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Abstract—We present a method, on-chip test circuitry, and an
error analysis, for accurate measurement of timing characteristics
and power consumption of clocked storage elements. The test circuit was fabricated in 0.11 m CMOS technology and the measurements performed automatically using a serial scan interface. The
precision and accuracy of the presented method are demonstrated
by the ability to measure entire clock-to-output characteristics of
flip-flops. Estimated data-to-output delay systematic measurement
error is 6 ps (7%), and random error is 10 ps (11%). The method
and the test circuit are applicable for delay measurements of other
circuit blocks as well.
Index Terms—Clocked storage elements, delay, measurement
circuit, measurement error, on-chip measurement, power consumption.

I. INTRODUCTION

F

LIP-FLOPS and latches, which we collectively refer to as
clocked storage elements (CSEs) in this paper, are among
the most important components of high-performance VLSI
systems. Due to increasing clock frequencies and the use of
pipelines to achieve high throughput, CSEs occupy an increasingly large portion of the cycle time [1]–[3]. The complexity of
VLSI systems requires a large number of CSEs on die, which
consume a large share of system power, heavily load the clock,
and generate large current spikes during switching [3]. Thus,
CSEs affect various system characteristics such as power consumption, implementation of the clocking subsystem, signal
integrity, chip area, global placement and routing, packaging,
and heat removal.
In order to estimate the impact of a CSE on the system, its
physical characteristics must be determined. The most valuable information is the timing, as it affects cycle time [4]–[6].
Timing parameters of logic gates and CSEs can be estimated
using transistor models constructed from the measurements, and
circuit simulators such as HSPICE. However, because of their
importance in determining cycle time and races, precision hardware measurement of CSEs to validate the simulation models is
highly desirable. A measurement can also help discriminate between alternative CSE implementations that may not show clear
differences in simulation, particularly for high-performance applications [5], [6]. Measured CSE timing published in the literature frequently show only the highest achieved toggle frequency
when the CSE is connected in a ring oscillator configuration,
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e.g., the T (toggle) flip-flop [8], [9]. Although these ring oscillator measurements are inherently precise, they can only be
used to measure the maximum throughput of a CSE, whereas
timing analysis for high-performance design needs a detailed
specification of the setup time, hold time, and clock and data
to output delays. A direct off-chip measurement of the delay
between waveforms of CSE ports [10] can be used to validate
the simulation models. However, an off-chip measurement approach has serious limitations, since the on-chip delays of CSEs
in deep-submicron technologies are typically much smaller than
that of the circuitry connecting the ports to the instrumentation.
The measurement errors incurred by this circuitry can be comparable to the measured quantity.
In this paper, we present a circuit for the on-chip measurement of the timing characteristics and power consumption of
CSEs. Performing measurements on-chip eliminates sensitivity to off-chip delay, noise, and bandwidth limitations, thus
achieving lower measurement error than previously reported
techniques. We also provide a detailed statistical error estimation of the presented measurement method [11] using our
on-chip circuit. In Section II, we define the characteristics of
a clocked storage element that we are trying to measure. The
proposed test circuits are shown in Section III, and the analysis
of the measurement error is given in Section IV. In Section V,
we present measured results based on devices fabricated in a
0.11- m CMOS technology. Section VI concludes the paper.
II. CLOCKED STORAGE ELEMENTS
This section describes timing characteristics of CSEs and
their significance to the performance of a circuit. The particular
CSE that we focus on is an edge-triggered flip-flop with a
possible transparency window around the clock edge.
A. CSE Characteristics
The propagation time (clock-to-output delay,
) of a
CSE is the delay between the capturing clock edge and the
output transition to a new value. Fig. 1 is a qualitative plot of the
clock-to-output delay of a CSE as a function of data-to-clock
. When
is large,
is constant,
delay
which corresponds to normal operation of the CSE when its
setup time is met. As data arrival approaches the capturing clock
increases. If the data arrival is pushed even further,
edge,
increase becomes severe enough to cause the capthe
ture to fail [5], i.e., the setup time is violated.
If subsequent data arrival is set long enough after the clock
arrival, the initial data is safely captured in the CSE (e.g., if
the data transition following the clock edge is “0” to “1”, a “0”
will be captured). As the subsequent data arrival approaches the
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Fig. 2. Data-to-output characteristic.

Typical clock-to-output characteristics.

clock edge, the clock-to-output time starts to degrade similar
to the setup side. If the subsequent data arrives too early, the
transition fails; i.e., a hold time violation occurs.
B. Optimal Setup Time
The conventional definition of setup time is the latest allowed
data arrival with respect to the capturing clock edge in order
to correctly capture data. An alternative view [5], which we
adopt here, defines the setup time as the data arrival with respect to clock that minimizes the time that the CSE takes from
, at
the clock cycle. A CSE incurs clock-to-output delay,
the beginning of a cycle and data-to-clock delay,
, at its
,
end. Data-to-output delay is the sum
which we also refer to as timing overhead or insertion penalty,
since it has to be accounted for in order to provide the synchronization and cannot be used for logic computation. Fig. 2 plots
as function of
. The minimum value of
qualitatively
optimizes performance, and the
data-to-output delay
data-to-clock delay that corresponds to this point is called the
[5], The optimal setup time correoptimal setup time
versus
plot:
sponds to the zero-slope point on the
(1)
From (1), the optimal setup time occurs at the point where the
reduction of
equals the increase of
, i.e., where
clock-to-output characteristic has the slope of 45 .

increase the clock-to-output delay as long as the timing of the
subsequent stages is uncorrupted. Since the system operates correctly for any data arrival that does not violate the setup time,
on the hold time side
it still operates correctly when
of the delay characteristic (determined by
) equals the
on the setup time side. Since this maximum
maximum
occurs when
equals the setup time (Fig. 1), we
define the hold time as the data arrival with respect to clock
edge that produces the same clock-to-output delay of the previous data as for the setup time:
(2)
and
are
before and after the failure, i.e.,
corresponds to setup
characteris the
characteristic of
istic, and
previously captured data versus data-to-clock delay (Fig. 1).
This definition of the hold time is independent of how the setup
time is defined. If we use the setup time definition from [5], we
refer to the corresponding hold time as the optimal hold time
(Fig. 1).

In (2),
parts of

III. BUILT-IN MEASUREMENT CIRCUIT
This section describes the design and operation of the on-chip
test circuits used to measure the timing and power consumption
of CSEs.
A. Delay Measurement Test Circuit

C. Hold Time
The hold time of a CSE is defined as the earliest time after
the triggering clock edge that the input is allowed to change
that still allows safe capture of its value at the clock edge. A
definition of hold time commonly used in practice is the minimum clock-to-data delay that causes a voltage dip of less than
a certain percentage of full swing at a specified internal CSE
node. Such a definition is inadequate, since a comparison of
different CSEs require applying the same criteria to all, and
selecting appropriate internal nodes to measure for two different
designs involves some degree of subjectivity. In order to provide
a general definition of the hold time, we observe that it is safe to

The test circuit used for the delay measurement is shown in
Fig. 3. The primary blocks are a scan register to hold a setup
vector and capture the test results, two delay lines that provide
and
inputs to the device under test (DUT, the CSE), a
reference generator, a multiplexer,
, that selects the signal to
, data or outputs or ), and
be observed from clock
that captures the multhe capturing storage element
is variable, and the
tiplexer output. The delay of delay line
delay of
is constant, allowing a sweep of data-to-clock
delay. The reference generator, shown in Fig. 4, provides variand
. For any port of the DUT,
able delay between
and
we can sweep the arrival time of the reference signal

1296

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 39, NO. 8, AUGUST 2004

Fig. 3. Delay measurement test circuit.

Fig. 4.

Circuit for generating references for delay measurement.

observe where
just fails to capture the corresponding
multiplexer output. The delay between any two signals is equal
and
that correspond
to the delay difference between
for these two signals.
to the first capture failure of
,
and
as described above allows
Use of
the entire measurement to be performed on chip. After a mea, is transsurement is performed, the result, stored in
ferred to the scan-out flip-flop, and then scanned back into the
tester. No chip-crossings are involved in the measurement. Thus,
disregarding the error associated with the calibration of the ref-

erence generator, there is no error contributed to the measurement by chip I/O.
and
is
The circuit for generating references
identical programmable
shown in Fig. 4. It consists of
delay cells connected as a ring oscillator. The references
and
are obtained as input and output of one of the programmable delay cells. Each delay cell is loaded with a dummy
and
,
buffer that matches the load of the references
ensuring equal delay of all the cells in the ring. The delay
and
is characterized by setting
,
between
which enables oscillation. The period of the oscillations is meato an external frequency counter,
sured by connecting
and
.
which allows us to determine delay between
To perform the DUT measurement, a single pulse starting from
is fed through the delay lines passing through
and
. Since, as we will show below, any measured quantity
and
,
is obtained as the difference of the two delays
all we need to know about the timing of these references is the
difference in the delays, and not the actual delays.
Each programmable delay cell in the ring oscillator from
Fig. 4 consists of coarse and fine-tuned segments (Fig. 5) which
, providing a total of 128 osare controlled by
cillation periods. The coarse delay selects one of
inverters in addition to the delay of the multiplexer. Fine delay
tuning is achieved using three inverter stages whose load can
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Delay cell in ring oscillator.

be varied using four LSB control bits. In order to achieve as
uniform dependence of the delay on the control code as possible, thermometer decoding is used so that a larger code results
in a larger load on any inverter stage in the fine-tuning block.
Thermometer encoding allows the delay between signals
and
to rise monotonically, varying between about 200 ps
to about 850 ps with average step of 5 ps for typical process.
We briefly present the implementation details of the other
blocks in the test circuit. The variable-delay block
from
Fig. 3 is similar to the oscillator delay line (Fig. 5). Since
needs to provide a smaller delay span than the oscillator delay
line, only six delay control bits are needed. No pre-characterization of the
block is required because its delay is measured each time a DUT measurement is taken. A multiplexer
at the end of the
delay line is needed to selectively apply
either rising or falling inputs to the DUT. If the DUT is differential, the
delay line must supply differential data inputs. The
delay line can be inverting or noninverting, depending on
whether the DUT is rising-edge or falling-edge triggered. The
capturing storage element
is differential, with symmetrical low-to-high and high-to-low setup and hold times, in
order to minimize the error. The actual test circuit was expanded
to accommodate delay measurement of up to 16 DUTs. The control input
is used to select a particular DUT for the
measurement.
A key feature of the proposed test circuit is use of the
same components for measuring the arrival times of all ports
of the DUT, rather than matching the delays of two different components. This approach eliminates the error due to
process-variation-induced delay mismatch of identical circuits.
In addition, the test circuit draws the same current from the
power supply for all measurements. Thus, the voltage and
temperature variation contribution to the measurement error is
minimized. The delay mismatch of the programmable delay
cell, which is the largest component of the error, is reduced by
placing the oscillator cell used to generate references
and
in the middle of the layout of the oscillator (assuming an
approximately linear variation of process across the die.)

B. Delay Measurement Test Procedure
A total of 2 test vectors are needed to measure low-to-high
and high-to-low setup and hold characteristics. The vectors were
applied by software running on a PC equipped with an IEEE
1149.1 scan controller card.
The delay measurement for a single DUT consists of the following steps:
• characterization of the oscillator: for each value of the os, oscillating mode
cillator control word
is chosen and the period of the oscillais measured. The measured delay of a single
tions
, as a
delay cell in the oscillator, which we designate
is calculated from measured
function of
period:
(3)
• DUT measurement: the reference delay generator is set to
nonoscillating mode
For each data-to-clock
, and for
delay, determined by control bits
and
, the
each delay between reference signals
following is executed for each DUT port:
• initialization: the initialization is performed by setting the data arrival early enough or late enough to
assure that the initialization value will be captured,
.
then applying a single pulse at the input
The pulse propagates to the DUT and initializes it to
the desired value.
• measurement: low-to-high or high-to-low delay
) and datameasurement (control bit
to-clock delay (control bits
) are
control signal is set
selected. The
to select the DUT port to be observed. A single
. The value captured by
pulse is applied to
is written to the scan register and scanned
into the tester. Note that measurements of setup and
hold characteristics differ only in the initial value
written to the DUT before the measurement.
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Fig. 6. Power consumption measurement setup.

• The maximum value of
is recorded at
which the capture of each port of the DUT fails, (
,
,
), and the data-to-clock and clock-to-output
delays are calculated according to (4) and (5):
(4)
(5)
Note that
is slightly larger than the delay between reference
and
for the portion of the delay of the mulsignals
tiplexer in Fig. 4. This multiplexer delay need not be measured,
and
as it cancels out in (4) and (5), so each of
is exactly the difference between two
delays.
C. Power Consumption Test Circuit and Test Procedure
The power consumption is measured for an array of identical CSEs with outputs loaded and inputs buffered. The test
circuit used in the measurement is shown in Fig. 6. Up to 16
different DUTs can be tested by the circuit. Within one DUT
identical CSEs are connected in parallel, and control
array,

circuitry is used to select the array to test and apply the clock
and data inputs. The loading and buffering of each individual
CSE within an array is shown in Fig. 7. The supply voltage of
the storage element arrays is separated from the main supply to
is
isolate their power. Only the array selected by
supplied with clock and data, while inputs to all other arrays are
inactive. All arrays can be shut off by selecting control signals to
selects the data
keep the input clock and data low. Input
activity of the input from 100%, 50%, 25%, 12.5%, 6.25%,
and 0%. can be selected as either 0 or 1 at 0% data activity.
Data activity is defined as the percentage of the maximum data
throughput. For example, 100% data activity means the data
and
toggle rate is half the clock toggle rate. Inputs
are supplied by the scan register.
All arrays share a common supply, requiring subtraction of
their leakage power from the measurements. The estimate of
leakage current can be obtained by measuring the power supply
current when all arrays are disabled. Thus, power consumption
of an individual storage element can be obtained by subtracting
the measured supply power for two cases: 1) only the selected
array which is currently under test receives toggling clock and
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Fig. 7. Single storage element cell in array in power consumption measurement circuit.

data and all other arrays are shut off, and 2) all arrays are shut
off.

(6)
where VDR is the supply voltage,
and
are measured VDR supply curcontrol
rents when the CSE is selected using the
is the total
bits, and when all arrays are shut off, and
number of CSEs in the array.
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the delay measurement error. The following notation is used in
the derivations to describe the actual delays of each block (also
refer to Fig. 3).
and
are the data-to-clock and clock-to•
output delays of the DUT.
and
are the propagation delays of the
and
•
delay lines.
is the delay of the multiplexer.
•
is the setup time of
.
•
is the delay of the
cell of the reference gen•
erator.
is the delay step between
-todelays
•
control words.
for two consecutive
is the delay of the output buffer and off-chip cable
•
ending with the instrument used for the frequency measurement.
• When a circuit is excited more than once, the variation of
its actual delay is recorded in a superscript. For example,
,
the multiplexer delays when measuring each of ,
,
, and
,
and delay from the reference are
respectively.
The data-to-clock delay measurement error can be found by
examining the relationship between the actual data-to-clock
and the measured data-to-clock delay
.
delay
The actual data-to-clock delay is
(7)

IV. MEASUREMENT ERROR ESTIMATION
In any measurement, we can distinguish a DUT, a physical
quantity to be measured, and the measurement system (MS)
that produces the measurement. The MS introduces measurement errors due to noise, nonideal environmental parameters,
and instrument accuracy and precision. Errors can be categorized as [11]:
Systematic: the difference between the physical quantity and
the measured quantity that occurs consistently. Systematic error
is associated with the instrument or particular measurement
technique used. It is usually specified by its upper bound, since
exact systematic error is never known (if known, it could be
removed.) Associated with systematic error is the property of
a system called accuracy, i.e., systems with small systematic
error have high accuracy.
Random: the difference between a physical quantity and its
measured value as a result of unpredictable fluctuations in the
properties of the DUT and the MS. The source of this type of
error is any random occurrence that affects the measurement:
power supply noise, temperature variation, process variation,
etc. Due to random errors, different measurements of the same
quantity give different results. The random error is modeled by
treating a measured quantity as a statistical variable that complies with a Gaussian probability distribution, characterized by
its mean and standard deviation . The precision of a system is
proportional to random error, i.e., small random error is equivalent to high precision.
We derive the random and systematic error in the delay
measurements statistically from the parameter variations in the
measurement circuit. These derivations are used in Section VI,
where we estimate each component of the error and calculate

The measured data-to-clock delay is the difference between
the largest
-todelays of the reference generator for
fails to capture the transition of
and , as
which
-todelays are found by
discussed in Section III. The
characterizing the reference generator prior to the measurement.
Thus the difference between measured and actual data-to-clock
delay consists of two components: the error associated with the
characterization of the reference generator, and the error made
by approximating actual data-to-clock delay by the delay beand
. The measured data to clock delay, which
tween
, is
we denote as
(8)
In (8),
tween
word
capture

and
and
and

are the characterized delays bethat correspond to the largest control
for which
in Fig. 3 fails to
, respectively. From (3):

(9)

(10)
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In (9) and (10),
and
designate the
variation of the delay of the output buffer and off-chip circuit
during the characterization of the oscillator for the control
that corresponds to
and
.
words
The data-to-clock delay measurement is performed by sub-todelays smaller than or equal
tracting the longest
, the delay of the multiplexer and
to the sum of the delay of
the setup time of
, from the longest
-todelays smaller than or equal to the sum of the delay of
,
the delay of the multiplexer and the setup time of
(Fig. 3). As the
-todelays are discrete with a step
size
, the precision error introduced into each mea. Assuming that the
-todelay
surement is
is determined exactly, the measured data-to-clock delay disregarding reference generator characterization error, which we de, is given by
note by

associated with the characterization of the reference generator
, and the random error associated with the measurement
:
(14)
The random error due to the characterization of the reference
generator in ring oscillator mode can be obtained by inspecting
and
, (7)–(10), (12).
the mismatch between
and
are taken
Assuming that the reference signals
cell in the ring oscillator, this mismatch can be
from the
expressed as follows:

(11)
The overall measurement error is the difference between the
measured and the actual data-to-clock delay:

(12)
(15)
The systematic and random error of data-to-clock delay can
now be found by combining (7)–(12) and identifying constant
and random component of the error expression. Systematic error
is

(13)
The first term in (13) is the systematic error of the multiplexer
due to the separate paths and different low-to-high and highto-low delays. The second is due to the different low-to-high and
high-to-low delays of the capturing flip-flop. The third term is
due to the mismatch between low-to-high and high-to-low delay
of the delay cells in the ring oscillator. To minimize this source
of systematic error, all the circuits were designed for equal rising
and falling delays in the typical process. As the delay cells are
noninverting, their low-to-high and high-to-low delays consist
of individual delays of equal number of “up” and “down” transitions. Thus, low-to-high and high-to-low delays of the oscillator delay cells are similar, which keeps the third term in (13)
small even in a skewed process corner. The last term in (13) is
the accuracy of the frequency counter.
Random error of the delay measurement is caused by process,
voltage and temperature variation and it is characterized by its
. From (7)–(12), the random error of
standard deviation
the data-to-clock delay has two components: the random error

Note that the error associated with the difference between
and
does not depend on the mismatch between individual oscillator cells, but rather on the difference becontrol words.
tween these mismatches for different
We assume that all oscillator cells have the same delay variation
, and that all components in (15) are independent
of each other. The delay variation of the multiplexer in the os, and that of the off-chip
cillator (Fig. 4) is denoted as
. Under these assumptions, and using
circuit is denoted as
elementary statistical relations, we obtain the contribution of the
characterization of the reference generator to the data-to-clock
delay error:

(16)
The first term in (16) is the result of the delay difference
mismatch between individual oscillator cells. The second term
comes from the delay fluctuation of the multiplexer in the ring
oscillator. The third term is the random error due to the variation
of the output buffer, off-chip cable, and the measurement instrument during the characterization of the reference generator.
The circuit components that participate in the measurement
of data-to-clock delay of the DUT and that contribute to the
and
, muldata-to-clock random error are delay lines
tiplexer, and capturing flip-flop (Fig. 3). In addition, the precision (i.e., the delay step size) of the reference generator causes
, given by
random error of standard deviation
:
(17)
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Fig. 8. Improved sense-amplifier flip-flop (im-SAFF) with transistor widths.

Combining (14), (16), and (17), we obtain the random error
of data-to-clock delay:
Fig. 9. Chip micrographs. (a) Micrograph of delay measurement test circuit.
(b) Micrograph of power consumption measurement test circuit.

(18)
The process of determining the error of clock-to-output delay
is similar to that of the data-to-clock time, described above. Systematic error of clock-to-output delay is

The only off-chip-related error is due to measuring the ring
due
oscillator period. This error is reduced by a factor of
to the multiple stages in the ring oscillator. In the next section,
we plug numbers into (13), (18), (19), and (20) to quantify the
errors in our measurement circuit.
V. RESULTS

(19)
Random error of clock-to-output delay is

(20)

We present the delay and power consumption measurements
for the improved sense-amplifier flip-flop (im-SAFF, Fig. 8)
[10], [12], which we fabricated in a 0.11- m CMOS process
[13] operating at 1.2 V. The chip micrograph of the test circuit
used for measuring delay and power consumption of im-SAFF
and 11 other CSEs is shown in Fig. 9. The flip-flop is loaded with
14 minimal inverters at both outputs and , and its drivers are
sized so that their input capacitance is four time smaller than the
load they drive (fan-out of 4 load).
Fig. 10(a)–(d) shows the im-SAFF clock-to-output delay,
setup, and hold characteristics for both high-to-low and low-tohigh transitions from a single wafer measured at room tem. Fig. 11 shows the measured power
perature
consumption at a clock frequency of 257 MHz. A summary of
the measured characteristics of the im-SAFF is given in Table I.
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Fig. 10.
V

Measured and simulated clock-to-output characteristic of im-SAFF (fast/slow corner designates fast/slow both nMOS and pMOS transistor models,

= 1:2 V (typical), T = 25 C (typical): (a) setup, low-to-high input transition; (b) setup, high-to-low input transition; (c) hold, low-to-high input transition;

(d) hold, high-to-low input transition.

In order to find the measurement error, we estimate all error
components described in Section IV. A portion of the systematic
error occurs due to unmatched multiplexer delay and
setup time for low-to-high and high-to-low and transition
(Fig. 3), (13), (19). The estimate of this error, obtained from
, is 2 ps.
SPICE simulation of the multiplexer and
The mismatch between the low-to-high and high-to-low delay
of a single ring oscillator cell, estimated using simulation, is
typically of the order of 1–2 ps, and always below 4 ps for
all data-to-clock and clock-to-output delays of interest. For the
characterization of the oscillator, we used an Agilent 54845B
oscilloscope, which has a built-in frequency counter, with accuracy of 1.1 ps in the range of measured oscillation periods. From
(13) and (19), the effect of this accuracy to both data-to-clock
and clock-to-output systematic error is 0.055 ps.
An estimate of the process variation impact to the ring
oscillator random error can be obtained from the distribution of
the oscillation periods over a large number of dies on the same
wafer. Measured standard deviation of this distribution over
20 dies from the same wafer is
for oscillator periods typically used to measure
and
. This estimation is pessimistic, since the variation of
the transistor parameters is typically larger over different dies
than for transistors on the same die.

Fig. 11.

Measured and simulated power consumption of im-SAFF.

TABLE I
SIMULATED AND MEASURED DELAY PARAMETERS OF IM-SAFF

The random error due to the delay mismatch of the different
(Fig. 3) cannot be measured in
inputs to the multiplexer
our circuit. In order to estimate this portion of the error, we
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TABLE II
ESTIMATED ERRORS OF THE COMPONENTS OF THE TEST CIRCUIT

performed SPICE Monte Carlo simulation assuming Gaussian
distributions of channel length, channel width, and threshold
voltage of all transistors in the separate paths through the multiplexer. The standard deviations of the Gaussian distributions
used in Monte Carlo simulation were estimated to be one third of
the standard deviation of the process obtained from the foundry.
The simulated standard deviation of the delay of multiplexer
in Fig. 3 is 1.7 ps.
Overdesign of the power grid was used to minimize supply
voltage drops. In order to estimate the effect of supply voltage
and substrate voltage variations to the random error, we found
by simulation that supply and ground voltage bounce due to IR
and 0.3%
, respectively. In addition, the
drop is 0.5%
estimated IR drop is very close to deterministic as it always
occurs in the same scenario and no other circuit on the chip
switches during the measurement. The external voltage supply
tolerance is 0.1% for the range of current and supply voltage
used. Each percent of supply voltage change causes 0.8% delay
change, and each percent of ground voltage change causes 0.5%
percent delay change. As a result, even the largest random error
due to the supply voltage tolerance is less than 0.5 ps.
The estimation of the setup time error of the capturing
requires special attention due to high senflip-flop
sitivity of the flip-flop operating near the metastable region to
power supply fluctuations. SPICE simulations show that the
data-to-clock delay for which the flip-flop definitely captures
the incoming data varies by 0.6 ps when the supply voltage
changes by 1% around the nominal voltage. We use this value
for the random error in the setup time of the capturing flip-flop,
, which provides a safety margin for both external
supply voltage variation and on-chip IR drop.

The variation of the junction temperature due to the power
consumption is negligible since the test circuit operates at a low
switching frequency (less than 1 MHz).
is obtained using
The precision of the measurement
.
the average measured step size
The component of the random error due to the delay fluctuawas
tion of the output buffer pads and off-chip circuits
estimated by observing the statistics of repeated measurement
of the oscillation periods of the ring oscillator. For all measured
oscillation periods, the standard deviation of this measurement
is between 10.6 and 18 ps. The precision of oscilloscope is 2 ps.
From (18), the effect of the output buffer pads and off-chip cir.
cuits is characterized by standard deviation of
Table II summarizes the individual components of the measurement error. Using (13), (18), (19), and (20), we obtain systematic and random errors of data-to-clock and clock-to-output
delay, given in Table II.
VI. CONCLUSION
We presented a test circuit and automated procedure for
the measurement of delay and power consumption of clocked
storage elements. The test circuit is useful to validate simulation
models and select between alternative CSEs that show only
small differences in simulation. The accuracy and precision for
the measurement of relatively small delays is enhanced because
all measurements are performed on-chip using common signal
paths wherever possible. In addition, the error introduced by
chip I/O and instrumentation is minimized. The estimated
systematic and random errors, obtained from the measurements
and SPICE simulation, are 6 and 10 ps, respectively. The accuracy and precision are demonstrated by the ability of the test
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circuit to measure the variable portion of the clock-to-output
delay characteristic. The power consumption is measured by
isolating the power supply of an array of identical CSEs with
variable input data activity. The presented circuit is extendable
for inexpensive, yet precise and accurate, measurement of
arbitrary on-chip delays.
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