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On-Chip Measurement System for Within-Die Delay
Variation of Individual Standard Cells in 65-nm CMOS
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Abstract—New measurement system for characterizing within-die delay
variations of individual standard cells is presented. The proposed measure-
ment system are able to characterize rising and falling delay variations sep-
arately by directly measuring the input and output waveforms of individual
gate using an on-chip sampling oscilloscope in 65 nm 1.2V CMOS process.
Seven types of standard cells are measured with 60 DUTs for each type.
Good correlations of within-die delay distributions between measured and
Monte Carlo simulated results are observed. The measured results of rising
and falling delay are of great use to the modeling of standard cell library of
deep-submicrometer process. By virtue of the proposed scheme, the rela-
tionship between the rising and falling delay variations and the active area
of the standard cells is experimentally shown for the first time.

Index Terms—Active area, delay variation, on-chip oscilloscope, stan-
dard cell, within-die delay.

I. INTRODUCTION

With the advancement in deep submicrometer CMOS technology be-
yond 65 nm, accurate characterization and measurement of delay vari-
ation of standard cells is becoming essential for design for manufac-
ture, process optimization, and yield enhancement [1]-[5]. Meanwhile,
digital systems with increasing complexity and gigabytes per second
data rate today are also demanding a more accurate timing analysis.
Hence, there is a demand for a measurement technique which can per-
form delay characterization at individual gate level.

Measuring the waveform on the single gate level from the outside
of the chip is almost impossible. Using external probes is an intrusive
and complex way with limited accuracy, because large parasitic LC
of probes may affect the measured waveform drastically. On the other
hand, the transition time of on-chip signal reaches sub-10 ps order with
the latest LSIs, whose bandwidth is too high for off-chip measurement.
Thus, on-chip measurement techniques have been proposed by many
researchers in order to measure the on-chip delays.

Conventionally, delay variation is measured with ring oscillator or
gate-chain [6]-[10] because it’s easily implemented on-chip and has a
high sensitivity to process parameters. However, the period of ring os-
cillators and gate chain is determined by the sum of delays of all the
stages, so measured o of delay is averaged to o /+/n, where n is the
number of total stages. Thus, it is impossible to measure single-gate
contributions. Even though the authors in [11] proposed a modified
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Fig. 1. Block diagram of on-chip sampling oscilloscope.

ring oscillator to characterize individual gate delay, they fail to sepa-
rate the rising and falling delays, so the delay and variation with rising
and falling transition are still averaged. Therefore, exploring an on-chip
measurement system [12] to characterize the rising and falling delays
separately is the focus of this paper. (In this paper, rising/falling delay
is also referred as #,1.11/#pmt,, which means the propagation delay with
a low-to-high /high-to-low transition in the output.)

Our proposed method for measuring the delay variation of stan-
dard cells utilizes the directly measured waveform of individual gate
by using on-chip sampling oscilloscope [13], which is chosen because
of its pico-second resolution and simple sampling head structure over
prior art such as [14]. In this way, the input and output waveforms of
an individual gate are captured separately, therefore enables the char-
acterization of rising and falling delays separately. Seven types of stan-
dard cells: INVX 1,INVX 2, INVX4, NAND2, NOR2, NAND3, and NOR3 are
measured with 60 DUTs for each type. Good correlations of within-die
delay distributions between measured and Monte Carlo simulated re-
sults are observed. By virtue of proposed scheme, a relationship be-
tween the rising and falling delay variation and the active area is exper-
imentally shown for the first time.

Experimental results of the test chip in 65-nm process successfully
demonstrate the feasibility of measuring rising and falling delay varia-
tions of individual standard cells.

II. MEASURING WAVEFORM WITH ON-CHIP OSCILLOSCOPE

In order to measure the input and output waveform of individual stan-
dard cells directly, the on-chip sampling oscilloscope is implemented
in 65 nm 1.2 V CMOS process. Fig. 1 shows the block diagram of the
on-chip sampling oscilloscope, which consists of a sampling timing
generator (STG), a reference voltage generator (a 7 bit DAC), and a
sampling head (SH). Vpur is connected to input or output of individual
standard cell, and is repetitively sampled by the sampling head at sam-
pling enable (SE) edge and compared with Vrrr. By both scanning
VreF and the timing of SE, transient waveform of VpuT can be con-
verted to digital data by a voltage comparator (comp_head). Further-
more, in this operation, any random noise introduced by the on-chip
sampling oscilloscope can be reduced by averaging hundreds of recon-
structed waveforms.

The reference voltage generator is implemented by resistor ladder to
generate 128 level of Vrer. Vscan_r and Vscan_gr are connected to
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Fig. 2. Circuit schematic of within-die delay variation measurement using
on-chip sampling oscilloscope.

—0.2 and 1.4 V, respectively, for a voltage range of —0.2 to 1.4 V with
a 12.5-mV voltage resolution. The STG consists of a delay unit, a ramp
generator, a 7 bit DAC and a voltage comparator (comp_timing). The
delay unit in STG is employed to enable adjustable observing window
for on-chip sampling oscilloscope. The 7 bit DAC is also implemented
by resistor ladder and is used to generate 128 level of Vscan from
Viwr_ =02V to Veer_y = 0.4 V. The ramp generator produces
a ramp waveform Vramp, which is then compared with 128 level of
Vscan by comp_timing to provide 128 SE’s with a pico-second step.
Then SE is connected to SH as a scanning timing signal for a pico-
second resolution of on-chip sampling oscilloscope.

III. IMPLEMENTATION OF DELAY VARIATION MEASUREMENT

Based on the above on-chip sampling oscilloscope, a scheme to mea-
sure the input and output waveform of individual standard cells is pre-
sented in Fig. 2. For one type of standard cell (shown as a NAND2
gate), 60 duplicates of DUTs and SHs are implemented to characterize
within-die delay variation. The number of DUTs and SHs is chosen
by a trade off of adequate number to show distribution, total available
layout area, and types of standard cells to be measured.

Same comparator (comp_head) is used for measuring both input and
output waveform, thus the offset of measured input and output signal
brought by comparator can be cancelled out. Switch size of I/O se-
lect is carefully selected to minimize parasitic RC from DUT to com-
parator and the mismatch of the two channels. Inverters are employed
as input and output load to DUT, as a normal situation of “fan-out 4” in
a common digital system. A rise-fall controller is implemented to apply
rising or falling edge of excitation (EX) signal to the DUT. Buffers from
EX to DUT is sized bigger than normal, in order to introduce less varia-
tion on the buffer line, thus less disturbance on the variation of interest.

An oscilloscope controller is shared among all the 60 DUTs and SHs
in order to minimize the variation introduced by the controlling circuit.
The oscilloscope controller consists of a delay unit, a STG, and a ref-
erence voltage generator. The delay unit is controlled by a 6 bit digital
signal to enable the tunability of timing control for EX.

Fig. 3 shows the top level block diagram of the fabricated within-die
delay variation measurement circuit. Seven types of standard cells:
INVX1, INVX2, INVX4 (named by increasing drivability), NAND2,
NOR2, NAND3, and NOR3 are implemented with 60 DUTs for each in
order to show the delay distributions. Great efforts have been made
to reduce unwanted noise and variation introduced by the sampling
oscilloscope control circuit, the power rail, and the signal buffers for
DUTs.
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Fig. 3. Top level block diagram of within-die delay variation measurement
using on-chip sampling oscilloscope.
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Fig. 5. (a) Measured DUT (INV x 1) output waveform using the on-chip sam-
pling oscilloscope. (b) Histogram of half Vpp timing of (a).

The oscilloscope controller is shared among all the 420 DUTs and
SHs for the same reason mentioned above. “A resolution measurement
block [13] shown in Fig. 3 is implemented to measure the timing reso-
lution of the on-chip sampling oscilloscope. A reference ring oscillator
is employed and its frequency can be measured by using frequency
divider. The timing resolution (step of SE’s) is measured by using cali-
bration technique and measured result shows that the test chip achieves
a minimum time resolution of 1 ps.”

The test chip is designed and fabricated in 65 nm bulk CMOS
process. Fig. 4 shows the chip microphotograph and the layout. The
total 420 DUT’s and 420 sampling heads consumes an area of 1200
pm X 1500 pm, and the oscilloscope controller occupies 280 pm X
780 pim.

IV. MEASUREMENT RESULTS AND ANALYSIS

Rising and falling delays of 7 types, 420 DUTs are measured with
1.2 V Vbp . Measurement is at first carried out to evaluating the timing
error introduced by the on-chip sampling oscilloscope. The noise due



1878

-
aa
W

o

.0
0.
.5
0.

Voltage (V)

35 70 105 140 175 210
Time (ps)

0 35 70 105 140 175 210 "o
Time (ps)

0. .2
0 35 70 105 140 175 210 0
Time (ps)

35 70 105 140 175 210
Time (ps)
(b)

Fig. 6. Measured waveforms of an inverter with (a) rising output transition and
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to on-chip sampling oscilloscope can be reduced by averaging sev-
eral reconstructed waveforms. In this study, each waveform is sampled
190 times and averaged to suppress random noise introduced by the
sampling oscilloscope. Time interleave between each measurement is
500 ns. In order to evaluate the timing error, one DUT output (INVX 1) is
measured 190 times, and the time when the measured waveform crosses
0.6 V (half Vphp) is extracted in Fig. 5(a). Histogram of the measured
half Vhp timing is shown in Fig. 5(b). It is observed that by measuring
the same waveform for 190 times, the proposed scheme has a ¢ error
of 0.82 ps, which is quite small compared with the delay of DUTs, thus
ensure the measurement accuracy of on-chip transition signal. It is also
smaller than the accuracy of 1 ps reported in [11], which is a ring os-
cillator-based design.

Fig. 6 shows the measured input and output waveforms of an INV X 2
gate with rising output transition and falling output transition. 1.2 V
Vbp is applied in the measurement. In this way, the rising and falling
delays of each DUT are measured for the within-die delay variation.
The histogram of within-die delay variations of 7 standard cells with
rising output transition and falling output transition is shown in Fig. 7.
The distribution is observed to be close to normal. The measured re-
sults are in accordance with well-known knowledge that the o¢,4 from
INVX 1, INVX2 to INV X4 are decreasing because of the increasing gate
area. Also, as expected, in the rising/falling transition, NOR3/NAND3 is
observed to be the slowest, because there are three pMOSs/nMOSs in
series from output to power/ground.

Fig. 8 shows the within-die delay distribution map with rising and
falling output transition, respectively. The positions of totally 420
DUTs are corresponding to the actual test chip shown in Fig. 4. As
shown in Fig. 8, the within-die delay variation is random and no
systematic component due to IR-drop on power lines is observed,
because ultra wide metals and multiple pads are used for power supply
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and ground, moreover, power supply and ground are connected to each
DUT through crossed metal layers.

Monte Carlo simulation has been carried out for the 7 types of stan-
dard cells with 60 samples each, with rising and falling output, respec-
tively. Simulation is carried out by SPICE with after LPE netlist, and
very close results are observed in Fig. 7 for simulated and measured re-
sult. Because the variations of gate length and oxide thickness and other
effects that are not able to be included in the Monte Carlo simulation,
parameters like Avr, AV, and gamma are modified in the simula-
tion. Fig. 9 shows the comparison of measured and simulated average
delay with rising output transition and falling output transition. Great
correlation for all types of standard cells can be observed.

As well acknowledged, for rising and falling output, the transition is
aresult of conduction through the devices in the path from output to the
power or ground rail. Therefore, for a rising/falling output, the active
transistors on the transition path will be the significant contributors to
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the delay variation, as depicted in Fig. 10. In this way, we can calcu-
late the active area of each type of DUT by summing the gate area of
active transistors, with both rising output transition and falling output
transition.

Fig. 11 shows the measured sigma t,/average t, (ot,/ut,), the
x-axis is chosen to be 1/1/Active area(ppm?), where active area is
calculated by the total gate area of active transistors at rising and falling
transition.

Variation of threshold voltage (V) is known to be proportional to
1/v/W x L [15]. As shown in Fig. 11, ot,/ut, has strong correla-
tion with 1/+/Active area(pum?), which is similar to the relationship
between oV and 1/+/W X L. Moreover, the gradient of Fig. 11(b)
is bigger than Fig. 11(a), which reveals a simple concept that nMOSs
have bigger variation than pMOSs, because the gate area of nMOSs are
smaller than that of pMOSs and Av+ of nMOSs is larger than that of
pMOSs.

In the conventional methods, because #,1.1 and #,n1, are mixed to-
gether, the dependency of ¢, /ut, on active area shown in Fig. 11 is
impossible to be measured. By measuring 1.4 and tpH1, separately,
such dependency is shown for the first time.
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V. CONCLUSION

The proposed measurement system is able to characterize rising and
falling delay variations separately by directly measuring the input and
output waveforms of individual gate. 7 types of standard cells: INVX 1,
INVX 2, INVX 4, NAND2, NOR2, NAND3, and NOR3 in 65-nm process are
measured with 60 DUT’s for each type. Good correlations of within-die
delay distributions between measured results and Monte Carlo simu-
lated results are observed. The measured results of rising and falling
delay are of great use to the modeling of standard cell library of deep-
submicrometer process. By virtue of the proposed method, the relation-
ship between the rising and falling delay variations and the active area
is experimentally shown for the first time.
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A High Performance Switched Capacitor-Based
DC-DC Buck Converter Suitable for Embedded
Power Management Applications

Biswajit Maity and Pradip Mandal

Abstract—Here, we propose high performance buck converter architec-
ture suitable for embedded applications. The proposed converter has high
power efficiency, high power density, good driving capability, low output
ripple, and good line and load regulation. The step down converter is con-
structed using a simple building block called cross coupled converter. As
this block use low swing internal signals to control half of its switches,
the required switching loss decreases and these internal control signals en-
able us to use thin oxide transistor for making switch smaller and reducing
power further. In addition, converter uses all the good features of non-over-
lapping rotational interleaving switching scheme. Switching frequency of
the converter is dynamically adjusted based on load current to maintain
high power efficiency. Good transient performance is achieved by using
dynamic leaker circuit with a marginal increase of static current. The con-
verter is designed in 0.18-zm CMOS process to get regulated 1.3-1.6 V
output from 3.3 V input supply while output ripple is below 42 mV and
provides 86% peak power. For 75% power efficiency, power density of the
converter is 0.43 W/mm? using total 490 pF capacitor.

Index Terms—Controlled cross-coupled, frequency control (FC), non-
overlapping rotational time interleaving (NRTI) switching scheme, shoot
through (ST) current, switched-capacitor (SC).

I. INTRODUCTION

Since long back switched-capacitors (SCs) are used for DC-DC con-
verters [1], [2]. But there is a recent trend to use these SC based DC-DC
converter for embedded power management applications in order to
achieve high power efficiency and power density. SC converter of [3]
has high power efficiency but, it uses off-chip capacitor to keep output
ripple at acceptable level. On the other hand, for high dropout appli-
cations, SC converter and linear regulator are combined to develop a
hybrid converter [4]. Converter has 200 mV ripple with 200 pF load
capacitor to get 1.05 regulated outputs. Such high ripple at the output is
not suitable for embedded applications. In [5] the on-chip output capac-
itor is implemented but the power efficiency remains low and the output
ripple is high due to unavailability of large flying capacitor and load ca-
pacitor for such embedded applications. The output ripple is reduced
with less output capacitor in [6]—[8] by increasing effective switching
frequency using interleaving switching schemes. Though shoot through
(ST) current reduction technique is discussed in [7], but in [9] total ST
current is eliminated by using non-overlapping rotational time inter-
leaving (NRTTI) switching scheme and power efficiency is improved. In
addition, output ripple is also reduced in the converter. One drawback
of NRTI, however, is power overhead due its control signal generation
and control signal swing. In SC boost converter [10], [11], cross-cou-
pled techniques are used to make use of internal node voltages as con-
trol signal. This helps to improve power efficiency by reducing dynamic
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