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ABSTRACT

For wireless body area network applications, the reliability, portability and cost
are the significant studies in the recent years. In order to accurately monitor the
biomedical signals without interference, system reliability is the challenge. For battery
limited applications, the feature of low,pewer consumption is undoubtedly required
whenever the system is operating or standby. The demand of small size in sensor tags
increases the difficulty in system integration, especially within a common used quartz

crystal oscillator.

In this thesis, we propose an all-digital tunable clock generator for wireless body
area network applications. For 46 % ADC power reduction and only 0.25 dB SNR
loss at PER=1 %, a phase-frequency tunable clock generator is applied with dynamic
phase-frequency recovery technologies. So as to reduce power consumption on the
always-on clock generator, a hysteresis-delay-cell-based digitally controlled oscillator
is introduced, which has 0.78 ps delay resolution and consumes 2.6 uW at 5 MHz.
Finally, an all-digital and cell-based PVT tolerance clock generator is described for
replacing the reference quartz crystal oscillator. It achieves 343 uW and 0.002 %
maximum frequency offset by frequency tuning capability. The overall designs enable
the power and area reduction by 89.8 % and 88.1 % in wireless sensor nodes,

respectively.
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CHAPTER 1

Introduction

1.1 Motivation

For the ubiquitous personal‘healthcare inspection (uPHI) in wireless body area
network (WBAN) applications,-high reliability, low power consumption and low cost
are especially required. Several-wireless-sensor_nodes (WSN) are placed on or in
human body for monitoring biomedical signals‘and the central processing nodes (CPN)
collect the signals transmitted by WSN. The power and cost issues are emphasized on

WSN because of the long-term monitoring and portability.

However, there exist some performance, power, area and cost problems on clock
generator in present systems, such as ZigBee, Bluetooth, UWB, WiBoC [1] and so on.
The sampling clock offset (SCO) degrades the system performance [2]. The
analog-to-digital converter (ADC) circuits double receiver power at 2-times sampling
rate [2]. Always-turned-on clock generator has much power dissipation compared
with the baseband. The disintegrable quartz crystal oscillator occupies large area and
power and needs extra board components which increase the manufacturing cost. The

area and power comparison is shown in Fig. 1.1.
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Fig. 1.1. WSN (a) power (b) area.

Dynamic phase recovery (DPR) [2] and dynamlc frequency recovery (DFR) [2]

applications. In order to save the A ‘C‘ power DP_R searches the best sampling phase

in the received signal and reduces the sampllr:ié rate from Nyquist rate to the symbol
rate. DFR recovers the received data and also tunes the ADC sampling frequency
offset, resulting in less-interfered acquired data [2]. Fig. 1.2 and Fig. 1.3 [4] show the
packet error rate (PER) and the power comparison with PFTCG by both DPR and
DFR method under SCO = 50 ppm, respectively. There are only 0.25 dB SNR loss at
PER =1 % and 47.7 % ADC power reduction in the standard process 90 nm CMQOS
technology [4]. For system performance maintenance and power dissipation, the

PFTCG is required in WBAN application.
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Fig. 1.3. Power consumption without and with PFTCG. [4]

All-digital clock generators have become more and more attractive in system
integrations and system-on-chip (SoC) applications [5-8]. Instead of utilization
passive components of voltage-controlled oscillators (VCO) in the phase-locked loops
(PLL), all-digital PFTCG approach can minimize the power consumption and reduce
the system turnaround time. Nevertheless, the always-turned-on PFTCG should be

reduced more power in battery-limited devices in WBAN systems. Digitally



controlled oscillator (DCO) is the main module to all-digital clock generators and
occupies over 50 % power dissipation [6]. The state-of-the-art DCO designs still have
large power when operating frequency decreases [5-11]. Thus, this thesis attempts to
propose a low power and delay tunable hysteresis delay element which is the key

component in sub-10uW, high-resolution and wide-range DCO design.

For synchronization in PFTCG for WBAN applications, there is a reference
clock source. The most common clock source is the quartz crystal oscillator which
provides frequency stability regardless of process, voltage and temperature (PVT)
variations. However, the quartz crystal oscillator is difficult for integration and
unsuitable for small size, low cost and low power requirement in portable devices.
Silicon micro-electro-mechanical systems (MEMS) [12] have been proposed as a
result of lower power consumption, but they:also. require extra CMOS processes,

wafer level packaging technologies and long manufacturing duration.

Ring oscillator based clock generator is proposed by [13] which makes use of a
band-gap voltage regulator, temperature and process compensation circuits and a
comparator. It accomplishes low cost demand and overcomes PVT variations, but the
power dissipation is still a problem resulted from operational amplifier in band-gap
regulator and comparator. Moreover, the PVT variation would have a greater effect
upon stability and reliability when the process technique shrinks to nanometer scale
instead of 0.25 um process as [13]. Fig. 1.4 shows the frequency variation of a 5 MHz
standard-cell-based ring oscillator under different PVT conditions in 90 nm CMOS
technology. In worst case, the frequency would vary almost £60 % due to different
PVT condition corners. In this thesis, we propose a low cost, low power and portable
PVT tolerance clock generator with frequency tuning capability in deep sub-micron

CMOS process for frequency stability.



8

<FF 0°C~125°C
<+TT 0°C~125°C
+*3S 0°C~125°C

~

Frequency (MHz)
o1

w

f90 094 098 102 106 110
Voltage (V)

Fig. 1.4. PVT variations of ring oscillator under 90 nm process.

1.2 Organization

The rest of this thesis is organized as follows. At first, the all-digital PFTCG is
described in Chapter 2. Then, we propose @ low power delay tunable hysteresis delay
cell (HDC) for DCO design in Chapter 3. Chapter 4 presents a PVT tolerance clock
generator. Finally, Chapter 5 summarizes our work and discusses some design topics

in the future.



CHAPTER 2

Phase-Frequency Tunable Clock

Generator

As shown in Chapter 1, the,PFTCGrisused for DPR and DFR [2] to change the
generated clock phase and frequency in-some response time. Traditional PLLs,
designed by analog approaches; are-composed of -phase frequency detector (PFD),
charge pump (CP) circuits, loop filter '(LF), VCO and frequency divider. The
analog-based PLLs have more difficulty in tradeoffs among gain, supply voltage and
frequency range of VCO designs in more advanced process technology. The large
capacitance of LF increases chip area, but the off-chip capacitance consumes much
power. Furthermore, the serious leakage current problem to CP circuits in deep

sub-micron technology also dominates overall power dissipation.

On the contrary, the advantages of all digital approach, like all-digital
phase-locked loop (ADPLL) [5-8], all-digital delay-locked loop (ADDLL) [14] or
all-digital multi-phase clock generators (ADMCG) [15], are short lock-in time, low
design complexity for voltage scaling and power minimization, and easily integration

in SoC applications. Therefore, the PFTCG is proposed in all-digital scheme for



power reduction and performance improvement by the clock phase and frequency

adjustments.

2.1 System Overview

The overall dynamic phase-frequency recovery [2] block diagram with the
proposed all-digital PFTCG is shown in Fig. 2.1 [3]. The signals are transmitted with
the channel noise and down-converted in the receiver side. Then, the received signals
are sampled by symbol period with initial timing offset & After timing
synchronization composed of packet detection and boundary detection blocks, the
timing error detector (TED) starts maximum absolute-squared-sum (MASS) search [2]
of the initial preamble. Afterward;the TED calculates the absolute-squared-sum with
different sampling phase £ provided by the’PFTCG. And then, the PFTCG selects

the optimal sampling phase that'results in-MASS.

Although TED adjusts the sampling clock phase, the drift amount due to
sampling clock frequency offset & still increases. The frequency error detector (FED)
estimates the sampling clock frequency offset after the fast Fourier transformation

(FFT) by least squares (LS) algorithm [16]. The estimated sampling clock frequency

offset 5 is also sent to the PFTCG for tuning sampling frequency. To summarize, the
ADC sampling clock is controlled by PFTCG with the estimated sampling phase

offset ¢ and sampling frequency offset f

The phase-selection capability of PFTCG enables the receiver to sample
incoming signals at better instances without increasing sampling frequency, and the

frequency fine-tuning capability reduces the SCO between the transmitter and



receiver for better PER performance. The design specification of PFTCG is listed in
Table 2.1, including 5 MHz reference clock source and 5 MHz target output with 8

phases and £150 ppm frequency tuning range centered at 5 MHz.

Transmittor » Channel :{:}:: Naoise
0 .
Timi Pre-FFT =
RF | ADC iming oL, e » FFT S
Syne. Freq. Sync. 2
r Y =
Phase-Frequency Tunable v
Clock Generator (PFTCG) .
A Timing
g
_I—LI- * Error
T Detector Post-FFT
T 4Ll Freq.
IR & Freq. Syne.
! -Iﬂ—l_ * Error .-
Detector
Reference Clock To FEC Decoder

Fig. 2.1. Block diagram of the system operation with all-digital PFTCG.

Table 2.1. Specification of PFTCG.

Reference Clock Source 5 MHz
Output Clock 5 MHz
Phase Number 8
Frequency Tuning Range 150 ppm (@5MHz)




2.2 Architecture

The proposed all-digital and cell-based PFTCG architecture is shown in Fig. 2.2.
There are four major blocks in the PFTCG, namely phase frequency detector (PFD),
multi-phase digitally controlled oscillator (DCO), PFTCG controller, and glitch-free

clock multiplexer (GFCMUX).

The reference clock (REF CLK) is generated at 5 MHz by the small and highly
integrated circuits which are described in Chapter 4. In the locking loop, the PFD
detects the difference of frequency and phase between the reference clock (REF _CLK)
and the DCO output (Phase0). Then, it generates an up (UP) and down (DOWN)
signal to indicate that the controller adjusts DCO control code (DCO_CODE) to speed
up or slow down the DCO, respectively. The updated DCO control code can provide
multi-phase DCO to generate eight phases clock (from PHASE(O to PHASE?7) with
equal spaced by the extracted DCOdelay path. The glitch-free clock multiplexer
receives the estimated sampling phase offset & from TED and selects the optimal

sampling phase from PHASEO ~ PHASE?7. The FED delivers the estimated sampling
frequency offset f to PFTCG controller and slightly tunes the sampling frequency

by DCO_CODE.

According to the developed algorithm [5], the whole all-digital PFTCG operation
mechanism is illustrated in Fig. 2.3. After the system reset, the all-digital PFTCG
enters to a phase and frequency tracking state. The controller sets the DCO at the
middle of delay path. The DCO initial search step is n/4, where n is the number of
frequencies provided by the DCO. While the PFD detects from lead to lag, the search

step is divided by two, and vice versa [5]. When a new DCO code is calculated, the



present DCO and PFD control signals are first cleared and then updated to the latest
DCO code. To clear DCO prevents from glitches which result from directly updating
DCO codeword. To clear PFD keeps the coarse-tuning loop from frequency and phase

divergence.

When the search step reduces to one, the frequency of DCO output clock is
acquired [5]. The DCO control code would be averaged during the next cycles for
tracking the output clock frequency of DCO. Then, the lock signal (LOCK) triggers
and DCO codeword locks the output clock frequency to the desired 5 MHz.
Afterwards, the phase selection state is applied to switch and search the optimal

sampling phase by the aid of TED. Finally, FED would send the estimated clock
frequency offset f to PFTCG, resulting in'the less-interfered data before system

signal processing.

A
From FED ¢

REF CLK uP l
—— > LOCK )
PFD pown | Controller [—— Phase_Selection
> — From TED ¢
DCO_CODE l
vy I PHASE?

Yy Y

Glitch-Free | OUT_CLK

Multi-Phase

DCO S LI PHASET | Clock MUX |
LI PHASE0

Yy v

Fig. 2.2. Architecture of the proposed all-digital PFTCG.
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Fig. 2.3. Control mechanism ofthe-proposed all-digital PFTCG.

2.3 Circuit Designs

2.3.1 Phase Frequency Detector

The PFD design follows the circuit topology proposed in [5] with standard cell
library and the block diagram is shown in Fig. 2.4. While the feedback clock
(PHASEO0) generated from DCO leads the reference clock source (REF CLK), the
signal QD generates a high pulse until REF_CLK arrives the D flip-flop (DFF) and
triggers for QU. The generated signal QU first goes back to the reset branch on DFF
and then clears the QU and QD. At the same time, OUTU brings about a low pulse

and OUTD remains high. Finally, the flags UP and DOWN will be triggered by these

11



signals and sent to the PFTCG controller for slowing down the DCO. On the other

hand, when PHASEO lags REF _CLK, DOWN becomes high and UP remains low.

The dead zone problem is generally known in PFD, which is caused by the
limited response time of transistors. When the pulse width of QU or QD is not long
enough to turn on the following circuits, the characteristic of PFD becomes
discontinuous. To minimize the dead zone, a digital pulse amplifier [5] is proposed in
Fig. 2.4. It uses the cascaded two-input AND gates architecture to enlarge the pulse
width of OUTU and OUTD. There is another method to eliminate the dead zone with
an inserted delay buffer in the feedback path of the reset branch. The increasing
response time for DFF would effectively generate a wide enough pulse width to
minimize the dead zone of the PFD, thus;ithe following D-flip-flops can detect it.
When the phase error between REF CLK and PHASEO is less than 5 ps, both UP and

DOWN will remain in high, and:no trigger signal 1s sent to the PFTCG controller.

I
1

REF CLK
—_—

| Fulse Amp.

= [P

— DO

Fig. 2.4. Schematic of PFD.
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2.3.2 Digitally Controlled Oscillator

The proposed cell-based and 8-phase 5 MHz DCO is shown in Fig. 2.5. To
preserve the DCO control code resolution and wide operation range under PVT
variations from several tens of nanoseconds to the ten picoseconds scale, the proposed

DCO is separated into three tuning stages.

In order to provide 8 phases from the generated 5 MHz clock source, the buffers
in the 1st tuning stage divide the total delay into a multiple of 50 ns in each delay
segment and connect to 4 multiplexer groups. The signals, from OUT0 to OUT3, are
extracted from the delay chain by multiplexer groups with equal spacing. Then, they
are fine-tuned individually by the following:2nd and 3rd stages and generate 8 phase

clock signals by inverters (INV).and buffers (BUF).

The proposed 1st tuning stage,employs cascading structure [17] with 16-to-1
path selector, as shown in Fig. 2.6, to. maintain delay linearity and extend operation
range easily. There are 4 bits of 1st tuning control code for the 16-to-1 path selector.
The delay time difference between the two neighbor paths is determined by one 1st
tuning delay cell including one buffer (BUF) and one multiplexer (MUX) as shown in
Fig. 2.6. In place of the tri-state buffer architecture [5] [10-11] for path selector, the
multiplexers can increase the controllable range. The summation of propagation delay
from low to high (Tp.x) and propagation delay from high to low (7py.) of one 1st
tuning delay cell is about 30.27 ns under PVT conditions (TT, 0.8V, 25 ). So, the
delay resolution of the outputs (OUT0O ~ OUTS3) is 30.27 ns when the 1st tuning

control code changes by one.

13
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Fig. 2.7. Proposed delay cell in 3rd tuning stage [10].

Moreover, the 2nd and 3rd tuning stages are constructed after the 1st tuning stage
to achieve better delay resolution of the proposed DCO. The circuit topology in the
2nd tuning stage follows the 1st stage except that the minimum delay resolution is
1.06 ns with 5 bits control code. For tracking the reference clock without the false
lock in PFTCG, the controllable range of the 2nd tuning stage has to cover the delay
resolution of 1st tuning stage. The principle of 3rd tuning stage design is the same as

the mentioned 2nd tuning stage.
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The least significant bit (LSB) resolution of the DCO can be improved to about
8.6 ps by adding 3rd tuning delay cell. The 3rd tuning stage applies the
digitally-controlled varactors (DCV) [10] from cell library to accomplish the highest
resolution and linearity. As shown in Fig. 2.7, there is an intrinsic capacitance (C;)
parallel with a differential capacitance (4C) in the output node (OUT). And the gate
capacitance of 3-input NAND logic-gate is controlled by the digital code (ON3). The
other input pin is tied to zero. This 3-input NAND is selected with one input pin tied
to zero to cut off the path of NMOS and PMOS from ground and voltage supply,
respectively [3]. Then the on-off behavior from ON3 decides if the additional loading
capacitance (4C) appeared in the output node of the delay cells, resulting in the

change of charge and discharge in the desired delay resolution [3].

For the 150 ppm frequency —tuning .range of design specification, the
controllable range of the 3rd tuning stage has to be larger than 60 ps
(=2*200ns*150ppm ). In the proposed DCO-design, the range of 3 tuning stage is at
least 428.8 ps (= £1072 ppm) under any ‘PVT variations. There are 7 bits digital
control codes in the 3rd tuning stage. Thus, the proposed DCO has 16 (=4+5+7)
bits for tuning. Based on all standard cells, the delay resolution and controllable range
of proposed three tuning stages under PVT conditions (TT, 0.8V, 25 ) are listed in
Table 2.2. It shows that the controllable range of each stage is larger than the step of

the previous stage.

By HSPICE simulation, the tolerance maximum output frequency of the
proposed DCO is 6.03 MHz (165.9 ns) and the minimum output frequency of the
DCO is 4.48 MHz (223.0 ns) under PVT corners (SS, 0.72V, 125 ) ~ (FF, 1.1V,

0 ). Asaresult, total power consumption of the proposed DCO is 90.3 uW and 53.7
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uW under 1.0 V and scaled 0.8 V supply voltage, respectively, in UMC 90 nm CMOS

process.

Table 2.2. Controllable range and delay resolution of DCO in PFTCG.

1st Tuning Stage

2nd Tuning Stage

3rd Tuning Stage

Code Length (bits) 4 5 7
Range (ns) 454.05 32.9158 1.0922
Resolution (ns) 30.27 1.0618 0.0086

2.3.3 Glitch-Free Clock Multiplexer

As above, the proposed DCQO+generates 8 phase clock signals for DPR. Then, one
of these 8 sources is selected by-the.glitch-free technigue [18-19]. In general, a simple
multiplexer is used to perform the selection-operation. However, different arrival time
of the switching signals to the conwventional ‘multiplexer results in glitches. The
problem with the conventional multiplexer is that the control signal may change in
any time with respect to the source clocks, which creates a potential for chopping the
output clock or a glitch at the multiplexer output [19]. These glitches on the clock line

would lead to the difficulty in sampling data synchronization and DPR [2].

Fig. 2.8 depicts a 2-to-1 clock switching circuits [19] that provides either of two
clock signals CLK0O and CLKI on a clock-distribution output OUT CLK without
switching glitches. For the purpose of protection the high pulse of OUT CLK against
interruption, two negative edge trigger DFF are used. As shown in Fig. 2.9, in the
beginning, the selection signal (SELECT) switches to zero, and d0 turns to zero

immediately. Then, at the following falling edge of CLK0, the upper DFF is triggered
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and ¢b0 feedbacks to dI. At the same time, OUT CLK stops the propagation from
CLKO0. In the end, the below DFF is triggered at the following negative edge of CLK1
and OUT _CLK switches to CLK1 without glitches. These circuits also assure that the
second positive edge of output signal (OUT CLK) after the selection signal changes

from the new clock (CLK1).

We can extend this 2-to-1 clock switching MUX to 8 clock sources switching.
And each select signal has to feedback to all sources [19]. However, the DPR method
orderly switches the 8 phase clocks and chooses the optimal phase by MASS search
algorithm in DPR. So, we can modify the extend architecture to reduce the redundant
circuits. The proposed 8-to-1 glitch-free clock MUX has not connect all feedback
signals of DFF output (gb/0] ~ gb[7]):t0 select signals (SELECTION[0] ~
SELECTION[7]), as shown in: Fig.2,10. The phase selection signal (P/0:2])

controlled by TED transfers to SELECTION/0:7] by a decoder.

do 0
SELECT > ) > ol
qb0

CLKO

_D—> OUT CLK
)— tl
|

Fig. 2.8. Schematic of 2-to-1 glitch-free clock MUX [19].
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18

OUT CLK



2.4 Simulation Result

Fig. 2.11 shows the transient response of the proposed PFTCG operation
scenario, where the reference clock (REF CLK) is 5 MHz. When the RESET is
triggered, the PFTCG starts to track the frequency and phase of reference clock. The
DCO control codeword (DCO_CODE[15:0]) is converged to desired 5 MHz until the
LOCK signal is triggered. By using an adaptive search step in frequency acquisition as
described in Section 2.2, the PFTCG can finish the tracking state in 128
(=4*2*log(2")) reference clock cycles in this worst case. During this tracking time,
it is found that the CLEAR _DCO signal is sent frequently to update the DCO loop to a

new delay path to avoid the glitches in the loop.

Then, the phase selection signal P/2:0/ controls the glitch-free clock multiplexer
to switch the output phase (PHASE[7:0]) in order when the PFTCG is required to
change the output clock phase ta the optimal phase by TED. After the searching of

phases, output clock (OUT) is fixed its"sampling phase by the estimated sampling
phase offset £. The frequency tuning control signal f (corresponding to the signals

TUNE VALID and TUNE CODE) from FED is sent for fine-tuning the frequency of

output clock.

In Fig. 2.12, there are 8 even-spaced clock waveforms in the switching phase
state. The phase of output clock is switched from PHASE7 to PHASE?2. Each pair of
waveforms has about 25 ns delay. The percentage between each phase slot is 10 %, 10
%, 10 %, 12 %, 14 %, 14 %, 14 % and 15 % of one period from PHASE( to PHASE?7,

respectively.

19



RESET ]
wer_cLic | i
TUNE_VrLID | |
TUKE_COODE | |

PL2:0)
LOCK
DOHN

up

CLEAR_DCO | |
PIISED | |

PHASEL
PHASE?
PHASER
PHASE4
PHASES

PIASEE | |

Fnse7 ||

ot

DCO_CODEC1S:0]

RESET
REF_CLKE
TUNE _vaL 1D
TUKE _CODE
PL2:0]
LOCK

DOHN

up
CLEAR_DCO
PHASED
PHASE]
PHASE 2
PHASES
PHASEA
PHASES
PHASEG
PHASE 7
ouT

T i

}

ol
| o
Phase-Fregquency Tracking Steady State

Swirching Clock Phase Updated Clock Freguency

Fig. 2.11. Simulated wai}éformls of.‘PI"'—'T-‘-.C.:G operation scenario.

— T LT LT LT LT LT LT
— ?_
| ] | | | |
L | I L o o L I
L T 1T LT 17T LT LJ 1L
g A e A s AN e A e T e N e B
1+ 7T T 1 T 1 T 1 T 1L T 1T 1
1T .. T 1. 11 T 1. T 1. T1.
| | | | | | | | [ ] | | | |
S e AN e e I e A e N s I e
T 17 1T 1T LT LT LT 1T
B T BN L T LT LT
200 ns I’\

Switching to Optimal Clock Phase

Fig. 2.12. Simulated multi-phase waveforms of PFTCG.

20



2.5 Implementation and Measurement Result

We summarize the PFTCG hardware information in Table 2.3. The PFTCG is an
always-on building block that continuously consumes both dynamic and static power.
Therefore, it is implemented in the UMC standard process 90 nm high threshold
voltage (SPHVT) CMOS technology for static current saving. The frequency of
reference clock source is 5 MHz. The generated phase-frequency tunable output clock
has 8 phases at 5 MHz. The delay cell resolutions of 1st ~ 3rd tuning stage in the
DCO circuits are 30.27 ns, 1.06 ns, and 8.6 ps, respectively. Fig. 2.13 shows the area
distribution of all-digital PFTCG. The DCO and controller almost occupy overall

area.

Table 2.3. The proposed PEFTCG hardware profile.

Technology Standard 90 nm SPHVT CMOS
Target Frequency 5 MHz
Phase Number 8

1st Tuning Stage Resolution 30.27 ns

2nd Tuning Stage Resolution 1.06 ns

3rd Tuning Stage Resolution 8.6 ps

Freg. Tuning Range +1072 ppm(@5MHz)

Core Area 125 um x 252 um

The PFTCG designed layout view is shown in Fig. 2.14. In the area of this
PFTCG, the main part is the DCO circuits from the delay cells to constitute the 25 ns
delay in each delay phase. In the rest of the area, it mainly comes from the control

circuits because the long delay line has multiple of delay stage to control and it
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requires lots of circuits to decode the control signals. This PFTCG is integrated in a
test system [21], dual-mode (MT-CDMA & OFDM) baseband transceiver, for system
verification with the PFTCG area 125 um x 252 um, where the chip microphoto and

layout of the PFTCG is shown in Fig. 2.15.

Area

Controller
14568
(50.74%)

Glitch-Free
Clock MUX

PFD 261
0.919
147 ¢ )

(0.51%)
by 1ESE

11.
i-f[-{]lI

Fig. 2.14. Layout of the proposed PFTCG.
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Fig. 2.16 shows the measured output waveform of PFTCG using LeCroy

LC584A. There four phase outputs (PHASE(, PHASE2, PHASE4 and PHASEG) at

MHz with 1.0 V and 0.8 V supply voltage, respectively.
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Fig. 2.16. Measurement result of PFTCG.
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2.6 Summary

An all-digital and cell-based clock generator is designed to enable the clock
phase and frequency tuning dynamically during the wireless communications system
in operation. The proposed all-digital PFTCG provides 8 clock phases for selection
and enables the ADC sampling signals with lower frequency and better sampling
phase, resulting in lower power dissipation. The PFTCG also achieves +1072 ppm
frequency tuning range centered at 5 MHz under any PVT variations, leading to high
performance against SCO. Comparing with the no sampling offset case, there is only
0.25 dB SNR loss when PER = 1 % as shown in Fig. 1.2 [4]. Hardware is measured
with 145.8 uW and 95.4 uW at 5 MHz with 1.0 V and 0.8 V supply in the standard
process 90 nm CMOS technology."jThﬂe overali power comparison is shown in Fig.
2.17. There is 46.1 % ADC poWef reductid)r;l‘inéludedw the overhead of DPR, DFR and
PFTCG. Therefore, this proposéd PF"I""(;G‘ennaubles “the“d robust and high performance in

SoC design for WBAN applicatio"ns.‘

' [JPFTCG(95.4uW)

B DPR+DFR(140uW)
 EADC
6000 © ] 46.1%
S000 *’/’d
Z 4000 X
= g ADC
T 3000 7
Z 2000 f/r"
-
1000 |

Up-Sampling PFTCG

Fig. 2.17. ADC power comparison.
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CHAPTER 3

Hysteresis-Delay-Cell-Based Digitally

Controlled Oscillator

To meet power-critical or battery-less systems for WBAN application, a low
power DCO is required in always-on clock generator. But, in most state-of-the-art
DCO circuits to ADPLL [5-8], ADDLL [14}'or ADMCG [15] circuits, the aspect of
low power and fine delay resolution in fow frequency application are not considered
together. General techniques have been proposed to operate in low frequency, which
is used by frequency divider circuits or long delay lines in DCO. In the frequency
divider circuits approach, however, the original delay resolution of the divided signal
would be damaged by frequency divider. Although the fine delay resolution can be
achieved by the long delay line in DCO, the area and power dissipation also increases
due to the cascading buffers in the long delay line [3]. The power consumption and

delay resolution are always a trade-off in DCO design.

The power of the previous proposed DCO in Chapter 2 occupies 75 % power
consumption of all-digital PFTCG under 1.0 V. This DCO power is dominated by the

cascading buffers (BUF) [17] and DCV [10] as shown in Fig. 2.6 and Fig. 2.7,
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respectively. Each BUF is composed of a multiple of inverters for achieving 200 ns (5
MHz) delay values. But, the long cascading inverter chains waste much power with
the switching transistors for the desired long delay as shown in Fig. 3.1. The poor
energy and area efficiency in the cascading inverter chains is the major drawback for

the low frequency application DCO design.

The state-of-the-art DCO has been proposed in several architectures. For low
power scheme, a 140 uW DCO has been proposed in [11]. When the DCO delay line
selects a shorter delay path to provide higher operation frequency, some rest delay
cells will not be used. These disabled delay cells still consumes extra power in DCO
[11]. In order to disable the redundant delay cells in the operating DCO for power
reduction, these delay cells are isolated;from,the delay loop in DCO [11]. Then, the

DCO power is only related to the-essential characteristic of the working cells.

But, for further power reduction in"BCO, there is a design challenge to decrease
the power consumption in the cascading standard cells. Table 3.1 shows the delay
value and power consumption of UMC 90 nm SPHVT standard cells. The cell delay

is given by

Ty =Tpy +Tppy (3'1)

where Tpy and Tpry is the high-to-low and low-to-high propagation delay of each

cells, respectively. The simulation is under PVT conditions (TT, 1.0V, 25 ). As the
operating frequency becomes lower, the increasing power on the cascading cells

would occupy higher power ratio in the DCO.
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IN — — OUT
Fig. 3.1. Repeating switching through cascading inverter.
Table 3.1. Delay and power of standard cells in 90 nm technology.
BUFM2H | BUFM4H | BUFM8H | DEL1IM1H | DEL1IM4H | DEL2M1H
Delay (ns) 0.100 0.095 0.090 0.223 0.199 0.344
Power (W) 57.01 111.44 225.79 40.23 85.65 30.59

Furthermore, the techniques {5-11] [22] for improving the DCO resolution also
affect the overall power consumption. For example, by controlling the number of the
enabled tri-state buffers or tri-state inverters bank, driving capability modulation
(DCM) technique changes the transistor driving capability on a fixed capacitance
loading [6]. Nevertheless, DCM has the disadvantages of poor delay resolution,
nonlinearity, large power dissipation and large area. Although the digitally controlled
LC oscillator provides high tuning range and good stability [22], it requires dedicated
circuit layout design and occupies large power consumption and area, which is
composed of a parasitic capacitance tank. Additionally, the DCO with current-starved
delay element [9] can change the delay value with the different controlling current
and achieve high resolution, but the static current source consumes much static power.

In contract with [9], the delay cell is constructed from transmission gates by the
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equivalent channel resistance in the charge and discharge path [8]. It achieves high

delay resolution, but the power dissipation is still unacceptable.

Another delay resolution improvement technique uses different input code to
control the charge path of or-and-inverter (OAI) cell shunted with tri-state inverters
[5]. However, this approach also has nonlinear delay step. The other techniques [10]
[20], moreover, use the shunt capacitor circuits to fine-tune the capacitance loadings
and improve delay resolution and linearity. Unfortunately, DCV result in a poor
performance on power consumption and area to maintain an acceptable operation
range. Hysteresis delay cell (HDC) and DCV were proposed together in [7] [11],
which was the first use of HDC in a DCO design. The HDC can replace many DCV
cells and reduce some power consumption, but it does not possess better power

feature than an inverter.

Thus, a new HDC is propased in'thefollowing sections to generate a wide delay
range equal to the one in a multiple of inverters, in a simple technology, instead of
cascading lots of buffers or inverters. The proposed HDC can not only overcome the
design challenge in DCO power reduction with the least area, but also achieve high

delay resolution, especially in sub-100MHz DCO designs.
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3.1 Hysteresis Delay Cell

The HDCs [23-25], or namely Schmitt triggers, were widely used in digital and
analog circuits for waveform shaping under noisy environment. As shown in Fig. 3.2,
the switching point of CMOS inverter circuits is fixed at the average of high level
voltage and low level voltage because the PMOS and NMOS are both in the
saturation region. But the output signal of HDC circuits is filtered by the high level
and low level threshold voltage, donated as ¥, and V_, respectively. There exists an
extra delay between the output of the inverter and HDC due to the hysteresis

phenomenon.

Fig. 3.3 describes the transfer function of HDC. The Boolean logical function of
HDC in Fig. 3.3 is the same as an inverter gate..In forward switching path, the voltage
of output (Vour) remains high-level until the voltage of input (V) increases to V..
Then, the output ties to the lowvoltage. Oppositely, when 7y decreases to V., Vour
switches to the high level voltage. The"hysteresis voltage width of HDC is defined as

equation (3-2).

v, =V,-V (3-2)

w "+ -

The hysteresis width presents the output from the cross-talk noise and supply noise on
clock and supply power, and also increases the response time of HDC circuits.
However, the feature of hysteresis, or non-sensitivity with input, can provide a long

delay in place of lots of cascading inverters.

There are three common HDC in the following sections, including Rabaey [23],
Dokic [24] and Sarawi [25] architecture. We attempt to analyze the power

consumption and compare with the standard cells in UMC 90 nm CMOS technology.
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Fig. 3.3. Transfer function of HDC.
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3.1.1 Rabaey Architecture

The HDC with Rabaey architecture was proposed as shown in Fig. 3.4 [23].
There are three inverters in this architecture. The transfer function of Rabaey’s HDC
is different from that in Fig. 3.3. The Boolean logic of this Rabaey architecture is the

same as a buffer cell.

The static behavior of Rabaey architecture is stated as follows. In the beginning,
we assume the input voltage 7y is in high level voltage Vpp and the output voltage is
tied to low. When Vv decreases to a certain voltage V., the mp3 and mn4 invert the
output voltage to Vpp. Therefore, the output feedbacks to mp3 and mn4 to speed up
the transition and produce a clean output signal [23]. The low level switching point V-
is determined by the transistor mpl, mnd and mn2. The analysis as forward switching
is similar to the above. However, Rabaey HDC consumes large power dissipation due

to the short current path.

1

mpl mp3

mpl
IN

N .
ovr L Dt <| ouT

mn2 mnt

:

(@) (b)

mnl

L[ &

Fig. 3.4. Rabaey HDC (a) Circuits (b) Schematic.
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3.1.2 Dokic Architecture

There is Dokic architecture of HDC as shown in Fig. 3.5 [24]. The transfer
function is the same in Fig. 3.3 as well. It can be extended to a NOR and NAND type
HDC. When the input voltage ¥y is equal to Vpp, mpl and mp2 are in cut off region,
and mnl and mn2 are turned on. So, the voltage of output Vyur is equal to ground
resulting mn3 in cut off region and mp3 in saturation region. While ¥y decreases to V.,
mpl and mp3 act as a saturated enhancement-mode inverter. Transistor mp2 turns on
as well, providing a charging path from Vpp to output. Oppositely, if ¥y increases to
Vi, mnl, mn2 and mn3 are on. Then, there is a discharging path from output to ground.
These obvious short current paths bring about the major power consumption in the

Dokic HDC.

-(1 mpl
+—"
.4 mp2 — J?-
IN 4 ] T > OUT
| mn2 | =—— -1
3 mn3
mnl

Fig. 3.5. Dokic HDC.
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3.1.3 Sarawi Architecture

Fig. 3.6 illustrates Sarawi HDC [25] which is designed by inverter chain
internally cascaded with a footer and a header. Fig. 3.3 depicts the transfer function.
The operation of this HDC circuit can be described as follows. First, suppose the
initial input voltage Vi is Vpp, o that the mn2 is on and the mp?2 is in cut off region,
which implies mn3 is turned off, mp3 is turned on, mnl is on and mpl is off.
Transistor mn2 remains on and mp2 remains off until 7,y decreases to a certain
voltage V., at which output, Vour switches from a low to a high value. The similar
behavior as forward switching with mp2, mn2 and mn1 is observed as follows. When
a low level voltage is applied to ¥y, Vour goes to Vpp. Vour would switch from Vpp
to ground until 77y increases into the high level threshold voltage 7. and triggers the
pull-down network. Because ofthe.lack of directly short current path, the longer delay

and less power consumption can be expected-in-Sarawi HDC.

mpI
§1

mp2 mp3
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53

4
52

mnl

mn2 mn3

Fig. 3.6. Sarawi HDC.
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3.1.4 Comparison

Table 3.2 lists the performance comparisons with the above HDCs and the

standard cells in UMC SPHVT 90 nm CMOS technology, including BUFM2H,

BUFM4H, BUFM8H, DEL1M1H, DEL1M4H and DEL2M1H. The simulation PVT

condition is at typical corner case and 1.0 V supply voltage.

Table 3.2. Performance comparison with standard cells and HDCs.

Area Energy
Area - Energy -
Delay Area Power . Efficiency . Efficiency
) Efficiency L Efficiency _—
(ns) (um?) | (uW) (ns/um?) Normalization (s/u)) Normalization
" (%) i (%)
BUFM2H | 0.100 0.154 57.01 0.648 6.74 0.018 3.95
BUFM4H | 0.095 0.307 | 111.44 0.308 3.20 0.009 2.02
BUFM8H | 0.090 0.614 | 225:79 0.146 1.52 0.004 1.00
DEL1IMIH | 0.223 0.170 40.23 1.314 13.67 0.025 5.59
DEL1IM4H | 0.199 0.421 85.65 0.474 4.93 0.012 2.63
DEL2M1H | 0.344 0.170 30.59 2.030 21.12 0.033 7.36
Rabaey 0.177 0.154 72.34 1.152 11.98 0.014 3.11
Dokic 0.212 0.115 31.53 1.842 19.16 0.032 7.14
Sarawi 1.384 0.144 2.25 9.612 100 0.444 100

The cell delay is the summation of high-to-low and low-to-high propagation

delay, defined in equation (3-1). The area efficiency is an index of cost as (3-3),

which is the delay comparison within same area. And, the energy efficiency means

the inverse of transition power as (3-4). These two parameters can be regarded as a

figure of merit to evaluate the performance of delay cells.
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Delay

Area Efficiency = (3-3)
rea
Energy Efficiency = Delay (3-4)
Energy

The normalization of area and energy efficiency is shown in Fig. 3.7 and Fig. 3.8,

respectively.

By the simulation results, it is found that the HDCs of Rabaey and Dokic
perform similar area and energy efficiency to the standard cells. But, the Sarawi
architecture represents the best performance in both area and energy efficiency. That
implies the Sarawi HDC can achieve the same delay by using the least area and
energy compared with the other delay cells. So, we will re-analyze the Sarawi HDC in
the following section and propose a new delay.tunable and low power HDC for DCO

resolution improvement.
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Fig. 3.7. Normalization of area efficiency with standard cells and HDCs.
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3.2 Proposed Hysteresis Delay Cell

3.2.1 Formulation

The reason of the longest delay value and most area and energy efficiency in
Sarawi HDC is the wide hysteresis voltage width and creeping rise/fall time of output.
As shown in Fig. 3.5, when the input voltage of HDC decreases from Vpp to V. in the
reverse switching path, the currents of the transistors, mp2, mn2 and mpl, are the

same [25] as follows.

(3-5)
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Thus, we may rewrite (3-5) as
1 2 1 2 1 2
EﬂpZ(V—_VSl_th) :EﬂnZ(V—_th) :Eﬂpl(VSl_VDD_I/tp) (3-6)

where S, is the transconductance of transistor m labeled in Fig. 3.6. V3, and V,, is

threshold voltage of NMOS and PMOS, respectively. Based on the left hand side of

VSl +I/tp + gﬂz*l/tn
Vo= Y o2 (3-7)

(3-6), we have

_ 1+ @
ﬂpz
where Vs, is the voltage in node S/ [25]: Aecording to the right hand side in (3-6), the

V1 is expressed as

B
Uy V% ﬂ—”l(VDD+V,p)

Ve = 22 (3-8)
1+\/'B”2
B,

Substituting this result in (3-8) into (3-7), we summarize the expression as

- RV, +2R)V, +R1+ RV,
B RR,+R,+R

(3-9)

where R,=.B,/B,, and R=B,/B,, .\t V, =V, wemay rewrite (3-9) as

_ RPVDD + (RRP — 2Rp +R)V,
RRP + Rp +R

V

(3-10)
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The same analysis as forward switching with mp2, mn2 and mnl is as follows
[25]. When a low value signal is applied to Vi, Vour goes high. Voyr would switch
from high to low until 7y increases into V.. In the forward switching path, the

relationship of the currents between transistors mp2, mn2 and mnl can be written as

=1

mnl

(3-11)

mn2 mp2

1 1 1
Eﬁnz(V+ - Vsz - Vm)z = Eﬁpz (V+ - VDD - pr)z =Eﬂn1(Vsz - th)2 (3‘12)

From (3-12), we have the forward switching point as similar as (3-9).

R+, +(R +1)V. +2RR V.
V+ =( n ) DD ( n ) tp n’ (3_13)
RR +R +1

where R, =./B,,/p,, . When V= -V, 1(8-18) isexpressed as

(R, +1D)Vhy*(2RR - R; -1)V,

4 (3-14)

' RR +R +1

The switching points, V. and V., of Sarawi HDC can be calculated by (3-10) and

(3-14) with R=R, =R, =1, leading to V. =V,,/3 , V,=V,,*2/3 and

Vi = DD/3 [25].

Consequently, based on (3-10) and (3-14), we substitute R=1 in these

equations. The switching points ¥_and V. can be rewritten as

V — th +Rp(VDD_V;n)

3-15

- 2R, +1 ( )

V+ — VDD - I/m + Rn (VDD + Vm) (3_16)
2R +1
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Fig. 3.9. Transition response of Sarawi HDC.

The rise time Tz and fall timey Te4zz 0of the HDC circuits contribute the most
delay in the hysteresis phenomenon! As shown.in Fig. 3.9, the transition time of the

HDC dominates the overall propagation delay.

Assume the output capacitance Coyzis.voltage independent. The fall time Trq.
consists of three intervals. The first part #; is the time interval of Voyr from

(0.9*V,,) to (V,,—V,) and mn2 is operated in saturation region, resulting in

increasing voltage of node S2. The model is expressed as

Woyr B,
COUT % = _TZ(VDD - th)2 (3‘17)

Taking the integration, we obtain

Voo =Vin 1
COUTJ- dVOUT == :an (VDD - th)2 J‘Of dt (3'18)

0.9, 2

Therefore, (3-19) is summarized as
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_ 2COUT (Vm _O'lVDD)
L=
! ﬂnZ(VDD - Vm)z

(3-19)

The second part ¢ is the time interval when mn2 is in linear region. In this

interval, Voyrdrops from (V,,—V,) to (0.5*%V,,) and then turns on mnl, which is

shown as
dv
COUT dOtUT = _% (Z(VDD - th)VOUT - VOUTZ) (3'20)
Cour | o Vour Sy (3-21)
O Hp1, 2(Vop =V Wour — VOUTZ) 2%

t, = Cour In Vpp =4V, (3-22)
:an (VDD - Vm) VDD

The other part ¢ is the time interval when,mn ! and mn2 are both in linear region.
In the discharging interval, Vouzdrops from (0.5%¥%,,) to (0.1*V,,) through mnl

and mn2. We can find that

dv
COUT dOtUT = _%(Z(VDD = th )VOUT - VOUTZ) (3'23)
Cour [ Pour I (P (3-24)
our
05Vbp 2((VDD - th)VOUT - VOUTZ) 2 %

(s = Cour In 197V, -20V, (3-25)
' By (VDD - Vm) 3VD -4y,

tn

where the Sy is the equivalent transconductance of combination of mn/ and mn2.

Bv=—T—"71 (3-26)

Consequently, the fall time T4z, is the summation of #;, ¢ and #3. From (3-19),

(3-22) and (3-24), we may we rewrite the expression as
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COUT (2Vm - 0'2VDD + 3VDD — 41/;,1 + ﬂnZ In 19VDD — ZOVm

T, FALL — In
ﬂnz (VDD - th) VD - th VDD IBN 3VDD - 4th

) (3-27)

By the similar analysis, the rise time Tg;sz can be obtained in (3-28).

Cour W, =0y W+, B 19 +207, ) (328
,sz(VDD + Vzp) VDD + th VDD IBP SVDD + 4th

RISE =

where fp is the equivalent transconductance of mp1 and mp2.

Based on (3-27) and (3-28), the rise time Tz and fall time Ty4., are inverse
proportional to the transconductances g, Bv, f,2 and fp. Thus, we can control the

propagation delay of HDC by different .., By, f,> and fp.

3.2.2 Delay Tunable Hysteresis Delay Cell

According to the previous analysis; we. propose a seven stage delay tunable HDC
based on the original low power HDC architecture as shown in Fig. 3.10. The sizing
of transistors in Fig. 3.10 is listed in Table 3.3. These delay stages control the fall time
Tr4r by the discharge transconductance in the proposed HDC. With different
codeword, the proposed circuits perform different values in the propagation delay.
The simulation results of delay value and power consumption is shown in Fig. 3.11
and Fig. 3.12, respectively. The proposed HDC can achieve 0.78 ps delay resolution,
and the delay range is from 1.643 ns to 1.742 ns with the fine delay linearity which
guarantees a monotonic delay behavior when the control word increases. The delay
value is several hundreds times cell delay of one minimum size inverter and the power

consumption is below 2.2 uW in each codeword.
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Fig. 3.10. Proposed delay tunable HDC.
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Table 3.3. Transistor size of proposed delay tunable HDC.

Transistor | mpl | mp2 | mp3 | mnl " mn2.| mn3 | mrO0 | mrO1 | mr02 | mr03
W/L 0.36 | 0.36 | 0.36=| 0:36 f 0.24 [ 0.24 | 0.23 | 0.22 | 0.20 | 0.17
(um/pm) 0.08 | 0.08 | 0.08 |-0.08 | 0:.08 |r0:08 | 0.16 | 0.16 | 0.16 | 0.16
Transistor | mr0O4 | mr05 | mr06 | mrO7-} mrO8 | mr09 | mrl0 | mrll | mr1l2 | mrl3
W/L 0.14 | 0.16 | 0.11 4.0.12 | 0.12 }*0.12 | 0.12 | 0.12 | 0.12 | 0.12
(um/pm) 0.16 | 0.24 | 0.24 | 0.08°0.08 | 0.08 | 0.08 | 0.08 | 0.08 | 0.08

0 20 40 60 80 100 120
Codeword

Fig. 3.11. Delay of the proposed delay tunable HDC.
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Fig. 3.12. Power of the proposed delay tunable HDC.
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Fig. 3.13. Cascading BUF and DCV.
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Table 3.4 illustrates the features and comparisons with proposed delay tunable
HDC and the most commonly-used cascading BUF and DCV approach [10] which is
depicted in Fig. 3.13. The proposed delay tunable HDC with similar propagation
delay and controllable range can perform better performance in resolution, power and
area. The delay resolution improves the DCO frequency tuning step and covers every
desired delay value in DCO. The 98.4 % power reduction and 92.8 % area reduction
implies both dynamic and static power saving, resulting in better area efficiency and

energy efficiency on clock generator.
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Table 3.4. Comparison of cascading BUF and DCV to delay tunable HDC.

_ Delay Controllable | Resolution Power Area
Transistor )
(ns) Range (ps) (ps) (nW) (um?)

Cascading BUF
1.86 67.7 2.26 133 6.048

& DCV

Proposed Delay

1.64 99.4 0.78 2.2 0.437
Tunable HDC

3.3 Proposed HDC-Based Digitally Controlled Oscillator

By the above proposed delay tunable HDC, we design a 5 MHz low power
all-HDC-based DCO as shown in Fig. 3.14. The proposed DCO is partitioned into two
tuning stages. The 1st tuning stage ‘composed of HDC1 extends the controllable range
of DCO. The 2nd tuning stage; cascading HDC2, is for the delay resolution
improvement. Because the targeted frequency-is 5'MHz, the total delay of HDCs in
2nd stage has less than 200 ns under any.-PVT conditions. Furthermore, the delay
controllable range in 2nd tuning stage must cover the delay resolution of 1st tuning

stage, avoiding false lock in PFTCG, ADPLL [5-8] or ADDLL [14] applications.

The delay resolution of 1st tuning stage is summation the summation of
propagation delay from low to high (7»,4) and propagation delay from high to low
(Tpyr) of HDCL. The architecture of HDC1 is illustrated in Fig. 3.15. Based on the
Sarawi HDC, we apply an extra transistor mp4 as the header. The ENABLE signal is
used for isolating the redundant delay elements in the closed loop and saving the
power consumption. Generally, the dynamic power Pg,, in the 1st tuning stage is

expressed as
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Fig. 3.14. Architecture of the propesed HDC-based DCO.
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Fig. 3.15. Delay element of the 1st tuning stage.
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Py, =CVoy' f (3-29)

where C;, is the overall loading capacitance and f'is the circuit operating frequency.
When we don’t disable the redundant delay elements outside the closed loop in 1st

tuning stage of DCO, the power becomes

1 M,CoVoy
F, :CLVDDZf:(M* cell)VDD2 =—* e bD

— 3-30
dym N* TD N TD ( )

where M is the total number of HDC1, N is the number of HDCL in the closed loop,
C..; and Tp are the capacitance and delay value of one HDC1, respectively. When the

ENABLE signal turns off the redundant delay, the dynamic power is written as

2
1 it Ccell VDD

P
dem = (N*Ccell)VDD N*T T
D D

(3-31)

The dynamic power with disabled redundant elements is N/M times of the
power with unblocked the elements. In other words, the power consumption with
disabled redundant elements is independent of N. It also means that the 1st tuning
stage power consumption is fixed as shown as (3-31) whatever DCO operating
frequency is. Consequently, the power and delay characteristics of HDC1 imply the

overall 1st tuning stage power performance.

The 2nd stage delay element HDC?2 is the same as the proposed delay tunable
HDC in Section 3.2, which provides both delay resolution and delay offset. For
covering the delay resolution of 1st tuning stage, the 2nd tuning stage must have
enough controllable range. Thus, the number of 2nd tuning stage element increases to
64. Table 3.5 summarizes the control code length, controllable range and delay

resolution of the 5 MHZ all-HDC-based DCO.
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For hundred-MHz DCO application, we can apply the same DCO architecture as
shown in Fig. 3.14. The HDCL1 in the 1st tuning stage can be changed with the small
delay value cells, like AND logic-gate cells, for decreasing the delay value and
increasing the operating frequency. The 2nd tuning stage still applies the cascading
delay tunable HDC for preserving the resolution. Table 3.6 shows the simulation
results of modified 200 MHz HDC-based DCO. The code length is 14 bits with 6 bits
in 1st tuning stage and 8 bits in 2nd tuning stage. The LSB delay resolution is still

0.78 ps.

Table 3.5. Controllable range and delay resolution of 5 MHz HDC-based DCO.

1st Tuning-Stage

2nd Tuning Stage

Code Length (bits) 7 13
Range (ns) 412201 6.362
Resolution (ps) 3246 0.78

Table 3.6. Controllable range and delay resolution of 200 MHz HDC-based DCO.

1st Tuning Stage

2nd Tuning Stage

Code Length (bits) 6 8
Range (ns) 10.09 0.199
Resolution (ps) 160 0.78
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3.4 Simulation Result

Based on the low power and high delay resolution for WBAN application [3], the
proposed HDC-based DCO is verified and implemented in the standard process 90 nm
high threshold voltage (SPHVT) CMOS technology in both 5 MHz and 200 MHz
operating frequencies. The power consumption is 2.6 uW at 5 MHz and 14.3 uW at
200 MHz under 1.0 V supply voltage, respectively. The reason for larger power at
200 MHz than 5 MHz DCO is the poor energy efficiency of standard AND
logic-gates in 1st tuning stage. The LSB resolutions of both DCOs with delay tunable
HDC are 0.78 ps. The designed 5 MHz DCO requires 20 bits control word length and
the range of operating frequency is from 1.9 MHz (526.3 ns) to 9.4 MHz (106.8 ns).
The other DCO, operating at 200.MHz, has 14 bits codeword and operating range is

from 69.8 MHz (14.3 ns) to 249.4 MHz (4.01.ns) with 0.78 ps delay resolution.

Note that it is easy to extend the-controllable range of these DCOs by changing
the HDC numbers or using other small delay cells in the 1st tuning stage. In order to
fine-tune the delay resolution, the equivalent transconductance of delay tunable HDCs

in the 2nd tuning stage can be easily controlled as well.

Table 3.7 lists the overall comparison to the state-of-the-art DCOs. The proposed
DCO has the least power dissipation compared with other designs, and also achieves
high delay resolution. As a result, the proposed HDC-based DCO indeed has the
benefits of better resolution, operation range and delay linearity for low power

applications.
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Table 3.7. Performance comparison of DCO.

Performance Proposed Proposed | TCAS2’07 JSSC’05 ISQED’02 | ISCAS’06 JSSC’04
Indices DCO DCO [11] [9] [20] [8] [6]
Process 90nm 90nm 90nm 0.18um 0.13pum 0.13um 0.35um
Suppl

PRy 1 1 1 1.8 1.65 1.2 3

\oltage (V)

DCO Control

20 14 15 5 8 8 7
Word Length
Operation
1.9~94 70~249 191~952 413~485 150 200~750 152~366
Range (MHz)
LSB
Resolution 0.78 0.78 1.47 2 40 N/A 10~150
(ps)
Power 2.6uW 14.3uW 140pW 170~340uW *0.5mwW *0.85mw *12mwW
Consumption | (@5MHz) | (@200MHz) | (@200MHz) 4, (Static only) | (@150MHz) | (@560MHz) | (@366MHz)

3.5 Summary

*Power consumption estimated from 50% of ADPLL

In this chapter, we introduce a low power, small area and high delay resolution

DCO by the HDC. Compared with the standard cells, the proposed HDC not only has

the low power and small area feature, but also achieves high delay resolution with

linearity. With the aid of the proposed HDC, the 5 MHz DCO has 0.78 ps LSB delay

resolution and only consumes 2.6 uW under 1.0 V. Another proposed design of 200

MHz DCO can provide 0.78 ps resolution and 14.3 uW under 1.0 V supply voltage in

the standard process 90 nm CMOS technologies, which consumes the least power

dissipation of the state-of-the-art DCO.
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As a result, this work enables 97.6 % power reduction and 99.6 % area reduction
in comparison with the previous DCO in Chapter 2 under 1.0 V. In terms of the

all-digital PFTCG, the overall power and area reduction are 73.0 % and 47.6 %,

respectively.

I Caseading BUF & DCV DCO | ' Cascading BUF & DCV DCO |
| HDC-Based DCO ‘B HDC-Based DCO |

z
=
\\

-
=
=

-
b
=

73.0%

Power{puW)
g

PFTCG with PFTCG with
PFTCG  4pC-Based DCO PTG ipC-Based DCO
(a) (b)
Fig. 3.16. PF power (b) area.
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CHAPTER 4

PVT Tolerance Clock Generator

In general, the quartz crystal oscillator is the familiar solution to reference clock
source in communication systems. For WBAN applications, the requirements of clock
source are low power, low cost'and small area, especially in WSN. Although the
quartz crystal oscillator can provide good stability under different PVT variations, the
milli-watt power consumption [26], large area-and extra board component bonding are
the fatal disadvantages. The additional board ‘components also result in the difficulty
in system integrations and increase the manufacturing cost. The silicon
micro-electro-mechanical systems (MEMS) [12] have been proposed to replace the
quartz crystal oscillator. But, the extra CMOS processes, wafer level packaging
technologies and long manufacturing duration increase the cost and the time to market
(TTM) as well. Furthermore, in the quartz crystal oscillators and MEMS approaches,
the frequency accuracy would decay when operating time increases. The generated

clock is incapable of calibrating by the system.

In system level, the ring oscillator seems to a better solution to chip integration,
power budget and area. A 7 MHz ring oscillator [13] has been proposed by adding a

band-gap voltage regulator, temperature and process compensation circuits and a
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comparator. However, the operational amplifiers in voltage regulator and comparator
consume large power. Moreover, when the CMOS technology scales to the next
advanced generation, the PVT variations become worse as shown in Fig. 1.4. The
violent frequency variation rate of 5 MHz ring oscillator is about 60 % under the

worst case PVVT corners.

For the low power and integrable clock source applications, such as WBAN, the
design challenge is against the serious PVT variations. In the following sections, we
describe a new methodology to generate a stable and low power clock source under
any PVT variations. The proposed design also has frequency tuning capability to
fine-tune the clock frequency and avoid the frequency drift in the long service life.

The design specification is 5 MHz whichuis as same as the PFTCG reference clock

source.
Process Tuning
Parameters Command
[(—=—-
|
h 4 Delay Digital Target
R S I [ »
ese PVT Information Codeword Clock Frequency
— ——p Mapper p————p . —
Detector Oscillator

Fig. 4.1. Architecture of the proposed PVT tolerance clock generator.

4.1 Architecture

The proposed PVT tolerance clock generator is shown in Fig. 4.1. It is composed
of three blocks, including PVT detector, mapper and clock oscillator. The PVT
detector can extract the delay information from different PVT conditions. The mapper
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transfers the information to a digital codeword for calibrating the PVT variations. The
clock oscillator receives the digital codeword from mapper and generates the target

frequency clock.

The process parameters are provided by the standard chip testing procedure and
stored in one time programming (OTP) devices to calibrate the process variation. The
process calibration behavior can be executed on the mapper, or on both PVT detector
and mapper. The frequency tuning command feedbacks from system frequency

recovery loop for fine-tuning the clock frequency [2].

4.2 Circuit Designs

4.2.1 PVT Detector

The PVT detector senses the PVT conditions and transfers the response of delay
information to a digital code. The delay information is extracted by delay cells which
have different PVT sensitivities. Suppose there are two different delay cells in the
PVT detector, namely the reference delay cells and variable delay cells. These two
delay cells with different PVT sensitivities result in different delay variation rates
under different PVT conditions. The PVT detector can observe the relative delay

variation between the reference cells and variable cells by the delay ratio

Dy (P.V,T)

Ry =3 (P,V,T)

(4-1)
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where Dy (P, V,T) is the delay of a variable cell and Dger(P,V,T) is the delay of a
reference cell. Both delay values depend on the PVT conditions, so the delay ratio

R(P,V,T) is a function of PVT as well.

Fig. 4.2 shows the delay ratio of variable cell (ND4MOH_L) to reference cell
(BUFM8H) versus absolute delay under different PVT corners. The ND4MOH_L is a
ND4MOH cell with another ND4AMOH in the output loading. The ND4MOH and
BUFM8H cells are both standard cells in UMC 90 nm SPHVT technology. The cell
delay value results from a step input. In Fig. 4.2, the x-axis is the delay ratio R(P,V,T)
and the y-axis is the absolute delay value. The three groups of data are the simulation
results on the three process corners (FF, TT, SS). Each group covers different

simulating voltage (0.9 V ~ 1.1 V) and temperature (0 ~ 125 ) variations.

0.35

Delay (ns)

0.1

0.22 0.24

Fig. 4.2. Delay ratio of ND4AMOH_L to BUFM8H.
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The relation between delay ratio and absolute delay value of reference cell can
be modeled a one-to-one mapping function under fixed process variation. Thus, the
delay variation under certain process condition is approximated to a second order

curve, which is written as
DMode,(P, V.,T)= lA)REF (P,V,T)=a*R(P, V,T)2 +b*R(P,V,T)+c (4-2)

where a, b and c represents the process variation coefficients. These process variation
parameters can be obtained and stored from the chip testing procedure. Then, the

second order modeling error is expressed as

=abS(DModel(P’V’T)_DREF(P’V’T))

E 4-3
Model DREF (P, V, T) ( )

The simulation results of the second order modeling curves are shown in Fig. 4.3
(). The modeling error is limited by the PVT sensittvity between the reference cells
and variable cells, which is the vibrations of the curves as shown in Fig. 4.3 (b). The

maximum modeling error is about 2.05 % as shown in Fig. 4.4.

0.35 : ‘ ‘ :
03 © DREF 0 ™ A DREF
3 — 15/ |
DModel \\ DModel
2025 £0.145 d\}\
> > !
g 02 g )\
N, Z0om In 0.14 @7\
0.15¢ 2. =
‘ 0.135! @l
0.1 ‘ ‘ > | ‘ ‘ e
0.22 0.24 R 0.26 0.28 0.263 0.265R 0.267
(@) (b)

Fig. 4.3. Second order modeling curve of delay value.
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Max. Modeling Error = 2.0483 %

3
EModel
2
S
S
S
SS TT FF
0

0.22 0.24 0.26 0.28

Fig. 4.4. Second order modeling error.

For implementation, we have to partition the delay ratio into several intervals
and map the digital codeword of delay ratio into the real delay value. In the i-th delay

ratio region, we can map these delay ratios into a delay value Dpyision,i-
2
D\ oot i vt =12 *Ri,MlN +b *R[,MIN t+c (4-4)

%k 2 *
Dot i it = G R i +b R, te (4-5)

_ DMnde,i,MAX + DM()de,[,M[N —_— *R

2 *
DPart[tion,i - 2 Partition i +b R tc (4-6)

Partition,i

where R; v 1S the minimum delay ratio in the i-th region and R; .y is the maximum
delay ratio in the i-th region. Dysderinax and Dasogeriran are the maximum and
minimum modeling delay in the i-th delay ratio region, respectively. Rpuyision: 1S the

corresponding delay ratio in the i-th region. The frequency error after partition is

written as

D, . .—D..(PV,T
Paritions — abS( Partition i REF ( )) (4_7)
Dy (P,V,T)

E
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Fig. 4.5. Architecture of the proposed PVT detector.

Fig. 4.5 describes the proposed architecture of PVT detector. The PFD is the
phase frequency detector whose drchitecture is-the same as Fig. 2.4. Each PFD
connects the delay lines compased of reference cell. and variable cell with different
cell numbers. In the beginning, a step input (ENABLE) triggers the PVT detector.
Then, the step pulse passes through the two type delay lines. Each PFD detects the
lead or lag between each pairs of delay lines and generates the up and down signals.
According to these up and down signals, we can estimate the delay ratio of single

reference cell to single variable cell.

The function of encoder includes the transformation from up/down signals into
divided delay ratio and the mapping from the delay ratio to the real delay time of
reference cell with the process variation parameters as (4-6). Fig. 4.6 shows the
simulation results of PVT detector partition curves. In a certain separated delay ratio
region, all delay ratio values are mapped into a fixed delay. Fig. 4.7 shows the
partition error under different PVT conditions. The maximum partition error is about

2.03 %.
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Fig. 4.6. Second order partition curve of delay value.
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Fig. 4.7. Second order partition error.

4.2.2 Mapper

The mapper transfers the PVT information, the absolute delay value of reference

cell, to a digital control code of the oscillator with the process variation parameters.

That is to say, the mapper converges the 3-dimension variations, including process,

voltage and temperature, towards 1-dimension oscillator codeword. By (4-2), the

delay of an oscillator cell can be modeled as
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D, (P,V,T) :M(ZA)REF(P,V,T)) =a'*R(P,V,T)> +b'*R(P,V,T)+c (4-8)

where M is the mapping function of the mapper, and «’, 5" and ¢’ are the modified
process variation coefficients. Then, the clock oscillator cell number in the closed

loop is express as

1
N, . = =a"*R(P,V,T)> +b"*R(P,V,T)+c" 4-9
osc * Dy (PV.T) a ( ) ( )+c (4-9)

where 1 is the target frequency of the generated clock from clock oscillator. The
oscillator control codeword can be regarded as clock oscillator cell numbers with an

offset in ¢". Hence, we summarize (4-9) as

Codeword ,s.(P,V,T) = @"SR(PJ,T)* +b"* R(P,V,T) +c" (4-10)

Thus, we can combine the encoeder in PVT detector into the mapper. In other words,
the mapper would transfer the delay: ratio'from PV.T detector to oscillator codeword

by modified process variation parameters as

24D"*R +c" (4-11)

— A" *
COdeWOVd =a RPartition Partition

Mapping

The mapper also receives the frequency tuning command from system frequency
recovery loop [2]. The frequency tuning command controls the oscillator codeword

and fine-tunes the output clock frequency.

% 2 " *x m
COdewordMapping =da RPartition + b RPartition tc + d (4-12)

where d is the tuning step from frequency tuning command. The process parameters
a', b" and ¢'” can be acquired and stored in the OTP devices. The error after mapper

is written as
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Mapping — abs( COdewordMaPPing — Codeword s (2.7, T)) (4-13)
pping Codeword s (P,V,T)

E

There are simulations of mapping curves in Fig. 4.8. The oscillator cell,
CKINVMB8H, is also the standard cell in UMC 90 nm SPHVT. The trends of mapping
curves are invert with the partition curves as shown in Fig. 4.6. Larger delay ratio
implies less delay of oscillator cells, resulting in larger oscillator cell numbers for the
same clock period. Fig. 4.9 depicts the mapping error under different PVT conditions.
The mapping error depends on the partition error, the PVT sensitivity of oscillator cell

and clock oscillator resolution. The maximum mapping error is about 1.92 %.
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4.2.3 Clock Oscillator

In clock oscillator, the PVT sensitivity and delay resolution affect the mapping
error. The degree of vibrations in mapping curve, as shown in Fig. 4.8(b), results from
the PVT sensitivity of oscillator cells. Less PVT sensitivity would increase the
stability of clock oscillator and reduce the mapping error in mapper. High delay

resolution is also required for improving the frequency accuracy in clock oscillator.

The block diagram of clock oscillator is shown in Fig. 4.10. There is a delay line
composed of oscillator cells. The path selectors are constructed from several tri-state
buffers [5]. The oscillator encoder encodes the oscillator codeword (Codewordapping)
to the control signals (ON) to tri-state huffer: ;The output in tri-state buffers is divided
by 8 and generates the target 5 MHz clock. Although these tri-state inverters bring out
extra delay uncertainty in the:clock oscillator under different PVT conditions, the
delay uncertainty can be ignored in“the fong delay line. As a result, the non-ideal
effect can be also calibrated by the "process parameters and frequency tuning

command as (4-12).

RESET—> osc.| fosc. osc] fosc] Josc] . Josc.
)’ M cen Pl cen [© 7 | cen [T] cen cel [ | Cell
v
aNifof YJ\ 11 PR ONI M}
A A
. =8
Codewordyappine = 0S¢, — OV
Mapping Encoder l
ouT

Fig. 4.10. Architecture of the proposed clock oscillator.
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4.3 Simulation Result

The simulation results of the proposed PVT tolerance clock generator are shown
in the above sections. The PVT detector applies 84 pairs delay detector circuits and
estimates the delay ratio of a reference cell (ND4MOH_L) to a variable cell
(BUFM8H). The 84 variable cell delay lines have 292 ~ 375 cell numbers,
respectively. The reference cell delay lines all have 82 cell numbers. We separate the
delay ratio into 83 intervals. The maximum partition error is 2.03 %. After the mapper
and clock oscillator, the frequency error of output clock is less than 1.92 % without
frequency tuning command. Then, the frequency error can be reduced to 20 ppm by

system frequency calibration loop [2].

The response time of proposed PV/T tolerance clock is less than 100 ns due to the
delay lines in PVT detector. After system reset, the:PVT detector is triggered once
and then records the present ‘PVT winformation. until the frequency re-tracking
command from system by violent PVT variations. The power consumption of PVT
detector is about 15.39 mW during the responding 100 ns. Because the PVT detector
only operates once, the power can be easily reduced by extending response time.
After detection, the stable power consumption of the proposed PVT tolerance clock
generator is 343 uW at 5 MHz under 1.0 V supply voltage from the clock oscillator

circuits.
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4.4 Implementation

The proposed all-digital and cell-based 5 MHz PVT tolerance clock generator is
implemented with UMC 90 nm technology. Fig. 4.11 summarizes the area distribution.
The PVT detector, mapper and clock oscillator occupy 89.81 %, 3.66 % and 6.52 %
of overall area, respectively. The overall area is about 0.28 mm?®. Fig. 4.12 is the
layout view of the proposed design. The non-blocked part in Fig. 4.12 is the other

design integrated with our proposed PVT tolerance clock generator.

Area

PVT Detector
249654
(89.81%)

Mapper
10182
(3.66%)

Clock Oscillator
18135
(6.52%)

Fig. 4.11. Area distribution of PVT tolerance clock generator.

Fig. 4.12. Layout of the proposed PVT tolerance clock generator.
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Table 4.1. Performance comparison of clock sources.

Performance Proposed Quartz Crystal MEMS Ring OSC.
Indices Design Oscillator [26] [12] [13]
With 0.
Process 90nm With S0nm Corln e%fe:irzn 0.25
.25um
Oscillator Pad p . 3
Circuits
Frequency (MHz) 5 5 55 7
Power
Consumption 0.34 36.2 1.9 1.5
(mW)
54.05 (Onl
Area (mm?) 0.28 (Only 2.25 1.6
Quiartz Crystal)
Max. Frequency 1.9/0.002
0.005 0.004 2.6
Error (%) (FCL+DPRI2])
Frequency Tunable Yes No No No

Table 4.1 lists the comparison among._different clock generators. The proposed

PVT tolerance clock generator has'less power-consumption and less area than quartz

crystal oscillator [26], MEMS [12] and ring-oscillator-based design with calibration

circuits [13]. By the means of frequency tuning capability from frequency calibration

loop (FCL) and DFR [2], the proposed design has similar maximum frequency error

to the quartz crystal oscillator [26] and MEMS [12] approaches. When the service

time increases, the frequency tuning command provides immediate frequency

calibration capability to avoid frequency drift. We can always fine-tune the frequency

of clock generator to enhance and hold the clock frequency accuracy.

Moreover, theses two approaches, quartz crystal oscillator [26] and MEMS [12],

have extra manufacturing costs and difficulties in system integration. The proposed

design is all-digital and integrable with system under standard CMOS technology.
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Though the ring-oscillator-based design [13] overcomes the PVT variations in 0.25
um with calibration circuits, the design complexity for power minimization due to

band-gap voltage regulator is the major challenge in deep sub-micron CMOS process.

4.5 Summary

For replacing the quartz crystal oscillator, we propose a new method to design a
low power, small area and high integrated clock generator with frequency tunable
capability to improve the frequency accuracy. The all-digital PVT tolerance clock
generator is designed with all standard cells in UMC 90 nm technology. The
frequency tolerance is 1.9 % under any PVT condrtrons without frequency tuning
command. The frequency tunlng com'rnand from frequency recovery loop can
enhance the frequency accuracy performancejo 0. 002 %. The power is 343 uW under
1.0 V. To summarize, it is found that the proposed design achieves power and area

reduction by 99.1 % and 99.5 % in comparison with the quartz crystal oscillator.

[ Quartz Crystal Oscillator ] Quartz Crystal Oscillator
B PVT Tolerance Clock Generator B PVT Tolerance Clock Generator

Eas¢

(a) (b)

Fig. 4.13. PVT tolerance clock generator comparison (a) power (b) area.
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CHAPTER 5

Conclusion and Future Work

5.1 Conclusion

For wireless body area network applications, the reliability, portability and low
cost are especially required. “However, .the ADC" dominates the overall power
consumption in receiver and thesampling-clock frequency offset degrades the system
PER performance. The all-digital PFTCG is‘proposed for ADC power reduction and
PER performance improvement by the DPR and DFR [2]. The DPR estimates the
sampling clock phase offset and directly adjusts the ADC sampling phase within the
symbol rate instead of over-sampling. The DFR compensates the resulting phase error
after FFT and directly tunes the ADC sampling frequency. Both methods prevent the
received data from sampling clock phase and frequency interference with the aid of a

PFTCG.

The proposed all-digital and cell-based PFTCG provides eight clock phases for
phase selection and £1072 ppm frequency tuning range centered at 5 MHz. The

proposed design is measured with power 145.8 uW and 95.4 uW at 5 MHz under 1.0
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V and 0.8 V in the standard process 90 nm CMOS technology. By both DPR and PFR,

the ADC power reduction, considering the PFTCG, is about 46 %.

For further power reduction on the always-turned-on clock generator, we
propose a new method to design a low power DCO by the HDC. Compared with
standard cells, the proposed HDC can achieve the same delay with the least area and
energy. Moreover, the proposed delay tunable HDC has 0.78 ps delay resolution with
fine linearity and maintains the low power feature. As a result, at 5 MHz and 200
MHz, the HDC-based DCOs consume only 2.6 uW and 14.3 uW under 1.0 V supply,

respectively. The power and area reductions in PFTCG are 73.0 % and 47.6 %.

For replacing the large power, large area and disintegrable quartz crystal
oscillator, the PVT tolerance clock: generator is-designed. The proposed cell-based
clock generator has 1.9 % frequency tolerance .under any PVT conditions without
frequency tuning command. The tuning‘ecommand from frequency recovery loop can
enhance the frequency accuracy+ performance to 0.002 %. The proposed PVT
tolerance clock generator is implemented with 90 nm CMOS technology and the
power consumption is 343 uW under 1.0 V. Compared with quartz crystal oscillator,

we save the power and area by 99.1 % and 99.5 %, respectively.

In this thesis, we propose several designs to overcome the performance, power,
area and cost challenge on clock generator for WBAN applications. The designs,
including the all-digital PFTCG, low power HDC-based DCO and PVT tolerance
clock generator, result in the high reliability, portability and robustness in WBAN
systems. Consequently, the overall power and area reduction in WSN are 89.8 % and

88.1 %, respectively.
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Fig. 5.1. Overall comparison (a) power (b) area.

5.2 Future Work

In the future, the following Work is to design a modified all-digital PFTCG with
the proposed low power HDC-based DCO for saving more power consumption. Then,
the proposed PVT tolerance clock generator is integrated with all-digital PFTCG as
well. For further area and power reduction in PVT tolerance clock generator, the
delay lines architecture in PVT detector can be replaced, and the HDC-based DCO

can be also integrated in the clock oscillator for power saving.

Through these integrations, we can implement an ultra low power and low cost
clock generator module with phase and frequency tunable capability, which can

improve the reliability and provide the competitiveness in WBAN systems.
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