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Abstract - This paper analyzes the nonlinearity of Time-to-
Digital Converter (TDC) used in wireless bearing angle
measure system by using Integral Non-Linearity (INL) and
Differential Non-Linearity (DNL) specification. Nonlinearity
can be represented by the distance error, which indicates the
uncertainty of the angle and position in this system. We
investigate the distance error based on INL and cause of
nonlinearity from the viewpoint of layout. We compare pre and
post layout simulations of parasitic resistance in metal power
line, underlying important layout points. Jitter and mismatch
simulation are proposed for setting delay buffer size and TDC
time resolution. Wire bonding inductance simulation is also
considered for checking robust circuit operation. Verified TDC
is an 8bit with a 18ps resolution. The measured DNL and INL
were 0.8 LSB and -15 LSB. The simulated TDC is fabricated
through Samsung 65nm chip process.

Keywords—Angle sensor, Localization, TDoA, Time to
Digital Converter

I. INTRODUCTION

Location information is widely used in indoor office
space, public place, hospital and industries. Among various
methods for obtaining indoor location information, ultra-
wideband (UWB) technology is particularly popular [1,2].
UWB is a wireless communication method using unlicensed
ultra-wideband of 3-10GHz. It can be implemented with low
power and it is strong against multipath interferences
because impulse waveform exists only for a short time in
times series.

Fig.1 is a diagram of typical wireless system for bearing
angle measure between transmitter and receiver. The
receiver can be largely divided into two parts. One is the
analog front-end (AFE) stage that amplifies the received
small signal in Fig.2, and the other is the time-to-digital
converter (TDC) stage that detects the time difference
between two received signals START and STOP in Fig.4
[3.4].

At the analog front-end stage, the small waveform signal
transmitted from Tx is amplified and the edge of the
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waveform is extracted by the envelope detector. Finally,
comparator makes the arrival point of received signal into
one square wave pulse.

The time difference of the received pulse occurs between
two receivers Rx; and Rx,. TDC detects time difference and
outputs it as eight bits. the distance difference can be
achieved by multiplying the time difference (TD) by the
speed of light (c) in Fig.3 and interval of Rx1 and Rx2 is

already known. Therefore, the bearing angle(6) can be

obtained by inverse cosine as (1). Finally, the TX (target)
position can be determined by using intersection of several
bearing angle information [5].

TDC is a core circuit block in this bearing angle
measurement system. Since nonlinearity causes distortion in
the distance difference, high linearity TDC is required for
accurate bearing angle measurement.

Envelope

Detector Comparator

Amplifier

Fig.2. Analog front end receiver diagram
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Fig.3. Principle of bearing angle measurement
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1. EXPERIMENTS

A. Concept of Vernier TDC

TDC converts time difference into digital bits and consists
of a delay line and a thermometer to binary encoder as shown
in Fig.4.

Vernier delay line measures the distance using the delay
difference of the START and STOP delay buffer, thus
achieving a finer resolution than a structure using one delay
line known as flash TDC [6]. The delay difference between
START and STOP line is implemented by changing the
channel width, because the low to high (or high to low)
transition time of inverter is proportional to the capacitance
and is inversely proportional to VDD and channel width. The
larger the channel width is, the more current flows and the
faster delay can be realized.

The smaller the delay difference between START and
STOP buffer, the finer time resolution can be achieved.
However, the dynamic range is reduced. In other words, time
resolution and dynamic range are inversely related.

Thermometer to binary encoder converts the 256
thermometer codes into digital bits. Thermometer codes can
be obtained from the SR latch (arbiter, early-late detector),
and the SR latch is connected to each delay buffer to
determine which of the START and STOP signal has arrived
first.

B. TDC simulation

Fig.5 is the simulation result of the timing diagram in
Fig.4. The left side shows the simulation result where the
START and STOP signals pass each delay buffer, and the
right side shows the output of the corresponding SR latch.

At the first time, the START signal arrives before the
STOP signal. In 7th delay buffer, the START signal is caught
by the STOP signal. The SR latch output is 1 until the START
and STOP signals are reversed. The SR latch outputs of the
remaining delay buffers are all 0 after being caught. Just as
the thermometer increases from the beginning to a certain
temperature, the thermometer code increases from the
beginning until the START and STOP signals are reversed.

The delay of the START buffer is 32ps, and the delay of
the STOP buffer is 18ps. Therefore, the time resolution in
simulation result is 14ps. In simulation testbench, START
and STOP signals are put into the input with a 90ps time
difference. Since the decimal of thermometer code is 6, TDC
result estimate the START and STOP time difference to
84ps.

C. TDC measurement setting

Fig.6 shows TDC measurement setting. Data timing
generator generates START and STOP signals with certain
time difference and logic analyzer represents 8bit which is
the TDC output value. We synchronized the data timing
generator and logic analyzer and automated measure process
using Labview.
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Fig.5. TDC timing simulation (a) START and STOP signal,
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I1l. RESULTS AND DISCUSSIONS

A. Linearity of TDC

The linearity of the TDC has been measured in terms of
differential-non-linearity (DNL) and integral-non-linearity
(INL). DNL is an error of each step from its average value
(2), and INL is an error of the step position from its average
value (3). In Fig.7 the measured DNL is -0.38 to 0.8 LSB
and the INL is -15.3 t0 0.2 LSB. The measured DNL sharply
degrades after half the delay line.

measured delay—average dela,
DNL = Y g y 2)
average delay

INL = Y2235 DNL, 3)

In TDC with 18ps resolution, 1 LSB error causes a 5.4 mm
distance error, and -15 LSB error in INL finally results in 8
cm or more distance error.

B. TDC layout

Fig.8 shows the layout of the TDC, and it was confirmed
that the parasitic resistance of the power line was the cause
of the nonlinearity in Fig.7. We review several mistakes in
the power line layout and verify this by pre and post layout
simulation.

To reduce mismatch between transistors, which causes
nonlinearity, the following points should be noted during
layout [7]. Keep the channel width, number of fingers, and
the channel length of the transistor as equal as possible and
attach the delay line as closely as possible. If the delay line
spacing is wide, parasitic capacitance and resistance are
generated on the metal line interval between two delay
buffers. Since the transistors are affected by temperature and
other environmental changes such as noise, it is important to
reduce such variations between each transistor by placing
each delay buffer as tightly as possible. To densely attach the
transistors, sharing the source (or drain) of two transistors or
using the flatten function to remove unnecessary parts from

Fig.9 Asymmetry and non-uniform start and stop signal lines
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the built-in transistor can be considered. It is also possible to
arrange a dummy at the end of the delay line to suppress
mismatch due to asymmetry at the end of the transistor.

The time delay is more influenced by the capacitance than
by the resistance. Therefore, it is important to reduce the
capacitance component of the transistor and signal line. The
larger the number of transistor finger, the smaller the
resistance of the transistor gate. However, as the number of
transistor finger increases, the transistor area increases and
causes a larger capacitance. Therefore, the number of fingers
was two for the symmetry of the PMOS source, and the
channel width per unit finger is changed depend on START
or STOP line.

When the length of the metal line is constant and the width
of the metal line in the layout increase, resistance in metal
line decrease and the capacitance in metal line increase.
Therefore, for the signal line connecting each delay buffer,
the minimum metal width was used to reduce the effect of
the capacitance rather than the resistance. Since the
capacitance is inversely proportional to distance, using upper
metal layer can reduce capacitance near signal line.

The most important point in TDC layout is the symmetry
of the START and STOP delay lines. In Fig.9, START and
STOP signal lines applied to the SR latch have different
length and asymmetry. Timing offset can occur in different
signal length and asymmetry. This problem can be solved by
placing an SR latch between the START and STOP delay
buffer or placing SR latch line parallel to the each START
and STOP line side by side.

START, STOP, and SR latches were laid out in one delay
unit. If certain circuit blocks are repeated in layout such as
delay line, these repeated blocks can be bound to layout unit
and it gives greater efficiency when the repeated blocks are
modified.

VDD

Parasitic
Resistor

|
I
:l1l
L

= ouT

Parasitic -_
Resistor

Fig.10. RC delay caused by parasitic resistance
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C. Verification of Powerline Layout

Mistakes in the power line layout cause parasitic
resistance as shown in Fig.10. The parasitic resistance in the
power and ground of the inverter delay cell causes RC delay
with load cap during pull down or up state. RC delay makes
serious distortion in uniform time delay. The parasitic
resistance in the delay line is more problematic because the
small parasitic resistances accumulate along the delay line
and cause a greater adverse effect.

Fig.11 shows the failure examples of power line layout. In
(a), VDD and GND supplied from the pad are not applied
uniformly to the delay line but applied to only a specific
portion. Since the only one metal layer is used, parasitic
resistance can be induced. In (b), when the width of the metal
line is narrower than the metal length, a large parasitic
resistance occurs due to the sheet resistance.

The sheet resistance can be obtained by using the width
(W) and the length (L) of the metal line. In Fig.11 (b), the
length and width of the power line are 2000um and 2um
respectively, and it has 1,000 sheet resistance. There are
about 250 delay buffers in 8bit delay line, four sheet
resistances occur between each delay buffer. Considering the
one sheet resistance of the lowest metal layer, it can be
assumed that about 400mQ parasitic resistance occurs
between each delay buffer.

I Vernier Delay Line( 975'17 um

GND ) 2um

(b)

Fig.11. Layout failure in power line (a) Problems of using one metal
layer from pad and partially supplied power (b) problem of Narrow
power line width
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This can be simulated as shown in Fig.12 through the
schematic model, and the result is shown in Fig.13. The cross
function of Specter Calculator is used to extract the points
that intersect with a specific threshold voltage value on the
time axis and the time resolution, DNL and INL
characteristics of the TDC can be obtained. In pre-layout
simulation with parasitic resistance modeling, the DNL is -
0.2 to 0.28 LSB and the INL is -17.5 to 1.9 LSB. In post-
layout simulation, the DNL is -0.4 to 0.25 LSB and the INL
is -27 to 1.4 LSB. The nonlinearity tends to be sharply
decreased as the number of delay buffer increases. The
accumulation of parasitic resistances causes this nonlinearity
and shows a similar tendency when compared with the
measured values in Fig.7.

Parasitic resistance can be minimized by using an upper
metal layer which has small sheet resistance or by
overlapping several metal layers and supplying power at
both ends of the delay line which has the effect of making
the sheet resistance look parallel.

The power line should be configured in a branch structure
which provides a variety of ways for power, so that supplied
power can be evenly distributed over long delay line.
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Fig.12. Schematic model with parasitic resistance
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D. Wire-bonding inductance simulation

The following is a description of the simulation that
should be additionally verified for TDC design. We will
examine the wire bonding simulation if the chip is bonded
on a PCB board and the jitter simulation to determine the
resolution of the TDC.

For reliable TDC operation, bonding wire simulation on
the substrate can be considered as shown Fig.14. The
inductance of bonding, which occurs when a chip is mounted
on a PCB bhoard, is assumed to be approximately 1nH/mm
[8]. Voltage ringing occurs by bonding as shown in Fig.15,
which causes delay imbalance and damages TDC linearity.
The voltage ringing is proportional to the inductance and
current. Therefore, the rebound is much greater if a lot of
current flows like an amplifier stage with a large gain or
delay buffer with sudden transition.

The voltage ringing between VDD and GND can be
reduced by giving the same rebound through the on-chip
capacitor. In determining the capacitance of the on-chip
capacitor, enough capacitance is considered to prevent noise,
including ringing. However, an appropriate capacitance
should be checked to prevent resonance with bonding
inductance.

To reduce the inductance component, the GND pin uses
down bonding using the metal ground plane under the chip.
VDD and GND are placed side-by-side because the mutual
inductance component is canceled because the direction of
the current at the VDD and GND pads is opposite.
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E. Jitter and mismatch simulation

The causes of TDC nonlinearity are jitter and device
mismatch. This variation can be seen from a global and local
perspective. Global variations include process, supply
voltage, and temperature, affecting overall TDC operation
and producing offset or gain errors. Local variations include
mismatch of threshold voltage, transconductance, and drain
current, which leads to delay mismatch and directly affects
DNL. These variations must be considered when
determining the TDC time resolution, number of delays, and
transistor size of the delay buffer [9,10].

The longer the length of the delay line, the larger the jitter.
To guarantee integral error lower than 1 LSB error, the
cumulative jitter of the entire delay line should be lower than
the TDC time resolution. In other words, jitter limits the
resolution of the TDC and the number of bits representing
the TDC dynamic range.

Although there are many ways to measure jitter, the cycle-
cycle jitter shows the difference between the period of the
rising signal and previous period in Fig.16. Fig.17 shows the
result of cycle-cycle jitter simulation in 200 cycles. The jitter
of the 60th delay buffer is 1.7ps, and the 250th jitter is 3.5ps.
If we observe more cycles, jitter distribution graph showing
the Gaussian distribution. According to the simulation
results, the TDC should aim at a time resolution of 3.5ps or
more on 65nm 8bit TDC.

tcycle_n ‘ tcy:le_n+1 ‘ tcycle_n+2

Jittern = tcycle_n+1 - tl:yl:le_n

Ji'ttern-ﬂ = tcycle_n+2 - tcycle_n+1

Fig.16. Concept of cycle-cycle jitter
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Fig.17 Cycle-cycle jitter distribution of 60th and 250th delay buffer
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Fig.18 shows the result of a Monte-Carlo simulation with
200 samples showing the mismatch of the delay buffer. The
average resolution of the delay buffer is about 16.2ps and has
a standard deviation of 1.03ps. The 1.03ps mismatch
variation is significantly lower than the TDC resolution of
18ps. The mismatch can be reduced if the L*W value is
increased, however the power consumption increases
accordingly. Considering this trade-off relationship, the size
of the delay buffer can be determined according to the
desired variation target [11].
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Fig.18. Delay buffer Monte-Carlo mismatch histogram

Most foundries provide a standard deviation of the
threshold voltage or drain current mismatch according to the

1 . . . . . .
N value with Monte-Carlo simulation. Circuit designer

can refer to the results of these Monte Carlo simulations on
the PDK to find the right transistor size for the desired
standard deviation.

1V. CONCLUSION

The nonlinearity of the TDC measurement was analyzed
from the viewpoint of layout, and the pre-layout simulation
with the parasitic resistance modeling and the post-layout
simulation were verified. We introduced jitter and monte
carlo simulations that affect the nonlinearity of TDC, and we
check the cycle-cycle jitter according to the number of delay
and the delay buffer mismatch. The Cadence Virtuoso
Specter and layout editor were used for simulation and
layout, and the ADE XL for the monte carlo simulation.

This shows that there are many things to consider on the
linear TDC operation, from setting TDC specification to the
delay buffer and power line layout, including PCB board. By
complementing the problems in this verification step, it is
possible to improve the nonlinearity in the future TDC
design and reduce the error of the bearing angle
measurement. Low bearing angle error is expected to ensure
accurate location information.
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