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Abstract—This paper compares two CMOS technologies, the
robust 350nm version and its modern 28nm successor, in terms of
time-domain signal processing parameters. The evaluated
parameters; propagation delay, delay variation due to process and
mismatch fluctuations, sensitivity to noise and area and power
usage are crucial especially in measurement devices relying on
precise timings, high precision time-to-digital converters, for
example. Post-layout simulations show that the modern scaled
technology offers superior speed, efficient area usage and low
power consumption but suffers from considerable delay
mismatch. Therefore applications relying on precise time domain
signal processing do not always benefit from technology scaling.

Index Terms—Technology scaling, time-domain, CMOS, delay
element, ring oscillator, time-to-digital converter, TDC.

I. INTRODUCTION

CALED CMOS technology has been developed to enable

progressively more efficient electronic blocks and systems.
Better manufacturing accuracy and smaller development
dimensions have made it possible to integrate ever larger
numbers of transistors and structures into the same circuit,
yielding more and more sophisticated single-chip systems and
smaller-sized electronic devices. These scaled technologies also
mean a reduction in the operating voltage, and their internal
capacitance lowers power consumption, which benefits mobile
electronics and reduces cooling requirements.

In terms of signal processing performance, technology
scaling towards smaller development dimensions has both pros
and cons for the different IPs to be developed. For example,
smaller transistor dimensions and denser structures shorten the
signal propagation time, allowing for high-performance digital
signal processing, e.g. high frequency oscillators, while
technology scaling in general benefits fast, low-power, large-
scale digital signal processing. On the other hand, such scaling
weakens some of the transistor properties which are important
for analogue signal processing (such as output impedance,
(Vop-Vrh) distance and parasitic components). In fact, signal
dynamic range and intrinsic gain decrease with technology
scaling, and compensatory structures (often referred as digital-
assisted techniques) need to be considered when the “analogue”
properties of the technology are not sufficient [1], [2].

Precise phase matching or phase differences in the time
domain will often be a required feature in high-speed integrated
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circuits. Oscillators, clock trees and frequency synthesis, for
example, can benefit from constant or predictable delays
between signals. One of the most demanding applications from
this point of view is the Time-to-Digital-Converter (TDC),
which aims at assigning a precise digital value for the interval
between two or more timing signals. TDCs are important blocks
in many measurement devices and applications in nuclear
science, location, laser scanning and perception etc.

This paper analyses the effects of technology scaling on time
domain signal processing parameters. Modern (28nm) and
older (350nm) CMOS technologies are compared in terms of
propagation delay and the delay variation caused by process
parameter fluctuations, mismatch and noise. These are the most
important parameters as far as signal integrity in the time
domain is concerned and have a crucial influence on the
measurement performance of TDCs, for example [3].

The theoretical model for inverter delay and its variation
reveals first the factors affecting the delay and its behaviour.
Simulations carried out based on parasitic extracted layout
structures will serve then to describe the difference between the
two technologies. These simulations evaluate a delay-
adjustable buffer-type cell suitable for use as a ring oscillator or
a high precision TDC. The effects of fluctuating technology
parameters on TDC measurement performance are estimated
before reaching conclusions.

II. SIGNAL PROPAGATION DELAY AND ITS VARIATION

A. Propagation delay

The exact propagation delay is difficult to analyse even for
the simplest CMOS logic gate, an inverter, due to the markedly
non-linear input-to-output characteristics. Its device-related
capacitances are non-linear, and short-channel effects make the
analysis even more difficult in modern CMOS technologies.
Although the exact value for the propagation delay cannot be
accurately derived, the following analysis aims to clarify how
the device dimensions affect it and the mismatch.

In general, the delay depends on the capacitive load and the
drive-strength of the inverter, in connection with which Fig. 1
illustrates the capacitances associated with an inverter having
another inverter as a load. In general, the capacitances consist
of a coupling capacitance, C¢, from input-to-output, and a load
capacitance, Cr, to GND/Vpp.
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Fig 1. Capacitances affecting the delay in an inverter.
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Simulations show that increasing the coupling capacitance
increases the delay in a linear manner, so that the coupling
capacitance can be replaced by a load capacitor with a value of
aCc, where «a is a fitting parameter which, accounting for the
Miller effect, for example.

The coupling capacitance incorporates an overlap
capacitance proportional to the transistor width, W, of the
nmos/pmos. For simplicity, the transistors of the driving
inverter are assumed to be either in cut-off or in saturation, so
that the gate-channel capacitance to the drain is zero. The
coupling capacitance is then

CC ~ COLpr + COLan ’ (1)

where Cpp,, and Cop, are the overlap capacitances of the
pmos/nmos.

The load capacitance consists of the wiring capacitance, the
gate-channel (to-source) capacitances of the subsequent
inverter, the overlap capacitances of the subsequent inverter and
the drain-to-bulk junction capacitance of the driving inverter.

CL ~ Cwire + C]pVVp + C/n% + COLp% (2)
+ CownWy + Cox (W + W,)L

where C;,, /Cjy, is the drain-to-bulk junction capacitance and C,,,

is the gate-channel capacitance to source. The total load

capacitance is

Ceot = alc +Cp 3)

In order to simplify the equation for the total load capacitance,
it is assumed that the overlap capacitances and the junction
capacitances for both devices are roughly the same. Furthermor,
to achieve equal delays for high-to-low and low-to-high
transitions, it is assumed that the width, W,,, of the pmos is k
times larger than the width, W, of the nmos. The length, L, is
equal for both devices. The effective load capacitance can be

now written as

Crot = (k + DW,(Coxl + (1 + @)Coy, + C)
+ Cwire . (4)

The exact delay in an inverter is rather difficult to analyse
due to non-linearities. We assume here for simplicity that the
input is a voltage step from GND to Vpp and the pmos is in cut-
off and the nmos in saturation. When a voltage step is applied
at the input at a time =0, the output voltage of the inverter is
given by:

I
Voue () =Vyg — =2t
out dd Ctot (5)

The propagation delay. i.e. the time for the output voltage to
reach Vpp/2, is given roughly by:

P Ctot @ —
IDSAT 2
((k + DWi(Coxl + (1 + @)Cop + C)) + Cuire ) Vaa

(6)
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where K, is the current factor. The equation suggests that it is
possible to reduce the inverter propagation delay by increasing
W,,, but in actual fact a larger value for W, reduces the effect of
Cyire and the propagation delay saturates to a certain level 7,,,;,
independent of W,.

W,
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The transistor length L has a strong impact on the propagation
delay and should be minimized for high speed signal
processing. Furthermore, when velocity saturation is taken into
account, i.e. Vpsar = LVgq¢/Upn, the minimum propagation
delay becomes

Tmi =~
minvsat

(k + Dpn(CoxL + (1 + )Cop + C))Vaa

I . (@)
ZKnVsat <(Vdd - VTn) - 2[1?)

B. Propagation delay variation

A fabricated circuit naturally has variations in the process
parameters and in the processed layout. Transistor width and
length, threshold voltage, oxide thickness and wiring, for
example, may introduces mismatches between devices
designed to be identical and lead to differences in w.r.t. nominal
values. Because of this, the logic cell propagation delay also
varies with PVT cases.

The effects of local random variations with respect to the
current factor and threshold can be deduced by differentiating
the absolute delay in the inverter with respect to K,, and V,,.



The load capacitance variations have not been taken into
account in this analysis, because in the general Pelgrom model
[4] variation parameters are only available for the current factor
and the threshold voltage. Small changes in K,, and Vp,, result
in small variations in the propagation delay as follows:

d
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Consequently the standard deviation for the delay variation is
given by

Opr =
T 2 2 1
g, +o , (11)
WL | x M 2

(Ve = Vrn = 2257)

where O'AZK_n and UAZVTn are technology-dependent local variance
Kn

parameters for the current factor and the threshold voltage. As

can be seen in (11), the delay variation depends on the

propagation delay, device sizes and technology-dependent

parameters.

III. TECHNOLOGY COMPARISON WITH POST-LAYOUT
SIMULATIONS

The delay-adjustable digital cell shown in Fig. 2 will be used
as the benchmark structure in the technology comparison
analysis. Differential opposite input signals arrive at the cell
input (IN+ and IN-), altering the values of the corresponding

opposite output signals (OUT1- and OUTI1+). Small cross-
coupled inverters between the outputs, in the middle, correct
any phase error between the opposite output signals. The
secondary output inverters (OUT2+) and (OUT2-) act as an
extra load for the cell. The propagation delay is adjusted with
the control voltage Vcrrr, which limits the current when the
signals propagate through the cell. The number next to each
transistor describes its W/L ratio, which is altered in the
simulations by means of a multiplier M.

The experiments were performed by embedding the cell in a
ring oscillator structure and, for better accuracy, the comparison
analysis was performed on post-layout simulations. The cell
layout was drawn for each simulation case presented in Table I
and parasitic capacitances and resistances were extracted. The
layouts were also similar for both technologies, only the
transistor widths and lengths being changed.

The measured parameters were expressed in absolute (ps or
fs) and relative (%) values, the absolute values indicating how
much the measured parameters were in one delay element in
real time, while in the relative expressions the absolute values
were divided by the corresponding propagation delay t,. This
reveals in general how much the measured parameter affects the
time domain signal processing.

A. Propagation delay

The propagation delay T, through the cell, as presented in Fig.
2, was measured between the signals IN+ and OUT+. Verre
was adjusted in all the simulations so that the cell delay was 1.2
times the minimum delay. The process, voltage and temperature
fluctuations also force one to use a propagation delay higher
than the minimum in real applications. the cell delay at this
biasing point is described by ;.
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Fig. 2. Structure of a typical delay-a?dju_stable delay element.

TABLE I
POST-LAYOUT SIMULATION RESULTS.

Simulation case 1 2 3 4 5 6 7 8 9
CMOS technology [nm] 350 350 350 350 28 28 28 28 28
Gate length L [nm] 350 350 350 350 28 28 28 28 56

Supply voltage [V] 33 33 33 33 1 1 1 1 1

W/L multiplier M 1 2 4 8 2 4 8 16 8
Propagation delay 1, [ps] 101.9 86.0 77.2 744 144 12.5 11.6 11.6 17.8
GprocEss [Ps] 12.3 10.4 9.2 9.1 1.2 1.0 0.95 1.0 1.1
oprocEss [%0] 12.1 12.1 11.9 12.2 8.3 8.2 8.2 8.5 6.2
omismatch [£5] 1050 660 420 290 750 540 320 210 330
omismatc [ %] 1.0 0.8 0.5 0.4 5.2 4.3 2.8 1.8 1.9
Apgray [ps] /10mV 0.6 0.5 0.5 0.4 0.3 0.2 0.2 0.2 0.4
ApgLay [%] /10mV 0.6 0.6 0.6 0.5 2.1 1.6 1.7 1.7 2.2
Power consumption [mW] 13.2 23.8 44.9 86.5 0.8 1.5 2.8 5.2 3.6
Area [um?] 690 1000 1630 2890 30 45 70 130 150




The post-layout simulations show that the propagation delay
1, decreases for larger values of M (the W/L ratio multiplier),
but that this decrease slows down with larger transistor sizes,
because the role of the permanent load, C,,;, diminishes, as
predicted in (6). Case 9 shows that transistor L (gate length) has
a strong effect on the delay, so that it should be minimized when
a small propagation delay is desired. An increase in the length
of a transistor will make its transconductance smaller and next-
stage input capacitance higher, which will slow down the
propagation delay, as predicted in (7). Comparing between the
technologies shows that the 28nm CMOS technology offers
superior speed, the propagation delay improves by about 6.2x
when the technology is scaled by 12.5 (same W/L).

B. Propagation delay variation

Monte Carlo simulations (N=200) were performed to
evaluate the effect of process variations (oprocess) and
mismatch variations (omismarcu) on the propagation delay.
oprocess in Table 1 defines the expected standard deviation of
the delay element propagation delay when the elements are
created in different process runs. Using the minimum transistor
length, oprocess is about 12% (350nm CMOS) and 8.5% (28nm
CMOS) of the mean value. Increasing W has no effect on this,
but case 9 shows that increasing L improves the relative process
mismatch. In other words, L should be increased when longer
delays are needed with small delay variation.

omismatca describes the propagation delay variation
(standard deviation) when the cells are located close to each
other on the same wafer. The absolute value of omismaTch
decreases faster as the transistor width is increased, as predicted
in (11). The first reason for this is that the absolute delay 1,
becomes smaller, and the second reason is that the effects of
differences and imperfections are averaged in larger transistors
(higher W in this case) and have less influence on the total
delay. A defect in the transistor gate, for example, will have
more effect on the transistor properties if the gate is small.
Increasing L (case 9) increases the absolute mismatch because
the delay becomes greater, but the relative mismatch remains
the same. Hence increasing L is justified when larger delays
need to be created without affecting the mismatch.

Comparison of the two technologies shows that the absolute
value of oyismatcH is about the same when the same W/L value
(M) is used. The relative mismatch is hence much higher in the
scaled technology, where the propagation delay is smaller. The
technology-dependent parameters (11) seem to be higher in the
scaled technology, where the transistor size has been reduced in
order to achieve high speed, a small area and low power
consumption. It is also possible that the defects and
imperfections may have become smaller but not to the same
extent as the size. The smaller dimensions together with the
weaker intrinsic gain bring out the small differences in
transistor structure and create more variation in the delay.

C. Sensitivity to noise

The variation in propagation delay because of noise in the
control voltages was estimated by changing the control voltage
Verre 10mV from the original biasing point. The blocks

designed for a certain propagation delay are often delay-
controlled with a control voltage, which is the most sensitive
place for error. The effect of a similar voltage change in the
supply is much smaller.

Variations in M (W/L ratio) will have no significant effect on
the delay change Aperay. The relative delay change reveals that
a similar variation in control voltages will have more effect on
propagation delays in scaled than in older technologies. The
intended propagation delay deviated from the original value by
~0.6% with 350nm CMOS and ~1.8% with 28nm CMOS, when
the control voltage was changed by 10mV. It is mainly the
smaller operating voltage in the scaled technology that makes
the effects of noise and voltage errors more relevant.

D. Power consumption and area

The power consumption was estimated when the delay
elements constituted an oscillating ring oscillator. The power
consumption increased dramatically as M is increased. The
delay element input capacitances increased, as also did the
oscillating frequency, which had a considerable effect on the
power consumption, which was about 30x higher with the
350nm technology than with the 28nm technology when
oscillators with the same value of M were compared.

The area of the delay element naturally also almost doubles
when M is doubled, so that the scaled 28nm technology
consumes much less space than the robust technology with the
same architecture. In addition to shorter and thinner transistors
in the scaled technology, the wirings, and especially the supply
lines, can be narrower, because of the lower internal currents.

IV. TDCS AND TECHNOLOGY SCALING

The delay element presented in Fig. 2 can be utilized in the
TDC structure presented in Fig. 3, for example. The rising edge
of an external reference clock propagates into a delay line,
which creates time samples for interpolation after every
element (interpolation resolution = ). The timing signals, start
and stop, store the prevailing time sample in the register array,
and the propagation delay of the delay-adjustable delay line is
matched with the reference clock cycle time by means of a
phase detector and charge pump. The timing diagram in Fig. 3
shows how the counter counts the full reference clock cycles
between the timing signals and the interpolation (n=8) provides
an accurate results for the time interval.

In the Nutt-based measurement architecture presented here
the rms precision of the TDC, s, is compounded from several
sources [3] and the rms quantization error 4 depends on the
interpolation resolution t,. The delay element propagation
delay mismatch accumulates especially markedly in long delay
lines and can be several LSBs (1,). Ginst and Ginigp are the
standard deviations of these integral non-linearities in the start
and stop interpolation channels. oy is the rms value of the
random inherent TDC jitter, which benefits from good noise
sensitivity. oci is the rms reference clock jitter. When the error
sources are not correlated their effects can be summed:

— 2 2 2 2 2
Orms = \/Uq + Oini—st + ginl—sp + Otdc + Oclk” - (12)
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One problem with the older CMOS technologies has been the
quantization error, due to the large interpolation resolution tp.
This has been resolved with a second interpolation level relying
on sub-gate-delay interpolation methods [3], [5], [6]. o4 in the
architecture presented here is only a few picoseconds when
modern technologies are used, which simplifies the TDC
architecture significantly and reduces the size and power
consumption.

The INL due to propagation delay mismatch nevertheless
begins to dominate with modern technologies, as seen in (12),
where the number of cascaded elements needed to be limited in
order to restrict the accumulation of INL and a reference signal
for the delay line then need to be created with an integrated high
frequency oscillator, for example.

The jitter in the signals participating in the interpolation G
is expected to increase in modern technologies, so that more
care needs to be taken when considering the layout and wiring.
Signal slew rates need to be sufficient, especially in a TDC
reaching picosecond level.

V. CONCLUSIONS

The technology comparison analysis performed here shows
that digital cell propagation delay decreases by ~S/2 when
technology is scaled down by a factor S. Smaller dimensions in
transistors and shorter and narrower wirings, for example, lead
to smaller load capacitances and higher speeds, and even the
transistor intrinsic gain and supply voltage are smaller. In
cascaded delay elements the propagation delay decreases down
to a certain limit, at which the ratio W/L increases. This
dramatically increases the area of the structure and the power
consumption, however, so that oversizing is not good, either.

Digital cell propagation delay variation, when comparing the
logic created in different process runs, oprocess, has improved
in modern technologies, and this should be reflected in smaller

variations in the maximum attainable processor clock
frequency, for example. The delay variation within the circuit,
omismMaTCH, however, does not scale together with the delay
when modern technologies are used, and small imperfections in
the processed layout do not decrease as much as does the
transistor area. The smaller transistor dimensions together with
weaker intrinsic gain emphasize small differences in transistor
structure and create variations in the propagation delay.
Increasing the transistor dimensions will reduce the role of the
errors, but it will increase the size and power consumption.

Noise and other factors affecting the supply and control
voltages have a greater influence on propagation delays in
modern scaled technologies, and the smaller supply voltage also
makes the active operating region of the transistor smaller and
the relative effect of noise and other voltage error sources
higher. On the other hand, power and area consumption are
much less in modern scaled technologies.

The high speed logic used in the modern CMOS technology
provides efficient blocks for processors and other digital signal
processing, and the small propagation delays achieved in time
domain signal processing can open the way to high-frequency
oscillators and signal alternation with high resolution. TDCs
with a resolution better than 10ps can be created with a simple
gate-delay-based architecture, for example.

The propagation delay variation, omismartch, does not usually
have any critical influence on pure, high-speed digital systems,
but its impact on time domain signal processing is higher.
Parallel similar signal routes in clock trees or phase shifters, for
example, can have more delay differences in modern
technologies, and increases in the delay mismatch are especially
harmful in picosecond-level TDCs, which are based on
identical replicated delay generating structures and long chains
of delay elements. The performance of TDCs does not scale
with their resolution, because non-linearities, and also the
increasing effects of noise, begin to weaken their performance.
The older technologies give relatively small mismatch
parameters, enabling precise TDCs to be fabricated as well. The
use of “robust” CMOS technology can be reasonable especially
in low volume productions where production costs are more
important than size and power consumption.
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