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Abstract

Electromagnetic interference (EMI) has become a serious challenge for signal integrity (SI)
in modern high-speed digital systems. With the technology scaling down into nanometric
CMOS technologies and lowering supply voltage, EMI induced signal integrity effects are
becoming more significant compared to voltage margins. This work presents experimental
results of controlled RF interference affecting the eye diagrams of the CMOS inverter. The
test circuits were fabricated in 65 nm, 130 nm, and 180 nm CMOS technologies. A dedi-
cated measurement methodology has been developed to inject RF to the supply node and
to capture both time domain and eye diagram signals to visualize EMI effects. Unlike
previous works that analyzed effects of channel-induced impairments or presented simula-
tion results on EMI effects, we present an experimental evaluation of the impact of EMI
on circuit functionality. Experimental results reveal that EMI predominantly modulates
the logic-high amplitude, leading to progressive eye closure. The eye height decreases
monotonically with increasing RF injection power across all investigated technology nodes,
whereas the logic-low level remains comparatively stable. This behavior indicates that
the dominant degradation mechanism is consistent across technologies and is primarily
governed by the conduction state of the CMOS inverter. To illustrate the degradation
caused by EMI, a compact, analytical expression for the reduction of the eye height is
derived. The reduction is given as a function of the RF interference amplitude and ex-
pressed through a technology-dependent scaling parameter. Good agreement is observed
between the analytical model predictions and experimental measurements for varying
interference amplitudes and different technology generations, with an average absolute
prediction error below 2%. Results are presented to demonstrate eye height as a sensitive
and reliable metric of EMI susceptibility. Additionally, a practical framework for rapid
estimation of signal degradation is presented for high-speed digital systems operating in
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density and reduced noise margins, has significantly increased susceptibility to external dis-
turbances. Under such conditions, even low-power RF interference can induce measurable
perturbations in signal amplitude and degrade system performance.

Eye diagrams are widely used as a compact and intuitive tool for evaluating signal
integrity in digital systems. By superimposing multiple bit periods, eye diagrams provide
direct insight into noise amplitude, timing jitter, and inter-symbol interference, enabling
rapid assessment of signal quality [1]. Early efforts to extract quantitative information
from eye diagrams included image-based and statistical processing approaches [2]. In addi-
tion, circuit-level studies have examined the effect of deterministic noise sources on jitter
behavior in CMOS inverters, highlighting the sensitivity of digital waveforms to exter-
nally induced disturbances [3]. Fast computational approaches for eye diagram analysis
in CMOS circuits have also been reported for high-speed applications [4]. More general
discussions of eye diagram interpretation have further established the eye diagram as a
standard diagnostic tool in high-speed electronics [5].

Analytical and statistical techniques for eye diagram evaluation have been widely stud-
ied in optical and electrical signaling systems. Accurate calculation of eye diagrams and bit
error rates has been reported using linearization-based methods [6], while experimental eye
diagram and bit error rate (BER) measurement techniques based on asynchronous sampling
have also been demonstrated [7]. More recently, transmitter and dispersion eye closure
metrics have been investigated in PAM4 waveform analysis [8], and robust algorithmic ap-
proaches for eye diagram analysis have been developed for measurement applications [9].
Polynomial-based estimation techniques have also been proposed to predict eye diagram
behavior for pseudo-random bit sequence (PRBS)- based bit streams in high-speed signal-
ing environments [10]. In parallel, phase-noise and timing-fluctuation modeling studies
have provided a broader foundation for understanding waveform uncertainty in electronic
circuits [11].

Despite these advances, most existing studies are either simulation-driven or focused
on channel-induced impairments rather than experimentally controlled EMI coupling at the
circuit level. In practical systems, EMI coupling through the power distribution network
represents a major pathway for signal degradation, where RF disturbances injected at
the supply node can propagate through the circuit and directly influence output signal
amplitude, particularly in CMOS logic stages. However, there is a lack of systematic
experimental characterization on how controlled levels of RF injection affect the signal
quality as measured by eye diagrams. The mechanism by which EMI coupling closes the
eye diagram remains unclear, with debate over whether amplitude variation or time jitter
is the dominant effect, and existing literature does not provide a clear answer. Several
studies have employed Direct Power Injection (DPI) and related RF-injection techniques to
evaluate the electromagnetic susceptibility of integrated circuits [12]. These approaches are
primarily intended for immunity characterization and compliance assessment. In contrast,
the present work focuses on the physical manifestation of EMI at the waveform level
through eye-diagram analysis.

Our previous work has investigated EMI effects in electronic systems from both
system-level [13] and device-level [14] perspectives. These studies demonstrate the strong
coupling between externally injected RF interference and circuit behavior, motivating the
need for a direct investigation of EMI-induced signal degradation at the waveform level
using eye diagram analysis.

Motivated by these considerations, this work experimentally characterizes the impact
of RF interference on digital signal integrity using eye diagram analysis. CMOS inverter
test structures fabricated in 65 nm, 130 nm, and 180 nm technologies are employed as a
controlled platform for studying EMI-induced degradation. The CMOS inverter test chips
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were designed at the University of New Mexico and were sent to the MOSIS Very Large
Scale Integration Circuit Fabrication at the University of Southern California for fabrication.
These technology nodes span multiple generations of CMOS scaling and provide different
supply voltages, device dimensions, parasitic characteristics, and noise margins, enabling
comparison of EMI susceptibility across distinct device generations. In addition, mature
CMOS nodes remain relevant in mixed-signal, RF, automotive, aerospace, and radiation-
tolerant electronic systems, where robustness and long-term reliability are critical.

RF interference is injected at the supply node, and the resulting signal behavior is
analyzed using time-domain measurements and corresponding eye diagrams. The primary
objective is to identify the dominant degradation mechanism and establish a quantitative
relationship between interference amplitude and signal-integrity metrics.

The main contributions of this work are summarized as follows:

* A systematic experimental characterization of EMI-induced signal degradation under
controlled RF injection at the circuit level

¢ Identification of amplitude modulation in the logic-high state as the dominant mecha-
nism responsible for eye diagram degradation

¢ Development of a compact analytical model relating eye height reduction to the
amplitude of injected RF interference

*  Experimental validation of the proposed model across multiple CMOS technology
nodes (65 nm, 130 nm, and 180 nm).

This framework provides a practical basis for predicting EMI susceptibility and guid-
ing the design of robust high-speed digital systems.

2. Experimental Setup and Results

The experimental investigation was conducted using CMOS inverter test structures
fabricated in TSMC (Taiwan Semiconductor Manufacturing Company, TSMC, Phoenix, AZ,
USA) 65 nm, 130 nm, and 180 nm technology nodes. A 10x CMOS inverter (10xINV) was
used as the device under test (DUT), providing sufficient signal propagation depth to am-
plify the impact of small perturbations. This structure was selected due to its fundamental
role in digital systems and its sensitivity to supply-induced disturbances, making it well
suited for evaluating EMI-induced signal degradation.

The measurement setup is illustrated in Figure 1. A pseudo-random bit sequence
(PRBS) was generated using an arbitrary waveform generator and applied to the input of
the inverter as a non-return-to-zero (NRZ) signal. The bit rate was set to 4 Mbps to ensure
stable time-domain observation while maintaining sufficient temporal resolution for eye
diagram formation. The signal amplitude was matched to the nominal supply voltage of
each technology node.

Controlled RF interference was injected at the Vpp node using an RF signal generator
(Keysight Technologies, Santa Rosa, CA, USA). A bias-tee was employed to combine the
RF signal with the DC supply voltage provided by a source meter, ensuring simultaneous
biasing and perturbation of the DUT. The RF carrier frequency was fixed at approximately
10 MHz, and the injection power (Pinj) was varied from —20 dBm to —2 dBm. The current
results reflect supply-coupled EMI only, and the relative dominance of this coupling path
in realistic environments with multiple simultaneous coupling mechanisms remains to be
verified. All measurements were performed under identical room-temperature laboratory
conditions. For each technology node, a baseline waveform was first recorded without
RF injection, followed by measurements at each RF power level while maintaining the
same supply voltage, input waveform, probing configuration, and acquisition settings.
The output waveform was captured using a high-impedance oscilloscope with sufficient
bandwidth to preserve waveform fidelity.
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The baseline measurements established reference eye diagrams for each technology
node. Under these conditions, the eye diagrams exhibited wide openings with clearly
separated logic levels, indicating minimal amplitude noise and negligible distortion. As RF
injection was introduced, progressive degradation in the eye diagram was observed.

RF Generator
(MXG)

BiasTEE

Keithley
2400
Waveform Generator 1 High Z
g

trigger

Figure 1. Experimental setup for EMI injection and eye diagram measurement. A PRBS signal
generated by an arbitrary waveform generator is applied to a 10 x CMOS inverter. RF interference
from an MXG signal generator is injected at the Vpp node through a bias-tee, while DC biasing is
provided by a source meter. The output waveform is captured using a high-bandwidth oscilloscope
(Keysight Technologies, Santa Rosa, CA, USA). This configuration enables controlled evaluation of
supply-coupled EMI effects on digital signal integrity.

Figure 2 shows representative eye diagrams for increasing levels of RF injection power.
At low injection levels (e.g., Pinj = —18 dBm), small amplitude fluctuations begin to appear
in the logic-high region. As the injection power increases, these fluctuations become more
pronounced, leading to a widening of the distribution associated with the logical ‘1" level.
At higher injection levels (e.g., Pinj = —2 dBm), the spread becomes sufficiently large that
the eye opening is significantly reduced, indicating degraded signal integrity.

(b) Pyy; =—18 dBm

(c) P,,; =10 dBm (d) P;; = -2 dBm

inj

Figure 2. Measured eye diagrams of the CMOS inverter output under increasing RF injection
power: (a) no injection, showing a wide and open eye; (b) Pinj = —18 dBm, where initial amplitude
fluctuations appear; (c) Pnj = —10 dBm, showing increased spreading of the logic-high level;
(d) Pipj = —2 dBm, where significant eye closure occurs. The results demonstrate that EMI-induced
degradation is dominated by amplitude variation in the logic-high state, while the logic-low level
remains relatively stable.
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A key observation is that the degradation is strongly asymmetric. The logic-high level
exhibits significant amplitude variation, whereas the logic-low level remains relatively
stable. This behavior can be explained by considering the operating states of the CMOS
inverter. During the logic-high output state, the PMOS transistor actively drives the
output node, making it susceptible to perturbations coupled through the supply voltage.
In contrast, during the logic-low state, the NMOS transistor provides a low-impedance
path to ground, effectively suppressing the influence of RF disturbances. As a result, EMI-
induced degradation primarily manifests as amplitude modulation in the logic-high state.

This effect is further illustrated in the time-domain waveforms shown in Figure 3.
With increasing RF injection power, the output signal exhibits clear amplitude modulation,
primarily at the logic-high level, while the logic-low level remains comparatively less
affected. Because the RF interference is not synchronized with the input data pattern,
the high-level voltage varies from bit to bit when observed over multiple bit periods. When
these waveforms are folded over repeated unit intervals to form the eye diagram, this
variation appears as increased vertical spreading of the traces, reducing the eye height and
contributing to eye closure.
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Figure 3. Time-domain output waveforms of the CMOS inverter under different RF injection levels:
(a) no injection, (b) Pipj = —18 dBm, (¢) Pinj = —10 dBm, and (d) Pinj = —2 dBm. Increasing RF
power produces stronger amplitude modulation, mainly during the logic-high state.

To quantify the degradation, the eye height was extracted from the measured eye
diagrams for each RF injection level. The eye height was defined as the vertical separation
between the mean logic-high and logic-low levels, accounting for the spread of the voltage
distribution. Figure 4 shows the measured eye height as a function of RF injection power
for the three technology nodes. A monotonic decrease in eye height is observed as the
injection power increases, indicating progressive loss of signal margin.

Among the tested devices, the 180 nm technology exhibits the most pronounced
degradation, followed by the 130 nm and 65 nm nodes. This trend suggests that larger-
geometry technologies are more susceptible to externally injected disturbances, likely due
to increased parasitic capacitances and reduced effectiveness of intrinsic noise suppression
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mechanisms. Although this explanation is qualitative, it is consistent with the observed
experimental behavior.
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Figure 4. Measured eye height as a function of RF injection power for 65 nm, 130 nm, and 180 nm
CMOS technologies. A monotonic decrease in eye height is observed with increasing RF power,
indicating progressive degradation in signal integrity. The 180 nm technology exhibits the highest
sensitivity to EMI, suggesting stronger coupling of supply-induced disturbances.

In addition to eye height, the signal-to-noise ratio (SNR) was evaluated as a comple-
mentary metric. Figure 5 shows the measured SNR as a function of RF injection power.
A consistent reduction in SNR is observed with increasing interference level, confirming
that the injected RF signal introduces significant amplitude noise into the system. The rela-
tionship between signal degradation and SNR is consistent with established signal-quality
metrics commonly used in communication-system analysis [15]. The trends observed in
SNR closely follow those of the eye height, reinforcing the interpretation that amplitude
fluctuations are the dominant degradation mechanism.
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Figure 5. Measured signal-to-noise ratio (SNR) as a function of RF injection power for 65 nm, 130 nm,
and 180 nm CMOS technologies. A consistent reduction in SNR is observed with increasing RF power,
confirming that EMI introduces significant amplitude noise. The trend closely follows the behavior
of eye height degradation, reinforcing that amplitude fluctuations are the dominant mechanism.

These results demonstrate that EMI-induced signal degradation in CMOS inverter
is primarily governed by amplitude modulation of the logic-high level. The monotonic
reduction in both eye height and SNR with increasing RF injection power provides a clear
and consistent characterization of this behavior across multiple technology nodes. These
observations form the basis for the analytical model developed in the following section and
are consistent with established signal-integrity behavior in high-speed digital systems [16].
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3. Predictive Model for Eye Diagram Under EMI and Model Validation

To complement the experimental observations, a compact analytical model is devel-
oped to predict eye diagram degradation in the presence of EMI. While prior studies
have investigated eye diagram behavior using analytical, statistical, and computational
approaches [6,8-10,17], these efforts are primarily focused on channel-induced impairments
or simulation-based frameworks. In contrast, the present work aims to establish a direct
relationship between externally injected RF interference and measurable signal degradation
at the circuit level.

The injected EMI is modeled as a sinusoidal perturbation superimposed on the nom-
inal digital signal. This representation reflects a practical scenario in which the RF inter-
ference is not synchronized with the digital switching activity. The injected signal can
therefore be expressed as

VRe(t) = Agpsin(27ft), 1)

where Agr is the amplitude of the injected RF signal and f is its frequency.

Since the RF perturbation is asynchronous with respect to the digital signal, its instan-
taneous effect varies across different bit periods. When observed over many cycles, this
deterministic sinusoidal disturbance manifests as an effective amplitude fluctuation in the
logic-high level. This behavior justifies a statistical characterization of the voltage variation
associated with the logical 1" state.

The CMOS inverter is primarily sensitive to supply-induced perturbations during the
logic-high output state, where the PMOS device actively drives the output node. Therefore,
the analysis is restricted to the voltage distribution corresponding to the logic-high level.
The effective amplitude variation introduced by the RF signal can be approximated by
an equivalent peak-to-peak perturbation V), .¢, which accounts for the coupling of the
injected RF signal into the output waveform.

Assuming a sinusoidal perturbation, the standard deviation of the induced amplitude
variation can be approximated as

\%
o= pp.eff ?)

_Zﬁ’

where ¢ represents the effective standard deviation of the logic-high voltage distribution.

The factor 2/2 arises from the relationship between the peak-to-peak voltage and the
standard deviation of a sinusoidal signal. For a sinusoid with peak amplitude A, the stan-
dard deviation is ¢ = A/+/2, while the effective peak-to-peak voltage is Vipett = 2A.
Substituting A = V), ot/ 2 yields Equation (2).

The effective perturbation V), ¢ is related to the injected RF signal through a

pe

technology-dependent scaling factor 7, such that

Vopett = 1Vpp, 3)

where V), is the peak-to-peak amplitude of the injected RF signal. The parameter # is
interpreted as an effective supply-to-output coupling coefficient that relates the injected
RF disturbance at the supply node to the resulting voltage fluctuation observed at the
inverter output. It is not a fundamental transistor parameter; rather, it compactly captures
the combined effects of supply sensitivity, device gain, parasitic coupling, and technology-
dependent circuit characteristics. In this work, n is extracted from measured data, but in
principle it could also be obtained from an independent small-signal supply-to-output
transfer measurement. The factor 30 defines the statistical eye-closure criterion, whereas
n describes the physical coupling from the RF-injected supply disturbance to the output-
voltage fluctuation; therefore, the two quantities serve different roles in the model.
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Substituting into the expression for ¢, the standard deviation can be written as

_ 1V

g = .
2V/2

The eye height h is defined as the vertical separation between the logical “1” and ‘0’

(4)

levels, accounting for voltage variations. Since the logic-low level is largely unaffected by
RF injection (i.e., 0y ~ 0), the eye height can be expressed as

h=(V; — V) — 30, (5)

where V] and Vj represent the nominal logic-high and logic-low voltages, respectively.

The factor 30 was selected to provide a conservative estimate of eye closure. Under a
Gaussian-equivalent approximation, approximately 99.7% of voltage excursions are con-
tained within +3¢, whereas a 20 criterion would capture only approximately 95% of the
distribution. Therefore, the use of 3¢ provides a more robust representation of worst-case
signal degradation and is commonly adopted in statistical eye-diagram analysis and margin
evaluation [9,16].

Substituting the expression for o, the final form of the predictive model is obtained as

3nVpp .

2V2

This expression establishes a direct relationship between eye-height degradation and

h= (V- V) — (6)

the amplitude of the injected RF interference. It indicates that, under the measurement
conditions considered in this work, signal degradation is primarily governed by ampli-
tude fluctuations in the logic-high state, which reduce the effective noise margin of the
digital signal. The model, therefore, focuses on vertical eye closure caused by RF-induced
amplitude modulation. Although limited horizontal spreading is visible in the measured
waveforms, timing jitter is not included in the first-order analytical formulation. At higher
data rates, higher RF interference frequencies, or under coupling mechanisms that directly
perturb the input timing or switching threshold, timing jitter may become more significant
and should be incorporated into an extended model.

The 4 Mbps bit rate used in this study was selected to isolate the fundamental supply-
coupled EMI mechanism under controlled measurement conditions. At substantially higher
data rates, the interaction between RF interference and digital switching may change,
especially when the RF frequency becomes comparable to the bit rate or to the spectral
content of the signal transitions. Lower RF frequencies are expected to produce slower
amplitude modulation of the logic-high level, whereas higher RF frequencies may introduce
additional effects, including increased timing jitter, transition distortion, and frequency-
dependent coupling through parasitic capacitances. Therefore, extension of the present
model to Gbps-rate systems requires further characterization over a wider range of data
rates and RF interference frequencies.

The extracted values of the scaling parameter 1, the corresponding voltage swing
(Vi — Vp), and the average absolute prediction error for each technology node are sum-
marized in Table 1. The parameter n reflects the sensitivity of each technology to supply-
coupled EMI. Although the 180 nm technology exhibits a lower value of 7, it shows greater
overall degradation due to its larger nominal voltage swing and increased susceptibility to
amplitude perturbations, highlighting the combined influence of device characteristics and
signal levels.
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Table 1. Extracted model parameters and average absolute prediction error for different CMOS
technology nodes.

Technology Node Vi—W (V) n Average Error (%)
65 nm 1.0 1.6 ~1.2
130 nm 1.2 14 ~1.4
180 nm 1.8 1.2 ~1.8

The predicted eye height as a function of RF injection power is evaluated and compared
with experimental measurements in Figure 6. The model captures the observed monotonic
reduction in eye height with increasing RF power and shows strong agreement with
measured data across all technology nodes. Both the trend and magnitude of degradation
are accurately reproduced.

1.6 4 ‘\\

= 180 nm
=130 nm
65 nm

Eye Height (V)
o

104 -

L\‘
0.8
0.6

=)
U >
)
N

20 18 16 14 12 10 8 6 4 2 0

RF power (dBm)
Figure 6. Comparison between analytically predicted and experimentally measured eye height as a
function of RF injection power for different CMOS technology nodes. The model accurately captures
both the trend and magnitude of degradation, validating the assumption that EMI-induced signal
degradation is primarily governed by amplitude modulation of the logic-high level.

To quantify the model agreement, the prediction error was evaluated by comparing
the analytically predicted eye height with the measured eye height at each RF injection
level. The average absolute percentage error was calculated as

hmeas,i - hpred,i

x 100%, (7)

1 N
Erroravg = N Z
i=1

hmeas,i

where lineas i and fipreq ; are the measured and predicted eye heights at the ith RF injection
level, respectively, and N is the total number of measurement points.

The average absolute prediction error remains below 2% for all investigated technology
nodes, providing quantitative evidence of the strong agreement between the analytical
model and the experimental measurements. This agreement validates the underlying
assumption that EMI-induced signal degradation is dominated by amplitude modulation
of the logic-high level.

The proposed model provides a simple yet physically meaningful framework for
predicting eye diagram degradation under EMI conditions. It enables rapid estimation of
signal-integrity degradation based on measurable RF interference parameters, without re-
quiring extensive numerical simulations or complex statistical analysis. This capability is
particularly useful for EMC-aware design, signal-integrity assessment, reliability evalua-
tion, and early-stage EMI susceptibility screening of high-speed digital systems.
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4. Conclusions

This study presents an experimental and analytical investigation of electromagnetic
interference (EMI) effects on eye diagram characteristics in CMOS inverter-based digital
systems. Controlled RF injection at the supply node enabled systematic characterization of
signal degradation across 65 nm, 130 nm, and 180 nm technology nodes.

Experimental results indicate that EMI-induced degradation is primarily governed
by amplitude modulation of the logic-high level, whereas the logic-low level remains
largely unaffected. This asymmetric behavior leads to a progressive reduction in eye height
and signal-to-noise ratio (SNR) as RF injection power increases. Among the evaluated
devices, larger-geometry technologies exhibit greater susceptibility to EMI, underscoring
the influence of device characteristics on signal integrity.

A compact analytical model was developed to describe the relationship between
eye-height degradation and the amplitude of the injected RF interference. The model incor-
porates an effective supply-to-output coupling coefficient that captures the susceptibility of
the circuit to supply-coupled EMI. Comparison with experimental results showed strong
agreement in both trend and magnitude across all investigated technology nodes, with an
average absolute prediction error below 2%. These results confirm that the dominant
degradation mechanism is accurately represented by the proposed formulation.

The proposed framework provides a practical approach for estimating EMI-induced
signal degradation based on measurable interference parameters, without requiring com-
plex simulations. These results establish eye height as a sensitive and reliable metric for
evaluating EMI susceptibility in high-speed digital systems.

The present study focuses on supply-coupled EMI and a first-order amplitude-based
description of eye closure. Future work will extend the approach to higher data rates, higher
RF interference frequencies, additional coupling paths, and more complex digital systems.
Incorporating timing jitter and multipath EMI coupling into the predictive framework will
further improve its applicability to realistic high-speed electronic environments.
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