However, it
suffers from slow locking and performance degradation due to sensitivity to variations
of process and temperature. Although digital requires more chip area and power
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dissipation, it is more robust against process, voltage, temperature (PVT) variation.
Besides, the digital DLL provides fast lock time and easy to design. However, the
quantization error of the digital DLL is unavoidable because the delay adjustment is in a

discrete manner.

However, the digital DLL is still attractive of its shorter lock time and easy
integration compare with analog approach. Table 2 shows the comparison of the analog

DLL and digital DLL.

Table 2 Comparison of analog DLL and digital DLL

Analog Digital

Phase error Smaller Larger
Lock range Smaller Larger
Lock time Longer Short

Noise Lower Higher
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CHAPTER 3
MULTIPHASE DELAY-LOCKED LOOP
WITH SELF-CALIBRATION

In this chapter, it introduces the multiphase DLL with self-calibration. The
conventional multiphase DLL architecture, design consideration and self-calibration
schemes would be described in Section 3.1 and Section 3.2, respectively. In addition,
the applications of multiphase DLL would be detailed in Section 3.3. Finally, Section
3.4 would give an introduction of proposed Rapid Self-Calibration (RSC) algorithm.

3.1 INTRODUCTION OF MULTIPHASE DLL

A ring-oscillator-based phase locked loop (PLL) or delay line based delay-locked
loop (DLL) has been widely used because ofits ability to generate multiphase clock
signals. The multiphase clock signals can be used in various applications.
Time-interleaved architectures, like a transmitter and receiver, employ multiple signals
processing paths in parallel to achieve high overall speed while the speed of each
channel is standard [48] [24]. In wireless communication systems, the multiphase clock
signals are easily converted into the in-phase and quadrature (I/Q) signals with n/4
radian difference essential for the down-conversion mixer [25]. In frequency

synthesizer, the multiphase signals are used to generate a high frequency signal [1].

In most of these systems, the ring oscillator or delay line which consists of several
identical delay elements is inserted into a negative feedback loop. When the PLL or
DLL into the locked state, that means, the reference clock signal is split in several
identical parts and the delay time of each delay stage is equally. Unfortunately, even all
the delay stages are designed to be identical, each delay stage introduces a different

delay due to the mismatch after fabrication, not to mention temperature and supply
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voltage variations.

3.2 APPLICATION OF MULTIPHASE DLL

In this section, we will introduce the application of multiphase DLL in detail. In
these applications the multiphase DLL is used to replace the PLL. The choice of DLL
rather than PLL is due to the fact that they do not exhibit the jitter accumulation

characteristic and there is no need for frequency multiplication of some applications.

I.  Frequency Synthesizer
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A 4
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c

digital

Figure 23 The block diagram of conventional DLL-based frequency synthesizer.

A DLL can operate as PLL, which uses delay line to replace VCO. Fig. 23 shows
the simplified block diagram of DLL-based frequency synthesizer. When the loop is
locked, the output phases of every delay stage are evenly spaced one reference clock
period Tref. Each phase difference of two delay stage has a delay of Tref/N and the
edge combiner can generates a transition for each phase output transition, hence the

output frequency is the N times the reference frequency Tref.

A multiplying DLL overcomes the drawbacks of PLL such as jitter accumulation,
high sensitivity to supply, and substrate noise. For this reason, it represents a good

performance for phase noise.
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II. Dynamic Frequency Scaling

In recent years, the power and energy consumption has become a critical design
issue in the embedded systems, especially for the mobile systems and portable
systems. Dynamic Voltage Frequency Scaling (DVFS) has been more important for
saving energy on mobile embedded systems. Figure 24 illustrates the diagram of the
voltage/frequency transition that proposed in [36]. The voltage changes from high to
low and goes back to high in this example. In the conventional frequency scaling, the
clock must be stopped during voltage transition. Therefore, performance overhead
occurs by the frequency scaling. For the proposed frequency scaling, the
voltage/frequency selectors are introduced to achieve no performance overhead as

indicated in the third line of the figure.
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I..
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C No Performance Overheac

Figure 24 The operation of DVFS scheme

Notice, there are two issues need to be consideration for changing the frequency
without stopping the running programs. First, the data transfer from modules
operating in different frequency must be handled by the main bus. Second, the

transition in supply voltage skews the clock tree.

A DVES scheme is also proposed in [35]. A frequency adjuster circuit unit
calculates the optimum clock frequency based on the activity value derived from the
activity monitor to reserve the required number of inactive margin cycles within the
monitoring period and indicates the next clock frequency to the clock generator. The
dynamic frequency is selected by the clock thinning circuit which collects several
different frequency input. Therefore, it can operate continuously without PLL relock

or system.
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In order not to make performance overhead, the relock time is an important issue
for the DFS. All the previous mentioned DVFS schemes utilize multiple existing
frequencies to generate the desired frequency. However, it increases the consumption
for the useless frequency. A multiphase DLL based clock generator for dynamic
frequency scaling was proposed in [31]. With plain digital logic for frequency
adjustment, the multiplication factor can be changed with fast lock time. For the

specific case, it only takes one-cycle to lock during frequency scaling.
III. Transmitter [48]

In the digital communication application, the multiphase DLL can apply to a data
cannel compression transceiver. The architecture of the transceiver is shown in Figure
25. The transmitter’s output, TX_DATA and TX_CLK, are sent to the receiver’s
inputs, RX_DATA and RX_CLK, respectively. In the transmitter, the generated
seven-phase clock signals are used to transfer 7-bits data (DATA [6:0]) into one data
channel (TX_DATA), and the TX_CLKis also sent to the receiver. The receiver
shown in Figure 25(b) recovers the received data stream (RX_DATA) back to original
7-bits data (DATA_OUT [6:0]). The two-phase: ADMCG shown in Figure 25(b) is
used to estimate the accurate delay of TREF/14. Tt aligns two adjacent phases of the
seven-phase DLL outputs (i.e., P6 and PO) to measure the delay, and the received data
stream will first be delayed by and then sampled by the seven-phase multiphase clock
signals. Thus, those multiphase clock signals can sample the received data stream in
the center of the bit symbol boundary, and this maximizes the timing margin of the

receiver circuit
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Figure 25 7:1 Data channel compression transceiver. (a) Transmitter circuit. (b) Receiver circuit.

IV. DDR SDRAM controller application [10]

In [10], the calculations for timing budget.show that the optimal value for tSD is
approximately 20 percent of an input cleck-period-as shown in Figure 26. Since the
input clock frequency range from J00OMHz to-200MHz (DDR-200/266/333/400), the
tSD value varies from 2ns (=10nsX0.2)to Ins (=5nsX0.2). Therefore, a five-phase
all-digital DLL was proposed in [10] to generate the desired tSD delay for DQS

signal.

Total

Setup Holc
Srobe
Budget Uncertainty Budget
- -1} -1} -
Date
Kew Valid Kew

Figure 26 Read operation timing budget

The block diagram of the five-phase all-digital DLL for DDR SDRAM controller
application is shown in Figure 27. Like most of DLL-based multi-phase clock
generators, the DLL has a multi-stage delay line with the same control word to
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generate equally spaced multi-phase clock output. It uses the time-to-digital (TDC)
scheme to lock whole loop. Hence, a design consideration should be noticed is that
sometimes it is difficult to meet the minimum delay constraint when using standard
cell to build up a high resolution delay cell. Therefore, the DLL in this design is lock
to two periods of the reference clock period by using TDC scheme. After DLL is
locked, the phase spacing of each delay stage should be 2*Tggrgp/S, where Tgrgr
means the clock period of the reference clock. Hence the minimum delay constraint
for each delay stage is extended twice as original. The total delay from DQS to DQSD
becomes 1.2xTgrgr, Which means the phase shift between DQS and DQSD is still
0.2xTrrer. As a result, the desired tSD delay can be generated by the multiphase DLL

CKOUTI1 CKOUT2 CKOUT3 CKOUT4 CKOUTS

A A A A A

FREF | | L |
/T/ \/( 1 \/T/ \/T/
Control Word

>

» TDC Initig) ~ DLL Output delay line
controller ¢ ¢ bOSD
IR
. UP i
» Phase WT ‘ | |
» Detector | LOCK

Figure 27 The block diagram of multiphase DLL for DDR SDRAM application

3.3 SELF-CALIBRATION TECHNIQUES

As we mention above, the multiphase clocks are useful in many applications. The
feedback loop guarantees the whole loop to hold the lock state. However, each delay
cell may introduce different delay time due to the process variations or wiring
mismatch. It is impossible to equal each phase difference of output signals without
any calibration schemes. Figure 28 shows the 1000 points Monte-Carlo simulation
results for static timing errors among five delay cells, where the designed delay time
is Ins and 15 mV threshold voltage mismatch of the delay cells are added. In our 90
nm CMOS technology, the threshold voltage mismatch of 15mV for the delay cells
will cause the maximum delay time mismatch of 100ps (around 10% delay mismatch).

Similarly, Figure 29 shows the Monte-Carlo simulation results for the 10% channel
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length mismatch. The simulation results indicate the channel length mismatch will
cause the maximum delay time mismatch of 40ps (around 4% delay mismatch) for the

delay cells.
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Figure 28 Delay time mismatch due to the delay cell with the threshold voltage mismatch of 15 mV
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Figure 29 Delay time mismatch due to'the delaycell with the channel length mismatch of 10%

Since the delay cells introduce different delay time due to the process mismatch,
the additional calibration mechanisms is needed. In order to compensates the
mismatches among delay cells in the DLL or PLL. One of the solutions to reduce the
mismatch is to increase the transistor size. Starting from a circuit that has been
optimized with respect to specifications other than noise and mismatch, one can scale
the width of every component of that circuit by a certain factor 2 . For a delay cell, the

implication of the impedance level scaling is that increasing the power by a factor 4
yields a stochastic jitter reduction of ‘/Z. Also the mismatch of the delay between

different cells will improve by a factor Ja [1].

However, impedance level scaling [1] will increase parasitic capacitance, power
and area. When the clocking speed increases, the delay cell with minimum channel
lengths may be chosen for the sake of higher speed [7]. Such a delay cell suffers from
poor matching which may induce significant timing errors. Thus, the extra
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self-calibration algorithm and its circuits for the precise multiphase DLL or PLL is

necessary.

3.3.1 A Self-Calibration Delay-Locked Delay Line

One of self-calibration algorithms was proposed in [26], the basic concept is
shown in Figure 30, where NDL.I is the differential non-linearity of ith delay cell and Ri
is the contents of i-th register and ROi its value at the beginning of the non-linearity test.
With perform a complete code-density test with balanced mean method [26], the
correction is done by comparing the register content with two thresholds that define as
+ 1% non-linearity value and if an arithmetic overflow (or underflow) of the register is
detects during the test, a interrupt is occurred for the delay cell and the cell controller

ignores further hits.

Ri A A DNLi
111..14 +2%
DOWN=1
110..00 +1%
100..00 | "=0s Ry - --—+— 0%
001..11 -1%
UP=1
000..00 -2%

Figure 30 Self-calibration delay locked delay line scheme

The calibration produce is dependence on the most two significant bits of the
register content. When these two bits are value ‘00’ or ‘11° the relevant threshold has
been exceeded and cell controller should be decreasing or increasing the delay time of
delay cell by adjust the calibration control word. Thus the comparator can reduce to a
very simple structure that consist of two logic gate and apply to a four bits up/down
counter which generates the calibration control word. According to the test result,

assures us that the delay mismatch of each delay cell could be pushed below 1%.
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The calibration algorithm uses a time-measurement method to reach
self-calibration delay locked delay line. However, there is a restriction in which if the
initial non-linearity of the delay cell is out of the allowable correction range, the

calibration mechanism must halt.

3.3.2 Sequential Phase Adjustment Calibration Technique

Another method proposed in [3] [7] avoids the mentioned problem. In [3], the
operation of self-calibration, as shown in Figure 31, assume the initial phase differences
between outl and out2, out2 and out3, out3 and out4, and out4 and outl are 01, 62, 63,
and 04 respectively and the target phase differences are all 90-degrees. First, the
calibration produce is controlled by loop enable signal loop_enabli, i.e. the
loop_signall signal becomes high and selects three output signals, outl, out2, and out3.
The selected signals are inserted into relative phase detector as shown in Figure 32 and
generate a control signal vconl and von2 to adjust the phase of out2 by changing
capacitance of two adjacent capacitors. By, performing relative phase comparison
method the phase differences between ourl-and-out2, out2 and out3 become same.
Figure 31 (b) shows the result. Similarly; whenanextloop enable signal, loop_signal2, is
high, the phase differences between out2 and-out3, out3 and out4 become same as
shown in Figure 31 (c). By continuously, the phase difference between out! and out2,
out2 and out3, out3 and out4, and out4 and outl become all the same, finally. Figure 31

(f) shows the final state of the DLL loops.
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Figure 32 (a) Relative phase detector (b) Relative comparison method

3.3.3 Parallel Phase Adjustment Calibration Technique

In order to adjust every output phase independently and not interfere with main
loop, the additional delay adjustment outside the ring oscillator or the delay line method
was proposed in [2]. Figure 33 shows the parallel phase adjustment calibration
algorithm. Since @1 is tracing reference clock by the main loop, @5 can be calibrated by

comparing /Atd15 and /AA\td51, and o1 is used as the reference signal ofp5. Whene1 and
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¢S5 is established, @3 can be calibrated by comparing /A\td13 and Atd35, and ¢7 by
A\td57 and /Atd71. This process is repeated for the other phases and finally the phase

differences of each delay cell can be calibrated.

Atdy; - Atday - Atdsy - Atdss . Atdse - Atdg;  Atdgg - Atds,

) Atdys e /\tdss e Atdsy e /A\tdy )

/\td s Atds, o
»

» d
L)

Reference clock

Figure 33 Parallel phase adjustment calibration algorithm

Figure 34 shows the circuit design to implement the parallel phase adjustment
calibration algorithm that we mention above. The delay sensing circuit, as shown in
Figure 34 (a), is used to producethe time delay pulse width, /\tdij. The calibration loop
charge pump, as shown in Figure 34/(b);-is-a-stmple current-steering structure and the

capacitor is implemented with pMOS transistor.

Figure 34 (a) Delay sensing circuit. (b) Calibration loop charge pump
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3.3.4 A PLL BASED SELF-CALIBRATED ALGORITHM

The self-calibrated algorithm which proposed in [25] is based on the innate ability
of PLL. Assume the fractional-N frequency synthesizer is based on a PLL capable of
generating 8 different phase clock signals. Each edge of the clock signal is used to
synthesize the output signals. Consequently, the division ratio becomes (M+1/8). When
the PLL is locked, the amount phase error /\t; that caused by the delay mismatches

becomes zero, where 1 means the ith delay cell. In other word,
Vt,+Vt,+ 52 Vt,= 0 (3.1)

Assume the phase offset of the 1st delay cell is change by A';. The after the PLL

is locked again, the resulted phase offset becomes:

Vt!

Vit =Vt, - Vt| + ?,Vt; =Vt, + Vi, Vi,

ALY Vty=Vit, + —L (3.2)
8 8

Where /Aty is the phase error due torN=thrdelay cell after K cycles of calibration,

and /A\"\ is the amount of the calibration at the m-th iteration.

By repeating the above stepfor each delay cell one by one until
a (Vy)=Vi, (3.3)

is satisfied for all delay cells, the final values of the phase error due to 1st delay

cell becomes;

Vi =V, - 1( s~ % Vi +1@Vt +Eﬁ Vr
1 V=1
Vi, - Vi, + % Vi, = 0 (3.4)
3 1

Similarly,
thfinal =Vt2ﬁnal :Vt:;final LDICQ Vtgﬁmd =0 (35)

Therefore, all the phase errors due to the delay mismatches are reduces to zero

when the compensation algorithm is finished.
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3.4 RAPID SELF-CALIBRATION ALGORITHM

In [26] [3] [7] [2] [25], the calibration algorithm has been adopted to overcome
PVT variations. The self-calibration algorithm [3], [7] requires additional timing
control circuit, and large calibration cycles. A novel rapid self-calibration (RSC)

algorithm was proposed to reduce calibrate cycle, where no extra timing control circuits

is needed.
P, P, Px.» Py,
DEI DE(k-1)
Ref
— el * o0 0000 ek_]
clk
A I A
Calibration Calibration Lock-in Calibration Calibration
control word_1 control word_2 control word  control word_K-1  control word K

Figure 35 theddea of proposed'RSC algorithm

Figure 35 shows the idea.of proposed RSC algorithm. Assume the multiphase
DLL is consisted of k identical digitally controlled delay elements and multiphase
output generated from each delay ‘element.“Unlike conventional multiphase DLL
which the delay elements are controlled by a global signal, each delay element in the
proposed RSC algorithm is controlled by two sets of control words. They are lock-in
control word and calibration control word_i, where i means the ith delay stage. The
lock-in control word is connected to all delay elements and each delay element has

distinct calibration control word_i as shown in Figure 35.

In the beginning, the total delay of the DCDL locks to multiple period of
reference clock, Ref clk, by changing the lock-in control word. After the DLL is
locked, i.e. the phase difference between Ref _clk and last output signal, Pk, is equal to
one reference clock period. The RSC algorithm first considers about three signals; they
are Ref_clk, PI, and P2. A relative comparison method [3] is adopted to adjust 61 to
(01+62)/2 by changing the calibration control word_1, where 6i means the phase
difference between Pi and Pi-1. Similarly, the calibration unit would consider about the
next three signals; they are P1, P2, and P3. It will adjust 62 to (62+603)/2 by changing
the calibration control word_2. Unlike [3], the modified 61 does not affect 62. This
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allows sequential adjustment in the same reference cycle. Finally, the adjustment of 0k
is based on Pk and Ref_clk, which guarantees the whole DLL remains locked. The
lock-in control word remains unchanged during the calibration process to ensure
successful RSC operation. As the result, the final output difference of each delay stage

is one fifth of the period of reference clock.

Figure 36 shows the RSC algorithm expressed in mathematical equations when
the delay stages number is five. Assume the DLL is in the locked state initially and

fulfill equation (3.6).

q+q,+q;+q,+g;=360° (3.6)

In the first calibration cycle, i.e. n=1, the 6; becomes the mathematical average

value of 8, and 6,, which is expressed as

Syt (3.7)

Where Oij means the phase error due to-j-th.delay cell after i-th calibration cycles,
and 0; and 0, are the initial phase differences between Ref clk and P1, P2 and P3. At

the same calibration cycle, the phase difference between P2 and P3, 62, becomes

The phase adjustment of 63 and 064 in the first calibration cycle is similar to 01
and 02. Because the DLL is hold in the locked state, 65 would not change at the first
calibration cycle. Next, when n=2, the phase differences 61 and 62 become equation

(4) and equation (5), respectively.

G+ 2g,+ g (3.9)
4
42+ 24q-3+ Q4 (310)

Note that after the first calibration cycle, the equation (1) may not be observed. In

order to guarantee the whole DLL remains locked, 65 becomes
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% G.11)

As the n increases as any number N, one of the phase differences can be express as

Ag+ Bg,+ Cq,+ Dg,+ Eg,
2N

(3.12)

Where the sum of A, B, C, D and E is 2". If the N goes to infinity, each phase

differences can be expressed as

Q154G+ &+ G+ Gt G) _ Gt B+ GT Gt G
2" 5

(3.13)

Equation (3.13) shows the phase differences of each delay stage become identical
and fulfill equation (3.6) means that the DLL remains locked. As a result, the
calibration algorithm guarantees the final phase difference of multiphase DLL are all

360°/5. Figure 36 shows the step summary of proposed RSC algorithm.

= [ 0, 0, 0, 22
- 6+6, 6, +6; 6+, 6, +6

o=l 2 2 2 2 %
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4 4 4 4 2
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8 8 8 8 4
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Figure 36 Step summary of RSC algorithm

Since the calibration circuit performs in the digital domain, the target is
approached based on unit step /AT .However, the quantization error, ge, is unavoidable.
In [7], the calibration mechanism modified the phase difference by adjusting the control
word of the output stage buffers, where the last stage of the output buffers is fixed to
ensure whole loop stays locked. The mechanism, however, increases the maximum

phase error.

Figure 37 shows the calibration step simulation results for the 1Q-style [3], buffer

style [7], and proposed RSC algorithm. The simulation environment setting is: the
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number of delay stages is five, unit step /AT=5ps, quantization error= Sps, the period
of reference clock is 1ns and 20% random delay mismatch is adopted. Base on these
algorithms, the calibration produces is converged. The calibration cycles are 23, 33,
20 and maximum phase difference between any two output signals are 6ps, 14ps, 6ps
for 1Q-style, buffer style, and proposed RSC algorithm, respectively. As the result, the
proposed RSC algorithm achieves the fastest calibration time and smaller phase error

between any two outputs.
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Figure 37 The calibration produce comparison with (a) IQ-style (b) buffer-style (c) RSC-based

Figure 38 shows another simulation result for the calibration cycles comparison

between the buffer style [7] and RSC based calibration schemes. The environment
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setting is the delay stages number is five, unit step and quantization error are both 5ps.

The proposed RSC algorithm has up to 4.17x speed improvement.
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CHAPTER 4
A WIDE-RANGE AND FAST-LOCK
ALL-DIGITAL DELAY-LOCKED LOOP

In this chapter, an unbalance binary search algorithm is proposed to achieve short
lock time and extend the locking range. An unbalance binary search algorithm based
(UBS) controller is designed and it is suitable for all-digital DLL design. Compare
with the conventional counter-controlled DLL (CDLL), successive approximation
register-controlled DLL (SARDLL), and variable SAR DLL (VSARDLL), a
UBS-controller based DLL can achieve fast lock time. Moreover, the
harmonic-locking issue can be avoided-|in ‘the wide-range operation. The circuit
implementation is based on thez:UMC 90 CMOS technology model, and the operating
range is I00MHz to 500MHz with 1V supply voltage.

4.1 INTRODUCTION OF WIDE-RANGE DLL

Phase-Locked loops (PLL) and delay-locked loops (DLLs) have been widely
adopted to eliminate clock signal skews and jitter in high-speed microprocessors,
memory interfaces and communication integrated circuits (ICs). Generally, the DLL
has better jitter performance than the PLL because there is no jitter accumulation
characteristic in the DLL. In the past, the locking time is an important parameter of the
digital DLL performance. Conventional digital DLL, such as RDLL [14] and CDLL,
the locking time and the number of the delay cells increase exponentially as the number
of control bits increases. The successive approximation register-controlled [4] DLL
reduces the locking time by using the binary search algorithm. The time-measurement
(TM) DLL use the time-to-digital converter (TDC) to achieve the shortest locking time,

however, the area requirement and power consumption is the cost. Compare with these
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DLLs, the SAR controlled may be the most suitable for DLL by balancing the power

consumption, area requirement and locking time.

Recently, the low-power issue replace the high-speed issue becomes the most
concernment in the system on chip (SoC) applications. The DLL with wide operation
range is especially required in the SoC systems which support dynamic operation
frequencies and variable supply voltage scaling techniques to achieve better
performance with low power consumption. Unfortunately, the DLL may suffer

harmonic locking over a wide operation range.
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Figure 39 Harmonic locking problems.

Figure 39 shows the harmonic locking problem [12]. In the normal condition (case
1 and case 2), the DLL locks the delay which is just one clock cycle of input reference
signal. However, the conventional DLL will fail to lock (case 3) or falsely lock to two
or more periods (case 4), Tclk, of the input signal if the initial delay of the VCDL is
shorter than 0.5*Tclk or linger than 1.5*Tclk. Consequently, the additional control
block or locking mechanism is needed to avoid the false lock. Next Section will

describe the previous research of wide range scheme.

4.2 PREVIOUS RESEARCH OF WIDE-RANGE DLL

Various wide-range DLLs have been proposed [30], [52], and [19] to solve the

harmonic lock problem. The DLL with a false-lock capability phase detector [52] is
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used to prevent the harmonic lock. Figure 40 (a) shows the phase detector. The
multiphase outputs of the DLL are applied to the phase detector. When the initial delay
of VCDLis larger than 2*Tclk, i.e., the rising edge of D1, a clock delayed by 1/8 Tvycpr,
a coarse_up signal is asserted to reduce the delay time of VCDL to prevent harmonic
lock. On the other hand, if the initial delay of VCDL is so small that causes the delay
time stuck its minimum value, the PD_reset signal is asserted to deactivate the false up
signal. Figure 40(b) shows the timing diagram of the false-lock capability phase
detector. In [6], an all-analog DLL uses the replica delay line and a cycle period
detector to solve the false lock and narrow operating frequency-range problem of a
conventional DLL. The auxiliary loop not only uses as a replica delay line but also
monitors the lock state of main loop by estimating the cycle period of the input clock.
However, the he analog DLLs are more sensitive to the process variation. Therefore,

digital DLL is developed to improve process portability.
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Figure 40 (a) False-lock capability phase detector and its (b) timing diagram.

In [19], phase selector circuit and start-controlled circuit are used to solve false
locking problems enlarge the operating frequency range. The phase selection circuit
will automatically select one of the delayed outputs to feedback. The start-controlled
circuit controls the locking produce. First, the delay between input and output of the
delay line is set to the minimum value and then increases the delay of delay line until it
reaches one clock period of the input clock. The timing of the external start-up signal
must be carefully designed because the external input clock of the DLL must be settled

down before the initialization of the DLL starts up. If the initialization or phase
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selection step is started before the input clock is stabilized, the DLL may not achieve

the correct lock due to its wrong phase selection [19].

The time-to-digital (TDC) scheme may be the simplest concept to resolve the
harmonic problem. In [48], the all-digital multiphase clock generator is used to
overcome the false locking problem. The TDC circuit measures the period of the input
clock directly and converts the timing information to digital signals to control the delay
of the delay line. However, such DLLs result in complex architectures that face such
problems as increased area, increased power consumption and degraded jitter

performance.

The variable successive approximation register (VSAR) algorithm was proposed
in [5] for the all-digital DLL applications. The control unit is composed of conventional
SAR units, variable SAR units and fail-to-lock judgment circuit (FJC). Initially, the
conventional SAR units borrow one bit as a MSB form the LSB of variable SAR units
to perform a binary search. After the binary,search is finished, the FJC examines the
lock state. When the locking produce is fail, the conventional SAR units borrow one
more LSB from the variable units and repeat the locking produce. Before the total
number of borrowed bits is reached, the locking produce repeats until the DLL is locked
correctly. Once the lock state is confirmed, the contrel unit is transformed into a counter
for a closed-loop operation. Base on‘the variable algorithm, the delay of delay line
increases gradually form the minimum and never exceed twice of the input clock period.

Therefore, the harmonic locking problem can be avoided.

In comparison with the conventional binary search algorithm, the variable SAR
algorithm has two advantages: it vary the open-loop characteristic of conventional
binary search algorithm to the close-loop type. The division ratio (DR) base on the
variable SAR algorithm can be the minimum of two. It accelerates the locking time;
compare with conventional SAR, up to 7X speedup can be achieved. However, the
most drawback of the variable SAR algorithm is the complex hardware required and

more power consumption.

4.3 UNBALANCE BINARY SEARCH ALGORITHM

The design considerations of the lock-in controller include lock time, lock range
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and area requirement. In order to balance these considerations, a binary search based
lock-in controller may be the most suitable for the all-digital DLL. However, the
conventional binary search based controller has narrow operating frequency. Figure

41 shows the false lock, when the operating frequency over the lock range.
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CWI[8:0]ll| o |256|384|448|416|432(440|444|446| 447
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Figure 41 Conventional binary search based controller

Several different binary search algorithms-were discussed in [S] and Section 4.2.
In order to maximize the effectivé sampling tate, the DLL is desired to lock the delay
which is equal to one clock period:To avoid-false lock (or harmonic locking [section

4.1]), the DCDL should always ‘Operate-under the delay range [12], as

0.57 Toyr T < 1.5 Ty @.1)

where Trer means the reference clock period, and Tpcpr. means the delay time of
the delay line. With Tiniap representing the initial delay time of the DLL, the
relationship in equation (4.2) should be satisfied. However, the locking range of
conventional binary search mechanism is restricted by equation (4.2).

2.
Max (TDCDLfMIN = Tirmiar)

3
< TREF < MIN(TDCDL?MAX ’ 2|jl-‘INITIAL) (42)

The proposed unbalance binary search algorithm in this circuit is to choose an
appropriate Tinriar instead of always choosing the middle point of the DCDL. Figure
42 describes the flow chart of the 3-bit unbalance binary search algorithm. In the
beginning (step 0), the delay time of the delay line is adjust to the minimum and then
a judge circuit exams whether the reference clock period leads twice of the minimum
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delay of the delay line. If so, the next operation will go to the stepl. If not, the next
operation will bypass the step 1 and go to the step 2. After the step 0, no matter how
the operation is, it will perform the conventional binary search until all the control bits

are determined.

— Lead
Step0 - Lag
Stepl | MUY 7777773
Step2
Step? @ _I
s 000001010 b 101110 @

Figure 42 3-bit unbalance binary search algorithm.

For example, Figure 43 shows the difference between the conventional binary
search (BS) algorithm and the proposed.unbalance binary search (UBS) algorithm,
where Ttarget means the targeted delay time and Tinitial_i means the initial delay
time of the delay line. For the-conventional binary-search, the initial delay time is
always set to the Tinitial_1 which-is equal to the average of Tpcpr, miv and Tpepr,_max-

Substitute the Tinital_1 into equation (4.2), the locking range is limit to (4.3).

(TDCDL_MAX + TDCDL _MIN) ) / 3 < TTarget < TDCDL_MAX (43)

When the targeted delay time is out of the range of equation (4.3), the
conventional binary search will fail without any hardware for the harmonic detection.
However, the proposed UBS algorithm has two distinct initial delay time, Tinitial_1
and Tinitial_2. When the Ttarget does not fulfill equation (4.3), it will choose the
Tinitial_2 which is equal to the quarter of Tpcpr miv and Tpepr max to be the initial
delay time of delay line. Therefore, the false lock problem can be avoided. In addition,
to avoid false locking in the PVT variation, the limited ranges should be overlapped

and equation 4.4 should be satisfied

. TDCDL_MIN > (2/ 3)l:’ll—‘INITIAL_Z (44)
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Figure 43 Comparison with conventional BS and UBS algorithm

Comparison with the conventional binary search, the proposed unbalance binary
search algorithm has two advantages: one is avoiding the harmonic locking problem;
the other is the improvement of the divison ratio. When a wide operating range over a
binary search based DLL, the minimum division ratio of two is not allowed [5].
However, it increases the locking time! Omr the other hand, in the proposed UBS
algorithm, the division ratio could:be set tojtwo:to achieve fastest lock-in time because
Tpepr 1s always fit in with equation (4.1). Assume the total control word of DCDL is
n-bit and the division ratio is the. minimum of two. The lock time for the DLL based

on the UBS algorithm is given as:

T _[22n+2) if Tope > 2 Toop u (4.5)
lock,UBS = | 2H#n+2-s) if Teer 2 Tocor vin )

Where Tpepr, miv means the minimum delay time of the DCDL, and integer, S
means the skip step number. The extra 2*2 cycles are the require time to evaluate the
initial state. If the reference clock period is smaller than twice of minimum delay of the
delay line, it can save two reference clock cycles to lock. For example, assume that the
control word needs be determined with 9-bit resolution, and the maximum and
minimum delay time of the delay line is 10ns and 2ns, respectively. The Tinyriar_1 1S set
to the middle of the provided delay range, assume 6ns in this case. The
limited-range-1 can achieve 4ns to 12ns. The TimaL 2 is set to 3ns and
limited-range-2 can achieve to 2ns to 6ns. For the Tiniriar 2, the step controller can
skip two steps to achieve fast-lock. The lock time is 2x (9+2-2) =18 cycles and 2x (9+2)

=22 cycles when the reference clock period, Trgr, is below and over 4 ns, respectively.
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Figure 44 illustrates the simulated lock time for the counter based, SAR based, VSAR
based and the UBS based schemes. The proposed UBS algorithm achieves the shortest

lock cycles for the most cases.

300+ 256
2501 - C?Zlg]ter
g200' ///////
= 1501 128 "
" b4
% 100 //
> gpd 72
3 80 64,” VSAR [5]
GJ 60'
E 4 a0 SAR[4]
+ 404 Oy
b 32y 30
E: 3 UBS
c e A
—1 20+ 1§_.. e

12
10 T T T T T T T T T 1

12 3 4 &5 6 7 8 ¢ 10 Tt
Reference clock period (ns)

Figure 44 Simulation lock time versus the operation range.

4.4 CIRCUIT DESCRIPTION

The implementation of UBS algorithm based controller can simple divide into two
parts. They are step controller and binary controller. The step controller would indicate
which step is now entering the UBS controller. Meanwhile, the binary controller
handles conventional binary search operation, where each control bit is given by the

single-bit generator. Next section will describe in detail.

4.4.1 Step Controller

Figure 45 shows the block diagram of the step controller for the 9-bit UBS
controller. It consists of a set of shift-register, a positive-edge triggered DFF,
divide-by-two circuit and multiplexers. In the beginning, all the shift-registers are
forced to be in the initialization state (Step 0) and the output signal (OUT) is reset to

the shortest delay time. D-Flip-Flop_2 would tell whether Tpcpr, miv 1s larger than
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twice of Trgr to decide the desired stage and which step should be entered to decide
TinraL. After decide Tinrar, the shift-register will active by the triggered signal
which is the output of the divide- by-two circuit. The shift-register would store which

step is and the lock signal, LOCKED, would be held in the end.
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1 0 0 0 0 0 0
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Figure 45 9-bit step controller

4.4.2 Binary Controller

The architecture of the 9-bit binary controller is composed of a set of single bit
generators, as shown in figure 46. Figure 46(b) shows the signal bit generator (SBG)
which is multiple input registet- and the'corresponding truth table. It consists of a
positive-edge triggered DFF, multiplexers;and some logic circuits. The SBG have three
different data inputs coming from: 1. the outputs of step controller, Si and Si-1 where i
means the i-th SBG; 2. the output phase detector, LEAD; and 3. the output of the ith
SBG itself. The operation of SBG is based on the truth table in figure 46(b) to perform

a binary search.
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Figure 46 (a) 9-bit binary controller (b) SBG

For example, figure 47 shows the simulation result of the UBS controller when
the reference clock period is 3ns. In thesbeginning (Step 0), the delay time is set to
minimum value which equals te 2ns inythis. case. The D-Flip-Flop_2 would tell
whether the period of reference-clock is larger than twice of the minimum delay and
produces the comparison result,-PS. In this'case, PC is 0. Base on the result of PC, the
initial delay time, TinimiaL, would be set to quarter-of provided delay time (3ns) and
entering to the step 3. After entering Step 3, the control word becomes {001000000},
since C[6] is “guessed” as 1. The phase detector examines whether the output clock
leads the reference clock and generates the output signal, LEAD. Assume that LEAD
is 0, i.e., the output clock lags the reference clock. Thus, the “guessed” 1 should be
cleared otherwise the delay will be too long, and keep on guessing for the next bit. It
will change the control word to {000100000} and entering the sequential step when
the triggered signal, CLK, is coming. If the LEAD is 1, means that the exist delay time
which provided by the delay line is not enough. Therefore, the guessed bit will be
held and repeat the produces until finish the LOCK signal is asserted. The total lock

time is 18 reference clock cycles.
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Figure 47 The operation of the UBS controller.

4.4.3 Digitally Controlled Delay Line-

The power consumption, linearity characteristic; delay resolution, and tolerance
to PVT variations are the main design Considérations of the digitally controlled delay
line (DCDL). In [23] [21] [13], a binary-weighted differential-delay cell (BWDC) was
proposed to achieve the main consideration. There are two distinct features of BWDC
that contribute to low power. First, there is no need for large driving and so logic gates
can be minimally sized. Second, the de-multiplexing gates are placed at the input side

so that only the components in one path are activated [13].

The architecture of the DCDL can be divided into two parts: coarse stage and
fine stage as shown in Figure 48. The DCDL control word (CW) is the 9-bit binary
weighted control signals. The signal CW[8:5] control the coarse cells and CW[4:0]
control the fine cells. In BWDC, one path comprises of a fixed capacitance realized
with the minimum-sized transistor and the other path comprises of a tuning

capacitance that is realized by adjusting the size of transistor [23].
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Figure 48 The architecture of DCDLand BWDC.

By the simulation results, the delay range €an be selected 2ns to 10ns. Figure
49(a) shows simulation results of the delay time versus input control word. The power

dissipation versus delay time is also shown in figure 49(b).
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Figure 49 The simulation results of (a) delay time versus input vector (b) power consumption versus

delay time.
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4.5 SIMULATION RESULTS

The simulation waveforms of the unbalance binary search algorithm based DLL
operates at 100MHz, 125MHz, 250MHz and 500MHz are shown in Figure 51, Figure
52, Figure 53, and Figure 54, respectively. The simulation environment is built in
UMC 90nm CMOS technology with 1V supply voltage. The simulation result shows
the DLL is functional within all the frequency. The locking produce takes 18 and 22
reference clock cycles for over 250MHz and below 250MHz, respectively. The Figure
51 consists of Ref clock signal, Out clock signal, CLK signal, RN signal, LEAD signal,
PS signal, and the control word CW/[8:0] signal. Those signals are stated as follows:

(1) Trer: The clock period of reference clock.

(2) Ref clock: The external reference clock.

(3) Out clock: The output of the DCDL.

(4) CLK: The trigger signal for the, UBS,controller.
(5) RN: Global reset signal. ‘

(6) LEAD: The output of phase detector”If LEAD is 1, it will increase the delay
of DCDL otherwise it will decrease the delay of DCDL.

(7) PS: Indicate whether Trgpis large twice of TpepL MIN-

(8) CW[8:0]: The value of the DCDL control word register.

(8) STEP: The content of the step controller.
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Out Clock | | \ J

CLK | |
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Ps | ||
CW[80] 0 | 25€ | 384 | 448 | 48c | 496 | 504 | 508 | 50 | 51
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Figure 50 Lock process when the operating frequency at 100MHz
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Figure 51 Lock process when the operating frequency at 125MHz
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Figure 52 Lock process when the operating frequency at 250MHz
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Figure 53 Lock process when the operating frequency at SOOMHz
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CHAPTER 5

IMPLEMENTATION OF ALL-DIGITAL
FAST-LOCK SELF-CALIBRATED
MULTIPHASE DLL

In this chapter, a 333MHz-1GHz all-digital multiphase delay-locked loop with
precise multi-phase output has been designed with UMC 90nm CMOS technology
model. A proposed UBS controller is used to match up a linear approximate delay
element (LADE). The LADE propesty of linearity and insensitive to PVT variations is
good for digitally-controlled delay element. The lock-in time could be reduced down
to 14 reference clock cycles, and ‘enhance the operation range based on LADE/UBS
controller co-operate effort. The timing-ewror-caused by process mismatch is further
reduced by proposed RSC algorithm. A calibration unit is designed based on RSC
algorithm, which reduces the maximum timing error to less than 4.5ps when DLL is
operating at S00MHz. The entire calibration unit could be turned off after calibration
procedure is complete to reduce power consumption. The total power dissipation of
the all-digital self-calibrated multiphase delay-locked loop is 2.16mW at 1GHz with a
1V power supply.

5.1 INTRODUCTION

Multi-phase delay-locked loop is a key component of various modern
applications; these include dynamic frequency scaling, time-interleaved [2], and high
frequency applications [18]. Traditionally, several identical delay stages are used to
achieve multiphase generation in delay-locked loop. The identical delay stage is no
longer “identical” after fabrication, not to mention temperature and supply voltage

variations. On the other hand, analog DLL became not only difficult to design because
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of process variation, but also easily interfered by noisy environment in mixed-signal
SoC system. Therefore, a highly accurate multiphase output is required, calibration
mechanism is essential for modern multiphase delay-lock loop. An all-digital

multiphase delay-locked loop with rapid self-calibration ability is proposed.

An all-digital self-calibrated multiphase DLL. (ADSCM-DLL) is proposed with
rapid self-calibration ability. The unbalance binary search algorithm could accelerate
the locking procedure and provide a wider locking range by setting an unbalanced
control word. After the DLL is locked, self-calibration algorithm is initiated to
compensate the phase error by adjusting the delay time of each delay stage. This

could help the system to provide PVT variation immunity.

An overview of the proposed ADSCM-DLL is introduced in Section 5.1. Section
5.2 presents the circuit implementation to fulfill the intention of the proposed RSC
algorithms which is presented in Section 3.4 and the proposed UBS algorithm which
is presented in Section 4.3. The simulation results of ADSCM-DLL which is
implemented in TSMC 130nm CMOS technology model and UMC 90nm CMOS
technology model are shown in-Section 5.3: Emally, conclusions are given in Section

54.
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5.1 SYSTEM ARCHITECTURE
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Figure 54 The proposed ADSCM-DLL architecture.

The proposed all-digital self-calibrated multiphase DLL, shown in Figure 1,
consists of four major blocks; they are digitally controlled delay line (DCDL), phase
detector (PD), lock-in unit, and calibration-unit. There are K identical delay stages in
the DCDL. All the delay stages are controlled by C[M:0] and Bi[N:0]. C[M:0] is
generated by lock-in unit using the unbalance binary search algorithm. Meanwhile, Bi
[N:0] is given by self-calibration unit, and it would carefully adjust the phase
difference between every output signal after the DLL is locked. Pi stands for

multiphase DLL output of ith delay stage. 61 symbolizes the phase difference

between ith and (i-1)th stage of delay stage.

The lock-in sequence begins with comparing the phase difference between
reference clock and Pk. With calibration unit disabled, the lock-in unit would adjust
the control word C[M:0] based on unbalance binary search algorithm (Section 4.3).
The total delay time of DCDL would be equal to one clock cycle of reference clock
after binary search is completed. When (1) is satisfied, the LOCKED signal would be
inserted. The calibration unit will perform output phase self-calibration by changing

the control word Bi[N:0], where as C[M:0] is fixed.

The operation of calibration unit is based on the proposed RSC algorithm as we
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mentioned in Section 3.4. The calibration unit first considers about three signals; they
are reference clock, P1, and P2. The digitally relative phase detector [7] is used to
adjust 01 to (01+62)/2 by changing the calibration control word, where 0i means the
phase difference between Pi and Pi-1. Similarly, the calibration unit would consider
about the next three signals; they are P1, P2, and P3. It will adjust 62 to (62+63)/2 by
changing the calibration control word. Unlike [7], the modified 61 does not affect 62.
This allows sequential adjustment in the same reference cycle. Finally, the adjustment
of Ok is based on Pk and reference clock by the main loop, which guarantees the
whole DLL remains locked. The control word C[M:0] remains unchanged during the
calibration process to ensure successful RSC operation. As the result, the final output

difference of each delay stage is one fifth of the period of reference clock.

5.2 CIRCUIT DESCRIPTION

5.2.1 Phase Detector

Low-jitter DLLs use commeonly the'lineatphase-detector (PD) or phase frequency
detector (PFD) for the phase acquisition. However, when the clocking rate increases,
the linear PD or PFD will limit the operating frequency of the DLL. Adding the
dividers in front of the PD may mitigate this problem, however, the unequal delay time

between the dividers will generate a significant static phase offset at the locked state.

[7]
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Figure 55 (a) The block diagram of phase detector (b) TSPC
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The phase resolution is a key design parameter of the PD. The PD that consisted
with two D_Flip_Flop(DFF) and some logic circuits[7] as shown in figure 55 (a) can
achieve high resolution for the conventional all-digital DLL application. The PD
examines whether reference clock leads output clock and generates output signals to
drive next stage. When the reference clock and output clock are very close, the
meta-stability of the DFF will lead the PD to output lock signals. In order to gain
higher resolution the True Single-Phase Clocked (TSPC) based DFF is adopted [24]
(Figure 55 (b)). Unfortunately, the floating output signals of the TSPC based PD cause
a very long rise time (or fall time), that may make a violation for the next stage and
not suitable for the high speed application. As figure 56 shows, when the reference
clock leads the output clock around 4ps and operates at 2GHz. The output signal of
PD, Lead, should down to zero. However, a long fall time makes a violation on the

output node, lock.

Ref |.420 PS™I%- frer =2GHz
S S
Out | -36.8 :'
Clock | mW |

426.9 I Long fall time
om0 L

547.7
W Undable—

Figure 56 The operation of convention PD.

The proposed PD is based on the PD in [25] to take its advantages of high phase
resolution. In order to avoid a long rise time (or fall time), a feedback circuit is added
in the output of the TSPC based DFF as shown in Fig. 3(b). Therefore, the floating
node can be eliminated. Figure 55 shows the simulation result for the proposed PD.

Comparison with previous PD, the unstable state is vanished.
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Figure 58 The operation of proposed PD.

5.2.2 LINEARLY APPROXIMANT DELAY ELEMENT

In order to gain higher PVT variation immunity, a current-starved-based digitally
controlled delay element (DCDE) with strictly monotonic property has been proposed

[8]. From [8], the empirical equation given as

¢ Al
A
(A - As)

Where, A1, A2 and A3 are constants. Current Ix dominates the delay time td. The

S.D

empirical equation shows that the delay time is proportional to square root of current Ix.
This property results in non-uniform delay increment when the control word vector
value varies in large delay range. Therefore, delay time resolution is reduced when the

current-starved-based DCDE operates in wide frequency range.
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Figure 59 LADE

A novel linear-approximated delay element (LADE) is proposed to achieve an
equal delay time increment property. The schematic view of LADE is shown in Figure
59. Each basic block is composed of three pMOS transistor, e.g. basic block 0O is
composed of MO, M1, and M2. All blocks are controlled by the same control vector.
Each basic block, however, has different transistor size to provide different
current-driving strength. M15-M17:0perate as switches to link each basic block to node
x. This will accumulate all the current flowed from each basic block. Thus, the delay
time is decided by the amount of Ix. The design procedure of LADE is shown as

follows:

I.  The maximum delay time 1s decided by (W/L) ratio of MS5. Then, adjusting
the (W/L) ratio of M0-M3 for a proper delay increment.

II. The transistors size of basic block 1 and 2 are identical (sO=1), which means

two times of the original current will be provided to Ix when M3 is ON.

II. Instead of setting the size of M4 to 2X of M3, 3X is needed to fit the linear

increment principle because there is one more basic block as current source.

IV. Finally, the size of basic block 2 and 3 are set to 2X (s1=2) and 4X (s2=4) of
basic block 0.

Ix can be expressed as (5.2) where I5 decides the maximum delay time that can be
achieved by a LADE. In the previously discussed design procedure, 10 = (1/2)*I1 =
(1/4)*12 = (1/8)*I3 = (1/24)*14 and 1 = sO = (1/2)*s1 = (1/4)*s2. The value Ix is

decided by linear programming.
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I.=1.+1,-a+1,-b+((s,+s,-b)-a+s,-b+1)(I,-c+I,-d+I,-¢)
(5.2)

5.2.3 DIGITALLY CONTROLLED DELAY LINE

The Digitally Controlled Delay Line (DCDL) in the proposed architecture is
composed of five stages of LADE. Each DCDL stage has two LADEs, which is shown
in Figure 60. The Lock-in LADE is controlled by the lock-in unit to perform coarse
tuning stage. The Calibration LADE is controlled by the Calibration unit to perform

fine tuning stage and guarantees the phase difference of each adjacent output is equal to
TREF/S.

Calibration LADE  F- Lock-in LADE F2 F3 F4 F5

B1[3 0 B2[3 0 E3[30) ggja g | E4I30. B5[3 Q]

Figure 60 The architecture of proposed DCDL.

Five-phase output is supported by the proposed DLL. The characteristic curve of
the five-stage DCDL is shown in Figure 61. The linearity of proposed LADE is much
better than the current-starved-based delay element [8]. The average delay time step is
65ps.
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Figure 61 Dealt of DCDL v.s. input vector
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5.2.4 Lock-in unit

The architecture of lock-in unit is based on the UBS algorithm as we mentioned in

Section 4.3. Figure 62 shows the 5-bit lock-unit which composed of the step controller

and binary controller. By considering the characteristic of the DCDL, the skip steps of

the lock-in unit only can achieve one. Therefore, the total cycles needed to complete a

DLL lock based on the unbalance binary search algorithm are no more than 14 (7x2)

reference cycles.
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Figure 62 5-bit lock-in unit

Figure 63(a) shows the simulation result of the lock-in unit when the operating

frequency is 333MHz. Assume the provided minimum delay of the delay line is 0.9ns

and the Tref is larger twice of Tpcpr, min, therefore the lock time is 14 reference cycles.

Similarly, the figure 63(b) shows the simulation result of the operating frequency is

1GHz, and the time is 12 reference cycles.
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Figure 63 The operation of proposed lock-in unit
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Figure 64 The block diagram of the calibration unit.

The calibration unit starts to function when LOCKED signal is inserted, which
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compensates the phase difference mismatch caused by process variation. The
schematic view of the proposed calibration unit is shown in Figure 64. It includes five
up/down counters to control every single control word Bi[3:0] in ith delay stage. The
lock detect unit (LDU) detects the lock state and generate a FINISH signal to disable
the calibration unit. A conventional phase detector and four digitally relative phase
detector (DRPD) [7] are also adopted to determine the relationship between several
phase differences of input signals. The calibration unit continues to correct the phase
mismatch until the relative phase error is smaller than the quantization error of DRPD.
At this moment, LOCK;i signal is pulled up, and the ith control word Bi[3:0] value
would be decided.

In our proposed circuit, self-calibration could continuingly adjust all five control
words Bi[3:0] by updating the value of counters in the same reference cycle. Updated
activity should be stable before the next positive edge of first reference signal. This
requirement is achieved by using the far separated multiphase output as the trigger
clock. No additional timing control.cireuit is needed. When all LOCKi signals are low,
it represents the relative phase error in 'each delay stage is smaller than quantization
error. FINISH signal would be-inserted to disable up/down counter and DRPDs. The
control word Bif3:0] would be“fixed; The-calibration unit would re-active when the
relative phase error in some stage is-bigger than quantization error of DRPD. This

phase maintenance activity happens real-time and continuing.

In next section, we will describe the sub-circuits of proposed calibration unit in

detail.

5.2.5.1 Digital Relative Phase Detector

In [3] the relative phase comparison method was proposed. Base on the method,
the DRPD compares the relative phase error among the selected signals. The
operation principle of DRPD is similar to [3] as shown in Figure 65. Since the
proposed calibration circuit performs the phase comparison in the digital domain, the
quantization error, (e, is unavoidable. Pe(i) represents the phase error among (i-1)th,
ith, and (i+1)th clock output. When the Pe(i) is out of the quantization error range, the

DPRD generates the output an “up” or “down” signal to increase or decrease the delay
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time of delay element i, respectively. If the Pe(i) is within the quantization error range,

it will generate lock signal and not change the phase delay.

P'T —?|Digital reI21’(iveaj>tpm:|:Ji_T \
: »Phase detectof | .
Pie— o Pe()eTT
Conditi
oncl ion |Output P, fT_Y'T T \
pe(i) > +Qe| up L e
pe(i) <-ge | down — I
pe(i)I< +qe| Lock Pi+ |
H—guantization erref———

range

Figure 65 Operation of DRPD [3]

Figure 66 (a) shows the circuit design of DRPD which is composed of three
proposed wide range interpolators, two DFFs and some logic circuits. The DRPD
performs the relative phase compatison with using interpolators in the digital domain.
Figure 66(b) shows the timing diagram of DRPD. The Sel signal is applied to
interpolator for generate output signals with precisely weight factor of 50%. The
homo-interpolating signal i22 i§ generatedby-P2 and itself. The hetero-interpolating
signal i/3 is generated by P/ and P2. If the homo signal i/3 leads hetero signal i22,
i.e. the P2 is under 50% of signal P/ and P3. It will cause the output signal, UP, goes
to high and update UP/DN counter to increase the delay time. When the i/3 is very
close to i22, the unstable state may be occurred in the DFF and output wrong signals
to UP/DN counter. In order to resolve this problem, an XOR gate is added to output a
lock signal [7]. When the phase error is within the quantization error range, the signal
lock will go high and freeze the state of the UP/DN counter. It ensures that the UP/DN
counter will not be affected by the wrong updating signal from the PD. The simulation

result shows the undetectable quantization error is around 7ps.
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5.2.5.2 Interpolator

Since the interpolator is used .tosgenerate precise interpolation ration, a
short-circuit-current-suppression (SCCS), interpolator was proposed in [28]. By
adding pre-charge circuit and some logic gates, it resolves the short-circuit-current
between ground and supply voltage that’causes the tonventional digital interpolator

can not output precise interpolation ratio.

The interpolation ration and the operation ranges of the interpolator can be
calculated with simple equations [28]. The delay time of a homo-interpolator and a

hetero-interpolator are express as the following:

Toone =C o V! 21 (5.3)
Thtero = Tais H(C i, Vi - 1T ) /21
=T, ot T/ 2 5.4)

where Tgirr 1s the time difference of two different phase signals. The Vy, is the
threshold voltage for inverting next gate. Cy, is the capacitance for charging the next

gate to Vy,. I represents the current of the one of a parallel gate.

However, the operation range of the hetero-interpolator with precise

interpolation ration is restricted by equation (5.5).
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0<(C,V, -IT, )/ 2I<T, (5.5)

Ver

where Tover is the overlap period of two different phase signals. When the
operating frequency is increased K times, it means Tover and Tdiff are also increase K
times. However, the Cth is still fixed. Therefore, it may cause an imprecise
interpolation ratio for the interpolator. The proposed wide-range interpolator is similar
o [33] [34] and solves this problem by adding digitally controlled capacitors to
extend the operation range. The digital control signals (S0, S1) are generated from the

lock-in unit. Figure 67 shows the block diagram of the proposed wide-range

outl —Dom F
Out3 P S > In2b — R - Out

o |

X1 X2

interpolator.

N

Figure 67.The proposed interpolator

5.2.5.3 Lock Detect Unit

When all the DRPD assert the LOCK:i signals, the relative phase error among all
the output signals will be smaller than the quantization error. Thus, the calibration
procedure is finished. Although the UP/DN counters will be freeze by the LOCK_i
signal, the operation of interpolator is still working. Thus the additional power

dissipation is consumed.

Figure 68 shows the architecture of the lock detect unit (LDU) which is
composed of two D_flip-flips and some logic gates. Once the signal LOCKED that
form lock-in unit goes to high, the calibration enable signal, FINISH, will go high and
start the calibration unit. When all the LOCK_i signal is asserted for two clock cycle,

the LDU will active to disable all the calibrated circuit (including interpolator, phase
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detector, up/down counter) to reduce power and the noise.
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Figure 68 The lock detect unit

Figure 69 shows the simulation result for the proposed self-calibrated multiphase
DLL with/without the LDU. The simulation results base on the UMC 90 CMOS
technology and the operating frequency is 800MHz. When the proposed DLL is into
the calibration stage, because of the operation of the interpolator and updating for the
calibration unit result in the power consumption is increased. If the LDU is not
applied to the calibration unit, even though there are no updating signals for the
calibration unit, the power consumptidh 1S étill” hjgh. Therefore, the LDU is needed.
Comparison with the DLL without LDU, %tl‘l‘erDLI_:, with LDU can save around 30%

power consumption after the calibration is finished.

= Without LDU
1 | == with LDU

30%

NN
NA ™ @ o

Power consumption (mW)

MR ™ @ o

o o o o o~ s

o
o

Lock-ir Calibratior After
stage stage Calibratior

Figure 69 The power comparison of with/without LDU.

5.3 DESIGN IMPLEMENTATION

An all-digital self-calibrated multiphase DLL (ADSCM-DLL) is implemented in
UMC 90 nm standard CMOS technology with 1V supply voltage. The major feature
is the multiple outputs with precise phase. Therefore, it is important to make sure the
loading seeming from each output node is the same through the layout consideration.
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Besides, the delay from the reference signal and the final output of DCDL should be
maintained to the same to ensure the correct locking detection. The proposed
ADSCM-DLL can work correctly within +/- 10% voltage variation, 0°C to 100°C, and
all the process corners. The output loading of the test chip is 0.5pF, which is the
capacitance of the output pad. Therefore, output buffers are inserted to drive this large
loading. The layout view of the ADSCM-DLL and the test chip are shown in Figure
70 and Figure 71, respectively.

Nelew v

HHiH]

SIS HE IR s

329 um

Figure 71 Layout view of the test chip
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5.4 SIMULATION RESULT

The proposed all-digital self-calibrated multiphase DLL is simulated in UMC 90
nm standard CMOS technology. A. The operation frequency range is 300MHz —
1.08GHz. The locking procedure takes 12 and 14 reference clock cycles for over
480MHz and below 480MHz, respectively. The proposed delay-locked loop provides
8-bit resolution, and the LSB resolution is 4ps. The total power consumption is

1.1mW at 300MHz, and 2.16mW at 1.08 GHz.

The process mismatch is provided by capacitance added within delay element.
Figure 73 shows the waveform for the lock-in stage when the operating frequency is
500MHz. The signal RN and RNI reset the system, after that the lock-in unit base on
the signal LEAD that is generated from PD to change the control word, C[4:0], and
traces the reference clock. The total locking cycles is 14 reference cycles and the

signal LOCKED pulls up to start the calibration stage.

2 o Y TP R T TN S T SSTIOR R
P
Ref || o NIVUIMAVLIANAIAN AT AAATANARAN LA
Rr1 1mVU :
RN 1 oo |
P5 Jﬂmmmﬂmm@mmmmmwmwmmw
LEAD|| = R W o
LOCKED| = |
4] ERCoan

Figure 72 The operation of lock-in stage.

When the DLL is into the calibration stage, the calibration loops will adjust the
relative phase error of output signals. The total calibration cycles is unpredictable, but
in this case is 15 reference cycles. Figure 74 shows the waveform for the calibration

stage.
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Figure 73 The operation of calibration stage

When the DLL operates at 500MHz, a maximum 20.9ps (or 3.76°=20.9/2000
*360) phase error is occurred in one delay stage After rapid self-calibration algorithm
is applied, the maximum phase error could be reduced to 4.5ps (or 0.81°=4.5/2000
*360). The phase error of each delay stalgeas shown in Figure 75(a). A comparison
with TSMC 1.2V 130nm COMS technology model is “also shown in Figure 75(b). The
total simulation result of chip 1mplen1entatlon summary and a comparison result under

the UMC 90nm CMOS technology are shown 1n Table 3.

(2]

Before Calibration@50CMHz
—)

After Calibration@50CMHz

Phase | Delay | Delay | Delay | Delay | Delay
errpr | Cell 1 [ Cell2 | Cell3 | Cell4 | Cell 5
Before | -7.7ps | 8.5ps | 6.4ps | 20.9ps | 13.7ps
Ref-P2 3 After |-2.6ps | -0.4ps | -4.5ps | -3.1ps | 1.9ps

Ref-P3  Ref-P4

Phase Error (ps)

(a)
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2
Before Calibration@500MHz
—)

After Calibration@500MHz

Ref-P1  Ref-P2

Phase Error (ps)

Phase | Delay | Delay | Delay | Delay | Delay
errpr | Cell1 | Cell2 | Cell 2 | Cell4 | Cell £
Before| 15ps 2ps | -25ps | -12ps | -29ps
30 After | 8ps Sps -4ps 2ps 10ps

(b)

Figure 74 The phase error of each delay stage (a) 90nm (b) 130nm

Table 3 Summary of the ADSCM-DLL

All-Digital Selt-Calibrated Multiphase Delay-Locked Loop

Process UNC 90nm TSMC 130nm
Supply voltage 1V 1.2V
Operating frequency 300MHz-1.08GHz 333MHz- 1GHz
Effective sampling rate 1.5GHz- 5.4GHz 1.67GHz - 5GHz
Locking time 14 reference cycle
. (@300MHz 13.4ps 20.3ps
Jitter (P-F) > TG 7.8ps 10.2ps
Before calibration 0 e 0
Max. phase emor 3.76%(@500MHz 5.2 (@>500MHz
After calibration a e
i fiie tige 0.81°@S00MHz  1.8°@S00MHz
e Core 2. 16mW 5.2mW
G @IGHZ it Buffer 36.5mW N/A
il Core 1. lmW 2. 7TmW
@300z h Bufter  18.5mW N/A
Area 0.35X0.33mm" N/A

The performance comparisons among previous works and this wok are given in
Table 4. Due to the finite digital quantization error, the calibrated phase error is larger
than analog approach. However, this work proposed all-digital self-calibration
architecture allows cost-effective integration with other circuits or portable with

process.
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Table 4 Comparison among previous works

facgi JSSC 01 | ISSCC' 01 | ESSCC'02 | ISSCC'O8 | ISSCC'03 | JSSC'06 Thi
ki [25] [2] [3] [42] [27] [7] wor

Process 0.35um 0.25um 0.18um 0.09um 0.35um | 0.18um 0.09um
Supply 3V 2.5V 2V N/A 3.3V 1.8V v
voltage

Operating 1.7-1.9 10-300 4-6 2-10 130-1635 0.7-2 0.3-1.08
frequency GHz MHz GHz GHz MHz GHz GHz
Output phases 4 8 4 5 10 5 5
Peak to Peak N/A 16.7ps N/A 2.04ps 26.4ps 18.9ps 7.8ps
jitter @250MHz @0GHz | @150MHz | @2GHz @Gz
DLL method Analog | Analog | Analog Analog Analog | Analog Digital
Calibration method| Analog Analog Analog Analog Analog Digital Digital
Before calibration | 25 Fge ’ 14.1° 22.8° 7.34° 3.76°
Max. phase error | @1.8GHz | @125MHz e @9.5G1z | @150MHz | @I1GHe @300MIlz
After calibration 0.2° 0.32" 28 48" 6.1° 1.26" 0.81"
Max. phase error | @1.8GHz | @I125MHz | @5GHz @9.5GHz | @150MHz | @1GHz @S00MHz
actyedreaol | geie Sl KA 0.12mm? -0 ~0 0.52mm’ | 0.038mm?
Calibration unit

RIS I BA Ok 048mm? | L.6mm? | 45mm? | 0.03mm?| 2.25mm? | 1.03mm? | 0.116mm?

whole chip
Power 60mwW BOmW 2.7mW 15mW 18mW 81mW 30.5mW
=
-
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CHAPTER 6
CONCLUSION AND FUTURE WORK

6.1 CONCLUSION

A novel 300MHz-1.08 GHz all-digital self-calibrated multiphase delay-locked
loop is proposed. An unbalance binary search algorithm extends the delay element
operating frequency range by setting different initial delay time of delay line. Linear
approximate delay element is implemented to harmonize with the modified binary
search algorithm. The linear delay time fincrement is achieved, and solves the false
lock problem. Meanwhile, the locking range-issextended to entire delay line. Less than
14 reference clock cycles is=needed for the locking procedure. A novel rapid
self-calibration algorithm is also presented to overcome the delay element timing
error caused by process variation. The calibration.unit provides the maximum phase
error to less than 4.5ps (0.81 degrees), which makes precise multiphase output with
good PVT variation immunity possible. The proposed all-digital self-calibrated

multiphase delay-locked loop is suitable for multi-core SoC applications.

6.2 FUTURE WORK

In the recent year, low power is more and more important issue in circuit design,
especially for the portable devices which require ultra-low power consumption.
Lowing supply voltage is a key focus in digital integrated circuit design [37].Previous
research demonstrates the functionality of logic circuits at 200mV using low threshold
devices [38]. Furthermore, multiple independent clocks are in great demand for power
management unit the multi-core systems [39]. Hence, in our future work, we look for
a low power and multiple clock outputs with dynamic frequency scaling ability DLL

based clock generated. We can take advantage of the multi-Vt CMOS (MTCMOS)
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technique to increase the reliability while operating at low supply voltage such as

300mV. Beside, it also obtains low leakage and high speed at the same time.
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Figure 75 ADSCM-DLL based dual clock'output generator

Figure 75 shows the idea<of 300mV-ADSCM-DLL based dual clock output
generator. It includes an ADSCM-DLL,; Current-Mirror-based Phase Blender (CMPB),
and edge combiner (EC) [31]. The ADSCM-DLL reduces the mismatch effect and
PVT variation, and then generates precise penta-phase outputs for the CMPB. It not
only generates octal-phase signal from self-calibrated penta-phase signal, but also
provides sufficient driving strength for EC. Each EC has independent
programmability to choose desired frequency and phase by the control word Si[C:0].
As this arrangement, the power-efficient multiphase dual clock output generator is

suitable for autonomous long lifetime portable devices.
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