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Accurate Shielded Interconnect Delay Estimation
by Reconfigurable Ring Oscillator
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Abstract— Shielding, which is used in VLSI designs to prevent
noise interference from the cross-coupling capacitance between
adjacent signals can also be used to tune the propagation
delay of the clock signals in designs operating at low GHz
frequencies. This paper presents a detailed design for a 16-nm
ring oscillator with built-in reconfigurable shielding, and a delay
estimation methodology. Together these provide a post-silicon
measurement methodology that can derive accurate shielding
delays without any direct delay measurements. The shielded
ring oscillator and the testing methodology are designed to
minimize the effects of on-die variations on estimation accuracy.
Comparisons of the estimated delays with SPICE simulations
show very good fit across process technology corners. The circuit
was fabricated in 16-nm technology. The accuracy and robustness
of the estimation methodology were verified by cross-validation,
obtained from both pre and post-silicon measurements.

Index Terms— Integrated circuit interconnections, parameter
estimation, ring oscillator, wire shielding.

I. INTRODUCTION

NTERCONNECT shielding is used in Very Large Scale

Integration (VLSI) designs to prevent noise interference
between signals. The clock signals spread over the entire
silicon die to synchronize the operation of the underlying
circuits in digital systems are the noisiest, and hence are
shielded. They are a source of signal integrity problems, which
can be avoided by extensive usage of shielding [1]. Clock
signals connected to each sequential element (e.g., latch, flip-
flop) are sometimes delayed with respect to each other. This
is done by inserting delay buffers into the clock distribution
network [2]-[5], among others. Often, intentional delay buffers
are also inserted into logic signal paths to solve min-delay
(hold) problems [6]. The internal delay of the buffers is subject
to wide, unpredictable changes due to process variation, and
this has been aggravated by recent progress in reducing VLSI
technologies to the nanometer scale [7], [8].
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Using shields as delay elements requires knowledge of
their behavior in real silicon, which may be quite different
from the delays obtained in RC layout extraction and SPICE
simulations. Due to the lack of observability of internal nodes,
direct delay measurements in silicon are very expensive, and in
many cases impossible. Hence, there is a real need for indirect
measurement of shielding delay effects. To the best of our
knowledge, a post-silicon measurement and a methodology
that can provide an accurate estimate of the in-circuit shielding
impact on delays has not yet been proposed.

An early study on ways to lessen the cross-coupling
delay burden incurred by shielding by allowing variable
spacing was presented in [9] and [10]. In a recent work,
Frankel and Wimer [11] proposed tapering the space of the
clock shielding wires to solve the clock tuning problem by
useful skew as an alternative to the insertion of expensive delay
buffers. It was shown that the optimal space tapering yielding
the desired propagation delay with minimum area consumption
was proportional to the square root of the distance from the
driver to the receiver.

A later work [12] turned shield insertion into a practical
clock tuning design flow as a part of the backend clock
tree synthesis (CTS). The authors showed that for a memory
controller and an ARM®-based processor, about 90% of
the useful skew insertion prerequisites could be solved by
appropriate shielding implementation. This work examined
the impact of process variations on intentional required skew
propagation delays [13]. It was shown in [12] that delays
obtained by shields were 50% less sensitive to variations than
those obtained by delay buffers. The other advantages of using
shields rather than delay buffers such as the ease of late design
changes (ECOs) were also discussed.

The main contributions of this paper are the following:

« a special reconfigurable ring oscillator accompanied by a
testing circuit to measure the delay effect of shielding on
silicon,

« a verified methodology that enables an accurate post-
silicon estimation of the shielding impact on delays,

« a demonstration that delay tuning by shielding is possible
over a wide range, and

« post-silicon measurements on 16nm test-chip, which con-
firmed the validity of the above.

The remainder of this paper is organized as follows.
Section II discusses delay tuning by shielding. Section III
proposes a special ring oscillator and a test circuit to indirectly
measure shield delays on silicon. Section IV presents an
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Fig. 1. Driver-to-receiver interconnect (a) and its RC-ladder modeling (b).
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Fig. 2. Shielded interconnect modeling.

estimation methodology to obtain the delays of various shields
in the internal, unobservable segments of the ring oscillator.
Section V compares the estimated delays to simulated delays,
and also demonstrates the robustness and validity of the entire
estimation methodology. Section VI presents the post-silicon
measurement results and Section VII draws conclusions.

II. DELAY TUNING BY TAPERING OF
INTERCONNECTION SHIELDING

The Elmore delay model [14] has been widely used in
VLSI design since its early days to calculate the interconnect
delay [15]. Consider Fig. 1(a), where a driver connected on the
near end sends a signal along a wire to a receiver connected
on the far end. The driver’s resistance Rp characterizes its
driving strength. The receiver has an input capacitance CL.
An input unit impulse Vi, is supplied to the near end at r = 0.
The interconnection in Fig. 1(a) has distributed resistance and
capacitance, and is usually modeled and approximated by the
RC-ladder shown in Fig. 1(b), where Ry = Rp and C,, = CL.
The Elmore delay in this case is the limit of the sum over all
the resistances multiplied by the downstream capacitance [16],
as follows

n n n J
S~ D R > Ci=> Ci > R (1)
=1 j=i j=1 =l

The connection from the driver to the receiver usually
traverses several metal layers. However, we used the simplified
but very popular and useful model shown in Fig. 1 where the
interconnecting wire resides on a single metal layer.

Signals that are a source of significant noise are shielded,
where the shielding wires are connected to a constant voltage
Vonp or Vpp [1], as shown in Fig. 2(a). The cross-coupling
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capacitance between the shielding wires and the interconnect
signal introduces further driver-to-receiver propagation delays.
This was studied in [17] and [18] in the context of optimizing
a global interconnection design methodology, in conjunction
with wire width and repeater insertion. These studies con-
sidered the delay incurred by shielding as an undesirable
burden. However, it can be seen as an aid to solving per-signal
problems by satisfying the required delay constraints. Both
studies assumed shielding of fixed spacing from the signal
wire, as shown in Fig. 2(a), whereas optimal per-signal delay
tuning requires variable, piecewise-constant spacing, as shown
in Fig. 2(b) [10]-[12].

As shown in Fig. 2(b), let us consider a wire of constant
width w connecting the driver and the receiver. A two-
sided shield extends along the wire, spaced at s (x),
0 < x < L. To make the illustration independent of nanome-
ters and microns, the wire-to-wire spacing s (x) is expressed
as a multiplicative factor of $min, Which is the minimum wire-
to-wire spacing allowable by the technology in use. There is
typicallys (x) € {1 X Smin, 2 X Smin> 3 X Smin}. A commonly
used approximation for the unit length line-to-line capacitance
of two adjacent wires is given by ¢ /s (x), where ¢ is a
technology parameter. The driver-to-receiver delay in Fig. 2(a)
can be expressed as

5 — 5Wire + 5;hie]d, l — 1’ 2’ 3’ (2)

where 0% is the contribution of the signal wire and 5§hield
is the contribution of the shield for the 1 X Smin, 2 X Smin and
3 X smin Spacings. A back-of-the-envelope calculation of the
dynamic range of delay tuning achievable by the shielding
which ignores all technology parameters and instead only
utilizes geometric parameters was reported in [12]

5ihield _ 5§hield ~ 4
gwire 53hield ~ 3Quw+ 1)’

3)

where w is the multiplicative factor of wpi,. The derivation
of (3) assumed that the line-to-line and the ground capacitance
are of the same order. The approximation estimated the delay
dynamic range to be 44% (£+22%) for wire widths of 1 X wpjp.
It was also shown that the shield delay was 50% less sensitive
to process variations than the buffer delay. Smaller variations
ensured that the useful skew would be sustained across a wide
range of operation and silicon conditions. This work employed
16nm technology, but it is important to note that the ability
to tune the delay by shielding increases for scaled CMOS due
to the ever-increasing ratio between the line-to-line and the
ground capacitance [19].

III. MEASURING THE EFFECTS OF SHIELDS
IN REAL LAYOUTS

Measuring the delays of interconnects directly from silicon
is very difficult and practically impossible. Silicon testing
affords very limited probing of delay paths, because there is
no visibility of their constituent delay segments or internal
nodes. Most works on post-silicon delay measurements have
dealt with the degree of fit between the model parameters
of the logic cell library and the real silicon parameters.
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An inverting MUX.

Chen and Liou [20] used statistical estimation methods for
matching purposes. Jang er al. [21] derived the delays of
the gates comprising the measured paths by an equality-
constrained least squares estimation method. They faced the
problem of solving the gate delay approximation in an under-
determined equation system. The under- determination stems
from the small number of measured post-silicon paths com-
pared to the large number of internal unknown segment delays.
In a recent work [22] the authors approached the problem of
an undetermined system by introducing uncertainties into the
simulation, which improved the estimated delays. In contrast
to these works, our method provides an overdetermined system
which is helpful in achieving accurate estimation.

A CMOS ring oscillator is typically used for the evaluation
of the gate delay from silicon, which is an analog phenom-
enon, by indirect calculation based on counting pulses [23].
A ring oscillator is comprised of an odd number N of
inverting gates connected in a closed loop. The oscillation
frequency is given by 1/2Nt, where 7 is the gate delay.
To accurately measure the shield delay from silicon we devised
a reconfigurable shielded interconnect ring-oscillator circuit,
as described below. It is based on a five-stage inverting chain
comprised of four inverting MUX stages and an additional
inverting stage.

A. Inverting MUX

To support the measurement of different shielded intercon-
nect delays, the inverting stage is implemented by an inverting
MUX which makes it possible to select from among four of
the input shielding configurations. Since the inverting stages
are cascaded in a loop, the output of the inverting MUX is
fanned to all four outputs, one of which will be selected by
the next stage to be its input. Fig. 3(a) depicts the symbol and
functionality of the inverting MUX.
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Fig. 4. Five-stage shielded interconnect ring oscillator.

The gate implementation of the MUX is illustrated
in Fig. 3(b). Every input-to-output path is comprised of five
inverting gates. To maintain perfect symmetry and delay
equality among all the paths, appropriate inputs are connected
at the gates of each stage. There, all the inputs are isolated via
buffers to ensure an identical input load for the driving stages.
The remainder of every path is made up of two NAND and
two NOR gates. Further symmetry and identity are obtained
by alternating between the “low” and “high” pins.

The circuit was implemented in a TSMC 16nmFFC standard
cell library. The output was fanned out via a 2-way NAND
gate to obtain a similar driving strength as the enabling switch
shown in Fig. 4. This switch is another inverting stage of
the oscillator loop; it is highly desirable for all the shielded
interconnects that are part of the loop to be driven similarly.

As detailed in sections IV and V below, a key part of
the shielding delay derivation is the assumption that the
inverting MUX in Fig. 3 has a similar propagation delay from
any input to any output. This is achieved in our design by
appropriate selection of the gate’s inputs and careful layout
artwork. To assess the delay sensitivity to the selected input-
to-output path, all 16 distinct paths were simulated with SPICE
at a (typical P, typical N, 0.8V, 85°C, typical RC wire)
corner. An input slope of 100psec was used. Though large
in slope, Fig. 4 below shows that the inputs of the MUX are
driven through long shielded wires that degrade the slopes
significantly. The SPICE model was extracted from the GDSII
layout implementation with the StarRC® Synopsys tool [24].
Table I lists the delays from the various inputs of the MUX
to its various outputs, where all the outputs were connected
to same capacitive load. The variabilities in the rise-to-fall
and fall-to-rise delays across the entire 16 input-to-output
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TABLE I
INPUT-TO-OUTPUT DELAYS OF THE INVERTING MUX

Input | Output | rise—fall |fall-rise | Input | Output | rise—fall |fall-rise
[psec] | [psec] [psec] | [psec]
Z0 63.6 69.7 Z0 63.7 71.1
0 Z1 63.1 69.0 2 z1 63.2 70.4
Z2 64.1 70.3 z2 64.2 717
Z3 64.2 70.5 Z3 64.3 719
Z0 63.8 69.9 Z0 63.7 71.3
n Z1 63.3 69.2 3 Z1 63.2 70.6
Z2 64.2 70.4 Z2 64.0 71.9
Z3 64.3 70.7 z3 64.1 72.1
TABLE II

INPUT-TO-OUTPUT DELAY VARIABILITIES IN DIFFERENT CORNERS

corner rise—fall fall-rise
P N Vdd | temp | wire |average | maxvar | average | max var

device | device | [Volt] | [*C] RC [psec] +[%] [psec] +[%]
typical | typical | 0.8 +85 |typical | 63.7 0.9 70.6 2.2
typical | typical | 1.0 +85 |typical | 55.5 1.6 61.1 23

slow | slow | 0.72 | —40 |worst | 79.2 14 90.2 2.2

slow | slow | 0.72 |+125 |worst | 79.7 1.2 88.6 2.0

fast fast 1.05 | —40 | best 45.7 1.8 50.9 1.8

fast fast 1.05 |+125 | best 53.6 1.6 57.4 1.8

combinations were £0.60psec and +1.55psec, respectively,
which are practically negligible.

To validate that the similarity of propagation delays from
any input to any output of the inverting MUX was preserved
across process variations and operation conditions, it was
simulated in various corners. The results are summarized
in Table II. As shown in the grayed columns, the delay
variability within a corner was calculated as the difference
between the paths yielding the maximum and the minimum
propagation delays. Although the propagation delays changed
considerably across different corners, which is typical and was
expected, the delay variabilities within each corner remained
small. As discussed below, the absolute delay values are
immaterial to estimating the shielding delay. What matters is
the delay similarity of the various input-to-output paths.

B. Shielded Interconnect Ring Oscillator

Fig. 4 illustrates the five-stage inverting loop implementing
the shielded interconnect ring oscillator. The loop was com-
prised of four inverting MUXes, Uy-Us, plus interim enabling
NAND gates, yielding altogether an odd number of inversions.
The oscillating output signal ring_CLK was selected by a
4-to-1 MUX to isolate the oscillator from the measurement.
The oscillator design used the same metal6 1 X wp, signal
width, depictedin Fig. 4 by the bold lines, where wp;, is
the minimum wire width of the technology. The interconnect
connecting a stage to its successor was 200um long.

The layout of the configurable shielded ring oscillator is
shown in Fig. 5(a) to illustrate the inverting MUXes and the
interconnecting segments. Each stage in the loop is highlighted
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Fig. 5.

Layout of ring oscillator and GDSII of shielded wires.

in a different color. To keep the silicon variability effects
on the shielded interconnects in the four stages as similar
as possible, the ring was placed so that the two MUXes on
each side were 200um apart from each other. This preserved
the proximity of the shielded wire segments, thus enabling
maximum accuracy of the post-silicon estimation. As shown
in Fig. 5(b), the wires were shielded with different spaces of
1 X Smin, 2 X Smin and 3 X spip. To represent no shielding,
we used 5 X spin spacing instead. The 5 X sy shielding was
a must since otherwise neighboring signals and shields would
cause uncontrolled interference and shielding. At each MUX,
the chosen input was specified by two selection signals. The
oscillator was turned on/off by the enabling signal ‘en’ of the
NAND stage.

To ensure full symmetry and identity in the driving power
of the interconnections, the NAND gates were identical to
those in the last stage of the MUX shown in Fig. 3(b). For
purposes of measurement accuracy, the NAND gates were
located two stages before the measured output. Since the time
aperture used to count the number of rising clock edges of
the oscillator starts simultaneously with the oscillator enabling
signal, we needed to have the first counted edge output present
late enough into the oscillation counting aperture. Note that
in Fig. 4 different units can have different output loads.
Whereas Uy, U, and the NAND stage only drive shielded
wires, Uz drives the shielded wires and the output MUX. To
compensate for this, appropriate loads (not shown) were added
to ensure that all the outputs of the interconnection drivers had
an identical load.

Though ideally we wanted all the 200um interconnections
having same shields to behave identically, inevitably there
will be differences due to the distributed nature of the layout
and the on-die variations. The ring oscillator was made up
of 16 unknown delays, denoted by 5{, where i € {1,2, 3,5}
is the shielding distance of i X spyin, and j € {0, 1,2,3} is
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the inverting MUX driving unit U;. The selections of S0 — S7
defined a total of 4* = 256 distinct path compositions, yielding
an oscillation frequency determined by the internal delays of
the inverting stages in the ring and the particular selection of
the shielded interconnections in the ring. Note that SO and S1
were also used to output the oscillating signal in accordance
with the path composition under test.

C. Testing Setup and Measurement Methodology

Fig. 6 depicts the testing circuit to derive the delays of
the 16 shielded wires in Fig. 4. It was comprised of the ring
oscillator, a tunable aperture circuit to count the oscillation
pulses, a counter and a synchronizer. The circuit used a 25MHz
reference clock signal (40nsec cycle). The testing program first
decides on one of the 256 possible rings of Fig. 4 by setting
SO to S7 appropriately. Each test measures the delay of a
shielding configuration by counting the number of oscillations
within the measurement aperture. The test is launched by a test
enable signal synchronized to the rising edge of the 25MHz
reference clock. The synchronized reset signal resets a 10-bit
counter and starts the measurment aperture which counts the
number of ring oscillator pulses. The ring oscillator is enabled
via an AND gate. The duration of the measurement aperture
is set by r0 and r1, which in turn set the value of a shift
register to 200nsec — 320nsec in steps of 40nsec. Appropriate
tuning of the aperture duration ensures that the counter will
not overflow during the measurement but rather will extend
the aperture duration to maximize the number of counted
oscillations, thus increasing the measurement accuracy. Once
the aperture is closed, the testing program records the number
of oscillations, from which the delay of the ring oscillator can
be calculated.

IV. SHIELDED INTERCONNECT DELAY
ESTIMATION METHODOLOGY

Measuring delays directly on silicon is complex and expen-
sive, whereas measuring the frequencies of a ring oscillator to
any desirable accuracy is relatively simple, as shown in Fig. 6.
Once the delays are derived from the oscillator frequencies,
the question is how to deduce the effects of various shielding
on the delays indirectly.

Simulate 256 ring
configurations (Fig. 6).
Count oscillations for

each configuration.

!

Derive 256 ring delays
(measured) by (4).

v

Estimate 16 x-to-x
segment delays by
linear regression (7).

16 delays | ,L 16 delays
| Compare |

Simulate (SPICE)
16 x-to-x segment
delays (Fig. 4).

Nearly

invalid estimation

equal?

Fig. 7. Pre-silicon delay estimation and validation flow.

Given that this estimation methodology is designed to
take place in silicon without any direct delay measurements,
it requires validation by comparison to a SPICE simulation.
The SPICE results relying on technology parameters and
characterizations provide the pre-silicon delays. SPICE makes
it possible to validate the delays of the shielded wires which
are parametrically estimated [25] from oscillation frequency
samples (as in real applications in silicon). This estimation
and validation flow is depicted in Fig. 7.

After the matching is confirmed, one can rely on oscillation
frequencies and parameter estimation procedures to deliver
the real silicon delays of the shielded wires. It is important
to note that the parameter estimation is blind to any tech-
nology parameter. The accurate delay tuning range can be
easily obtained from the estimated delays of the shielded
wires by using expressions similar to the left hand side
of (3).

Let 0 < k < 255 be the index of a ring oscillator
configuration obtained by the selection of SO — S§7. Let Ay
be the corresponding delay obtained by dividing the duration
t of the measurement aperture by the number n; of the counted
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oscillations; namely,

t
Ak = >
ny

0 <k <?255. 4)
The delays obtained in (4) are the measurements. The delay is
comprised of four components, each of which starts at an input
of a NAND gate denoted by x in Fig. 3(b), and terminates at
the output of another NAND gate within the inverting MUX
of the successive stage in Fig 4, also denoted by x. There
are altogether 16 such segments, whose delays are estimated.
Since the SPICE simulations provide these delays directly,
the comparison between the estimated and the measured delays
can evaluate the accuracy of the estimation methodology as
illustrated in Fig. 7. The x-to-x delays also include the MUX
delay shown in Table I. Since this work focused on finding the
dynamic delay range obtained by shielding, the MUX delay
had a negligible effect. If one is interested in the shielded wire
delay per-se, the MUX delay in Table I should be subtracted.
Let 51.]( o be one of the 16 x-to-x delay segments, where 0 <
J < 3 designates one of the four stages of the ring oscillator
in Fig. 4, and i (j) € {1,2, 3,5} designates the selection of
one out of the four possible shield spacings i (j) X Smin in the
corresponding stage. The following equality holds:

)

where k is spanned over all possible selections of the ring
configurations in Fig. 4. The linear system in (5) can be written
in the following matrix notation

Hé = A,

(6)

where § = [69,09,89,8%,...,8%, 83,63, 83]" is a 16 x 1
vector of unknown x-to-x segment delays of the ring oscillator,
A = [Ag, Al,..., Axss]T is a 256 x 1 vector of delay
measurements obtained by the testing circuit in Fig. 6. Finally,
H is an 256 x 16 zero-one matrix, each row of which comprises
four ones representing a specific configuration under testing
in (5).

The 256 equations involve 16 unknown parameters, yielding
an overdetermined linear system. Note that any x-to-x segment
is involved in 64 configurations, as dictated by the three
other stages. If an x-to-x segment had an identical impact
on each of the 64 configurations, one could choose any 16
row-independent equation out of the 256 of (5) to solve the
system. In reality, however, the impact of the same x-to-x
segment can vary across configurations. This in turn results in
some noise in the measured Ay, thus making it impossible to
obtain an accurate solution. In this case, least square parameter
estimation is needed [25]. An ordinary least square would be
solved (6) by

§=(u"n) 'HT A, %)
where 8 is the estimated solution. Unlike in silicon, the x-to-x
segment delay 5{(,') can be measured by the SPICE simulation,

and compared to its estimated value 3{0) as obtained by the
approximated solution in (7).

Unfortunately, the rank of the 16 x 16 H”H matrix is less
than 16, and hence not invertible. The rank deficiency follows
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Fig. 8. Testing the quality of the post-silicon delay estimation.

from the fact that not all four variables (the four ones in a row
of H) out of the 16 can be chosen arbitrarily. Rather, these are
divided into groups of four variables each, where an equation
involves one and only one variable in each group stemming
from the selection of a single x-to-x segment within a stage of
the ring oscillator. Overall, this dependence yields a matrix of
rank 13. Such cases are usually treated with a method called
pseudo inversion [26], which is another kind of least square
approximation.

While this work presents a reconfigurable ring oscillator
with identical stages, the rationale can be used to design any
ring oscillator, where each stage has different wire lengths.
Appropriate configurability can support any combination of
wire lengths and shield spacing. The estimation methodology
elaborated below only requires solving the appropriate linear
equations system with an appropriate choice of variables.

Recall that there is not any direct post-silicon delay mea-
surement, so the 16 estimated post-silicon delay segments
cannot be compared to anything. How can we be confident
that the linear regression in (7) yields a valid post-silicon
estimation? To this end we used Monte Carlo cross-validation.
There, the unknown parameters are estimated by a portion of
the measurements drawn randomly. The remaining portion is
first computed by using the estimated parameters and then
compared to the corresponding measurements [27].

This type of flow is illustrated in Fig. 8. Here, 80% of
the measurements are drawn randomly from the vector A =
[Ag, A1, ..., Asss]T, denoted by Ago%. These measurements
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TABLE IIT
DYNAMIC RANGE OF INTERCONNECT DELAY TUNING BY SHIELDING

corner Sim. period [psec] SiIIll. 1'an§e [%] | Est. period [psec]
X —=5x

del\Jzice de\ljice [\\]/Ci)(lit] T[igip V\}{lCre PXSmin | & Smin 051 x+5%) 1*Smin, |5 Smin
typical |typical | 0.8 | +85 |typical 989 662 39.6 988 662
typical |typical | 1.0 | +85 |[typical| 909 588 429 908 588
slow | slow |0.72 | —40 |worst | 1050 759 32.2 1046 760
slow | slow |0.72 |+125 | worst | 1160 809 35.6 1163 809
fast fast |1.05 | —40 | best 767 482 45.6 767 482
fast fast |1.05 [+125| best 963 593 47.5 963 594

with their corresponding rows in matrix H, denoted by Hgo,
are used to estimate the delays of the 16 shielded wires,
denoted by 8309g. The following system is solved to yield the
delays

R -1

830% (HgTo%HSO%) H o, Asos. (8)
To verify the accuracy of 330%, the remaining 20% mea-

surements of the vector A = [Ag, A1, ..., Axss]T, denoted by

A»rog, are compared to their corresponding predicted values.

A predicted delay A is calculated by summing the appropri-

ate estimated delays of 830%, defined by the ring oscillator

configuration corresponding to A € Axgg as follows

) 51 2 3

A =304 10y T 980% i(1) T %0% .i2) T %0%, i) D)
If ’A — A’ ~ ( for any A € Ajypg, we consider the estimation
to be reasonably accurate. This is tested in the next section.

V. COMPARISON OF THE ESTIMATION TO THE MODEL
SIMULATION

One of the goals of this work was to derive the dynamic
range of delay tuning from silicon without any direct delay
measurements or any knowledge of the technology para-
meters or the underlying models. This was first done by
simulating the testing circuit of Fig. 6, from which the delays
of two rings of Fig. 4 were obtained. The first was comprised
of four x-to-x segments with 1 X sy, spacing, and the other
was comprised of four x-to-x segments with 5 X spmin spacing.
The oscillator was simulated at six corners, and the delays
were obtained by dividing the number of oscillations by the
measurement aperture. The results are shown in Table III.

The dynamic range of delay was obtained by subtracting
these delays and dividing by their average. As shown in the
grayed column, the 32% to 47% dynamic ranges of delay
tuning were obtained in different corners. The back-of-the-
envelope calculation in (3) yielded a 44% dynamic range for
wire widths of 1 X wmin, Which is the width we used in the
physical layout in Fig. 5 of the ring in Fig. 4. This is consistent
with the dynamic ranges in Table III.

Another main goal of this work was to accurately estimate
the delays obtained by using various shield spacings. We used
a Monte Carlo cross-validation, for which the system (8) was
solved to obtain the estimation of the 16 x-to-x segment

delays in Fig. 4. The measurements were obtained by SPICE
simulations of the testing circuit as shown in Fig. 6, and then
applying (4).

The comparison simulated delays were obtained by SPICE
for every x-to-x segment in Fig. 4. The estimated-simulated
comparison was conducted for all six corners. The results are
summarized in Table IV. Typical, slow and fast devices are
denoted by t, s and f, respectively, whereas typical, worst and
best RCs are denoted by t, w and b, respectively. The worst
accuracies at each corner are highlighted and the mean error
is shown on the right-hand side.

Note that the run-time to simulate the testing circuit in Fig. 6
was extremely long (overnight runs) since it involved hun-
dreds of oscillations per simulation. However, we were not
concerned about the length of the run-time since the purpose of
these runs was to validate the estimation methodology which
was used on-silicon where no simulations are involved.

We can now return to the dynamic range of delay tuning by
shielding which was derived from the simulated ring delays
for 1 X spmin and 5 X spip shield spacings, and compare it
to the corresponding x-to-x segment estimated delays. The
latter were obtained by summing the estimated delays of the
segments comprising the 1 X spin and 5 X spmip rings as in (5).
These are listed in the two right- hand columns of Table III,
and are shown to be almost identical to the simulated delays
of the complete ring.

The estimation quality was validated by using the 80/20
cross-validation methodology elaborated above and illustrated
in Fig. 8. Fig. 9 plots the estimated delays Ao obtained by
(9) versus the Ajpg delays obtained by simulating the ring
oscillator at a (typical P, typical N, 0.8V, 85°C, typical RC
wire) corner. The results align perfectly with the 45 degree
line, with a negligible error of less than 0.1%, thus confirming
the validity of the estimation methodology.

VI. POST-SILICON MEASUREMENTS AND VALIDATION

The shielded ring oscillator shown in Fig. 4 and its accom-
panying testing system shown in Fig. 6 were fabricated in
TSMC 16nm technology on a Marvell Corporate test-chip.
Testing in the corners adhered to the methodology elaborated
in Section III.C. To maximize the accuracy, the longest mea-
surement aperture duration of 320nsec was used. Based on
the post-silicon measurements, the delay of the 16 shielded
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TABLE IV
ESTIMATED-SIMULATED COMPARISON OF x-TO-x SEGMENT DELAYS
comer [x —to— x| §) | 85 | 85 | 62 | 81 | 83 | 83 |85 | &% | 82|65 | 82|63 | 85|65 |63 §
tP,tN | Sim. [psec] |248|207|180|167|241(199|174| 11 |254|210|184|167|247|209|182|167 Ei
&g‘;c’c Est. [psec] |246|207|180|166)|247|206|180|167|250|206|180|163|245|208|181|166| =
tRC Err[%] |08|02|01|06|24[32(37|35|17|16|19|24]|07|06|06| 1 |156
tP,tN |Sim.[psec] [228 |188|161 |149 222 181|156 |143 [234 (190 |164 |148|226 189 |163 |148
1‘2‘;% Est. [psec] |226 (187 161 |148|227 |186 |161 |148 |230|187 |161 |145 |225 [188 162 |147
tRC Err[%] |07 |01 |01 |06]|22(31(36|34|17[17 1924|0605 |04 |08]| 15
sP.sN |sim. [psec] |262|228|205|192|253|217|195|183| 269|230 | 208|192 |264| 231|207 |193
E’.ZS:E Est. [psec] |260|227|204191|262|226|204|191|264|226|204|188|260|228| 204|190
WwRC Err[%] |09|04|04|08|33|41|47 45|18|[17|18|23]|13[14|13|17]201
sP,sN |Sim. [psec] |292|249|220|205(283(238|211|196|299|251|223|204|292|252| 222|205
072y . | st Ipsec] |289|248]220]203] 291|247 219|204 294|247 | 219| 200|289 249| 220 202
wRC Err[%] |08|03|02|06|28|36[41/ 39|17 |16/18|23] 1|11 |13]175
flpdsf‘l;‘l Sim. [psec] {192 |154|131[122]|187|149|127|118|198|157|134|122|190|155 132|121
“apec | Est [psec] |191]154(131]121[191|153|131|122|195|153[131|118|190|155|132]121
b RC Err[%] [05] o | o o5] 2 | 3 [35]32]18] 2 [24]|28]03]01|01]05] 143
fP,fN |Sim.[psec] [241]192(162]150]235|186(157[145]|249(195|165(150(239|193[ 163|149
ﬂ)g‘;c Est. [psec] [240[192|162|149]240{191]162|150]245(191]161|146]238]193] 163|149
bRC Err[%] |05|01|01|05|18|27(32 31|18|21|25|29]01| 0 0102|137
1000- Fig. 10 shows the 80/20 cross-validation of the post-silicon
g sl measured-estimated clock cycles in 3 out of the 12 corners.
£ Each corner shows the range of the post-silicon clock cycle
2 900} measurements extending along the 45 degree line. The 20%
E 850 validating clock cycles are scattered around the 45 degree
é £ line. For each corner the relative delay error ’A —A ’ /A was
° i calculated for every A € Asog, where A is the measured delay
S 750t ) and A was obtained by (9). The maximum cross-validation
E e error in each corner is shown in the corresponding plot. The
maximum error of all the 12 corners is summarized in Table V
S G T B BB S 950 M and all were beloyv O..Z%, thus confirming the validity of
Siimulabert ek egels [pser] the‘ pos.t—sﬂlcon e§t1m?tt10n methodqlogy. Note thaF the Cross-
validation shown in Fig. 9 was obtained for pre-silicon, which
Fig. 9. Cross-validation of the simulated-estimated delay comparison. is essential to prove the estimation methodology’ whereas these

interconnects were estimated by solving (8). The estimation
quality was validated by applying the cross-validation depicted
in Fig. 8.

Marvell provided us with typical silicon material, for
which we tested 12 corners, covering the following tem-
peratures {25°C, 50°C, 85°C, 105°C} and supply voltages
{0.8V, 0.9V, 1.0V}. Recall that for each corner 256 ring
configurations needed to be tested to yield the 16 shielded
wire segment delays. To filter random noise that can occur in
measurements (e.g. power-supply fluctuations, thermal noise,
etc.), each test of the 256 configurations was repeated 50 times,
and the number of oscillations within the 320nsec aperture was
averaged.

The pre-silicon delay estimation methodology comprised
two flows. The first, shown in Fig. 7, compared the estimated
delays to delays obtained directly from the SPICE simulation.
The second, shown in Fig. 8, validated the estimation quality.
While both were essential to proving the correctness of the
estimation method, post-silicon can only use the second flow.

of Fig. 10 and Table V were obtained for post-silicon, thus
proving the accuracy of the concrete estimations.

A goal of this work was to demonstrate that the timing
of the clock signals could be tuned by utilizing the dynamic
delay range obtained by shielding. Table VI shows the post-
silicon delay ranges measured for the 12 corners, where the
range was defined as in Table III: (1 x —5x)/0.5 (1 x +5x).
These are compared to the corresponding ranges obtained
by SPICE simulations. Though slightly smaller, the sili-
con was able to deliver sufficiently large dynamic delay
range.

It should be emphasized that the similarity between the pre-
silicon and post-silicon delay is not the main point of this
paper. In reality they can be quite different. The difference
depends on the extent to which the technology model parame-
ters used for the design fit the fabricated silicon. To examine
the “typicality” claimed by the silicon manufacturer, we ran
SPICE delay simulations of the ring oscillator in Fig. 4 in
the 12 corners shown in Tables V to VII. In each corner
the 16 post-silicon x—to—x delays were compared to their
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850 | 850 |
tP,tN 0.8v,25°c, tRC 800 - tP,tN 0.9v,50C,tRC o TP/tN 10v, 105, tRC
800 -
7 750 |
a5 | 750 | .
08 | 4 700
700 | &
850 1 5 650 s
_— i Max Err = 0.05% 7 Max Err = 0.05% ~ Max Err = 0.08%
& of
) 600 ; ) ) . . 600
650 700 750 800 850 600 650 700 750 800 600 650 700 750 800 850
Fig. 10. Post-silicon cross-validation of the simulated-estimated delay comparison for 3 out of 12 corners.
TABLE V
POST-SILICON MAXIMUM VALIDATION ERROR OF 12 CORNERS
0.8V 0.9V 1.0V
25°C | 50°C | 85°C [105°C |25°C | 50°C | 85°C |105°C |25°C | 50°C |85°C | 105°C
Max Validation Err [%] | 0.05 | 0.06 | 0.07 | 0.07 [0.12 | 0.05 | 0.08 | 0.08 [0.17 | 0.16 |0.07 | 0.08
TABLE VI
POST-SILICON TUNABLE DELAY RANGE
0.8V 0.9V 1.0V
25°C | 50°C | 85°C [105°C |25°C | 50°C | 85°C [105°C |25°C | 50°C |85°C | 105°C
Delay Post-silicon (3333 33.72 34.18 | 34.51 |34.9 | 35.3 |35.71 35.94 |36.11|36.53 [37.02| 37.12
range % | spice  [35.32 |38.87[39.50 | 39.83 l40.37|40.88 [41.33] 4162 |a1.86 |42.25 li2.78] 4297
TABLE VII
COMPARISON OF POST-SILICON SHIELDED SEGMENT DELAYS TO PRE-SILICON SPICE
0.8V 0.9V 1.0V
25°C [ 50°C | 85°C |105°C [25°C | 50°C | 85°C |105°C |25°C | 50°C |85°C | 105°C
Max SPICEErr [%] |9.17 [9.09 [8.90 | 9.08 |8.98 | 9.10 | 9.20 | 9.19 |9.32 | 9.28 |9.43 | 9.51
Mean SPICEErr [%] | 3.95 |3.83 | 3.65 | 3.73 [3.62 |3.66 | 3.68 | 3.67 |3.60 | 3.64 |3.70 | 3.76
corresponding SPICE delays; the average and maximum ACKNOWLEDGMENT

difference are shown in Table VII. The actual differences were
small, which has ramifications for practical design.

VII. CONCLUSION

A detailed design of a 16nm ring oscillator with built-in
reconfigurable shielding accompanied by a delay estimation
methodology was presented, whose accuracy and robustness
were validated and demonstrated. The circuit and the method-
ology enable accurate post-silicon extraction of shielding
delays without any direct delay measurements. The same
methodology can be adapted to measure the delays of other
interconnection structures composed of various metal layers,
wire widths, and wire and shield tapering. The accuracy
and robustness of the methodology was proved through post-
silicon measurements.

The authors acknowledge the useful comments by the
anonymous reviewers that helped us improve the manuscript.
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