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Abstract

Due to the unbalanced rise time and fall time of the clock tree buffers, the
duty-cycle of the on-chip clock may be distorted when it is distributed through the
clock buffers to every module. However, for high speed data communication
applications, such as double data rate synchronous dynamic random access memory
(DDR SDRAM) and double sampling analog-to-digital converter (ADC), it requires
to sample the input data via the positive and negative edges of the reference clock.
Duty-cycle error causes malfunction in these applications. For the sake of this
requirement, a duty-cycle corrector (DCC) is employed in the system-on-a-chip (SoC)

to correct the distorted clock.

\
A \

<
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With the growing recognition of"'énergy sabings designing low-power electronic

devices is demanded. Acco}dlng to the—dynamlc power dissipation equation,

= CV?2f, if we reduce the supply voltage to dne half of the nominal voltage, it
can reduce 75% of power dISSIpa'iIOHS Howevev the operating voltage near to the
threshold voltage makes transistors charging and discharging slower. Hence, the
intrinsic delay of logic gates becomes longer and directly affects the overall chip
performance.

Hence, an all-digital duty-cycle corrector (ADDCC) with dual supply voltage
mode and unbalanced process variation tolerance is presented in this thesis. The
proposed ADDCC is implemented in TSMC 90nm CMOS process with standard cells.
The proposed ADDCC has following characteristics: fast lock-in time, low area cost,
low power consumption and high precision in duty-cycle correcting. Therefore, it is

very suitable for low-power applications.

Index Terms — All-Digital Duty-Cycle Corrector, Delay-Recycled Half-Cycle Delay
-1 -



Line, Time-to-Digital Converter, Unbalanced Process Variations Tolerance.
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Chapter 1 Introduction

1.1 Introduction to Duty-Cycle Corrector

High speed data communication applications, such as double data rate (DDR)
memories and double sampling analog-to-digital converters (ADCs) require sampling
the input data via the positive and negative edges of the reference clock. However, the
duty-cycle error of the on-chip clock may be distorted as high as +/- 20% when clock

signals are distributed to other module blocks through clock buffers [1].

PLL output clock !,.-/HDJ,i\s“te(ted clock Corrected clock
R [ Module
PLL DCC D Block

—— N 3
Clock TreeBuffers”

Figure 1.1 Duty-Cycle Distortion Phenomenon

Figure 1.1 shows the phenomenon when PLL’s output clock passes through the
clock buffers. The duty-cycle will be distorted due to the unbalanced rise time and fall
time delay of the clock tree buffers. Figure 1.2 illustrates the simulation of buffer
chains with unbalanced rise time and fall time delay in 90nm CMOS process. With
more clock buffer buffers, the duty-cycle of the output clock becomes worse. Based
on the simulation, the non-CLK type buffer (BUFX2) has larger duty-cycle distortion
with process, voltage, and temperature (PVT) variations than that of the CLK type

buffer (CLKBUFX2).
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Figure 1.2 Duty-Cycle Distortion with (a) 7 (b) 20 buffers at 1.0V

Duty-cycle error causes unbalanced calculating time for sequential circuits.
Accordingly, a clock with a 50% duty-cycle is demanded in many applications. For
the sake of this requirement, a duty-cycle corrector (DCC) is employed in the

system-on-a-chip (SoC) to correct the /d"i_?t\orted clock signal with PVT variations.
<
Further, the corrected clock si'g_n_al'sﬁop-ld_}_bq bh‘a«sg_ aligned with the input clock to

e

avoid inserting an additional clockskewlfy{he DCC/
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1.2 Prior Duty-Cycle Correctors

In recent years, many DCCs have been proposed and can be classified into two

categories: analog DCCs [2] and digital DCCs [3]-[15].

1.2.1 Conventional PWCL-based Analog DCC

Analog DCCs usually use a pulse-width control loop (PWCL) [2] to correct the
input clock. Figure 1.3 shows the block diagram of the PWCL-based analog DCC.
The analog DCC corrects input clock by continuously adjusting the feedback voltage
(\Vctrl) of the control stage. Then, the PWCL-based DCC takes relatively long locking
time and needs several large on-chip capac:ltors for filtering control voltage. It often
occupies a relatively large Chlp area a/noh has relatlvely high power consumption.
Further, the PWCL-based DCC has aserlous charge pump mismatch problem at

| \

unbalanced process corners (i. e‘ SF orTS) In addltlon the MOS device leakage
problem in advanced CMOS procéss aIso causes rlpples on the control voltage and
affects the stability of the output clock. In addition, the output clock is not phase
aligned with the input clock in the PWCL-based DCC. As a result, all-digital DCCs

have been proposed to overcome these drawbacks.

val T CLK_OUT _
R Buffer-Chains-—|. ClT
- CP Jo+
CLK_IN =
Cc3
CP - L
= o -
COPth'I"'St'age' rrrrrrrrrrrrrrrrrr ngOsCillaGf - CP Charge Pump

Figure 1.3 The conventional PWCL-based Analog DCC
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1.2.2 Synchronous Mirror Delay Based DCC

The synchronous mirror delay (SMD)-based all-digital duty cycle corrector
(ADDCC) [4] uses a half-cycle delay line (HCDL) to generate a 50% duty-cycle
clock as illustrated in Figure 1.4. The SMD-based ADDCC generates a short pulse (A)
to measure the period of the input clock. At the next input clock cycle, the new pulse
selects the propagated pulse and outputs to the mirror delay line through the AND
gate. The mirror delay line will generate a new pulse (B) which delays the input clock
by half of the input clock (CLK_IN) period. Meanwhile, the MDL circuit generates C
to compensate for the intrinsic delay of the HCDL. Subsequently, the system sends B

and C to a Set-Reset (SR) latch and produpT§ a 50% duty-cycle clock.

N

/J l 2

CLK IN T CLK OUT
—— 3] pc MOL S QfF——>
> \‘\}\
HCDL —ﬁ» R
)
( HEDE \

Al\\/leasurement Dela[ Line (MeaDL)

Mirror Delay Line (MirDL)

B e e e e =)

Figure 1.4 The Synchronous Mirror Delay Based DCC



However, when the short pulse propagates through the delay line, as illustrated in
Figure 1.2, the pulse width is easily affected by the delay line at unbalanced process
corners. Therefore, once the pulse width is large enough to turn on two or more AND

gates, the duty-cycle error becomes larger than expectation.




1.2.3 Time-to-Digital Converter Based DCC

The time-to-digital converter (TDC) is widely used in ADDCCs [5]-[9] to reduce
the lock-in time. Figure 1.5 shows the block diagram of the TDC. In the beginning,
the Multi-Phase Generator generates multi-phase clock signals from the input clock
(CLK_IN). At the next positive input clock edge, the DFFs capture the multi-phase
clock signals. Then, the TDC encoder converts the sampled multi-phase clock signals
into digital codes (CLK_Period [N-1:0]). It merely takes two input clock cycles to
obtain the clock period information. Therefore, TDC reduces the locking time as

compared to the DCC [11] with successive approximation register controlled (SAR)

] N

S

or the pulse shrinking/stretching approach, 512]-[15].
‘ A

CLK_Period[N-1:0] <€—— v ~—TDC E’hcoder
A v . W A J

CLK_IN 1 1

—D  QFH D  QF —D QF|HAD Q

DFF DFF [ o ¢ o o DFF DFF

S > > >
—_—_— - | e | —— = ] Y
L Lo>—e—]o> o> o> . —e—{o>—1 |
! |

Multi-Phase Generator D : Delay Unit

Figure 1.5 The Block Diagram of TDC

However, the TDC costs an extra chip area [5], [6], and it also has a delay
mismatch problem in these ADDCCs. Hence, the ADDCCs [7]-[9] integrate the TDC
into the delay line, and thus, the chip area can be further reduced. However, since the

delay unit restricts the duty-cycle correction resolution, the duty-cycle error of the
-6-



output clock depends on the TDC resolution. Besides, the delay line length of the
TDCs should be enough for quantizing the input clock period. It is difficult to design
a wide range TDC with a high resolution, and thus, either the operating frequency
range of these ADDCCs [5], [7] is very limited or the power consumption is very

large [5], [6].



1.2.4

Delay-Recycled DCC

Figure 1.6 shows the block and timing diagram of the delay-recycled DCC. The

HCDL offers a half-cycle delay time, /\, and the DCC comprises the feedback clock

(CLK_FB) and the input clock (CLK_IN) to a 50% duty-cycle clock. The

delay-recycled ADDCCs [8]-[10] save the number of delay cells and flip-flops of the

TDC. Therefore, the operating frequency range can be extended and the chip area and

power consumption can be further reduced. However, the duty-cycle error of the

delay-recycled ADDCCs [8], [9] is still restricted by the resolution of the delay line.

Therefore, the ADDCCs [8], [9] without fine-tuning delay cells cannot achieve a

small duty cycle error at high frequency operatlon In addition, the binary-weighted

//1 \\

delay line (BWDL) [9] also has a non~I|nea'r|t§/ problem with on-chip variations.
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Figure 1.6 The Block and Timing Diagram of the Delay-Recycled DCC
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Although the fine-tuning delay cells are added in the ADDCC [10] to achieve a
relatively small duty-cycle error. In [10], the controllable delay range of the
fine-tuning delay cell is not equal to the coarse-tuning resolution with PVT variations.
Hence, it usually needs to overlap 20% to 30% coarse-tuning step in design of the
fine-tuning delay cell to ensure the controllable delay range of the fine-tuning delay
cell is larger than one coarse-tuning resolution with PVT variations. However, this
causes the non-monotonic response problem when the controller switches the
coarse-tuning control code as shown in Figure 1.7. Once the controller switches the
coarse-tuning control code, the ADDCC [10] will have large cycle-to-cycle jitter

during the coarse-tuning control code switching.

NthCD|_ Pz
0, ':; "{.‘:‘ \
wSotcon | oL
A
1) =
£ ~
) , ,
a \ /
N N
>

Delay Line Control Code

Figure 1.7 The Non-monotonic Response Problem during Coarse-tuning Control

Code Switching



1.3 Motivation

With the growing recognition of energy savings, designing low-power electronic
devices is demanded. According to the dynamic power dissipation equation,
= CV?2f, if we reduce the supply voltage to one half of the nominal voltage, it
can reduce 75% of power dissipations. However, the operating voltage near to the
threshold voltage makes transistors charging and discharging slower. Hence, the
intrinsic delay of logic gates becomes longer and directly affects the overall chip
performance.

Moreover, when the chips are in mass production, process variations also affect
the performance. The speed ratio of PMOS and NMOS is symmetric at FF, TT, and
SS corners. However, it is asymmetrlc aE the unbalanced process corners (i.e. SF and
FS and is rarely considered in’ the DCC@eagn) Besrdes the asymmetric speed ratio

[ | )
of PMOS and NMOS may cause malfunctlon int many DCCs. Hence, we need to

design a DCC that works correctly under aII process corners with low-voltage and

nominal voltage power supply.

-10 -



1.4 Design Challenges with Dynamic

Voltage and Frequency Scaling

When the supply voltage is reduced and close to the threshold voltage, we may
face some design challenges. For example, the duty-cycle distortion in the clock
buffer tree becomes worse than that at nominal supply voltage. Figure 1.8 shows the
duty-cycle after the clock buffer tree can be as high as 90% with 20 non-CLK type
series connected buffers at SS corner. Such worse duty-cycle distortion emphasizes

the importance of employing a DCC in the SoC.

I

7 buffers with 0.5V 20 buffers with 0.5V

o
S

0

b3
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Figure 1.8 Duty-Cycle Distortion with (a) 7 (b) 20 buffers at 0.5V

However, some of the previously discussed DCC architectures are not suitable for
low-voltage applications with unbalanced process variations. For example, the
mismatch problem in the charge pump of the PWCL-based DCC [1] at unbalanced
process corners will directly affect the output duty-cycle error. On the other hand, the
cascaded buffers also contribute an accumulative duty-cycle error in the SMD-based
DCC’s [4] measurement delay line, as shown in Figure 1.9. Once the narrow pulse is

stretched to turn on two or more AND gates, the generated pulses will be two or more
11 -



and thus the output duty-cycle error will be increased (Figure 1.9(a)). In contrast, once
the narrow pulse is stretched to disappear, the SMD-based DCC is in malfunction
(Figure 1.9(b)). Besides, the narrow pulse is easily to be enlarged or reduced at low
supply voltage. Hence, the SMD-based DCC cannot be adopted in low supply voltage

SoC.
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Figure 1.9 The Pulse (a) Stretching/ (b)Shrinking Timing Diagram of the

SMD-based DCC

Although TDC-based DCCs [5]-[9] can achieve fast lock-in time at a low supply
voltage, the output duty-cycle error still depends on the resolution of the delay line.
Thus, the duty-cycle error of these TDC-based DCCs will be worse than the DCCs
with fine-tuning delay cells. Even if the DCC [10] adopts the coarse-fine delay line

architecture, it’s hard to design a fine-tuning delay line that the controllable range can
12 -



cover one coarse resolution at all process corners.

Figure 1.10 shows the block diagram of the dual loop architecture ADDCC [14],
[15]. The DCC and DLL dual loop architecture based ADDCC has high duty-cycle
correcting accuracy and can align the phase of the input and output clock. However, it
takes a long lock-in time. Besides, the accumulative duty-cycle error due to the
digitally controlled delay line (DCDL) directly affects the duty-cycle error of the
output clock (CLK_OUT). Since the DLL loop is used to generate a complementary
duty-cycle signal, the duty-cycle error caused by the delay line of the DLL cannot be
corrected by the DCC loop. As previously discussed, the delay line with a low supply
voltage distorts the pulse width of the input clock much more than that with a nominal

supply voltage. Therefore, this type of ADDCC will result in a huge output duty-cycle
error and is not suitable for low voltgge’"éo‘_(‘:. B

&l e~ 5 “, e

<’ DCDL_CODE

DCCLoop 5 . _ < {DLL Loop
| ]
———————————— G 2 T — —— ———~
: DCC_UP Vs : : DLL_UP :
| = L1 7 —> |
: pep [ ] bec_CTRL 1| o [G]orecTre :
| DCC_DOWN ' : BLL. DOWN |
| | |
| | |

——P DDCC > DCDL LK T

Figure 1.10 The Block Diagram of the Dual Loop Architecture ADDCC [14],

[15]
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1.5 Thesis Organization

The PVT conditions used in the following chapters are listed in Table 1.1. We
have defined the best and worst cases with PVT variations in two categories:
unbalanced process corners and balanced process corners.

The supply voltages and the temperature at unbalanced process corners, such as
TT, SF, and FS are set to 1.0V nominal supply voltage mode, 0.5V low supply voltage
mode, and 25°C in TSMC 90nm process. By setting the same voltage and
temperature condition, we can clearly understand how unbalanced process corners
degrade the system performance. On the other hand, we let balanced corners, such as
FF and SS corner have +10% and -10% \{ol,\tage variation against TT corner. Besides,

the temperature is set to 0 and 75°C ._ljo'f/FF"aﬁb‘».l’SSG corner, respectively.

By oy ==
Ern,, e

o 4 |
Table 1.1 PVT conditions in this thesis

Corner | Nominal Supply Voltage (V) | Low Supply VWoltage (V) | Temperature (C)
T ———
FF 1.1 0.55 0
TT 1.0 0.5 25
SS 0.9 0.45 75
|
SF 1.0 0.5 25
FS 1.0 0.5 25

The rest of the thesis is organized as follows: Chapter 2 depicts the system
architecture, the fast-locking mechanism, the locking procedure, and the design
constraints of the proposed ADDCC. Chapter 3 describes the implementation of each

modules of the proposed ADDCC, and we also discuss their performance. The
-14 -



experimental results are shown in Chapter 4 including the test chip plan, the
simulation results, and the measurement results. Besides, we also offer a comparison
table to compare the proposed ADDCC with prior DCCs. At the end of the thesis, we

make a conclusion and provide future works.
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Chapter 2  Architecture of

All-Digital Duty-Cycle Corrector

2.1 Architecture Overview

Figure 2.1 shows the block diagram of the proposed ADDCC [16]. The ADDCC
is composed of a multiplexer (MUX), a pulse generator (PG), an AND gate, a
half-cycle delay line (HCDL), a phase and frequency detector (PFD) [17], an ADDCC

controller, a TDC encoder, and a D-type flip-flop (DFF).

\\
N

S

A

A

sl i CLK_IN

TDC e code[5:0} ADDCC Yo [

Encoder T d Controller DOWN

f tdc_data[63:0] SR /(:tﬂ;‘COdg[’i:O] Actrl_code[10:5]
7 i !

CDL

A A

tdc_start

Figure 2.1 The Proposed ADDCC [16]

The PG transforms the input clock (CLK_IN) and the feedback clock (CLK_FB
or CLK_OUT) clock into narrow pulses (in_pulse and fb_pulse). The signal tdc_start
selects CLK_FB or CLK_OUT to generate fb_pulse. The AND gate before the “pulse”
signal will be pulled down at zero to avoid unnecessary pulses triggering the DFF
until the reset signal (RESET) is pulled low. Once reset signal (RESET) is pulled
down, the AND gate before the “pulse” signal allows the short pulses propagate

through the digitally controlled HCDL. The ADDCC controller adjusts the delay line
-16 -



control code (ctrl_code [10:0]) by the PFD’s outputs. When ADDCC is locked, the
frequency of the “pulse” and “toggle” signals will be two times of the reference clock
frequency. Finally, the DFF divides the “toggle” signal by two and outputs an exact
50% duty-cycle clock. Consequently, the output clock (CLK_OUT) frequency is the
same as the reference clock.

With the aid of PFD, input and output clock are phase-aligned. Hence, our
ADDCC will not insert an extra clock skew between the input and output clocks.
Besides, in the proposed ADDCC, the required delay time of the HCDL is reduced to
one half of the input clock period. Thus, the chip area and power consumption of the

ADDCC can be reduced as compared to the prior researches [5]-[7].
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2.2 Delay Line Architecture

The proposed TDC-embedded half-cycle delay line (HCDL) is composed of a
6-bit TDC-embedded coarse-tuning delay line (CDL) and a 5-bit fine-tuning delay
line (FDL) [20], as shown in Figure 2.2. The dummy cells are added to balance the
capacitance loading of the NAND gates. The proposed CDL is composed of 63 lattice
delay units (LDU) [21] and embedded with a time-to-digital converter (TDC). The
FDL [20] is composed of two parallel connected tri-state buffer arrays operating as an

interpolator circuit.

CLK_IN

tdc_data[1] I tdc_data[30] tdc_data[31]
|| || ||

tdc_data[o] |
R

b : Dummy Cell

fine[30:0]~»{ FDL

ca_out ch_out

pulse
toggle . . . ...
3] tdc_data[62] tdc_data[32]
D o7/ LD oy D o
CLK_IN—PDFF [ CEK_IN—PDFF| 7 . . . . . . CLK_IN—pDFF
ctrl_code[10:0]x Delay Line Decoder ba-{ coarse[62:0], fine[30:0] }

Figure 2.2 The TDC-Embedded HCDL

The resolution of the CDL is two NAND gates. Thus every two NAND gates

have a DFF for quantizing the period of the input clock and output as tdc_data [63:0].
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2.3 The Locking Procedure

Figure 2.3 shows the overall timing diagram of the proposed ADDCC. After the
ADDCC is reset, the coarse-tuning control code (ctrl_code [10:0]) of the HCDL is set
to the maximum value (i.e. 11°b111 1111 1111) and the tdc_start is pulled high in the
beginning. Subsequently, the narrow pulses propagate through the HCDL. At the next
rising edge of the input clock (CLK_IN), the TDC captures the propagated pulse
signals and stores as tdc_data [63:0]. Then, the TDC encoder will search for the bit
location of the first “1” in tdc_data [63:0] from the most-significant bit to the
least-significant bit. Then, the TDC encoder outputs the initial delay control code

(tdc_code [5:0]) for the ADDCC to achieve fast lock-in time.

A s,
< [

~ WB;N_#;R;(%EARCH X TOCK
RESET___ | | A\ f.BmY |
LOCK l— e
CLK_IN
CLK_OUT
tdc_start
step [4:0]¢ 16
ctrl_code [10:0]< 2047 8 BAXB00XBUBXBIEXB20XBIEXBIAXBIZXBIAXEIRXBI2XBIDBIZXBI3XBIAXE
in_pulse _ﬂ_ﬂ_ﬂ_ﬂ ﬂ_ﬂ_ﬂ_ﬂ_ﬂ
fb_pulse ”
pulse ”_H
toggle ”
tdc_code [5:0] € 0 X 25

Figure 2.3 Overall Timing Diagram of the Proposed ADDCC

After setting the initial control code, the input (CLK_IN) and output (CLK_OUT)
clock still have a small phase error due to the finite TDC resolution. Hence, the
proposed ADDCC increases or decreases the delay line control code (ctrl_code [10:0])

according to the outputs of the PFD. A binary search scheme is adopted in the
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ADDCC controller to accelerate the fine-tuning process. Consequently, the output
clock (CLK_OUT) is phase-aligned with the input clock (CLK_IN) when the
ADDCC is locked. Whenever the PFD’s output is changed from UP to DOWN or vice
versa, the search step (step [4:0]) is divided by 2 until the step is reduced to 1. Once
the step is equal to one, the ADDCC is locked.

Besides, when the proposed ADDCC operates at low frequency, our precise
quantization technique usually makes the rising edges of input clock (CLK_IN) and
output clock (CLK_OUT) nearly phase-aligned after setting the initial control code.
That is, the PFD is unavailable to distinguish which signal is lead or lag in such
conditions. Hence, once the phase error between the input clock (CLK_IN) and output

clock (CLK_OUT) is smaller than the PFD’s dead-zone, the ADDCC is locked as

A5 IS

P N

well.
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2.4  The Fast-Locking Mechanism

Figure 2.4 shows the detail timing diagram of the TDC at low frequency
operation. In Figure 2.4, the period of the input clock (CLK_IN) is larger than the
maximum delay time of the HCDL. Thus, the short pulses propagate through the full
delay line and trigger the DFF, and then it generates the output clock (CLK_QOUT)
rising edge transition before the next rising edge of the input clock (CLK_IN). The
rising edge transition of output clock (CLK_OUT) indicates the period of the input
clock (CLK_IN) is longer than the maximum delay time of the HCDL. The first rising
edge transition of the “toggle” signal triggers the DFF to pull-up the output clock
(CLK_OUT) to logic 1 state. Then, PG generates the feedback pulse (fb_pulse) from
the CLK_OUT. Subsequently, the cqm’biaei_d_\‘\‘b‘ulgg” signal will propagate through the

HCDL and produces the next rﬁﬂiﬁg trahsiiioh 6‘f' thef“’_té'ggle” signal.
Wl 15 T

RESET _] LA

CLK_IN N

= I
CLK_OUT A I U B
L

CLK_FB I

tdc_start | “
ctrl_code [10:0] < 04T

in_pulse ﬂ ‘ i ﬂ ﬂ ﬂ

fb_pulse N bl

pulse h n”_[L_H

toggle 4

tdc_data [0] ﬂ
tdc_data [16] ﬂ‘; ] ]
tdc_data [63] ol D

tdc_code [5:0]¢ 0 X 0

Figure 2.4 Timing Diagram of TDC at Low Frequency Operation
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In Figure 2.4, the first “1” bit location of tdc_data [63:0] from the
most-significant bit to the least-significant bit is 16. However, the logic 1 state of the
CLK_OUT indicates that the pulse signal has already propagated the HCDL once.
Therefore, the period of the input clock (CLK_IN) is quantized as 80 (=16+64)
coarse-tuning delay unit’s delay time. Since the HCDL is to provide a half cycle delay

time by the HCDL, the tdc_code[5:0] outputs by the TDC encoder is 40 (=80/2) in

this example.

RESET _| |

CLK_IN I

CLK_OUT o 4 L LI
L L

CLK_FB — m

tdc_start | i] .
ctrl_code [10:0K P XU X I X
in_pulse n — —_— ﬂﬁ

fb_pulse MLNLE
pulse A8 e I'l

|
I
toggle 4” n
[
|

tdc_data [0] ﬂ\ o] N/
tdc_data [20] A N

tdc_data [63] oi |
tdc_code [5:0]< o) X K0

Figure 2.5 Timing Diagram of TDC at High Frequency Operation

When the period of the input clock (CLK_IN) is smaller than the maximum
delay time of the HCDL, the short pulses require more than one input clock cycle to
pass through the full delay line, as shown in Figure 2.5. Thus, at next rising edge of
the input clock (CLK_IN), the output clock (CLK_OUT) does not have a rising

transition in this case. In Figure 2.5, the first “1” bit location of tdc_data [63:0]
-22 -



from the most-significant bit to the least-significant bit is 20. Therefore, the input
clock (CLK_IN) period can be quantized as 20 coarse-tuning delay unit’s delay time.
In addition, the tdc_code [5:0] should be 10 (=20/2) in this example.

With the TDC, the proposed ADDCC can achieve fast lock-in time within 15

input clock cycles with both 1.0V and 0.5V supply voltage at all process corners.
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2.5 Design Constraints

If the input clock period (CLK_IN) is Ty v, the output clock period
(CLK_OUT) is Terix our the intrinsic delay of the PG is Ty, the intrinsic delay of
the AND gate is Tynp, the delay time of the HCDL is Ty cpr, and the clock-to-q

delay of the DFF is Tprr, EQ. 2.1 must be satisfied when the ADDCC is locked.

Terx ovr = Torkan =2 X (Tpe + Tanp + Tuepr + Tprr)

The total intrinsic delay of the path from input clock (CLK_IN) to the output
clock (CLK_OUT) restricts the maximum operating frequency of the proposed
ADDCC as shown in Eq. 2.2. On the ot/her hand the minimum operating frequency
range can be extended by add‘mg coarse-tunmg stageg in the HCDL as illustrated in
Eq. 2.3. However, the coarse- tunlng stages cannot be extended infinitely. The total bit

number of the control code also restrlcts the hlghest clock rate of the ADDCC

controller. In our design, the CDL is composed of 63 coarse delay units.

Terkn,,, =2* (Trc + Tanp + Tuepr,,, + Iprr)

TorLk iNmew = 2% (Tpe + Tanp +Tucpie. + Torr)

When the PVT variations are considered, the overlapped input frequency range
in all PVT corners is depicted in Eg. 2.4 and Eq. 2.5. The SS corner and FF corner
dominates the maximum and minimum input operating frequency, respectively.

Tork 1N, = 2% (Tpa, ss +Tanp, ss + THCD Ly, ss T IDFF, s5)
TCLK INpaw = 2 % (TPG, rr+Tanp, rr + THCDL,,M, wr T IDFF, FF)

=24 -
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Chapter 3 Circuit Design  and

Implementation of ADDCC

3.1 Pulse Generator

Figure 3.1 depicts the block and timing diagram of the PG. The PG generates
narrow pulses to propagate through the HCDL at every rising transitions of input
clocks (CLK_A and CLK_B). For example, the inverter inverses the CLK_A to
generate signal “a” and then the buffer chain delays signal “a” to signal “b”.
Subsequently, the AND gate compri§eg’"}'¢zl"lKTA and signal “b” into a fixed pulse
width signal (a_pulse). The ORgateI)utputs the}li s‘-ﬁf\);r;t_,‘@ulses (PG_OUT) to the HCDL
from signals “a_pulse” and b_pulée |Eigu_r,'e-'_b,3.1€_,éﬁvlso shows the PG can generate
fixed pulse width pulses when thel,""} dutycycle Qlf\_.‘tﬁe input clock (CLK_A) is greater

than or smaller than 50%.

CLK_A a b
CLK B
CLK_A | <50% CLK_A | > 50%
a | a [
b | [ b [

a_pulse a_pulse

b_pulse

Figure 3.1 The Block and Timing Diagram of PG
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In addition, the PG also restricts the acceptable duty-cycle range of the proposed
ADDCC as shown in Figure 3.2. When the pulse width of the input clock is longer
than the buffer chain delay (Tpys), the PG generates fixed pulses whose pulse width is
equal to the buffer chain delay (Tpyr). On the other hand, when the pulse width of the
input clock is shorter than the buffer chain delay, the PG generates pulses whose pulse
width is equal to the input clock. Hence, once the pulse width is too small and cannot

trigger the DFF, the proposed ADDCC will not work correctly.

CLK_A pulse width > buffer delay CLK_A pulse width < buffer delay

CLA — CLK A [
a | b a ]
apuse [ 7 apuke [

= el &

5

& P

Figure 3.2 PG generates pulses"with the puléé width of the input clock larger and

smaller than the buffer chain delay

-26 -



3.2 Phase and Frequency Detector

To make input clock (CLK_IN) and output clock (CLK OUT) to be
phase-aligned, we use a phase and frequency detector (PFD) [17] rather than a phase
detector (PD) in the proposed ADDCC. Although the sense amplifier based PD [18]
has the tiny dead-zone, the quantization error of the TDC sometimes makes the

ADDCC lock to the harmonic at high frequency operation, as shown in Figure 3.3.

O ) I

CLK_OUT

—E
uP | | . | |
DOWN &i\i’:;;i;.__, I_" ke, — | I

Figure 3.3 The Harmonic Lock Phenomenon
| / \

&L

W]

Hence, to avoid the proposed ADDCC being lock to the harmonic lock state, we
employ a PFD [17] to avoid this problem, as shown in Figure 3.4. The proposed PFD
[17] decreases the number of the DFFs as compared to the conventional bang-bang

PFD [19].
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Figure 3.4 The Phase and Frequency Detector [17]

The rising edges of the input cloek kCLK IN) and output clock (CLK_OUT)

trigger DFFs to generate shorf: hlgh puises (QU and QD) Subsequently, the NAND

gates determine the input clock (CLN IN) Ieads or lags to the feedback clock

(CLK_OUT) by the QU signal and QD S|gnal HoWever the pulse width of OUTU or

OUTD is still too narrow for the ADDCC controller Hence, we use a digital pulse

amplifier (DPA) which composed of six series connected AND gates to enlarge the

pulse width of OUTU and OUTD to generate UP signal and DOWN signal.

The PHASE_CLK is comprised by performing AND operation with UP and

DOWN signals. We also add CLK-type buffers before the PHASE _CLK to increase

the driving strength to the ADDCC controller.
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Table 3.1 illustrates the dead zone of the proposed PFD with PVT variations.
With dual supply voltage mode, PFD can correctly distinguish the phase error

between the input clock (CLK_IN) and output clock (CLK_OUT) at 1.0V and 0.5V.

Table 3.1 The dead-zone of the proposed PFD

Dead-Zone (ps)

PVT 1.0V 0.5V
FF 22 30
TT 36 110
SS 70 300
SF 36 AR 70
FS Ppr ._» 90
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3.3 TDC-embedded HCDL

3.3.1 TDC-Embedded CDL

In the proposed ADDCC architecture, the short pulses, which generated by the
PG, propagate through the HCDL. Thus, in unbalanced process variations (i.e. SF or
FS process corner), the pulse width of the short pulses will be enlarged or shrunk.
Figure 3.5 shows the timing diagram of the conventional multiplexer (MUX)-based
delay line [8] with a 0.5V power supply. The input clock (CLK_IN) is 50% duty-cycle
and we gradually increase the number of the pass through delay cells by increasing
the delay line control code (code [7:0]).‘_,D\ue to the slow charging and discharging
time with a low supply voltage, the co‘ﬁt//ettti\(\)\hal MUX-based delay line [8] seriously
enlarges the pulse width of the' Qutput cleek (CLK OUT) Once the pulse width of the
short pulses is stretched to be kept m the Ioglc 1 state it cannot trigger the DFF, and

the proposed ADDCC will fail in tHI$ S|tuat|on ':1\

CLE_IN ’ ’ [ \ \ \ / / / /

CLE_DUT

code[7:0] [ 0 | 1 | 11 | 111 | 1111 | 1 1111 | 11 1111 | 111 1111 | 1111 1111

Figure 3.5 The MUX-based Delay Line with a low supply voltage

Hence, we adopt the NAND-based delay line architecture [21] in the CDL design
to reduce the pulse width distortion by the delay cells, as shown in Figure 2.2. Each
node of NAND gates has an equal input capacitance loading so that the pulse width of

the short pulse will be less affected when they propagate the delay line. After
-30 -



integrating the TDC into the CDL, the capacitance loading of each NAND gates are
not equal. Nevertheless, Figure 3.6 and Figure 3.7 show that the proposed
TDC-embedded CDL can still provide pulses (toggle) which are able to trigger the
DFF at all PVT corners and dual supply voltage mode. In Figure 3.6 and Figure 3.7,
the input clock for the delay line has 50% duty-cycle. The maximum pulse width
distortion is about +4.8% with a 1.0V power supply. On the other hand, the proposed
TDC-embedded CDL shrinks the pulse width of input pulses with a 0.5V power
supply at FS corner. Hence, pulses should be carefully designed to be wide enough to

trigger the DFF with a 0.5V power supply at FS corner.

TDC-embedded CDL with 1.0V power supply

55.5

54

52.5

Output Duty-Cycle (%)

51

1 6 11 16 21 26 31 36 41 46 51 56 61
Output Clock at N*t Coarse Stage

Figure 3.6 Duty-Cycle Distortion Test of TDC-Embedded CDL with 1.0V power

supply
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TDC-embedded CDL with 0.5V power supply
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Figure 3.7 Duty-Cycle Distortion Test of TDC-Embedded CDL with 0.5V power
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\ /

intrinsic delay time and the resolutiaﬁ of _,the__pré"}f)\q;sed TDC-embedded CDL are three

[ {
L 9 |
DC- CDL are listed in Table 3.2. The

NAND gate delay and two NAND gate delay, respectively. According to Eq. 2.3 in
Section 2.5, the max delay time of the TDC-embedded CDL dominates the minimum

operating frequency of the proposed ADDCC.
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Table 3.2 Properties of The Proposed TDC-Embedded HCDL

1.0V 0.5V
Max Intrinsic Max Intrinsic
Resolution Resolution
PVT | Delay Delay Delay Delay
(ps) (ps)
(ps) (ps) (ps) (ps)

FF 2757 73 43 9055 212 140
TT 3884 103 60 19890 427 309
SS 6103 157 94 49899 1016 776
SF 3986 110 61.5 22650 541 351
FS 3828 95 59 20418 390 318
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3.3.2 FDL

Conventional fine-tuning delay line (FDL) in coarse-fine delay line architecture
needs to overlap 20% to 30% coarse-tuning step in design of the fine-tuning delay cell
to ensure the controllable delay range of the fine-tuning delay cell is always larger
than one coarse-tuning resolution with PVT variations, as discussed in Section 1.2.4.
It not only increases the area cost and power consumption of the chip, but also causes
a large cycle-to-cycle jitter when the coarse-tuning control code is switching.
Therefore, we use a digitally controlled phase interpolator to enhance the resolution of
the delay line and guarantee the controllable delay range of the FDL can cover one
coarse-tuning resolution.

The phase interpolator [22] i.s"'l/f.:(iyn;\ﬁOsed of 8 parallel tri-state inverter
interpolator units. Although |t has monetonlc frequ€ncy response and supply noise
compensation technique inside, |t Is n;)t cell-based and consumes large power. Hence,
we adopt a lower power and cell—based phase mterpolator [20] in the proposed
ADDCC.

Figure 3.8 describes the architecture and the timing diagram of the FDL. The
delay time of FDL is adjusted by the driving strength of two parallel connected
tri-state buffer arrays. The rising edge of the output clock (OUT) will be phase aligned
with CA_OUT when the fine-tuning control code (code [30:0]) is fully opened (i.e.
31°’h7FFF_FFFF). In contrast, the output clock (OUT) will be phase aligned with
CB_OUT. With adjusting the number of turned-on tri-state buffers, the resolution of

the delay line can be enhanced to be 1/31 coarse-tuning step by the FDL. At the same

time, it also reduces the output duty-cycle error.
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Figure 3.8 The FDL [20]

The properties of the FDL are listed in Table 3.3. The large intrinsic delay time

of the FDL restricts the highest operating frequency of the proposed ADDCC at a

0.5V power supply. ]

S

Brrm = —-
Ern,, e

Table 3.3 .\l?_fr'oﬁertieszf,.-'l_,',he‘.‘_P"‘roposed FDL

1.0v 0.5V
PVT Intrinsic Delay (ps) Intrinsic Delay (ps)
FF 83.7 258.66
TT 113.9 488.6
SS 164.9 1077.6
SF 118.8 607.9
FS 109 458.6
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The definition of the differential nonlinearity (DNL) and the integral nonlinearity
are listed in Eq. 3.1 and Eq. 3.2. DNL describes the delay deviation of two adjacent
control codes. A DNL error specification of less than or equal to one least-significant
bit (LSB) guarantees a transfer function with no missing codes. On the other hand,
INL describes the deviation in LSB of an actual transfer function from an ideal

transfer curve.

Tiyn —T; .
l)PJL::-j——il————l-——l,1uhere()<:zl< oV 92
TrLsB-1DEAL
T, — T
INL:M—j, where 0 < j <2V —1

T1.sB—IDEAL

Figure 3.9 shows the DNL of the pr'opLosed FDL with dual supply voltages. The
proposed FDL has a maX|mum DNL of 0 Sal LSB and 1.46 LSB at 1.0V and 0.5V
supply voltage, respectively. Moreover the DNL of the proposed FDL are higher than

-1.0 LSB, and that means the proposed FDL has a monotonlc response.

Figure 3.10 shows the INL of the proposed FDL with dual supply voltages. Even

though the linearity of the proposed FDL at unbalanced process corners is not so good,

the output duty-cycle error can be still limited within 2%.

Besides, the total controllable delay range of the FDL is always equal to one
coarse-tuning delay step at all PVT variations. Hence, the proposed HCDL can always
provide a monotonic response between the delay line control code (ctrl_code [10:0])
and the output delay time. Therefore, the proposed monotonic delay line architecture
can reduce the jitter of the output clock during the coarse-tuning control code

switching.
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Figure 3.9 DNL of the FDL
(@) The FDL with a 1.0V Power Supply

(b) The FDL with a 0.5V Power Supply
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Figure 3.10 INL of the FDL
(@) The FDL with a 1.0V Power Supply

(b) The FDL with a 0.5V Power Supply

-38 -




3.4 Design Challenges in Dynamic Voltage

and Frequency Scaling

The proposed ADDCC can operate with dual supply voltage mode and thus it can
support the dynamic voltage and frequency scaling (DVFS) technique to further
reduce the dynamic power dissipation. However, when the proposed ADDCC
operates with a low voltage, it faces two design challenges: TDC quantization error

and the bottleneck in increasing the maximum operating frequency.

3.4.1 TDC Quantization Error

The proposed TDC quantizes thex"l'ﬁ;ljt Eibck period into digital control codes. If
the input clock period (CLK _ IN) is TCH{ IN, the output clock period (CLK_OUT) is
Terx our the intrinsic delay of the PG |s Tpg, the |ntr|n5|c delay of the AND gate is
Tanp, the delay time of the HCDL IS THCDL lncludlng the intrinsic delay time of
the FDL (77p;) and the delay time of the CDL (7¢-p;), and the clock-to-q delay of
the DFF is T, the output clock period will be equal to the input clock period when

the ADDCC is locked and it can be derived in Eq. 3.3.

Terk ovr = ToLk N
=2 % (Tpe + Tanp + Tucpr + Torr)
=2 X (Tpc + Tanp + Trpr + Tepr + Torr)

We assume that the proposed ADDCC is at high frequency operation and pulses
have not propagated through the HCDL, as shown in Figure 2.5. The output clock

period after TDC operation can be illustrated in Eq. 3.4. The input clock period at
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high frequency operation (7¢rx 1N, m) can be represented with the sum of the
intrinsic delays and numbers of coarse-tuning delay line units’ delay time (7). The
half-cycle delay line provides one-half of the delay time of the input clock period.

Therefore, the CDL turns on in CDUs after TDC operation. However, the output

2

clock period has a quantization error, A as compared to the input clock. It can be

corrected by the ADDCC controller after TDC operation.

Terxan, H# = Tpa +Tanp +TrprL +n-Tepu

1

Tepr = 3 (n-Tepu)

1
=35 X (Terxan —Tpa — Tanp — Trpr)
Terk.ovr, 1 =2 % (Tpg +Tanp +Trpr + Tepr + Torr)
=Terxan, v+ Tpe +Tanp + Trpr +2 X Tprr

4 'i B
= Torxn, mA By,

& 'r.._,'-~._ o B __»,.:-_ff:.

When the proposed ADDCC |s au Iow frequency operation and pulses have
propagated through the full HCDL as shown m Flgure 2.4. The output clock period
(Icrk.our, 1) after TDC operatlon is |Ilustrated in Eq. 3.5, and the output clock
period has a small quantization error (A ;) which is equal to one DFF’s propagation

delay time.

Terkan, L =2 X (Tpa +Tanp +Trpr) + Torr +n - Tepu

Tepr = = - (n : TCDU)

2
1

=3 X (Terkan —2 % (Tpg + Tanp +Trpr) — Torr)

Torx.ovr, . =2 X (Tpg + Tanp + Trpr + Tepr + Torr)
=Terk.in, L +Torr

=Terkan, L+ A1

The TDC quantization error will have at least one DFF’s propagation delay time.
- 40 -
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Thus, the ADDCC controller with the proposed PFD can reduce the residual

duty-cycle error after TDC operation.
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3.4.2 Bottleneck in Increasing the Maximum

Operating Frequency

According to the design constraints of the proposed ADDCC in Section 2.5, the
maximum operating frequency of the proposed ADDCC is limited by the sum of logic
gate’s intrinsic delays as shown in Eq. 2.4. However, with a low supply voltage, the
delay time of logic gates become four to five times slower than that at nominal power
supply. Hence, if we can reduce the delay time of the logic gates, we are able to
increase the maximum operating frequency of the proposed ADDCC.

Some well-known techniques, for example forward body bias (FBB) [23],
reverse short channel effect (RSCE) [24] and bulk drlven techniques [25] are used to
improve the driving strength of the CI[‘CH-I'[S at a Iow supply voltage. However, these
techniques are process-dependent and'areWess portable to different technologies.

All of standard cells have Iongér trans:tlon trme and propagation delay with a low
supply voltage but they can still work correctly. However, the DFF may have
unacceptable setup time and hold time margins and have a large clock-to-Q delay with
a low supply voltage [26]. Therefore, the true single phase clock (TSPC) DFF with
FBB technique [27] and the pulse-latch DFF [28] are proposed to effectively reduce
the clock-to-Q delay of the DFF in low voltage supply applications.

When the clock-to-Q delay time of the DFF is reduced, it can effectively shorten
the propagation delay path of the proposed ADDCC. However, the difference between
the rise time and fall time of the DFF in the proposed ADDCC will affects the output

duty-cycle error. Therefore, a low power DFF [29] with balanced rise time and fall

time delay can improve the overall performance of the proposed ADDCC. However,
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designing a DFF with the balanced rise time and fall time delay for all PVT corners is
always a design challenge.

Consequently, after we review our system architecture, we find out that we may
bypass the delay path between PG and DFF to increase the maximum operating
frequency [30]. Then, it can increase the highest operating frequency of the proposed

ADDCC.
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Chapter 4 Experimental Results

4.1 Test Circuit Implementation

The proposed ADDCC is implemented in TSMC 90nm 1P9M standard

performance CMOS process.

Due to the clock rate restriction on /O pads, signals with a frequency higher than

300 MHz are unable to transmit through /O pads. Hence, we propose a test circuit for

chip measurement at high frequency operation, as shown in Figure 4.1. We use a

digitally controlled oscillator (DCO) and a duty-cycle generator (DUTY_GEN) to

generate a high-speed clock (DCO_CLK);’\(Yith various frequencies and duty-cycles.
P I' \\\.

Bren,
[

DCC_
TEST O FREQ CLK P
NPUT || ~pgp [ISYSTEM ADDCC foutput, | DIV_ || bec
CLK CLKTICIRCUIT| CtK 7| FOUR [Fo-cer
CIRCUIT G4 |__occ
ORIG_CLK
FREQ_ DUTY_  TESTCHIP_ TESTCHIP_ TESTCHIP_ RESET .PCC-
SELECT SELECT FREQ_CLK_P FREQ_CLK_N ORIG_CLK ORIG_CLK
FREQ | [ DUTY ‘ ——— e o
FREQ CLK P
DIV FOUR | | DIV FOUR o
Decoder| [Decoder - - ——" REQ CLK N
IS*FREQJ:ODE ZB*DUTY_CODE f [} ‘OUTPUT—
DCO DUTY GEN A DCO_CLK_ |\ CLK ADDCC
—’
N : ~ICIRCUIT
INPUT_ T Y i SYSTEM_
CLK | ‘ CLK
A
WIDE_ OUT_
SELECT SELECT

Figure 4.1 The Block Diagram of the Test Chip Circuit
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The DCO and the DUTY_GEN can only generate an output clock (A) with a
duty-cycle > 50%. Hence, an inversed signal (I_A) is made to provide a clock whose
duty-cycle is under 50%. Then, the duty wide selection bit (WIDE_SELECT) selects
the generated clock as the high-speed on-chip clock (DCO_CLK).

The system clock selection bit (OUT_SELECT) selects the on-chip clock
(DCO_CLK) or the external clock (INPUT_CLK) to be the ADDCC’s input clock
(SYSTEM_CLK). When the input clock frequency is lower than 300 MHz, we can
directly input it from the external pin. In this case, OUT_SELECT disables the DCO
for power saving. Otherwise, the ADDCC’s input clock is provided by the DCO with
the DUTY_GEN.

We also design a divide-by-four ‘_,(II?IV_FOUR) circuit to divide the high

/..v 1N
i N\

frequency signal to a lower frequencyffor the measurement considerations. Hence, we

can still measure the duty- cycte ef the system lnput cTock (SYSTEM_CLK) and the
output clock (OUTPUT_CLK) from the external plns indirectly.

Iy N
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4.1.1 MUX-typed DCO

The DCO in the test circuit uses the MUX-typed structure to generate the output
clock (CLK_OUT) with various frequencies, as shown in Figure 4.2. The DCO is
composed of a NAND gate to enable/disable the output clock (CLK_OUT) and 15
delay units for controlling the DCO frequency range. Each delay unit consists of a
delay buffer and a MUX. When the system clock selection bit (OUT_SELECT) is in
the logic O state, the DCO starts to produce the on-chip clock. The FREQ Decoder
encodes the 4-bit digital frequency selection codes (FREQ_SELECT) into a 15-bit
thermometer code (FREQ_CODE) for controlling the DCO’s delay units. With more
delay units are passed through, the signal goes through a longer delay path so that the

DCO can output clock (CLK_OUT) _'gq"'é Idyv ﬁe_qg_ency.

[ g - )

| "‘:7 I__ [ i
FREQ_SELECT -/ Decoder —/— FREQ_CODE
i/ R ~

ouT_
SELECT 9 P+ >+ >1+—

CLK_OUT K 0 0 0

1 1_,_. ..... 1 1L

FREQ  FREQ_ FREQ  FREQ_
CODE[0] CODE[1] CODE[13] CODE[14]

Figure 4.2 The Block Diagram of Mux-typed DCO
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Table 4.1 lists the frequency range of the MUX-typed DCO. The output
frequency ranges 156 MHz to 802 MHz and 32.7 MHz to 175.5 MHz with a 1.0V and

a 0.5V power supply, respectively.

Table 4.1 The Controllable Output Frequency Range of the MUX-typed DCO

FREQ_SELECT Output Frequency Output Frequency
= @1.0V (MH2) @0.5V (MHz)

4’5 0000 (4°d0) 802 175.5

4’5 0001 (4°d1) 630 136.4

4’5 0010 (4°d2) 517 111

4’5 0011 (4°d3) 440 93.2

4’5 0100 (4°d4) 382 80

4b 0101 (4°d5) PPN 71.4

4’b 0110 (4°d6) w2 D 63.8

4°b 0111 (4d7) A N 4 57.4
4’b 1000 (4°d8) b Nl ¢ 52.8

4’b 1001 (4°d9) o 48.3
4’ 1010 (4°d10) /e N 44.8

4’b 1011 (4°d11) 198 41.8

4’5 1100 (4°d12) 185 38.9

4’b 1101 (4°d13) 174 36.5

4'b 1110 (4°d14) 164 345

4°b 1111 (4d15) 156 32.7
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4.1.2 Duty-Cycle Generator

The DCO has provided output clock with various frequency ranges. Then we use
the Duty-Cycle Generator (DUTY_GEN) to control the duty-cycle of the clock.

The proposed DUTY_GEN is composed of 28 AND gates and 29 OR gates, as
shown in Figure 4.3. The Duty Decoder generates a 28-bit control code
(DUTY_CODE) from the 3-bit duty-cycle selection code (DUTY_SELECT) and the
4-bit frequency selection code (FREQ_SELECT) to control the pulse width of the

output clock (CLK_OUT).

3
DUTY_SELECT —4»

28
DUTY | 2 » DUTY_CODE

4 | Decoder
FREQ_SELECT —4»
puTY_ ' pUav mo\ 7 DUTY_ DUTY_

CODE[0] "-A,_\v_cdpﬁﬂ]f._ﬁ’,_ |/ CODE[26] CODE[27]

-

Figure 4.3 The Block Diagram of Duty-Cycle Generator

The pulse width of the input clock (CLK_IN) will be increased and output as
CLK_OUT after passing each delay stages. When the input clock passes through more
delay stages, the pulse width of the input clock (CLK_IN) will be larger. With all
delay stages are closed, the input clock (CLK _IN) still passes through one OR gate.
Hence, the DUTY_GEN provides an output clock (CLK_OUT) with duty-cycle over

50%. With an inverter, we can easily inverse the output clock (CLK_OUT) to achieve
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a duty-cycle under 50%.

Table 4.2 lists the controllable duty-cycle range of the proposed DUTY_GEN and
we assume that the frequency selection bits (FREQ_SELECT) is fixed to 4’b1010
(4°d10). By means of the inverter and the DUTY_GEN, the duty-cycle range can be
controlled by a step of 8% (@213 MHz) and 10% (@44.8 MHz) with a nominal 1.0V

and a 0.5V low supply voltage, respectively.

Table 4.2 Controllable Duty-Cycle Range of the Proposed Duty-Cycle Generator

Supply Voltage 1.0V 0.5V
FREQ SELECT 4’1010 (4°d10) 213 MHz 44.8MHz
WIDE_SELECT DUTY_SELECT Output Duty-Cycle (%)
3°b 111 (3}d7) 0 0
3°b 11013!ds6). 0 0
L3101 (37d5) 7 0
. 3b 1003 'd4) N 15 6
Fp o1 Bd3) 23 16
3 0103°d2) | 31 26
36001 (3°d1) - 39 36
3°b 000 (3°d0) 47 46
3°b 000 (3°d0) 53 54
3°b 001 (3°d1) 61 64
3°b 010 (3°d2) 69 74
. 3°b 011 (3°d3) 77 84
3°b 100 (3°d4) 85 94
3°b 101 (3°d5) 93 100
3°b 110 (3°d6) 100 100
3°b 111 (3°d7) 100 100
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4.1.3 DIV_FOUR Circuit

OUT_SELECT

CLK_IN—> ¢ :)—ORIG_CLK

RESET—

VT Tl
> > CLK_N

I_CLK_IN . .
ar Q ar Q
| |

Figure 4.4 The Block Biagram of DIV_FOUR Circuit

L e, adien —

Due to the clock rate I‘eStI‘IQtIOI‘l on the I/O pad in 90nm CMOS process, we
design a divide-by-four (DIV_ FOLIR) CIrCUIt to dIV|de a high frequency signal to a
lower frequency. Figure 4.4 shows the bIock dlagram of the proposed DIV_FOUR
circuit. We use two DFFs which trigger by the positive and negative edges of the
CLK_IN to divide the input clock (CLK_IN) frequency by four. After frequency
division, the low frequency signals (CLK_P and CLK_N) are able to send to the
output pads. When the input clock (CLK_IN) frequency is low, we can directly send
the input clock (ORIG_CLK) to the 1/O pads without frequency division. The system
clock selection bit (OUT_SELECT) will block the output signals for power saving.
For instance, when OUT_SELECT is in the logic O state (i.e. a high-speed on-chip
clock (DCO_CLK) input to the ADDCC), ORIG_CLK will be stuck at the logic 1

state to save the dynamic power dissipations. On the contrary, CLK P and CLK_N
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will be stuck at the logic 1 state when ORIG_CLK is output.
The timing diagram of the DIV_FOUR circuit is shown in Figure 4.5. Assumed
that input clock (CLK_IN) period is T and its pulse width is A. Therefore, the

duty-cycle of the input clock (CLK_IN)is A/T.

T

| | | | | |
— | | | | |
RESET | ! | | | | |
| } t t t t t
. ! ! ! ! |
CLK_IN [CA 'J I_I I_I I_I |_I |
I
Tl | 1D | e -
| I — i | It
CLK_P | L | | | L
_ b | | | b
| I : : | I ——
CLK_N havwsll | | byl
I L | | I E |
| | | | | |

Figure 4.5 The Timing Diagramef DIV_FOUR Circuit

A .', I [ | i //"

After frequency division, the' perlod of CLK P and CLK_N (7'D) is four times
longer than the input clock (CLK {N) (i. e. TD 4 -T). However, the phase error
between the rising edges of CLK_P and CLK_N is always A. Thus, we can derive the

duty-cycle of the input clock (CLK_IN) from 7D and A, as illustrated in Eq. 4.1.

Duty-Cycle (CLK_IN) = % - %

Actually, the rise time and the fall time of the I/O pads are unbalanced. The
pulse-width of CLK_P and CLK_N will be distorted when they pass through the
output pads. However, the phase error between the rising edges of CLK_P and
CLK_N is fixed and thus we can still use the proposed measurement approach to

derive the duty-cycle and period of the internal signals.
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4.1.4 Level Shifter

The proposed ADDCC Ver.1 is implemented in TSMC 90nm CMOS process.
However, the output pads cannot work correctly when the core power supply is 0.5V.
That is, we cannot measure the performance of the proposed ADDCC Ver.1 after the
chip fabrication at 0.5V. Hence, we have to put a level shifter before the output pad to

pull up the 0.5V low-voltage swing signals back to 1.0V voltage swing in our

ADDCC Ver.2.

Figure 4.6 The Schematic Diagram of the Proposed Level Shifter

Figure 4.6 shows the schematic diagram of the proposed level shifter. When the
low-voltage input signal (A) is in logic 1 state, the level shifter will pull up the
low-voltage (VDD,) swing to a high-voltage (VDDy) swing. On the other hand, the

logic O state is the shared ground (VSS) and thus the voltage level does not need to be

shifted.
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The layout of the proposed level shifter is shown in Figure 4.7. The cell size is
6.44um X 2.52um. The power nets (VDD and VSS) are placed on the top and bottom
of the cell for routing with other standard cells. On the other hand, the high-voltage
power net (VCC) is drawn by the metal 2 layer.

A Dbuffer is added before the output signal (Y) to improve driving strength.

Otherwise, the level shifter cannot drive the input capacitance of the output pad.

TATTE

4 O N
ayout of the Proposed Level Shifter

Figure 4.7 The L

The timing diagram of the proposed level shifter is shown in Figure 4.8. The
proposed level shifter is able to convert the low-voltage (VDD) swing signal (A) into
the high-voltage (VCC) swing signal (). After that, the output pad can further output
an output signal (O_Y) with 3.3V voltage swing from Y. Consequently, we are able to

measure the chip performance at low supply voltage from the external pins.
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Figure 4.8 The Timing Diagram of the Proposed Level Shifter

-54 -



4.2 ADDCC Ver.l

4.2.1 Specifications

ARSI AR b
SRR 3-‘1\\“

Figure 4.9 Microphotograph of ADDCC Ver.1

The test chip is fabricated in TSMC 90nm 1P9M standard performance CMOS
process. Figure 4.9 shows the microphotograph of ADDCC Ver.1l. The core area
occupies 170 X 170 pum? and the chip area including 1/O pads occupies 734.24 X
734.24 um®. The chip consists of an ADDCC and a test chip circuit for generating

high-speed clock and the gate count including the test circuit is about 3028
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(=8546/2.8224 (2.8224 is one NAND gate size in TSMC 90nm CMOS process)).
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Figure 4.10 Chip 1/0 Planning and Floorplanning in ADDCC Ver.1

Figure 4.10 depicts the chip I/O planning and the floorplanning of ADDCC Ver.1.
The proposed ADDCC Ver.1 has 11 input pins, 7 output pins, and 14 power pins. The
detail 1/0 pads information are shown in Table 4.3.

We use the O_ TESTCHIP_FREQ CLK_P and O _TESTCHIP_FREQ CLK_N to
calculate the duty-cycle and the period of ADDCC’s input clock (SYSTEM_CLK)
and O_DCC FREQ CLK P and O DCC FREQ CLK N are used to calculate the

duty-cycle and the period of ADDCC’s output clock (OUTPUT_CLK).
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Table 4.3 1/O Pins Information of ADDCC Ver.1

Pin . Input/ .
Number Pin Name Output Information
1 VSSP1 Input Pad Power
2 O _DCC_FREQ CLK_P | Output | Dividedby CLK _OUTvia
Positive edge
3 VDDP1 Input Pad Power
4 O_LOCK Output DCC LOCK
5 VSSPO Input Pad Power
Duty Wide Select
6 |_WIDE_SELECT Input (over 50% or under 50%)
7 VDDCO Input Core Power
8 VVDDPO Input Pad Power
9 I_INPUT_CLK Input External CLK
10 VSSCO Input Core Power
1 | OUT SELECT Input Select Internal or External
- - clock
] Duty Error Select
12~14 |_DUTY_SELECT[2:0}" /| Mnput | (7% ~ 93%, step 8%, @1.0V;
T b T | 6% ~ 94%, step 10%, @0.5V)
15 VSSP4se 5 DF “ I Input—p Pad Power
e - 3 | Frequency Select
19~16 |_FREQ_SELECT[3:0]. _ | [Input” | (150 MHz~800 MHz @ 1.0V;
> 1< /| 30MHz~170 MHz @ 0.5V)
20 vDDP4 |/ | Input Pad Power
21 | RESET Input DCC RESET
22 | O _TESTCHIP FREQ CLK_N | Output | D'vided by FREQ_CLKvia
Negative edge
23 VDDC1 Input Core Power
Without Divided
24 O_TESTCHIP_ORIG_CLK Output TESTCHIP_CLK
25 VSSP3 Input Pad Power
26 VSSC1 Input Core Power
27 | O_TESTCHIP_FREQ CLK_P | Output | D'vided by FREQ_CLK via
Positive edge
28 VDDP3 Input Pad Power
29 VSSP2 Input Pad Power
Without Divided
30 O_DCC_ORIG_CLK Output ADDCC CLK_OUT
31 VDDP2 Input Pad Power
32 O _DCC_FREQ CLK_.N | Output | Dividedby CLK_OUTvia
Negative edge
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4.2.2 Simulation Results

The operating frequency of the proposed ADDCC Ver.1 ranges from 110 MHz to
900 MHz and 20 MHz to 170 MHz with a 1.0V and a 0.5V power supply, respectively.
When considering the PVT variations, the overlapped operating frequency region of
the proposed ADDCC Ver.1 is 200 MHz to 550 MHz and 45 MHz to 60 MHz with a
1.0V and a 0.5V power supply, respectively. The input duty-cycle ranges from 20% to
80% in dual supply voltage mode at all PVT corners.

The proposed ADDCC consumes 5.7mW (@800MHz) and 1.23mW (@150MHz)
with 1.0V power supply (including the test chip circuit). When the power supply is

reduced to 0.5V, it consumes 215uW (@170MHz) and 75pW (@30MHz) (including

A s,
P N

the test chip circuit). _ v

Figure 4.11 summarizes tk{eoutput—"dtycycleerror of the proposed ADDCC
Ver.1 at TT process corner Withl""“"giiffé"rellrjtvirr')p’l]t"fréauencies and duty-cycles at dual
supply voltage mode. The maX|mL‘1m ou:t>put> dutycycle error is always smaller than
1.845% and 1.1% with a 1.0V and a 0.5V power supply, respectively.

Figure 4.12 shows the simulation results of the proposed ADDCC operating with
PVT variations. The proposed ADDCC can work correctly with PVT variations and
the output duty-cycle error with PVT variations can be limited within 1.6% and 1.4%
with a nominal and a low supply voltage. Thus, the proposed design is very robust,
and it can against unbalanced process variations.

The proposed ADDCC employs a TDC to accelerate the system lock-in time.
Figure 4.13 to Figure 4.16 present the convergence of the duty-cycle correction

operation and the detailed output duty-cycle with PVT variations at dual supply

voltage. As shown in these figures, the proposed ADDCC corrects the reference clock
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to 50% duty-cycle within 15 reference clock cycles in dual supply voltage mode.

Besides, we also plot the power spectrum density and the jitter histogram to show
the performance of the proposed ADDCC Ver.1 with dual supply voltage, different
input frequencies, and different input duty-cycle ranges, as shown in Figure 4.17 to
Figure 4.20.

The period jitter, the peak-to-peak (Px-Py) jitter and the root-mean-square (RMS)
jitter of the proposed ADDCC are smaller than 14.2ps and 1.56ps, respectively with a
1.0V power supply. In addition, the cycle-to-cycle jitter, the Py-Py jitter and the RMS
jitter of the proposed ADDCC are smaller than 24.2ps and 2.59ps with 1.0V power
supply.

The proposed ADDCC is still robust with a 0.5V low supply voltage. The Pi-Py

g

jitter and RMS jitter of the period jigté‘rl is‘_‘les\'s‘»..thgn 123ps and 14.18ps, respectively.

The Py-Py jitter and RMS jitt’éiff‘*of thééyélé'4to-cyt§fté‘ jitter is less than 186ps and
a ]

23.76ps, respectively. ) egm—
.\'l |

&L
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Figure 4.11 The Output Duty-Cycle Error at Typical Process Corner
(@) The Proposed ADDCC Ver.1 with a 1.0V Power Supply

(b) The Proposed ADDCC Ver.1 with a 0.5V Power Supply
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Figure 4.13 Convergence of the Output Duty-Cycle Error with PVT variations, a
1.0V Power Supply, and Highest Frequency Operation
(@) The Duty-Cycle Convergence Diagram

(b) Detailed Output Duty-Cycle after the Proposed ADDCC Ver.1 is locked
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Figure 4.14 Convergence of the Output Duty-Cycle Error with PVT variations, a

1.0V Power Supply, and Lowest Frequency Operation
(@) The Duty-Cycle Convergence Diagram

(b) Detailed Output Duty-Cycle after the Proposed ADDCC Ver.1 is locked
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Figure 4.15 Convergence of the Output Duty-Cycle Error with PVT variations, a

0.5V Power Supply, and Highest Frequency Operation
(@) The Duty-Cycle Convergence Diagram

(b) Detailed Output Duty-Cycle after the Proposed ADDCC Ver.1 is locked
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Figure 4.16 Convergence of the Output Duty-Cycle Error with PVT variations, a
0.5V Power Supply, and Lowest Frequency Operation
(@) The Duty-Cycle Convergence Diagram

(b) Detailed Output Duty-Cycle after the Proposed ADDCC Ver.1 is locked
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Figure 4.17 Simulated Po;\Zerv‘Sﬁvbelcf_tnrl_fjmfb'en;s"i{[y and Jitter Histograms of the
Proposed ADDCC Ver.1 atngh Frequenoywnh a 1.0V Power Supply
(a) Power Spectrum Density at 783.27 MHz
(b) Peak-to-Peak Jitter Histogram at 783.27 MHz

(c) Cycle-to-Cycle Jitter Histogram at 783.27 MHz
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Figure 4.18 Simulated Po;\Zerv‘Sﬁvbelcf_tnrl_fjmfb'en;s"i{[y and Jitter Histograms of the
Proposed ADDCC Ver.1 at'l,ow Frequem,\ywnh a 1.0V Power Supply
(a) Power Spectrum Density at 152.37 MHz
(b) Peak-to-Peak Jitter Histogram at 152.37 MHz

(c) Cycle-to-Cycle Jitter Histogram at 152.37 MHz
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Figure 4.19 Simulated Po;'/VIer
Proposed ADDCC Ver.1 atngh Frequencywr[h a 0.5V Power Supply
(a) Power Spectrum Density at 92.64 MHz
(b) Peak-to-Peak Jitter Histogram at 92.64 MHz

(c) Cycle-to-Cycle Jitter Histogram at 92.64 MHz
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Figure 4.20 Simulated Po&&"fler
Proposed ADDCC Ver.1 atngh Ffequeﬁgyfwith a 0.5V Power Supply
(a) Power Spectrum Density at 34.29 MHz
(b) Peak-to-Peak Jitter Histogram at 34.29 MHz

(c) Cycle-to-Cycle Jitter Histogram at 34.29 MHz
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4.2.3 Measurement Results

Table 4.4 Properties of the Test Circuit in ADDCC Ver.1

(DUTY_SELECT,
FREQ_SELECT Output Frequency | Output Duty-Cycle
WIDE_SELECT)

(010, 0) 86%
(001, 0) 64%
(000, 0) 61%

0000 734 MHz
(000, 1) 49%
(001, 1) 39%
(010, 1) 19%
(100, 0) 77%
(011, 0) 71%
(010, 0) 63%
(001,00 /[ 56%
(000, 0./ | L. 46%

0100 <= 354 MHz
oL\ § 1| sy 34%
(010, g 28%
(o011, /4 R\ 22%
(100, 1) 9%
(100, 0) 79%
(011, 0) 71%
(010, 0) 65%

1111 (001, 0) 144 MHz 58%
(000, 0) 52%
(000, 1) 42%
(001, 1) 31%

After chip measurement, the DCO in test circuit of ADDCC Ver.1 can output
frequencies ranging from 144 MHz to 734 MHz. The duty-cycle generator

(DUTY_GEN) can output duty-cycles ranging from 9% to 86%.
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Figure 4.21 Measured Output Duty-Cycle of the Proposed ADDCC Ver.1

Figure 4.21 summarizes the measurement results of the proposed ADDCC Ver.1.
The input frequency ranges from 144 MHz to 734 MHz and the input duty-cycle
ranges from 9% to 86%. The maximumfd:uH‘)‘ul duty-cycle error is 1.78%. In addition,
the core power is supplies WIﬂT 1 OV and the pad power is supplies with 3.3V. The
proposed ADDCC Ver.1 consumes 4 59| mW 3 56 mW and 1.13 mW at 734 MHz,

354 MHz, and 144 MHz, respectlvqu
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Table 4.5 Jitter Measurement Results of the System and Output Clock

Signal Frequency Py-Py Jitter (ps) RMS Jitter (ps)
734 MHz 33.62 4.55
System Clock 354 MHz 46.7 6.8
144 MHz 96.37 12.21
734 MHz 27.13 4.1
Output Clock 354 MHz 37.42 5.78
144 MHz 84.09 12.44

Table 4.5 shows the measured Py-Py jitter and the RMS jitter of the system and

output clock at different operating frequenFies. The Py-Py jitter is smaller than 96.37
a4

ps and the RMS jitter is smallqr_t_hawig.44 ps. "'Irmt__he_r words, the proposed ADDCC

\er.1 has a good jitter performa\ﬁéé"qV,éhTheelpéksLE%Vé been divided by four.

{
|

&L
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We use the indirect duty-cycle measurement approach discussed in section 4.1 to
calculate the actual duty-cycle of the internal clock. Figure 4.22 shows the duty-cycle
measurement results of the proposed ADDCC Ver.1 at 734 MHz and 144 MHz. The
signal No.3 (DCC_FREQ _CLK P) is the divided signal from the output clock’s
(CLK_OUT) positive edges and the signal No.2 (DCC_FREQ_CLK_N) is the divided
signal from output clock’s (CLK_OUT) negative edges. The phase difference between
the signal No.3 and signal No.2 is the pulse width of the internal clock. Hence, the
duty-cycle is 50.3% (=(0.6884/(5.47367/4))*100%) at 734 MHz and the duty-cycle is
49.63% (=(3.452491/(27.826028/4))*100%) at 144 MHz.

Figure 4.23 shows the jitter histogram of the proposed ADDCC Ver.1 at 734
MHz and 144 MHz, respectively. Since th signal is divided by four, the measured
clock period will be enlarged four._tj,rfﬁé; i!‘o_;fje_vr.\_!v—|ence, the actual frequency of the
Figure 4.23(a) is 734 MHz (:1/(_543263l4))_|n ’_Fig£f§€4.23(b), the actual frequency is

- f o }

144 MHz (=1/(28.94976/4)). '—

The indirect duty-cycle measdrement approach can’t verify whether the system
clock (CLK_IN) and the output clock (CLK_OUT) of the proposed ADDCC Ver.1 are
phase-aligned or not. Hence, the direct duty-cycle measurement method is used to
verified that our ADDCC Ver.1 will not insert an extra clock skew between the input
clock and the output clock, as shown in Figure 4.24. The signal No.2 is the input
clock (TESTCHIP_ORIG_CLK) and the signal No.3 is the output clock
(DCC_ORIG_CLK). The proposed ADDCC Ver.1 can work correctly with both

19.7% and 83.6% input duty-cycle clocks.
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Figure 4.22 Duty-Cycle Measurement Results of the Proposed ADDCC Ver.1
(@) Duty-Cycle Measurement Results at 734 MHz

(b) Duty-Cycle Measurement Results at 144 MHz
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Figure 4.23 Measured Jitter Histogram of the Proposed ADDCC Ver.1

(a) The Jitter Histogram at 734 MHz

(b) The Jitter Histogram at 144 MHz
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Figure 4.24 Phase Alignment between Input Clock and Output Clock at 75 MHz

(@) Duty-Cycle Correction with a 19.7% Input Duty-Cycle

(b) Duty-Cycle Correction with a 83.6% Input Duty-Cycle

-80 -



4.3 ADDCC Ver.2

4.3.1 Specifications

Figure 4.25 Layout of ADDCC Ver.2

Figure 4.25 shows the layout of ADDCC Ver.2. The ADDCC Ver.2 has integrated
7 level shifters for each output signals so that 0.5V low-voltage swing signals can be
pulled up back to 1.0V voltage swing signals and can be transmitted through output

pads subsequently. After integrating level shifters, the core area of the proposed

-81-



ADDCC Ver.2 still occupies 170 X 170 um? and the chip area including 1/0 pads still
occupies 734.24 X 734.24 ym®.

Figure 4.26 depicts the chip I/O planning and the floorplanning of ADDCC Ver.2.
The proposed ADDCC Ver.2 has 11 input pins, 7 output pins, 16 power pins, and 2
power-cut cells. The detail 1/0 pads information are shown in Table 4.6.

Unlike conventional single power domain design, the proposed ADDCC Ver.2
has two power domains: 0.5V power domain (VDD.) and 1.0V power domain
(VDDy). The two power domains are split by two power-cut cells (PRCUT_0 and

PRCUT _1).

S x
N = (@] —
=] (@) o
e 8
VD T
I_OUT_S SCC_FREQ_CLK_P
ADDCC
I_DUTY [— CONTROLLER <
I_DUT — =T Q_CLK_N
1_bU 18- FDL =2
@8- | et ~<in
CHIP L1 | TDC-Embedded
coL
I_LFREQNELECT 0 2= | CIRCUIT <86 voor2
|_FREQ_SEDECT 1 [ PFD @ O_DCC_ORI$_CLK
I_LFREQ_SELECTX [ =
\ Level Shifters
I_FREQ_SELSCT_3 —

Figure 4.26 Chip I/O Planning and Floorplanning in ADDCC Ver.2
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Table 4.6 1/0O Pins Information of ADDCC Ver.2

Pin

Input/

Number Pin Name Output Information
1 VSSC2 Input High Voltage Core Power
2 VDDC2 Input High Voltage Core Power
3 0_DCC_FREQ CLK_ N | Output | D'vided by CLK_OUT via
Negative edge
4 VSSP1 Input Pad Power
5 O _DCC_FREQ CLK_P | Output | Dividedby CLK_OUTvia
Positive edge
6 VDDP1 Input Pad Power
7 O_LOCK Output DCC LOCK
8 PRCUT 0 N/A Power Cut Cell
Duty Wide Select
d |_WIDE_SELECT Input (over SC%A) or under 50%)
10 VDDCO Input Low Woltage Core Power
11 VSSCO Input Low Voltage Core Power
12 I INPUT CLK Input External CLK
13 VSSPO Input Pad Power
14 VDDPO Input Pad Power
15 | OUT SELECT Input Select Internal or External
clock
Duty Error Select
16~18 |_DUTY_SELECT[2:0] Input | (7% ~ 93%, step 8%, @1.0V;
6% ~ 94%, step 10%, @0.5V)
19 VSSP4 Input Pad Power
Frequency Select
23~20 |_FREQ_SELECTI[3:0] Input | (150 MHz~800 MHz @ 1.0V;
30 MHz~170 MHz @ 0.5V)
24 VDDP4 Input Pad Power
25 | RESET Input DCC RESET
26 VDDC1 Input Low Voltage Core Power
27 VSSC1 Input Low Voltage Core Power
28 PRCUT_ 1 N/A Power Cut Cell
29 VSSP3 Input Pad Power
Without Divided
30 O_TESTCHIP_ORIG_CLK Output TESTCHIP_CLK
31 VDDP3 Input Pad Power
32 | O_TESTCHIP FREQ CLK_N | Output | D'vided by FREQ CLK via
Negative edge
33 | O_TESTCHIP_FREQ CLK P | Output | D'vided by FREQ_CLKvia
Positive edge
34 VSSP2 Input Pad Power
Without Divided
35 O_DCC_ORIG_CLK Output ADDCC CLK_OUT
36 VDDP2 Input Pad Power
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4.3.2 Simulation Results

Figure 4.27 shows the timing diagram of the proposed ADDCC Ver.2. After

putting level shifters before each output pads, 0.5V low-voltage swing signals can be

pulled up back to 1.0V voltage swing signals and then 3.3V voltage swing signals.

Hence, we can measure the performance of the proposed ADDCC after the chip

fabrication at 0.5V.
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Figure 4.27 The Timing Diagram of the Proposed ADDCC Ver.2



4.4  Performance Comparisons

4.41 ADDCC Ver.l

Table 4.7 Performance Comparisons with ADDCC Ver.1

Parameter ver.1 JSSC’08 TVLSI’13 | TVLSI’13 | TVLSI’12 | TCAS-1I’07 JSSC’09 ISSCC’08
‘ [2] [31] [15] [3] [5] [6] [35]
I.Dhase Yes No Yes Yes No Yes Yes Yes
Alignment
Unbalanced
Process Yes No No No Yes Yes Yes Yes
Tolerance
TDC/ Sequential
Type a0 Anag HCDL/ Search/ oS! TDC DCC/DLL | DCC/DLL
Interpolator HCDL
Process 90 nm 0.18 um 0.18 um 65 nm 0.18 um 0.18 um 0.18 pm 66 nm
Supply 1.0 1.8 1.8 1.0 1.8 1.8 18 15
\oltage (V) T
Fr(el\tjltﬁg)cy 75~ 734 50 ~ 1100 250 ~ 625 4 '2%2“*1_.020 400 ~ 2000 800 ~ 1200 440 ~ 1500 100 ~ 1000
Input < b . 10~9% 20~ 80
B _ e ad e _|-=@:400 MHz _ @ 440 MHz _
Duty-Cycle 9-~86 30~70 3070 - e 1i 86, - 20~ 80 40~ 60 40 ~ 60 40 ~ 60
Range (%) e )|/ @26H: @ 1.5 GHz
Maximum Iy 1.0
| NS 3 ) .
QLtgIL 1.78 1.0 1S A | @ 400MHz 15 18 1
Duty-Cycle 74 SNy 35
Error (%) V4o @102 GHZ: @ 1GHz
Duty-Cycle
Corrector 1.94 ps N/A 111.36 ps 3.5ps 278.1 ps 578.1ps 417.75 ps N/A
Resolution
Lock-in Time <15 <60 <36 N/A <35 10 10~15 <400
(Cycle)
P.-P, Jitter 27.13 ps 13.2 ps 21.1ps 23.64 ps 28.45ps 12.9ps 7ps 45.76 ps
k™ k @734 MHz @ 1.3 GHz @625MHz | @ 1.02GHz @ 1GHz @1GHz @ 1.5 GHz @ 1GHz
0.9 mw 8.4 mw 1.96 mwW 1.76 mW 42 mwW
Power @ 75 MHz °4.8 mw @ 250 MHz @ 262 MHz @ 400 MHz 15 mW 43 mwW @ 100 MHz
Consumption 459 mW @ 1.3GHz 10.8 mwW 6.5 mW 3.6 mwW @ 1.5 GHz 20 mwW
@ 734 MHz @625 MHz | @ 1020 MHz @ 2 GHz @ 1GHz
Area (mm?) 0.0289 0.2068 0.09 0.01 0.025 0.2236 0.053 0.111
PBR (mW) 0.47 0.02 0.78 1.66 N/A 0.94 0.95 0.89

12.5 ns (frequency range) + 22 (coarse) = 5 (fine) = 2 (interpolator) = 11.36 ps
22500 ps + 32 = 78.1 (@400 MHz)

%1250 ps + 16 = 78.1 ps (@800 MHz)

1=2272.7 ps + 16 = 142 ps (@440 MHz)

resolution is T X 0.125 = 142 x 0.125 = 17.75 ps

*PWCL only
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Technol
NF : Normalized Frequency = F X (W) :

0.09 1.0 \? 734
NP : Normalized Power = P X (W) x ( ) % -

PBR : Power Bandwidth Ratio = NP - (NF"“””>

NFin

We conclude the performance of the proposed ADDCC Ver.1 in compared with
prior DCC researches in Table 4.7. Although the analog PWCL [2] have a relatively
small duty-cycle error, it has a large chip area and have a long lock-in time. In
addition, the PWCL has a serious charge pump mismatch problem at unbalanced
process corners, and thus, it may result in worse duty-cycle error with unbalanced
process variations. When the analog PWCL-based DCC is supplied with 0.5V, the
charge pump may suffer a longer charging/discharging time. Moreover, the output

clock of [2], [3] is not phase align.eg’"‘\;vi.th tﬁe.hi\n_\put clock, makes it not easy to be

integrated in the SoC. S plgulle,

o | /
In [5], the TDC-based ADDCC-without fine-tuning delay cells is difficult to

achieve small duty-cycle error at'hlgh frequenoy operation; further, maintaining a
wide operation frequency is also difficult in this architecture. In addition, the
interpolator of the ADDCC [5] is easily affected by unbalanced process variations.
Thus, the output duty cycle error will become worse at unbalanced process corners.
Besides, when the TDC-based ADDCC without fine-tuning delay cells operates with a
low supply voltage, the duty-cycle error depends on the resolution of the delay line.
Thus, the duty-cycle error will become very large at a low supply voltage.

In [6], [15], and [35], a delay-locked loop (DLL) is integrated with the ADDCC
to align the phase of the output clock with the input clock. However, the dual loop
architecture results in more power consumption and higher design complexity.

The coarse-fine delay line architecture based ADDCCs [15], [31] can effectively
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improve the output duty-cycle error. In [15], the sequential search scheme takes many
reference clock cycles in shrinking and stretching the pulse width. Besides, the
accumulative duty-cycle error in the delay line of the DLL loop directly affects the
output duty-cycle error.

In [31], the three half delay lines (HDLs) compensate for the process variations to
enhance the reliability of the ADDCC at all process corners. However, the HDLs may
have on-chip mismatch problem and cause large power dissipations. Besides, the FDL
in [31] should overlap 20% to 30% coarse-tuning step to ensure the controllable delay
range of the FDL is larger to one coarse-tuning resolution with PVT variations.
Otherwise, it will cause a non-monotonic response problem when control codes
switching. ==

Furthermore, the phase interpolat.o"'rl |H[31] directly affects the output duty-cycle
error. Hence, when the ADDC‘,‘C [31] l&at unbalanced process corners, the phase of
the interpolated output clock WI|| r?ot t;e exactIy at the middle of the two input clocks.

Besides, we have defined a péwer bandW|dth ratio (PBR) index to quantize the
relationship between the operating frequency range and the power consumption. As
shown in Table 4.7, the PBR of the proposed ADDCC Ver.1 is the smallest one except
for [2] against published papers. Even though the analog PWCL-based DCC has a
relatively small PBR, its area cost is significantly higher than other DCCs. In addition,
the output duty-cycle error of the DCCJ3] at the operating frequency which is over
1GHz is too large and cannot be used, and thus we exclude it in PBR comparisons.

In comparison to prior studies, the proposed ADDCC has a lower area cost, a

wider operating frequency range and a better tolerance to PVT variations.
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4.4.2 ADDCC Ver.2

Table 4.8 Performance Comparisons with ADDCC Ver.2

Parameter ver2 JSSC’08 TVLSI’13 | TVLSI’13 | TVLSI’12 | TCAS-II’07 JSSC’09 ISSCC’08
' [2] [31] [15] [3] [5] [6] [35]
Phase Yes No Yes Yes No Yes Yes Yes
Alignment
Unbalanced
Process Yes No No No Yes Yes Yes Yes
Tolerance
TDC/ Sequential
Type o/ Analog PWCL HCDL/ Search/ T/ TDC DCC/DLL DCC/DLL
HCDL HCDL
Interpolator HCDL
Process 90 nm 0.18 um 0.18 um 65 nm 0.18 um 0.18 um 0.18 um 66 nm
Supply 1.0 05 18 18 1.0 18 18 18 15
\oltage (V)
Fr(el\tjltﬁg)cy 110~900 | 20~170 50 ~ 1100 250 ~ 625 262 ~ 1020 400 ~ 2000 800 ~ 1200 440 ~ 1500 100 ~ 1000
_ _ _ _ @ 400 MHz _ @ 440 MHz _
Duty-Cycle 20 ~ 80 30~70 30~70 ’ 14~ 86 20 ~ 80 40 ~ 60 40 ~ 60 40 ~ 60
Range (%) @ 2 GHz @ 1.5 GHz
. 1.146 0.747 1N
Maximum @110 @ 20 = 06 1.0
Output MHz MHz 10 @262 MHZ~] @ 400MHz 15 18 1
Duty-Cycle 1.845 0.839 : 1.4 = 35 ' '
Error (%) @ 900 @ 170 @1.02 GHz @ 1GHz
MHz MHz e ,
Duty-Cycle ¢
Corrector 1.94 ps 9.97 ps N/A 35ps .."I 278.1 ps %78.1 ps 417.75 ps N/A
Resolution \
Lock-in Time <15 <60 <36 NA Y <35 10 10-~15 <400
(Cycle)
P.-P. Jitter 5%@"’;7 @135'0;4 13.2 ps 21.1ps 23.64 ps 28.45 ps 12.9 ps 7ps 45.76 ps
K™k MHy MHz @ 1.3 GHz @ 625 MHz @ 1.02 GHz @ 1 GHz @ 1GHz @ 1.5 GHz @ 1GHz
1.23 mwW 75 uW
@ 150 @ 30 8.4 mwW 1.96 mW 1.76 mwW 4.2 mW
Power MHz MHz °4.8 mwW @ 250 MHz @ 262 MHz @ 400 MHz 15 mW 43 mwW @ 100 MHz
Consumption 5.7 mW 215uW @ 1.3GHz 10.8 mW 6.5 mW 3.6 mwW @ 1.5 GHz 20 mw
@ 800 @ 170 @625 MHz | @ 1020 MHz @ 2 GHz @ 1GHz
MHz MHz
Area (mm?) 0.0289 0.2068 0.09 0.01 0.025 0.2236 0.053 0.111
PBR (mW) 0.72 | 0.44 0.02 0.78 1.66 N/A 0.94 0.95 0.89
EXpe”mental Simulation Measurement Measurement | Measurement | Measurement Measurement Measurement | Measurement
Results Type

12.5 ns (frequency range) + 22 (coarse) + 5 (fine) = 2 (interpolator) = 11.36 ps

22500 ps = 32 = 78.1 (@400 MHz)
%1250 ps + 16 = 78.1 ps (@800 MHz)

1=2272.7 ps + 16 = 142 ps (@440 MHz)

resolution is T X 0.125 = 142 x 0.125 = 17.75 ps

*PWCL only
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NF : Normalized Frequency = F X (%) )
0.09 1.0 \? 734
NP : Normalized Power = P X (m) X (W) X o
. . NFmaz
PBR : Power Bandwidth Ratio = NP = NF

Table 4.8 compares the performance of the ADDCC Ver.2 with published DCCs.
The proposed ADDCC supports the dynamic voltage and frequency scaling (DVFS)
for saving the chip power consumption. Besides, the power consumption is reduced
from the milli-watt level to the micro-watt level. Most of all, it still have a good

duty-cycle correcting accuracy even if it is supplied with a low-voltage power supply.
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Chapter 5 Conclusion and Future

Works

5.1 Conclusion

A 0.5V/1.0V low-power delay-recycled ADDCC with the tolerance to PVT
variations is presented in this thesis. The proposed ADDCC can achieve a wide-range
operation with input frequency ranging from 75 MHz to 734 MHz with a 1.0V
nominal supply voltage, and from 20 MHz to 170 MHz with a 0.5V low supply
voltage. The input duty-cycle ranges fr9m1 20\/0 to 80% in dual supply voltage mode.
The delay-recycled archltecture reduces the delay Ime length to one-half of the
reference clock period. In addltlon the ﬁproposed ADDCC supports the DVFS for

saving the chip power consumptlpn When the supply voltage is 0.5V, the power

consumption is at the micro-watt Ievel Most of aII the proposed ADDCC is robust to

unbalanced corners and is suitable for low cost applications.
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5.2 Future Works

Low power consumption is always the major design challenge in battery-powered
applications. The proposed ADDCC can achieve the low power consumption from
milli-watt level to micro-watt level by reducing the supply voltage to one-half of the
nominal voltage. However, the operating frequency range of the proposed ADDCC is
still narrow with 0.5V supply voltage. As discussed in Section 3.4, we can further
reduce the intrinsic delay of all logic gates, the operating frequency range will be
extended.

The NAND-based delay line of the proposed TDC-embedded HCDL will cause
glitches when four bits switching on the coarse-tuning delay control codes. The
glitch-free NAND-based delay Ilne [32] |s proposed to solve the glitch problem.
Although the intrinsic delay time and the resolutlon of the glitch-free NAND-based
delay line is the same as the cohveﬁtlonel NAND based delay line [21], the
coarse-tuning control codes on each delay cells are hard to design with the discussed
constraints. The glitch problem of the NAND-based delay line directly influences the
performance of the system, and thus it might be solved in the future.

With state-of-the-art technologies, the integrated circuit (IC) is able to form a
three dimensional (3D) architecture to increase the density of the dynamic random
access memories (DRAMs). Chips are interconnected with through silicon via (TSV)
channels in 3D-IC. TSV can be arranged in the core area and have negligible
inductance and low parasitic capacitance [33]. Hence, the data rate can be further
increased by interconnecting chips with TSVs. In the future, it needs to perform the

die-to-die clock synchronization [34] and duty-cycle correction in 3D-IC.
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