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Abstract

A new high-resolution time-to-digital converter (TDC) arditecture based on MOS-
Current-Mode-Logic (MCML) was described. Aiming at high reslution and large
dynamic range, the prototype was designed using Virtuoso Cawlce Analog Design
Environment (ADE) and implemented with 0.13 m CMOS technology. A minimum
time domain resolution of 8.24S and a dynamic range of 9 bits were achieved. The
capability of operating with variable resolutions was desibed. With the novel multi-
step switchable con guration, the TDC is able to operate wit four speci ¢ resolutions
which are 8.24pS, 10.83pS, 12.98pS and 14.3pS. Each operation mode corresponds
to a di erent power consumption, which makes the new TDC ardtecture suitable
for being embedded in various systems. For instance, a LIDAR one of the feasible
applications. The new TDC designed in this work can serve abkd range detection
element and provides millimeter-level (2.5nm, 3 mm, 3.5mm and 4mm correspond
to the four operation modes) ranging precision in a LIDAR sysin. The design and

implementation were veri ed through simulation results.
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Chapter 1

Introduction

1.1 LIDARs In Autonomous Vehicle Systems

Fully autonomous, self-driving vehicles have become a rialover the past several
years. With the development of simultaneous localization @mapping (SLAM)
technology and the advent of consumer-grade three-dimeosal (3D) light detection
and ranging (LIDAR) scanners, famous un-manned ground veleqUGV) prototypes
such as the Google driver-less car are able to travel hundreafsthousands of miles
without user control [1].

In order to navigate autonomously, UGV systems require presg localization
within a digital 3D map. Rather than using the vehicle's ser@'s to explicitly perceive
lane markings, tra c signs, regional landmarking, etc., m&adata is embedded into a
prior map, which transforms the di cult perception task int o a localization problem.
Some existing state-of-the-art methods [2] [3] use re eeity measurements from 3D
LIDAR scanners to create an orthographic map of ground-plame ectivity. The local
digital prior map which is formed by these re ected points ighen processed online
by point-cloudy library (PCL) technology [4].

LIDAR scanners are combined with high accuracy GPS/INS systesnto enable
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these autonomous vehicles to operation safely and precyseh roadways. However,
it is also what is keeping autonomous vehicles from being aaable enough for the
average consumer to buy [5]. For instance, the Velodyne 64acimels LIDAR (HDL-

64e) which has been placed on the top of the famous Google-casts 75,000 USD.
This is higher than the price of a regular luxury car. The costf LIDAR sensors should
drop by 90 percent in the near future [6]. Big companies sucls,alesla Motors Inc,
BMW, Ford Motor Co, and Volvo cars have all promised to have flyy autonomous

cars on the road within ve years.
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Fig. 1.1: High-level diagram of a LIDAR system showing light source, recting
object, light receiver, and control and interval measurenm sub-systems

1.2 Time-to-Digital Converter in LIDAR Systems

Autonomous vehicles use LIDAR scanners extensively, and teéore low-cost and
high-performance LIDAR components are desired [5]. A crutiaomponent of any
LIDAR system is a time-to-digital converter (TDC) , which sewves as a phase di erence
detector, as shown in Figure 1.1.

A LIDAR system typically consists of a laser source channel,raceiving channel,
control logic for start and stop timing pulses, and a TDC whik serves as the time
interval measurement unit. The time interval between an ougoing laser pulse di-
rected at a target location and the re ected laser pulse acired from the target is
called the the time-of- ight (TOF) for the laser pulse. The dstance to the target
location may be computed from the TOF. For Lidars in autonomosi vehicles a mea-
surement range of several hundred meters with accuracy oretlorder of centimeters
is desired. [7] These are directly in uenced by two TDC perfamance characteristics:
dynamic range and resolution. Usually, a LIDAR scanner requs centimeter-level

or even millimeter-level ranging precision. This can be a@ved by using a TDC
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with a resolution smaller than tens of picoseconds or evercpseconds. For example,
the TDC7200 has a time domain resolution of 5ps which corresponds to a 1.&m
distance resolution in a LIDAR system. Consequently, the mearement capability
of a LIDAR system is signi cantly in uenced by TDC key performance parameters.

All these crucial characteristics will be presented in the mé sub-section.



1.3 Organization of the Thesis

Chapter 2 brie y reviews the existing TDC architectures. Byintroducing the recent
state-of-the-art architectures, a clear track about how tamprove the TDC perfor-
mance will appear. Chapter 3 presents the detailed analyssbout MOS-Current-
Mode-Logic (MCML) gates and provides a new architecture wtih makes the TDC
resolution tunable. Chapter 4 provides a novel TDC circuitdvel design and imple-
mentation based on a new MCML technique and gives detailedfarmation on how
this work improves the key performance characteristics. Relts are presented in

Chapter 5. Conclusions and future work are presented in Chigp 6.



Chapter 2

Review of Time-to-Digital Conversion

2.1 Introduction

In this chapter, architectural aspects of time-to-digitalconverters are discussed in
detail. The critical design parameters are high dynamic raye, high resolution, high
linearity, small die area and low power consumption.

The TDC architectures that have been widely used during the gst decade are
brie y summarized in the following subsections. Analog timeo-digital converters
are the most elegant and well-suited for precise timer desig A loop architecture
enables long measurement times with reasonable area and powonsumption. For
long measurement times a hierarchical TDC system can furtheeduce the power
consumption. A 3rd generation TDC implement with a Vernier echitecture achieves
sub-gated resolution which is a time domain resolution smaf than a cell propagation
delay. Finally, the novel MOS-Current-Mode-Logic based TDGs introduced. A
comparison of recent state-of-the-art architectures is sunarized in a table as the

conclusion of this chapter.



2.2 Fundamental Analog Time-to-digital Con-
verter

Time-to-digital converters are essentially a specializeglpe of analog to digital con-
verter (ADC). Therefore, the rst step in time-to-digital conversion is rst to convert

the time interval into a corresponding voltage. This voltag is then digitized by a
conventional ADC. A block diagram is illustrated in Figure 2.1 An example of the
signal during a conversion is depicted in Figure 2.2. First, thstart and stop event
form a pulse with a width corresponding to the time interval  be measured. Next an
analog integrator transforms this pulse into a voltage whicis then fed to the ADC,

which converts it to a digital value.

The dynamic range (DR) of a TDC is de ned as the maximum time iterval
that can measured. There is a fundamental trade-o betweerhis and the maximum
number of bits (N) resolvable by the ADC. This is revealed by théollowing equation
[2, sec.3.2]:

DR =2N Tiss (2.1)

where T sg is the minimum time interval that can be resolved. From this w can
see that the resolution of the ADC is limited by analog constiats. For example, a
basic integrator implementation that allows for high-spegis a current source which
is connected to an capacitor during the measurement intedva Due to the nite
output resistance of the current source the linearity is linted [8]. Generally, a long
measurement interval means low resolution and vice versaalto the fact that the
capacitance of the integrator is a constant value .

This fundamental TDC is very simple, but it is limited when caverting long time






method is given in Figure 2.3. As with the previous architecta@ (Figure 2.1), the
input time interval de ned by the start and stop signals is inegrated. As illustrated
in Figure 2.4, on the rising edge of the stop signal, anothertégrator is activated but
with a reduced integration rate Ep, wherep is de ned as the time ampli cation factor.

A comparator then detects the point in time when the two integators output the same
voltage. Ideally, this happens (1 +p) T seconds after the start event. We can see
that the initial time interval T is stretched by the factor (1 +p). Consequently,
this approach increases the capability of measuring a reiely long time interval. If
the factor p is large enough, the enlarged time interval may be quantizdyy a simple
digital counter.

Although the analog TDCs introduced in this section work witha relatively sim-
ple mechanism, there are still several issues that degradesir performance. All the
building blocks, i.e. the pulse generator, the integratorand the ADC, have to meet
the full linearity demands of the overall TDC [8]. A basic inegrator is usually imple-
mented with a large capacitor charged by a current source. Thconsumes a large chip
area and also limits the conversion speed. Also, the resobrtiT, sg is strictly limited
by the back-end ADC. This makes the optimization of this arclecture challenging.

The analog TDC architecture discussed above would be goodoegh for the pur-
pose of a precise timer design. But TDCs should not just focum being a time
counting device. TDCs have been used in many applicationsorfexample, they are
used as the phase di erence detector in all-digital-phadeeked-loop (ADPLL), which
is a crucial building block in the wireless communication kl. They are also used
as the range measurement core for the LIDAR system in the moderemote sensing
eld [11]. The advantages of time domain signal processingé the superior scaling

properties of TDCs are commonly known [8]. However, this do@®t hold for any
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Fig. 2.4. Basic signal diagram of analog time-to-digital converter sing the pulse
stretching technique. Using this technique, the initial tine interval T is con-
verted into a digital representation.
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2.3 Basic Digital Delay-Line Based TDC

As discussed in the previous section, TDCs implemented by suficron CMOS tech-
nologies bene t from all the advantages of digital signal mrcessing. One of the basic
approaches to achieve this is delay-line based time-to-da conversion. An imple-

mentation of basic delay-line based TDC is depicted in Figur2.5.

Startl Ao A A, > Anat A

gl ol gl
A — |

QO Ql Q2 QN -1 QN

Stop

Fig. 2.5: Implementation of a basic delay-line based time-to-digitaconverter.

The delay-line TDC works as follows. First, the start signal pppagates along the
bu er formed delay-line in order to create multiple delayedversions of it. After a
certain amount of time, the stop signal triggers. At the risig edge of the stop signal,
the sample array which is formed by ip- ops or comparatorss activated. The time
interval between the start and stop event is exactly the timenterval which needs to
be measured.

As shown in Figure 2.6, the delayed versions of the start signatart;, are sampled
in parallel. The sample process freezes the state of the gelme at the instant the
stop signal occurs. This results in a thermometer code becauall the delay stages
which have already been passed by the start signal give a HIGHIue (logic 1) at

the output of the sample elements, and all of the delay stag@&gich have not been
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Fig. 2.6: signal diagram of delay-line based TDC. Delayed versions stfart event
are sampled on the rising edge of the stop signal. The measuemnt result is
represented by a thermometer code at the outputs of the saneptélements array.
i.e. Flip-Flops or comparators

passed by the start signal yet give a LOW value (logic 0). All ofhese HIGH and
LOW values in sequence comprise a thermometer code. The piosi of the one-zero
transition in this thermometer code indicates how far the strt signal has propagated.
This distance corresponds to the time interval T which needed to be measured. The

number of stages with an output HIGH value can be then calculad as:

N = T

= 2.2
Tiss (2:2)

whereT_sg is the delay of a single delay element in the delay-line, whics equivalent
to the resolution of this basic delay-line based TDC.
There is an issue with this architecture that should be mertned. At any given

point in time, a delay cell has either been activated by the att signal or it has not.
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Any intermediate state is not possible [8]. This results in mdinearity, namely the

quantization error ", which can be described mathematically as follows:

T=N TLSB + " (23)

Another design challenge is the stop clock signal distribwtin for the sample elements.
We can see that if we design a TDC with this architecture reqting a large dynamic
range (the capability to measure a relatively long time inteval), an extremely long
delay-chain is required. For example, with the commonly uddBM 0.13um CMOS
technology, a thousand cells (e.g. inverters) delay chairowld only be able to achieve
a 16 ns dynamic range (assuming a standard cell propagation delay b6 ps). Un-
fortunately, even with a thousand delay cells, a 1&s dynamic range is still not
su cient for a practical TDC implementation. In additional , long chains have an-
other problem. The sample elements need to be trigged simatteously. Without any
complementary methodology it becomes impossible to diditite the clock signal to
all sample elements at the same point in time. The latency bught on by the long
clock distribution network is very likely to cause a samplereor in the nal output
thermometer code. One way to partially solve this problem iwith a \clock tree" or
\clock mesh" [12] [13]. For our basic delay-line based TDC, @ee structure clock
network may be suitable to deliver the stop signals simultaously.

The TDCs discussed so far are referred to as linear TDCs as yheonsist of
one feed-forward delay-line without any feed-back. The lgth of the delay-line and
therefore the area of the TDC grow with the maximum time inteval to be measured.

This can be avoided by the architecture that will be presentkin next section.
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2.4 Looped Time-to-digital Converter

For long time interval measurements, an improved delay-len based technique has
been developed, which is called the looped time-to-digitabnverter. This architec-
ture uses a delay line feeding back into itself through a muilexer. This feedback
structure avoids increasing the number of delay elements arder to accommodate a
long measurement interval (i.e. a large dynamic range). An ample Looped TDC

architecture is shown in Figure 2.7 [2, sec.4.2].

Loop Counter

L MUX o 8]
S D@ DQ Reset ||34
Start

> Carry oyl

D Q D Q D Q D Q ene
> > > >
|f clrRQ |f cLrQ |f clrRQ cLlrRQ

Thermometer Code

O

(o} ENB

—Stop

Fig. 2.7: An example of a looped time-to-digital converter architectre

The operating principle is illustrated as follows. The stdrsignal propagates
through the delay line (a inverter formed ring oscillator) ad each loop traversal
increments a loop counter. The binary cod®&cnt, generated by the loop counter,
directly provides a coarse gquantization of the measured ten As with the basic TDC
discussed above, a thermometer code is generated by an awhyip- ops which sam-
ples the outputs of the delay cells in the delay-loop. The ofeero transition of the
thermometer code represents the signal stop position withione loop period. The
ne resolution corresponds to the delay of each delay-cell in the loop. Theerall

time measurement value B can be calculated according to
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B=N B+M (2.4)

where N is the overall count measured by the counter and1 is the number of
delay elements within one cycle that the timing event has pasd, as recorded by the
thermometer code.

In principle a looped time-to-digital converter allows foarbitrarily long time inter-
vals to be measured. Unfortunately a phenomenon known as \&l shrinking" limits
the maximum measurable time interval (Dynamic Range)[2, s&.4]. This happens
because as the signal propagates through the delay chainstsength diminishes and
it will eventually vanish. This parasitic pulse shrinking fnenomenon shortens the
circulating timing event. Additionally, the loop-closing dement (e.g. a multiplexer as
shown in Figure 2.7) will add delay asymmetry into the loop. Tis unbalanced delay
accumulates for each loop cycle creating a measurement noedrity that cannot be

ignored.
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TDC is replaced with a tri-state inverter in the GRO architedure. In addition, unlike
the Looped TDC, the enable timing interval is created by a prgeneration block ac-
cording to the time di erence between the rising edges of staand stop signal. With
this con guration, the delay asymmetry involved by the MUX stage in Looped TDC
architecture is avoided.

Figure 2.8 also shows the operating mechanism of the GRO TDC. \&th the
enable signal is high, oscillation occurs and the ring of iexters behaves identically
to a typical ring oscillator. Conversely, when the enable gnal is low, the inverter
delay element is unable to charge or discharge the output Gaptance, and as a result
oscillation is suspended. During the measurement time imt@l, the signal propagated
along the delay loop and skewed by each stage with a constamné delay (T.sg ).
A phase counter is used to detect each phase and forward thaigting result to the
next block which is normally a register.

Compare to the loop counter, this phase counter requires ah reaction time
due to the fact that normally the ring oscillator is operatirg on a high frequency in
gigahertz-level. Consequently, a high speed counter desighallenge is involved by
this block.

A GRO TDC normally consists of a relatively short delay loop.Therefore, the
DNL of the step response is signi cantly reduced. In additionGRT TDC has a good
e ective resolution by using intrinsic rst-order noise skaping property [14]. These
features make it suitable for being used in a Digital Phaseskcked-Loop or other

similar systems.
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2.6 Hierarchical Time-to-Digital Converter

The TDCs discussed so far measure the complete time intervath the full resolution.
A critical issue with this method is that its power consumpton is very high, especially
for higher resolutions. Also, the energy consumption growséarly with the time
interval length. For instance, consider the looped time-tadligital converter analyzed
above. A long time interval can be measured with a relativelghort delay line, but
the gating signal may circulate in the delay loop for an unattactive high number of
cycles, which linearly increases the required number of iin the loop counter as well
as the energy consumed in the counting process. Consequerting time and high
resolution measurements using the techniques discussedaobecome unattractive.

One way to address this issue is to use a hierarchical TDC, dkistrated in
Figure 2.9. The hierarchical TDC consists of two sub-TDCs, @nof which has a ne-
resolution and the other a coarse resolution. In the coars®C, as in the looped TDC,
timing calculations are achieved through the use of countr In the ne-resolution
TDC a small timing residue between a reference clock and theag signal is fed to
a high resolution delay line [15]. While the ne-resolution DC has a much higher
resolution than the coarse TDC, it has a small dynamic rangeayhich in this case is
equal to the quantization interval of the coarse TDC [8].

The coarse and ne resolution sub-TDCs are coupled by a mytlexer (Mux) and
control logic. This multiplexer is the reason the theoretiglly simple and advantageous
hierarchical TDC architecture is very challenging to implement. From the perspective
of propagation delay, a multiplexer is not a symmetrical dege with respect to its
inputs, even if the topology is completely symmetrical (fomstance by using a wired-
NOR structure) [16]. Because of this, the layout and the wirigbetween the rst TDC

stage and the coupling MUX unavoidably introduce some asymung The wiring is
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Coupling Mux and control block

_______________________________________ High-
resolution
— Time-to-
Digital
Converter

Thermometer Code

Fig. 2.9: An hierarchical time-to-digital converter architecture

particularly di cult as each input signal originates from another delay element. This
causes a systematic nonlinearity in the hierarchical TDC nasurement. Consequently,
it makes the hierarchical approach unattractive for practial applications. For the
injection of the residue time interval into the ne TDC the one-zero transition in the
coarse TDC has to be detected rst. This causes not only comtr logic overhead but
also introduces some latency that has to be compensated byd#&nal delay elements
in the stop path between the coarse and ne TDC stages. Additial delay elements
lead to additional power, area, and noise. Hence, the overkdtency (i.e. the number
of compensation elements) should be kept as small as possibl

Because of these issues, the coupling paths between the twbds has to be
reduced as much as possible in order to take advantage of theerarchical TDC
architecture. An improved hierarchical architecture with avery short delay-line based
rst stage is presented in Figure 2.10.

The coarse TDC stage consists of a very short delay line forchwith four coarse

delay elements, which is coupled to the second stage at a $ngcation. Similar to the
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Fig. 2.10: An improved hierarchical time-to-digital converter archiecture with a
very short delay-line formed rst stage

looped-TDC discussed in the last section, the short delaiy is bent over to achieve a
long dynamic range. Each phase is connected to the ne TDC vi&a4:1 multiplexer.
The number of delay elements (and therefore the the fan-in dfie multiplexer) is
small enough to enable symmetrical layout. Similar to the Isac hierarchical TDC
discussed above, the measurement result is comprised of theput of the ne TDC
NoutFine and the output of the coarse TDCN outCoarse.

An example signal diagram is depicted in Figure 2.11. The cirating start timing
event is injected into the ne TDC periodically. On the arrival of the stop signal both
the coarse and ne TDCs are sampled. Then the output word of tk hierarchical TDC

is calculated according to [2, sec.4.5]

1 1 1
Bout = Bent + ZBphase +( 4 + 4 B rroc) (2.5)

where B¢y is the value of the loop counterBgnase is the number of the phase that
has actually stopped the ne TDC,Brrpc is the measurement result of the ne TDC
and is the internal calibration coe cient. Due to the relatively shorter delay-line,
the linearity of this improved hierarchical TDC is very good2, sec.4.5].

Compared with the looped TDC, the hierarchical TDC achievea relatively higher
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Fig. 2.11: Signal diagram of proposed hierarchical improved Time-tDigital Con-
verter

resolution and a similarly high dynamic range but with the cst of higher design

complexity in order to reduce the systematic nonlinearity.
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2.7 \Vernier Time-to-Digital Converter

The looped TDCs and hierarchical TDCs discussed above areetko called 2nd gen-
eration time-to-digital converters. As mentioned previody, the resolution of 2nd
generation TDCs is limited by the propagation delay of one d&y cell. In contrast,
Vernier TDCs are capable of measuring time periods with a tienresolution shorter
than the fundamental delay through a single delay element{l TDCs that are capa-
ble of measuring time intervals with sub-gated delay resdion are usually referred to
as 3rd generation TDCs [8]. As illustrated in Figure 2.12, thisub-gate-delay resolu-
tion of T sg is achieved by using two delay chains with di ering cell deless [18]: one
for the start signal and one for the stop signal. The delay eteents in the rst delay-
line have a delayty; which is slightly larger than the the delayty, of the elements in

the second chain.

Leading—l}e > > Leading delay-line
L ’_/ii { Brpc

D SET Q D SET Q _| D SET Q _| D SET Q _I

Chasing—bc >c >c

Fig. 2.12: Cut-out of a Vernier delay-line based TDC based on a rst delaline for
the start signal and a second one for the stop signal. The arai time at two
corresponding nodes is assessed by early-late detectorshsas ip- ops

ol
ol
ol

Chasing delay-line

During a measurement, the leading signal propagates aloniget rst delay-line.
The chasing signal occurs later, but the delays seen by thigsal are smaller. Thus,

the chasing signal catches up to the leading signal in the casle of delay stages
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according to

Tise = tar  ta2 (2.6)

The vernier TDC operating principle is depicted in Figure 2.3. The stage where
both signals are in phase is detected by early-late detecsosuch as ip- ops, and its
position is encoded in the one-zero transition in an outputhermometer code. The
position where this transition occurs represents the tim@hase di erence between the
leading and chasing signal. With the Vernier technique, thessolution limitation can
be e ectively overcome but the penalty is in the extra area ah power consumption
required for the parallel delay chain. The skew between thesals in the leading and
chasing delay line is reduced by, sg in each stage for a certain dynamic rang€qtg .

We can then determine that the number of stages required isvgh by [2, sec.5.3]

N = Tiotal — Tiotal (2.7)

T Tise  tar ta

From Equation 2.7, we see that in order to attain a ne time reslution, the number
of stages grows linearly with the required dynamic rang&,, and inversely with
T.sg . Hence, the Vernier TDC becomes impractically large when artge dynamic
range is required. Fortunately, we can borrow some inspiiah from the looped TDC
discussed in Section 2.3: long measurement times can be aehd with reasonable
area consumption by applying looped structures. In VerniefDCs this is even more
advisable as the length of the double delay-lines grows withe resolution. By taking
the advantage of the loop architecture, the Vernier TDC is db to maintain a high
resolution while having the capability of quantizing a relavely long time interval by

using each delay element repeatedly.
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featured architecture may be superior on a certain parameteA Time Ampli cation
TDC normally achieves a relatively smaller resolution. Hower, it is hard for this
architecture to achieve a relatively large DR. The refereec[21] which is a Time
Ampli cation TDC has two operation modes. The FB stands for thefeedback mode
and FF stands for the feedforward mode.

A hierarchical TDC saves the power consumption and the arearcsumption. How-
ever, the resolution of it is not desirable.

The GRO TDC in reference [14] was manufactured with the sameMDS tech-
nology of this work.

In the next chapter we will look at MOS-Current-Mode-Logic MCML) gates
family, which have properties that make it suitable for delg cell implementation and
therefore resolution improvement. Furthermore, a novel TO design based on an

improved MCML-Bu er loop will be presented.



Chapter 3

System Level Design

3.1 Introduction

The system level design of the TDC will be presented and anabd in detail in this
chapter. In addition, the advantages and disadvantages of GML will be discussed
and compared to conventional logic gates as well as their nterand demerits. As
introduced before, a TDC acts as the interface between a timdomain interval and
a digitized signal. The basic block diagram is shown below Kigure 3.1. It converts
a given length of time (in picoseconds or nanoseconds ) ints corresponding digital

representation precisely.

Start signal

Output digital numbe

Input time interval Time-+o-Digital Converter

Stop signal

Fig. 3.1: Basic block diagram of a time-to-digital converter

First, a time di erence between the start and stop signal is iected into the

27
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TDC. Then after a conversion process, the TDC outputs a digel number, which
corresponds to this time interval. For this work, the output 8 a combination of
binary codes and a thermometer code.

The following are the speci cations that are considered thkighest priority:
Time domain resolution, Tes.
Dynamic range,DR
Power consumption,P
Chip area, compared to the current state-of-the-art.

For all of the parameters above, the resolution is of the higist-priority. It de nes
the minimum time interval that can be measured and this is knwn as the signal shot
precision (SSP) [22]. In order to improve the time domain refution, most of the
recent TDC research focuses on new TDC topologies. Compavaty little attention
has been placed on the fundamental delay cell implementatio This work proposes
an improved MOS-Current-Mode-Logic (MCML) based delay cer A TDC using
this element maintains a relatively high resolution. Additonally, it has the ability to

switch among four di erent resolutions, while scaling poweconsumption.

3.2 TDC Module Diagram

The TDC proposed here is depicted in Figure 3.2. It is comprideof a TDC core

block and three peripheral blocks for counting, shifting athevaluating purposes.
The trigger event (start signal) is fed into the structure aul then processed by the

TDC core module. For the architecture using MCML gates, a pabf di erential start

signals is required. When the stop signal is activated, the msurement results are
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Fig. 3.2: TDC module diagram

given separately and shown in Figure 3.2. The coarse outpWs,; and Vyy:2, which
are processed by a di erential TDC core, are fed into two conigmentary counters,
Counterl and Counter?2 individually. Next the parallel outputs of the countersN 1
and N> are converted to serial by a pair of shift registers used foapallel-in-serial-
out (PISO) conversion. On the other side, the Fine outputs, wbh result from a
sample elements array inside the TDC core, are provided in &drmometer code.

Each of the blocks will be discussed further in the rest of thichapter.

3.3 Fundamental Delay Cell Design

The trend in the TOF measurement eld is developing circuitghat can achieve high
resolution while minimizing system complexity. Moreoveithe Ultra-Deep-Submicron
CMOS (UDSC) technologies provide high-performance standhlogic cells [23]. With
the bene ts they bring, the resolution of TDCs (i.e. the promgation delay of each
cell) can be improved. However, the cost of fabrication alsndreases as CMOS tech-
nologies are scaled down. For the purpose of reducing thetomghout sacri cing the
performance or increasing the power consumption or die aremafavorable candidate

for high-resolution TDC design that has the ability to provice a smaller propagation
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since propagation delay can be reduced by reducing the vaj@swing range [25].

3.3.2 MCML Design Parameters

A. Delay (tg)

The small-signal model for the inverter/bu er in Figure 3.3,can be approximated
by the equivalent RC circuit in Figure 3.4 [24]. The small-sigal approximation is
used because MCML gates experience a small input voltage rsgvi C, is the load

capacitance and is given by [26]

2
CL = Cuiring *+ NCin = Cuiring + N écoanLn (3.1)

where Cyiring IS the wiring capacitance andn is the gate fan-out. Using rst-order

circuit analysis [27], the gate delayq is given by [26]

tg = 0:69RC = 0:69R(Capn + Cgan + CL) (3.2)

where theCgyq, Cqy, and Cj, are the gate-to-drain overlap, drain di usion, and input
capacitances of the di erential pair NMOS respectively. Th€ is the total capacitance
of Cyq, Can, and Ci,. The R is the pull-up loads of the RC circuit in Figure 3.4.

For the purpose of high-resolution TDC design, the propagian delay is the most

important parameter. It will be treated carefully for the rest of this thesis.

B. Current (1) and Power Dissipation @g)
A critical feature of MCML gates is that they drain a constantcurrent | and do
not dissipate dynamic power. This is because when one of theedential outputs

is charging C;, the other one is discharging an equal capacitance. As a résanly
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Fig. 3.4: MCML delay cell analysis. (a) A one-level MCML gate schemati The
highlight portion is approximately modeled in the sub gurebelow (b) Equiv-
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static power is considered:

Pi= Voo  lvias (3.3)

The I a5 IS the saturation current of the bottom NFET in Figure 3.4 and is gpressed

by
Vx Vdsat

A ) (3.4)

| bias = WsVsatCox(Vn Vin AbquVdsat)(l +

where W is the width of the NFET Mg and vgy is the saturation velocity, Apyk IS
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the bulk charge e ect parameter,Vy, is the threshold voltage, andV, is the early
voltage of the bottom NFET Ws. Vgsat iS the saturation drain voltage ofMg. V is
the voltage at the internal point x which is shown in Figure 3.4 (a) [28].

It should be mentioned that MCML gates do not always consumesss power
than conventional gates. The power of standard CMOS logic tgs increase with the
operation frequency and the MCML has a constant power consytion. This means
that the power of standard CMOS gates will becomes higher thahe power of MCML
above a certain frequency (approximately 300 MHz). This makehe MCML a good

candidate at high speed circuit design.

C. Voltage swing ( V)

The bottom NFET in Figure 3.3 (a) generates a constant currentl s, Which is
steered to one of the two branches depending on the inputs. rRexample, the left
branch results in the low outputVpp V, while the right branch results in the high
output Vpp , where the voltage swing or voltage drop V across the load resistance
is equal to

V = lphas RL (3-5)

According to Equation 3.5, the upper bound of V is set by the saturation region of
the bottom NFET.

Compared to a full-swing device, the MCML gate achieves a st propagation
delay with the price of smaller voltage swing. Thus, this lag family becomes attrac-
tive when implementing the TDC delay chain with MCML gates asts delay cell. In
addition, the di erential nature of MCML enhances the comma mode noise rejection
of the circuit [26]. As well, the power consumption of the MCMLdelay loop can be
less than that of a conventional CMOS inverter chain above atain loop frequency,

since conventional logic power requirements scale in prapon to frequency while
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MCML power requirements are constant.

Finally, the MCML-based TDC achieves not only a smaller propgation delay
compared to the conventional logic gates, but also a lowerra@iitry complexity by
taking advantage of its di erential output for inversion. Moreover, a single MCML
gate can achieve either a bu er or an inverter gate by its di eential outputs. These
features are presented in the next subsection, where an imoped switchable MCML

delay cell is presented. It serves as the basic delay elemehthe TDC design.

3.3.3 An Improved Switchable MCML Delay Cell

Recent TDC research focuses on new TDC topologies, such aspked Vernier TDCs
and local passive interpolation TDCs [29]. Comparativelyittle focus has been placed
on the fundamental delay cell implementation. This work prposes a 4-step selectable
delay MCML-based delay cell as shown in Figure 3.5. The cellldg is inherently
adjustable due to the inclusion of the four selectively swahed active PMOS loads,
which in practice in uence the voltage swing at the output otthe cell. Consequently,
a TDC utilizing this element as its fundamental delay cell ca operate at di erent
resolutions.

The four switching steps are controlled using reference tajesVy, to Vpgs.

3.4 MCML-based TDC Core Design and Improve-
ment

As the most important block in the TDC system, the TDC core serg@s as the signal
processing unit. It takes the injected start and stop eventand converts the cor-

responding time di erence into its output digital represetation. Among all of the
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Fig. 3.5: Diagram of steps switchable MCML-bu er

modules introduced previously, the design of TDC core blogk the most challeng-
ing. In this work, the TDC core is implemented using the swittable MCML gates

discussed previously as its delay cells.

3.4.1 Basic MCML-bu er-based TDC Core

As discussed in the previous section MCML gates may be used adag cells for
high resolution and low power TDC design. A primary TDC core hat uses this
fast operational MCML gate is designed. The MCML TDC consist of a di erential

MCML bu er delay chain and two sample element (ip- ops in this case) arrays. As
shown in Figure 3.6, the main delay chain is formed by using stages of switchable
MCML bu ers. At the beginning of measurement, the start evetpropagates along
the delay chain and is skewed by each stage by a constant prgption delay T, sg .

Consequently, the maximum time interval can be measured bjpis TDCisn  T,sg .

The start signal passes each MCML gate only once. Assuming ts®p signal occurs
before the start signal reaches the end of the chain, the nueabof cells that the start
event has traversed represents the quantization result. Tresult is quantized by all

sample elements loaded by each delay cell. Due to the di etexd nature of MCML
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stages, each stage is sampled by a pair of ip- ops (FFs). Next ambit thermometer
code is obtained by the sample array. The measured result ialaulated with the

number of logic ones in the quantized thermometer code.

Calibration TM code output
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Fig. 3.6: Diagram of the basic MCML-Bu er based TDC core schematic

The signal diagram is shown in Figure 3.7. As illustrated presusly, the start
signal is skewed by each delay cell with a constant deldysg . Hence, theStart,;
is the delayed version of start signal skewed with onBsg . Startg; is the delayed
version of start signal skewed with twadl sg , and so forth. Assuming the stop signal
happensx T,sg after the start event (di erential signal in this case), allthe FFs
are triggered at its rising edge. In this point of timex stages has been passed by the
start signal. Therefore, a thermometer code that contains bits of logic 1 andn X
bits of logic 0 is acquired. The location of the one-zero traition in the thermometer
tells the quantized result of the conversion, namely the digl representation of the

time interval to be measured.
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For this architecture, an extremely large number of stages is required if the
purpose is to design a TDC with a large dynamic range. (For ewmgple, a TDC is
implemented using IBM 0.13 m technology. Assuming the propagation delay of
each cell is 16s, a 160ns DR would require 10000 stages). This leads to not only
an increased area and power consumption but also a reducech¢i domain resolu-
tion. When a delay chain is relatively long, a phenomenon call pulse shrinking
occurs [30] [31]. As the number of stages is increased, the &ential non-linearity
(DNL) accumulates along the delay chain [32]. The start eventhat propagates
through the delay chain will eventually vanish due to this penomenon. Hence, using
a long delay chain architecture to achieve a large dynamicmge is impractical. For
the purpose of overcoming this issue, an improved MCML-bakdDC architecture

with loop con guration is presented in the next subsection.
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Fig. 3.7: Signal diagram of the TDC core schematic in Fig.3.6
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3.4.2 An improved 4-steps Switchable MCML-based TDC

core

The TDC discussed above is a so-called linear TDC as it cortsi®f a feed-forward
delay line without any feedback. The length of this TDC core rad the area of the
TDC grow with the dynamic range. This can be avoided by using lboped MCML-
based TDC architecture where a short MCML-based delay lins bent into a loop and
traversed several times by the start event. An improved 4 stegpwitchable MCML-
Bu er based TDC core is shown in Figure 3.8. A ring closer blodk used to form the
closed loop. It should be mentioned that this block has its awpropagation delay
and may introduce delay asymmetry into the delay loop. Hencet was carefully
designed and the propagation delay of this block is optimidgo have the same delay
of a MCML-bu er. 12 improved MCML-bu er stages are involvedin the delay loop.
Vour1 and Vo2 are the two di erential outputs.

Two counters are used to count the number of times the startgmal has circulated
around the loop. Usually, a conventional CMOS looped TDC redpes a dual-edge-
triggered counter which involves extra design complexityln this design, a single-
edge-trigger achieves the required quantization range. €iMMCML based TDC core
includes complementary delay paths, and the di erential sirt signal operates in each
of the delay paths with a 180 phase dierence. This dierential characteristic is
advantageous as a single-edge triggered counter is invadlva the upper delay path
and another compensating single-edge-triggered counterdonnected into the lower
delay path. Consequently, for the same number of loop counteits this architecture
achieves two times the quantization range, compared to a c@ntional looped-TDC
con guration (using one loop counter to record a single defdine) .

An example signal diagram is depicted in Figure 3.9. When the stasignals are



39

Calibration TM code output -|
L |
| - D> 1’ D D>
Stop arQ el [ | ST ,\J arQ
] Ring \> N o V_OUﬂ.
— Closer P | = l2stages | =
Delay Cels -
I D SET Q TN SET 0 1) SET Q . S SET Q
Start_- |_> e r o || J_> S
Stop = AN—
/N /N f

12 bits thermometer code output

Fig. 3.8: Diagram of the improved 4 step switchable MCML-Bu er based DC core

injected, both of the two complementary loops begin to ostate. When the stop signal
is received, both the ip- op array and the counters are samied with a simple clock
distribution network. The loop counters output two paralld 8-bit quantized binary
codesN; and N5, corresponding to the number of cycles traversed in each fporhe
sum of N; and N, is the total number of cycles, and the total time measurement
result is given by

Tiotal = NresTiss + (Np+ NZ)Tloop (3.6)

where N,¢s is the number of ones in the output thermometer code an@iq, is the
delay loop period.

The time residue within one loop period is loaded in paralléhto a ip- op array
and the one-zero transition in the 12-bit thermometer codeepresents the residual
qguantization result. The lower path sample array also genates a complementary

thermometer code which can be further used in a self-calitien mechanism. After
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Fig. 3.9: An example signal of the switchable MCML-Bu er based TDC core

the stop event, the binary codes generated by the two counterre shifted into a
serial output by parallel-in-serial-out shift registers.The calculation process is then
carried out by a peripheral circuit.

A speci c example is given in order to fully understand the opration. Assume
that the T sg is 16psand number of the delay cells is 20. In addition, the stop event
occurs 10ns after start event. From the Equation 3.6, it can be calculaté that the
loop cycleTioop is 16 20 = 320ps. After the full time interval is divided by the loop
cycle, 31 full cycles is acquired with a residue of 0.4%,,. This means that in the last
cycle, the start event is sampled at the 5th stageN;es = 5) and failed to reach the
end. Consequently, the output thermometer code should be I1111000000000000000.
From another aspect, the counting result®; and N, should be 16 and 15 separately.

For this example, the result ends up with two components. Theounting results
Noutz @and N2 Of the two loop counters that corresponds to 16 and 15 sepagft The
converted time domain representation of the full cycles ptis equal to Tio,  (16+15)

= 9920 ps. Then the thermometer code gives 5 logic HIGH outputs which isqual
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to 0.25Te0p. The sampled time domain representation of the residue pag equal to
0:25 32Qps= 80 ps. Ideally, the sum of these results is 10008s which is matched

to the reference time interval (10ns).

3.5 Peripheral Circuits

In this work, a few peripheral building blocks are used to press the measurement
results that are output by the TDC core. The ring closer closethe feed-forward
delay line into a loop. The loop counters record the numberd toop cycles that
are traversed by the timing event. Finally, the Parallel-InSerial-Out (PISO) shifter

register is responsible for binary code conversion.

3.5.1 Ring Closer

In contrast with the conventional gates based Looped TDC, wth used a 2-to-1
Multiplexer to form the closed delay loop [33], the MCML gate require a di erential

closing block due to their properties. Hence, a novel ring ger which is suited for
the di erential structure loop is designed. As shown in Figure8.10, the ring closer
is formed by two NAND gates. Using a cross-coupled connection,passes both the

external start event and the feedback signal to the rst dekastage.

3.5.2 Loop Counter

The expression \loop cycle" Tioop) Is used to describe time length of each full cy-
cle. Therefore, a counter is required to determine how manyntes the delay line
has been passed by the start event before the TDC is stoppedhd& loop counters

discussed previously is designed by using a widely used @it¢34]. The 8-bit counter
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Vout_+

Start_+ —
Ring closer MCML-Buffer based delay loop

: Start_- —
; Vout_-

Fig. 3.10: Diagram of the Ring closer module formed by 2 cross coupled12XAND
gates

is composed of a FF chain and the logic correction elements\@nters in this case).
For the conventional looped TDC [8], the inverter based defdoop requires only
one counter to record the state switching. However, that alsmeans both the ris-
ing and falling edge of the signal represent a full cycle anceed to be detected by
the counter. The design of dual-edge triggered storage ekemts (DETSE) are chal-
lenging [35]. Fortunately, the MCML-based delay loop usechithis work divides the
propagation signal into two parts with a 180 phase di erence. Therefore, we can
simply count the rising edges only by using a pair of basic caters. The circuit of a

8-bit counter is shown in Figure 3.11.

Qo Q. Q: Q Qs Qs Qs Qs
| I [ [ [
sl sl ==l
V_outh, > > > > > > >
T T T T D 0 5 w5
D1 D2 D3 D4 D5 D6 D7 D8

Fig. 3.11: Diagram of an 8-bit digital counter
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This con guration is not only simpler but also improves the gnamic range. For

example, in this work, the total number of loop cycles is theusn of the two loop

counter outputsN; and N, as mentioned before. Each of them is an 8-bit binary code

and their sum is 9 bits. It also should be mentioned that the mulating signal has

previously been divided once by the di erential MCML delay bain. Consequently,

the dynamic range of this TDC core is two times that of a conveional looped TDC

counted by a dual-edge triggered counter. In addition, the BTSE requires twice

as many devices to a simple rising edge triggered element][33 pair of counters

is used to replace the dual-edge triggered counter in this o That also means no

extra cost in the area and as such the power consumption is alved by using this

con guration.

3.5.3 PISO-Register

The counters discussed previously output data in parallel-Bit binary form which

requires at least 8 pins to probe it. For the convenience of &frving the measurement

results, a PISO-register is designed to convert the pardll®-bit binary output from

the counters to a serial format.

clk

Load/shift
—* StageO

Stage 1

Stage

P

Stage

3

Stag

P4

Stage 5

St

hge @ge 79

N_ou

Fig. 3.12: Diagram of a parallel-in-serial-out shift register

As shown in Figure 3.12, 8-bit counter outputs are injected tollastages simulta-

neously. Then the register stores the data, shifts it on eaatock edge and delays it
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by the number of stages multiplied by the clock period. By s&l format, we mean
that the data bits are presented sequentially in time on a sgie wire or connection.

With the data conversion process discussed above, 8 paratietputs are reduced

to one. This con guration signi cantly saves output pins ard also the bonding pads
of the chip prototype.



Chapter 4

Circuit Design and Implementation

This chapter describes the MCML-based TDC design and impleantation in de-
tail. The schematic and layout of each block are presented. eBign considerations
and improvement techniques are discussed in this chapter.

The TDC prototype presented by this work was implemented in anixed-signal
0.13 m CMOS technology. The TDC prototype was designed starting Wi a feasible
analysis. Then schematics were constructed and convertedoi layouts. Each layout
was examined with design-rules-checking (DRC) and Layowersus-schematic (LVS).

The novel TDC prototype consists of the following blocks:

A 4-steps switchable MCML-Bu er based TDC core,

An output driving bu er array used to drive the 12-bit thermometer code,

2 complementary 8-bit counters with sample array attached

2 PI1SO-shift registers.

45
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4.1 Logic Gate Library Design

The switchable MCML-based TDC uses basic logic cells and spl® elements specif-
ically created for this work. The Canadian MicroelectronicCorporation (CMC) pro-
vides a fundamental ARM standard cell library named the 136m IBM CMRF8SF
library. This means the peripheral circuits (loop counterP1SO-shift register, driving
bu ers) which are made of conventional logic gates are pokk to be constructed
with the synthesized and P&R design ow. Unfortunately, the ARM standard cell
library does not include GDSII views. This means the standdrcells are represented
by black boxes and their internal operation cannot be simuled in Cadence. There-
fore, a custom designed digital cell library is used. An inoghtal advantage is that
the gates can be designed speci cally to high performancejterements of some of the
major blocks. All of the gates are designed with the same rdd-rail layout height,

allowing all of the power supply rails and ground rails to beannected easily.

411 INV1

INV1 is an inverter. This gate is used in the 8-bit rising-edgeouinter. The outputs
of the counter need to be logically reversed in order to be cectly injected into the
P1SO-shift register. The schematic and layout are shown in §ure. 4.1. In order to
equalize the rising and falling time of the inverter, The rab of widths is chosen to be
3:1. The default minimum channel length for each type of tragistors is 120nm for
this CMOS technology. Therefore, the pfet width is set to be 3n and the length is
120nm. The nfet widthis 1 m and the length 120nm. For the rest of this work, the
width of transistors which is wider than 2 m will be split into multi- ngers. This is
for the purpose of keeping all building blocks share the samail-to-rail height. The

subcis the substrate contact in the library. |
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Table 4.1: Inverter INV1 and its corresponding layout. TO is 3m wide and 120
nm long. T1is 1 m wide and 120nm long.

4.1.2 NAND2D1

The two input NAND gate implementation is shown in Figure 4.1. Ths gate was used
in the Ring Closer block. As discussed above, the ring closerrhs the delay path
into a loop and is likely to bring imbalance into the delay chia. Hence, the NAND
gate should be carefully designed to minimize propagatiorldy. Therefore, a speci c
global optimization environment is created in order to opthize the performance of
this gate. First, the lengths of all transistors in this gate ee set to be 120hm. Then
the widths of pfets and nfets are set to be variables individlly. By presetting each
variable with, certain swing range, step size (e.g. 18m : 20nm : 5 m) and
objective parameters (e.g. propagation delay 10 ps), the optimization tool will
simulate all expressions iteratively and provide all suitale design points.

For the purpose of avoiding the delay asymmetry, the propagan delay of the

NAND gate is optimized to achieve the same delay of a delay cell. hte, the pfet
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transistors were sized with a width of 4m and length of 120nm. The nfet transistors
width is 3.04 m and the length is 120nm. Both the nfet and pfet are layed out with

multiple ngers.
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Fig. 4.1: NAND2D1 gate and its corresponding layout. The widths of TO and T
is 4 m with 2 ngers and their lengths are 120nm. T2 and T3 are 3.04 m
wide with 2 ngers and 120nm long.
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4.1.3 BuerD1

For external testing, the signal of each output needs to bersngthened in order to
drive the large capacitance of the bonding pads. Therefor@bu er array is required.
The bu er array is formed by a two inverter-based bu er gatesconnected in series
and increasing in size. Figure 4.2 shows an example of the padsiehg bu er which

was developed based on the classic [36].
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subc
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122 18111111
1
1

Fig. 4.2. An example of a Bu er gate and its corresponding layout. The withs of
TO and T3 are 1.04 m and lengths are 120m. T1 and T2 are 780nm wide

and 120nm long.

A basic building block is comprised of two simple invertersThe bu er is used
just in the driving bu er chain in this work. Its charging and discharging character is
unnecessary to be balanced. Therefore, the ratio of traniss widths is chosen from
the standard cell in library. The pfet width is 1.04 m and the nfet width is 780nm.

Both the nfet and pfet share the same channel length of 120n. This bu er is the

smallest in a driving bu er chain.
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4.1.4 DFF1

The D type Flip-Flop is a crucial component. It serves not only sithe sample elements
in the TDC core block, but also as a basic building block in batthe 8-bit counter and
the PISO Shift Register. Furthermore, the output of the couter requires a sample
and hold (S/H) circuit to be able to stop the counting result aml inject the results
into the shift register at a certain point of time. The DFF1 is a Dtype Flip- op
speci cally designed for this work. The schematic diagramfdhe DFF1 is shown in

Figure. 4.3. The layout is shown in Figure. 4.4.
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Fig. 4.3: The schematic diagram of the D type Flip-Flop.
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Fig. 4.4: The layout diagram of the D type Flip-Flop.

The sizes of the transistors in Figure. 4.3 are shown in Tablé.2
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Table 4.2: The sizes of each transistor in Figure. 4.3

Transistor Name | Type | Width | Length | Number of Fingers
T0 nfet | 380nm | 120nm 1
T1 pfet | 1.02 m | 120nm 1
T2 pfet | 1.02 m | 120nm 1
T3 nfet | 520nm | 120nm 1
T4 pfet | 1.02 m | 120nm 1
T5 pfet | 380nm | 120nm 1
T6 pfet | 1.02 m | 120nm 1
T7 nfet | 520nm | 120nm 1
T8 nfet | 380nm | 120nm 1
T9 pfet | 1.02 m | 120nm 1
T10 nfet | 380nm | 120nm 1

415 SWMCML-Buer

The SWMCML-Bu er is the optimized switchable-bu er gate discussed previously.
The schematic of the SWMCML-Bu er is shown in Figure 4.5.

Passive resistors occupy a large amount of layout area. Tonimize the area,
transistorsTO; T1; T2, T3, andT8; T9; T10; T11 which are P-channel MOSFETSs form
the active loads/pull-up networks. The transistor groups D to T3 and T8 to T11
were sized to be the same (TO same as T8, T1 same as T9, etc.).tdtal, 4 pairs
of pfet loads form the 4 di erent operating points of the delg cell. The switching
activity is achieved by manipulating the gate to source vo#tges of each pair of loads.
As shown in Figure 4.5, four di erent reference voltages are RP,, V RP;, VRP,
and V RP;. With four di erent pfet widths, the equivalent resistance d each pair
is also di erent. Therefore, the MCML-Bu er gate could operte with four di erent

propagation delays. The sizes of all the transistors in the ®ML gate are presented
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Fig. 4.5: The schematic diagram of the four steps switchable MCML Bu egate

in Table 4.3.

Table 4.3: The sizes of each transistor in Figure 4.5

Transistor Name | Type | Width | Length | Number of Fingers
T0 pfet | 1.2 m | 120nm 1
T1 pfet | 3.08 m | 120nm 2
T2 pfet | 2.28 m | 120nm 2
T3 pfet | 1.9 m | 120nm 1
T4 nfet | 4.6 m | 120nm 4
T6 nfet | 4.6 m | 120nm 4
T7 nfet | 64 m 120nm 32
T8 pfet | 1.9 m | 120nm 1
T9 pfet | 2.28 m | 120nm 2
T10 pfet | 3.08 m | 120nm 2
T11 pfet | 1.2 m | 120nm 1

T4 and T6 form the di erential pair and work as the switching componenof the
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MCML gate. When the di erential input is applied to the logic block, the current
is steered between the left and right branches. The output des are either pulled
high or low based on the input signal. As this TDC design needs anverting bu er
stage and this building block is an inverter, the output of oa stage are cross-coupled
to the input of the next delay cell. As discussed previouslyhe sinking current is
driven by the tail nfet. In this schematic, the bottom n-typetransistor T7 plays this
role. It was designed to have a extremely large channel widthith a multi- nger

con guration in order to drive a large bias current [37].
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Fig. 4.6: The layout diagram of the 4 steps switchable MCML Bu er gate

The layout of the MCML-Bu er is shown in Figure 4.6. The width o each tran-
sistors was chosen by the global and local optimization toat the Cadence analog
design environment (ADE) . The lengths of the transistors inhis logic are set to be

the minimum in order to increase their operational speed. Aflull-up transistor pairs
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are placed on top of the layout. In order to compensate the pressing variation, the

transistors with the same size are placed adjacently [38].
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4.2 TDC Implementation

With all of the circuits listed above, the switchable TDC probtype can be imple-

mented. In the next subsection, each module implementatiomill be discussed.

4.2.1 Architecture

Figure 4.7 shows the overall architecture of the novel switable TDC design. Each
block and its 1/0O pins are shown on the diagram and will be presnted in detail in
this section. In order to reduce the number of the overall b@hpads, all devices in

this work are operating with the same power supply of 1.5 V.
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4.2.2 Fine And Coarse TDC Core Implementation

The switchable MCML-Bu er is the most important component d the TDC core.
This is because the most critical parameter of TDC (resoluin) is speci cally deter-
mined by the propagation delay of the MCML-Bu er gate. The shematic of this
block as well as the corresponding layout are shown in FigureB4

From the schematic view, the TDC core circuit is the combinadbn of 12 stages
cascaded in a row. The di erential start signal is injectednto the input pins Vin.
and Vin of the rst stage. Each stage consists of a switchable MCML+Ber and
two Flip-Flops (FFs). The di erential outputs of the MCML-Bu er load the two FFs
as well as the MCML-Bu er of the next stage. At the end of this @lay chain, the
di erential output pins are placed. The loop is closed by thé&ing Closer block which
will be presented in the next subsection. There are two FF arya on the schematic.
The lower array is chosen to output the 12-bit thermometerade and the upper
array is the complementary code. Also, each FF has two di erefatl outputs with the
opposite polarity. Hence, it is not necessary to observe bott them. Eventually the

output pins on the bottom are selected, which ar€y; Qai».
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The delay chain discussed previously is a delay sensitiveccit. Delay imbalance
should be avoided in order to minimize the DNL. For example, eh stage should be
placed with the same patch (gap between two of the stages). Alsthe connection
between the two stages should be minimized for the purpose reducing parasitic
capacitance.

The hierarchical symbol which represents the TDC core cirdus shown in Fig-

ure 4.9.

VDD —*

QQ_21—=
QQ_21- —=
QQ_22 —=
—— VRP_O QQ_02— —=
1 Q0_03 —=

. somple Qo8- —*

— vss

Fig. 4.9: The diagram of the TDC core symbol



Table 4.4: Pins Descriptions in Figure. 4.9

Pin Name || Type Pin Description
VDD P 1.5V Power Supply Pin
VSS P Supply Ground Pin
V RP, P Active Load Control
V RP; P Active Load Control
V RP, P Active Load Control
V RP; P Active Load Control
sample P Stop Signal Input Pin
VRS P Biasing Current Control
Vin, I Di erential Input 1
Vin I Di erential Input 2
Qo1 Qo O 12-bit Thermometer Coder Output
Qo1 Q1 O Complementary 12-bit Thermometer Code Output
V out, O Di erential Output 1
V out O Di erential Output 2

The pin information is listed in Table 4.4.
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4.2.3 Ring Closer Implementation

Figure 4.10 shows the hierarchical symbol of the Ring Closelobk used to form the
TDC core delay chain into a loop. This block is made up of two NAND aes and
because this block is embedded in the delay loop, it needs te gpeci cally optimized
to have the same propagation delay of the MCML-bu er. This hips to avoid the

involvement of the delay imbalance.

VDD —m

:: Start_+
Start_— Fdin_+ —™

Fdin — —n

i
fo_—

%)
%
>
i cdsTerm("'VSS")

Fig. 4.10: Ring Closer Implementation Symbol

The pin information is illustrated in Table 4.5.

As in the other blocks, the Ring Closer uses a 1.5 V power supplihe Ring Closer
is inspired by the conventional SR latch [39]. The schematiaf the Ring Closer is
depicted in Figure 4.11. Note that the feedback signal is crossupled into the pins
fb and fb,. This means the logic level is ipped at the beginning of eacbycle.
Since our delay chain consists of 12 stages, the logic staii# mot change whether the

MCML-Bu er works as an Inverter or a Bu er. Hence, the cross capled connection
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Table 4.5: Pins Descriptions in Figure. 4.10

Pin Name || Type Pin Description
Start. I Di erential Input 1
Start I Di erential Input 2
fb, I Feedback signal Input 2
fb I Feedback signal Input 1
VDD P 1.5V Power Supply Pin
VSS P Supply Ground Pin
Fdin. @) Looped Signal Feed-in Pin 1
Fdin @] Looped Signal Feed-in Pin 2

of the Ring Closer is very important.

i Fdin_+

start_+ [ =

VSS

VDD

Start_— [

- I Fain_-

to_+ [ -

Fig. 4.11. The schematic of the Ring Closer. This block is made up of two NAND
gates. For each NAND one input is for the start signal injectionrad the other
one is for the feed-back signal.
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The layout of the Ring Closer block is shown in Figure 4.12. Fahe MCML-
Bu er layout view in Figure 4.6 discussed previously, the dierential signal injection
pin is vertically placed. Therefore, the two NAND gates in the Rig Closer are placed
vertically for the purpose of delay imbalance reduction. Tis means that for the two
complementary paths of the di erential delay line, each oftem must have the fully
symmetric connection compared with the other one. The VDD an®SS rails are

connected separately.
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Fig. 4.12: The layout of the Ring Closer block
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4.2.4 Loop Counter Implementation

This block is the 8-bit rising edge counter discussed in Chigp 3. It is used to count
both the rising edge in the upper path and the complementaryising edge in the
lower path of the delay chain. At the point in time the stop sigal arrives, the sum of
counting binary number represent how many cycles the startvent has traversed in

the delay loop. The hierarchical symbol of the Loop Countesishown in Figure 4.13.

cdsTerm(''VDD"") T
)
o
>

CdsTerm(”i\k”) clk

©
[
(@]
icdsTerm(”qnd”)

Fig. 4.13: 8-bit rising edge counter hierarchical Symbol

Table 4.6 shows all of the pin information for this cell. Theclk pin is the input
where the circulating signal from the TDC core block is injged. The output pins
from QO to Q7 form the 8-bit parallel binary code. As in the other modulesi this
work, the counter uses 1.5 V power supply.

The schematic diagram is shown in Figure 4.14. The counter isrimed with 8
stages. Each stage is comprised of a FF and an output invertie¢ement (an Inverter

in this case). For each FF, the positive output is connected witthe the input clk
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Table 4.6: Pins Descriptions in Figure. 4.13

Pin Name || Type Pin Description
clk I Circulating Signal Input Pin
Q0 Q7 O | 8-bit Parallel Binary Output Pin
VDD P 1.5V Power Supply Pin
VSS P Supply Ground Pin

of the next stage and the input of the inverter. Only the inputclk of the rst stage
is applied with the signal provided by the TDC core block. Ewatually, the required
8-bit binary code is combined with all the inverter's outpus.

The layout diagram of the Loop Counter is shown in Figure 4.15All of the gates
are placed in a row. With this con guration, all the gates are hle to share one
power supply rail and one ground rail. Furthermore, the outpt pad of each FF is
placed with the same patch (distance between two FFs). This mek the connections
between these outputs and the next blocks the same length, e helps avoid the

delay imbalance.
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Fig. 4.14: The schematic of the Loop Counter. This block is made up of 8agjes.
Each stage consists of a Flip-Flop and a logic shifting element
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4.2.5 State Freeze Circuit Implementation

The Loop Counter discussed above counts the circulation ofi¢ start signal con-
stantly. It cannot stop the counting process at a certain paot in time. However, at
the rising edge of the stop signal, both the number of full cles N and the ther-
mometer code are required. Thus, an additional block is used sample the 8-bit
counter when the stop signal occurs. The hierarchical symbaf this block is shown

in Figure 4.16.

VDD —=

DB QB
DT Q1
D2 Q2
D3 Q3
D4 Q4
D5 Q5
Do Q6
D/ Q7

B— clk
B \/SS

Fig. 4.16: The hierarchical symbol of the State Freeze block with all ps

Table 4.7 shows the pin description of the symbol in Figure 41 The power supply
VDD and groundV SS are the same as all other blocks. An 8-bit bus transfers the
data from the Loop Counter to the input pins fromDO to D7 in this circuit. When

the stop signal triggers theclk pin, the counting result is frozen and outputted by
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Table 4.7: Pins Descriptions in Figure. 4.16

Pin Name || Type Pin Description
clk I Stop Signal Injection Pin
DO D7 I 8-bit Parallel Binary Input Pin
Q0 Q7 O | 8-bit Parallel Binary Output Pin
VDD P 1.5V Power Supply Pin
VSS P Supply Ground Pin

the pins from QO to Q7

The schematic of the State Freeze circuit is shown in Figurel.. It contains 8
FFs and each FF is in charge of sampling one bit of the counter'stputs. All devices
are triggered by the samelk. It should be mentioned that for design that contains
a large number of devices enabled by one signal synchronguslock distribution is
usually required in order to reduce the parasitic delay thais caused by asymmetrical
wires [40]. During the design process, a simple transmissime model is created with
50 resistor, 500 fF capacitor and 1nH inductor. The model is used to verify the
parasitic delay results by a routing with 200m length and 3 m width. This model
generates a parasitic delay of 7f. Since the routing within a block is signi cantly
smaller than this case, the delay asymmetry caused by the tmg among a few
gates can be ignored. However, when a large quantity of TDC loks are combined
and formed an TDC array for the multi-thread processing appdation [41], the clock
compensate technique such as Clock Tree is absolutely nseeg

The layout view of the State Freeze module is shown in Figurel1d8. All clk
pins are connected by a rail. The output pins are extracted fadhe convenience of

connecting with the adjacent block.
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Fig. 4.18: The layout view of the State Freeze block

With all of the components analyzed, a time domain signal hasekbn processed and

converted into a parallel binary form. The chip prototype ispackaged in a CMC

standard 40-pin package. Therefore, the two complementalynary outputs N1 and

Nout2 Which are in parallel are necessarily shifted into a seriarm. This con guration
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signi cantly reduces the number of bond pads required. In alition, it also allows
the signal to be read easily with an oscilloscope in a test eronment. The last
component of the switchable TDC design is the parallel-inresial-out (P1ISO) shift

register. The hierarchical symbol of this register is showin Figure 4.19.

vdd —=1

DO
D1 Date_ Qut ——™
D2
D3
D4
D5
D6
D7/

™
write_shift

B— Vss

Fig. 4.19: The hierarchical symbol of the PISO shift regesiter

The speci ¢ description for each pin is shown in Table 4.8D0 to D7 are pins
where the parallel data is injected.clk is the shifting clock signal input pin. The
write=shift pin is switched between 0 and 1. For each state the circuit wa in a
di erent mode. The DateOut pin provides the converted result. How this block shifts
the data will be illustrated later.

Figure 4.20 shows the schematic of the PISO shift register askby the switchable
MCML-Bu er based TDC.

The PISO shift register is formed by the NAND gates and FFs discussabove.
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Table 4.8: Pins Descriptions in Figure. 4.19

Pin Name || Type Pin Description
clk I Shifting Clock Input Pin
W rite=Shift P State Switching Control Pin
DO D7 I 8-bit Parallel Binary Input Pin
DataOut O | Serial Binary Code Output Pin
VDD P 1.5V Power Supply Pin
VSS P Supply Ground Pin
% % % % % % % %
-PBE_41JGU
L P
%BUB:!
D ML

Fig. 4.20: The schematic of the PISO shift regesiter

It consists of 8 stages. Each stage consists of 3 NAND gates and 1 HRe data
shifting process is illustrated here. First the parallel dat is applied to pinsDO to
D7 simultaneously with the Load=Shift control connected to 0 V. After the data
has been loaded, the control signal is switched to logic 1 whimakes the PISO shift
register work in shifting mode for the rest of the process. Agpiodic clock signal is
injected using theclk in and the parallel data begins to be pumped out by this clock
one bit after another.

The DataOut pin is loaded with a driving bu er chain. This limits the clock
frequency of the pump-out clock discussed previously.

The Layout of the PISO shift register is shown in Figure 4.21. ike all components

discussed before, all cells share a power supply rail and awgnd rail.
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Fig. 4.21: The layout of the PISO shift regesiter

4.3 Output Pad Driver

The digital logic and analog circuits used to implement thewitchable MCML-Bu er
based TDC are incapable of driving large capacitive loadsduas bond pads and all
other o chip loads. As a result, a driving bu er chain is necesarily developed. The
chain is made up of classic CMOS bu ers discussed previouslgd complete bu er
chain schematic is shown in Figure 4.22.

The bu er chain contains 10 gradually enlarged stages. Thestland 2nd stages are
developed as inverters in order to reduce the dimension ofetliayout. Two inverters

will not change the logic of the output result. The transisto sizes for each stage
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Fig. 4.22: The schematic of a driving bu er chain

widths shown in the table is the total width.

Table 4.9: Information of each bu er stage in the driving bu er chain
Stage || Logic Type | Total width of pfet/Fingers | Width of nfet/Fingers
INVO Inverter 520nm/1 390nm/1
INV1 Inverter 520nm/1 390nm/1

Bu er3 Bu er 1.04 m/1 780nm/1
Bu erd Bu er 2.08 m /2 1.56 m /2
Bu er5 Bu er 3.12m /3 2.34 m /3
Bu er6 Bu er 416 m /4 3.12m /4
Bu er7 Buer 52m/5 39 m/5
Bu er8 Bu er 6.24 m /6 4.68 m /6
Bu er9 Bu er 7.28 m /7 5.46 m /7
Bu erl0 Bu er 8.32 m /8 6.24 m /8

The driving bu er chain is able to drive a bonding pad with 1nHequivalent induc-

tance and 10pF equivalent capacitance. The simulation of #network is presented

in the next chapter.

The layout view of the bu er chain is shown in Figure 4.23.
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capacitor is 8.8pF.

Even if the MCML-Bu er gates are good at suppressing the comom noise due to
its di erential character, some of the peripheral circuits & still conventional elements
and operating on a high frequency (e.g. the Loop Counter). He®, these circuits are
still sensitive to various noise sources, including switetg noise, which is correlated to
the switching activity and current consumption of circuitsin the presence of inductive,
capacitive and resistive parasitics along the power grid. He faster the circuit switch
or, the more current they draw, the larger noise is seen on ttgipply line. If the
power supply voltage drops too low, circuit functionality en be even more comprised.
For example, in a 0.13m technology, a 10% voltage variation bas been shown to
result in a 30% variation in the delay of a gate [42]. Thus, a deupling capacitor is

necessary.
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4.5 ESD Protection

An electrostatic discharge (ESD) protection device is proged by the IBM CMRF8SF
library and used in this design to protect the circuit. The E® protection device
consists of two diodes. The anode of the rst diode is connedt to the bond pad and
the cathode of this diode is connected with the positive powsupply. The protection
is achieved by forward biasing this diode in order that the HS current ows into the
positive power supply instead of into the transistors. Theexond diode's cathode is
linked to the bond pad and its anode is connected to ground. Agtivthe rst diode,
large ESD events are prevented by forward biasing the secotidde so that the ESD
current is forced to ow into the ground.

Figure 4.25 shows the schematic of a single ESD protection é®vand its corre-

sponding layout view.
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Fig. 4.26: The micrograph of the chip. Main components are highlighted
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4.7 Chip Layout

The top layout view of the 4-Step Switching MCML-Bu er basedTDC is shown
in Figure 4.27. It should be mentioned that the portion highljhts with dash line
is irrelevant to this work. In order to fully use the chip area a member from my

supervisor's group placed his design here.
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Fig. 4.27: Top view of the switchable MCML-Bu er based TDC chip layout. The
mayjor building blocks of the novel TDC are a TDC core, counta;, PISO-shift
registers and driving bu ers. The chip margin is 1.6mm tall ad 1.6mm wide.



Chapter 5

Switchable MCML-Bu er based TDC

Simulation Results

5.1 Introduction

This chapter introduces the simulation methodologies andesults of the Switchable
MCML-Bu er based TDC. The simulation that is based on the layut view is not
accurate. In order to address this issue, all blocks were eatted into extracted
view. This process (default RC extraction) generates the pasitic resistance and
capacitance in the extracted view. Therefore, the post-layt simulation are more
precise than the layout simulation. All simulation results & based on the extracted

view in this chapter.

5.2 Delay Cell Simulated Performance

5.2.1 Switchable MCML-Bu er Step Response

A test bench was created in order to measure the delay of a fuardental delay cell,

which is a switchable MCML-Bu er gate in this work. The 4 ste bu er gate was

83
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functionally veri ed via a transient analysis performed usg the Cadence Spectre
simulator in the Analog Design Environment (ADE). The simulaton is performed
with the TT (typical-typical) corner with the nominal tempe rature of 27 C. The

total simulation time is set to be 10ns. Two signal generator ¥ pulse generate a
pair of complementary clock signals with 180phase di erence. The trigger event was
then applied to the input pins of the rst stage and enabled tle signal transmission.

The test bench is shown in Figure 5.1.

Compensate FF

Flip-Flop Flip-Flop Flip-Flop
Control:\/lRFb—VRPg Contrtl)l:\llRlFbiVRF’s Contrcilz\llRlFb]VRPg
_Trigger_| TDY o 7PVU
Triager Switched MCML Switched MCML Switched MCML
ggee Buffer Buffer e Buffer
TD1 7PVU
Flip-Flop Flip-Flop Flip-Flop

Fig. 5.1: The test bench for the measurement of specic delay for eaclwisched
condition. With di erent control voltage combination (VRPO-VRP3). The
MCML-Bu er delay element operates with di erent propagation delays.

As Figure 5.1 shows, compensation FFs are loaded by each stage rdeo to
probe the propagation of the signal with correct load capaeince. Even though the
input capacitanceCin of the Flip-Flop is relatively small compared with theCin of a
MCML-Bu er gate, it still involved capacitance and degradel the signal's propagation
time. For the leading signaltrigger 1, its copy, which was delayed by a delay stage
is TD1. Obviously, the delay cell step response varies with swhied conditions. The
cell propagation delay is de ned by the 50% di erence in thewo signals.

A transient analysis is used to verify the specic step respse of all four of the

di erent operation conditions. The simulation result is slown in Figure 5.2. For each
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curve, a control voltage is applied to the delay cells to tunthe response.

Delay Cell Step Response For Four Switched Conditions

1.8
1.6
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1

0.8

Volts(V)

0.6

0.4

0.2

0
4.22E-09 4.23E-09 4.24E-09 4.25E-09 4.26E-09 4.27E-09 | 4.28E-09 4.29E-00E-@% 4.31E-09

0.2
Time(Y

—trigger TD1 —TD2 TD3 TD4
Fig. 5.2: Delay cell step response for the four switched conditionsjtivtime delay:
TD1=8.24 ps, TD2=10.83 ps, TD3=12.98 ps, and TD4=14.3 ps

As shown in Figure 5.2, the minimum step responseED 1, namely the resolution
T.se, IS 8.24ps. This mode is achieved by enabling all four of the active loadof
each delay cell.

The second operation mode is achieved by enabling 3 activads. In this situa-
tion, three control signals should be applied to a 0 V power sce. When the TDC
operates on this mode, the resolution is equal to the time @gl TD2 (10.83ps).

As in the last mode, the third operation point requires 2 enabt loads. The exact
resolution of this mode is equal tar D3 (12.98ps).

For the fourth operation mode, only one active load is invold. This con guration



achieves the lowest resolution, which is equal fbD4 (14.3ps).
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5.2.2 Corner Simulation of the Delay Cell

Multi-corner simulations are performed in order to verify he variance of specic
step response. Three temperature values include: -40, 0 arb1C are chosen to
observe the variations caused by di erent temperature emonments. Furthermore,
two process corners of FF and SS are set. The FF corner presenis PMOS/NMOS
threshold voltage situation and the SS corner representsdhconverse situation. In
all, 6 corners are simulated by using the ADE XL multi-corner saulator. The results

of these 6 corners and the nominal step responses are showildhle 5.1.

Table 5.1: Multi-corner analyses results

Corner Modelps | Mode2ps | Mode3ps | Mode4 ps
-40 ( C) (FF) 5.31 7.08 9.29 10.64
0(C)(FF) 5.91 7.77 10.84 11.37
125 ( C) (FF) 7.69 9.69 12.51 13.44
27 (C) (TT) 8.24 10.83 12.98 14.3
-40 (C) (SS) 8.75 11.9 12.16 16.01
0(C)(SS) 9.8 13.15 13.49 17.2
125 (C) (SS) 12.9 16.54 18.6 20.17

This table shows all possible step responses with the enviroent variation. The
best case is 5.3ps delay because the circuit is simulated with -40C temperature
corner and the FF model group. The worst case is 20.J5 cell delay, due to its
corresponding 125C corner and SS process model.

Two charts are created in order to intuitively illustrate the corner simulation
results. Figure 5.3 shows all temperature corners (-40, 0,5)2vith FF process model
group and the nominal corner result.

Simulation results of all temperature corners with SS modejroup are combined
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Fig. 5.3: Step response variations for di erent temperatures with FF arner simula-
tion.

with the nominal step response in Figure 5.4.

According to the simulation results, the process and temperae variation are

either able to enhance the time domain delay by approximateP0-35 % or degrade it

by 40-55 %. This is due to high temperature implies more themhnoise and random

collisions of electrons, thus device resistance increaaed electron mobility decreases.

In another aspect, the FF corner assumes PMOS/NMOS have lowdrreshold voltage

compare to TT corner. Low threshold voltage devices switclaster and lead to the

smaller step response in FF corner simulation.
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Fig. 5.4: Step response variations for di erent temperatures with S8orner simula-
tion.

5.3 TDC Core Simulated Performance

5.3.1 Calculation of the Loop Delay

The TDC designed in this work is able to work with four modes. Hee the rising
time t,.4 and the falling time t,,. for the propagation signal is unable to be fully
symmetric for all of the four di erent cases. Figure 5.5 showan example of this
phenomenon. The time interval of one di erential output (eg. blue curve labeled as
D 1) is unequal with the its corresponding di erential signale.g. orange curve labeled
asD?2). Fortunately, the di erential character of TDC core is cgable of addressing

this asymmetry inherently by counting both the upper and lowr delay path.
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As shown in Figure 5.5, the test bench involves an equation

wheret,qop is the equalized value, which gives the de nition of the loopycle. D1 and
D2 correspond to a pair of complementary half-cycle in the derential delay loop.
This equation is used to de ne the loop delay of the TDC core. Binvolving this
eqguation into the test bench, the simulator would be able toatculate the exact time
length of the loop delay and output its value with each run oftie simulation. This

process signi cantly enhances the e ciency of the circuit ptimization.

Loop Delay = (D1+D}¥2

Fig. 5.5: An average value of the loop delay for the complementary path equalized.

This con guration is able to address the delay asymmetry thas shown in this
gure.

In the next subsection, the TDC core will be simulated with far di erent modes.
The parameters include: the resolution, loop delay, numbef cycles, thermometer

code output. The power consumption will be presented sepaedy for each mode.
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5.3.2 The TDC Performance with 4 Loads Activated

A test bench was built for the purpose of measuring the perforance of the TDC core.

It previously stated that the Switchable MCML-Bu er based TDC designed in this
work is able to operate with four di erent resolutions. For e TDC core block, each
operation mode is simulated with a 2,s transient analysis. With all the reference
voltage fromV PO to V P3 connected to 0 V, 4 active loads are enabled and the TDC
operates on the minimum resolution which is 8.2gs.

The start event begins from 1ns and the stop signal is triggered on the 2hs.
Consequently, the time interval to be measured is equal to 2&. This TDC is de-
signed for the speci c application (working as the TOF conv#ing element in LIDAR
system). Thus, twenty nanosecond is a meaningful time inteal since it represents
10 m - 100m level distance detection.

Figure 5.6 shows the waveforms of the output¢ outl andV out2 when the TDC
works in this mode.

The simulation result shows that the rst loop counter that is in charge of counting
the upper delay path, gives out a record of 51 full cycles. Thewer signal propagates
50 cycles before the stop event, resulting in the total numbef loop cycles in this
case to be equal tdN; + N, which is 101. The simulation result also provides the
loop delayTioop for this case, which is equal to 197.76s. The coarse counting result
is equal to N1+ N2)Tigep =19973.76ps.

The 12-bit thermometer output result is shown in Figure 5.7. Athe rising edge
of the stop signal, the one-zero transition appears betweéme 4th and 5th stage. It
means that the start signal has passed 4 stages. Thereforlee tne counting result
is4 T.sg =32.96ps.

The total of the coarse and ne measurement result is 2000@.ps. When the
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Fig. 5.6: The Simulation Result of a 20ns Time Interval. The total number of
cycles of the upper path is 51 and the lower path is 50.

TDC operates on this mode (resolution = 8.24s), the error of a single conversion is
6.72ps.

The test bench also provides the average power consumptiohthis operation
point. The power of the TDC core block consists of two compones. One is the
MCML-Bu er loop power consumption which is constant. The oher component is
the power of the FFs and the Ring Closer block. The power of theskevices is

dynamic. Consequently, the simulation result of the averagpower is 19.29nW
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Fig. 5.7: The simulation results of the FFs. A 12-bit thermometer code iacquired.
It contains 4 bits of logic 1 followed by 8 bits of logic 0.

5.3.3 The TDC Performance with 3 Loads Activated

The control voltagesV PO, V P1 and V P2 are connected to 0 V in this simulation.
The TDC operates on the second mode with this con guration wbh means the
resolution is equal to 10.83%s. The same as above, start event begins fromris
and the stop signal is triggered on the 2hs. Figure 5.8 shows the waveforms of the
outputs V outl andV out2 when the TDC works is in this mode.

The simulation result shows that the upper delay path oscdtes for 35 cycles
during the reference time interval. The lower signal propages for 36 cycles before
the stop event. Therefore, the total number of loop cycles itis case is equal td\

+ N3 which is 71. The simulation result also provides the loop d®f T, for this

case, which is equal to 281.7%s. The coarse counting result is equal toN1+ N2) Tioep
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Fig. 5.8: The Simulation Result of a 20ns Time Interval. The total number of
cycles for the upper path is equal to 35 and the lower path is 36

=20004.25ps.

The 12-bit thermometer output result is shown in Figure 5.9. Athe rising edge
of the stop signal, the one-zero transition appears betwedéme 9th and 10th stage.
Con rming the start signal has passed 9 stages. Therefordnd ne counting result is
9 Tisg =97.47ps.

The total of the coarse and ne measurement result is 20102.ps. The error of
a single conversion is equal to 101.%4% in this case. The simulation result of the
average power when the TDC operates on this mode is 15.86/. The power is

lower than the 1st mode due to the lower resolution.
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Fig. 5.9: The simulation results of the FFs. A 12-bit thermometer code iacquired.
It contains 9 bits of logic 1 followed by 3 bits of logic O.

5.3.4 The TDC Performance with 2 Loads Activated

Both the control voltagesV PO and V P1 are switched to O V to set up the third
operation point of the TDC. In this case the resolution is 188ps. The same transient
analysis is used to simulate the performance of the TDC corélbk. Figure 5.10 shows
the waveforms of the outputsV outl and V out2 when the TDC works in this mode.
The reference time interval is still represented by the timali erence between the
start and stop signal.

There is no doubt that the total loop cycles will be less thantte previous condition
since the resolution of this mode is degraded. The simulaticesult matched this
conclusion. It demonstrates the upper delay path oscilladefor 30 cycles during the

reference time interval. The lower signal propagates for 2all cycles before the
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Fig. 5.10: The Simulation Result of a 20ns Time Interval. The total number of
cycles for the upper path is equal to 30 and the lower path is 29

stop event. Therefore, the total number of loop cycles in thicase is equal tiN; +

N, which is 59. The simulation result also provides the loop d®f T, for this case,
which is equal to 337.79s. Hence, the coarse counting result is equal tdl{+ N2) Tioop
=19927.25ps.

The 12-bit thermometer output result is shown in Figure 5.11At the rising edge
of the stop signal, the one-zero transition appears betwedine 2nd and 3rd stage.
Con rming the start signal has passed 2 stages. Therefordheé ne counting result is
2 Tisg = 25.96 ps.

The total of the coarse and ne measurement results is cal@aied to be 19953.21
ps. For this mode, a single conversion has a 46.p8 timing error.

The average power when the TDC operates on this mode is 13184V .
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Fig. 5.11: The simulation results of the FFs. A 12-bit thermometer code iacquired.
It contains 2 bits of logic 1 followed by 10 bits of logic 0.

5.3.5 The TDC Performance with 1 Load Activated

The TDC operates with the maximum resolution (14.3s) in this mode. This con-
guration is acquired by connecting only the rst control voltage V PO to O V. The
same transient analysis is performed to probe the speci c germance of the TDC
core. Figure 5.12 shows the waveforms of the outputsoutl and V ou2 when the
TDC works in this mode.

It con rms that the upper delay path oscillates for 27 cyclesluring the reference
time interval. The lower signal propagates for 26 full cyctebefore the stop event.
Therefore, the total number of loop cycles in this case is e@uo N; + N, which is 53.
The simulation result also provides the loop delay o, for this case, which is equal

to 371.8ps. Hence, the coarse counting result is equal tdNg+ N2) Tioop =19705.4ps.
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Fig. 5.12: The Simulation Result of a 20ns Time Interval. The total number of
cycles for the upper path is equal to 27 and the lower path is 26

The 12-bit thermometer output result is shown in Figure 5.13At the rising edge
of the stop signal, the one-zero transition appears betwedine 7th and 8th stage.
It con rms that the start signal has passed 7 stages and thef@e, the ne counting
resultis 7 T.sg = 100.1ps.

The total of the coarse and ne measurement results is calciéal to be 19805.5
ps. The TDC gives a 194.5s timing error, smaller than the reference time interval
on this mode.

The average power when the TDC operates on this mode is 88V. It consumes

the minimum power since the TDC operates with its maximum regution.
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Fig. 5.13: The simulation results of the FFs. A 12-bit thermometer code iacquired.
It contains 7 bits of logic 1 followed by 5 bits of logic O.

5.4 Loop Counter Simulation Result

This subsection is mainly focused on presenting the simuiah result of the Loop
Counter block. The output V outl from Figure 5.8 is chosen and injected into the
Loop Counter block. The TDC core is operating on the second e with a 10.83ps
resolution. As shown before, the upper delay path oscillatedb full cycles during the
reference time interval (20ns in this case).

The simulation result of the Loop Counter is shown in Figure 4. The TDC
core and the Loop Counter use a synchronous stop signal. Tefare, the state freeze
circuit which was attached to the counter outputs the countig result on the point of
time at 21 ns. This result is a parallel 8-bit binary code originally.

The Loop Counter is designed to have 8 bits of output pins. Heegc each bit
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Fig. 5.14: The simulation result of the Loop Counter. The output binarycode is
00100011 (Decimal 35) at the stop event which occurs at B&.

of the binary code corresponds to an output of the counter. Rige 5.14 gives the
counting result of the Loop Count at 21ns. From QO to Q7, the parallel binary code
is 00100011 which is equal to 35 in decimal.

Consequently, the simulation result proves that the Loop Qmter works correctly.
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5.5 PISO Shift Register and Driving Bu er Chain
Simulation Result

PISO Shift Register serves as the data form conversion dewic This block is the
peripheral circuit and a bu er chain is attached to it. Figure 5.15 shows the test

bench used to perform the operation of this block.

— DO DataOut—{ Driving Buffer Chain

— D1

— D2

— D3 0/1/10pF

—| 24 PISO shift i

_1pe Register 1nH

— D7

— clk

— Load/Shift )
DataOutput(serial)

Fig. 5.15: The diagram of the test bench. A driving bu er chain is attacled. A
capacitor and an inductor is used to model the bond pad and tr@nnections

This block is directly connected with the bond pad and a drivig bu er chain is
required to strengthen the output signal. A capacitor and amnductor is involved in
order to model the bond pad and connection. The result from #hlast simulation
(00100011) is applied to the input pins of the PISO Shift Regjier. The simulation
result of this test bench is shown in Figure 5.16.

The rst waveform is a 20 MHz clock used to pump out the data. The clock
frequency is acquired by simulating iteratively with di erent load capacitance. The
load and shift process requires at least 8 clock cycles duethe 8-bit outputs of the
counter. Thus, a 16(ns transient analysis is performed in order to show the complet

data of the conversion.
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Fig. 5.16: The simulation result of the PISO Shift Register.

The second waveform is the control signal used to switch thdFO Shift Register
from load to shift state. From the beginning of the simulatia to 2 ns, all data is
loaded. Next, the control signal reaches high and enables thkifting process. Each
clock cycle causes data to be shifted out one bit after anothe

The third waveform is the output binary code in serial form. The simulation result
is a perfect square wave without any load capacitance.

The 4th and 5th sub plots are the results of the simulation whethe circuit is
loaded an 1pF or 10pF capacitor. The register still works properly with a maximum
10 pF and 1nH load.

As the Figure 5.16 shows, the output result is a serial binary de 00100011
from left to right. It proves that the parallel data has been orrectly shifted into its

corresponding serial form.
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5.6 Summary of The Simulation Results

As discussed previously, each TDC architecture has its own nte and drawbacks.
For example, a Hierarchical TDC usually achieves the widestypamic Range and the
smallest area. However, it is normally hard for it to obtain a mall resolution. The
other state-of-the-art architectures also gave better ratts for some of the parameters.

The Switchable MCML-Bu er based TDC has its unique multi-males character-
istic. The 4 PMOS loads unavoidably involve incidental areaost. However, 6 extra
loads in each delay cell with the width of a few micrometersdd to a small area
increment since this design includes only one TDC core measment block. For the
application where the TDC array is involved, the multi-stepMCML cell may not be
a good candidate. The TDC array normally consists of a largareunt of TDC core
blocks in order to perform multiple measurements simultaeisly. Consequently, the
area increment in each delay cell will accumulate and end ugtiva big area cost.

A comparison between the Switchable MCML-Bu er based TDC ath the recent

state-of-the-art architectures is presented in Table 5.2.



Table 5.2: The recent state-of-the-art versus all modes of the Switchle MCML-Bu er based TDC

State-of-the-art Operation Mode
Reference [14] [20] [21] 1 2 3 4
Type GRO | Hierarchical | Time Ampli cation Switchable MCML
Resolution (pS) 6 476 0.98(FB)/6.01(FF) | 8.24 | 10.83| 12.98| 14.3
DR (bit) 11 15 10(FB)/3(FF) 9
VDD (V) 1.5 - 1 1.5
Power (mW) 3.3-31.5 6.3 3(FB)/17.5(FF) | 19.29| 15.26| 13.84| 8.6
Technology (nm) 130 350 65 130
Area (mm?) 0.04 0.16 0.02 0.06

v0T
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High priority parameters (resolution and power consumptionof each TDC type
are selected and depicted in Figure 5.17 for the purpose of quamnison.
32
14 [14 GRO TDC
27 [20] Hierarchical TDC

[21] Time Amplification TDC

N
N

19.29 This work

[
3

J[21FF
15.26

Power (mw)

13.84

-
N

8.6

7[21]F % [201476
0.98 -[14]

2
5 6 7 8 9 10 11 12 13 14 15

Resolution (ps)
Fig. 5.17: Resolution and Power comparison.

The Time Ampli cation TDC has a Feedback mode with the resolubn of 0.98ps
and the Hierarchical TDC in reference [20] obtains a resolot of 476ps. It is hard
to shown all of the corresponding points in one scale. Theoe¢, both of them are
placed at the boundary of the comparison gure.

The reference [14] achieves a minimum resolution ofp€ which is slightly better
than this design. In addition, it has a uncertain power swinffom 3.3 mW to 31.5 mW
which is depending on the time di erence between input edge$his work quantizes a
given time interval with four switchable resolutions and eeh corresponds to a certain
power consumption. The GRO TDC achieves a better power comaption in short
time interval quantization and this work has smaller powerdr long time interval

measurement.
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Furthermore, a TDC that speci cally designed for the TOF meaurement usually
requires a large quantization range. This is not only revead by more digital bits
output result but also the time interval that corresponds toeach increment in the
counting result. This means that even for the TDCs which havéhe same DR in the
number of bits, the actual range detection capability is s di erent.

At last but not the least, this work has great potential in theaspect of optimizing
the resolution and power consumption. For applications thtado not require large
measurement range, the device count of delay loop can be sicgmtly reduce. This

will achieves a great improvement at the parameters of areartsumption and power.



Chapter 6

Conclusions and Future Work

6.1 Conclusions

One of the major constraints of TDC design, while using staad digital cells, is that
the resolution is limited mostly by the cell propagation dely. Furthermore, recent
researches are largely focused on developing new archieetin order to achieve the
sub-gated resolution. A TDC architecture that brings an e e€tive enhancement on
resolution normally cost extra die area or power consumptio Comparatively little

focus has been placed on the fundamental delay cell implerteion.

This thesis presented a new TDC using an optimized MCML-Bu ewith 4-step
selectable delay. The key idea of the design is that the delagll is inherently ad-
justable due to the inclusion of the four selectively swit@d active PMOS loads, which
in practise in uence the voltage swing at the output of the d& thereby adjusting the
propagation delay through the cell.

In addition, the complexity of the counting devices are alsoeduced. This is
achieved by replacing the conventional dual-edge triggeréalop counter with a pair
of single edge triggered counter. This con guration beneg from the di erential

characteristic of the MCML gates.

107
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A full chip layout is constructed and the chip has been manuéured by CMC.
System and circuit level design and implementation were @ented in detail to in-
troduce the TDC prototype. Unfortunately, the chip prototype will be measured by
another student at a later date due to time constrains. My tas was to design and
optimize the novel TDC architecture. Furthermore, the cirait has been justi ed

according to the simulation results.
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6.2 Future Work

Based on the results of this thesis, the following future wkrcan be undertaken:

Combining the coarse counting results with the ne countingesults:

An evaluation circuit that combines the coarse counting rests (8-bit binary
codes) with the ne counting results (12-bit thermometer cde) will bring com-
pletion to this design and signi cantly improve the e ciency of the simulation

and test.

Extending the operation modes of the MCML-Bu er based TDC aicuit:
Currently, the Switchable MCML-Bu er based TDC has four opeation modes
and covers four di erent resolutions. An extended PMOS loadsetwork will

gives the delay elements the ability of operating on extra nies

The manufactured integrated circuit will be measured and eopared to simu-

lated results.
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