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Abstract—Phase noise represents signal instabilities in the fre-
quency domain and is assessed through power measurements at
various offsets from the carrier frequency. Herein, the phase noise
of a clock generator is analyzed and modeled. Sources for the phase
noise of the clock output at the resonance frequency are identified,
including the power supply, the heatsink, and the external crystal.
Low-frequency resonance is detected and validated to be caused by
the external crystal grounding design. Solutions to decrease crystal-
related noise are proposed and validated. In addition, the sensitivity
based on the signal-to-noise ratio is proposed and verified with
measurements to numerically analyze the effects of power supply
noise on clock phase noise. The proposed phase noise sensitivity is
extracted from the measured phase noise results and can be used to
estimate the phase noise and jitter of different power supply noises.
The extraction and prediction methods are validated with different
buffer types, including low-voltage differential signal, high-speed
current steering logic, low-voltage positive emitter-coupled logic,
and low-voltage complementary metal-oxide-semiconductor, in a
device under test with the given design.

Index Terms—Clock generator, crystal resonator, ground
connection, jitter, phase noise.

I. INTRODUCTION

LOCK signals play critical roles in electrical and syn-
C chronous digital circuits. The performance of high-speed
signals in electronic systems is highly dependent on the refer-
ence clock used to generate the signals [1], [2]. As digital data
are processed or transmitted at increasingly higher speeds, the
clock signal must be more stable and precise to ensure the quality
of the signal on the receiver side [3], [4].

The quality of the clock signal can be quantified by mea-
surement of the jitter and phase noise. In the frequency domain,
phase noise is widely used to measure variations in signal timing.
This noise is caused by time-domain instabilities and consists
of fluctuations in the phase.
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Various potential noise sources may coexist in high-speed
systems, thus requiring careful design. Power supply noise is
a common contributor to timing jitter in circuits [5], [6], [7].
The heatsink, an indispensable component in electronic devices,
usually involves conductive coupling and radiated emissions to
the sensitive circuit [8], [9]. Quartz crystal is generally used as
the frequency-determining device to produce a stable oscillator
[10]. The quality of the crystal output determines the quality of
the clock.

Herein, the root cause of the phase noise of a clock generator
at the carrier frequency is first identified in a switch system.
The power supply, heatsink, and external crystal are sources
corresponding to the phase noise of the clock. The effect of each
source is discussed. From the measurement results, spurious
noise occurs at the frequency of the voltage regulator module
in the phase noise. Low-frequency resonance is detected in the
phase noise and is found to be caused by the ground routing
design of the external crystal of the clock. Solutions to decrease
this crystal-related noise are proposed and validated.

To formulate and investigate the influence of noise from the
power supply on clock output, power supply induced jitter is a
common variable quantity used to describe the time-domain’s
influence [11], [12]. Detailed information on the circuit design
is required to estimate the power supply induced jitter perfor-
mance. However, the circuit design for products is usually a
“black box,” and therefore is confidential, with only the input and
the output available. To evaluate the performance of the black
box, a behavioral model in the frequency domain based on the
phase noise sensitivity (PNS) extracted from measurements of
the input and output is proposed. With the extracted model, the
performance in both the frequency domain and the time domain
can be evaluated with the phase noise and the jitter, respectively.

The method is applied in different buffer types, includ-
ing low-voltage differential signal (LVDS), high-speed current
steering logic (HCSL), low-voltage positive emitter-coupled
logic (LVPECL), and low-voltage complementary metal-oxide-
semiconductor (LVCMOS). To evaluate the performance of
each buffer, the PNS of each type of buffer is extracted and
compared under the same ac-coupled termination scheme. With
the extracted PNS, the phase noise and the jitter can be predicted.
Furthermore, the transfer function of the power supply noise to
the clock output can be generated.

This article is organized as follows. The phase noise mea-
surement is introduced in Section II. Then the root cause of the

2768-1866 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on February 01,2023 at 20:04:17 UTC from IEEE Xplore. Restrictions apply.



LIU et al.: PHASE NOISE ANALY SIS OF CLOCK GENERATOR BY USING PNS

©0O
- .

E5052B
Signal Source Analyzer

Differential

Outputs Balun

Fig. 1. Measurement setup diagram of the clock output phase noise.

measurement results is analyzed in Section III. The solution to
suppress the phase noise of the clock generator output is also
proposed in this section. Section IV discusses the influence of
power supply noise on the clock output. The PNS is proposed
and extracted from the measurements. The effects of different
buffer types are compared and evaluated in Section V. Finally,
Section VI concludes this article.

II. PHASE NOISE MEASUREMENTS

In a high-speed serial link, the jitter of the transmitter is
directly associated with the quality of the reference clock. The
quality of the clock can be measured by the phase noise. The
lower the phase noise, the more stable the clock, and thus, the
less jitter of the transmitter.

Phase noise is a frequency-domain quantity representing the
noise spectrum around the oscillator signal. Phase noise is
typically described as a single sideband phase noise. It can be
expressed as the ratio of the noise in a 1 Hz bandwidth at a
specified frequency to the amplitude of the carrier signal [13].
The amplitude of the phase noise specification is expressed in
dB relative to the carrier, which is denoted dBc

L(f)[dBc] = P (f)[dBm] — P [dBm] (D

Here, P represents the power density in the upper sideband of
the carrier signal at frequency f.

Phase noise can be integrated over frequency bands to provide
an rms phase jitter. A common bandwidth for the integration is
12 kHz to 20 MHz. The phase noise plot relates the time-domain
jitter to the frequency-domain spectrum. The phase noise plot
indicates the performance at each frequency point, and the rms
jitter provides the total noise level in the time domain. The rms
jitter at frequency f. can be obtained by integrating the phase
noise power over the sideband frequency range

V2 A(f
R

where A is the area of the phase noise curve over each frequency
segment

RMS Jitter )

A (f) = Af-10LH/10, (3)

Then, the rms jitter can be determined by integrating the rms
jitter at each frequency within the frequency range.

Fig. 1 demonstrates the general setup of the phase noise
measurement. The clock generator IC being tested belongs to a
completed printed circuit board design with related circuits and
accessory components (see Fig. 2). An E5052B signal source
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Fig. 2. Simplified illustration of the adjacent components near the clock
generator IC.
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Fig. 3. Phase noise measurement results of the clock output.

analyzer provides the phase noise function with a low noise floor,
which is suitable for the measurement. The carrier frequency of
the clock is 156.25 MHz. The differential outputs of the clock are
soldered with semirigid coaxial cables at the pins and connected
to a balun transformer. The single-ended output of the balun is
connected to the signal analyzer.

The phase noise of the clock in the device under test (DUT)
and that of the evaluation board is shown in Fig. 3. The rms
jitter of the clock output from 12 kHz to 20 MHz is measured
to be 135.8 fs. The total spurious noise in this range contributes
7 fs. The spurious noise in this measurement is defined as the
peak exceeding three standard deviations. Furthermore, 5-9 kHz
resonance contributes to a 38.8 fs rms jitter based on the phase
noise measurement integrated by (2).

An evaluation board for the clock chip is measured as a clean
reference. The evaluation board is designed with simpler circuit
charged by USB driver while the DUT is a complicated circuit
for a complicated system, as is shown in Fig. 2. The rms jitter of
the evaluation board output is 80.7 fs. Compared with the results
for the evaluation board, the DUT rms jitter is 55 fs higher, and
more spurious noise is observed. Furthermore, the DUT contains
a low-frequency resonance from 5 to 9 kHz. The root cause of
the noise is investigated in the next section.

III. ROOT CAUSE ANALYSIS

According to the phase noise measurement results, the power
supply, heatsink, and external crystal are the potential sources
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Fig. 4. Measured spectrum of the power net VDD1 V8.

of the noise for the clock. Detailed explanations are provided in
the following.

A. Power Supply

The voltage regulator module of the power supply for the
clock switches at 500 kHz, thus further causing spurious phase
noise. Furthermore, from the spectrum of the power supply, as
shown in Fig. 4, 66 kHz is confirmed to be caused by the PDN.
Nevertheless, all spurious noise is responsible for only 7 fs in
the total rms jitter.

B. Heatsink

The heatsink is an indispensable component in electronic de-
vices, which usually results in emissions or conductive coupling
to the sensitive circuit. In this DUT, a 20 cm x 10 cm heatsink is
placed above the circuits and connected to the reference ground
by a screw, which is a potential radiation source to the circuit.
Noise from the IC package and the microstrip traces can be
coupled to the board-heatsink structure, thus causing radiated
emissions [14], [15].

After removal of the heatsink, the total rms jitter from 12
kHz to 20 MHz decreases to 84.6 fs (see Fig. 5). Meanwhile, the
spurious noise is also eliminated. The heatsink not only increases
the noise level after 2 MHz but also induces the coupling of
spurious noise from the power rail to the clock.

The heatsink is an indispensable component for thermal con-
trol, particularly in the design of high-speed circuits. Work has
been conducted to provide guidelines for decreasing heatsink
radiation, such as by adding an absorbing material or improving
the structure of the heatsink [16].

C. External Crystal

Given that the resonance occurs from 5 to 9 kHz, it is usually
considered as arandom walk region [17]. In this frequency range,
the noise source is usually considered the intrinsic source within
the crystal quartz or the electrode structure [17], as shown in
Fig. 6. Consequently, the noise in the 5-9 kHz range is suspected
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Fig. 5. Phase noise measurement results from the clock output measurement.
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Fig. 6. Diagram of the four-port passive crystal chip structure.
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Fig. 7. Original design of the clock layout with an external crystal.

to be associated with the crystal. The quality of the crystal output
determines the quality of the clock signal. An external quartz
crystal is used in this DUT as the frequency-determining device
to produce a stable oscillator.

A preliminary test is implemented for validation of this possi-
bility. The original printed circuit board layout is shown in Fig. 7.
By soldering the ground pin of the crystal to the surrounding
ground pads, as shown in Fig. 8, the low-frequency shifts from
5-9 kHz to 10-14 kHz; the plot of the phase noise with such
a connection is shown in Fig. 9. The results indicate that the
resonance is associated with the crystal design.
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Fig. 8. Addition of a connection between the ground pin of the crystal and the
surrounding ground pad in a preliminary test.
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Fig. 9. Phase noise measurement results with the connection in Fig. 8.

As shown in the cross section of the crystal (see Fig. 6),
the four-pin passive crystal chip consists of a quartz blank
with two layers of electrodes where the grounding pins are
connected to the metal lid. According to prior studies [18], [19],
[20], the ratio between the dynamic capacitance and the static
capacitance of the crystal affects the spurious vibrational noise.
The change in the ground pin connection may affect the parasitic
capacitance inside the crystal, thereby influencing the quality of
the resonance signals.

For further investigation of the influence of the grounding
connection, 3-D simulations of the crystal model with and
without the connection are implemented. From the S-parameters
of the models, the loop inductance between ground pins is
calculated. The inductance of the model in Fig. 10(a) is 2.85
nH. The inductance of the model in Fig. 10(b) is 2.76 nH. The
inductance difference caused by the connection is in nanohenry.
The loop inductance change is excluded from the root cause of
the noise source in the frequency range from 5 to 9 kHz. The
possible cause in this frequency range is consequently identified
as intrinsic sources within the crystal quartz or the electrode
structure.

Adding copper tape to connect the crystal ground pins (see
Fig. 11) suppresses the low-frequency noise (see Fig. 12). The
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Fig. 10. 3-D simulation of the crystal layout (a) without and (b) with the
grounding connection.

Fig. 11.  Connection between ground pins.
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Fig. 12. Phase noise measurement results with the connection in Fig. 11
without the heatsink.

total jitter in this optimized condition is found to be 82.9 fs. All
the main noise sources are thus identified and mitigated.

In summary, spurious vibrational noise can result in additional
noise in the signal. Connecting the two ground pins in the layout
design with traces for the four-port passive crystal is critical to
avoid this noise.
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IV. POWER SUPPLY NOISE ANALYSIS

To investigate the effects of power supply noise on the clock
output, the sensitivity of the phase noise is proposed to model the
black box. The PNS can be extracted from the measured phase
noise and can help predict the phase noise and jitter with different
power supply noises. To further compare the performance of
different circuit designs, the transfer function is proposed. This
function can be obtained from the extracted PNS and used to
evaluate the noise rejection performance of the circuit.

A. Phase Noise Sensitivity

The measurement setup is shown in Fig. 13. The noise gen-
erated from an arbitrary waveform generator is injected into the
output buffer supply to the clock generator. The original power
supply for the clock buffer is 2.5 V. The signal source analyzer
measures the phase noise of the clock output. To investigate the
broad frequency characteristics of the phase noise performance,
white Gaussian noise is injected from the power supply.

The PNS is defined by the signal-to-noise ratio (SNR) of the
output supply 7y, and that of power supply ry,, as

PNS (f) — dB (V> — B (rv) —dB(ry) (&)

"Vaaq
where
ry,, = 5
Vaa Vdd clean ( )
P = et ©

‘/out clean

Here, Vg4 clean 18 the dc voltage of 2.5 V, and Vit clean 1S
the clock output voltage without noise injection. AV, is the
noise level injected from the arbitrary waveform generator. The
measurement results from the signal analyzer in dBc are as in
(1). The voltage of the output signal is then expressed with the
phase noise result as

dB(Vou (f)) = P (f) [dBm] — 10log (R)
= L(f)[dBc] + P.[dBm] — 10log (R). (7)
Here, R is the load impedance of the output.

To express the output difference caused by the power supply
noise, first the output is expressed linearly as

Loisy (f) [dBc]+ Pc [dBm] - 10 log (R)

Vou (f) =10 20 . ®)
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Then the difference is calculated as

dB(A‘/out (f)) =dB (Vout (f) — Vout clean (f))

Lugisy (f)[dBc]+ P, [dBm]—10log(R)
= dB (10 20

Leiean (f)[dBc]+P.[dBm]—10log(R)
0 5 )

=P, [dBm]—101log (R)

4 dB (10Lnoisy(2{)) [dBe] B 1OLc,ea“(2Jg)[dBc] > .
C))
The SNR of the output ry,, is then reformed as
AVvout )
dB (r = dB | ————
(Vi) (Lguthan
=dB (A‘/out (f)) —dB (‘/Out clean (f))
_ 4B (10 Lnoasy(Q{)) [dBc] 10 Lclean(2f0)[dBc] >
— Lejean (f) [dBc] . (10)

With (9), the PNS in (3) can be expressed with the measured
results as

PNS (f) — dB <10Lnoisy(21;)[dBL‘] B 10Lclmn(2{))[dBc] )

- Lclean (f) [dBC] —dB (A‘/:id) . (] 1)
dd clean

The PNS describes the influence of power supply noise on
the clock output in the frequency domain and can be extracted
from the measurement curves. Single-ended and differential
outputs are under testing and analysis. The output signal is in
LVDS mode, which is a widely used technique with low power
consumption, low emissions, and low jitter for the clock logic
design [21].

1) Single-Ended Output: In the measurement setup in
Fig. 13, the single-ended output is connected to the signal source
analyzer. Fig. 14 shows the phase noise result. The black curve
labeled “No noise” represents the noise floor of the clock output
when no additional noise is injected into the power supply. The
colored curves show the phase noise resulting from different lev-
els of white Gaussian noise. The power at the carrier frequency
of 156.25 MHz is —1.60 dBm.

Fig. 15 demonstrates the PNS achieved from (10). As the
frequency increases, the sensitivity increases. This increasing
trend can be approximately described with a linear function. A
binary linear fitted curve is extracted in a least-squares manner
from the PNS with 0.5 V noise in Fig. 16. By using the fitted
PNS extracted from the injected noise at 0.5 V, the phase noise
can be solved from (11) as

AVyq

PNS (f)+Ljean (f)
= — 20
Vdd clean

Ljean (f)[dBc]
20

Lpredict (f )
(12)

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on February 01,2023 at 20:04:17 UTC from IEEE Xplore. Restrictions apply.



LIU et al.: PHASE NOISE ANALY SIS OF CLOCK GENERATOR BY USING PNS 155

-115 . . . . TABLE I
W COMPARISON OF RMS JITTER BETWEEN MEASURED AND PREDICTED
-120 1 SINGLE-ENDED RESULTS
125 g anih
i Mg White Noise Measured | Predicted Error

20v

30}

T Amplitude (V) Jitter [fs] Jitter [fs]

S 38t WWWMMW»W/ .

S st Notloisel . 0.5 1209.4 1310.7 8.3%
2 1.0v

&

3.0v

450} ] 1.0 2507.9 2543.0 1.4%
-155 - 1
sl ] 2.0 5093 .4 5249.5 3.1%
-165 . . : .

" w i w i w 3.0 8175.0 8016.3 2.0%

Upper sideband frequency [Hz]

Fig. 14.  Phase noise results from the single-ended clock output with different
noise injection levels. B G

2.5V Q0O
=1 -
Quiputs
70 1 i T 1 Noise N\~

Signal Source Analyzer

] Fig. 17. Measurement setup of differential clock phase noise with power
= supply noise injection.
S ]
=
B
= ] VDDO
| =
D
w
@ 0.1uF
® ]
2 Differential
3 outputs
s z
£ ] 1000hm
a 0.1uF
1 Clock Buffer
0 * . L . .
102 104 105 108 107 108 Fig. 18.  AC-coupled termination at the clock output in the evaluation board.

Upper sideband frequency [Hz]
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fovels Then with (2), the predicted jitter can be calculated with the
predicted phase noise. Table I tabulates the comparison between
the predicted and measured results. The prediction has less than
70 T T T T 10% measurement error.
2) Differential Output: In the measurement setup in Fig. 17,
60 | 1 the phase noise of the differential clock output is measured
& with a signal source analyzer through the balun. The ac-coupled
% al W)/i 1 termination is implemented on the clock evaluation board, as
2 shown in Fig. 18.
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8 59 1 different levels of white Gaussian noise. The differential design
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TABLE II
COMPARISON OF RMS JITTER BETWEEN MEASURED AND PREDICTED
SINGLE-ENDED RESULTS

Phase Nolse Sensitivity [dB]

White Noise Measured Predicted Error
Amplitude (V) Jitter [fs] Jitter [fs]

0.5 308.5 303.3 1.6%

1.0 642.8 617.3 3.9%

2.0 1285.0 1183.3 7.9%

3.0 2100.5 1890.9 9.9%
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Fig.20. PNS of differential clock output with different noise injection levels.
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Fig. 21.  Comparison of the PNS between the measured results and the fitted
curve of differential output.

and predicted values is 2 dBc at 40 MHz. Table II tabulates a
comparison between the predicted and measured results. The
prediction has less than a 10% measurement error. The error
increases with increasing noise level because the predicted curve
is generated from the 0.5 V noise result. The gradient for the
results with different noise levels varies slightly (see Fig. 20).

V. COMPARISON OF THE EFFECTS OF DIFFERENT DRIVER
TYPES ON POWER SUPPLY NOISE

LVDS, HCSL, LVPECL, and LVCMOS are common types
of clock logic [22], [23]. The benefits and tradeoffs of the four
different types have been compared in prior studies [24], [25]
and are listed in Table III. According to the table, LVDS and
LVPECL share the same advantages. Comparison of the two
designs indicates that LVPECL requires external resistors for
both transmitter and receiver terminals, whereas LVDS requires
only single termination at the receiver.

For evaluating the performance of power supply noise rejec-
tion, the differential clock design is tested for the four types of
logic on a given design. White noise (1 V) is injected into the
power supply (see Fig. 23). All dashed lines in Fig. 23 represent
the noise floor without noise injection. All solid lines represent
the results of injection of 1 V white noise. The power of the
carrier frequency of each design is listed in Table I'V.
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TABLE III
COMPARISON OF THE CHARACTERISTICS OF DIFFERENT DESIGNS
Power
Consumption Speed
LVDS Low Fast
(~20mW) (>GHz)
HCSL High Fast
(~50mW) (>GHz)
LVPECL High Fast
(~100mW) (>GHz)
LVCMOS Low Slow
(~10mW) (~100MHz)
g
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170 b LVPECL With Noise Jul
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LVCMOS With Noise
-180 : . . -
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Fig. 23.  Phase noise measurement results of the four designs.
TABLE IV
MEASURED AND PREDICTED JITTER FOR THE FOUR DESIGNS
White Noise: 0.5V White Noise: 1 V
Measured | Predicted | Measured | Predicted
Jitter [fs] | Jitter [fs] | Jitter [fs] | Jitter [fs]
LVDS 308.5 303.3 642.8 617.3
HCSL 928.4 923.3 1920.1 1908.9
LVPECL 299.5 331.8 630.8 667.2
LVCMOS 5771 633.9 1180.9 1299.2

The PNS of each design is plotted in Fig. 24 with solid lines,
as calculated from the measurement results in Fig. 23. The
extracted PNS from the measurements is plotted with dashed
lines. With the extracted PNS, the jitter can be predicted for
different injected noise levels. Table IV tabulates the comparison
between the measured and predicted jitter calculated from the
extracted curve. Furthermore, the extracted PNS can also help
estimate the phase noise level of the sinusoidal noise, which is
common in real products. A 1-V sinusoidal noise at 3 MHz is
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Fig. 24.  Measured and extracted PNS for the four designs.
TABLE V
MEASURED AND PREDICTED PHASE NOISE PEAK VALUES FOR THE FOUR
DESIGNS
Measured Predicted
Error
result [dBc] result [dBc]
LVDS -112.5 -110.4 2.0%
HCSL -103.8 -103.1 0.7%
LVPECL -98.7 -97.8 1.0%
LVCMOS -109.8 -109.1 0.6%

injected into the power supply for validation. Table V tabulates a
comparison between the predicted peak value of the phase noise
and that of the measured results.

VI. CONCLUSION

Herein, the root causes of the phase noise of the clock output
at the carrier frequency have been analyzed and identified. The
total rms jitter measured from 12 kHz to 20 MHz at the carrier
frequency is 135.8 fs. The power supply, heatsink, and external
crystal are the relevant sources of phase noise. Spurious noise
occurs at the frequency of the power supply module in the phase
noise results. The heatsink over the clock induces conductive
coupling noise in the clock signal with a 50 fs rms jitter. The
low-frequency resonance with a 38 fs rms jitter is induced by the
external crystal of the clock but can be suppressed by improving
the ground routing of the crystal.

To further investigate the effects of power supply noise on the
clock output, the PNS is proposed and analyzed. The steps to
implement the PNS for the black box evaluation are as follows:

1) inject 0.5 V power supply noise into the DUT;

2) measure the phase noise of the clock output;

3) extract PNS from the measured results;

4) estimate the phase noise and jitter of the DUT with differ-

ent power noise.
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With the extracted PNS, the phase noise and jitter can be
predicted with different injected noise, including sinusoidal
noise and white Gaussian noise.

REFERENCES

[1] J.Han,J. Yang, and H. Bae, “Analysis of a frequency acquisition technique
with a stochastic reference clock generator,” IEEE Trans. Circuits Syst.
11, Exp. Briefs, vol. 59, no. 6, pp. 336-340, Jun. 2012, doi: 10.1109/TC-
S11.2012.2195059.

[2] T. H. Lee and A. Hajimiri, “Oscillator phase noise: A tutorial,”
IEEE J. Solid-State Circuits, vol. 35, no. 3, pp. 326-336, Mar. 2000,
doi: 10.1109/4.826814.

[3] B. Chen, S. Pan, J. Wang, S. Yong, M. Ouyang, and J. Fan, “Differential
crosstalk mitigation in the pin field area of serdes channel with trace
routing guidance,” IEEE Trans. Electromagn. Compat., vol. 61, no. 4,
pp. 1385-1394, Aug. 2019.

[4] B. Chen, S. Penugonda, J. Sun, and J. Fan, “Fast transmitter and re-
ceiver eye diagrams acquisition in the MIPI D-PHY interface,” in Proc.
IEEE Int. Symp. Electromagn. Compat., Signal Power Integrity, 2019,
pp. 570-574.

[5] A. Strak, A. Gothenberg, and H. Tenhunen, “Power-supply and substrate-
noise-induced timing jitter in nonoverlapping clock generation circuits,”
1EEE Trans. Circuits Syst. I, Regular Papers, vol.55,no0.4, pp. 1041-1054,
May 2008, doi: 10.1109/TCSI1.2008.916565.

[6] B. Pu, T. Kim, S. J. Kim, J. Kim, S. Y. Kim, and W. Nah, “Estimation
of transferred power from noise source to an IC with forwarded power
characteristic,” J. Electromagn. Eng. Sci., vol. 13, no. 4, pp. 233-239,
Dec. 2013.

[7] J. Monthie, V. Sreekumar, and R. Yashwante, “Impact of power supply
noise on clock jitter in high-speed DDR memory interfaces,” in Proc. 26th
Int. Conf. VLSI Des. 12th Int. Conf. Embedded Syst., 2013, pp. 262-266,
doi: 10.1109/VLSID.2013.198.

[8] Q. Huang et al., “Reciprocity theorem based RFI estimation for heatsink
emission,” in Proc. IEEE Int. Symp. Electromagn. Compat., Signal Power
Integrity, 2019, pp. 590-594, doi: 10.1109/ISEMC.2019.8825274.

[9] R.Liand L.-C. Zhang, “Heatsink grounding effect on radiated emission
of electronic device,” in Proc. 3rd Int. Symp. Electromagn. Compat., 2002,
pp. 704-709.

[10] F. Sthal et al., “Noise of quartz resonators according to their origin in

the mother crystal,” in Proc. 22nd Int. Conf. Noise Fluctuations, 2013,

pp- 1-4.

Y. Sun, J. Lee, and C. Hwang, “A generalized power supply induced jitter

model based on power supply rejection ratio response,” IEEE Trans. Very

Large Scale Integration Syst., vol. 29, no. 6, pp. 1052-1060, Jun. 2021.

[12] H. Kim, J. Kim, J. Fan, and C. Hwang, “Precise analytical model
of power supply induced jitter transfer function at inverter chains,”
IEEE Trans. Electromagn. Compat., vol. 60, no. 5, pp. 1491-1499, Oct.
2018.

[13] A.Demir, “Computing timing jitter from phase noise spectra for oscillators
and phase-locked loops with white and 1/f noise,” IEEE Trans. Circuits
Syst. I, Regular Papers, vol. 53, no. 9, pp. 1869-1884, Sep. 2006.

[14] Y. Arien, P. Dixon, M. Khorrami, A. Degraeve, and D. Pissoort, “Study
on the reduction of heatsink radiation by combining grounding pins and
absorbing materials,” in Proc. IEEE Int. Symp. Electromagn. Compat.,
2015, pp. 773-778, doi: 10.1109/ISEMC.2015.7256261.

[15] H.Jin,L.Zhang, X. Yang, P. Cheng, E. Li, and Y. Zhang, “A novel heatsink
with mushroom-type EBG structure for EMI radiation suppression,” in
Proc. IEEE Int. Symp. Electromagn. Compat. IEEE Asia-Pacific Symp.
Electromagn. Compat., 2018, pp. 772-775.

[16] X.He and T. H. Hubing, “Mitigation of unintentional radiated emissions
from tall VLSI heatsinks using ground posts,” IEEE Trans. Electromagn.
Compat., vol. 55, no. 6, pp. 1271-1276, Dec. 2013.

[17] P. Almers, S. Wyne, FE Tufvesson, and A. F. Molisch, “Ef-

fect of random walk phase noise on MIMO measurements,” in

Proc. IEEE 61st Veh. Technol. Conf., Stockholm, 2005, pp. 141-145,

doi: 10.1109/VETECS.2005.1543266.

R. D. Mindlin, An Introduction to the Mathematical Theory For the

Vibrations of Elastic Plates. Hoboken, NJ, USA: World Scientific, 2006.

[19] J. Wang, L. Yang, J. Du, and D. Huang, “The fifth-order overtone
vibrations of crystal plates with corrected higher-order mindlin plate
equations,” in Proc. IEEE Int. Freq. Control Symp., 2010, pp. 596-601,
doi: 10.1109/FREQ.2010.5556260.

[11]

[18]

IEEE TRANSACTIONS ON SIGNAL AND POWER INTEGRITY, VOL. 1, 2022

[20] J. Wang, L. Yang, J. Du, and D. Huang, “The calculation of electrical
parameters of overtone thickness-shear quartz crystal resonators with the
higher-order mindlin plate equations,” in Proc. IEEE Int. Ultrasonics
Symp., 2010, pp. 408411, doi: 10.1109/ULTSYM.2010.5935856.

[21] H. Lu, H. Wang, C. Su, and C. J. Liu, “Design of an all-digital LVDS
driver,” IEEE Trans. Circuits Syst. I, Regular Papers, vol. 56, no. 8§,
pp. 1635-1644, Aug. 2009.

[22] C. Chen and W. Li, “The realization of multifunctional high speed and

high frequency signal processing veneer,” in Proc. 3rd Int. Conf. Consum.

Electron., Commun. Netw., 2013, pp. 695-698.

S.Su, L. Liu, and K. Zhang, “Design of multi-interface transport card based

on FPGA,” in Proc. Int. Conf. Elect. Control Eng., 2011, pp. 2987-2990.

[24] Vectron, “Signal types and terminations.” Accessed: Nov. 2023. [Online].
Available: https://www.vectron.com/products/literature_library/Signal _
Types_and_Terminations.pdf

[25] Micrel, “Differential clock translation.” Accessed: Nov. 2023. [Online].
Available:  https://www.microchip.com/content/dam/mchp/documents/
OTH/ProductDocuments/SupportingCollateral/Differential Clock.pdf

[23]

Yuanzhuo Liu (Student Member, IEEE) received the B.E. degree in electrical
and computer engineering, in 2017, from the Huazhong University of Science
and Technology, Wuhan, China, and the M.S. degree in electrical engineering,
in 2019, from the Missouri University of Science and Technology (formerly the
University of Missouri-Rolla), Rolla, MO, USA, where she is currently working
toward the Ph.D. degree in electrical engineering with EMC Laboratory.

Her research interests include signal integrity, electromagnetic interference,
radio frequency desense, noise, and jitter analysis in high-speed digital systems.

Ms. Liu was a recipient of the 2022 President’s Memorial Award of IEEE
EMC Society.

Yuandong Guo (Student Member, IEEE) received the bachelor’s degree in
automation from the Beijing Institute of Technology, Beijing, China, in 2006.
Since 2017, he has been working toward the Ph.D. degree with the Electromag-
netic Compatibility Laboratory, Missouri University of Science and Technology
(formerly the University of Missouri—Rolla), Rolla, MO, USA.

He was with China Electronic Product Reliability and Environmental Testing
Institute, Guangzhou, China, as a Senior EMC Engineer until 2016. His research
interests include signal and power integrity in high-speed digital design and
electromagnetic modeling of electric vehicles.

Chaofeng Li (Student Member, IEEE) received the B.S. degree in electronic
science and technology from the Guilin University of Electronic Technology,
Guilin, China, in 2016, and the M.S. degree in the electromagnetic field and mi-
crowave technology from the University of Electronic Science and Technology
of China, Chengdu, China, in 2019. He is currently working toward the Ph.D.
degree in electrical engineering with the Missouri University of Science and
Technology (formerly the University of Missouri—Rolla), Rolla, MO, USA.

His current research interests include signal Integrity, equivalent model-
ing for high-speed channels, material characterization method, and chip-PDN
impedance modeling.

Siqi Bai (Member, IEEE) received the B.S. degree in optoelectronic information
engineering, in 2015, from the Huazhong University of Science and Technology,
Wauhan, China, and the M.S. degree in electrical engineering, in 2018, from the
Missouri University of Science and Technology, (formerly the University of
Missouri-Rolla), Rolla, MO, USA, where he is currently working toward the
Ph.D. degree with the Electromagnetic Compatibility Laboratory.

His research interests include PDN modeling and design, signal integrity, and
automotive electromagnetic interference.

Mr. Bai was a recipient of the 2020 Designcon Best Paper Award and the 2020
IEEE International Symposium on EMC Best Student Paper Award.

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on February 01,2023 at 20:04:17 UTC from IEEE Xplore. Restrictions apply.



LIU et al.: PHASE NOISE ANALYSIS OF CLOCK GENERATOR BY USING PNS

Bichen Chen (Member, IEEE) received the M.S. degree in electrical and com-
puter engineering from the Tandon School of Engineering, New York University,
Brooklyn, NY, USA, in 2012, and the Ph.D. degree in electrical engineering from
the Missouri University of Science and Technology (formerly the University of
Missouri—-Rolla), Rolla, MO, USA, in 2019.

He is currently a Network Hardware Engineer with Facebook, Inc., Menlo
Park, CA, USA, where he works on SI/PI of networking hardware for Facebook’s
megascale data centers.

Srinivas Venkataraman received the M.S. degree in electrical engineering from
the University of Arizona, Tucson, AZ, USA, in 1994.

He is a Signal Integrity Engineer with Facebook, Inc., Menlo Park, CA, USA,
working on next-generation switches for Facebook’s hyperscale data centers.
Prior to his position at Facebook, he was the Director of Hardware Engineering
at Juniper Networks, leading a team of engineers in designing systems with high-
speed interconnects for multiple generations of core and edge-routing products.
Previously, he was with Hewlett Packard on fault-tolerant systems and with Intel
on IA64 processors for package and system signal integrity solutions.

Xu Wang received the B.S. and M.S. degrees in electrical engineering from
Tsinghua University, Beijing, China, in 1994 and 1996, respectively.

He is a Hardware Engineer with Facebook, Inc., Menlo Park, CA, USA,
where he works on system-level design and validation of networking hardware
for Facebook’s megascale data centers. Prior to joining Facebook, he designed
enterprise firewall products with Fortinet for system-level and board-level hard-
ware. Previously, he was a Hardware Manager and a Hardware Engineer with
Ribbon Communications for more than 10 years on VoIP media gateways.

159

Jun Fan (Fellow, IEEE) received the B.S. and M.S. degrees from Tsinghua
University, Beijing, China, in 1994 and 1997, respectively, and the Ph.D. degree
from Missouri S&T (formerly the University of Missouri—Rolla), Rolla, MO,
USA, in 2000, all in electrical engineering.

From 2000 to 2007, he was a Consultant Engineer with NCR Corporation, San
Diego, CA, USA. In July 2007, he joined Missouri S&T, where he is currently
the Cynthia Tang Missouri Distinguished Professor in computer engineering
and the Director of the Missouri S&T EMC Laboratory. He also serves as the
Director of the National Science Foundation Industry/University Cooperative
Research Center for Electromagnetic Compatibility and as a Senior Investigator
of the Missouri S&T Material Research Center. His current research interests
include signal integrity and EMI designs in high-speed digital systems, dc power
bus modeling, intrasystem EMI and radio frequency interference, PCB noise
reduction, differential signaling, and cable/connector designs.

Prof. Fan was the recipient of the IEEE EMC Society Technical Achievement
Award in August 2009. In the IEEE EMC Society, he was the Chair of the
TC-9 Computational Electromagnetics Committee from 2006 to 2008, Chair
of the Technical Advisory Committee from 2014 to 2016, and a Distinguished
Lecturer in 2007 and 2008. He is currently an Associate Editor for the IEEE
TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY and /EEE Electromag-
netic Compatibility journals.

DongHyun Kim (Member, IEEE) received the B.S., M.S., and Ph.D. degrees
in electrical engineering from the Korea Advanced Institute of Science and
Technology, Daejeon, South Korea, in 2012, 2014, and 2018, respectively.

In 2018, he joined the Missouri University of Science and Technology
(formerly the University of Missouri-Rolla), Rolla, MO, USA, and is currently
an Assistant Professor with the Missouri S&T EMC Laboratory, Rolla.

His current research interests include nanometer-scale devices, through-
silicon via technology, dielectric material characterization and signal integrity,
power integrity, temperature integrity, electromagnetic compatibility, and elec-
trostatic discharge in 2.5-D/3-D IC systems.

Dr. Kim was arecipient of the IEEE Region 5 Outstanding Young Professional
(formerly GOLD) Award, IEEE St. Louis Section Outstanding Young Engineer
Award, DesignCon Best Paper Award. He is a corecipient of the DesignCon
Early Career Best Paper Award and IEEE EMC Symposium Best SIPI Student
Paper Award. He is currently the Vice Chair of IEEE St. Louis Section, and
the Secretary of the IEEE EMC Society TC-10 (Signal Integrity and Power
Integrity).

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on February 01,2023 at 20:04:17 UTC from IEEE Xplore. Restrictions apply.



