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ABSTRACT

For the sustainable electronic devices, ultra-low power design is essential to prolong
the battery lives. According to P = fCV?, scaling the supply voltage down is the most
effective way to reduce the power consumption. According to the forecast from the
International Technology Roadmap for Semiconductors (ITRS), the supply voltage will be
scaled to 0.5V for low-power applications within the next generation. Scaling the supply
voltage near the threshold voltage is the most favorable solution for low-power designs. On
the other hand, Nano-scaled devices exceed the limit of the speed in the near-threshold
region based on small device loading. Nano-scaled process is broadly applied to ultra-low
power designs, which includes RF, AD/DA, MPU, especially in biomedical applications.
Emerging embedded biomedical applications have once more pushed the low-power

designs into another extreme case.

In order to achieve the feature of the energy-efficient operation, the designs are
applied to work using near-threshold supply. However, near-threshold circuit design is
definitely challenging because the driving capability (I,,), which is limited to apply to slow
system. Then, the static leakage power becomes severe, and decreases the I,,/Io ratio.
Moreover, process variations are degraded significantly, affecting the circuit performance,

the power efficiency, and the fabrication yield.

In this dissertation, we propose circuit designs on-chip data link system using
near-threshold supply. In order to improve the design issues in the near-threshold region,
we have developed several bootstrapped circuits. The main contribution of the proposed
bootstrapped techniques is to boost the gate voltage at the both sides, which means to boost
the gate voltage of the PMOS and NMOS at the same time. The proposed circuit is
applicable in both increasing driving ability by boosting signals into super-threshold region
and reducing the leakage current. While the circuit is operated in sub-threshold region,
two-order improvement is achieved. In addition, the bootstrapped circuits are operated in

triode region with the near-threshold supply. Consequently, that explain why the process



variation affects the proposed design scheme to a lesser extent. We can verify it with

simulations of Monte Carlo analysis.

Four build blocks using bootstrapped circuits in on-chip data link have been proposed.
The first one is a bootstrapped CMOS inverter applied to on-chip clock network. In
addition to improving the driving ability, a large gate voltage swing from -Vpp to 2Vpp
suppresses the sub-threshold leakage current. The test chip is able to achieve 10MHz
operation under 200mV Vpp; the power consumption is 1.01pW. The Monte Carlo analysis
results indicate that a sigma of delay time is only 2.9ns at 0.2V operation. Then, an
ISI-suppressed bootstrapped repeater applied to on-chip bus is proposed. The bootstrapped
CMOS repeaters are inserted to drive a 10mm on-chip bus. Additionally, a precharge
enhancement scheme increases the speed of the data transmission, and a leakage current
reduction technique suppresses ISI jitter. The measured results demonstrate that for a
10-mm on-chip bus, it can achieve 100Mbps data rate at 0.3V, and even 0.8 Mbps at 0.1V.
The third section investigates the performance of the interconnects with repeater insertion
in the sub-threshold region. A 3X CMOS pre-driver and a 4X one are proposed to enhance
the driving capability. As compared to the conventional repeater, the proposed ones have
higher energy efficiency. The measured results show that the 3X (4X) pre-drivers can
achieve SMbps (1.5Mbps) data rate at 0.15V with an efficiency of 35.2fJ (32.81J). The last
section, we present a near-threshold supply ADPLL with bootstrapped digitally-controlled
ring oscillator (BDCO) that allows an ADPLL to operate with a near-threshold supply. The
BDCO is composed of a bootstrapped ring oscillator (BTRO) and a weighted
thermometer-controlled resistance network (WTRN). The proposed bootstrapped delay cell
generates large gate voltage swing to improve the driving capability significantly. The
boosted output swing keeps the transistors operated in the linear region to provide high
linearity of the output frequency as function of Vpp even using a near-threshold supply.
According to the transferring character of the BTRO, WTRN provides linear control while
sweeping the supply voltage. The proposed ADPLL oscillates from 36.8 to 480MHz with a
power consumption of 2.4-78uW under a supply voltage of 0.25-0.5V.
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Chapter 1

Introduction

In the past few years, low voltage and low power designs have attracted significant
attentions because of the popularity of portable devices. Emerging embedded biomedical
applications have once more pushed the low-power designs into another extreme case.
According to P=fCV”, scaling the supply voltage near the threshold voltage is the most favorable
solution for low-power designs. A 180mV, 1024-point FFT processor is a pioneer sub-threshold
supply design [1], and followed by [2]. Sub-threshold SRAM is another important category [3].
Other designs include a 6-bit Flash ADC for use at 0.2-0.9V and a 14-tap 8-bit finite impulse
response (FIR) at 20MHz under 0.27V [4-5].

“Sustainability” is the theme of the ASSCC 2011 and ISSCC 2012. They focused on the
design techniques of energy-efficient and low-voltage circuits and of improving battery lifetime.
A panel discussion about 0.5V system is held as well during ASSCC 2011, which pointed out the
challenges of this new trend. However, energy-efficient designs under a low-voltage supply
usually have speed degradation. A new circuit design strategy should perform good trade-off
between energy efficiency and speed. In addition, the nano-scaled effects, I,,//,; ratio, and
process variations are degraded significantly, affecting the circuit performance, the power

efficiency (leakage power), and the fabrication yield.
1.1.Challenges in Nano-Scaled Near-threshold Design

As technology continues to be scaled down, the performance of nano-scaled devices are
influenced by many reasons, such as threshold voltage, channel physical dimensions, doping
concentration, gate oxide thickness, and supply voltage. Due to the fluctuation of these factors,
short-channel effect (SCE), narrow-width effect, drain-induced barrier lowering (DIBL),
gate-induced drain leakage (GIDL), and gate leakage are incurred. These effects become a

critical bottleneck for the trade-off among speed, power and cost requirements.

Near-threshold circuit design is affected significantly because of the degradation of the
driving capability, the 1,,/I,; ratio, and variations. Although circuits down to the near-threshold
supply can achieve ultra-low power consumption, the driving capability of CMOS devices

require a large area to compensate for driving efficiency. A conventional CMOS circuit also

1



incurs a severe I,y problem in the nano-meter process. In addition, the near-threshold circuit
suffers serious process, voltage and temperature (PVT) variations, which could be even several

times variations.

1.2. Near-threshold On-chip Data Link

Fig. 1-1 shows a block diagram of on-chip data link system. According to different system
requirement, serializer/de-erializer might be needed. Apart from serializer/de-erializer, the

on-chip bus and local oscillator are the most important macros in the system.

On-chip interconnects becomes a bottleneck with respect to speed, power, cost and noise
while the technology scaling to nano-meter. Among the on-chip bus design categories, repeater
insertion is a popular method for interconnects. In this dissertation, we discuss challenges and
design issues for a near-threshold clock buffer and a nano-scaled near-threshold data link circuit.
In order to solve these problems, we have proposed a new on-chip clock network and data bus

with several bootstrapped techniques.
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Fig. 1-1 Basic function blocks of on-chip data link.

Phase-locked loops (PLLs) often play an important role to serve as a local oscillator. In this
dissertation, we develop a bootstrapped ring oscillator (BTRO), which can operate at 0.2-0.6V
supply voltage. Owing to the bootstrapped technique, it achieves high linearity as a function of
voltage supply. Based on this feature, a new ADPLL with BTRO is proposed as well. It can
achieve 480MHz with only consuming 78 uW.



1.3.Organization of the Dissertation

The rests of the dissertation are organized as follows. Section II reviews the backgrounds of
this dissertation. First, several effects of the nano-scaled devices are introduced. Challenges in
low-voltage circuit design are discussed as well. Moreover, some reported low-voltage
techniques are reviewed. Section III introduces the repeated-RC on-chip interconnect
architecture. A bootstrapped inverter applied to a 0.2V clock network is developed. It also
features an active leakage current reduction technique to save leakage power. Section IV
introduces a low-voltage on-chip bus with an ISI-suppressed bootstrapped repeater. In order to
achieve high energy-efficiency, Section V introduces high-boosting bootstrapped repeaters. In
Section VI, we present a near-threshold ADPLL using a bootstrapped digitally-controlled

oscillator (DCO). Finally, Section VII draws conclusions and future works.



Chapter 2

Background Review

In the past few decades, the scaling of CMOS technologies has been the major driving force
of the trend of Moore’s Law. As scaling to nanometer technology, the process parameters are no
longer scaled to a single scaling factor because the saturation of carrier velocity and the
increasing sub-threshold leakage current become serious. With the continuing shrinking of the
channel length and the gate-oxide thickness, some non-ideal effects appear to affect circuits.
Additionally, lowering the supply of nano-scaled designs to the near-threshold region has several
detrimental impacts. In this chapter, the effects in nano-scaled near-threshold design are briefly

reviewed. Subsequently, popular low-voltage design techniques shall be introduced as well.

2.1.Effects in Nano-scaled Process [6]

2.1.1. Short-Channel Effect

The short-channel effect (SCE) is occurred on a MOSFET device in which channel length is
as the same order of magnitude as the depletion-layer widths of the source and drain junction.
The SCE is often modeled of charge sharing, where the source and drain depletion regions store
the charge under the gate. The threshold voltage ¥V, of a MOSFET can be represented using

depletion approximation as

Vi :Vfb+2q)f+& 2.1

ox

where V), is the flat-band voltage; @ ,is the Fermi potential, Q,is the charge of channel ; and

Cox 1s the oxide capacitance. While channel length is shrunk, the stored charges are reduced
significantly in the doped area. As a result, threshold voltage is increased due to increasing

channel length.
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Fig. 2-1. Threshold voltage with change in channel length due to SCE [6].

Halo doping, which is a non-uniform channel doping in modern processes to adjust
threshold voltage is so-called reverse short-channel effect (RSCE). The increasing of threshold
voltage comes from extra doping charges near the source and drain regions. As the device's
length is reduced, the threshold voltage of the device increases. The behavior is the opposite of

what is expected from the SCE [7-8].
2.1.2. Narrow-Width Effect

The narrow-width effect (NWE) occurs when the threshold voltage Vj; of a nano-scaled
MOSFET is modulated by the gate width. Hence the device width modulates the drain current.
According to the Eq.(2.1), there are two main reasons to cause NWE. First, the charge in the
gate-induced depletion region results an increase of threshold voltage. The second on is that
channel doping is higher along the width dimension. Because dopants trespass under the gate,
higher voltage is necessary to incur the channel inversion. Fig. 2-2 shows the NWE as a function

of channel width.
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Fig. 2-2. Threshold voltage with change in channel width due to NWE.
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2.1.3. Sub-threshold Leakage [6, 9]

In a nano-scaled device, the sub-threshold (or weak inversion conduction) current Iy, is
happened with gate-source voltage below the threshold voltage V. It can be expressed as in

Eq.(2.2).

W 1
=4Cuw vy exp( & )(1 exp(—2 Vs )j (2.2)
VT VT
Where 4 is the effective mobility; Cqep, is the depletion capacitance; W and L are the width and

length of the device; V7 is the thermal voltage; Vs is the gate-to-source voltage; n is the

sub-threshold slope factor, and Vg is the drain-to-source voltage.

As compared to the strong inversion region, the sub-threshold current is dominated by the
diffusion current instead. The movement by the diffusion is likely to charge flowing in BJTs.
However, sub-threshold current is affected by other phenomenon, such as drain-induced barrier
lowering (DIBL) and gate-induced drain leakage (GIDL). They are introduced in the following

sections.
2.1.4. Drain-Induced Barrier Lowering [6]

@25°C,TT Corner
" 1 " 1

10‘“; Conventional |

E @QVg=0V

E v
< ] ol ]
£ 100n 4 Vp=Vpp :
o 3 : ]
§ 10n - ; V, | ]
3 = 3
.% Vb = Vpp 5 G—l l D
A  1n4 VG/_ _ﬁ; A = E
] 7 ——VDS=01V] ]
100p 3.~ & ------ VDS =0.2V] }
] . - VDS =0.3\] ]
10p 4 (GIDL )] E

T T T T T T T T T T T
0.4 0.2 0.0 0.2 0.4 06

Gate voltage (Volt)
Fig. 2-3. Drain current of a NMOS device vs. Vg in the near-threshold region.

In micron-scaled devices, the source and drain are separated far enough that no effect is
incurred on the depletion regions. In such a case, the drain current is nearly independent of the

channel length and drain bias. At the off conditions, the potential barrier between the source and



drain prevents electrons from flowing to the drain. In a short-channel device, the V;, varies with
channel length according to the SCE. In addition, DIBL effect induces energy barrier lowering
with increasing drain voltage [6]. When a short-channel device uses a higher drain voltage, the
energy barrier decreases lower, resulting in further increasing the drain current. Fig. 2-3 depicts
Ip as a function of Vg, which illustrates DIBL effect as the drain voltage increases. As shown in
Fig. 2-1, DIBL effect lowers the threshold voltage, but remains the slope in the near-threshold

region.
2.1.5. Gate-Induced Drain Leakage [6, 10]

Gate-induced drain leakage (GIDL) occurs in the drain junction owing to high field effect in
the drain junction of an MOSFET. It usually happens when the electric field in or around the
gated PN junction becomes more substantial with the applied gate voltage. The high-field effects,
like avalanche multiplication and band-to-band tunneling (BTBT), become severely. Thus, the
leakage current of a reverse-biased gated diode may increase dramatically when the negative
gate voltage begins to cause field crowding and peak field. In order to suppress GIDL, thicker
oxide and lower electric field might be used. Besides, very high drain doping is considerable for
minimizing GIDL as well. Figure 2-3 also shows the GIDL according to drain current characters

of a NMOS device with different drain voltage.
2.1.6. Gate Leakage [11]

In nanometer technology, the process parameters as the gate oxide layer thickness Tpyx has
been scaled to the values in the range of 12-22A. As mentioned, DIBL also incurs in the
presence of large gate tunneling leakage current Ig . Igue increases due to the finite probability
of an electron tunneling through the SiO, layer directly. The probability is a strong exponential
function of Tyy. Only a difference of 2A Tyy thinner may increase an order of magnitude.
Therefore, it becomes the most sensitive parameter with respect to any physical dimensions.
Typically, Iyue 1s much smaller than sub-threshold leakage current /,,, while Tox is large than
20A. In simulation level, BSIM4 model (level =54) includes nano-scaled effects such as GIDL
and DIBL. In addition, /.. has taken into account as well. For fast simulation and reliable

purposes some models of gate leakage current are reported.



2.2. Challenges in Ultra Low-voltage Designs

2.2.1. Degradation of Driving Capability

When a MOSFET device is operated in the super-Vy, region, the drain current operated in

the saturation region is a function of the gate voltage. It can be represented as Eq.(2.3).

/4
I s = HC,, T(VGS -V,

) (1+ AV ). (23)

Where C,, is the gate oxide capacitance per unit area; and A4 is the factor for channel-length
modulation. According to Eq.(2.3), drain current Ip g, decreases quadratically when the gate
voltage goes lowering. When the gate voltage keeps going lower into the sub-threshold region,
the drain current starts to decrease exponentially, as shown in Eq.(2.2). That is to say, when our
design is operated in near-threshold region, poor driving is the first design issue. In normal 1V
designs, sizing is a way that we often use to increasing driving. However, gate capacitance of a
MOS device drops very slightly when the gate drive lowers to nearly threshold voltage. As a
result, enlarging device size to enhance driving capability seems not a good idea in the

near-threshold region.
2.2.2. Leakage Power and 1,,-to-I,; Ratio [8, 12]

L,,-to-I,p ratio becomes a critical factor in near-threshold digital circuits and near-threshold
circuits. The inherently small /,,-to-/,; ratio dominates how many transistors can be connected
per node. As reported in [12], the degradation in /,,-to-/,;1s from approximately 10" to 10* and it
implies that there is a strong interaction between the ON and the OFF devices in sub-threshold
region when it comes to setting the voltage level of critical signals. Unfortunately, this causes a
relevant failure mechanism in circuit operation. As illustrated in Fig. 2-4, an inverter is served as
a driver with a capacitive load of 200 fF while Vpp is being swept from 0.1-0.3V. The circuit is
operated to the limit of the speed. Obviously, the leakage power becomes a greater portion of the

total power consumption while Vpp keeps going lower.
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Fig. 2-4. Leakage power on a repeater at subthreshold supply.
2.2.3. Process, Voltage and Temperature Variation

Process, voltage and temperature (PVT) corners induced performance variation makes the
circuits design in near-threshold region tremendously challenging. First of all, process variability
affects current due to some process parameters, such as mobility and threshold voltage. Even a
small variation may lead to exponentially mismatch. The process variation is divided into two
major categories [13]. Besides, it is classified into more specific categories, according to their
physical range on a wafer or on a die [14]. Fig. 2-5 depicts Ip as a function of gate voltage in the
near-threshold region, which illustrates process and voltage effect at room temperature. It shows
that the variation of /p becomes worse due to the process and voltage fluctuation as the supply

voltage goes lower.

Apart from the static term of the process variation after a fabricated die, voltage supply
variation is related to the fluctuations during the circuits operations. Real-time fluctuations
caused by a voltage drop or inductance effect in wire may result in function failure [14-15]. The
impact of temperature is another important factor to the variation and reliability in a nano-scaled
chip, especially the supply voltage down to the near-threshold region. The sub-threshold current
is highly depending on the temperature owing to the parameter V7. In contrast to the current in
the super-threshold region, /p increases as the temperature is raised. The measured temperature

sensitivity of the threshold voltage is about 0.8 mV/°C [6].
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2.3.Low-voltage Design Techniques

As mentioned, circuit design in the near-threshold region has many challenges. Several
techniques have been reported to solve the problems or improve energy efficiency. They are

briefly reviewed in the following sections.
2.3.1. Bootstrap Techniques

Bootstrapping is an effective means of enhancing the speed in order to raise the driving
efficiency. Therefore, a previous work has developed a bootstrapped CMOS driver for large
capacitive loads, shown if Fig. 2-6 [16]. According to [16], the bootstrapped driver consists of a
pull-up and pull-down control pair to drive the PMOS and NMOS transistors, respectively. The
gate voltages of PMOS and NMOS driver transistors are kept Vpp and 0 in the cut-off phase. In
the driving phase, the gate voltages are fed -Vpp and 2Vpp to increase the current density. When
the input Vi, is at 0 V, the V, is at Vpp and the output of the inverter is at Vpp. Moreover, Mn»
and My are off; Mp, and Mp;, are on. Therefore, Vyp is pre-charge to 0 V by Mo, and
bootstrap capacitor Cy, stores a potential of Vpp. When the Vi, transits from 0 V to Vpp (from L
to H), Vp is boosted from 0 V to -Vpp. Then, the potential of a -Vpp is passed from Vap to Vip.
Consequently, the potential of a -Vpp is at the gate of the driver Mp,, which drives Vo by Vse

=2Vpp. As Vi, transits from H to L, a similar mechanism pushes Vix to —Vpp.
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The driver in [16] successful enhances the driving capability by boosting the gate voltage,
which is suitable using in the near-threshold supply as well. However, there are several
drawbacks such as reverse leakage current or non-ideal transient edge. Some researchers have
proposed some improvements based on [16]. Among them, Kil et al. proposed a sub-threshold
bootstrapped repeater in a 9MHz distributed clock network at 0.4V [17]. The sub-threshold
bootstrapped repeater is depicted in Fig. 2-7, which is composed of two bootstrap circuits. One is
for pre-boosting, and the other is for driving. The circuit of per-boosting enhances the pre-charge
current to increase the speed. In addition, Mps, and Mys; are switches that can feed the boosted
signal back to eliminate the reverse current. However, while this approach is applied to a data
link, the kick-back disturbance through the boosting capacitors causes a large timing jitter.

Furthermore, it consumes large static power and is associated with high capacitor costs.
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2.3.2. Dynamic Voltage and Frequency Scaling

Dynamic Voltage and Frequency Scaling (DVFES) is a popular power saving scheme since it
is broadly used in microprocessor and DSP ASICs [18]. Since different functions need different
execution times, supply voltage or the data rate can be dynamically changed to meet the
specification requirements in DVFS system; hence, the power consumption can be optimized for

the computational tasks conditionally.

On the other hand, DVFS scheme also applied to lower the operating frequency in portable
products when battery goes low. DVEFS is able to keep system working on basic functions in
order to extend the battery lifetime or stand-by time. DVFS scheme is applied to adjust PVT
variation as well [19]. In fact, such designs often remain large redundant margin in particle chip.
DVEFS determines the supply voltage or the frequency for the task appropriately and dynamically

and therefore exceeds most power efficient.

Critical Path Monitors (CPMs) [18, 20-21] a sub-module of these worst-case margins by
using a delay-chain which is replica of the critical path of the actual design. The propagation
delay through this replica-path is monitored and voltage and frequency are scaled until the

replica-path just meets timing. The replica-path tracks the critical-path delay across inter-die

12



process variations and global fluctuations on supply voltage and temperature, thereby

eliminating margins due to global PVT variations.
2.3.3. Multi-threshold MOS Control

Since the circuits operate in the near-threshold region, lowering the supply voltage
decreases Ip according to equations (2.2) and (2.3). It results in a drastic rising in gate delay time.
In order to overcome the speed degradation problem, one way is to reduce the V; of a MOSFET
device [22-23]. As Vy is reduced, however, another significant problem incurs. A rapid increase
in stand-by current due to changes in the sub-threshold leakage current damages the power
performance. To save stand-by power during the sleeping mode, a power management scheme
combined small embedded processor and multi-threshold sleep control is reported in [24]. It

utilizes high V;;, MOSFET devices, resulting in low standby and dynamic power.
2.3.4. Bulk-driven Technique

Similar to multi-threshold MOS control, the bulk-driven technique is using circuit
techniques to shift Vy lower or higher by biasing bulk voltage. Sometime, the bulk-driven
technique is called “adaptive body-biasing” as well [25]. Some contributed works based on the
bulk-driven technique are reported in [26-27]. The threshold voltage can be expressed as in

Eq.(2.4) [28].

Ve =Vo _7|:\/2¢F Vs _\/2¢F } . (2.4)

It is the well-known equation relating how the body voltage affects the threshold voltage, where
y is the body effect coefficient. The bulk-driven technique has several important features. To
enhance the driving capability by modulate the V, is the obvious one. The most important
feature is that it can allow zero, negative, and even small positive bias voltages to achieve the
desired DC currents such that it has a good alternative to increase the input common-mode
voltage range. In normal circuit design, the bulk terminals of PMOS (NMOS) is always
connected to the highest (lowest) potential to avoid the latch-up problem from junction forward

biasing of the bulk—source.
2.4.Summary

In this chapter, several backgrounds of the dissertation have been briefly reviewed. Since

some non-ideal effects owing to the shrinking of the channel length and the gate-oxide thickness,
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current variation caused by environment makes circuit designs more challenging. Additionally,
nano-scaled circuits design using near-threshold supply has several detrimental impacts.
Trade-off between performance and energy efficiency should be carefully dealt with. Last part of
this chapter, some popular low-voltage design techniques have been introduced as well. Based
on the concept of the bootstrap technique, we will develop several bootstrap circuits in the

following chapters.
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Chapter 3
Near-threshold Clock Network

A driver with strong driving current and little skew is needed in a clock network. According
to Fig. 3-1(a), the conventional bootstrapped driver consists of a pull-up and pull-down control
pair to drive the PMOS and NMOS transistors, respectively. As mentioned in chapter 2, the gate
voltages of PMOS and NMOS driver transistors are kept Vpp and 0 in the cut-off phase; they are
fed -Vpp and 2Vpp to increase the current density in the driving phase. Despite a previous effort
[35] to increase the boosting efficiency by rearranging the timing of the switching and boosting
signals, reverse leakage current remains the main drawback of conventional bootstrapped drivers.
Among other bootstrapped circuits, single capacitor ones reduce the costs of hardware overhead
[36-37]. However, their complex circuitry design seriously degrades charge sharing at the

capacitor node. Moreover, the leakage current is problematic as well.

VDD 2 vDD

. |
DD \ -VDD
P-type _OI
Control
Vin Vout Vin PN Vout
0 o—o—DO— Control
Circuits

N-type _I C. CL

Controzlvo{: ] I | I
I

0

(a) (b)
Fig. 3-1.(a) Conventional bootstrapped circuit (b) Proposed bootstrapped circuit.

In this chapter, we present a sub-threshold clock network with a bootstrapped CMOS
inverter operated at sub-threshold power supply. The bootstrapped CMOS inverter is introduced
to achieve high boosting efficiency and improve the speed. It is applicable in both increasing
driving ability by boosting signals into super-threshold region and reducing the leakage current
as well. Fig. 3-1(b) illustrates the circuit diagram. Theoretically, the PN bootstrap circuit
produces an output swing of -Vpp to 2Vpp. 2Vpp (-Vpp) enhances the driving capability of
NMOS (PMOS) driver and suppresses the leakage for the PMOS (NMOS). The PN bootstrap
circuit provides Vsg (Vgs) = 2Vpp and turns on the PMOS (NMOS) driver. In contrast, a
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negative Vsg (Vas) = -Vpp suppresses leakage current while the PMOS (NMOS) driver is turned
off. Moreover, as compared to other previous works, the proposed design scheme has fewer
devices in the sub-threshold region. Consequently, that explain why the process variation affects

the proposed design scheme to a lesser extent.
3.1.0verview of On-chip Interconnect

Before introducing the proposed bootstrapped CMOS inverter, the fundamental of
interconnect is briefly reviewed. First of all, interconnect and repeater linear model is adopted
according to VLSI parameters scaling in this section. In addition, the definitions of speed and
power consumption of the on-chip interconnect circuits are described. All these parameters
introduced from linear models to define figure of merit (FoM), the index for optimal global

on-chip interconnect design.

3.1.1. RC-Interconnect with Repeater Insertion
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Bottom Metal

W 1 1 L
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Fig. 3-2. Cross section of interconnect configurations.

In general, a global interconnect is assumed to be placed between two adjacent orthogonal
metal layers and two coplanar wires, as shown in Fig. 3-2, where W and § are the interconnect
width and spacing; 7 is the interconnect thickness and H is the dielectric height; Cr is the
fringing-field capacitance; C, is the parallel plate capacitance to the top and bottom layers of
metal; C, is the coupling capacitance between the neighboring interconnects. The interconnect

resistance per unit length is denoted as (3-1).

__P
(i (3-1)

Where p is the metal resistivity; 7, is the sheet resistance in the data sheet.
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With technology scaling and global interconnect increasing, repeaters insertion is broadly
used to reduce delay and power consumption. Several literatures have addressed the optimization
of global interconnect design with repeater insertion [29-33]. Since the interconnect parameters
can be determined by width S and spacing W and so on, on-chip interconnects with repeaters
insertion can be analyzed by Elmore RC delay model. According to Elmore delay model, time

constant tof whole interconnect can be given from the model depicted in [29-31]

When we separate global interconnect into several segments, the small delay penalty of
repeaters can be tolerated on these critical segments. Time constant tis dominated by
interconnect segment. However, if the segment of global interconnect is over-shorten, the driving
capability of repeaters decreases severely. Consequently, there is a trade-off between time

constant tand power consumption.

3.1.2. Time Constant, Power Dissipation and Figure of Merit

Data rate is relative to time constant. Rising time and falling time can be estimated by the
step response The output rise time is defined from the 20% transition edge to 80% transition
edge, as shown in Eq.(3-2).

t, = e, —lagey = 1.3867. (3-2)
The minimum rising time is specified as 0.125 unit interval (UI) in the SATA standard, where
tsoo, and tge, 1s the time when output voltage exceeds 80% Vpp and 20% Vpp, respectively during
the rising edge [34].

Besides speed is one of the most important factors in on-chip interconnect design, power
consumption is another basic consideration as well. The total power consumption includes not
only the switching power, but also the leakage power and the short-circuit power, which is

expressed as Pswy, Psc and Prearage, respectively. The detail expressions and discussions are

reported in [29-31]. The total power dissipation of each interconnect is written as in Eq.(3-3).
L
Be=| o ¥ (P Pic + Praage ) (3-3)

Where L is the total length of interconnect and 4 is the separated segment length. Since switching

power dissipation is a great portion of total power, Pgy can be expressed as in Eq.(3-4).
mL
Py =af |:7(cgs +Cdb)+cWirej|'VDD2‘ (3-4)

where o represents the activity factor which shows the probability of signal switching. The
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(cgstcap) 1s the parasitic capacitor of repeater.

Performance of interconnect is effected by many design parameters. Most of them were
discussed in literatures [32-33]. The FoM is used to compare the performance. Here, FoM; in

Eq.(3-5) is defined as the total energy per bit to express the energy efficiency.

FoM, =E, = LN aCyr,. Vi (3-5)
f
Where E7 represents the total energy. Fig. 3-3 shows the energy per bit is a function where total
L is 10 mm and E7 is depicted as a function of segment length 4 and repeater finger m. As a
result, we can find out that the design is more energy-efficient as /4 is longer and m is using
minimum m=1. Since the supply voltage Vpp is assigned by the system requirement, the only
way to gain the energy efficiency is using long segment length 4. However, it suffers great
penalty of speed. According to this limiting fact, the most energy efficiency happens as using

maximum /4 and the minimum driver sizing. It becomes a trade-off depending on the

requirement.
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Fig. 3-3. Effect of segment length and fingers of repeaters on the energy per bit.
3.2.Active Leakage Reduction Bootstrapped Inverter

Fig. 3-4 schematically depicts the proposed active leakage reduction bootstrapped inverter
(ALBI). Where Cgp and Cgy are the bootstrap capacitors; Mp; and My are the transistors for Cgp
pre-charge and Cpy pre-discharge; INV refers to the inverter to control Mp; and My,; Mpp and
Mnp are the output drivers for Cp; Np and Ny are the boosted nodes. The node Ng is boosted

above Vpp and below ground to enhance the driving capability. Fig. 3-5 and Fig. 3-6 show the
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operations with the input switching from H to L and from L to H respectively. Fig. 3-7 shows the
ALBI simulated transient waveforms with an output load of 0.5pF under a power supply of
200mV. According to this figure, before Vi, transits from H-to-L, node Ny has the initial voltage
of OV. After transiting from H-to-L, Ny is boosted below ground to (-188mV). Meanwhile, Mp,
is turned off and My; is turned on. Therefore, the boosted signal at Ny passes through My to N
to drive Mpp in order to pull up the capacitive load Cr. At this moment, Mp,; is turned on to
pre-charge Np to Vpp (0.2V). However, My; is turned on reversely causing the reverse current
flow to charge Nx. At the end of the period while Vi, is L, Ny still holds (-90mV). When V;, goes
from L to H, the operation is similar to Vj, transiting from H to L. Np is boosted above Vpp to

389mV and discharged to 303mV at the end of the period while Vj, is H.
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Fig. 3-4. Proposed bootstrapped inverter.
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Fig. 3-5. Proposed bootstrapped inverter operations (input H-to-L).



Fig. 3-6. Proposed bootstrapped inverter operations (input L-to-H).
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Fig. 3-7. Simulated timing waveforms at 5 MHz at 200 mV Vpp.
3.3.Detail Evaluation and Discussion

The proposed ALBI is superior to previous designs in terms of leakage power and switching
speed. In a low-voltage circuit design, the decreasing the /,,/,5ratio degrades the noise margin.
In the proposed design, the boosted voltage is used in both driving phase and cut-off phase.
Additionally, the proposed design improves the I,,/l,4 ratio by using the active bootstrapped
leakage reduction method. Moreover, fewer design components increase the speed of the
bootstrapped circuit. Owing to the fewer components operating in the sub-threshold region, the
proposed design scheme performs better than other previous works in terms of Monte Carol

analysis.
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To compare the performances of the proposed scheme and conventional ones more fairly,
this work re-designed the conventional inverter and reported bootstrapped drivers by using the
90nm process. The sizes of the conventional inverter and the bootstrapped driver are designed to
obtain the same rise/fall transient output waveforms. Their device sizes are listed in TABLE 3-1.
A 30fF boost capacitor is used to ensure that the boosting efficiency exceeds 80%. These features

are evaluated in detail as follows.

TABLE 3-1 Device Sizing

Driver topology Sub-circuit N(Mmg ?nVIX;L m, Pgﬁ%ﬂﬁg‘ m,
Conventional INV inverter 420/ 80 30 440/ 80 30
inverter 400/ 80 4 200 /80 4
Proposed My, My, | 200/80 1| 200/8 [ 1
Bootstrapped M, M 200/160 | 1 | 200/160 | 1
inverter P> N2
driver 285/ 80 1 340/ 80 2
inverter 400/ 80 4 200/ 80 4
Bootstrapped switch 200/80 | 3 | 200/80 | 3
driver [16]
driver 250/ 80 1 340/ 80 2
inverter 400/ 80 4 200/ 80 4
Bootstrapped svlch 200/80 | 4 | 200/80 | 4
driver [17]
driver 260 /80 1 300 /80 2

3.3.1. Boosting Efficiency

Ideally, the boosted node Ny generates a voltage swing from 2Vpp to —Vpp. However, the
parasitic capacitance at node N exhibits the charge-sharing effect with the bootstrap capacitance
[17]. For example, when Np transitions above Vpp, consider the equivalent circuit of the upper
side shown in Fig. 3-4. Vgp and Cprp are the voltage and the total parasitic capacitance at N,

respectively. Ideally, Vgp transits from —Vpp to 2Vpp. Thus,

CBP CVP TP

B~ ~ , ~ “'pp~ ~ ~~ 'bpD -
Cop + Corp Cop + Copp

(3-6)
To increase driving capability, the bootstrap capacitance is designed to be significantly larger

than the parasitic capacitance at the node. As a result, (3-6) can be rewritten as (3-7),

CBP

~——82 oy 2R .2V .
CBP+CPTP DD ﬂP DD

BP

(3-7)

B, 1s the boosting efficiency factor or simply the boosting efficiency. Similarly, as Vgy transits
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from Vpp to below ground, the estimated Vgy is

V ~ CBN .
BN 4 C
BN PTN

(_VDD) = By '(_VDD)- (3-8)

Based on larger bootstrap capacitance, the boosting efficiency is better. In order to observe
the leakage power and time delay time in a more ideal case, we used 100fF as a bootstrap
capacitor. In our test chip, based on a trade-off between cost and performance, a 30fF boost
capacitor is used for sure that the boosting efficiency is 80% at least. As shown in the Fig. 3-8,

the boosting efficiency is 88% when using a 30fF bootstrap capacitor.
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Fig. 3-8. Boosting efficiency vs. bootstrap capacitor.
3.3.2. Reduction of Leakage Current

In the proposed design scheme, the boosted high (2Vpp) at N enhances the driving
capability of Mnp and suppresses the leakage current of Mpp. Similarly, the boosted low (-Vpp)

at Np enhances the driving of Mpp and reduces the leakage of Mnp.

The I, current is primarily formed by a sub-threshold leakage current [38-39]. Hence,
scaling the supply voltage lowers the /,,/I,; ratio. In the previous literature, bootstrapped drivers
improve the /,,/I,; ratio only by enhancing I,, unidirectional. The proposed design effectively
suppresses the leakage current of PMOS (NMOS) by providing a potential of a -Vpp to Vsg
(Vgs). According to the I-V formula in sub-threshold region, our design s reduces the leakage

current exponentially.

Although HSPICE can simulate steady-state leakage power, characterizing the leakage
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power under dynamic operations is difficult. The leakage power of a periodic waveform can be

estimated by separating it from the average total power. The total energy Er of a period of T is

E, =P -T~(Py +Pe+P

eakage .T
e (3-9)
:ESW+ESC+PL

T >

eakage

where E,, Eg, , E, andE, represents the total energy, the switching energy, the

eakage
short-circuit energy, and the leakage energy. The switching energy, short circuit energy and
leakage current are assumed to remain constant under the same power supply. A long wire can
be regarded as large capacitive load is pF range. When a CMOS driver drives heavy capacitive
is

loads, the energy contributions of the short-circuit current can be ignored. E,, ..

proportional to 7; E,,, is the total energy of the repeaters. Thus, we can rewrite Eq.(3-9) as

T. (3-10)

Leakage

ET ~ (Erep + %CwireVgD j + P
For two identical signals with different periods 7; and 7>, Leakage power Ppeqkage 1S derived as
f)Leakage = = 3 (3_1 1)

Fig. 3-9 shows the comparison results for the leakage power as a function of frequency with
a 0.2pF capacitive load in different temperature and process corners. The ratio of leakage power
to total power is also shown in Fig. 3-9. Owing to the negative Vs control, the leakage power at
10MHz under 0.2V of the proposed bootstrapped inverter is 2pW. The leakage power is 3.9nW
for a conventional inverter, 0.15nW for [16], and 39nW for [17]. Although the PMOS (NMOS)
transistor is turned off with the positive voltage Vsg (Vgs) = Vpp in [17], the leakage power in
[17] is more than three orders higher than in the proposed design scheme. When the operating
frequency goes from 10MHz to 100kHz, the potential of the boost node become lower due to the
node leakage degrades the leakage performance. The potential of the boost node even returns to

Vppor 0 at 100kHz. Hence, we can find out the leakage power is very close to the design in [16].
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Fig. 3-9. Leakage power as a function of frequency from 10 MHz to 100 kHz in corners.
3.3.3. Delay Time Analysis

Delay time is another important feature of bootstapped circuits. Although the driving
transistors operate in a triode region under the subthreshlod-supply, other devices remain in the
subthreshlod region. The total delay time is thus the sum of the propagation delay of the INV and

the driver, which is denoted as
Lo.sr =tp.vv T priver - (3-12)

Where tp 5, pv, and 7, . are the delays of the bootstrapped inverter, the INV, and the

driver, respectively.

Assume that the boost efficiency is the same for all bootstrapped drivers. Delay time of the

INV becomes a dominant factor. The sub-threshold logic delay is derived in [9] as

kf 'CL 'VDD
(VDD—Vm ) (3-13)
V.

T

t, =

uC

dep

V]Ij V. exp
Where £y is a fitting parameter. However, circuit delay time is related to the RC loading effects.
The ALBI has the shortest delay time among the other bootstrapped circuits since the loading of

INV is only gate capacitance of M, and Mp;.
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Fig. 3-10 summarizes the comparison results for the delay time (from H to L) and the power
consumption as a function of Cr, at 10 MHz with a supply of 200 mV. The proposed design is the

lowest in power consumption and delay time.
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Fig. 3-10. Delay time and power consumption versus capacitive loads at 10 MHz.

The potential of the boost node returned to Vpp or O indeed degrades the leakage
performance in the low frequency or in the fast process/temperature corners. On the contrary, the
potential of another boost node can easily pre-charge to Vpp or 0. As shown in Fig. 3-11, whether
in the nominal 25°C, TT corner or in -40°C, SS corner or the 125 °C, FF corner, the delay times

of all designs are almost the same at the frequencies from 1 MHz to 100 kHz.
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Fig. 3-11. Delay time as a function of frequency in corners.
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3.3.4. Delay Time Analysis of Process Variation

Sub-threshold operation limits the yield due to its serious process variations. Although the
boosted control signal pushes the driver transistors into the triode region, the residue circuit
devices still incur the same serious problems with the variation. With fewer devices in the

sub-threshold region, the proposed design is less affected by the process variation.

The delay time variability analysis is performed based on Monte Carlo simulations. Device
mismatch, threshold voltage V;; and process corner variation are assumed to be Gaussian random
distribution. In order to cover the most critical process and temperature corners, Monte Carlo
simulations are under 36 process variation at 25°C, 125°C and -40°C, as shown in Fig. 3-12. The
supply voltage is 200mV and the clock rate is 1MHz. The number of samples for each
temperature corner is 1500, and the total number of samples is 4500. For the worst case at -40°C,
a conventional inverter has an average delay of 15.1ns, and the standard deviation is 26.4ns. For
the proposed design does not only reduce the average delay to 6.9ns, but also the standard
deviation to 6.3ns, which is much better than [16] and [17]. Obviously, The ALBI has higher

immunity to the process and temperature variation.
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Fig. 3-12. Monte Carlo simulation results under a power supply of 200 mV.
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3.4.Implementation and Experimental Results

3.4.1. Implementation of the Bootstrap Capacitor

We can choose the value of the boost capacitor to adjust the boosting efficiency. Large
boost capacitor can achieve high boosting efficiency. In addition, larger boost capacitor can store
more charges to keep the node voltage against the leakage even at the low speed. However, the
area cost and power consumption is the design trade-off. In our test chip, a 30fF boost capacitor

is used ensure that the boosting efficiency is at least 80% and doesn’t occupy too much area.

MOSFET cap, MOM cap, and MIM capacitor are three types of capacitors in CMOS
technology. Among them, MOSFET capacitor has the densest capacitance per area. However,
MOSFET capacitor also has several drawbacks. First of all, while the MOSFET capacitor
operated in sub-threshold region, the capacitance changes abruptly due to the control voltage as
shown in Fig. 3-13. Then, the leakage current of the nano-scaled device becomes more serious.
Next, MOSFET capacitor has large parasitic capacitance from V., nodes to the bulk as
compared to other caps. The large parasitic capacitance need more power budget in the driver.
MIM capacitor has the least parasitic capacitance but largest area. A 30fF MIM capacitor
occupies 5.1um x 8.5um. Besides, MIM capacitor needs an extra mask which means extra cost.
As a result, we use MOM capacitor as the boost capacitor without extra mask. A 30fF MOM

capacitor occupies 3.7um x 8.6um and has 1{F parasitic capacitance load at both nodes.
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Fig. 3-13. MOSFET capacitor changes due to the control voltage.
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3.4.2. Chip Implementation and Measurement

A test chip of bootstrapped CMOS inverters is implemented in 90nm 1P9M SPRVT process
to demonstrate the effectiveness of the proposed design scheme. The test circuits include the
reported bootstrapped circuits of [16], [17], and the proposed design. The circuits also contain
test keys to verify the interconnection model. Each bootstrapped circuit is implemented as a
10-stage cascade driver chain. In each stage, two 30fF MOM capacitors serve as bootstrap
capacitors and a 200fF MOM capacitor as Cr. Level shifters are used to boost the 200mV

internal signal to 500mV chip I/O signal for the measurement. The total area is 958umx776um,
and the core area is 566pmx102um. Fig. 3-14 shows the die photograph. The layout area of the

proposed bootstrapped inverter cell is 25.8umx 4. 1um.

Fig. 3-15 Experimental environment.
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Fig. 3-15 shows the photography of our experimental environment. Fig. 3-16 shows the
measured waveform. The cumulative clock peak-to-peak and RMS jitters are 3.6ns and 504ps,
respectively. The measured average total power is 1.01pW. With the leakage power estimated in
Eq. (3-10), the derived leakage power is 107nW with the periods of 100ns and 105ns. TABLE
3-2 lists the summary of the chip. Since the threshold voltage Vi, and |Vy,| are 240mV and
180mV, respectively. We target to operate I0MHz at 0.2V. TABLE 3-3 lists the comparisons of
measured results with other works at 0.2V. For a ten-stage driver chain operating at I0MHz, the
ALBI has a delay time of 30.1us, energy efficiency is 0.1 pJ/cycle, and the leakage power is
107nW, which is the best as compared to [16] and [17].

1)%‘110%\!; ﬂ ),D_"

20ns _ :
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Scal

Fig. 3-16. Measured waveform at 0.2V core Vpp (0.5V I/O Vpp).

TABLE 3-2 Chip Summary

Item Specification (unit)
Process 90nm SPRVT Low-K CMOS Process
Bootstrapped Circuits 0.2V
Supply Voltage Level Shift Buffer 0.2V, 0.5V
Digital Circuits 0.5V
Power Dissipation Le.akage Power Total Power
@ 10 MHz (lflg Sg;;g;r) Measured (1312 Sg;;:;r) Measured

(10 stages)
133nW 107aW 1.13uW 1.01uW

Interconnect Test

Circuits 575umx 307um
Layout Area Bootstrapped Circuits 566pumx102um
Whole Chip 958umx 776um
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TABLE 3-3 Comparisons

JSSC1997 | T.VLSI2008 Proposed
[16] [17]
Supply voltage (V) 0.2 0.2 0.2
Max frequency (MHz) 4 5 10
Delay time (us) 47.3 48.2 30.1
Total Power (uW) 0.74 1.71 1.01
Leakage Power (nW) 276 833 107
Energy per cycle (pJ) 0.19 0.34 0.10
3.5.Summary

This chapter describes an ALBI applied to a sub-threshold supply clock network. Based on
4500 times of Monte Carlo simulations, the average delay time of the proposed design with
200fF Cy is 6.9ns with a standard deviation of 6.3ns, which achieves a reduction of 76% from
the conventional inverter. Measured results verify that the test chip can achieve a clock rate of
10MHz at 200mV Vpp. Due to the negative Vg suppression, the measured leakage power is
more than 50% improvement over the previously reported bootstrapped drivers. The power

consumption is 1.01uW, and the leakage power is 107nW, and the energy efficiency is

0.1pJ/cycle.
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Chapter 4
Near-threshold On-chip Bus

In data communication, inter-symbol interference (ISI) critically limits the data rate. In this
chapter, an on-chip bus design with an ISI-suppressed bootstrapped near-threshold repeater is
proposed. Operating at the near-threshold supply voltage is the most effective means in power
reduction. To overcome the poor driving capability, the bootstrap technique is used. In addition,
a pre-charge enhancement and a leakage current reduction schemes are adopted. They achieve
beneficial speed-energy tradeoff. Furthermore, the proposed repeater suppresses ISI noise in data

link applications.

4.1.Proposed On-chip Bus Architecture
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Fig. 4-1. Proposed on-chip bus architecture with new bootstrapped repeater insertion.

Fig. 4-1 shows the proposed 4-bit on-chip bus for data communication under the
near-threshold power supply. A bus is divided into several segments, each of which is driven by
a bootstrapped repeater. Ground shielding is used to eliminate the effective-loading uncertainty
and decouple the noise from adjacent channels. The staggered repeaters on adjacent channels are

misaligned to reduce the coupling noise and simultaneous switching noise (SSN).
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4.2.1SI-suppressed Bootstrapped Driver

An ISI-suppressed bootstrapped driver (ISBD) as a repeater is composed of an inverter as
the driver and a bootstrap control circuit. The bootstrap control circuit has many important
features. First, a pre-charge enhancement scheme improves the pre-charge capability to achieve
high-speed operation. Second, a leakage current elimination technique suppresses the ISI noise.
Third, the bootstrap control circuit produces a boosted output swing from —Vpp to 2Vpp to
increase the driving current (2Vpp) and turn off the transistor aggressively (—Vpp). As a result,

the /,,/I,yratio is improved substantially.

Fig. 4-2 depicts the proposed ISBD. Cgp and Cgy are the bootstrap capacitors; Mp; and My;
are the precharge transistors for Cgp and Cgn; INVp and INVy are the pre-drivers to boost Cgp
and Cgy; and Mpp and Myp are the output drivers. Nt is boosted to 2Vpp and —Vpp to enhance
the driving capability of Mpp and Mnp. Npr is also fed back to control Mp; and My; to enhance

the precharge capability and eliminate the reverse leakage current simultaneously.

Cep Neo Vpp

A Tﬁ? 7

)
INVp g Meo
wire load
Vin ) NBT Vout
|v| L
NV Mo =
Non
Cen Nbn -

Fig. 4-2. Circuit of proposed bootstrapped repeater.

Figures 4-3 and 4-4 show the transient waveforms with input switching from H to L and
from L to H. Assume that the bootstrap capacitors Cgp and Cpn had stored a voltage potential of
Vpp before V;, has a transition from H to L; node Ngp has an initial voltage of Vpp, and node Npr
has an initial voltage of —Vpp, ideally. After V;, transits from H to L, Nop transits from L to H
and Ngp 1s boosted to 2Vpp. At the same time, Mp, is turned on and My; is turned off. 2Vpp at
Npp starts to charge Npr through Mp, and pushes Ngr to 2Vpp. After Npr is charged above
threshold voltage Vy,, My is turned on to precharge Npn to GND. Now, Cgn has a potential
of —Vpp.
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Fig. 4-3. Proposed bootstrapped repeater operation (input H-to-L).
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Fig. 4-4. Proposed bootstrapped repeater operation (input L-to-H).

As Vi, transits from L to H, a similar mechanism pushes Ngrt to —Vpp. Figure 4-5 shows the
simulated transient waveforms with a Imm wire load and a Vpp of 0.2V. Here, Nt swings from

384mV to —186mYV instead of the ideal 400mV to —200mV owing to the charge sharing effect.

Like all bootstrap circuits, the ISBD has start-up and stand-by problems. Before start-up,
one of the bootstrap capacitors does not have charge stored. Similarly, during a long stand-by
period, one of the bootstrap capacitors becomes depleted of charge by sub-threshold leakage. A
transition of the data input is required to recharge the depleted bootstrap capacitor. The normal

bootstrap function can then be regained at the next transition.

A CMOS transistor has parasitic diodes between sources/drains to the body. Although, the
body and the sources can be shortened in PMOS using an N-well bulk-CMOS process, the
parasitic diodes are retained for My, as shown in Fig. 4-6. When a negative voltage (—Vpp) is

generated at Npy, the parasitic diode might be turned on if Vpp exceeds 0.7V. Therefore, the
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proposed design is used in near-threshold applications.
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Fig. 4-5. Simulated timing waveforms under 0.2V supply.

Fig. 4-6. Cross-section of proposed circuit.

4.3.Detailed Evaluation and Comparisons

The previous section briefly introduced the architecture of the on-chip bus and the basic
operation of the ISBD. This section will discuss them in greater detail with reference to boosting

efficiency, leakage power, ISI suppression, energy efficiency and Monte Carlo analysis.
4.3.1. Boosting Efficiency

We have mentioned the boosting efficiency due to charge sharing in chapter 3. In fact, the
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boosting efficiency factor is a time-variant function, according to the accumulation of leakage
charge. When Vgrp is boosted above Vpp, the leakage currents I;yp; and Iyn, discharge Cpr
through Mp; and Mny, respectively, as shown in Fig. 4-7. The time-variant boosting efficiency

causes an ISI problem, which will be discussed in a later section.

Fig. 4-7. Equivalent circuit for evaluating boosting efficiency.

4.3.2. Leakage Current Reduction

We have introduced the leakage current reduction according to the ALBI in chapter 3.
Making Vs negative is an effective means of reducing I, and improving the 1./, ratio,
consistent with Eq.(2-2). For example, Fig. 2-3 plots the /I of an NMOS with a fixed Vpp drain
voltage as Vs is swept from —0.45V to 0.65V. Obviously, /p varies exponentially proportional
with the gate voltage Vi in the near-threshold region. Since HSPICE is based on BSIM4 model
(level =54), drain current has a good approximation to the nano-scaled effects such as DIBL and
GIDL. Typically, the leakage current of the NMOS is 0.4nA at Vgg= 0V. When Vs =-0.22V, Ip
is reduced to 30pA from 0.4nA at Vs = OV. However, the GIDL current that is induced by the
high electrical field between gate and drain becomes the major component of the leakage current
while the gate voltage remains negative [10]. In the case considered here, /I is slightly increased
to 70pA as the gate voltage 1s shifted to —0.45V. I, for a single transistor is analyzed and Ppcqtage

for a complete circuit is determined as follows.

4.3.3. Leakage Power Analysis

Similar to the section in chapter 3, we have two identical signals with different periods 77

and 7>. Leakage power Preakqge 1S then obtained by Eq.(3-11).
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PLeakage = f . (3_1 1)

As compared with ALBI and ISBD, ISBD eliminated the reverse current to keep the boosted
voltage. As a result, the reduction of the leakage power using ISBD performs well even

operating at very slow frequency.

To demonstrate the reduction of leakage current, the proposed design is compared with the
conventional inverter and two reported works [16-17]. They are all designed to drive a 200fF Cy.
A 55nm SPRVT process is used. For all bootstrap drivers, Cg = 50fF and the widths of Mpp and
Mnp are 288nm and 108nm, respectively, for a fair comparison. The conventional inverter was
designed to be 50 times the size of the bootstrapped driver to obtain the similar output ts. and
trann as the bootstrapped one at Vpp = 0.2V. Additionally, due to the iso-area condition, the results

of the case with m=150 is also added.

Figure 4-8 plots the total power as a function of the supply voltage for the five designs. As
mentioned, the switching power and leakage power constitute almost all the total power
consumption. Figure 4-9 plots the leakage power as a function of the supply voltage. The
operating frequencies are 0.5MHz, 3MHz, 10MHz, 25MHz and 66MHz at 0.1V to 0.3V,
respectively. Owing to the negative Vs, the leakage power of the proposed bootstrapped repeater
is one order of magnitude less than those of the other designs. Figure 4-10 shows the Pjeakage/Pr
ratio as function of the supply voltage. The proposed design has the lowest total power and a
Preakage/Pr 1atio of 1.5% even though Vpp = 0.1V. It is roughly one order of magnitude lower

than those of the others.
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Fig. 4-8. Comparisons of total power at different Vpp.
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Figure 4-11 shows the total power as a function of activity factors.When the activity factor
is small, the non-transient time is long. That means the leakage power takes larger portion of the
the total power. Figure 4-12 shows the Preutaee/Pr 1atio as a function of activity factors.. The
proposed design has a Pjeakqge/Pr ratio of 1% at 0.02 activity factor, which is much smaller than

all other designs.
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Fig. 4-11. Comparisons of total power being swept by activity factors.
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Figure 4-13 shows the total power as a function of the input clock rate at 0.2V. With the
leakage reduction technique, the switching power of the proposed design is almost the same as
the total power. Figure 4-14 shows the Pjearae/Pr ratio as a function of the input clock rate. At

33kHz, the Pprearage/Pr ratio of the proposed design is 25%, while other designs are more than
60%.
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Fig. 4-13. Comparisons of total power at different clock rates.
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Fig. 4-14. Comparisons of Pjcakag/Pr ratio at different clock rates.

4.3.4. ISI Suppression

In data communication, ISI critically limits the data rate. The boosting efficiency of a
bootstrapped inverter is closely related to the ISI, as follows. The driving capability of the output
driver is controlled by the voltage Vpr at Ngr, which is either 25pVpp or —fnVpp. In the design

herein, the fed-back V,,. =2V, , (V,, =-V,,) eliminates the reverse current through Mp; (Mn1)

when Npp (Npy) is boosted. Figure 4-14 shows a data string with consecutive a Os followed by b

Is. According to the circuit model in Fig. 4-7, the bootstrapped voltage can be derived as

2
V, (a+b)x ——=———-O(a+b)
7 sp T Cpr

2 of bT
=m.(Q(O)—I0 (e +ILMN2)dt+LT Lo ~dz).

(4-1)

Here, T is the period; Q(0) is the initial charge in Cgp, and Ipyp; is the pre-charge current on Mp.
As a result, fp depends on input data. To minimize the variation of fp, according to (4-1), the
leakage currents I;yp; and Ippn; must be minimized. Since the proposed design employs a
special mechanism to suppress the sub-threshold leakage I;)p; and Iramz, as stated earlier, the
pre-charge current Ipyp; is also enhanced by the boosted signal. Therefore, the proposed design
has better immunity to ISI. Fig. 4-16 shows the boosted and the output waveforms of the data
with 4, 16 and 64 consecutive Os followed by only one “1”. The ISI is suppressed successfully in

all cases.
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Fig. 4-16. Waveforms at nodes for various numbers of consecutive Os.

Fig. 4-17(a) compares the proposed design with reported repeaters in the clock link. The
total length of the interconnect is fixed at 10-mm with minimum wire spacing for coplanar
ground shielding. The 10-mm interconnect is segmented for various interconnect lengths along
the X axis. The drivers are designed to yield t;s and tgy equal to 7.5% of a clock period. Fig.
4-17(b) compares the data links of the designs and demonstrates data rate as a function of
segment length. The parameters t;is. and tg) are designed to be 15% of a Ul in data links. Notably,
only one transition occurs per clock period in data links while two occur in clock links. The jitter
tolerance is defined as 0.3 UI peak-peak jitter of the output signal. Both Fig. 4-17(a) and Fig.
4-17(b) indicate that our design can simultaneously achieve the highest data rate and energy

efficiency.
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Fig. 4-17. Comparison of (a) clock links, (b) data links as function of segment length.
4.3.5. Energy Efficiency

The proposed design has a significant speed improvement and high energy efficiency.
Bootstrap techniques improve the driving capability exponentially by boosting the gate voltage
of the driver. However, the bootstrap circuit consumes extra power. The average power of the

bootstrap circuit can be represented as
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PT,BT = PSW,BT + PSC,BT + PLeak,BT . (4-2)

Where B, ., Py pr» Focpr, and P,

eak.sr ar€ the average, switching, short-circuit and leakage
power of the bootstrap circuit, respectively. For the proposed bootstrapped circuit in Fig. 4-2, the

switching power is
PSW,BT ~ af(zclNV + 9ﬁCPT)V[§D . (4'3)

Where C,,, is the total input and output capacitance of INVp and INVy; B is the boosting

efficiency. Assume that S, =, =0.9,and C,,, =C

»r» (4-3) can be rewritten as

Py oy #10.1-a fC, V5, (4-4)

When a CMOS driver is applied to drive heavy capacitive loads, the energy contributions of the
short-circuit current can be ignored [40]. Combined with the switching power for the wire, the

total energy consumption is

E, ~ %(10' 1-CorVop + CoonV o ) + Bisr T (4-5)

P

veaksr 18 the leakage power of the bootstrap circuit. The leakage energy of the driver can be
ignored, as shown in Fig 4-9. Figure 4-18 shows that the proposed bootstrapped repeater and the
conventional one drive a 0.5 pF capacitive load while Vpp is being swept from 0.1-0.3 V. The
bootstrapped repeater and the conventional one use the same output driver. Both these two
circuits operate at their highest speed. The data rate of the proposed bootstrapped repeater is
7—13 times higher than the conventional one. When these two circuits are operated at 0.1-0.2 V,

the energy of the proposed design is even lower than the conventional one, because the proposed

one reduces the leakage power effectively.
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Fig. 4-18. Comparison of driving capability and energy

4.3.6. Monte Carlo Simulations

Since sub-threshold circuits indeed suffer severe process variation problems, Monte Carlo
simulations are used to investigate the effects. Four types of repeaters are discussed. A 10-mm
interconnect is divided into 10 segments. Device mismatch, threshold voltage V7, and process

corner variation are assumed to be Gaussian random distribution.

The analysis is setup to find out the distribution of the maximum clock rate and the
variability ratio. The maximum clock rate is the highest speed in each Monte Carlo sample and
the variability ratio is defined as f,./fmin. Under 3o variation, we simulated the designs at 20
different clock rates by the ratio of power of two. The number of samples in each clock rate is
1000. The PDFs of the maximum clock rate are shown in Fig. 4-19 in which X axis is
normalized to 10MHz and scaled by power-of-two. Fig. 4-19 also shows the mean p, standard
deviation o, minimal clock rate f,;,, and maximum clock rate f,,,,. Our design has the minimal
Jfna/fmin 1atio of 11.3, as compared to 16.9, 16.0 and 34.0 of the inverter, [16] and [17],

respectively.

Fig. 4-20 shows Monte Carlo simulation of the leakage power at | MHz under a 0.2 V Vpp.
Our design has an average of 13.0 pW and a standard deviation is 7.3 pW, which are two to three
orders better than the rest. Fig. 4-21 shows the Pjeqrage/Pr ratio at 0.2 V. An average of 0.16% is

far better the others and a ¢ of 0.09% indicates more concentrated as well.
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Fig. 4-20. Monte Carlo simulation results of leakage power.
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4.4.Experimental Setup and Measurement

4.4.1. Chip implementation

A test chip was designed and fabricated in 55nm 1P10M SPRVT. The test chip includes
two on-chip buses- the proposed bootstrapped repeater and the conventional one. Fig. 4-22
shows the block diagram of both on-chip buses. Four-bit pseudo-random bit sequences (PRBS)
are generated and passed through an H-to-L level shifter to adjust the voltage swing to 0.1-0.3 V.
An extra input I/P enables the equipment to provide a tunable clock signal or random data. Each
on-chip bus has four channels. Each channel is 10-mm long and is divided into 10 segments,
with a wire spacing of 90 nm for ground shielding in Metal5. In each bootstrapped repeater, two
50 fF MOM capacitors serve as the bootstrap capacitors. Level shifters are used for the 1/0. The
total area is 821umx820um and the core area is 637umx206um. Fig. 4-23 shows a

photograph of the die. The layout area of the proposed bootstrapped repeater is

16.7umx11.8um. The measurement setup is shown is Fig. 4-24.
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Fig. 4-24. Measurement setup.

4.4.2. Measured Waveforms

The measured results are illustrated in this section. In order to operate and measure
0.1-0.4V voltage swing, H-to-L and L-to-H level shifters have been designed in the test chip.
The calibration mode can be selected to measure the H-to-L and L-to-H level shifters without the

10mm wire. Figures 4-25(a)-(d) shows the measured waveforms of the H-to-L and L-to-H level
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shifters. Figures 4-25(b) and 4-25(d) show better results of eye-diagrams with 1.25V V;oy. Under
the core supply voltages of 0.11V, 0.2V, 0.3V and 0.4V, Figures 4-26(a)-(d) show the measured
clock waveforms; Figures 4-27(a)-(d) show data eye diagrams (b); and Figure 4-28(a)-(d) shows
the transient waveforms. TABLE 4-1 presents the timing performance. The random data are a

2'°_ 1 bit PRBS sequence and the level shifters contribute an RMS of 174ps and a peak-to-peak

jitter of 982ps.
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Fig. 4-25. Measured waveforms with I/O VoL = 0.3V and 0.4V (0.11-1.25V I/O Vpp).
(a) Eye diagrams of Vo, = 0.3V and Vjon = 0.8V.
(b) Eye diagrams of Vo, = 0.3V and Vo = 1.25V.
(c) Eye diagrams of Vo, = 0.4V and Vo = 0.8V.
(d) Eye diagrams of VoL = 0.4V and Vo= 1.25V.
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Fig. 4-28. Measured transient waveforms with core Vpp = (a)0.11V, (b)0.2V, (¢)0.3V and
(d)0.4V (0.11-1.25V 1/O Vpp).

TABLE 4-1. Measured Timing Performance

Supply voltage 0.1V 0.11V 0.2v 0.3V
Clock rate 0.6MHz 1MHz 22.5MHz | 100MHz
Clock jitter (RMS) | 22.4ns 12.0ns 0.58ns 132ps
Clock jitter (p-p) 206ns 87.3ns 5.15ns 954ps
Data rate 0.8Mbps | 1.25Mbps | 40Mbps 100Mbps
Data jitter (RMS) 81.0ns 48.5ns 0.95ns 0.43ns
Data jitter (p-p) 395ns 271ns 5.72ns 2.65ns
Data latency 2.93us 1.99us 166us 36.0us
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Fig. 4-29 shows the simulated and measured power and energy efficiencies of both the
bootstrapped and the conventional buses. The FF process corner is used in the post-layout
simulation to ensure consistency with the measurements. In general, the measured results
coincide with the simulated ones, except in the extreme case of Vpp = 0.1V. The proposed design
can operate at 0.6MHz (100MHz) under 0.1V (0.3V) with an energy efficiency of 40fJ/bit
(1231J/bit). The conventional repeater bus is 4MHz (20MHz) and 98fJ/bit (182f]/bit) at 0.2V
(0.3V). It shows the proposed one performs higher speed, wider range and better energy

efficiency.
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Fig. 4-29. Comparisons of measured and post-simulation results.

4.4.3. Leakage Power Measurement

A distinguishing feature of the proposed design is the reduction in leakage current. Fig.
4-30 plots measured and simulated leakage power. The measured powers are 30nW, 140nW,

575nW and 2.75uW at Vpp = 0.1-0.4V, which are closer to FF corner than the TT corner.

TABLE 4-2 summarizes the performance of the on-chip bus test chip. TABLE 4-3
compares the results with some previous works. Most other relevant investigations have focused
on low-power on-chip data communication in the Gbps range. The FoMs are used to compare
the performance of the data link. The FoM, is defined as the energy per bit. The proposed design
can operate in the sub-threshold region under a supply voltage of 0.1-0.3V. The energy per bit is
401fJ/bit at 0.1V, 591J/bit at 0.2V, and 123fJ/bit at 0.3V, indicating that the proposed design is
more power-efficient than the others. The definition of the FoM; is the data rate normalized to

pitch-power product. It shows that the proposed one can achieve higher normalized data rate than

the rest.
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Fig. 4-30. Measured and post-simulation leakage power versus supply voltage.

TABLE 4-2. Chip Summary

Process 55nm 1P10M SPRVT Low-K CMOS
Vi NMOS: 300mV; PMOS: -310mV
Core Supply 0.1-0.3V
Supply Voltage of VioL Viom Vion
Level Shift Buffers 0.1-0.3V 0.2-0.8V 0.4-1.0V
Sup.pl-y Volltagc-?‘ of 0.4.1.0V
Digital Circuit
0.6MHz 22.5MHz 100MHz
Max. Clock Link
ax. Llock Hn @0.1V @ 0.2V @ 0.3V
Max. Data Link 0.8Mbps 40Mbps 100Mbps
@ 0.1V @ 0.2V @ 0.3V
0.1v 0.2v 0.3v
Energy (fJ/bit) @ 0.6MHz @ 22.5MHz @ 100MHz
40 59 123
0.1V 0.2V 0.3V
Leakage Power
0.03uwW 0.14uW 0.57uW
Conventional bus 637um x 183um
Layout Area Bootstrapped bus 637um x 206um
Whole Chip 821um x 820um
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TABLE 4-3. Comparisons

TVLSI08[17] | TCASI08[41] | JSSCO8[42] | JSSC10[43] | Conv. Proposed
Technology 180nm 180nm 180nm 90nm 55nm 55nm
TOpOIOQy repgz-arters re;l)gzter coﬁSIFi)ng coﬁSlFi)ng re[l)z;/ter = repeater
Single/ Differential Single Diff Diff Diff Single Single
Supply voltage (V) 0.4 1.0 1.8 1.2 0.2 0.1 0.2 0.3
Total length (mm) 80 10 N/A 10 10 10
Width (nm) N/A 1000 2 x 300 2 x 540 90 90
Spacing (nm) N/A 1500 2 x 300 2 x320 90 90
Data rate (Mbps) | *9 MHz 1500 1000 2000 8 0.8 40 100
*FoM, (pJ/bit) N/A 1.74 224 0.28 0.098 0.04 0.059 0.123
e N/A 0.23 0.37 2.08 28.34 69.44 47.08 22.58
(Mbps/uW-pm)

* only shows clock rate.

+ FoM. = Power (W)
' Data rate (Mbps)

. Data rate (Mbps
Energy (pJ/bit); FoM, = Power (pW)~(Pitci(L)1m)'

4.5.Summary

This work successfully explores on-chip bus design under a supply voltage of 0.1-0.3V.
The proposed insertion of a bootstrapped CMOS repeater to suppress ISI yields low accumulated
ISI jitter and a high clock/data rate even at a subthreshold-supply voltage. Additionally, the
proposed bootstrapped repeater improves energy efficiency and has a Presag/Pr ratio of 1%
even at Vpp = 0.1V. This ratio is one order of magnitude lower than those of the other designs.
According to Monte Carlo analysis, the proposed design has small variability under of device
mismatch and process variation. Measured results verify that the proposed design achieves a
100MHz (0.6MHz) clock link and 100Mbps (0.8Mbps) data link at 0.3V (0.1V) Vpp. It is
energy-efficient, consuming only 123fJ (401J) per bit.
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Chapter 5
High-Boosting Pre-driver

This chapter discusses the near-threshold interconnects with a high-boosting pre-driver. As
compared to previous bootstrapped drivers in chapters 3 and 4, the high-boosting pre-driver
presents better trade-off of energy efficiency. The proposed technique provides 3X and 4X
boosting to enhance the driving current. Moreover, the high-boosting pre-driver pushes the
driver to operate devices in the linear region far from threshold voltage, which explains why the

process variation affects the proposed interconnects to a lesser extent.

5.1.Proposed High-boosting Pre-driver

Several boosting techniques enhance the driving to improve the pre-charge capability,
which includes the proposed ALBI and ISBD in previous chapters. They used a 2X boosting
with an output swing from —Vpp to 2Vpp. In this chapter, we proposed two bootstrapped
repeaters with 3X and 4X boosting ratios, shown in Fig. 5-1 and Fig. 5-2. The output swings
from —2Vpp to 3Vpp and —3Vpp to 4Vpp, respectively. According to the high boosting gain, it has
a pre-charge enhancement scheme to improve the pre-charge capability. Furthermore, it has a

leakage current elimination technique to improve the energy efficiency substantially.
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Fig. 5-1. The circuit diagram of the proposed 3X boosting pre-driver.
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The proposed 3X boosting pre-driver is depicted in Fig. 5-1. Cgp;, » and Cpny, 2 are the
bootstrap capacitors; INVp and INVy are the inverters to boost Cgp and Cgn; and INVpy is the
output driver. Vs is boosted to —2Vpp to 3Vpp to enhance the driving capability of INVpr. Vsx is
also fed back to control Mps 4 and M3, 4 to enhance the precharge capability and eliminate the
reverse leakage current simultaneously. Fig. 5-2 depicts the proposed 4X boosting pre-driver.
BT2Xp and BT2Xy are the pre-drivers using bootstrapped delay cells in [16], which provides

swing from —Vpp to 2Vpp.

BT2Xp

VOLII

INVpr

Y

BT2Xy

Fig. 5-2. The circuit diagram of the proposed 4X boosting pre-driver.

Fig. 5-3 shows the transient waveforms of the 3X boosting pre-driver with input square
wave at 0.15V Vpp. Assume that the bootstrap capacitors Cgp; 2 and Cgni2 had stored a voltage
potential of Vpp before Vin transitions from H to L; Ngp; and Ngp; have an initial voltage of Vpp,
and V3x has an initial voltage of —2Vpp. After V;, transits from H to L, My, is turned off and
Ngp; 18 boosted to 2Vpp. Then, Ngp; is boosted to 3Vpp. At the same time, Mps is turned on and
My is turned off. 3Vpp at Npp; starts to charge Vsx through Mp, and pushes Vsx to 3Vpp. After
Vix is charged above the threshold voltage V7, Mn3 and Myy are turned on to precharge Ny to

GND. Now, Cgn; and Cgn; have a potential of —Vpp.

Fig. 5-4 shows the transient waveforms of the 4X boosting pre-driver at 0.15V Vpp. The
operation is very similar to the bootstrapped delay cells in [16]. The difference is that 4X

boosting pre-driver uses BT2Xp and BT2Xy instead of conventional inverters.

Ideally, 3X and 4X pre-drivers have three times and four times boosting gain. However,
non-ideal boosting efficiency incurs the reduced voltage swings, as shown in Fig. 5-3 and Fig.
5-4. [16] discussed the boosting efficiency owing to the charge sharing at the boosted node.
Although using larger boosting capacitors can achieve higher boosting efficiency, the area

overhead costs more. In addition, parasitic capacitance on the bootstrap capacitors increases the
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delay time. Fig. 5-5 shows the relationship between boosting efficiency and supply voltage using

different boosting pre-drivers. The boosting factor is defined as a ratio of boosted voltage to Vpp.

The 3X and 4X pre-drivers have boosting efficiency penalty due to the parasitic loads on

boosting path. Although the boosting efficiency of the 3X and 4X boosting circuits performs less

efficiency than 2X ones, they still have higher boosting factor to gain more driving capability.

o
w

0.15%%

o

Node voltage (Volt)

-0.15

@V,,=0.15V, 25°C, TT Corner

810N 820N 830n 840n Time (sec)

Fig. 5-3. Simulated timing waveforms of the 3X pre-driver at 0.15V supply.
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Fig. 5-4. Simulated timing waveforms of the 4X pre-driver at 0.15V supply.
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Fig. 5-5. Boosting efficiency as a function of Vpp.

5.2.High-boosting Pre-driver in Long Interconnects

5.2.1. Leakage Current Reduction

For a subthreshold design, the leakage current /,; accounts for a significant portion of the
total power consumption. In the subthreshold region, I, is expressed as Eq.(2-2). Thus, the

L,/Iopratio of the conventional inverter can be represent as in Eq. (5-1)

1 v,

—-=exp(—>>) | 5-1

1 nv, (>-1)
As one can see, reducing the supply below the threshold voltage reduces /. However, ,, is

reduced more significantly. As a result, the /,,/1,4ratio is reduced.

Making Vs negative is an effective means of improving /,,/I,¢ ratio, according to (1). In the
proposed 3X and 4X pre-drivers, the gate-source voltages are —2Vpp and —3Vpp for turned-off
transistors. Hence, the subthreshold leakage I,; is reduced significantly. In addition, the
gate-source voltages are 3Vpp and 4Vpp for turned-on transistors to enhance the /,,, and improve

the 1,,/1,j ratio simultaneously.

5.2.2. Energy Efficiency

The proposed 3X and 4X pre-drivers have a significant speed improvement and high energy

efficiency. Since the predrives consumes extra power, the total energy per bit is represented as in
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Eq.(3-9). A long wire can be regarded as a large capacitive load in pF range. When a CMOS
driver drives heavy capacitive loads, the energy contributions of the short-circuit current can be

ignored [40]. Assume that the total length of interconnect is L, we can rewrite (3-9) as

E~Lp +%c

2
T h rep 2 wire VDD + P

Leakage

-T.. (5-2)
Where £, is the switching energy consumed by each repeater; 4 is the segment length; ande is

the activity factor. E, is proportional to 7. According to the reported works, using longer

eakage
segment length and lower supply voltage is more energy efficient. However, it suffers great
speed penalty while the repeater drives a long segment. Assume all the inverters in Fig. 5-1 and
Fig. 5-2 are identical and the sizes of the switches are as same as the inverter. The capacitance of
the inverter is Cpy. For an example of 3X pre-driver, since the gate capacitance almost
dominates the Cjyy, the equivalent capacitance is 5Cpyy at the input node and 3Cpyy at the output
node. Ideally, the voltage swing of the input node is Vpp, and the 3X pre-drivers produce large
voltage swing of 5Vpp by using bootstrap technique. We can represent the power of the 3X

pre-driver as in (5-3).

L
Frax = ;[SCINV +(6-1)":3Cpy :I Vo + FCoinlV o + P catage

(5-3)
L
= Z[(75ﬁ + 5)(j[NV ] jVDzD + waireV[?D + PLeakage'
Similarly, we can derivate the total power of the 4X one as in (5-4).
L
PT,4X ~ ZI:7C[NV +(8— l)zﬂ 3C :I .fVDzD + waireVDzD + PLeakage
(5-4)

L
= % [(147}8 + 7)C1NV ] fVDZD + waireV[fD + PLeakuge'

As compared to the power contribution at boosted nodes, the switching power due to the large
voltage swing at the boosted nodes is the dominant term. As a result, the switching power
contributed by input parasitic capacitance can be ignored. Thus, a general form of a single

repeater power can be represented as in (5-5).

P 2 fP2k=1)CylVp,. (5-2)

rep

Where [ is the boosting efficiency; C,, 1is the total capacitance at boosted nodes; k is the
boosting gain. Combined with the switching power for the wire, the total energy consumption is
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Er s z%[%ﬂ(%—l)z% +cw,-,€}V,§D + P T (5-3)

Fig. 5-6 shows the repeaters driving a 0.5 pF capacitive load under 0.1-0.3V Vpp. The
proposed repeaters and the conventional repeater use the same output driver. All the circuits
operate at their highest speed. The data rate of the 3X boosting is pre-drivers almost 100 times
higher than the conventional one. When these two circuits are operated at 0.15V, the energy of
the proposed design is even lower than the conventional one, even though the data rate is 100X.

This is because the proposed one reduces the leakage current effectively.

@25°C,TT Corner

1G E T T T T T T T T T
100M 4
10M-; —40.04
— 1M1
2 40.03
S 100k 3
o e
21 0.02 uf
o ] 1™
8 ’Ik-! P J
1001 —e— INV_500fF
5 - 2X_500fF |10-01
10{ &= --w--- 3X_500fF | |
1 ¥ A 4X_500fF
1 , 0.00

T T p T T T T T
0.10 0.15 0.20 0.25 0.30
Supply-voltage (Volt)

Fig. 5-6. Comparison of speed and energy with different repeaters.

Fig. 5-7 compares the proposed design with the repeaters of different boosting pre-dirvers
in the clock link. The total length of the interconnect is fixed at 10mm with minimum wire
spacing under coplanar ground shielding. The 10mm interconnect is segmented for various
interconnect lengths along the X-axis. Fig. 5-7 indicates that the 3X pre-driver can achieve the
highest data rate and energy efficiency simultaneously. Using 2X pre-driver is the most energy
efficient but the speed is much slower than 3X and 4X ones. The 4X pre-driver is more suitable
for driving long segment length, which performs good trade-off between speed and energy

efficiency.

In order to compare the energy efficiency with four different repeaters, they are designed to
achieve 5Mbps under 0.15V where the segment length of the inverter and the 2X repeater is
Imm and the 3X and the 4X ones are 2.5mm and Smm, respectively. The simulation results are
shown in Fig. 5-8. Accordingly, we can find that the 3X and the 4X designs have good energy
efficiency below 0.2V.
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Fig. 5-7 Comparison of clock links as function of segment length.
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Fig. 5-8. Comparison of interconnect designs at different Vpp.

5.2.3. Boosting Efficiency

Similar to the discussion in chapters 3 and 4, the boosting efficiency is the index as regard
as the boosting ability. According to the charge sharing effect, 3X and 4X pre-drivers may have
penalty due to the parasitic loads on boosting path. Fig. 5-9 shows the boosting factor and
boosting efficiency in practical cases. Although the boosting efficiency of the 3X and the 4X
pre-drivers performs less efficiency than 2X pre-driver, they still have higher boosting factor to

gain more driving capability.
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Fig. 5-9. Comparison of boosting efficiency of proposed repeaters.

5.2.4. Monte Carlo Simulations

The variability of /p becomes worse due to the process and voltage fluctuation as the supply
voltage goes lower. According to boosting pre-driver, devices are operated in triode region so as
to have less process fluctuation. Since sub-threshold circuits suffer severe process variation
problems, Monte Carlo simulations “are used to investigate the effects. Device mismatch,
threshold voltage V; and process corner variation are assumed to have Gaussian random

distribution.

Four types of repeaters are discussed. As compared to the 3X pre-driver, the conventional
inverter was designed to be 240 times the size of the bootstrapped driver due to the iso-area

condition.

The analysis is setup to find out the distribution of the maximum clock rate and the
variability ratio. The maximum clock rate is the highest speed in each Monte Carlo sample and
the variability ratio is defined as f,./fmi». Under 3o variation, we simulated the designs at 10
different clock rates. The number of samples in each clock rate is 1000. The CDFs and PDFs of
the achievable maximum clock rate are shown in Fig. 5-10 in which X-axis is logarithmic scale
of data rate. Fig. 9 also shows mean p, standard deviation o, minimal clock rate f,;,, and
maximum clock rate f,,,.. The 3X pre-driver has the minimal f,,,,/f,i» ratio of 8, as compared to
32, 12.0 and 24.0 of the inverter, the 2X and 4X pre-drivers, respectively. In addition, the 2X and
3X pre-drivers have better performance on standard deviation as compared to the conventional

one.
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Fig. 5-10. Monte Carlo analysis of data rate.

The impact resulting from temperature fluctuation is another important issue to the variation
and reliability in a nano-scaled chip, especially under the sub-threshold supply operation. The
sub-threshold current is highly depending on the temperature owing to the thermal voltage V7. In
contrast to the super-threshold region, /p is increased as the temperature is raised. The
temperature sensitivity of the threshold voltage is about 0.8mV/°C, which has been discussed in
[6]. As a result, when the proposed pre-drivers are operated at 0.15V supply, some of the devices
are operated in the super-threshold region, the others in sub-threshold region. That means our
proposed pre-drivers can compensate the variation due to temperature sensitivity. Fig. 5-11
shows the Monte Carlo simulation of the latency variation of a 10mm interconnect under the
temperature conditions of -40°C, 25°C and 125°C, respectively. The number of samples in each
temperature corner is 300. Obviously, the 3X and 4X boosting pre-drivers provide higher

concentration on temperature fluctuation.
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Fig. 5-11. Monte Carlo analysis of the latency of a 10mm interconnect.

5.3.Experiment and Measurement Results

5.3.1. Chip Implementation

A test chip has been designed and fabricated in 65nm 1P10M SPRVT. The test chip
includes four on-chip buses- the 2X, 3X, 4X pre-driving repeaters and the conventional inverter,
as shown in Fig. 5-12. Four-bit pseudo-random bit sequences (PRBS) are generated and passed
through an H-to-L level shifter to adjust the voltage swing to 0.1-0.3 V. An extra input I/P is
provided to switch between a tunable clock signal or random data. Each on-chip bus has three
channels. Each channel is 10-mm long with a wire spacing of 100nm for ground shielding in
Metal5. The bus using 2X pre-drivers and the conventional repeater is divided into 10 segments,
and into 4 and 2 segments with 3X and 4X pre-drivers, respectively. In each boosting pre-driver,
100fF MIM capacitors serve as the bootstrap capacitors. Level shifters are used for the 1/O
circuit. Fig. 5-13 shows the photograph of the die. The total area with I/O pads is
1400pmx1400um .
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Fig. 5-13. Die photo and cell layout.

5.3.2. Measured Waveforms

Fig. 5-14 shows the measured data eye diagram waveforms under a 0.15V supply. A 2°— 1
bit PRBS sequence is used as the input random data. Fig. 5-15(a) and (b) show the simulated and
measured data rate and energy efficiencies of the all buses. The TT process corner is used in the
post-layout simulation to ensure consistency with the measurements. In general, the measured
results coincide with the simulated ones. The bus with 2X boosting pre-driver can operate at
1.5MHz clock or 2.5Mbps data under 0.15V with an energy efficiency of 32.4fJ/bit. For the bus
with 3X boosting pre-driver, they are 3MHz, SMbps and 35.2fJ/bit. For the 4X bus, they are
1.1MHz, 1.5Mbps, and 32.8f]/bit. According to the interconnect parameters from the datasheet,
the energy dissipation of the wires is 20.3fJ/bit (0.5 fCyir ¥,y ). It shows the proposed buses

performs well energy efficiency and are close to the limit.
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Fig. 5-15. Comparisons with measured and post-simulation results.

(a) Data rate at different Vpp, (b) energy rate at different Vpp.
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TABLE 5-1 summarizes the performance of the test chip, and TABLE 5-2 compares to the
previous works. The FoM is used to compare the performance. FoM; is defined as the energy per
bit. FoM; is the data rate normalized to pitch-power product [44]. The proposed design can
operate in the sub-threshold region under a supply voltage of 0.15V. The energy per bit is
35.211/bit for the 3X pre-driver, and 32.8fJ/bit for the 4X pre-driver. This indicates that the
proposed designs are more energy-efficient than the others. The comparisons with FoM, show

that the proposed ones are also more area efficient than the others.

TABLE 5-1. Chip Summary

Process 65nm 1P10M SPRVT Low-K CMOS
Vi NMOS: 230mV; PMOS: —190mV
Core Supply 01~023V
Voltage
Interconnect
10mm
length
Segment length 2X (h=1mm) | 3X (h=2.5mm) | 4X (h=5mm)
Max. Clock
@0.15V 1.5MHz 3MHz 1.1MHz
Max. Data rate
@0.15V 2.5Mbps 5Mbps 1.5Mbps
Energy per bit
(fJ/Ch) 324 35.2 32.8
2X Bus 758um x 135um
Core 3X Bus 732pum x 254pm
Layout Area 4X Bus 717um x 89um
Whole Chip 1400um x 1400um
5.4.Summary

This chapter has successfully explored on-chip bus design under 0.15 V. The proposed 3X
and 4X boosting pre-driver improves the energy efficiency and the data rate simultaneously.
According to Monte Carlo analysis, the proposed design has a smaller peak-to-peak variability
under the device mismatch and process variation. A test chip in 65 nm 1P10M SPRVT CMOS
process has been designed and fabricated. The measured results verify that the proposed 3X (4X)
pre-driver achieves a 3 MHz (1.1 MHz) clock rate and 5 Mbps (1.5 Mbps) data rate at 0.15V Vpp.
The energy-efficiency is 35.2 fJ/bit (32.8 fJ/bit). In addition, it has highest data rate, normalized

to the power and pitch product, as compared to the others.
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TABLE 5-2. Comparisons

TVLSI'08[17] | TCAS2’12 [45] Proposed
Technology 180nm 90nm 65nm
Supply voltage (V) 0.4 0.2 0.15
Repeater Topology 2X BT 2X BT 3X BT 4X BT
Total length (mm) 80 10 10 10
Segment length (mm) 10 1 25 5
Single/ Differential Single Single Single Single
Cap. Type MOS Cap. MOM Cap. MIM Cap. MIM Cap.
Width (um) N/A 0.14 0.1 0.1
Spacing (um) N/A 0.14 0.1 0.1
Data rate (Mbps) X 9MHz *10MHz 5 15
*FoM, (fJ/bit) 444 50 35.2 32.8
(Mb:;°£/'vf/_“m) N/A 35.7 71.4 75.8

* only shows clock rate.

* FoM, =

Power (W)

Data rate (Mbps)

= Energy per bit ; FoM, =
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Chapter 6

Near-threshold ADPLL

For the sustainable electronic devices, ultra-low power design is essential to prolong the
battery lives. According to P = fCV?, scaling the supply voltage down is the most effective way
to reduce the power consumption. According to the forecast from the International Technology
Roadmap for Semiconductors (ITRS), the supply voltage will be scaled to 0.5V for low-power
applications within the next generation [46]. Recently, some 0.5V biomedical applications have
been reported [47-48]. In addition, some important analog building blocks have been developed
with a 0.5V supply at MHz level [49-50].

Phase-locked loops (PLLs) are key building blocks in integrated circuits. Several clock
circuits scaled to 0.5V are reported using analog approaches [51-53]. All-digital PLLs (ADPLLSs)
are popular alternative to analog PLLs for their portability and scalability. Additionally, ADPLLs
have no DC power dissipation. For a PLL, the oscillator is the most power starving building
block even in near-threshold operation. Although LC oscillators have superior phase noise, ring
oscillators are often chosen due to power and area considerations. The digitally-controlled
oscillator (DCO) presented in [54] is composed of a 12-bit DAC and a current-controlled
oscillator using 260 uA bias current. However, the high resolution DAC requires extra power and
area overhead. In order to enhance the driving capability and linear control range, a 0.5V 8-phase
voltage-controlled oscillator (VCO) with a bulk-driven technique is reported in [53]. It
successfully modulates threshold voltage Vy by slightly increasing the leakage current. [55]
takes an all digital approach. It uses a large number of digital delay cells and paths that it makes
difficult to reduce the power due to its parasitic loads. Several DCOs are composed of a
supply-regulated ring oscillator and a digitally-controlled resistance network (DRN) [56-57].

Here, linearity and complexity are major designs issues for DRNS.

In this chapter, we present a near-threshold supply ADPLL with bootstrapped
digitally-controlled ring oscillator (BDCO) to operate at 0.25-0.5V. The BDCO is composed of
a bootstrapped ring oscillator (BTRO) and a weighted thermometer-controlled resistance
network (WTRN). The proposed bootstrapped delay cell generates large gate voltage swing to
improve the driving capability. The boosted output swing keeps the transistors operate in linear

region to have high linearity under a near-threshold supply.
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The rests of the chapter are organized as follows. Section 6.1 introduces the proposed
ADPLL. The analyses of performance evaluation are described in Section 6.2. In Section 6.3, the
test chip and the experimental results are given. Finally, the comparisons and the conclusion are

drawn in Section 6.4.

6.1. Architecture of Proposed All-Digital PLL

The proposed ADPLL, as shown in Fig. 6-1, consists of a phase frequency detector (PFD)
to detect the phase error, a phase selector (PS) to reroute the signal path, a time-to-digital
converter (TDC) to convert the phase error into digital code, a digital loop filter (DLF) to filter
out the high frequency noise, a DCO to generate the required output frequency, and a divider
(DIV) to divide and feed back the output frequency. To improve the resolution of the DCO, a
4-bit sigma-delta modulator (SDM) is used for the dithering.

Frer 9
——»1 REF UP| UpP LEAD LEAD SIGN 7 FOUT
PFD PS siGN » sicN TDC out ,1 »> DLF ,1 > DCO >
FB DN DN LAG LAG |—>> >SDM
FREF
DIV 16 |=

Fig. 6-1. Block diagram of the proposed ADPLL

6.1.1. PFD, PS and TDC

PFD, PS and TDC together can be regarded as digital phase detector. PFD produces UP and
DN signals to indicate the phase error. The circuit diagram is shown in Fig. 6-2(a). It is designed
as a dynamic circuit to operate at high frequency. In order to have the correct phase arrangement

for the TDC, two signals are reroute by PS, as illustrated in Fig. 6-2(b) [57].

TDC is based on a Vernier delay line, as shown in Fig. 3 [59]. It requires proper phase order
for the conversion. As LEAD and LAG signals propagate in their independent delay chain, the
timing difference between the two signals decreases by AT in each stage, where AT is
defined as the resolution of the Vernier TDC. In the proposed ADPLL, a 4-bit TDC is designed
with 20ps resolution at 0.5V. The phase comparators compare the phases of the delayed LEAD
and LAG signals and produce a thermometer code. Each comparator is composed of two
cross-coupled latches as depicted in Fig. 6-3. Finally a thermometer-to-binary (T2B) decoder

converts the thermometer code to a 4-bit binary one.
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Fig. 6-3. Circuit schematic of the TDC.

6.1.2. DLF

The DLF is a 2™ order digital filter whose parameters are obtained by a bilinear
transformation from its analog counterpart, as depicted in Fig. 6-4. It contains two signal paths,

the proportional path (K, ) and the integral path (K, ).The transfer function is

V(s) :R+L

H(S) yr = E sC

(6-1)

Z-domain transfer function for representation of the DLF is in (6-2).
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1 (K, +K)-K,z"

-1

H, :(2) =K, +K, -
-z 1-z

(6-2)

The Z-domain equations can be converted to the S-domain equations according to bilinear

transformation [58], as written in (3).

il—z_1
T 1+z"

s = (6-3)
Here Ts is the sampling period of the reference clock in the ADPLL. The integrator is expressed
1

1-2z

as in Z-domain. Thus, while converting to Z-domain by bilinear transformation, Eq.

-1
(6-1) can be rewrite as

(— Is +R)+z"( -R)

H(Z) e =25 4

1-z"
According to equations (6-2) and (6-4), the parameters K, and K, of the DLF are expressed

as
(6-5)

Following the mentioned steps, we can obtain the design parameters of the DLF in the proposed

ADPLL.

Vetre

Bilinear K
Transform / y OUT
N T
K D)

\ J
@)
A

™
Z

Frer —™p

Fig. 6-4. Circuit schematic of DLF.

6.1.3. Bootstrapped Digitally-Controlled Oscillator

Based on our previous work [58], the proposed monotonic bootstrapped DCO (BDCO) is
composed of a 5-stage BTRO with its supply voltage V¢ connected to a WTRN, as shown in Fig.
6-5. For near-threshold operation, linearity and variability are two major concerns. The

techniques we use to overcome these two problems are detailed as follows.
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Fig. 6-5. Circuit schematics of the BDCO and BTRO.

6.1.3.1. Bootstrapped Ring Oscillator

In order to operate in the near-threshold region, a bootstrapped ring oscillator (BTRO) has
been proposed [58], as shown in Fig. 6-5. The bootstrapped delay cell produces an output swing
of =V to 2V ideally. The transient waveforms are illustrated in Fig. 6-6. When Vi,=2V¢, Nop=0
and Ngp is precharged to V¢ by Mp;. After Vi, transits to —V¢, Nop rises to V¢ and boosts Ngp to
2Ve. The boosted 2V at Ngp is transferred to Vou via Mpy. 2V (-V¢) output voltage pushes
NMOS (PMOS) transistors of the next cells into super-threshold region and increases their
driving capability. It also suppresses the PMOS (NMOS) leakage current exponentially. As a
result, we are able to increase the operation frequency without leakage problem by using large
transistors. Since transistors are operating in super-threshold region, they have better linearity

and immunity against process variation.

@25°C,TT Corne

0.754
0.50
0.25+

0.00 ~

Node voltage (Volt)

-0.251

-0.50 T T T T T T T T T T T T
513.0n 513.3n 513.6n 513.9n 514.2n 514.5n 514.8n
Time (sec)

Fig. 6-6. Simulated transient waveforms of a five-stage bootstrapped ring oscillator.

74



6.1.3.2. Weighted-Thermometer Code Control

The proposed WTRN is illustrated in Fig. 6-7. It controls V¢ for BTRO. In addition to the
fully thermometer code in [56], the weighted code is used to have better linearity. The resistance
network consists of 9-bit PMOS transistor arrays, binary-to-thermometer (B2T) code converters
and an SDM. Fully thermometer control occupies large area with complicated wiring.
Hybrid architecture of binary and thermometer control is reported in [57] and costs less chip area.
Because the PMOS arrays are no longer binary weighted to obtain a better linearity, the proposed
PMOS arrays are arranged in a segmented thermometer code with a dedicated transistor sizing.
There are a total of 13 control bits, two for coarse tune, three for medium tune, four for fine tune,
and four for dithering by a SDM to further improve the resolution. In order to improve the
conductivity at sub-0.5V, only four PMOS transistors stacked in each column. Figure 6-8 shows
the DCO output frequency versus the coarse and medium control codes. As compared to the

binary weighted, the proposed BDCO has better linearity with a gain of 563 kHz/code in TT

corner.
[is 37 [ie 35 Dr [i:a Df T [io DLF_out[3:0]
4
2-bit binary-to- 3-bit binary-to- 4-bit binary-to- 2A
thermometer thermometer thermometer Modulator
Voo | yTer yTc2 w'l'cg+ ' Ttl[ﬂ]"‘ ' ' T:+[1:15]."+ y Diethering

-0

Fig. 6-7. Detail circuit schematic of the BDCO with the WTRN
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Fig. 6-8. DCO output frequency versus coarse codes in corners

6.1.4. SDM

To improve the resolution of the BDCO, a 4-bit 1%-order SDM is used to dither the
least-significant bit (LSB). Figure 8 shows its circuit diagram. It consists of a 4-bit adder and a
register. With the SDM dithering, the BDCO has equivalently 16 times the resolution
improvement. The parameters of the ADPLL are listed in TABLE I with a target of 400 MHz at
0.5V.

Carry out

4
Input —+—

A

LN

9]
O
|

d=~— CLK_BDCO

Fig. 6-9. Block diagram of the SDM.
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Table 6-1. Design parameters of the proposed ADPLL

Parameters
Loop bandwidth 1.25MHz

DCO gain 563kHz/code
Digital loop filter

—ol. ) =04
coefficients Kp=2"3K =2
TDC resolution 20ps
Divider number 16

6.2.Detailed Evaluation on BTRO

6.2.1. Power Analysis of BTRO

Precharge Ve
Cip P1 c
E'. """ > :'“"> k_< """" ‘5 oP
i INVp Cer
' ! Ngp
: Leakage :
82Ve Leakage B2Vc

1T LNy
INVy  Ca

Leakage Leakage

Fig. 6-10. Power analysis of the BTRO

For a PLL, oscillator consumes most. Different from an analog VCO in which constant
biasing current is the major power consumption, DCO consumes no DC current. However, the
dynamic power is major concern, especially for BTRO due to its large output swing from —fV¢
to f2Vc. B is the boosting efficient factor [15]. As shown in Fig. 6-10, the total capacitance at the
node V,, is Cop of this stage and Cjp of the next stage. In addition, Cjyy denotes the total
capacitance at the output nodes of the INVp and INVy, where the output swings are for GND to

Ve. As a result, the total dynamic power consumption of the 5-stage BTRO is
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Pasro =51 | (Co + Cop B2V + V) + Coy V|

(6-6)
~ [ 4587 (Cpp+Cpp)+5C,y, V.

There are several leakage current paths in a bootstrapped delay cell. As shown in Fig. 9,
take V;,=f2V¢ as an example, one is from pre-charge node Ngp to the output through Mp,, and
another from the ground to the boosted node through My;. Since 2V is applied to the gate of
Mp; and - V¢ to that of My, all these transistors are biased with negative Vgs. Similarly, the other
two paths are on the INVp and INVy. As a result, all leakage currents are significantly reduced

such that they can be neglected.

6.2.2. Linearity Analysis of BTRO

For a VCO/DCO, the tuning linearity is very important which affects tracking and locking
behavior as well as jitter performance. For the proposed 5-stage ring oscillator, the period is
107p, where T is the single stage delay. Assume that the rising and falling time is not exactly

the same, and the 7 then can be represented as
T, = O'S(TPHLfC + TPLHfC) . (6-7)

Here 7py and 7p;; are the propagation delays measured from the time of input change to the
time of the corresponding output from H to L and L to H, respectively. The linearity can
analyzed based on 7y, . We take a 5-stage inverter-based VCO as an example. Assume the

characteristics of PMOS and NMOS are very similar and a load C; refers to the effective load
capacitance at output node of the single stage. As shown in Fig. 6-11, C; is dis-charged by the
NMOS with a Vgs=Vpp. Since the VCO is operated in the near-threshold region, the maximum

Vpp 1s 0.5V. According to the state equation, 7py; ¢ can be the integration as in (6-8).

Voo C
Trur_c = —+=dv,, . (6-8)

0.5Vpp IDN
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Fig. 6-11. Delay time calculation for an inverter-based ring oscillator.

According to the switching characteristics, the switching operation consists of two intervals due
to the threshold voltage V3, [61]. The switching operation at near-threshold supply is either in
saturation with a Vpp above threshold voltage or in sub-threshold with a Vpp below threshold

voltage. Thus, we can rewrite (6-8) as
Tome ¢ = Tpur sa T Tpur sub- (6-9)
When the ring oscillator is operated above the threshold voltage, the NMOS has a saturation

current, as expressed in (6-10) [62]. Thus, we can derivate 7py ¢ g, as in (6-11) according to

I-V equation in saturation region.

1 w
ID,Sat :Elucox T(VD _I/th )2 (1+/1VDD)' (6_10)
1+ AV, w B
To s =2C, 1 —[u Co VY, )2} | (6-11)
PHL _C,Sat L l+ﬂ,l/th L DD t

Where u is the effective mobility; C,, is the gate oxide capacitance per unit area; /¥ and L are

the width and length of the device; Vj is the threshold voltage, and 4 is the factor for

channel-length modulation. On the other hand, when the VCO operates below the threshold

voltage, according to sub-threshold current in (6-12), Tpyy 50 1 rewritten as in (6-13).
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W 1)
Ly = 1Cy = vy exp( DDV & )(1 exp( VDD j (6-12)

n T T

-V
1—ex DD
p( o, )‘

v,
Tom_c.sw = Cl ( h 2D j"' VrIn 7
_ ih
‘ 1 —exp( A )‘ (6-13)

|:/ucdep W V eXp( th ):|
T

Where Cy, 1s the depletion capacitance; V7 is the thermal voltage; and n is the sub-threshold
slope factor. Obviously, the gate delay characteristics of the inverter-based ring oscillator are
separated into two different regions. According to (6-11) and (6-13), both of these two regions
are not proportional to the reciprocal of Vpp. As a result, the inverter VCO is not a linear

supply-regulated VCO.

As compared to inverter VCO, the BTRO features boosted swings from -£Vpp to f2Vpp to
push the INVp and INVy operating in the triode region. The driving current is represented in

(6-14). The propagation delay of the falling edge, 7,,, ,, is illustrated in Fig. 6-12. We can

derivate 7., 5 from (6-8)and (6-14)to (6-15).

KVDD < 0.5V(Bootstrapped) \
Vout Tpnr_Br [ ] NMOS Linear
A '4_"

VOLI'(

VDD 7 A Vm i E
V5096 { V, \ ICL

kﬁ Voo [ . _._ I

Fig. 6-12. Delay time calculation for the BTRO.

1
]D,BT =uC,, |:(ﬂ2VDD Vi Vip = > V;Djl (6-14)
SB-1)V, |[ W T
T =C,- | o i\ C BV, —V 6-15
PHL BT ‘(4,3 W, 7, ‘ H L, L( BVop =V ( )

Thus, we can obtain the period of the BTRO from the 7., , and 7,, , . As a result of
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(6-15), the frequency of the BTRO is highly proportional to the reciprocal of (24V,, -V, ),
which is suitable for supply-regulated VCO in the near-threshold region.
For a design example for 5-stage supply-regulated VCO, the VCO transfer curves at 25°C

in different process corners are shown in Fig. 6-13. As compared to an inverter VCO, BTRO has

higher linearity at near-threshold region and is less affected by the process variation.

@25°C
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I i — i
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2 INV_SS
S _
> 1.0G- -
o
L
500.0M - i
0.0 i

02 - 03 04 05 06
Supply voltage (Volt)

Fig. 6-13. Comparisons of the VCOs transfer curve with supply-regulation.

6.3.Experimental Results and Comparisons

6.3.1. Chip Implementation

The proposed ADPLL has been fabricated in 90nm 1P9M SPRVT CMOS process. The test
chip includes two test circuits, the proposed BTRO and the ADPLL. Figure 6-14 shows the block
diagram of the test circuits. Multi-stage bootstrapped level shifters with an intermediate supply
voltage Vi o are used for driving open drain devices. Figure 6-15 shows the chip micrograph.
The overall active area of the BTRO and the ADPLL is 31.5 umx61.5 pm and 326 umx175 pm,
respectively. The test chip is mounted on an FR4 test board with SMA connectors, as shown in
Fig. 6-16. An Agilent 81130A pulse generator provides the reference clock; an Agilent 54382D is
used to measure output waveforms and its jitter performance. A Keithley 2400 power meter
provides DC power and measures power consumptions. Phase noise was measured using an

Agilent E4440A Spectrum Analyzer.
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6.3.2. Measured Results

Figures 6-17(a) and 6-17(b) show the measured output waveforms of the BTRO at 0.2 and
0.6V. The detail frequency/power versus 0.2-0.6V Vpp plots of the BTRO are shown in Fig. 6-18.
These measured results match the simulated ones in TT corner. As to the oscillation frequency

versus the supply voltage, the BTRO has a relatively linear behavior near the threshold region.
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Fig. 6-17. Measured output waveforms of the BTRO at (a) 0.6V Vpp ; (b) 0.2V Vpp.
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Fig. 6-18. Comparisons with measured and simulation results.

A locked clock waveform at 400 MHz is illustrated in Fig. 6-19. The measured jitter
histogram shows that the output rms jitter and peak-to-peak jitter are 9.37ps and 69.1ps,
respectively. The output frequency range of the proposed ADPLL is from 36.8 MHz to 480 MHz
under a supply voltage of 0.25 to 0.5V. Figures 6-20 and 6-21 show the measured results of
output spectrum and phase noise at 0.5V and 0.25V Vpp, respectively. With a reference of 30
MHz (2.3 MHz), the measured spur at 480 MHz (36.8MHz) under a 0.5V (0.25V) Vpp is 42.5dB
(39.9dB) below the carrier. The phase noise are -96.2dBc/Hz (-91.6dBc/Hz) at 1 MHz offset and
-79.9dBc/Hz (-78.1dBc/Hz) at 10kHz offset when the output frequency is 480MHz (36.8MHz).

Table 6-I1 summaries the major characters of the test chip.

100 mV _ sl

RMS Jitter; 9.37 ps
- P-P Jitter: 69.1ps |
Total of 10 khits. . .......

i olezal H[200 ps/ mﬁl-au.atps o] T|140my i]r

Measurements | Markers | Logic | Grade | Scales

Hits 10.06 khit:
Y Scale 391 hitss 5 Peak 1.562 khit:
¥ Offzet O hits

Fig. 6-19. Measured output waveform of the proposed ADPLL.
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Fig. 6-20. Measured spectrum and phase noise of the proposed ADPLL at 0.5V.
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Fig. 6-21. Measured spectrum and phase noise of the proposed ADPLL at 0.25V.
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TABLE 6-2 Test Chip Summary

Process 90nm 1P9M SPRVT
Vi NMOS: 240mV; PMOS: 180mV
Core Supply Voltage 0.25V to 0.5V
Output frequency 36.8MHz to 480MHz
2.8uW 78uW
Power
@44.8MHz, 0.25V | @480MHz, 0.5V
Phase Noise -87.1dBc/Hz -96.2dBc/Hz
@1MHz offset @44.8MHz, 0.25V | @480MHz, 0.5V
Jitter (RMS) 7.8 to 21.5ps over all operation
conditions
Layout BTRO 31.5um x 61.5um
Area | AppLL 326um x 175um

6.3.3. Comparisons

TABLE 6-3 Performance Comparisons of Low-voltage oscillators

JSSC'05 JSSC'08 TCASII'09 TCAS1'10 TCAS1T11 BTRO
[63] [64] [65] [66] [53]
Process 180 nm 65 nm 130 um 180 nm 90 nm 90 nm
S”pp'{\)’)"'tage 0.5 0.5 05 0.6 0.5 0.2-0.6
OSC-type LC-vCO Ring-DCO Ring-VCO LC-vCO Ring-vCO Ring-VCO
Output phase 2 N/A 6 4 8 10
Tuning range 3.65-3.97 GHz | 0.09-1.25 GHz | 306-725 MHz | 2.4-2.64 GHz | 0.4-2.24 GHz | 48-771 MHz
Phase noise -119 dBc/Hz N/A -95 dBc/Hz N/A -87 dBc/Hz -89 dBc/Hz
@1 MHz offset @3.8 GHz @ 550 MHz @2.24 GHz | @771 MHz
Power 570 uyw 0.9 mw 210 yWw 10.8 mW 1.157 mW 87.6 yW
@3.8 GHz @1.0 GHz @ 550 MHz @2.64 GHz @2.24 GHz | @771 MHz
Area 0.23 mm? N/A 0.017 mm? N/A 0.0017 mm2 | 0.0019 mm?
*Figure of merit 0.15pJ 0.9 pJ 0.382 pJ 4.09 pJd 0.517 pJ 0.114 pJ
Power (uW)

* Figure of merit (FoM) = = Energy per cycle (pJ)

Freq. (MHz)

In order to compare performances of the VCOs/DCOs, TABLE 6-3 lists the results with
some reported oscillators. The BTRO is able to operate at only 0.2V supply voltage. Additionally,
the measured energy per cycle indicates that the BTRO is power efficient. TABLE.6-4
summaries recent state-of-the-art PLLs using a near-threshold supply. The previous works [7, 21]
achieve great phase noise with LC-VCO. However, these designs occupy a large die area using

passive resonant elements and provide only two or four phases of output frequency. On the
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contrary, ring-VCO PLLs have area efficient and more phases of output frequency but inherent
inferior phase noise. The proposed ADPLL has 10-phase output frequency and consumes 78 uW
at 480 MHz under a Vpp of 0.5V, which is occupied 53.8% by the DCO. The proposed design
can work even at Vpp = 0.25V with a lock range of 36.8 to 44.8MHz. In terms of the figure of

merit (FoM) in pJ/cycle, the proposed one is almost an order improvement.

TABLE 6-4 Comparisons of low-voltage PLLs.

ISSCC’07 JSSC08 TCAS1'10 JSSC’10 T.CAS1'11 This work
[55] [64] [66] [67] [53]
Process 90 nm 65 nm 180 nm 130 nm 90 nm 90 nm
Supply Analog: 0.5 )
voltage (V) Digital: 0.65 0.5 0.6 0.6-1.6 0.5 0.25 0.5
Oscillator type LC-VCO Ring-DCO LC-VCO Ring-DCO Ring-VCO Ring-DCO
Output phase 2 N/A 4 N/A 8 10
Operating 24-2.6 GHz 0.09-1.25 2.4-2.64 10-500 0.4-2.24 36.8-44.8 0.176-0.48
frequency T GHz GHz MHz GHz MHz GHz
Power (mW) 6 1.65 mW 14.4 mW 7.2mwW 2.08 0.0024 0.078
@1.0GHz | @25GHz | @0.5GHz | @2.24 GHz | @36.8 MHz | @0.48 GHz
RMS jitter N/A 3 N/A 39 2.22 7.8 10.8
(ps) @1.0 GHz @191 MHz | @2.24 GHz | @36.8 MHz | @0.48 GHz
Reference -52 N/A -39.83 N/A -40.28 -39.9 -42.5
spur (dBc) @2.6 GHz @2.56 GHz @2.24 GHz | @36.8 MHz | @0.48 GHz
Area (mm?) 0.14 0.03 ?'68 0.09 0.074 0.057
(w/i pads)
Phase noise -121 -105 -87 -916 -96.2
(dBc/Hz) @2.6 GHz NA- | @2s6cHz | VA | @224 GHz | @36.8 MHz | @0.48 GHz
@1MHz offset | @3MHz offset ' ' ' '
FoM (pJ) 24 1.65 5.76 14.4 0.93 0.065 0.163
6.4.Conclusions

A conventional PLL has been facing challenges scaled to near-threshold supply. A VCO
(DCO) consumes of most power in PLL (ADPLL) and degrades severely when operating at
near-threshold supply. In this chapter, the proposed BTRO performs high linearity and
energy-efficiency under a supply voltage of 0.2-0.6V. In addition, we present a near-threshold
supply ADPLL with the BDCO that allows an ADPLL to operate at 36.8 to 480MHz under a
0.25-0.5V supply with power consumption of only 2.4 to 78uW. As compared to reported low
voltage analog PLLs or ADPLLs, the proposed ADPLL provides 10 phases, saves more power

and features more energy-efficient.
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Chapter 7

Conclusions

This dissertation completes a near-threshold on-chip data link, which is composed of an
ALBI for clock network, an ISBD for repeaters of on-chip bus, high-boosting pre-drivers, and an

ADPLL served as a local oscillator.

The first work presents an ALBI operated with a sub-threshold power supply. In addition to
improving the driving ability, a large gate voltage swing from -Vpp to 2Vpp suppresses the
sub-threshold leakage current. As compared to other reported works, the proposed bootstrapped
inverter uses fewer transistors operated in sub-threshold region. Therefore, our design has shorter
delay time. The Monte Carlo analysis results indicate that a sigma of delay time is only 2.9ns
under the process variation with 0.2V operation. Additionally, a test chip is fabricated in the
90nm SPRVT Low-K CMOS process. Chip measurement results demonstrate the feasibility of
operating 10-stage bootstrapped inverters with 200fF loading of each stage at a power supply of
0.2V. The test chip is able to achieve 10MHz operation under 0.2V; the power consumption is
1.01uW; and the leakage power is 107nW.

The second work presents a 40-130 fJ/bit/ch on-chip data link design under a 0.1-0.3V
power supply. An ISBD is proposed to drive a 10mm on-chip bus. It features a —Vpp to 2Vpp
swing to enhance the driving capability and reduces the sub-threshold leakage current.
Additionally, a pre-charge enhancement scheme increases the speed of the data transmission, and
a leakage current reduction technique suppresses ISI jitter. A test chip is fabricated in a 55nm
SPRVT Low-K CMOS process. The measured results demonstrate that for a 10mm on-chip bus,
the achievable data rate is 0.8—100Mbps, and the energy consumption is 40—123fJ per bit under
0.1-0.3V.

The third work investigates the performance of the interconnects with repeater insertion in
the sub-threshold region. A CMOS repeater with a 3X and 4X pre-driver is proposed to enhance
the driving capability. As compared to the conventional repeater, the proposed ones have higher
energy efficiency. A test chip with 3X and 4X pre-drivers for 10-mm on-chip bus has been
fabricated in 65nm SPRVT CMOS process. The measured results show that the 3X (4X)
pre-drivers can achieve 5Mbps (1.5Mbps) data rate at 0.15V with an efficiency of 35.2f]
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(32.81).

The last work presents a low-power bootstrapped ring oscillator (BTRO) and a
near-threshold low-power all-digital PLL. Since oscillator is the most power starving building
blocks in PLLs, a BTRO is developed to operate at 0.2-0.6V. In addition, the BTRO provides
high linearity at the near-threshold operation. Due to the boosted voltage swing, it achieves
771MHz under a supply of 0.6V and consumes only 87.6uW. Accordingly, a 9-bit bootstrapped
DCO (BDCO) composed of a BTRO and a weighted thermometer-controlled resistance network
is proposed. To improve the resolution of the BDCO, a 4-bit sigma-delta modulator is used for
the dithering. It is applied to a low-power ADPLL and fabricated in a 90nm SPRVT Low-K
CMOS process. The core area without output buffers is 0.057mm’. The measured results
demonstrate that the proposed bootstrapped ring oscillator oscillates at 48 MHz (771MHz) with a
power consumption of at 0.63uW (87.6uw) under a supply voltage of 0.2V (0.6V) Vpp.
Furthermore, the measured results also demonstrate that the proposed ADPLL oscillates from

36.8-480MHz with a power consumption of 2.4-78uW under a supply voltage of 0.25-0.5V Vpp.
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