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ABSTRACT

A fully digital Time Domain Multiplier (TDM) has been proposed in this thesis for
application in time domain signal processing. The Time Domain Multiplier presented in
this work is based on the principle of repetitive addition. The TDM block consists of time
adder, GRO, counter and a time register circuit. The time register serves as the core of the
TDM implementation. The time register has been used to add two time-domain signals as
well as to store them during the feedback. The implementation of TDM is done using 65
nm process technology at 1.2 volt. During the simulation, the maximum error was found
in between -9 ps to 11 ps. The maximum error at 1X multiplication was -1.4ps, at 2X
multiplication -5ps and at 3X multiplication 11ps. The circuit has been designed with a
target application in signal processing operations such as filtering and Fast Fourier

Transform (FFT).
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CHAPTER 1: INTRODUCTION

1.1. Motivation

During the last decade, the CMOS (Complementary Metal Oxide Semiconductor)
technology has undergone rapid scaling. Although, this scaling of CMOS devices has
resulted in integrated circuits (IC’s) of higher complexity and speed along with reduced
cost per chip for digital circuits [1] but on the other hand posed additional design challenges

for analog design engineers. Some of the issues resulted from scaling include

1. Increased sensitivity to noise which is resulted due to decreased in supply voltages.

2. Degradation of device matching characteristics and decrease in voltage swing of
analog circuits [2]- [3]. Device mismatching arises due to limitation in lithography
and resolution enhancement techniques during fabrication [2], while reduced
supply voltages have resulted in circuits with reduced voltage swings. [3].

3. Unpredictable Process variation of IC could cause device failure.

Although another approach such as current mode processing approach where the
signal to be processed is represented by current in the branch of circuit, could possibly
overcome the challenge of reduced supply voltages. But the current and voltage are related
to each other via impedance hence they both share similar characteristics and as a result,
do not scale well with technology [4]. Hence to eliminate these design challenges from
deep submicron technology, shift from voltage domain to time domain would serve as a
possible solution. The Time Mode Signal Processing (TMSP) represents the amplitude of

analog signal in proportion to pulse width of time signal or as time difference of two events.
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But this time signal has only two states, therefore this also a digital signal. Hence both
analog and digital signal processing could be performed in TMSP. Since time variable is
essentially digital signal, digital circuits could be used to perform analog signal processing.
Further time mode resolution associated with digital circuits is also increasing in contrast
with voltage resolution which is decreasing with scaling. The digital circuit also offers
higher speed, low power consumption and faster transistor switching in deep sub-micron
technology as the gate delay of digital circuit reduces with technology. The application for
TMSP could be found several decades ago in: time of flight measurement [5], digital
storage oscilloscope and medical imaging instrumentation to name a few. Some other
recent applications of TMSP include converting analog signal to digital signal, infinite-
impulse-response (IIR) Filters [6], Finite-impulse-response (FIR) Filters [7], and frequency
synthesizers [8, 9], delay-locked loops (DLL) [10] and temperature sensors. The following
chapters in this thesis, would focus on principle and operation of basic of TMSP building

blocks

1.2 Thesis Objective

The research presented in this dissertation aims to resolve the issues related to analog signal
processing as previously explained. To address these issues, we take advantage of time
domain signal processing and develop circuits which can perform multiplication in time
domain. Time domain signal Processing will enable analog signal processing to be realized
in advanced CMOS processes, which can be synthesized using existing digital design

technology [11].



The time domain multiplier will perform multiplication of digital signal in the time
domain as shown in figure 1. This multiplication will be achieved by mapping digital signal
in the pulse width of a top-level signal in the time domain and the resulting output will be
again mapped back into digital domain for further processing. To implement this time
domain multiplication, it is essential to have basic building blocks of time mode signal

processing which will be designed in 65nm process technology.

&
N

A\ 4

Digital (- I
Input Digital To Time | |
Coverter | |
Time
I Time Domain I Time To Digital Output
.. -
| Multiplier | Converter
I I
I I
Digital | |
Input Digital To Time , T2
Coverter ! I
I I
I I

Area of Research

Figure 1.1. TMSP Area of Research of thesis

This work emphasis on Time Domain Multiplier circuit to be used for Digital signal
processing in Time Domain. The TDM circuit could find its application in wireless
communication performing operations such as time domain filtering. The analysis and
simulation results show the circuit is highly linearly with some modifications to improve

the performance are discussed in the future work section proposed in the end of thesis.

1.3 Thesis Overview

This thesis is organized into five chapters excluding this introduction. Each chapter is

described as follows.



Chapter 2 presents the concept of Time Domain Signal Processing. TMSP variable
definition and various mathematical operations on the time variable are mathematically
explained. This chapter would also focus on some building blocks and previous literatures
on TMSP circuits such as time to digital converter, digital to time converter, voltage to

time conversion and time amplifier.

Chapter 3 discusses the previous work on time domain multiplication in detail. The

previous work is simulated in 65nm technology and error for multiplication is calculated.

The concept and principle behind the Time Domain multiplier is explored in
Chapter 4. The blocks which are used to implement Time Domain multiplication will be

explained in detail.

Chapter 5 outlines the experimental results of all the basic building blocks circuits
used in implementing time domain multiplier at the 65nm technology using cadence
spectre. Percentage error is calculated for 1x, 2x and 3x multiplication. The simulation

results for 2x multiplication is compared with prior work discussed in chapter 3.

Finally, this dissertation is concluded in chapter 6 where the work is summarized,
strengths and weaknesses are highlighted, and future advancements of this work are

offered.



CHAPTER 2: TIME DOMAIN SIGNAL PROCESSING

2.1 Introduction

Time Domain Signal Processing refers to extracting time signal information by storing,
adding, subtracting or by manipulating time domain signal. It can be considered analogous
with analog and digital signal processing where analog or digital information is processed.
The most basic element used in Time domain signal Processing is a delay cell. The delay
in CMOS cells could be either technology dependent or can be controlled with the help of
a control voltage signal. This is where digital domain is benefitting from the scaling as the
time domain resolution associated with digital signals is improving with deep submicron
technology [4]. The maximum propagation delay associated with a delay cell has no
practical limit but the lowest propagation delay is equivalent to delay of inverters cells.
Hence a greater dynamic range can be achieved in contrast with analog design where the

dynamic range is limited between noise levels and supply voltage.

2.2 Time Domain Signal Processing Concepts

2.2.1 Time Variable Definition

A time-domain variable AT, is characterized by the amount of duration of the time between
an event happening to reference event or time which has occurred. In other words, it can
be described as difference of phase or time between two rising edges of signal as shown in
figure 2.1(a) signal Tin1 lags the Tin2 hence this time variable AT could be described as

either positive or negative time variable depending upon which time signal is taken as a



reference signal. There is second alternative way of representing time signal as shown in
figure 2.1(b). The time signal could also be represented equivalent to duration of pulse
width. This time variable representation only deals with positive time variables. The first
representation could be helpful in representing analog negative and positive voltage into
time domain, while the latter representation is less complex, and could represent digital

signals in time domain well.

VDD —1"_
VDD
Tim
VDD Time
|
Tinz |
_I_
|[€—
| AT
(a) (b)

Figure 2.1. (a) Time representation as difference of two- time variables (b) Time Variable representation
equivalent to pulse width

2.2.2 Time Domain Addition and Subtraction

The time domain addition could be represented in two ways. If time variable AT is taken
in consideration, as shown in figure.2.2(a) the time addition is essentially the addition of
two signal phase difference signals added together. The phase difference is obtained
between the signal and a reference signal. For a synchronized addition, same reference
signal is used, for asynchronous addition the reference signal could be different. Figure
2.2(b) shows addition for pulse width time representation, where signal T1 and T, are

added. Similarly, time mode subtraction could be performed as synchronised or with



asynchronous reference signal. Figure 2.3 shows subtraction of time variable using

different definitions.

| AT,
h‘
. | A T3 =A T1 + ATZ
Psig; i
I | |
|
@ ref | sigs ——
1 f
Time I
AT, ¢ ref :
Time
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|
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¢ ref :
I
Time
(a)
T
>
. -1
Time | |
T,
| —
I
|
! —_—
Time I I
| Tout: T1+ T2 |
(b)

Figure 2.2 (a) Time difference variable addition (b) Time pulse width addition
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Figure 2.3 (a) Time difference variable subtraction (b) Time pulse width subtraction

2.2.3 Time Multiplication

The time multiplication is defined as expansion of time domain signal pulse width with a

constant scaling factor. Figure.2.3 shows Time expanded signal by a factor K.
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—>
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Figure 2.4. Time domain Multiplication

2.3 Voltage to Time Conversion

The voltage to time conversion is accomplished by converting analog input signal into its
equivalent time variable. To achieve this conversion voltage controlled delay unit (VCDU)
[12] is used. The delay obtained at the output of time signal is proportional to the input
voltage as shown in figure 2.5(a). A VCDU has two inputs; an input time signal @i, and a
control voltage Vin as shown in figure 2.5(b). The linear relationship between the voltage

v(t) and time (t) is given by the expression

L dv()
I(=C== (2.1)

where C 1s the capacitance, I(t) is current. By rearranging equation (2.1), the time variable

1s obtained as

C
dt —mdv(t) 2.2)

Hence from equation (2.2) it can be concluded that time variable delay could be

implemented by either current controlled or voltage controlled techniques.



Delayed Input
A
ET:_:: r = GaVc —
Qout H - _|_|_
E On Pout
(Pin :

] |

T4 T2 Time

(a) (b)

Figure 2.5. (a) VCDU signal representation (b) Symbol for VCDU [12]

In voltage controlled VCDU technique a constant current is forced through a
capacitor to generate the required delay. The direct voltage control VCDU offer higher
linearity and higher gain factor Go for voltage to time conversion [14] [15]. For
implementation of current controlled VCDU, the most common practice is to use current
starved inverter. The current starved inverter offers lower power consumption than voltage
controlled VCDU [15]. Figure 2.6. shows VCDU implementation strategy using voltage
controlled VCDU. The direct VCDU delay is generated by forcing the capacitor to charge
using a constant source Iin. Initially there is no charge at capacitor when a low @i, is applied.
When a rising edge of input signal ¢in passes the capacitor, it begins to charge and the
output at the voltage comparator changes from logic ‘0’ to logic ‘1°. Once the voltage on
capacitor is equivalent to voltage vin, the time difference variable is calculated. The time
difference variable is considered as difference between the comparator switching times.

The delay obtained can be described by the equation (2.3) as [14]

10



r =Sy _gp (2.3)

delay :I_ in ¢ in
in

where Gy is the voltage to time conversion factor.

The current controlled VCDU could be implemented using a current starved
inverter VCDU shown in figure 2.7. When a falling edge arrives at input signal @in, the
capacitor is charged to Vpp and the output at the @out is zero. On the rising edge of signal
¢in the capacitor starts discharging. The rate of discharging of capacitor depends on voltage
vin Which acts like a control voltage. The design implementation strategy for VCDU
depends upon its target application. For a low power and area efficient VCDU design
current starved inverter offers greater advantages, while the direct controlled VCDU offers

better linearity [14].

| comparator Pout

(pin

I

" —

Figure 2.6. Principle of Direct voltage controlled VCDU"
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VinAl f

Figure 2.7. Schematic for Current Controlled VCDU [16]

2.4 Time to Digital Converters (TDC)

The basic function of a TDC is to convert the time signal into its digital representation.
Conventionally a TDC conversion was achieved by converting time signal into analog/
voltage domain and then digitizing the voltage signal with the help of ADC (Analog to
Digital Converters). The conventional TDC suffered from low resolution as maximum
resolution of ADC is limited due to large measurement intervals. Since these architectures
did not exploit the benefits of time domain signal processing. Hence only fully digital

techniques are discussed in this section.

2.4.1. Counter Based TDC

The most simplest TDC counts the number of time pulses and converts them into digital

signal with help of only a counter as shown in figure 2.8(a). Figure 2.8(b) shows the time

12



interval AT being measured. The @stware and @siop defines the rising edges between which the
time interval AT. To quantize AT a reference signal @rr is inserted between the time

measurement and the number of rising edges between the given time interval are counted

by counter.
AT
£ >
|
|
q:' start l—
|
|
D start EN P stop i
@ stop Disable Counter | |
o o - L LU LU L
" I
[ ||
AT1 AT2
(a) (b)

Figure 2.8. counter based TDC (a) schematic (b) timing diagram

The dynamic range for such TDC is bounded by the size of counter. AT; and AT>
denotes the quantization errors resulted due to mismatch between the rising edges of Qstart
and @sop. The accuracy of this architecture could be increased by using higher frequency
reference signal. However, this higher frequency would result in higher power

consumption.

2.4.2. Delay Line Based TDC

In order to reduce quantization error without comprising speed or adding additional circuit,

delay line TDC offers an optimum solution. Figure 2.9 shows implementation for a basic

13



delay line TDC. Each delay cell has delay of 14. The @start signal ripples along the delay line
to form delayed versions of @start. The output of delay line is connected with flip flop which
is enabled with a @sop signal. The delay cells freeze the state of delayed @start signal when a
high @stop signal is present as shown in figure 2.10, based on this a thermometric code is
generated. For every @siwart signal passing through delay cell the thermometric code would
be high and all unpassed delay cells will have a low value. The high-low transitions indicate
the time interval of measurement. The resolution of delay line TDC depends upon delay of
individual delay cell. Hence, the performance of delay line TDC scales better with
technology [17]. Delay line TDC suffers from drawback when the delay line becomes very
large. Due to large number of delay stages the mismatch between the delay cells give rise

to errors and wrong thermometric codes.

stat {5 fo> [ oreo D—L

FF FF FF FF FF
>

Stop

Qo Q Q, Qn-1 Qn

Figure 2.9. Implementation of Delay Line TDC
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Figure 2.10. Principle of Delay Line based TDC [18]

2.4.3. Vernier Delay Line TDC

To overcome the limited resolution of TDC which in turn is dependent on technology a
high resolution could be achieved by using Vernier delay line TDC. In Vernier delay line
TDC, two delay chains are used [18] as shown in figure 2.11. The @sr signal is fed to
upper delay lines while @stop 1s fed to lower delay lines. The @stare delay line is slightly larger
than the @swop delay line which means a1 > 142. As the signals pass the delay cells the
difference between the @sarc and @siop reduces. When both the signals come in phase and the
difference between them becomes very small, the time to digital conversion is completed.
The digitized output is given by the flip flops. The TDC resolution depends upon the time

difference of two gate delay cells and becomes independent technology i.e. TrsB = Tai- Ta2

15



[18]. For any given time input Tin, the number of stages of delay cells required could be

calculated as

AT

Ta—Tan

N= 2.4)

Hence the range of Vernier TDC has upper limit equivalent to length of delay line while
the lower limit is equivalent to sub gated resolution i.e. Tqi- T42. The resolution of Vernier
TDC became very small but on the other hand, hardware cost increased due to longer delay
lines. This increase hardware complexity also resulted in increased power consumption.
Another issue faced by Vernier TDC is its dependency of latency on time interval to be

measured [18].

N [ D T B

FF FF FF FF FF
> > > > >
Stop @ | % | i l_ o
Qo Q Q; Qn-1 Qn

Figure 2.11. Implementation of Vernier Delay Line TDC

2.4.4. Pulse Shrinking TDC

Pulse shrinking TDC also exploits the benefit of sub gate delay resolution. The concept
behind the approach is to form a pulse width with the rising edge of start signal and falling
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edge of stop signal [18]. The pulse width formed would define the time interval to be
measured. To avoid using large delay line, a cyclic pulse shrinking TDC is preferred a
shown in figure 2.12. In this implementation, the delay of gates is 141 and t42, due to which
input pulse undergoes different rising and falling times at the interface of gates [19]. A
counter at end of cyclic gates count the number of times the pulse loops. When the pulse
width diminishes the time to digital conversion is completed and a digitized representation
of input time signal is present at the output of the counter. One of key advantages of cyclic
pulse shrinking is large dynamic range which is limited only by the counter. But the
implementation suffers from dependence of conversion time and latency on time interval
to be measured. Another drawback of pulse shrinking TDC is effect of temperature

variation on delay cells [4].

Reduced Pulse

B e I S S N

Reset Vi, &——Delay Line———>  Vou

Figure 2.12. Pulse shrinking TDC [19]

2.5. Digital to Time Converter

Digital to Time Converter (DTC) converts an input digital signal to its time proportional

signal. This time signal converted represents the digital signal with its pulse width. The
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most basic conversion of digital signal into time domain could be achieved by using Digital
Locked loop (DLL) as shown in figure 2.13. The function of DLL is to generate phase
relationship between two signals and then control the delay chains with the extracted signal.
In figure 2.13 VCDU’s generate delayed version of input clock signal while the phase
detector extracts relationship between the delayed signal and input signal. The VCDU is
controlled by a negative feedback loop generated from phase detector. Once delayed
versions of input signal are generated a 3-bit multiplexer is used to select any one of the
delayed signals based on digital code. The following subsection would explain some
methods of digital to Time conversion. This circuit offers high DTC conversion resolution

because of negative feedback loop.

2.5.1. DLL Based DTC

Clock Filter

vCou Control Violtage

Dy D D D- Dy D: D o:
S AR A S A S N
gf — Multiplexer
by
DTC Output

Figure 2.13.DLL based TDC Implementation [12]
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The conversion of digital to time signal takes place by manipulating the VCDU’s
(Voltage controlled delay unit) in order to obtain a required phase relationship. The DLL
is formed by a chain of delay cells (VCDU’s), phase detectors and a filter. The phase
detector compares the delayed signal with input clock signal and a phase difference is

extracted a shown in the figure 2.13.
2.6. Time Amplifier

Time amplification is the process of scaling time variable with constant gain or scaling
factor. Time amplifier plays a vital role in expanding narrow pulses for accurate time to

digital conversion. Some of the implementations for Time amplifier are discussed below

2.6.1. Time Amplifier Based on SR latch

A SR flip flop based time difference amplifier is based on the principle of meta-stability.
Metastability in SR flip flop takes place when the difference between the both inputs
violates the minimum set up time violations. In metastability state the output voltage of flip
flop remain in between the high (“logic 1) and low values (“logic 0”). Hence the output
voltage becomes unpredictable. Based on this principle M.Ahmadi et. al reported a mutual
exclusive (MUTEX) circuit as shown in figure 2.15. [20]. The transistors connected with
the bi-stable circuit switch only when the difference in voltage nodes E1 and E2 reach a
certain threshold value. An OR gate is used to detect the switching of transistors. Time
amplification takes place when the difference between the input signal @in, sig and Qin, ref 1S

very small and causes the bi-stable circuit to get into metastability.

19



m1n.5|‘:|

-

mc-m.:-lu i T Drnsi o

— v o iy

Lij
— Ourw | Doty |

D e E2

l 3 !

Figure 2.14. MUTEX

The transistors connected to OR gate form an open loop feedback circuit and hence
increases the voltage difference between the nodes E1 and E2. The equation for

amplification is given as

— M =G=—" (2.5)

Where Toffset 1s the time offset of MUTEX circuit which could also be increased or
decreased by changing the size transistors of NAND gate. ATi, is the input time difference
variable while ATou 1s amplified time difference variable and t is time constant for the

circuit.

The advantage of this circuit is the ability to amplify a very narrow time difference but, on
the other hand this circuit faces the challenge to vary time offset by changing transistor size
because of rapid technology scaling. Another disadvantage of this circuit is sensitivity to
PVT variations and very small input dynamic range. To improve these drawbacks input

range of time difference amplifier delay unit with delay t is inserted to generate delay. This
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delay can generate time offset which is either positive or negative. A large gain could be

achieved by keeping the value of T minimum. The delay 1 suffers from effects of PVT

variation.
nsa | —- L
PO
= Ter !

Figure 2.15. Mutex Time amplifier with enhance input range [21]

2.6.2. DLL Based Time Amplifier

A closed time mode amplifier which is based on DLL is proposed by rashidzadeh et.al in
figure 2.17. This time mode amplifier architecture minimizes the effect of PVT on delay
[22]. The two delay lines with N stages are fed with inputs of equal clock period. The delay
of individual delay cell is different in both delay lines. The DLL adjusts the phase of input

signal at point A and B in way so that

2T 2rt
. = ¢i»12 + 2

2 d (2.6)

¢inl +
Rearranging Eq.(2.6)
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Figure 2.16. DLL based Time Amplifier [22]

The accuracy of this architecture is effected by the mismatch of the delay stages. For a

small @in1 - Qin2 , the resulted could be erroneous.

2.6.3. Dual Slope Time Amplifier

A schematic for 2X time amplifier is presented in figure.2.18. The nodes A and B in the
circuit are pre-charged to VDD before arrival of any input at ¢, and @» . When a high input

arrives at @a, the node A starts discharging through transistor M1 while the rest of circuit
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remains undisturbed. When a high input arrives at ¢p the node B starts discharging via
transistor M4. The transistors M2 and M3 form dependent path for discharging node A and
node B. The strength of discharging path is determined by counterpart node [23]. To
achieve higher gain, multiples blocks of cascaded 2X time amplifier could be placed. This

circuit offers high linearity but has a drawback in terms of gain precision of the circuit.

Pouta

Figure 2.17.2X Time amplifier based on principle of Dual Slope [23]

2.7. Summary on TMSP

This Chapter focused on understanding basics of TMSP and some of the building blocks
for TMSP. Some of the design techniques for voltage to time conversion VTC, DTC, TDC
and time amplifier, are explained why some implementations are better. The concept of

DTC, TDC would help to understand the complete implementation in chapter 4.
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CHAPTER 3: PRIOR WORK

In this chapter, previous work on Time Domain multiplication is reviewed. Since time is
not a physical quantity, initial implementation of TMSP building blocks involved
processing of time signal in analog domain. The use of analog blocks diminishes the
advantage of digital signal in time domain. Hence in this chapter a fully digital multiplier

1s reviewed.

3.1 Multiplication by 2

The principle behind multiplication is based on addition of delayed signal with original

signal. The basic building blocks of the circuits are discussed in following subsections

3.1.1. Switched Delay Unit

The direct voltage controlled unit is used to generate controlled delay in TMSP circuits as
discussed in chapter 2. The principle behind the switched delay unit (SDU) is governed by
discharging time for capacitor which is controlled by a switch. Figure3.1 (a) shows a typical
SDU unit where the My transistor controls the discharging of capacitor, while transistors
Mi. M; and M3 form the VCDU unit. To comprehend the concept of SDU, capacitor C is
assumed to be pre-charged to VDD and the switch SW is high. When a rising edge of ¢in
signal at instant tin1 is present at the input, the transistor Mz will be on and M will be off,
hence the capacitor will start to discharge through transistor M2 and Ms. Hence the output
of inverter at instant toursr would change from low to high. The delay between the rising

edges of input signal @in and @out is equivalent to
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Figure 3.1. Switched Delay Unit (a) Schematic (b) Timing Waveform [11]

Cx(Vyp=V,.)
Topy = DDI = (3.1)

Where I is the current controlled by transistor M4 for discharging capacitor while Vi iny is

the threshold voltage for the inverter at the output. The capacitor would start charging again
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when the input @in goes low. On the arrival of next rising edge of @i at instant tin, the
capacitor will start discharging again. But if the transistor M4 is turned off, before the
output transitions takes places then the capacitor would not be able discharge hence a
residual charge will remain constant on the capacitor. But if the transistor M4 is switched
on the capacitor will discharge again at time instant tin2, and output of inverter would go
high as shown in figure 3.2(b). The extended input and output delay relationship is given

as

Ly ~ b = Ty + AT, (3.2)

Where Tspu is delay of SDU unit and ATsw is the time for which input signal at transistor

My is low.

3.1.2. TLatch Memory Cell

A time memory cell Tlatch is used to store the state of SDU when the capacitor stops
discharging when signal SW goes low. A Tlatch is analogous with typical memory cells
with read, write and idle cycles. Figure 3.2. explains the working principle of Tlatch.
During the write phase, two signals Qin, sigand @in, ref pass through delay cells. When the input
signal has rising edges, the propagation delay of delay cells is set indefinitely until the read
cycle of Tlatch is initiated. When this state of indefinite propagation delay is set, the Tlatch
is said to be in idle state. During the read cycle, the delay cells are set to their original value
and input signal can be read at the output. The Tlatch could be realized using two SDU’s

and combinational circuits.
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The implementation for Tlatch is shown in figure 3.3. To store the time variable

signal, W is set to logic “0” while the read signal R is set to logic “1”. Before applying

input signal, the SDU is pre-charged to VDD 1.e. both SW; and SW> are high.

Al

min,sig

q>imref

SW,

SW,

VB!SDU1

VB;SDUZ

mout,sig

q><>ut sref

Read cycle
Idle cycle d——p
Write cycle —4—P»
ATout
AT'En —

|

:

i

TSDU = ATin
|

E

~
r

Figure 3.2 Timing Waveform for Tlatch [15]

When a rising edges is detected at @i, sig the SDU; starts discharging while the SDU»

doesn’t change because no input is applied at second input. When the second input is

applied @i, rer, both SW1 and SW> become low hence the SDU; and SDU; will hold the
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charge on capacitor indefinitely. The Tlatch is said to be in storage mode and will the store

time difference between the rising edges of two input signals @in, sig and Qin, ref as

AT =t t (3.3)

in "~ ingef  Vin,sig

Where tin, ref and tin, sig represent the rising times of input signal.

i sig .
DOoutsSi
SDU w59
SW,
Buffer
r -
SDU Qouhref

=)
Qimre_f
w

2ol

Figure 3.3 Circuit for Tlatch Implementation [15]

When a W is changed to logic 1, the Tlatch goes into idle state. In idle state, when an input
is applied the output will have no effect. To read the Tlatch signal at output W is set at
logic “1” while R is changed to logic “0”. With this change, the SDU; and SDU become
high and the capacitor would start discharging again until it falls below the threshold
voltage of inverter V w,inv the output of Tlatch changes. By applying falling edge of signal

R at time instant tg, the rising edges of output occurs as

t

out,sig —

tR + T:?DU - M?n (3.5)
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tout,ref = tR + TSDU (3 6)

The output is obtained by subtracting eq. (3.6) and eq.(3.5) as

AT =t t .. =AT (3.7

out — Loutref ~ ‘outsig

Hence the output could be obtained with read cycle. The maximum input to the Tlatch is
bounded by the Tspu. For inputs, greater than Tspu, the capacitor would completely
discharge before arrival of second input rising edge. Hence the time variable stored would

that would be stored would be equal to Tspu.

3.1.3. Time Addition using Tlatch

In order to synchronize the input rising edges with each other a modified Tlatch is shown
in figure 3.4. In figure 3.4 it can be seen a read signal with two different rising edges tr sig

and tr rer. in order to obtain signal as

AY}? = TR,ref _T;?,sig (38)

Combining and Rewriting eq. 3.5 and eq 3.6 with eq.3.8, the output time difference

becomes

AT, =AT, +AT, (3.9)

out
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Figure 3.4. Modified Tlatch Implementation [24]

Hence the output is summation of two independent time differences. The two signal ATini

and ATin can be added as shown in fig. 3.5.
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Figure 3.5. Waveform for modified Tlatch [15]
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Figure 3.6. Time mode 2X multiplier circuit [11]

Multiplication by a factor of 2 is performed by adding the same signal to itself. Figure 3.6
shows TM multiplier. The time signal is stored with Tlatch1 and then added with the second

storing element Tlatch 2.

3.2. Simulation Results

The simulation for Multiplication by 2 is carried in 65nm technology with 1.2 V supply
voltage. The input to circuit is ranged between 50ps to 1200ps. Fig.3.7 shows the error
percentage obtained by using Tlatch as storage element as well as Tlatch as multiplication
by 2. It can be observed that the error increases linearly as the input signal is increased.
The maximum error for the circuit is 8ps at 1200ps. The power dissipation for the circuit

is 1.2mW.
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Figure 3.8. Multiply by 2 circuit output error

3.3 Summary on TMSP

This Chapter focused on existing architecture for multiplication in time domain. The
detailed sub blocks along with timing waveforms are explained. The simulation for the
multiplier is carried on 65nm technology and the maximum error is calculated. The results

obtained would help to compare the results with proposed TDM architecture.
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CHAPTER 4: PRINCIPLE OF TIME DOMAIN
MULTIPLICATION

4.1. Introduction

The proposed architecture of time domain multiplier (TDM) is shown in figure 4.1. This

architecture multiplies two pulse modulated signals in time domain

TrsAT1#T¢ )
1 Tr Time Adder

rigger Trigger _:
YW\ Sown o
T,— GRO UpCountel—i Counter I—I_Tngg-réF‘e Register

Figure 4.1. Proposed TDM Architecture

The principle behind the multiplication is a repeated addition. Whenever we need to
multiply we add same number repeatedly. Hence, multiplication is a repeated addition of a
number. The same concept of multiplication is extended to TDM, where input T; is
multiplicand and number of times this multiplicand T; will be added is decided by the time
signal T». The time signal T; is added using time Adder along with a feedback signal T
During the first rising edge of input signal T, there would not be any feedback signal Tr.

Hence, Tr would only be present at the output of time adder after the first rising edge of
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signal T has passed the time adder. With no second input to time adder, the circuit will
work as Time register and at the output Tris produced. This signal is temporarily stored in
time register. This time register will store the time signal until there is feedback signal.
This feedback signal is generated based on the Time input T>. The number of times there
will be a feedback from output to input would depend on width of this Time signal. To
count the pulse width of T2, a GRO is used. The GRO would only oscillate during the
duration of T signal The frequency of GRO, plays a crucial part and would decide the
number of times a GRO would oscillate during the width of signal T,. The number of
oscillations occurring within the pulse width of time signal T> is counted with the help of
an up-counter. The GRO oscillates only during the input signal and freezes its state in
absence of signal T,. The up-counter would count oscillations using edges scanned during
this period. Since the speed of oscillation would be very fast in comparison to the other
half of circuit, another counter i.e., down-counter is used to count the down-count at a
slower clock rates. The number of clocks required to down-count are then fed into the time
register. The time register would give output signal on inserting this signal counter as
trigger signal. The signal generated is extracted and fed back into time adder along with

signal T and the same process is again repeated.

The following subsection will outline the key component of Time mode multiplier
(TDM) which is time register, followed by detailed explanation of each blocks such as

GRO, feedback circuit.

4.2. Time Register

The Time register forms the basic core of the entire TDM circuit. The purpose of time

register is to store time information temporarily and retrieve it back whenever desired.
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Figure 4.2 shows basic concept behind a time register. The input signal, Tin is the signal to

be stored, while trigger is used to generate the stored input at the output. To understand the

concept, time register could be considered analogous with a water tank. When Ti, is given

as input it will fill up the water tank with size of its pulse width and whenever trigger signal

is inserted it will again the fill up the water tank. When this tank has been completed filling,

Trun signal comes out of Time register. If the storing capacity of the water tank is Tx, the

output is obtained as difference between T and Tirigger

Tin
—>
Trigger
EN g8 |
SETJ |
Phase A
Trs
L]
L] /
Held 1>~
L]
21 7
1tq
0 >
Trigger < > Full

Tout = Tys- Tj,

Figure 4.2. Time Register Concept [24]

—

Time Register

Tes-(To+Ty)
2

i

igger

-

Trigger

Time Register

Figure 4.3. Implementation of Time Adder [24]

T out

T qut=Tat+ Ty

To obtain the true output, a complementary time register should be added at the output to

obtain Trs - (Trs -Tin) = Tin [25]. Similar concept of time register can be extended to add
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two-time domain signals. Figure 4.3. shows when two time signals Ta and Ty, are applied
at the input of Time register in a sequence, they fill up the time register with pulse widths
Ta and Ty. These pulse widths will be held until a trigger signal is applied to obtain them.
Therefore, the output of a signal Time register would be Trs — (Ta + Tb). To obtain the true

result of addition another Time registered is needed to be cascaded.

After adding another Time Register the output of the Time adder would be Tgs - (Tks -

(Tat+ To) = Ta +Tp [25].
4.2.1. Circuit Implementation

The physical implementation of Time Register can be done using gated delay cells with an
OR Gate. In gated delay line (GDL) cells the propagation of input signal SET is controlled
by the Enable signal (EN) as shown in figure 4.4. Which means the input SET signal will
able to transfer from one delay cell to another only when the EN signal is high. Whenever
EN will be low, no signal at input will be able to propagate through it. The total storing
capacity Trn of a Time Register is determined by number of delay cells and delay
corresponding to each delay cell. If the total number of delay cells are N and 14 is the delay

generated by each cell then the full scale of time register would be N x 14 .

IN =] \ _EN

o I\L !\L
SET D I'[d/ I/Ti/ T4 o o Ful 1

Figure 4.4. Time Register Circuit level implementation using Delay cells
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The operation of Time register can be understood in detail with figure 4.4. Either IN and
trigger signal could cause the EN signal to be high. Initially SET signal is high, then an IN
signal is inserted which makes the EN high and SET signal propagates through the delay
cells. When Trigger signal is applied, it again initiates propagation of SET signal. When
this signal reaches end of GDL, a full signal is received at the output. After the time signal

is retrieved, the SET signal goes low to clear out the time register.

4.3 Feedback Circuit

The feedback circuit forms the trivial part of TDM circuit, as it controls the number of
times the multiplication will take place. Feedback circuit has major blocks such as GRO
(Gated Ring Oscillator), up counter and down counter. Figure 4.5. shows basic
implementation of GRO. The term Gated means that transitions would take place in the
period when the ENB signal is high and the current state of the oscillator will freeze
whenever this signal goes low. The inverters form the basic core of a GRO the GRO
behaves as a traditional ring oscillator when the ENB is high and will have frequency

equivalent to

- @.1)

2.n.,

Where f'is frequency of GRO, n is number of stages of delay cells and tsis delay associated

with each delay cell.

When the ENB is signal is low, the capacitor will not be able to discharge hence the

oscillator state freezes [26]. Eq 4.1 shows the output frequency is dependent only on
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number of stages of oscillator and the total delay ts generated by the delay cells and the
capacitors. Hence GRO has a crucial role in calculating the number of transitions in a
period. If frequency of GRO is F GHz and Ti, is the time in ps then the number of transitions

can be calculated as

1
Transitions = (4-2>
F .T.

1243

Therefore, an ENB signal with pulse width of 200ps and oscillator frequency of 1 GHz

will have 5 transitions in a given period.

ENB

ENB

. Figure 4.5. Implementation of Gated Ring Oscillator

The number of transitions calculated by GRO are then counted by the up counter. Figure
4.6. shows the implementation of a counter using digital gates. Once up counter, counts the

number of pulses in a period, down counter is used again to down count those pulses, but
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with a different clock frequency, so that added time signal and feedback signal have same

frequency. Signal T» is connected with ENB of the GRO.

Qo Q Q Qs

VDD
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V-
—T—
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VA=

Figure 4.6. Implementation of up counter

The counter serves the purpose of counting oscillations during the time the GRO is enabled
with signal T2. This pulse count controls the number of time the output signal should be
feedback as input to the time adder as shown in figure 4.1. Figure 4.6 shows a typical 4-bit
counter which would count up to 2 *°! states. Figure 4.7. shows the implementation of
circuit for counting the pulses from GRO the time input signal T2 goes through GRO where

the GRO oscillates only during the time interval To.

In order to synchronize this count signal with the signal coming from the adder,
another counter which is down counter is used. The down counter is preset with count from
up counter at a clock speed which is much slower than of the up counter by /25 Hz. The
number of count from clock signal is extracted from down counter with help of
combinational logic. The count obtained from down counter is stored in the Time Register

until there is a Trigger signal available from addition as shown in figure 4.7. The added

39



signal passes through this Time Register which acts as switch which is only enabled when

there is Trigger signal present.

| v

Up-counter

| Count

Preset

Clock |
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Figure 4.7. Complete feedback circuit with preset down counter
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CHAPTER 5: SIMULATION RESULTS AND ANALYSIS

In Chapter 4 a detailed implementation for TDM is proposed along with its sub blocks.
This Chapter would focus simulation results based on those designs. To comprehend the
accurate reliability of the circuit a set of simulations and analysis are formed. Linearity and
error calculation for TDM inputs for 1X, 2X and 3 X multiplication will be shown in this
chapters. The following sections would detail analysis and simulation of some sub blocks

of TDM followed by TDM simulation in 65nm process technology.

5.1 GRO Schematic and Simulation

The core purpose of GRO is to count the number of input time pulses. The time input signal
range is from 200ps to 1.6ns. In table 4.1, digital input mapped into time input is shown.
The time pulse is less than 200ps is not considered to avoid narrow pulse at the output. The
count of GRO will control the feedback as discussed, previously. Since the feedback will
loop n-1 times, the maximum number of GRO transitions possible is 6. For instance, when
a Time pulse of 610ps is present at the input, the maximum number of times the GRO will
oscillate would be 2. The design of The GRO is based on 3 stage inverters, as shown in
figure 5.1. the dimension for the GRO is shown in table 4.2 along with the capacitor value.

The simulation for 610ps pulse is also shown in figure 5.2.
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Table 5.1 Mapped digital Input into time signal and number of GRO transistions/oscillations

Digital Input | Mapped Time Signal | Transitions of GRO
00000 Ops-200ps 0
00001 200ps-400ps 0
00010 400ps-600ps 1
00011 600ps-800ps 2
00100 800ps-1000ps 3
00101 1000ps-1200ps 4
00110 1200ps-1400ps 5
00111 1400ps-1600ps 6
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Figure 5.1 GRO schematic
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Figure 5.2 shows GRO oscillations for a input time period of 610 ps. It can also be

observed when the there is no input time signal, the GRO will not oscillate. The

Table 5.2 Specifications for GRO design

Component Value
M1, M2,M5M6,M9.M10 | 600n/60n
M3,M4,M7,M8M11,M12 | 200n/60n
VDD 1.2V
VSS -1.2V

frequency of GRO is set according to table 5.1.
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Figure 5.2 Input and Output simulations results for GRO with Tin=610ps
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5.2 Time Register

The core of Time Register is a delay cell. The delay generated from a single delay cell is
approximately 198ps. To produce larger delay the time delay cells are cascaded in series.
The total length of delay cell would depend upon the maximum time period to be stored.
For instance, to muliply 300ps time pulse 3 times, the storing capacity of time register

should be greater than 900ps.
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Figure 5.3. Time delay cell for Time Register

Table 5.3. Specifications of time delay cell

Component Value
M1,M5 600n/60n
M2 5.4p/0.5n
M4,M8 200n/60n
M6 6p/0.6n
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Component Value
M7 2u/0.6pn
M3 1.2p1/0.36p
C 447t F
VDD 1.2V

5.3. Result Analysis

The input to time domain Multiplier T1 and T2 ranges between 200ps to 1.6n with a supply
voltage of 1.2V. The Figure. 5.4 shows linear relationship between input and output time
signal. For all 1X, 2X and 3X multiplied time signal the output is linear. The result of

multiplication along with time to digital mapping is shown in Table 5.4.

=1 — X —3X
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Figure 5.4. Linear relationship between input Time and Multiplied Time output

The maximum error for the 1X multiplication is -1.4ps, while for 2X multiplication is -5ps

and 3X multiplications is 11ps as shown in figure 5.5. The error at the output, which is
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difference between the expected output and simulated output is result of undesirable phase
shift between the gated delay cells. This error is further increased for the 2X and 3X
multiplication since the time signal has to repeatedly pass through each of these time
registers in a loop. The techniques to reduce this error has been presented in Chapter 6. The

Power dissipation for the circuit is measured to be 19.8mW.
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Figure 5.5. Output error in ps

The result of the work is compared with the previous work discussed in Chapter 3. Both
the circuits are simulated with similar technology. It was found the maximum error
occurred with the proposed TDM architecture with two times multiplication was 3ps less
than of previous work. The only disadvantage of proposed circuit is the large power
dissipation which is resulted due to longer delay chains connected. Table 5.5 highlights the

comparison between both proposed and previous work.
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Mapped

Time
Input
[ps]

200
300
400
500
600
700
800
900
1000
—T00 ]
1200
1300
—a00 ]
1500
1600

Table 5.4. Multiplied Output with mapped Digital Input and output

Mapped 2x Mapped 3x Mapped 1x 2x 3x
Digital | Multiplied | Digital | Multiplied | Digital | output | output | output
Output Output Output Output QOutput | error | error | error

[ps] [ps] [ps] | [ps] [ps]
00001 402.36 00010 605.8 00011 0.7 2.36 5.8
00001 603.9 00011 908.4 00100 -0.2 3.9 8.4
00010 804.6 00100 1211 00110 0.8 4.6 11
00010 1001 00101 1504 00111 -1.4 1 4
00011 1202 0o110 1798 01000 0.6 2 -2
00011 1403 00111 2103 01001 0.2 3 3
00100 1609 01000 2410 01010 3 9 10
00100 1802 01001 2691 01011 -0.1 2 -9
00101 2002 01010 2998 01100 -0.2 2 -2
00101 2201 01011 3299 01101 0 1 -1
00110 2399 01100 3594 01110 -1 -1 -6
00110 2601 01101 3899 01111 0 1 -1
00111 2800 01110 4197 10000 -1 0 -3
00111 3000 01111 4499 10001 -1 0 -1
00111 3196 10000 4795 10010 -1 -4 -5
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Table 5.5. Comparison of present work with 2X multiplication

Multiplier Supply | Principle | Technology | Maximum Power
Architecture voltage Error% Consumption
Prior Work [ 24] | 1.2V Addition | 65nm 8ps@]1.2n 1.2mW

This work 1.2V Addition | 65nm Sps@400ps 19.8mW

The prior work proposed by M.Abdelfattah et.al. [24] has been simulated at 130nm

technology originally with input between -100ns to 100ns. In the table 5.5 for comparing

the prior work with proposed TDM work, ref. [24] was simulated at 65nm technology. The

simulated prior work showed increase in error with increase in input time signal which is

in conformance with the results obtained by ref. [24].
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CHAPTER 6: DISCUSSION

The work outlined in this thesis describes a novel architecture for time domain

multiplication. The following conclusion are drawn from this research:

1. A non- zero, time Domain multiplication based on principle of addition is viable
to be implemented to perform TMSP operations.

2. For successful implementation of TDM, the time resolution associated with single
delay cell should be same for all Time adder and time Register blocks since
different delay among Time circuits could result in inaccurate output due to
different full scale values.

3. The error percentage of TDM is comparatively less than 2X multiplier [24]. The
TDM has error of Sps at 1.2 V while the maximum error of 2x multiplier is 8ps at
1.2ns. The circuit has maximum error of 11ps at 3X multiplication.

4. The circuit has high power dissipation of 19.8mW since delay cells are cascaded in
series to obtain lengthy delay. Each of time delay cell is designed with a time
resolution of 198ps.

5. The complexity of the circuit could be enhanced by increasing the size of Time
registers. But with the increase in size of time registers would also result larger
error at output due to gate leakage.

6. For 4X multiplication, the estimated increase in power consumption would be
approximately 1 mW, since each delay cell consumes 30pWof power. Additional
delay cells required to accommodate 4X multiplication for same input range will

increase by 32.
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6.1 Future Research

6.1.1. Power Reduction

The circuit has optimal power dissipation of 19.8mW due to long chain of delay lines. The
power of the circuit could be reduced by decreasing power of each delay cell. One of the
techniques to reduce to power is using subthreshold design. The subthreshold region of
operation of inverter is when the gate source voltage of transistor is less than threshold
voltage of transistors. To ensure complete subthreshold operation the supply voltage of
circuit is less than threshold voltage of transistors. Since, power consumption depends upon

supply voltage reducing it will result in circuit with lower power consumption.

6.1.2. Error Reduction

The error obtained in TDM calculations are result of undesired phase shift between the
delay cells which occurs when the enable signal for the delay cells is shifted between low
and high. As explained in Chapter 4, the delay cell will propagate input signal when the
enable is high. When this enable signal goes low, the change will redistribute itself to
equipotential conduction across transistor [27] upon enabling the charge distribution is not
same and hence the delay cell will not have same charge it originally had. This error is
known as skew error. To reduce the skew error in the circuit a skewed gated delay cell is

shown in fig. 6.1
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Figure 6.1. Multipath Gated skew technique [25]

The skewed gated delay cell reduces the overall skew error by averaging error from all

delay cells.

6.1.3. Application in time domain filtering

The TDM block could be potentially used to implement filter for TMSP. Figure 6.2. shows
the implementation for time domain IIR filter using TDM. A filter usually comprises of

adders, delay cells and multiplier the IIR transfer function

y[n]=b,v(n)+by(n—-1)+b,v(n-2) 6.1)

Where

vn]=x(n)—ayv(n—-1)—a,v(n-2) (6.2)
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Figure 6.2. TDM application in Filtering

Some of other potential applications that could be realized using TDM are FIR filters and

performing FFT in time domain.
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