474

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 41, NO. 2, FEBRUARY 2006

On-Chip Test Circuit for Measuring Substrate and
Line-to-Line Coupling Noise
Weize Xu and Eby G. Friedman, Fellow, IEEE

Abstract—An on-chip test circuit has been developed to directly
measure substrate and line-to-line coupling noise. This test circuit has been manufactured in a 0.35 m double-well double
polysilicon CMOS process and consists of noise generators
and switched-capacitor signal processing circuitry. On-chip
analog-to-digital conversion and calibration are used to eliminate
off-chip noise and to extend the measurement accuracy by removing system noise. A scan circuit is described that enables the
noise waveform to be reconstructed. On-chip generators ranging
in area from 0.25 m2 to 1.5 m2 produce noise at the receiver
decreasing from 3.14 mV/ m to 0.73 mV/ m. Open and closed
guard rings reduce the noise by 20% and 85%, respectively.
Measurement of test circuits manufactured with an epitaxial
process—5.5- m-thick epitaxy with 20
cm resistivity on top
of a 120 m bulk with 0.03
cm—exhibits a frequency limit of
50 MHz below which coupling is insensitive to substrate noise. The
difference between experimental results and an analytic model of
the line-to-line coupling capacitance ranges from 8.5% to 17.7%
for different metal layers.
Index Terms—CMOS switched-capacitor circuit, coupling,
noise, on-chip measurement.

I. INTRODUCTION

C

OMPLEX high-speed digital circuits together with high
performance analog circuits are commonly integrated
onto the same substrate. In such mixed-signal systems, fast
switching transients produced by digital circuits can couple into
sensitive analog components through both the substrate and
line-to-line capacitances, thereby limiting the achievable analog
precision. Furthermore, performance degradation caused by
substrate and capacitive coupling noise is difficult to control
and even more difficult to predict. The requirement for highly
accurate noise measurement to identify and manage noise has
therefore become increasingly evident.
In order to evaluate substrate noise, on-chip test circuits
are required to accurately and efficiently measure substrate
current [1]–[10]. These measurements, however, are based on
simple single MOS transistor test structures [5], [7], voltage
comparator structures [3], [4], or single-stage MOS differential
amplifier structures [6]. Due to the analog output signals, a
common problem in these measurements is the difficulty of
acquiring output signals without other noise signals becoming
mixed in the measured signal. The external circuitry and
parasitic impedances affect the analog output signal, severely
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Fig. 1. Block diagram of the noise coupling test circuit.

decreasing the measurement accuracy. The accuracy of these
test structures is therefore usually quite poor.
Four different test circuits have been fabricated: two substrate
coupling noise test circuits and two capacitive interconnect coupling noise test circuits. The substrate coupling noise test circuit
is used to measure the substrate coupling noise generated from a
substrate noise generator array where each individual substrate
noise generator is of different size and distance to the noise receiver. The second substrate noise test circuit is used to evaluate the reduction in substrate coupling noise due to guard rings.
Noise generators are placed outside each guard ring so that the
effect of the reduction in substrate noise due to each guard ring
can be measured and evaluated. The capacitive coupling test circuits measure line-to-line capacitive coupling noise and capacitance.
This paper is organized as follows. The substrate noise measurement technique is described in Section II. In Section III, experimental data from the substrate coupling noise test circuitry
is presented and discussed. The test results describing the reduction in substrate noise due to the guard lines and rings are
evaluated in Section IV. The on-chip line-to-line capacitive coupling test technique and related test results are presented and
compared to an analytic model of the line-to-line coupling capacitance in Section V. Finally, some conclusions are provided
in Section VI.
II. ON-CHIP SUBSTRATE COUPLING NOISE TEST TECHNIQUE
A specialized on-chip test circuit has been developed to
directly measure substrate coupling noise. The test circuit
utilizes differential switched-capacitor circuits with digital
outputs. The test circuit has an input pin to enable on-chip
system calibration to remove existing system noise. The circuit
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Principle of the on-chip noise generating/sensing and analog-to-digital conversion.

consists of a noise generator array, an analog signal processing
(ASP)/analog-to-digital converter (ADC) block, a clock delay
array, and a timing circuit, as shown in Fig. 1. The clock
delay array generates 32 different delayed clocks to operate
the ASP/ADC block such that the noise waveform can be
reconstructed from 32 points that make up a substrate noise
waveform. The delay time is set from 0 to 31 ns with a 1-ns step
size. Details of the test circuit are presented in the following
subsections.
The substrate noise is generated by an array of noise generators, each of different size and placed at different distances
from each noise receiver. A decoder is used to control the noise
generator array such that only one noise generator switches at
any one time. The substrate coupling noise is sensed by the receiver and passed to the input of the integrator where the sensed
noise voltage is amplified and integrated. The integrated coupling noise is converted to a digital signal by an on-chip ADC
consisting of a 1-bit differential comparator and a 10-bit counter.
The integrated coupling noise is applied to the inputs of the comparator and compared to the reference voltages at each clock
cycle as shown in Fig. 2.

Fig. 3. Circuit diagram of the clock delay array block.

A. Sampling the Substrate Noise
The circuit described in this paper samples the substrate
noise voltage at the rising edge of clock , which operates
the ASP/ADC blocks. Individual points on the substrate noise
voltage waveform are individually tested by changing the rising
relative to the noise generating
edge of the ASP/ADC clock
clock CLK. The clock delay circuit is composed of a series of
small inverters controlled by a multiplexer. Depending upon the
input code, different delay times between clocks CLK and
are generated by the clock delay array. As shown in Fig. 3, the
clock delay circuit is composed of 32 delay cells with each cell
composed of two small inverters and a decoder. Each delay cell
generates a 1-ns delay from the input clock to the ASP/ADC.
The clock waveforms are schematically shown in Fig. 4. At
the falling edge of the clock CLK, substrate voltage spikes are
generated by the noise generator. Negative voltage spikes are
also generated at the rising edges of CLK. This proposed substrate voltage waveform test circuit only samples and integrates
the positive spikes. Integrating both spikes would yield a zero
voltage due to cancellation of the positive and negative spikes.

Fig. 4. Waveforms of proposed substrate noise test circuit: (a) the substrate
noise voltage; (b) the clock applied to the noise generator; (c) the sampling
clock; and (d) the substrate noise waveform.

By delaying clocks
and
by a time
from the noise generating clock CLK (see Fig. 4), the substrate noise voltage
at time is sampled and integrated.
When CLK is applied to the substrate noise generator/sensor
block, a current is injected into the substrate, producing a fluctuation in the substrate voltage during the falling and rising edges
of CLK. This substrate voltage is passed to the substrate noise
signal processing/analog-to-digital conversion circuit where the
raw substrate noise voltage digital codes are generated. Scanning the sampling clock ring edge from left to right across the
falling edge of the clock permits the measurement of a number
of points representing the substrate voltage waveform.
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is the difthe feedback capacitance in the integrator, and
ferential system offset voltage. is the lumped noise voltage
during each integration cycle.
After clock cycles, the differential voltage at the integrator
output is
(2)
where is the total number of clock cycles during the integration or the raw test data.
The first term in (2) is the substrate noise component after
clock pulses. The remaining terms are noise components unrelated to substrate coupling. For every clock cycle, the voltage
is the same and equal to
. At the end of the integration, the integrator output is equal to the reference voltage
. The comparator output changes and both the counter and
the integrator are terminated. The measured substrate coupling
noise raw code is generated at the counter output. The substrate
coupling noise per switching event can be obtained from the raw
code by

Fig. 5. Substrate coupling voltage integrator circuit. (a) Schematic. (b) Clock
waveforms.

B. Integration of the Substrate Noise
A schematic of the substrate coupling noise integrator circuit is shown in Fig. 5. The integrator is a fully symmetric differential switched capacitor circuit. The common-mode noise
(such as noise from the power supply, ground, and the refer) is removed or reduced by the differential
ence voltage
circuit architecture. There is noise, however, caused by clock
feedthrough from the switches, OPAMP offset, mismatch of the
two differential paths, and other forms of random noise. Other
noise, thermal noise, and kT/C noise
noise sources such as
may also exist in the integrator output analog voltage signal.
In order to achieve accurate results, these noise sources must
be removed from the integrator output. An on-chip calibration
process is used in this test circuit to remove the integrator offset
voltage and other noise voltages.
is “high,” capacitor
is charged to
When clock
and the two capacitors
hold the previous output
voltages
and
. Capacitor
is charged
. When clock is high and low, charge stored
to
and
are re-distributed to
and . To enon capacitors
sure the integrator operates properly, the substrate noise voltage
goes “high.” The clock frequency
needs to be settled before
and
is required to be low. Applying the law of conserof
vation of charge to the OPAMP inputs, the output differential
voltage is

(3)
is the comparator offset voltage and
is the
where
raw data of the measured substrate noise. The error of the measured data is
(4)
where this error needs to be removed (or minimized).
C. Circuit Calibration
The operation of the calibration process proceeds as follow: a
power supply voltage is applied at the input of the noise generator inverter during the calibration period and the circuit is operated as shown in Fig. 2. The input voltage
at the sensor
input node a is zero. Another digital code
is generated at the
end of the calibration process. The new digital code is called
the error (including the amplifier offset voltage error) calibraclock cycles
tion code. From (2), the total noise voltage after
is
(5)
is the decimal value of the calibration code, and
where
is the reference differential DC voltage.
From (3) and (5), the calibrated substrate coupling noise per
switching event is

(1)
where
is the differential voltage at the sensor input
is the differential voltage at the innodes during
is the sensing capacitance,
is
tegrator outputs during

(6)
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Fig. 6. Measured output waveforms of the substrate coupling noise test circuit. (a) Raw data measurement when input CALIBRATION is “low.” (b) Calibration
data measurement when input CALIBRATION is “high.”

where
is the calibrated substrate noise voltage. The
measurement error after calibration is

(7)

is the measurement error,
is the sensing capacwhere
is the feedback capacitance in the integrator,
itance,
is the comparator offset voltage, is the lumped noise voltage
during each integration cycle, is the decimal value of the raw
is the decimal value of the calibration code, and
test code,
is the reference differential DC voltage. The noise in the
reference voltage is the only source of error in the measured result.
Once the integrated coupling noise reaches the reference
voltage, the comparator output flags the output pin (DONE,
shown in Figs. 1 and 6) to indicate the completion of the
measurement process, terminating the counter and integrator.
The counter numerates the number of clock cycles during the
integration period and the system uses the counted value as raw
test data. At the end of each measurement, the value stored in
the 10-bit counter is moved in parallel to a shift register from

where the test data is shifted out (through the DOUT pin shown
in Fig. 6).
The system noise in the measured data is removed by an
on-chip calibration process. During the calibration process,
the noise generators are maintained inactive such that only
the system noise is integrated and compared to the reference
voltages. A digital code is generated at the end of the calibration
process and used to calibrate the raw test data. Each measurement generates two 10-bit digital codes, the raw data code and
the calibration code. The peak-to-peak substrate noise voltage
is determined from the integrator gain, reference voltages, and
the decimal value of the two digital codes. One pair of the
measured substrate raw and calibration codes is imported from
the digital oscilloscope and is shown in Fig. 6.
The waveforms shown in Fig. 6(a) depict the raw data
measurement and the waveforms illustrated in Fig. 6(b) display the calibration test data. Five waveforms are shown in
each imported screen. The upper waveform depicts the input
calibration waveform, indicating whether the calibration test is
“High.” Below the calibration waveform is the single bit output
indicating the completion of the measurement when the signal
changes from “High” to “Low.” Below the DONE waveform is
the digital output signal DOUT. Greater resolution of the test
results, the zoomed areas of waveform DOUT, is shown at the
bottom of Fig. 6.
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Fig. 8. Operation of the substrate coupling noise generator/receiver pair.

Fig. 9.

Fig. 7.

Microphotograph of the substrate coupling test circuit.

D. Accuracy and Error Analysis
The system offset voltage is completely removed after the
calibration process [see (7)]. The test error due to the comand
parator offset voltages is reduced by
is negligible. However, due to the randomness of the many noise
noise, and thermal
sources such as power/ground noise,
noise at the integrator output, the noise can only be completely
and
. The remaining error in the mearemoved if
sured substrate noise voltage after the calibration process is
(8)
where
is the noise voltage per clock cycle during sampling
and is the noise voltage per clock cycle generated during the
calibration process.
Based on this analysis, a smaller measurement error is
achieved if the reference voltage is large (large ). Since the
substrate coupling noise voltage is usually small, in order to
efficiently sense the substrate voltage (providing good sensitivity), the sensing capacitance cannot be excessively small.
also reduces
Increasing the size of the sensing transistor
the error in
due to process variations which improves the
. An effective strategy to increase the measurelinearity of
and
ment accuracy is to maintain a large reference voltage
.
feedback capacitor
A microphotograph of the substrate coupling noise test circuit
is shown in Fig. 7, where the primary blocks in the test circuit
are individually labeled. A 5-bit decoder is placed around the
noise generators in the noise generator array block, as shown in
Fig. 7. Two identical mirrored noise generator arrays, with an

A closer look at the noise generator array.

opposite clock phase, are placed next to each other to support
the differential operation. A 6-bit decoder is laid out around the
delay array. Drivers are placed in front of the decoder inputs to
drive the long buses. The power supply and ground buses of the
analog and digital circuit are physically separate.
The noise receiver is an MOS gate capacitor formed by apon the gate of an NMOS
plying the power supply voltage
transistor and connecting the source/drain (S/D) of the transistor
as the input to the integrator circuit. The noise generator is an
region, similar to the S/D of an NMOS transistor, with a specific size and distance from the receiver. A current is injected
region when a clock signal is
into the substrate from this
applied. The principle of the substrate coupling noise generator/receiver pair is illustrated in Fig. 8. A microphotograph of
the noise generator/sensor is shown in Fig. 9. The noise generator size ranges from 0.25 to 2 m and the distance to the noise
receiver ranges from 1 to 20 m.
III. EXPERIMENTAL DATA FROM THE SUBSTRATE COUPLING
NOISE TEST CIRCUIT
The measured test circuits have been packaged in an 84 pin
ceramic pin grid array (CPGA) package. The circuit uses 36
of the 84 total pins. Improved ground connection has been
achieved by using Ni/Au backside plating on both the package
and wafer. A test printed circuit board was used during the
test. Reference voltages, scanning codes, and noise generator
selection codes are generated on the test printed circuit board.
Each of the 21 noise generators on the substrate noise test
circuit have been evaluated, producing 32 different points on
the substrate coupling noise waveforms for each noise generator. The substrate coupling noise voltage waveforms are
reconstructed from these test data points. The test results of
each of the 21 noise generators in the substrate noise generator
array are summarized in Figs. 11 and 12. The results show that
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Fig. 10. The effect of feedback on the PN junction capacitance due to the
voltage drop caused by the substrate resistance.

Fig. 12.
points.

Reconstructed substrate noise waveform determined from 32 test

Fig. 11. Measured substrate coupling noise voltage as a function of the noise
generator size and distance from the noise receiver.

the substrate coupling voltage is proportional (but not linear)
to the size of the noise generator. At 2.5 m from the noise
generators, the measured substrate coupling noise voltages are
18.2, 23.45, and 27.89 mV for noise generators of size 0.25,
0.5, and 1 m , respectively. Due to the effect of feedback
on the substrate current, the injected substrate current from a
larger noise generator can travel farther within the substrate.
The feedback effect is strongly dependent upon the density of
the injected substrate current. The substrate current is injected
through two different regions of the PN junction capacitor in
the edge and flat part areas. The current injected through the
PN junction edge capacitance has a larger density and therefore
produces a stronger feedback effect on the substrate voltage.
The larger noise generator has a relatively smaller portion of
the edge capacitance, producing a weaker feedback effect such
that the substrate noise can travel farther in the space domain.
The measurement data also show that the substrate coupling
noise voltages decrease exponentially with time as the signal
propagates within the substrate. The noise signal, however, attenuates at a different rate for different noise generator sizes in
the time domain. The substrate coupling noise generated from
large noise generators attenuates slowly as compared to smaller
size noise generators, partially due to the effect of feedback on
the voltage of the substrate current injecting PN junction [12].
The injected current produces a voltage drop between the injection node and ground due to the substrate resistance. This
voltage drop due to the substrate resistance reduces the voltage
across the PN junction, causing an increase in the PN junction

Fig. 13. Microphotograph of the circuit structures for evaluating the reduction
in noise caused by the guard rings.

capacitance as shown in Fig. 10. Additional current is therefore
injected into the substrate due to this feedback effect, causing
the noise signal to attenuate more slowly.
For noise generators of size 0.25, 0.5, 1, and 1.5 m , the
peak-to-peak substrate noise voltage decreases as a function
of distance and, for this substrate, is 3.14, 3.08, 1.98, and
0.73 mV/ m, respectively (see Fig. 11). A substrate coupling
noise waveform reconstructed from the 32-point measurement
is shown in Fig. 12. The substrate noise generator requires
an area of 1 1 m and is placed 5 m from the receiver.
The test results illustrate the peak-to-peak substrate coupling
noise voltage produced by the noise generator, approximately
substrate process. The
15 mV for this 0.35 m CMOS
epi-layer is 5.5 m thick and has a resistivity of 20 cm. The
heavily doped
substrate has a thickness of 120 m and a
resistivity of 0.03 cm. Note that the substrate coupling noise
waveform attenuates quickly and diminishes in about 20 ns.
This result indicates that the substrate noise voltage reduces to
zero (or close to zero) in about 20 ns (equal to 50 MHz) for the
specific substrate of the test circuit. For sampled-data systems,
the substrate noise will not affect analog circuits operating at
frequencies lower than 50 MHz (for this particular substrate).
In general, for a certain type of substrate, a frequency boundary
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Test structures for measuring substrate guard rings. (a) Cross sectional view of the guard rings. (b) Schematic representation.

exists that makes on-chip circuits operating within this frequency limit insensitive to substrate coupling noise.

IV. SUBSTRATE COUPLING NOISE REDUCTION
DUE TO GUARD LINES AND RINGS
The noise generator array also includes a noise generator with
grounded line (also called a guard band) to separate the
an
noise source from the noise receiver. The test results demonstrate that the guard line has only a limited effect on reducing
the substrate noise. As compared to the noise generator without
a guard line, less than a 20% reduction in noise is measured for
grounded line test structure.
this
Four guard rings have been included on the test circuit. Two
noise generators are placed outside each guard ring. Eight structures have been developed for evaluating the reduction in substrate noise due to these guard rings. The guard rings are single
1.8- m-wide closed grounded
rings as shown in Fig. 13,
and a cross-sectional view is shown in Fig. 14. During each measurement, only one guard ring is connected to the analog ground
(which is shared with other on-chip analog circuits) to avoid
noise coupling caused by the digital circuitry, while the other
guard rings are maintained floating. The substrate noise voltages
induced by the noise generators placed at different distances to
the noise sensors are measured with one substrate guard ring
between the noise generator and receiver (which is connected
to ground).

Fig. 15.

Measured reduction in substrate noise with guard rings.

The measured results are displayed in Fig. 15. As compared
with the measured results shown in Fig. 11, the substrate noise
voltage coupled to the receiver is about six to eight times smaller
than the noise voltage coupled to those receivers not surrounded
by guard rings. Significant substrate coupling noise (as large as
7 mV as shown in Fig. 15), however, is measured for a receiver
guard ring. The reduction in
with a single closed grounded
noise for a single guard ring is approximately 85% (by comparing test data in Figs. 11 and 15). This measurement demonstrates that double or triple guard ring structures are required to
efficiently reduce substrate coupling noise. In the measurement,
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Fig. 16.

Test structure for sensing line-to-line capacitive coupling noise voltage.

Fig. 17.

Microphotograph of capacitive coupling circuit structures.
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the distance between the noise generator and noise receiver is
shown to not influence the efficiency of the guard rings.

V. LINE-TO-LINE CAPACITIVE COUPLING
MEASUREMENT RESULTS
Line-to-line capacitive coupling has also been evaluated
based on the same signal processing circuitry but with different
coupling structures as illustrated in Figs. 16 and 17. In these
test structures, all of the lines are 6 m long and 0.7 m in
width. The coupling voltage between two lines on the same
layer is measured from the digital output code pair (raw and
calibration codes). An estimate of the coupling capacitance can
also be obtained from
(9)

Fig. 18. Comparison of measured and analytic line-to-line coupling
capacitance.

where is the decimal value of the raw substrate coupling noise
is the decimal value of the calibration code,
is
code,
the feedback capacitance in the integrator circuit,
is a DC
is the power supply voltage.
reference voltage, and
The line-to-line coupling capacitance for three different metal
layers is measured and compared to those values determined
from the Sakurai and Tamaru model [11] and shown in Fig. 18.
The difference between the experimental and analytic capacitances is 8.5%, 12.6%, and 17.7% for metal 1, metal 2, and metal
3, respectively. The error is due to the assumption that the length

of a line in the Sakurai and Tamaru model is considered to be infinite. In deep-submicrometer ICs, however, coupling between
short lines can no longer be ignored. The unit capacitance for
short lines can also not be considered as constant due to edge
effects [13]. Note that in other line-to-line capacitive coupling
models, Chang [14], Elmasry [15], Mejis and Fokkema [16], and
Yuan and Trick [17], the edge effect is also not considered. The
line-to-line capacitive coupling test technique presented in this
paper can be useful for measuring and modeling the coupling
capacitance between short lines in deep-submicrometer ICs.
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VI. CONCLUSIONS
A specialized test circuit has been developed to directly measure substrate and line coupling noise, which consists of noise
generators and signal processing circuitry. On-chip ADC and
calibration are used to eliminate off-chip noise and to extend the
measurement accuracy. A scan circuit is described that enables
reconstruction of the noise waveform. Based on test data, noise
generators of size 0.25, 0.5, 1, and 1.5 m produce peak-topeak substrate noise voltages that decrease as a function of distance and are 3.14, 3.08, 1.98, and 0.73 mV/ m, respectively,
for a standard CMOS substrate. Open and closed guard rings
are shown to reduce substrate noise by 20% and 85%, respectively. For a certain type of substrate, a frequency boundary exists that makes on-chip circuits operating within this frequency
limit insensitive to substrate coupling noise. The difference between experimental and analytic models of the line-to-line coupling capacitance ranges from 8.5% to 17.7% for different metal
layers.
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