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RiINg-Oscillator Process
Monitors for Wafer-Level
CMQOS Screening

Ring-oscillator process monitors give production test teams a fast on-die frequency
measurement for identifying CMOS process variation and sorting dies at wafer level.

process monitor is a dedicated circuit embed-

ded on each die of a wafer, designed to deter-

mine which process corner that die belongs to.

As the silicon wafer passes through multiple
fabrication steps — doping, deposition, and etching — sub-
tle variations accumulate across the wafer, causing each die
to behave slightly differently from its neighbors.

These fabrication variations directly impact circuit speed,
power consumption, and reliability. By measuring the pro-
cess monitor’s output, engineers can quantify these varia-
tions, separate good dies from bad ones, and characterize
exactly which PVT corner — Fast-Fast, Slow-Slow, Typical,
or a skewed combination — each die belongs.

CMOS Ring Oscillator as a Process Monitor

A ring oscillator is a closed-loop chain of an odd num-
ber of CMOS inverters where the output of the last inverter
feeds back to the input of the first. Only an odd number of
inverters creates the logical contradiction needed to sustain
oscillation. Consider a single inverter: it inverts its input
(logic 0 -> 1, logic 1 -> 0). Three inverters in a ring invert
the signal three times total, so the output is always the com-
plement of what entered, causing the ring to continuously
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1. A three-stage ring oscillator consisting of three CMOS
inverters connected in a closed loop; the odd number of
inversions forces continuous oscillation as the signal propa-
gates around the ring.

toggle (Fig. 1).

The oscillation frequency depends on two parameters: the
per-stage propagation delay and the number of stages:

f osc=1/(2xNxt_pd)

where N = number of inverter stages and t_pd = per-stage
propagation delay.

For a practical process monitor, a 2-input NAND gate re-
places the first inverter to provide an Enable control:

Enable = 1: NAND acts as an inverter -> ring oscillates

Enable = 0: NAND output is forced high -> oscillation
stops

This allows the automatic test equipment (ATE) to gate
the oscillator on for a precise measurement window (Fig. 2).

Sizing in Advanced CMOS Nodes

At 7- and 5-nm FinFET nodes, effective carrier mobility is
nearly equal for PMOS and NMOS. Therefore, transistors in
the inverter stages can be sized nearly identically:

W_p/W_n=10to1.2

This symmetry simplifies balanced ring oscillator design
considerably compared to older planar nodes, where PMOS
transistors required roughly twice the width of NMOS to
achieve equal drive strength.
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2. A three-stage NAND-based ring oscillator with an Enable
input. When Enable is high the NAND gate acts as an inverter
and the ring oscillates, and when Enable is low the output is
forced high and oscillation stops.

I<5°LEARN MORE @ electronicdesign.com | 1


https://www.electronicdesign.com/technologies/analog/article/21795843/noise-reduction-is-crucial-to-mixed-signal-asic-design-success
https://www.electronicdesign.com/technologies/test-measurement/article/21209840/solving-the-contact-resistance-challenge-for-7nm-and-beyond-cmos
http://?Code=UM_EDPDF
http://www.electronicdesign.com?code=UM_EDPDF

Frequency Division for ATE Compatibility

At advanced nodes, a 3-stage or 7-stage ring oscillator
can readily produce oscillation frequencies exceeding 20
GHz, which is well beyond the measurement capability of
standard ATE. A chain of D flip-flops divides the output fre-
quency by powers of 2:

f out={ osc/27n

where n = number of D flip-flop divider stages.

For example, a 32-GHz oscillator divided by 216 (= 64)
yields approximately 500 MHz, well within standard ATE
pin bandwidth. A multiplexer at the divider output lets the
test program select the optimal divide ratio for any given
oscillator speed (Fig. 3).

Placement on Die and Wafer

Process monitors can be placed in two locations, each
with different tradeoffs:

o Active die area: The monitor is embedded within the
functional die itself, allowing it to be measured both at
wafer sort and during packaged-part testing. This place-
ment reflects actual on-product conditions — same
power supply, same temperature gradients — but con-
sumes a small amount of product die area.

« Scribe line: The narrow saw-cut region between ad-
jacent dies on a wafer can also host process monitors.
Scribe-line monitors are free in terms of die area, but
they’re destroyed when the wafer is diced. They’re mea-
sured only during wafer sort, before singulation, and
used primarily for process control rather than per-unit
binning.

A single die may include multiple process monitors tar-
geting different circuit types; for example, one optimized for
NMOS speed, one for PMOS speed, and one for a balanced
CMOS path. This allows engineers to detect skewed corners
(Fast-NMOS/Slow-PMOS) that might be missed by a single
combined monitor.

Applicability Across Transistor Technologies
Ring-oscillator process monitors are used across a wide
range of CMOS technology nodes, but
their design details vary significantly by
generation: ."EwNwmn
« Planar CMOS (130 to 28 nm):
PMOS carrier mobility is roughly
half that of NMOS. Thus, PMOS
transistors are sized approximately

between PMOS and NMOS. As a result, sizing ratios
converge toward W_p/W_n ~= 1.0-1.2, greatly simpli-
fying balanced oscillator design.

« Gate-all-around (GAA) / Nanosheet (3 nm and be-
low): Emerging nanosheet transistors offer further mo-
bility equalization and additional tuning via nanosheet
width. Ring-oscillator design principles remain the
same, but layout rules and parasitic extraction become
more complex.

In all cases, the ring oscillator targets the same goal: Pro-
viding a frequency output thats a direct, measurable proxy
for transistor drive strength and, therefore, process corner.

How Process Monitors Fit into Testing and Verification

Process monitors are measured at two main stages in the
production flow:

1. Wafer sort (pre-dicing): After fabrication is complete
but before the wafer is cut into individual dies, a probe card
makes electrical contact with each die in sequence. The ATE
enables the ring oscillator, counts output cycles over a fixed
time window, computes frequency, and compares it against
binning limits. This step catches gross process outliers be-
fore the cost of packaging is incurred.

2. Final test (post-packaging): For monitors embedded
in the active die area, the measurement can be repeated on
packaged parts. This allows engineers to correlate any fre-
quency shift between wafer sort and final test, which can
reveal packaging-induced stress or thermal effects.

During early process development and characterization,
engineers measure process monitors across many wafers
and lots to build a statistical model of the process distribu-
tion. These measurements define the Fast-Fast, Slow-Slow,
and Typical corner boundaries. In production, each dies
measured frequency is compared against these pre-charac-
terized limits to assign it to a performance bin.

Dies whose frequency falls outside the acceptable range
are ink-marked (or flagged in the ATE data file) and exclud-
ed from packaging. High-frequency dies may be binned into
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twice as wide (W_p/W_n ~= 2.0-
2.5) to achieve balanced rise and fall
times in inverter stages.

« FinFET nodes (16 to 5 nm): The
fin-based 3D transistor structure
equalizes effective carrier mobility

MUX

3. Complete process monitor circuit showing the ring oscillator, frequency divider
chain of D flip-flops, and output multiplexer that selects the divide ratio to bring
the oscillation frequency within ATE measurement range.
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premium speed grades; low-frequency dies may be down-
graded or scrapped, depending on the product family.

Conclusion

When a process monitor is measured on-die, its output

frequency provides direct PVT (Process, Voltage, Tempera-
ture) information. For a monitor with a nominal frequency
of 10 to 12 GHz:

o A measured frequency above 13 GHz indicates the FF
(Fast-Fast) corner — fast transistors with potential leak-
age current concerns.

« A measured frequency below 9 GHz indicates the SS
(Slow-Slow) corner — slow transistors where timing
closure becomes a concern.

The process monitor is an elegant, low-cost, minimal-area
solution for measuring process variation across a wafer. It
exploits the well-defined relationship between ring-oscilla-
tor frequency and transistor performance to enable fast, reli-
able binning at production scale.
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