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ABSTRACT

With the scaling of power supply voltage levels and improving trans-conductance
of drivers, the sensitivity of drivers to power supply induced delays has increased. The
power supply induced jitter (PS1J) has become one of the major concerns for high-speed
system. In this work, the PSIJ analysis and modeling method are proposed for high speed
drivers and the system with on-die low dropout (LDO) voltage regulator. In addition, a
jitter-aware target impedance concept is proposed for power distribution network (PDN)
design to correlate the PSI1J with PDN parasitic.

The proposed PS1J analysis model is based on the driver power supply rejection
ratio (PSRR) response, transition edge slope and the propagation delay. It is demonstrated
that the proposed model can be generalized for different type of drivers. Following the
proposed PS1J model, a method for improving the PS1J simulation accuracy in the
input/output buffer information (IB1S) model is also proposed. A PSIJ analysis method is
also proposed for system with on-die LDO. The approach relies on separate analysis of
the LDO block PSRR response and the buffer block PS1J sensitivity. This procedure
allows designer to evaluate the system PSIJ with fewer and faster simulations.

For the jitter-aware target impedance, a systematic procedure to develop the target
impedance curves is formulated and developed for common CMQOS buffer circuits. Given
the transient 1C switching current and the jitter specification, multiple target impedance
curves can be defined for a specific circuit. The proposed design procedure can largely
relieve over-constrain in the PDN designed based on the original target impedance

definition.
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1. INTRODUCTION

1.1. MOTIVATION

The timing budget for today’s I/O interfaces become tighter as the transition
speed of 1/0 keeps on increasing. Along with the continuously decreasing of unit interval,
the requirements for allowable jitter also become more restrict and the jitter prediction
becomes more important. In addition, with the scaling of power supply voltage levels and
improving trans-conductance of drivers, the sensitivity of drivers to power supply
induced delays has increased [1]. The power supply induced jitter (PS1J) has become one
of the major concerns for high-speed system [2-9].

1.1.1. PSIJ Sensitivity Analysis. The on-die circuits’ power voltage is supplied
by the power distribution network (PDN), which connects the off-chip power supply with
the on-die power and ground terminals. A typical PDN equivalent circuit is shown in
Figure 1.1. For a practical PDN, the parasitic inductance and resistance will always
exhibit. When currents are consumed at the on-die power net due to the on-die circuit
switching, as a result of the non-ideal PDN, the on-die power rail voltage will generate
fluctuation. The supply voltage fluctuation can cause significant delay change in the
transmitters and receivers, as illustrated in Figure 1.2. For PSIJ characterization, the PSI1J
sensitivity can be extracted from transistor level simulation [5]. The obtained PSIJ
sensitivity spectrum can be applied to calculate the total PSIJ if the power supply noise

spectrum is known.
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Figure 1.1 A Typical PDN Equivalent Circuit.

Power supply noise

Figure 1.2 PS1J as a Result of Power Supply Noise.

The PSIJ sensitivity for inverter type of buffers has been widely studied [2,5-8] ,
as these buffers are frequently inserted in clock and timing circuits and the corresponding
delays account for a large percentage of critical timing nets in the design [6]. The other
type of drivers are also implemented in many designs [9] and the PSIJ sensitivity for
these drivers are also important. For the PSIJ sensitivity derivation, some treat the

inverter type of buffers as voltage controlled delay line (VCDL) [6, 8] and the PSIJ



sensitivity can be easily derived with the form of a sinc function. A numerical method is
proposed to estimate PSIJ for a current mode differential driver using a root-finding
approach by classical Newton’s method [10]. Some works have provided analytical
method based on the piecewise transistor linear model using transient analysis [2, 7]. The
jitter is estimated as the ratio of the output voltage ripple versus the switching edge slope.

In this research, a generalized PSIJ sensitivity model based on power supply
rejection ratio (PSRR) response is proposed. The output voltage ripple to the power rail
voltage ripple relationship could be easily established through the PSRR response in the
frequency domain, allowing easier derivation while maintaining some physical insights.

1.1.2. Driver PSI1J with On-Die Low-Dropout Voltage Regulator. On-board
voltage regulator (VRM) is usually applied to generate different necessary power voltage
levels for different technology ICs. In addition, a power management IC is often used to
efficiently manage power consumption. However, the on-board VRM tends to occupy a
large space on board and the physical distance to the on-die circuit is large, resulting high
parasitic inductance and resistance. To solve this issue, an on-die low-dropout (LDO)
voltage regulator is often applied in common practice to suppress noise coupling from
off-chip to on-chip. In addition, the application of on-die LDO helps to reduce the
physical distance to the current-consuming IC, thus reducing PDN parasitic [11-13]. This
is helpful for reducing the generated on-die power voltage fluctuation. Even with the on-
die LDO, the PSIJ performance analysis could still be important due to the continuously
tightened timing margin.

Usually, a transient simulation of the entire system will be performed to analyze

the PSIJ performance [14]. In this research, a methodology for PSIJ analysis of high



speed output buffer with on-die LDO is proposed. The approach depends on the stand-
alone analysis of the LDO block and the buffer block. Assuming the power noise is small,
the LDO power supply rejection ratio (PSRR) response and the PSIJ sensitivity can be
treated as linear functions. Then the PSIJ sensitivity of the entire system can be obtained
by multiplying the LDO PSRR with driver PS1J sensitivity.

1.1.3. PSI1J Simulation in Behavior Model. Predicting the jitter induced by
power noise fluctuations is important for signal and power integrity analysis [2-4]. In
many cases, it is difficult to obtain Simulation Program with Integrated Circuit Emphasis
(SPICE) model from semiconductor vendor for simulation investigation. Alternatively,
the input/output buffer specification (IB1S) model has been widely applied in various
signal and power integrity analysis with the purpose to protect the intellectual property.
The power-aware IBIS model has been developed to include the non-ideal power/ground
effect [15]. The capability to simulate the simultaneous switching noise (SSN) is
improved. On the other hand, it is desired to incorporate a better capability to analyze the
power supply induced jitter (PS1J) in IBIS model.

In the power-aware I1BIS model, additional data tables to describe the model
buffer power characteristics are introduced. Besides sets of I-V (current-voltage) tables
represent the lgs (drain-source current) versus Vgs (drain-source voltage) characteristic of
the pull-down and pull-up transistors, 1-V tables describe the Iqs versus Vgs (gate-source
voltage) characteristic of the transistors are also included. In addition, the pre-driver
current consumption on the power rail node is added through I-t (current-time) tables for
better simultaneous switching noise (SSN) simulation. With these additional tabulated

data, the switching coefficient K, and Kqare modified only as a function of the power rail



voltage. An IBIS-like behavior modeling method for PSIJ is also proposed [16]. This
method requires another sets of C-V (capacitance-voltage) tables.

In this research, the switching coefficient Ky and Kqare modified as a function of
both time and power rail voltage. No additional tabulated data is required. Moreover, the
time averaged effect of power rail voltage to the buffer output switching edge is
considered. This is an essential factor for improving the PSIJ simulation accuracy.

1.1.4. PDN Design with PSIJ Consideration. Since the power noise could lead
to reduced noise margin, large voltage variations, jitter and other signal integrity issues
that could lead to system design failure, to tackle this issue, traditionally, the maximum
allowable voltage ripple on the power rail is specified and the target impedance is defined
to limit the level of supply voltage fluctuation. Usually, the target impedance concept is
defined from frequency domain directly. The value of target impedance curve magnitude
is defined by the allowable voltage perturbation divided by the amount of IC current and
then extended to the entire frequency range of interest. Then the PDN design objective is
to achieve a PDN impedance magnitude lower than the target impedance value. For a
practical PDN design, the impedance is hardly a flat line but will be frequency dependent
[17]. The applied decoupling capacitors serve to lower the impedance targeting different
frequency ranges. On the other hand, various type of parasitic inductance will bring the
PDN impedance up with the increase of frequency. An improved concept of target
impedance is proposed in [17], [18] to link the time domain maximum allowable voltage
ripple with PDN impedance, given the known transient IC current. This concept helps to

relieve over-constrain at higher frequency range in the PDN design.
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In this research, an improved target impedance concept with jitter specification is
proposed to provide a PDN design guideline that can link to the PSIJ directly.
Establishing target impedance with jitter specification is the reverse problem of the PSIJ
analysis. Given the IC switching current and a known PDN design, the PSI1J can be
analytically derived. Reciprocally, the guidelines (target impedance) for PDN design can

be alternatively developed from the given IC switching current and the jitter specification

1.2. ORGANIZATION

This dissertation is organized as follows. In Section 2, the analysis and modeling
of PSIJ sensitivity of transmitters will be discussed. A generalized PSIJ sensitivity model
based on PSRR response is proposed. The obtained PSIJ sensitivity expressions are
validated through the comparison with transistor level circuit simulation for both the
magnitude and phase. A methodology for PSIJ analysis of high speed output buffer with
on-die LDO is also proposed. The proposed analysis method is validated through
HSPICE simulation of the entire system. A new behavior model is proposed to improve
PSIJ simulation accuracy for IBIS model. An algorithm to implement the proposed IBIS
model as a spice sub-circuit netlist is developed. The improved accuracy for PSIJ
simulation is validated through transistor level HSPICE simulation. In Section 3, the
improved target impedance concept with jitter specification is proposed. The PSIJ
relationship with PDN R-L-C parameters for inverter type of drivers is derived from the
time domain voltage ripple to PDN R-L-C parameters relationship and time domain
voltage ripple to jitter transfer relationship. The correlation between PSIJ and PDN R-L-

C parameters and the application of the proposed target impedance concept is validated



through HSPICE simulation and measurement. An in-house designed IC is taped out for
the measurement validation. A method to characterize the driver PSIJ sensitivity from
off-chip environment is also proposed and validated. In Section 4, the contents of the
previous sections are summarized. In addition, the main contributions of this research are

specified and the future work directions are identified.



2. ANALYSIS AND MODELING OF PSIJ SENSITIVITY OF TRANSMITTERS

2.1. AGENERALIZED PSIJ MODEL BASED ON PSRR RESPONSE

The PSRR based PSI1J analysis model will be discussed and validated.

2.1.1. PSRR Based PSIJ Sensitivity Model. Conceptually, the PS1J sensitivity
can be written as the ratio of the output time interval error (TIE) At to the voltage ripple
level on the power rail AVqd, when a single frequency sinusoidal noise exhibits on the
power rail. This ratio can be reformed into the ratio of PSRR to switching edge slope [19]
as expressed in:

At AV,/AV, PSRR

AV,,  AV,/At  Slope

(1)

where AV, is the variation of output voltage. This concept can also be derived from the
decomposed multiple output voltage transition edges as illustrated in Figure 2.1. The two
low to high transition edges are the minimum and maximum propagation delay cases
corresponding to the maximum and minimum of a sinusoidal power voltage fluctuation.
At half of nominal power rail voltage Vado, the timing difference between the two edges is
jitter At. The multiple output transition edges can be decomposed into a large signal
portion, where the transition happens with power rail voltage Vado, and a small signal
portion, which is introduced by the power rail voltage fluctuation [2, 3]. At half Vqdo, the
slope can be determined from the large signal portion and the variation of output voltage
AV, can be extracted from the small signal portion. The jitter can then be estimated as

At=AVo/Slope.
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Figure 2.1 Jitter Derivation from Decomposed Multiple Output Voltage Transition Edges

The frequency domain PSRR response PSRR(w) can be separated into a DC

portion PSRRpc and the normalized frequency dependency portion PSRR’(®) as:

PSRR(@) PSRRy - PSRR (o)
Slope Slope .
AV, /AV . .

_ Ao/ AVig e PSRR' (@)= ALY psrR (@)

AVo/ At|DC dd Ipc

where o is the angular frequency. Since the jitter is evaluated at half Vqqo, it is a common

practice to extract the slope of the transition edge near this voltage level [20], as

illustrated in Figure 2.2(a).
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Figure 2.2 Rising Edge Slope Estimation. a) Direct Estimation. b) From DC Delay
Change Test.

By taking a small variation of output voltage and recording the corresponding
timing difference, the slope of the rising edge can be calculated. However, in practice, the
rising edge is not a perfect straight line and the output edge slope during propagation
delay time range will not be a constant. Applying the slope value read from output edge
near half Vqqo can lead to inaccurate PS1J sensitivity results, as the slope effect during the
entire propagation delay time range is neglected. In order to obtain a slope value that can
give a better result for PSIJ sensitivity estimation, the slope is extracted from the driver
delay change test under different power rail voltage level at DC, as depicted in Figure
2.2(b). With maximum power rail voltage level Vaqmax, the corresponding propagation
delay of the driver will be the smallest Tpgmin. With minimum power voltage Vg min, the
propagation delay is Tpgmax. The ratio of the variation in power voltage AVqq to the

corresponding variation of propagation delay At is related to slope as:

PSRRoc  AVi|  Vigms =V

— — _ dd.max dd.min (3)

Slope At |DC T -T

pd,max pd,min

which is the inverse of the DC jitter sensitivity (Tpdmax- Tpd,min)/( Vad,max- Vdd,min).
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As previously mentioned, the noise presented on the power rail will influence the
output switching edge during the entire time range of the driver propagation delay Tpo, as
illustrated in Figure 2.3. If the period of the sinusoidal noise on the power rail is the same
as the propagation delay of the driver, regardless of the actual value of the power rail
noise at the time when output voltage is half Vo, the output switching edge delay time
will not change. This is because the time averaged effect of the noise at this specific
frequency is zero during the time range of the propagation delay. For the PSIJ sensitivity

derivation, this effect should be taken into consideration.

t=0

Figure 2.3 Power Noise Time Averaged Effect during Propagation Delay.

Based on the above discussion, the PSI1J sensitivity formulation can be derived.
Substitute (3) into (2) and take the time harmonic form of PSRR(w) for the time averaged

effect consideration, the PSIJ sensitivity is expressed as:

T

po . alot
PSlJsensitivity ( f )= PSRR(w) e dt

Slope - T,

0

(4)
_ PSRR,

Siope PSRR (27 f )e'" ™ sinc(7 T,,)
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where f is the frequency. From (4), it can be observed that the PSIJ sensitivity is related
to the DC jitter sensitivity and the frequency dependency originates from the normalized
PSRR response and the time averaged effect induced sinc function portion.

In this work, the proposed model will be applied for the PSIJ analysis for the three
different drivers as shown in Figure 2.4. For different type of drivers, the PSIJ sensitivity
frequency dependency are expected to be different. Since the driver PSIJ sensitivity
frequency behavior is related to the PSRR response and the propagation delay, the
different PS1J sensitivity frequency behavior can be understood by the analysis of PSRR

response and equivalent RC delay of the circuit, as illustrated in Figure 2.5.

<PMOS>
peh_tn
W=0.44 um
L=180 nm
M=1
< NMOS> =1 M=2 M=4 M=8 M=16 M=32 M=64 \1—123
nch_tn <All PMOS> <AlINMOS>
W =0.22 um pch_tn nch_tn
L=180 nm W=2um W=1um
M=1 L=180 nm L=180 nm
a b
<PMOS>
peh_tn
W =60.1 um
L=1um
M=43
<NMOS>
nch_tn
W =578 um
L=1um
M=11
I, @Rs R=250Q; R=100Q;
ov | 1=0.5 mA; C;=5pF

Figure 2.4 Tested Drivers. a) Inverter. b) Inverter Chain. c) Current Mode Differential
Driver.
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Figure 2.5 Comparison of Frequency Dependency Due to PSRR and Propagation Delay.
a) Inverter. b) Differential Driver.

The analysis for single stage inverter is shown in Figure 2.5(a). The PMOS can be
regarded as a resistor when looking at the rising edge case. The PSRR analysis is close to
the analysis for a first order low pass filter, with a cutoff frequency around 1/RopC, where
Rop is the turn on resistance of PMOS. For the output delay of the inverter, it can be
roughly estimated as RopC and the corresponding frequency is the null frequency for the
sinc function portion. In this case, the propagation delay related frequency roll-off is
faster than the PSRR related frequency roll-off. As a result, the PS1J sensitivity frequency
dependency is dominated by the propagation delay related time averaged effect. For

inverter chain, as the propagation delay is a linear accumulation of delay of each stage
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[7], the null frequency for the sinc function portion will be even smaller than the cutoff
frequency of the PSRR response.

The analysis for current mode differential driver is shown in Figure 2.5(b). For
the designed driver, the transistors will have some amplification effects. For the simplest
estimation, the PSRR analysis can be regarded as the analysis for a common gate
amplifier. The cutoff frequency can be estimated as 1/gmroRsC [21], where gm is the
PMOS trans-conductance, ro is the PMOS output resistance and Rs is the current source
resistance. On the other hand, for the delay estimation, the transistor can be regarded as a
resistor with value of 1/gm. So the propagation delay is roughly estimated as (Rs+1/gm)C.
In general, gmroRsC is larger than (Rs+1/gm)C [21]. In consequence, the PSRR response
will have smaller cutoff frequency and the PSRR frequency dependency will roll off
faster than the propagation delay related sinc function frequency dependency.

2.1.2. Validation on Different Drivers. The proposed method is validated on
different type of drivers.

2.1.2.1. Inverter. The proposed PSRR based PSIJ sensitivity model is firstly
applied for a single stage inverter. The design parameters for the single stage inverter is
shown in Figure 2.4 (a). To obtain the PSRR response of the inverter, the circuit needs to
be set to a proper DC status. For a single stage inverter, the power rail noise voltage will
mainly influence the low to high transition. If the input switching edge transition time is
assumed to be negligible, when the output transits from low to high, the input will always
be low. For the PSRR simulation, the input will be set to zero as plotted in Figure 2.6.
The nominal power rail voltage for this inverter is 1.8V and a sinusoidal source with

50mV amplitude is served as the noise source. The load capacitance for the test is set to
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20fF. By conducting AC simulation and obtain the ratio of the output voltage to the
amplitude of sinusoidal noise, the PSRR response for the output rising edge case is

obtained.

-
PSRR(w) - L@

Via
50mV
@ v V; _{#cht

n

Pl

Figure 2.6 PSRR Simulation Test for Single Stage Inverter.

The simulated PSRR magnitude and phase for the inverter is shown in Figure 2.7.
At low frequency range, the magnitude of PSRR is one and at higher frequency range, the
PSRR begins to fall off. This is because for the PSRR simulation setup, the NMOS is set
to off and PMOS is in linear region. At low frequency range, the PMOS is regarded as a
resistor and the loading capacitor can be treated as open. As a result, the output will have
the same amplitude as the input. With the increase of the frequency, the capacitor will
start to take effect and the output voltage will begin to fall off.

To validate the proposed PSIJ sensitivity expression (4), HSPICE simulation is
conducted to obtain the reference PSIJ sensitivity values at different frequencies. The
simulation setup for jitter extraction is depicted in Figure 2.8(a). In order to obtain both
the magnitude and phase information, the TIE sequence is extracted as illustrated in

Figure 2.8(b). The TIE is calculated by subtracting actual output edge switching time
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from the ideal output edge switching. The obtained TIE value for each edge is plotted in
time domain with respect to the input edge switching time, as in the derivation of (4), the
time of input edge switching is treated as zero during the integration process. The
extracted TIE sequence for the case with 100MHz power noise is shown in Figure 2.9,
from which the magnitude and phase of the PSIJ can be acquired. The comparison of the
PSIJ sensitivity magnitude and phase results obtained from the PSRR based model and
HSPICE simulation are shown in Figure 2.10(a) and (b), respectively. The proposed PSI1J
sensitivity model exhibits reasonably good estimation accuracy compared to the

simulation results.
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Figure 2.7 PSRR Simulation Result for Single Stage Inverter.
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Figure 2.8 Simulation Setup for Jitter Extraction. a) Setup. b) Extraction of TIE
Sequence.
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Figure 2.9 Extracted TIE Sequence for the Case with 100 MHz Power Noise.
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Figure 2.10 Single Stage Inverter PS1J Sensitivity Results Comparison between PSRR
Based Model and HSPICE Simulation. a) Magnitude. b) Phase.
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2.1.2.2. Inverter chain. The equation (4) can also be applied for inverter chain
PSIJ sensitivity analysis with proper modification on the PSRR response and slope
portion. Since each stage in the inverter chain will have their own PSRR response and
slope, which will all contribute to the total PS1J, the form of (4) needs to be adjusted
accordingly. For the inverter chain, the total PSIJ at the final output stage can be obtained
from the linear accumulation of local PSIJ at each stage [7], as illustrated in Figure 2.11.
Since the switching edge directions are opposite for the odd and even number stages in
the inverter chain, the polarity of induced jitter for the adjacent stages will be opposite, as

the slopes of rising and falling edges are opposite in sign.

1st 2nd Nth

Local PSIJ Local PSIJ Total PSIJ

At :Afz Z}I::,:l Aty
- 4{ > - e

[ TTIT : 7' - :

:'n / \" ;\ §| :,‘ /

E‘ E

————— Ideal edge — Delayed response

Figure 2.11 Inverter Chain Total PS1J as Sum of Each Stage Local PSIJ.

The design parameters for the tested inverter chain is shown in Figure 2.4(b). The
loading capacitance at the last stage is 10fF. This is an eight stage inverter chain where
each stage size is increased at the same factor of 2. For each stage, PMOS is twice the
size of NMOS. For the inverter chain designed in this fashion, besides the last output

stage, the propagation delay of #1 to #7 stages will be almost the same and the rising and
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falling edge propagation delays will also be very similar. In addition, the PSRR response
of #1 to #7 stages are almost identical.

For each stage, the PSRR response for the rising edge case can be obtained by
setting the input of each stage as low. The PSRR response for the falling edge case can be
extracted by setting the input of each stage as high. The PSRR response of each stage for
both the rising and falling edges in the inverter chain are summarized in Figure 2.12. The
PSRR response for #1 to #7 stages are identical and are plotted in Figure 2.12(a) while

the last stage PSRR response is shown in Figure 2.12(b).
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Figure 2.12 PSRR for Each stage in Inverter Chain. a) #1-#7 Stages. b) Output Stage.

For the inverter chain output rising edge case, the total jitter can be calculated by

the linear summation of the local PSIJ as:



20

PSRR . . .
—>""opcl (3.PSRR (@) —4-PSRR (@
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—>770cl PSRR (). 5
+ Slope out (a))rlse Vout ( )
_ PSRR ¢ , PSRR . .
= Slope o AR_#:L—#7 ((‘))"' Slope - AR_Vout (w)

The local PSIJ of each stage is expressed as the form of the DC performance portion
multiply with the normalized frequency dependency portion as shown in (2). Since the #1
to #7 stages share the same PSRR and rising/falling edge characteristics, the DC
performance portion are the same and is written as PSRRpc/Slopel#-#7. On the other hand,
the DC performance portion for the final stage is different and is expressed as
PSRRoc/Slopelvout. FOr the case where the final output stage is rising, there will be four
falling edges and three rising edges in the previous seven stages. All the rising edge
stages will have the same normalized PSRR frequency dependency portion PSRR’(®)rise,
while all the falling edge stages will have the same normalized PSRR frequency
dependency portion PSRR’(w)ran. The normalized PSRR frequency dependency portion
for the last output stage is PSRR’(w)riselvout. The signs of local PSIJs for the adjacent
stages are opposite and are explicitly expressed since the slope is treated as a magnitude
value. For simplification, the normalized frequency dependency portion of the #1 to #7
stages is written as Ar #1-47’(w) and for the last stage the normalized frequency
dependency portion is expressed as Ar vout’(®).

The DC performance portion can also be estimated by the DC delay change test.
The DC performance portions for the #1 to #7 stages can be evaluated together. By

recording the DC delay change at the #7 stage of the inverter chain, the DC jitter
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sensitivity for the stages from #1 to #7 is written as (Tpd,max- Tpd,min)/(Vad,max- Vdd,min)|#1-#7.
Since the PSRR response for the falling edge case is zero at DC, the DC jitter sensitivity

is contributed by the three rising edge stages and it can be concluded:

/ 3 (6)

The DC performance portion for the last stage can be extracted by isolating this stage and

PSRR DC _ Tpd max _Tpd min

_Vdd min

Slope \Y/

#1-#7 dd max

treat it as a single stage inverter, keeping the original loading capacitance. The DC
performance portion is estimated as the DC jitter sensitivity of the output stage (Tpd,max-
Tpd,min)/(Vdd,maX' Vdd,min)|V0ut:

PSRR .
Slope

1

) Toome =T
~ Slope

" pd max pd min
-V

dd min

(7)

\Y/

\Vout dd max

Vout \Vout
As all the stages in the inverter chain are consecutive in time, the time averaged
effect of power rail noise should be considered in the propagation delay time range of the

entire chain. Based on the above analysis, the application form of equation (4) for the

inverter chain rising edge case is:

P:::\;lzgc AR s1u7 '(277f ) _
PSlJsensitivity ( f ) = i e'”" sin C(” prRO) (8)
+—PSRR = A vout I(27[f )
L Slope \Vout B _

where Tpro IS the inverter chain propagation delay for the rising edge case. The PSIJ
sensitivity formulation for the falling edge case can be derived similarly.

The obtained PSIJ sensitivity expressions for the rising and falling edge cases are
validated through HSPICE simulation. For rising edge, the comparison results of PSRR

based model and HSPICE simulation for PSIJ sensitivity magnitude and phase are plotted
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in Figure 2.13 (a) and (b), respectively. For falling edge, the comparison results of PSRR
based model and HSPICE simulation for PS1J sensitivity magnitude and phase are plotted
in Figure 2.14 (a) and (b), respectively. The proposed model can estimate the inverter

chain PSI1J sensitivity with reasonably good accuracy for both the magnitude and phase.
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Figure 2.13 Inverter Chain Rising Edge PSIJ Sensitivity Results Comparison between
PSRR Based Model and HSPICE Simulation. a) Magnitude. b) Phase.
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Figure 2.14 Inverter Chain Falling Edge PSIJ Sensitivity Results Comparison between
PSRR Based Model and HSPICE Simulation. a) Magnitude. b) Phase.
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2.1.2.3. Current mode differential driver. For current mode differential driver

PSIJ sensitivity analysis, equation (4) can also be applied with proper modification on the
PSRR response and slope portion. The PSRR response and slope of both the positive
node and negative node need to be considered for PSIJ analysis. Since the slope of the
positive node and negative node may be different, if only differential output PSRR
response and slope is considered, the effect of the different slope in the positive and
negative node to the PSIJ will be missed.

The design parameters for the current mode differential driver is shown in Figure
2.4(c). The nominal power rail voltage is 1.5V. The voltage levels for the single ended
output are designed to be 0.625V for the low state and 0.875V for the high state. The
differential output swing will be 500mV.

In order to obtain the PSRR response of the current mode differential driver, the
circuit needs to be set to a proper DC status, as the input switching time is assumed to be
negligible. The differential driver is switching between two DC statuses. For the case
where the positive side input is low and negative side input is high, the magnitude and
phase of the PSRR response is plotted in Figure 2.15(a). For the case where the positive
side input is high and negative side input is low, the magnitude and phase of the PSRR
response is plotted in Figure 2.15(b). At a fixed DC status, the PSRR response for the
positive and negative side are different. It should be noted that despite the PSRR response
will change for the positive and negative side output when the DC status changes,
eventually only two PSRR response will be obtained. As Mpl and Mp2 are the same and

Mn1l and Mn2 are also the same. The PSRR response with larger value is denoted as
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PSRRni= Vni/Vsin, Where Vsin is the amplitude of the power rail noise. The PSRR response

with smaller value is written as PSRRns=Vns/Vsin.
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Figure 2.15 PSRR of Differential Driver. a) Positive Input Low, Negative Input High. b)
Positive Input High, Negative Input Low.

The process to derive the differential TIE from PSRR response is illustrated in
Figure 2.16. The positive and negative node output with ideal power voltage are denoted
as OP and ON, respectively. The voltage value for the low and high states are denoted as
V2 and V1, respectively. The crossing time location of OP and ON under the nominal
power voltage is denoted as tc. The crossing voltage level at tc is represented as Veross.
When the power voltage is increased, the changed positive and negative node output are
indicated as OP’ and ON’, respectively. The difference between the new crossing time
location t¢” and the original tc is the differential output TIE. At the original tc, OP’ will
increase to Vpnx While ON’ will increase to Vinx. The OP” and ON’ crossing point, OP’
and tc crossing point, as well as ON’ and tc crossing point has formed a triangle. The
length of the triangle vertical edge is Vpnx-Vanx and differential TIE will be the height at

this edge. The slope of the other two edges in the triangle are SR and SF, which are the
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magnitude of the rising and falling edge slope. From basic geometry theory, the
differential TIE can be calculated as (Vpnx-Vnnx)/(SR+SF). For simplicity, the SR and SF
are assumed to be obtained under nominal power voltage. Similarly, the original crossing
time tc, can be expressed as (V2-V1)/(SR+SF). From this analysis, it is clearly shown that

the differential TIE is related to the PSRR response and the rising/falling edge slopes.

ON 7, I = : IVl lope,

| 1 )_‘f

to: origin‘al differential propagatioln delay L= SR- Y SF

Figure 2.16 Differential Driver Output TIE Analysis Illustration.

The Vnnx can be estimated as:

Ve =Veross TVis Vo :—C:V +V, +V SR 9)

cross Cross nl SR + SF

]
When the power rail voltage is increased, before transition, ON’ will increase by Vs
compared to ON. After transition, for the flipped DC status, ON’ will increase by Vhi,
compared to ON. During the transition, the negative node rising edge slope will also
increase due to the PSRR response. At the original crossing time tc, the voltage increase

due to the increase of rising edge slope is estimated as Vni(tc/tr), where t; is the time when
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the negative node output changes from V1 to V2 and can be written as (V2-V1)/SR. Plus the
initial increase Vns, Vinx Will be Verosst Vst Vii(te/tr).

Similar analysis is carried out for OP’ and the Vpnx IS expressed as:

+V, +V, t—c =V, +V, +V, S—F (10)

t, "™ SR+ SF

Cross

Vi =V,

Plug Vpnx and Vinx values in the differential TIE expression, normalize to the amplitude of
power rail noise, extract the DC performance portion and consider the time averaged
effect, the application form of equation (4) for the current mode differential driver is

derived as follow:

PSlJsensitivity ( f)

SR .
(l-—>—)PSRR, (27 ) | 1
:géRRgé SR+SIS:F & sinc(x 1T, ) (11)
TR a- )PSRR,, (27 1)
SR+ SF

Tpo is the differential output propagation delay. The DC performance portion is estimated

with the differential output DC jitter sensitivity as:

PSRRDC _ Tpd max _Tpd min
SF+SR V -V

dd max dd min

(12)

The normalized PSRR frequency dependency portion are PSRRn” and PSRRns” for PSRRq
and PSRRs, respectively.

From (11), the influence of PSRR and transition edge slope of the positive and
negative nodes can be evaluated. If the PSRR of the negative node and positive node are
the same, and the magnitude of SR and SF are the same, the differential TIE should be
zero; If the PSRR responses are the same but the SR and SF are different, the differential

TIE will appear and is proportional to PSRR(SR-SF)/(SR+SF)?; If the slopes are the same
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but the PSRR responses are different, the differential TIE will also exist and is
proportional to 0.5(PSRRni- PSRRn)/(2Slope).

The PSIJ sensitivity expression for the current mode differential driver is also
validated through the comparison with the HSPICE simulation results. The PSIJ
sensitivity magnitude and phase are plotted in Figure 2.17(a) and (b), respectively. The
results from PSRR based calculation match reasonably well with the one obtained from

transistor circuit simulation.
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Figure 2.17 Differential Transmitter PSIJ Sensitivity Results Comparison between PSRR
Based Model and HSPICE Simulation. a) Differential Output PSIJ Magnitude. b)
Differential Output PSIJ Phase.

2.2. ANALYSIS OF PSIJ OF HIGH SPEED OUTPUT BUFFER WITH ON-DIE
LDO

As on-die LDO is often applied for high speed output buffer to provide power
voltage, the PSIJ of the buffer with LDO is also analyzed.
2.2.1. System PSIJ Sensitivity Analysis Method. The overall block diagram of

a typical system is shown in Figure 2.18(a). With the voltage noise presented on the
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power rail of the LDO, the PSIJ at the output buffer will be derived. The proposed
analysis procedure is shown in Figure 2.18(b). To obtain the PSIJ sensitivity of the
system under this scenario, the first step is to acquire the PSRR response of the LDO
block. The second step is to derive the buffer PSIJ sensitivity. At last, the system PSI1J
sensitivity can be calculated from the product of the LDO PSRR response and buffer PSIJ
sensitivity. Assuming the power noise is small, the LDO power supply rejection ratio

(PSRR) response and the PSIJ sensitivity can be treated as linear functions.

l 1. LDO block PSRR I

W | 2. Buffer block PSIJ sensitivity |

output ¥
LDO buffer . ﬂ- 3. System PSIJ sensitivity
=LDO PSRR * Buffer PSIJ sensitivity

a b

Figure 2.18 System Analysis Method. a) Overall System Block Diagram. b) Proposed
Analysis Procedure.

The first step is to simulate the LDO block PSRR response. The design
parameters of the on-die LDO is shown in Figure 2.19. The nominal output voltage of the
designed LDO is 1.5V. The LDO PSRR response is sensitive to the output load
conditions, as the pass transistor current is sensitive to the load parasitic. As a result, the
effect of different buffer loads to the LDO PSRR responses should be taken into
consideration. The investigated buffers are an inverter chain as shown in Figure 2.4(b)

and a current mode differential driver (Tx driver) as shown in Figure 2.4(c).
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Figure 2.19 Designed LDO Parameters.
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To demonstrate the output loading effect to the on-die LDO PSRR response, the

simulation setup is shown in Figure 2.20(a). The effect of load resistance, load

capacitance and load current to the LDO PSRR response is shown in Figure 2.20(b), (c)

and (d), respectively. When different buffers are attached to the LDO output, the
equivalent resistive and capacitance loading for the LDO will be changed. So it is
necessary to consider the driver loading effect. It can also be shown that the loading

current will also influence the PSRR response significantly. This is because the drain

source current of the pass transistor will be changed by the loading current, thus changing

the equivalent resistance of the pass transistor. As a consequence, when evaluating the

LDO PSRR response, the equivalent buffer switching current should be taken into

account.
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Figure 2.20 Loading Effect to LDO PSRR Response. a) Simulation Setup. b) Load
Resistance Effect. c) Load Capacitance Effect. d) Load Current Effect.

In LDO PSRR AC simulation, the buffer power net should be attached to the
output of the LDO. The buffer should be set to a certain DC status. However, this can
only include the current drawn at the buffer static states. The buffer current consumption
during the switching events are neglected. In order to account for the current drawn from
power net during driver switching, the switching current on the power net for the inverter
chain buffer is shown in Figure 2.21 as an example. For each current peak, the shape is

close to a triangle. As there will be two switching events in one period, the averaged

equivalent switching current lequ_10ad IS evaluated as:
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0.5T | e *2

"~ Tpulse _width © peak
quu_laod - T (13)
input _ switching

where Tpuise_width IS the width of the triangular switching current pulse. lpeax is the peak
value of the switching current. Tinpu_switching 1S the period of the input switching pulse. The

extracted equivalent loading current is 0.2mA for the designed inverter chain.

0.0 _,\ — VY

-4.4

2280 230.0
time (ns)

Figure 2.21 Current Drawn on Power Net for Inverter Chain Driver.

The second step for the system PSIJ sensitivity analysis is to obtain the buffer
PSIJ sensitivity, which can be obtained by adding a sinusoidal source to the DC power
and sweeping the source frequency. With the LDO block PSRR response PSRR.po and
the buffer PS1J sensitivity JitterSensitivityariver , the total system PSIJ sensitivity
JitterSensitivitysys can be derived as:

JitterSensitivity . = PSRR, , - JitterSensitivity,, ., (14)

2.2.2. Simulation Validation. The simulation setup for LDO PSRR response
with inverter chain as loading buffer is plotted in Figure 2.22(a). A current source with
0.2mA DC current is used to mimic the current drawn during inverter chain switching.

The simulated LDO PSRR response is shown in Figure 2.22(b). The output noise to input
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noise amplitude is taken as the PSRR value. Regardless of the inverter chain input status,

the PSRR responses are the same.

0.02 T T
. . Inverter chain input low
200mV é ‘;j:i;’\ 0.015 — — — Inverter chain input high
v LDO Vo g o
=
: R CorlOF 2 0.01F
L. LA ?
T 0.005
s
n Foc  0/1.5V 0 i i . )
: ; , 10° 10 10* 10° 108 10"
i PSIJ tran simulation i PSRR AC simulation Frequency[Hz]

Figure 2.22 PSRR Response of LDO Block with Inverter Chain Buffer. a) Simulation
Setup. b) PSRR Response.

Similar analysis can be carried out for the case where the buffer is a current mode
differential driver. The switching current drawn from the power net is shown in Figure
2.23. For this driver, there will be a constant current consumption at the static status. The
equivalent loading current during the switching event is about 6uA. On the other hand, as
it can be noticed, there will be a DC current always presented on the power rail during the
current mode differential driver operation. The simulation setup for LDO block PSRR
analysis is shown in Figure 2.24(a). As mentioned before, for PSRR analysis, the current
mode differential driver needs to be set to a proper DC status. The input voltage is shown
in Figure 2.24(a). The PSRR response of the LDO block is shown in Figure 2.24(b).
Regardless of the inverter chain input status, the PSRR responses are the same. The peak

location is close to 15MHz.
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Figure 2.23 Current Drawn on Power Net for Current Mode Differential Driver.
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Figure 2.24 PSRR Response of LDO Block with Current Mode Differential Driver. a)
Simulation Setup. b) PSRR Response.

For the inverter chain, the PSIJ sensitivity analysis setup is shown in Figure
2.25(a). By sweeping the frequencies of the sinusoidal noise source, the PSIJ sensitivity
is extracted as shown in Figure 2.25(b). For the current mode differential driver, the
simulation setup for PSIJ sensitivity analysis is shown in Figure 2.26(a). The PSI1J

sensitivity is plotted in Figure 2.26(b).
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Figure 2.25 PSI1J Sensitivity of Inverter Chain Buffer. a) Simulation Setup. b) PSIJ
Sensitivity.
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Figure 2.26 PSI1J Sensitivity of Current Mode Differential Driver. a) Simulation Setup. b)
PSIJ sensitivity.
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To validate the proposed method, the transient simulation of the total system is
performed to extract the PSIJ sensitivity. The simulation setup for the two buffer cases
are the same as in Figure 2.22(a) and 2.24(a). The input of the driver are changed to the
switching pulses for the transient simulation. The DC load current is also removed. The
comparison of the calculated total system PSI1J sensitivity using (14) and the simulated
PSIJ sensitivity from the total system is shown in Figure 2.27. The results for the inverter
chain buffer case and the current mode differential driver case are shown in Figure
2.27(a) and (b), respectively. The proposed analysis method can evaluate the total system
PSIJ sensitivity with reasonably good accuracy.

From the proposed method, the contribution of different blocks to the total system
PSIJ sensitivity properties can be distinguished. With the application of on-die LDO, the
system PSIJ has been reduced significantly, due to the power net noise suppression
capability of the LDO block. In addition, it can be observed that the peak frequency
location in the PSIJ sensitivity of the total system are determined by the LDO block
PSRR response. This could be helpful for the design optimization of different blocks to
achieve better timing performance of the system.

In addition, it can be noticed that the system PSIJ sensitivity has been reduced
compared to the driver only PSIJ sensitivity. It is a demonstration of the advantages for
using the on-die LDO. This is because the on-die LDO can reject the noise on the power
rail. Since the noise in the output of LDO is reduced, the introduced PSI1J in the buffer

using on-die LDO output as power supply is also reduced.
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Figure 2.27 Total System PSI1J Sensitivity Results Comparison between Total System
Transient Simulation and the Proposed Calculation Method. a) Buffer Is an Inverter
Chain. b) Buffer Is a Current Mode Differential Driver.

2.3. IMPROVING PSIJ SIMULATION ACCURACY FOR IBIS MODEL

PSIJ simulation is an important part for signal integrity and power integrity
analysis. As the SPICE model is not always available from the semiconductor vendors,
the IBIS model has been developed. It is desired to improve the PSIJ simulation

capability for this kind of behavior model.
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2.3.1. Modeling of PSI1J in IBIS Model. The equivalent circuit for a basic IBIS
output model is shown in Figure 2.28. It is composed of the pull-up branch, pull-down
branch, power clamp branch and ground clamp branch. C_comp is the equivalent output
capacitance of the driver. L_pkg, R_pkg and C_pkg are the equivalent inductance,
resistance and capacitance for the driver. lout is the total current at the buffer output node
and can be calculated from the pull-up, pull-down, power clamp and ground clamp
branches currents. I-V tables for pull-up transistor describes the pull-up current Iny
relationship with the voltage difference between Vcomp and the power voltage. 1-V tables
for pull-down transistor describes the pull-up current Ipq4 relationship with the voltage
difference between Vcomp and the ground voltage. The power clamp I-V table lists Iy
versus the voltage difference between Vcomp and the power voltage. The ground clamp I-
V table lists Iqc versus the voltage difference between Vcomp and the ground voltage.
Rising and falling waveforms V-t(voltage-time) tables provide the transient information
on the value of Vcomp as a function of time for different loading conditions. The switching
coefficient Ky and Kgq are used as multiplication factors on the currents lpyand Iy,
respectively. The K, and Kq can be determined with the well-known 2 equations 2
unknowns algorithm:

—I K,!

outl — My pul + Kd I pd1 +1 pcl + Igcl (15)

-1 K,!

out2 — My pu2+Kd|de+|p02+I (16)

gc2
where loutt, lput, lpd1, lpct, @nd lgc1 are the currents for a particular load condition, in which
case the Veomp IS Veompt. lout2, Ipu2, lpd2, Ipc2, and lgc2 are the currents for a different load

condition, in which case the Vcomp IS Veomp2.
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Figure 2.28 IBIS Output Model Structure.

2.3.1.1. Model derivation. As the transition behavior of the buffer is mainly
described by the switching coefficient Ky and Kg, to improve the PSIJ simulation
accuracy, the switching coefficients are modified as a function of both time and the

power rail voltage:

switch V t switch V t

Ku (t) = Kuo(t) + Bu (t) J. ( ) VccO + AJ (t) I ( ) cc0 (17)
Tswnch Tswnch
switch V (t) 7 switch V (t) 72

Kd (t) = Kdo(t) + Bd (t) I T cco + Aj (t) J‘ T cco (18)

where Kyo(t) and Kqo(t) are the extracted switching coefficients with the ideal power
voltage Vcco. Bu(t) and Ba(t) are the linear correction coefficients. Ay(t) and Aq(t) are the
quadratic correction coefficients. Vcc(t) is actual power rail voltage. Tswitch is the elapsed
time since the input switching event happens.

For the proposed modification on the switching coefficients, the correction

coefficients By(t), Ba(t), Au(t) and Aq(t) are served to account for the delay change due to
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the power rail noise voltage at each time point. It should also be noted that instead of the
instantaneous power rail voltage, the time averaged power rail voltage is used. In [22],
only the instantaneous power voltage effect is considered. The effect of the time averaged
power rail noise on the buffer output switching edge is illustrated in Figure 2.3. The
power rail noise can take effect in the entire time range of the buffer output propagation
delay. If the period of the sinusoidal power rail noise voltage is the same as the
propagation delay, regardless of the actual instantaneous power rail voltage value at the
output switching edge, the propagation delay will not change. To model the PSIJ
behavior correctly, it is essential to consider the time averaged power rail voltage.

Before the simulation can be performed, the switching coefficients and the
corresponding correction coefficients need to be extracted. The switching coefficients at
the minimum, typical and maximum DC power rail voltage should be firstly obtained
using (15) and (16). The switching coefficients calculated under the typical power rail
voltage are noted as Kuo(t) and Kqo(t). For Bu(t) and Au(t) used for the pull-up switching
coefficient Ky(t), the 2 equations 2 unknowns algorithm can be employed. The pull-up
switching coefficient Ky_max(t) at the maximum DC voltage Vcc_max and the pull-up
switching coefficient Ky_min(t) at the minimum DC voltage Vcc_min are written using the

form of (17) and have formed the 2 equations:
Ku_max (t) = Kuo(t) + Bu (t)(vcc_max _Vcco) +AJ (t)(vcc_max _Vcco)2 (19)

Ku_min (t) :Kuo(t) +Bu (t)(vcc_min _Vcco) +AJ (t)(vcc_min _Vcco)2 (20)
The correction coefficients By(t) and Ay(t) for the pull-up switching coefficient

Ku(t) can then be calculated from (5) and (6). B4(t) and Aq4(t) for the pull-down switching

coefficient Kq(t) can be similarly derived.
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2.3.1.2. Spice implementation. For most of the open source spice simulators, the
IBIS support is not developed. The other way around to apply the IBIS model for system
analysis in these simulators is to convert the existing IBIS model into sub-circuit spice
netlist [23]. On the other hand, with the converted IBIS model, the IBIS algorithm is
explicitly revealed as spice compatible sub-circuit format, allowing easier
implementation of the new algorithm and new IBIS model.

The spice implementation process is summarized in Figure 2.29. The first step is
to differentiate the rising and falling event from the input. This can be realized by
calculating the dv/dt of the input signal [24], as shown in Figure 2.30(a). This can be
realized using an ideal transmission line. The dv is the voltage difference between the
input port and output port of the transmission line. The dt is the delay of the transmission
line and is also the simulation time step.

The second step is to calculate the elapsed time after the buffer input switching
happens. From the converted dv/dt, the time at which point the input switching happens is
known. This time point value will be held until the next switching event happens, as
plotted in Figure 2.30(b). The held time value is also realized with an ideal transmission
line. The previous time step time value will be stored in the output port of the ideal
transmission line. The special variable “time” in Ngspice, which reflecting the actual
simulation time will be utilized [24]. By subtracting the held signal from the variable
“time”, the elapsed time since every switching event occurs is obtained. At the beginning
of every switching event, the held time value can be reset to zero, thus the elapsed time
for each switching event can be recorded. The time value is transferred into voltage

value.
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Figure 2.29 Spice Implementation Procedure.
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Figure 2.30 Control Signal Calculation. a) Find Switching Edges. b) Obtain Elapsed
Time Since Switching Event Happens.

In the third step, the time averaged power rail voltage is implemented. This is one
of the most important elements in the proposed new IBIS model. An ideal transmission
line with the propagation delay of a single simulation time step is applied, as illustrated in
Figure 2.31(a). The far end voltage value sum the power rail voltage at the current time
step is fed to the near end of the transmission line. This value is then divided by the
elapsed time to obtain the time averaged power rail voltage since the input switches. The

corresponding control signals in spice netlist are shown in Figure 2.31(b).
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Figure 2.31 Implementation of Time Averaged Power Rail Noise Voltage for the

Proposed Model. a) Obtain Time Averaged Power Rail VVoltage. b) Ngspice Sub-Circuit
Netlist for Related Control Signals.

For the fourth step, the I-V table and the modified Ky/Kg-t table are converted into
spice netlist. I-V table data are realized with the ASRC sources in Ngspice [24], as shown
in Figure 2.32(a). For the new IBIS model, the modified K-t table is implemented as an
ASRC source as depicted in Figure 2.32(b), following expression (17). The switching
coefficient Kyo(t) under the nominal voltage, the linear correction coefficient By(t) and the
quadratic correction coefficient Ay(t) are previously calculated offline. The voltage V(1,2)
represents the elapsed time. The voltage V(5) represents the time averaged power rail
noise voltage. The voltage of V(3,4) represents the switching coefficient Ky(t). Similarly,
the Kg-t table can also be written as an ASRC source. The original K-t table is also
shown for comparison, as plotted in Figure 2.32(c). In the fifth step, the actual switching

coefficients will be concatenated from the Ku/Kg-t table data based on the input bit
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sequence as illustrated in [24]. At last, the driver output port current voltage relationship
can be transformed into the spice netlist form following equation -lout = Kulpu + Kalpd + Ipc

+ lgc, as demonstrated in [24].

* PU BRANCH
.SUBCHT driver PULLUP TYP 3 4 1 2

Bl 341=

+ (V(1,2) < -1.800000E0)? 1.514020E2:

+ (V(1,2) < -1.753250E0)? -1.933262E24V(1,2)-1.965852E2:

+ -8.TS2500EL

* KU COEF RISE
.SUBCKT driver TYP KU R 3 4 1 2 5 Kuo(1)

Bl 34V = |

+ (V(1,2) < 0.000000E0)? 0.000000EO: \
+ (V(1,2) < 0.003622352)2 12.87944* V(1,2)+0.000000000000-
+ (V(1,2) < 0.007244704)? -0.0000729516*V(1,2)+0.04€665411-

4 +(0.0000251111959497%V (1,2} +-0.1034534500000000) *V (5) ==

... +(0.0002022823036612*V (1, 2) +-0.1034590917761164) *V (5} ...
Bu(t)

+(0.00396804525408814V (1,2)+-7.5443674999999999) *V (5) 4V (5) ¢

+ i0.00916‘15843101826'\-’(l,2]+—T.54‘!35€3236936428 AV (5) 4V (5) :

Au(t)

* KU COEF RISE
.SUBCKT driver TYP KU R 3 4 1 2
Bl 34V-=
+ (V(1,2) < 0.000000E0)? 0.000000EQ:
+ (V(1,2) < 3.622352E-3)? 1.287944El * V(1,2) + 0.000000E0:
+ (V(1,2) < 7.244704E-3)7 -7.295161E-5 * V(1,2) + 4.665411E-2:
\ J
|
Ku0(t)

c

Figure 2.32 Tabulated Data Expressed as Ngspice Sub-Circuit Netlist. a) Implementation
in the Proposed Model. b) Implementation in the Original Model.
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2.3.2. Model Validation. The proposed new IBIS model is validated on an
inverter chain. The design parameters for the inverter chain is shown in Figure 2.4(b). For
this circuit, there are no power and ground clamp branches. The C_comp is extracted
following the procedure listed in [15], with a value of 0.496pF. The nominal power
voltage is 1.8V, while the minimum and maximum power voltages are 1.7V and 1.9V
respectively. The extracted switching coefficients at the three different DC power
voltages for the rising and falling cases are shown in Figure 2.33(a) and (b), respectively.
It can be observed that for the switching coefficients at different DC power voltages, the
delay information is embedded. In addition, it is also possible for the switching
coefficients to exhibit some ripples, especially at the transition regions. The correction
coefficients extracted for the rising and falling cases using (5) and (6) are shown in
Figure 2.34(a) and (b), respectively. Three test cases are performed for the proposed new

IBIS model.

Switching Coefficient Ku
for Rising Edge
for Falling Edge

Switching Coefficient Ku

for Rising Edge

Switching Coefficient Kd
Switching Coefficient Kd
for Falling Edge
o

~

N 1 -4
0 100 200 300 400
Time[ps] Time[ps]

a b

Figure 2.33 Switching Coefficients Ku, Kd. a) Rising Edge. b) Falling Edge.
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Figure 2.34 Correction Coefficients Bu, Au, Bd, Ad. a) Rising Edge. b) Falling Edge.

The simulation setup for the first test case is shown in Figure 2.35(a). The DC
power voltage are set to 1.7V, 1.8V and 1.9V. The transistor level transient simulation
results for an output rising and a falling edge obtained using HSPICE are shown in Figure
2.35(b). The input rising switching happens at 1ns, while the input falling switching
happens at 2.5ns. The simulation results of the proposed new IBIS model using Ngspice
are shown in Figure 2.35(c). The proposed model can correlate with the transistor level
circuit model results with reasonably good accuracy. The simulated time averaged power
rail noise of the proposed new IBIS model is plotted in Figure 2.35(d), for the
corresponding rising and falling cases. It can be shown that the time averaged power
noise voltage is -0.1V for 1.7V case, 0V for 1.8V case and 0.1V for 1.9V case. Due to the
limitation of the implementation algorithm, at the initial stage of the switching event, the
time averaged power noise voltage will need time to rise to the expected value. However,

it can still be applied to capture the delay change effect.
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Figure 2.35 Test Casel. a) Simulation Setup. b) HSPICE Output Results. ¢) Proposed
Model Output Results. d) Proposed Model Time Averaged Power Noise Results.

The HSPICE simulation results of the power-aware IBIS model (version 5.0) for

this driver is also plotted in Figure 2.36. It can be observed that the model fails to capture
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the delay change caused by the power voltage change. This is because the power-aware
IBIS model improves the capability to simulate the non-ideal power effect by considering
the gate modulation effect, not the delay change effect. The Ky and Kqare modified as
Ksspu(Vpu)Ku and  Ksspa(Vpd)Ka, Where Ksspu is the modification ratio depends on Vi, the
voltage difference between Vcompand power pin. Ksspd is the modification ratio depends on
Vpd, the voltage difference between Vcomp and ground pin. Since the ratio modification is
only depends on the instantaneous power voltage value, the delay change of the buffer

cannot be incorporated correctly.

Voltage[V]
Voltage[V]

1 1.2 1.4 1.6 s 2.6 2.8 3.0
Time[ns] Time[ns]

Figure 2.36 Test Casel Power Aware IBIS Model Results.

The simulation setup for the second test case is shown in Figure 2.37(a). The
sinusoidal power rail noise frequency is set to 1MHz with an amplitude of 50 mV. The
initial phases are set to 0 and 90 degrees, respectively. The transistor level transient
simulation results for the output rising edge are shown in Figure 2.37(b). The simulation
results of the proposed new IBIS model are shown in Figure 2.37(c). The proposed model
can obtain very similar results as the transistor level circuit model. The simulated time
averaged power rail noise of the proposed new IBIS model is plotted in Figure 2.37(d).

For the initial phase of O degree case, the time averaged power rail noise voltage is close
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to zero. As a result, the rising edge waveform is very similar to the no power noise case.
For the initial phase of 90 degree case, the time averaged power rail noise voltage is close

to 50 mV and the time of output switching event will be moved forward.
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Figure 2.37 Test Case2. a) Simulation Setup. b) Hspice Output Results ;(C) Proposed
Model Output Results; (D) Proposed Model Time Averaged Power Noise Results.
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The simulation setup for the third test case is the same as in Figure 2.38(a). The
sinusoidal power rail noise frequency is set to 3.04GHz, which has the same period as the
propagation delay 329ps. The initial phases are set to 0 and 90 degrees, respectively. The
transistor level transient simulation results for the output rising edge are plotted in Figure
2.38(b). The simulation results of the proposed new IBIS model are plotted in Figure
2.38(c). The proposed model shows good correlation with the transistor level circuit
model. For this noise frequency, regardless of the initial phase of the power noise, the
rising edge location will not change. The simulated time averaged power rail noise of the
proposed new IBIS model is plotted in Figure 2.38(d). At 329ps after the input switching

happens, the averaged power noise voltage is zero for both the cases.
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Figure 2.38 Test Case3. a) Simulation Setup. b) HSPICE Output Results. ¢) Proposed
Model Output Results. d) Proposed Model Time Averaged Power Noise Results.
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3. JITTER-AWARE TARGET IMPEDANCE

3.1. IMPROVED TARGET IMPEDANCE CONCEPT WITH JITTER
SPECIFICATION

To assure the performance of high speed buffers, the PDN of the system should
be carefully designed [25-35]. Traditionally, the target impedance concept is used to
guide the PDN design. In this case, the maximum allowable jitter is used as the design
criteria. One of the main intentions to limit the maximum allowable supply voltage
fluctuation is to reduce the high speed buffer PSIJ, it will be more informative and
straightforward to correlate the PS1J with PDN design.

3.1.1. Target Impedance with Jitter Specification. To link the target
impedance definition with the jitter specification, the jitter and PDN R-L-C parameters
relationship should be derived. The time domain voltage ripple to jitter transfer
relationship is one of the most critical steps for the derivation. The time domain voltage
ripple to PDN parameters relationship is then applied to further link the jitter with PDN
R-L-C parameters. Analytical expressions can be derived to associate time domain jitter
with PDN R-L-C parameters. Based on these analytical formulations, many groups of
PDN R-L-C values can be determined where the jitter specification is satisfied. Each set
of these R-L-C values corresponds to a target impedance curve. As long as the designed
PDN impedance is lower than either one of these target impedance curves, the jitter
requirement can be met.

3.1.1.1. Time domain supply voltage ripple to jitter transfer relationship
analytical expressions. Jitter is defined as the peak-to-peak value of the time interval

error (TIE) of a signal [2]. To estimate the jitter caused by supply voltage fluctuation, the
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continuously-defined time interval error (CTIE) concept is introduced as an alternative to
TIE, since CTIE can be analytically calculated [20]. It is applied to describe the time
difference between the ideal and the actual edges at any arbitrary switching time as
illustrated in Figure 3.1. The TIE can be regarded as a sampled version of CTIE, as the
input edge cannot switch continuously in time in a real case. The total time domain jitter
can then be estimated by the peak-to-peak value of the CTIE. If there is no fixed phase
relationship between the CTIE and the input switching event, it will cover all the possible
TIE values indicated by the CTIE curve, as long as the input is switching for long enough

time. Thus, the jitter can be derived from the peak-to-peak value of the CTIE.

Ideal clock edge correspond to an input switching time case

«— 1;“::?*—\\,
Rt - - - - -
TIE TIE TIE TIE TIE

T /AN S~ ——\

=

M ~— "
~ T

@]

Time [s]

Peak-to-peak of
CTIE: Estimated jitter

Figure 3.1 CTIE and Jitter Definition.

The PSIJ sensitivity transfer function is usually adopted to describe the transfer
relationship from the power voltage noise to jitter. The PSIJ sensitivity value at a specific
frequency point describes how much output jitter will be introduced by unit amplitude
sinusoidal power noise as illustrated in Figure 3.2. The power rail voltage Vud(t) is

fluctuating with amplitude of Vo and has a DC offset level Vgqo. The buffer can switch at
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any arbitrary time and tq represents an arbitrary timing offset between the supply voltage
fluctuation and buffer switching. The propagation delay between the input signal Vin(t)
and the output signal Vou(t) will vary according to the voltage ripple level at the time of
switching. The gray areas indicate the actual propagation delay for each transition, while
the dashed vertical lines indicate the ideal output edges. At each arbitrary switching time,
the TIE can be evaluated as the time difference between the ideal and actual output edges.
The resulting CTIE will also be a single tone signal with the same frequency as the
voltage ripple. The jitter caused by the single tone supply voltage ripple is the peak-to-
peak value of the corresponding CTIE. By sweeping the sinusoidal wave frequency in the
interested frequency range, the PSIJ transfer function can be constructed. Considering the
effect of real power supply noise, the frequency domain PSIJ components can be
expressed as:

PSIJ(f)=Av(f)-PSIJ _sensitivity(f) (21)
where Av(f) is the power rail switching noise in the frequency domain and
PSIJ_sensitivity (f) is the power supply noise to jitter transfer function of a specific
circuit. In order to obtain total jitter in time domain, the CTIE can be calculated from the
convolution of the time domain voltage ripple Av(t) and the time domain supply voltage
noise to jitter transfer relationship PS1J_sensitivity (t) as written in:

CTIE _PSIJ(t) = Av(t) = PSIJ _sensitivity(t) (22)
To summarize, the time domain correspondence of the frequency domain total
PSIJ is CTIE. The time domain voltage ripple is easy to understand. The time domain
correspondence of the frequency domain PSIJ sensitivity will be discussed in the

following content.
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Figure 3.2 Single Tone Power Supply Noise and Resulted CTIE.

For a typical CMOS buffer, either a single stage inverter or an inverter chain, the
PSIJ sensitivity transfer function will exhibit in the form of a sinc function [2-4] as
expressed in:

+T
2

T rocoe ~Tom T
PSIJ _ sensitivity(f)=—2mxPC___PMNDC gjpp| f _PMXDC
VDD, —VDD,_

pmin DC j (23)
provided that the input rise/fall time is much faster than output rise/fall time. The transfer
function is related to the maximum and minimum propagation delay of the buffer
(Tpmaxoc and Tpminoc), as well as the corresponding minimum and maximum DC power
voltage (VDDmax and VDDmin). The deviation magnitudes Vig 0f VDDmax and VD Dnin to
the nominal power voltage Vado are assumed to be the same.

The inverse Fourier transform of a sinc function is a rectangular pulse as shown in

Figure 3.3. If the height of a rectangular pulse y(t) is Amag and the width of the pulse is z,
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then the corresponding frequency domain expression Y(2zf) will be Amag 7 sinc(f-z).

Comparing the expression with (23), it can be observed that (Tpmaxoc -Tpminoc)/ (VDDmax-
VDDnin) is equal to Amag' 7 and that (Tpmaxoc +Tpminoc)/2 is equal to z. Thus, the time

domain voltage ripple to jitter transfer relationship can be expressed as:

PSIJ _ sensitivity(t) =

2(TpmaxDC _TpminDC) 0<t<TpmaxDC +TpminDC (24)
S 2

(Tp max DC + Tp min DC )(VDDmax _VDDmin )
0 others

Frequency Domain Time Domain

4T r’ff \\H\ !
nag ,r'a .'., A)amg
/ N ,; ‘_l ~ o~ v
VAR VAR <
/T

Figure 3.3 Frequency Domain PSIJ Transfer Function vs. Time Domain PSIJ Transfer
Relationship.

The pulse width of the PSIJ_sensitivity(t) is determined by the averaged
propagation delay (Tpmaxoc +Tpminoc)/2. Assuming Vno is much smaller than half of Vo,
the pulse width is roughly the propagation delay of the CMOS buffer with the ideal

power rail voltage. The pulse height is determined by the propagation delay variation to

DC supply voltage variation ratio and the averaged propagation delay.
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The PSIJ_sensitivity(t) can be regarded as the impulse response of a system where
the power rail voltage is the system input and the CTIE is the system output as illustrated
in Figure 3.4. To demonstrate this impulse response concept, assume an impulse noise
voltage is added to the ideal power voltage Vado and the buffer output is switching from
low to high. To evaluate the corresponding CTIE, it is assumed that the buffer can switch
at any arbitrary time where tq denotes an arbitrary timing offset between the impulse
noise and buffer switching edge. For an output low-to-high transition, the delay of the
transition will be affected by the power rail noise mainly in the time range where the
output is rising from the initial voltage to half of Vado [20]. This time range is the circuit
output propagation delay, assuming input falling time is negligible. If the impulse noise
voltage appears during the output transition and is in the time scope of propagation delay,
the delay of output transition will change. As shown in the illustration, the gray areas
denote the range of actual propagation delay, while the dashed vertical lines indicate the
ideal output edges. At each arbitrary switching time, the TIE can be evaluated as the time
difference between the ideal and actual output edges. The amount of propagation delay
change is determined by 2(Tpmaxoc - Tpminoc)/ (VDDmax - VDDmin)/ (Tpmaxoc + Tpminoc),
which is related to the intrinsic jitter sensitivity of the circuit and the propagation delay.

Conceptually, the CTIE curve induced by this impulse noise voltage is the time
domain voltage ripple to jitter transfer function PSIJ_sensitivity(t). It can be summarized
that the pulse width of the PSIJ_sensitivity(t) is the propagation delay, as this is the time
scope where the impulse noise can take effect. The delay change caused by the impulse
noise in the propagation delay time range is a constant value as indicated before and is

determined by the circuit’s intrinsic jitter sensitivity.
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Figure 3.4 Interpretation of Time Domain PSIJ Transfer Relationship as System Impulse
Response.

As shown previously, starting from the delay based PSIJ transfer function, the
time domain supply voltage ripple to jitter transfer relationship can be derived
analytically. The CTIE can then be calculated from (22). This procedure can be applied
for either a single stage inverter or an inverter chain, as long as Tpmaxoc, Tpminoc, VDDmax
and VDDmin are obtained. The CTIE can also be derived directly in time domain by
analyzing the output switching edge voltage variation and time variation relationship as

illustrated in [3]. The CTIE can be estimated as

AV . (t
CTIE _PSIJ(t) = °“é—|(”);g“°) (25)
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where AVout n(t) is the variation of the buffer output noise Vout n(t) and is superimposed on
the nominal output Vout o(t) under ideal power bias and tpLHo represents the nominal

propagation delay with ideal bias. Parameter “Slope” is defined as:

dVout_O (t)

Slope =
P dt

(26)

=toino

If the supply voltage ripple to output voltage variation transfer relationship can be
derived, the time domain voltage ripple to jitter transfer relationship can then be obtained.
For a single stage inverter, the voltage ripple to output voltage transfer relationship can
be derived analytically, assuming that the single stage buffer is an R-C network [3]. For
the inverter chain, there are no simple analytical expressions [7] to describe the supply
voltage ripple to output voltage variation transfer relationship. Therefore, this method is
only demonstrated for the single stage buffer.

The low-to-high transition for a single stage inverter is demonstrated as the
ground is assumed to be ideal [3]. During the transition, the pMOS can be modeled as a
resistor R, which relates to pMOS turn on resistance, and the load can be modeled as a
capacitor C. The total supply power voltage is written as:

Vaa (1) =Vgq0 + AV(D) (27)

The drain current flowing through the pMOS should be equal to the drain current

charging the capacitor. This relationship is described by a differential equation

e IVou () _ Vg (1) =Vou (1) (28)
dt R

where Vout(t) is the output voltage. From the large signal response of (8), the nominal

propagation delay is solved as:
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t, 10 =—RCIN0.5=0.69RC (29)

Parameter “Slope” is then obtained as:

0.5V,

Slope =
P RC

(30)

The small signal response Vout n(t) is the output voltage noise solved from (8) with
the voltage ripple Av(t) as the input. From (25) and (28), the supply voltage ripple to jitter
transfer relationship can be derived. It can be noted that if the supply voltage ripple Av(t)
is a unit amplitude single frequency sinusoidal wave, then the obtained CTIE from (25)
and (28) can be written as a function of frequency as demonstrated in [2]. By sweeping
the sinusoidal wave noise frequency, the PSIJ sensitivity transfer function can be
constructed. The resulting PSIJ sensitivity from this method is also in the form of a sinc
function, which is consistent with the previous propagation-delay based PSIJ sensitivity
derivation.

3.1.1.2. Time domain voltage ripple analytical expressions. The typical
behavioral model of a PDN is a cascaded R-L-C circuit [35-45], as depicted in Figure
3.5(a). Between the IC and the decoupling capacitors is a series of equivalent inductances
and resistances. The inductances mainly correspond to the interconnections, board
equivalent inductances and the equivalent series inductance (ESL) of the capacitor
package. The resistances mainly come from the IC pin/package contact resistance,
interconnections, and the equivalent series resistance (ESR) of the capacitor package. The
voltage regulator module (VRM) located at the end of the PDN serves as the ultimate
power supply for the IC. The VRM is modeled as an ideal DC power source in series

with a resistance and an inductance.
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Figure 3.5 PDB Model and Time Domain Voltage Ripple. a) Typical PDN Model with
Fast Rise Time Current Pulse. b) Voltage Ripple Components with Fast Rise Time
Current Pulse.

The analytical expressions for time domain voltage ripple can be derived by
assuming a triangular shaped IC noise switching current [46]. This is generally true for

most practical cases [47]. The triangular current pulse can be written as:

e =22 (O -26-THUE-T)+E-2T)ue-2T,) @

where I, is the pulse peak value, T; is the pulse rise time and u(t) is the step function.

In this study, it is assumed that the rise time of the IC switching current lic(t) is
relatively short and that the charge required can be predominantly provided through the
local decoupling capacitor branch. This is one of the most practical operating conditions
to be considered [18]. Based on the assumption, the IC switching noise current can be
approximated with the high frequency current passing through the local decoupling

capacitor lca(t).
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The supply voltage ripple in the aforementioned case is analytically derived as

expressed in (32),

M) = (R, )+ Rt (0)+ L, 50 11, Ha

dt dt
{Cilj ICl(t)dt)

='T—f<R1+RC1)x(

tu(t) — 2(t =T, )u(t —Tr)j (32)

+(t—2T,)u(t—2T,)
!
+22 (L L) (ut) - 2u(e =T, +u(t-2T,))

+'_pi tPu(t) —2(t-T.)%u(t-T,)
T, 2C | +(t— 2T )°u(t - 2T.)

as illustrated in [46], where Ry is the equivalent resistance between the IC and local
decoupling capacitor, L1 is the equivalent inductance between the IC and local
decoupling capacitor, Rc1 is the ESR of the local decoupling capacitor package, Lci is the
ESL of the local decoupling package, and Cx is the local decoupling capacitor. The step
function in (32) serves as a switch that remains off until the specified time point has been
reached. It is irrelevant during the derivative and integral calculation process.

The three terms on the right-hand side correspond to the noise voltage introduced
by the parasitic resistance, parasitic inductance and the capacitor respectively. The shapes
of each voltage ripple components are summarized in Figure 3.5(b). The resistive noise
voltage is proportional to the triangular current pulse. The inductive noise voltage is in a
shape of the derivative of the triangular pulse. The capacitive noise voltage carries the

shape of the integration of the triangular pulse.
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3.1.1.3. Correlate time domain jitter with PDN R-L-C parameters. By
combining the time domain supply voltage ripple to jitter transfer relationship and the
time domain voltage ripple analytical expressions, the total time domain jitter can be
explicitly correlated with the PDN R-L-C parameters directly.

Considering the simplified PDN model presented in Figure 3.5(a), the local
decoupling capacitor is assumed to be large enough to supply the high-frequency
switching current; therefore, its contribution to the voltage fluctuation is negligible. In
other word, the resonance peak corresponding to the local decoupling branch as
illustrated in [46] is assumed to be low enough and the frequency range of interest is
mainly at the PDN resistive and inductive region. This assumption is true for most
practical designs [17], [18]. In this work, only the contribution from the resistive and
inductive parts are considered.

From the propagation delay based PSIJ transfer function, the CTIE can be

calculated from (22) as:
CTIE _PSIJ(t) = _[ Av(r)-PSIJ _sensitivity(t—7)dz (33)

The convolution process for the resistive and inductive parts is illustrated in Figure 3.6. It
is assumed that the noise IC current is generated by an aggressor circuit that exhibits
longer propagation delay than the victim buffer. Thus, the rise time of the noise IC

current is assumed to be longer than the victim buffer propagation delay [47].
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Figure 3.6 Convolution Process Illustration. a) Resistive Noise Convolution. b) Inductive

Noise Convolution.

The CTIE contributed by the resistive part is expressed as:

CTIE _PSI4(t) = 2 _T2
~PSla(0 +AD[-" ZTr +2T,(t-T,)]

+2T (2T, —t+ E)]

while the CTIE originating from the inductive part is written as:

BDE E<t<T

CTIE_PSIJ, (t)={ BD(2T, -2t+E) T, <t<T,+E
~BDE T +E<t<2T,
~BD(2T, —2t+E) 2T, <t<2T, +E

2
AD% 0<t<E<T,

E<t<T,

T <t<T. +E

2 (+ _ 2
AD[—M+ 2TE] T +E<t<2T,
2 2
AD[- 4T,°—(t—-E)
2 2T, <t<2T +E

BDt 0<t<E<T,

(34)

(35)
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The total CTIE is the sum of the two parts as:

CTIE _PSIJ(t)=CTLE _PSIJ,(t) + CTLE _PSIJ, (t) (36)
where A = Ip(R1+Rc1)/Tr, B = Ip(L1+Lc)/Tr, E = (TpmaxoctTpminoc)/2, and D = (Tpmaxpc-
Tpminoc)/ (VD Dmax-VDDnmin)/E.

There are many Rppn and Lepn combinations that will result in different CTIE
curves. The total CTIE under four different Reon and Lpon combinations is plotted in
Figure 3.7. Two extreme cases are demonstrated where there is only resistive part or only
inductive part. A case where the inductive part presents but the resistive part dominates is
also presented. The other case corresponds to the situation where the resistive part

presents but the inductive part dominates.
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Figure 3.7 CTIE Curve Shape Calculated Using PSIJ Sensitivity Convolution with
Different PDN Rppn and Leppn Combinations. a) Pure Resistive. b) Pure Inductive. c)
Resistive Dominant (Repon > Lpon /Tr). d) Inductive Dominant (Rpon < Lron /Tr).

To obtain the total jitter, the peak-to-peak value of the CTIE curve should be
determined. The starting time of the triangular switching current is set to zero. For the

pure resistive case, the maximum CTIE occurs at T+E/2, which is solved for by setting
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the derivative of (34) to zero, since the minimum CTIE happens when time equals zero.
For the pure inductive case, the maximum CTIE occurs at T, and the minimum CTIE
occurs at 2Ty. For simplicity, the peak-to-peak difference of the total CTIE is estimated to
be between either CTIE (T,+E/2) and CTIE (0) or CTIE (Tr) and CTIE (2T), As a result,

the total jitter can be estimated with

. ICTIE _PSIJ(T,)—CTIE _PSIJ(2T,)|
Total _ jitter [1 max

|CTIE _PSIJ(T, +E/2) -~ CTIE _PSIJ (0)|

ofie-5)

where parameter A and B are correlated with PDN resistance and inductance,

(37)
- max[‘AD(TrE ~E?)+2BDE|,

respectively.

With this analytical equation, given a jitter specification, many combinations of
Repn and Lppn that will result in the same maximum allowable jitter can be determined.
Each of these Rppon and Lppn values can correspond to a target impedance curve. As long
as the designed PDN impedance is lower than either one of these target impedance curve,
the jitter requirement can be satisfied.

The PSIJ_sensitivity (t) convolution method is suitable for the single stage buffer
as well as the buffer chain. From (25), the CTIE of a single stage buffer can be
alternatively derived. The small signal response is derived from (28) with the power
supply ripple as an input. As mentioned previously, the supply voltage fluctuation can be
separated into three components: resistive noise, inductive noise, and capacitive noise, as
shown in (22). Correspondingly, the buffer output voltage perturbation Vout n(t) can also

be derived as the sum of three components as:
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Vou_n (1) = Y1 (1) + ¥, (1) + y5(t) (38)
where yi(t) is the small signal response from resistive noise, y(t) is the small signal
response from inductive noise and ys(t) is the small signal response from capacitive
noise. Similarly, assuming the local decoupling capacitor is large enough to supply the
high-frequency switching current, only the resulting noise from the resistive and
inductive parts are relevant.

The resistive part in the small signal response of the output voltage is derived

as [3]

(t+RC(-1+e%%))
()= A 20T )T, +RC(-L+& ")) )
+u(t—2T,)(t - 2T, + RC(-1+ p(t-2T)/RC )

where A=lp (R1+Rc1) /Tr. The small signal response of the inductive part is written as:

(L-eF)—2u(t-T.)[1—e “T/R%Y)

y,(t)=B
’ +U(t— 2T, ) (1— e - 2/RCy

(40)

where B=I, (L1+Lc1) /Tr.

To obtain the CTIE, the input is assumed to switch at any arbitrary time, thus, the
noise variation at the nominal propagation delay time A Vout n(toLHo) can be estimated to be
equal to the total small signal response Vout n(t). Inserting expressions of A Vout n(tpLHo)

into (5), the CTIE of the single stage inverter can be alternatively derived as:

(t+RC(-1+e R
CTIE_PSIJ(t)= A| -2u(t—T,)(t-T, + RC(-1+e “T/F%Y) o
+U(t— 2T )(t— 2T, + RC(—1+e 2W/RC)) 1 ddo 1)
B 1—e VRS —2u(t ~T)(A- e RN Re
+u(t— 2T )(1-e ) 0.5V,

RC
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The total CTIE is the sum of the CTIE resulting from the resistive and inductive

parts as shown on the right hand side of (41). Similarly, the total CTIE under four
different Repn and Lepn combinations are plotted in Figure 3.8. The CTIE curve shape is
very similar to the previously derived results using the propagation delay based PSIJ
transfer relationship. Since the CTIE curve is calculated with the R-C network model, the
resulting curves are smoother. To obtain the total jitter, the peak-to-peak value of the
CTIE curve should be determined. The starting time of the triangular switching current is
set to zero. For the pure resistive case, the maximum CTIE occurs at —
RC*In(1/(2exp(T+/RC)-1)), which is solved for by setting the derivative of the second
term in (21) equal to zero. Assuming that the buffer propagation delay is shorter than the
rise time of the IC triangular current, the time of maximum resistive CTIE can be
approximated as T,+0.69RC/2. For the pure inductive case, the maximum CTIE still
happens at T, and the minimum CTIE happens at 2T,. Following the same estimation

procedure as in (37), the total jitter can be estimated by

ICTIE _PSIJ(T,)—CTIE _PSIJ(2T,)|,
Total _ jitter [ max ‘ 0.69RC

CTIE _PSIJ(T, + )—CTIE_PSIJ(O)‘

[ max (42)
{ATr +(2—-3exp(-T. / RC) H

re ||l+exp(=2T, /RC))(B - ARC)

0.5V
e {A(Tr + 0'62RC + RC(—1+ exp(—(Tr + O'GZRC j/ RC)DH

The RC time constant for the single stage buffer can be estimated from propagation delay

as RC= tpLH0/0.69. Again, the jitter is correlated with PDN resistance and inductance

through parameter A and B, respectively.
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Figure 3.8 CTIE Curve Shape Calculated Using R-C Network Model with Different PDN
Repn and Lepn Combinations. a) Pure Resistive. b) Pure Inductive. ¢) Resistive Dominant
(Repn > Lppn /Ty). d) Inductive Dominant (Repn < Lepn /Tr).

3.1.2. Validation of Target Impedance. With the time domain total jitter
correlated with PDN R-L-C parameters through analytical equations, the proposed
analytical formulations is firstly validated through HSPICE simulation. Then the
application of the improved target impedance concept with jitter specification is
demonstrated.

3.1.2.1. Simulation validation of circuit PS1J transfer function. The jitter
correlation with PDN R-L-C parameters are validated for both a single stage inverter and
an inverter chain. The width and length of the applied transistors are indicated by W and
L, respectively, while M is the multiplication factor. For the inverter chain, each stage has
a different multiplication factor, which is increased constantly by the same factor. The
two circuits are designed using the 180 nm technology SPICE library as shown in Figure
3.9 and Figure 2.4(b), with an operation voltage of 1.8 V. For the propagation delay
based PSIJ transfer relationship method, the PS1J transfer function of the two circuits are

first examined through simulation and compared with the theoretical calculation results
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from (23). For the single stage buffer, only the rising edge is considered as the ground is
assumed to be ideal. For the buffer chain, both the rising edge and falling edge are
considered, as there will always be stages influenced by the power supply noise during
switching. The supply voltages, propagation delays, output loading and input signals for
the PSIJ sensitivity test of the two circuits are summarized in Table 3.1. By plugging

Tpmaxoc, Tpminbc, VDDmax and VD Dnmin into (23), the PSIJ transfer function can be

calculated.
1.8V
< PMOS> < NMOS>
VIN vouTt pch_tn nch_tn
T W=0.4um W=0.2 um
4| L= 180 nm L=180 nm
Figure 3.9 Designed Single Stage Buffer for Validation.
Table 3.1 Buffer Related Parameters.
Buffer Single stage | Inverter  chain, | Inverter chain, falling
switching buffer, rising | rising
edge
Supply VDDmin:1.7
voltage (V) VDDmax=1.9
TpminDC (pS) 176 274 280
TpmaxDC (pS) 224 307 318
Cload 20 fF 10 fF
Input Period 3.4 ns, rise/fall time 10 ps

The real jitter transfer function of the circuits can be obtained through HSPICE

simulation. A single frequency sinusoidal wave with 50mV amplitude is imposed on the
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ideal dc power supply. Then the resulting jitter at this frequency is measured. By
sweeping the sinusoidal noise frequency, the PSIJ transfer function can be obtained. The
calculated and simulated PSI1J sensitivity is shown in Figure 3.10. In general, it is
validated that for the designed CMOS buffer, the PSIJ transfer function can be estimated

as a sinc function with relative accuracy.
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Figure 3.10 PS1J Transfer Function HSPICE Simulation and Theoretical Calculation
Comparison. a) Single Stage Buffer, Rising Edge. b) Inverter Chain, Rising Edge. c)
Inverter Chain, Falling Edge.

3.1.2.2. Simulation validation of jitter correlation with PDN R-L-C
parameters. The validation simulation setup is depicted in Figure 3.11. For single stage
inverter, the load capacitance is 20 fF. For the inverter chain, the load capacitance is 10
fF. A triangular current source is introduced at the on chip power point. The period of the
gate input pulse was 3.4 ns with a rise/fall time of 10 ps, and the period of the IC
switching current was 5.69 ns. The rise time T, of the IC transient current was 1 ns and

the peak value I, was 80 mA.
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Figure 3.11 Target Impedance with Jitter Specification Validation HSPICE Simulation
Setup.

Since the local decoupling branch dominant case is investigated in this work, the
related parasitic inductance L1 and parasitic resistance Ry are swept to validate (37) and
(42). Other components are set to typical values for a PDN model as Rc1 = 0.01 Ohm, Lc1
=0.1nH, C1=0.08 uF, L2 =1 nF, R2 = 0.01 Ohm, C2 = 0.8 uF, Rc2 =0.01 Ohm, Lc2 =
0.1 nH, Rygm = 0.1 Ohm and Lvrm = 0.1 nH. The L1 is swept from 0.4 nH to 2 nH with a
0.4 nH step with Ry set to 0.01 Ohm and Ry is swept from 0.2 Ohm to 1.4 Ohm with a 0.4
Ohm step with L1 set to 0.8 nH. The PDN impedance curve with these different Repn and
Lron combinations are plotted in Figure 3.12. The spectrum of the single IC current pulse
and the periodic IC current is shown in Figure 3.13(a) and (b). For a single triangular
shaped pulse, the frequency spectrum is the square of a sinc function. Looking at a short
time range, the single pulse cut off frequency is higher than the self-resonance frequency
for the local decap branch, indicating that the charging will predominantly go through the
local decap branch and that the local decap is large enough to provide the charges without
introducing obvious voltage ripple. On the other hand, considering the long time range,
the periodic transient current is in the frequency range where parasitic inductance and

resistance will dominant.
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Figure 3.12 Validation Tested PDN Impedance Cases.
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Figure 3.13 IC Current Spectrum. a) Single Current Pulse.
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For the single stage inverter and the buffer chain, multiple output transitions
obtained from the simulation are overlapped together based on 1 Ul length as shown in
Figure 3.14(a) and (b). For both the single stage inverter and the buffer chain, the
presented results correspond to the case where L; = 0.8 nH and R1=0.01 Ohm. The jitter
for single stage buffer rising edge and buffer chain rising/falling edge is measured at half
Vddo. As mentioned before, for single stage inverter, since during the output falling
period, the PMOS is off, the effect of the power rail voltage to the output jitter is
neglected. As a result, only the rising edge jitter of the single stage inverter is evaluated.
The simulated jitter and calculated jitter with different Ry and L values are compared in
Figure 3.15(a), (b) and (c) for the single stage buffer rising edge, buffer chain rising and
falling edge respectively. For the single stage buffer, both of the proposed methods can
evaluate the jitter reasonably close to the simulated values. For the buffer chain, (37) can
also give a reasonably good match with the simulation for both the rising and falling

edges.

Figure 3.14 Jitter Value Reading Form Simulation. a) Single Stage Buffer, Rising Edge.
b) Inverter Chain, Rising and Falling Edge.
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Figure 3.15 Predicted Jitter and HSPICE Simulation Comparison. a) Single Stage Buffer,
Rising Edge. b) Inverter Chain, Rising Edge. c¢) Inverter Chain, Falling Edge.

3.1.2.3. Simulation validation of target impedance with jitter specification. It
has been demonstrated that the derived analytical equation can correlate jitter with PDN
R-L-C parameters reasonably well for typical CMOS buffers. The improved target
impedance definition with jitter specification is demonstrated for both the single stage
buffer and the buffer chain. To define the target impedance with jitter requirement,
knowledge of IC current is desirable. The IC switching noise current is assumed to have a

1 ns rise time and a peak value of 80 mA. The maximum allowable jitter is set to 40 ps.
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For the single stage buffer, since the estimated jitter is fairly close when using
both of the proposed methods, the following demonstration is proceeded with the PSIJ
transfer relationship method as it can also be applied for the buffer chain. From (37),
many Repn and Lepn combinations can be determined that leading to the same jitter value
of 40 ps. The predicted total CTIE under four different Repn and Lppn combinations are
plotted in Figure 3.16. Similarly to previous examples, two extreme cases with pure
resistive or pure inductive parasitic for the decap branch are displayed. The resistive and
inductance dominant cases for the decap branch are also demonstrated. The total jitter,
read from the peak-to-peak value of the CTIE curve, is about 40 ps for each case. The
resulting jitter based on the calculated PDN Rppn and Lpon Values are validated through
simulation as shown in Figure 3.17. It can be shown that, given a jitter specification, the

corresponding PDN R-L-C value can be determined.

T T T T T T
40 + 2N Pure inductive, [0, 0.95 0, 0.1]

;o= Pure resistive, [2.18, 0, 0.01, 0]
30k /." — — — Inductive dominant, [0.19, 0.86, 0.01, 0.1] ||
- & Y ECUE Resistive dominant,[1.36, 0.4, 0.01, 0.1]

[R1, L1, Rel,Lcl]
[Ohm, nH, Ohm, nH]

CTLE [ps]

Time [ns]

Figure 3.16 CTIE of Four Calculated Cases with the Same Peak-To-Peak Value (40 ps)
for Single Stage Inverter.
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Figure 3.17 Validation of the Predicted Jitter for the Four Cases for Single Stage Inverter.
a) Pure Inductive. b) Pure Resistive. ¢) Inductive Dominant. d) Resistive Dominant.

For these four cases, four target impedance curves corresponding to each case can
be defined as shown in Figure 3.18. Since all the target impedance curves generate the
same 40 ps jitter at the circuit output, as long as the actual PDN impedance looking from
the 1C port is lower than one of the target impedance values, the jitter requirement can be
fulfilled. The extreme case where only the resistive part presents for the local decap
branch puts the most constrain at higher frequency as it is constant at the higher
frequency range. The other extreme case where only the inductive part presents for the
local decap branch puts the least constrain for the higher frequency range. However, this
may be hard to achieve at relatively low frequency ranges. The other cases provide some

degree of compromise between the high and low frequency impedance constraints.
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Figure 3.18 Target Impedance Defined Based on Jitter Specification Corresponds to the
Four Cases for the Single Stage Buffer.

For the buffer chain, since the falling edge jitter is always slightly larger than the
rising edge, as indicated in Figure 3.15(b) and (c), as long as the falling edge is smaller
than the requirement the rising edge will also satisfy the specification. From (37), the
predicted total CTIE under four different Reon and Leon combinations are plotted in
Figure 3.19. Again, pure resistive and pure inductive cases are included as extreme
boundary cases. The resistive and inductive dominant cases are also presented. Similarly,
for these four cases, the total jitter read from the peak to peak value of the CTIE curve is
about 40 ps. The resulting jitter values based on the calculated PDN Rppn and Lepn values
are validated through simulation as shown in Figure 3.20. In general, even though some
cases will have 1 or 2 ps error, the proposed procedure can predict the jitter fairly well

and the corresponding PDN R-L-C values can be calculated.
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Figure 3.19 CTIE of Four Calculated Cases with the Same Peak-To-Peak Value (40 Ps)
for Inverter Chain Falling Edge.
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Figure 3.20 Validation of the Predicted Jitter for the Four Cases for Inverter Chain. a)
Pure Inductive. b) Pure Resistive. ¢) Inductive Dominant. d) Resistive Dominant.

Similarly, for the inverter chain, multiple target impedance curves can be defined
based on the jitter specification. The target impedance curves for the inverter chain

corresponding to the previous four cases are depicted in Figure 3.21. It should also be
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noted that for different circuits like the single stage inverter or the buffer chain, the
required target impedance settings are different given the same IC switching current and

the jitter specification.

g
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<
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Figure 3.21 Target Impedance Defined Based on Jitter Specification Corresponds to the
Four Cases for the Inverter Chain.

With the improved target impedance definition, the PDN design is more flexible
since the constraints at high frequencies or low frequencies can be adjusted based on the
specific design. Printed circuit board (PCB) designers can easily calculate the two
bounding extreme cases and decide the most suitable target impedance curve in between
the two extreme cases based on the circuit and jitter requirement. Compared to the
previous target impedance definition [17], [18], the proposed target impedance concept
can directly relate the buffer output jitter with the PDN design. From Figure 3.18 and
Figure 3.21, it can be shown that with the same jitter specification, the bounding target
impedance curves (pure resistive and pure inductive) are different for the single stage

inverter and inverter chain. If the voltage ripple is applied as specification, the resulting
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jitter at the driver output cannot be determined and it will just give the same set of target
impedance curves for different buffers. The proposed target impedance concept can
provide another level of flexibility with the jitter requirement. The demonstrated power
integrity and signal integrity co-analysis method is crucial for a more flexible and cost

effective PDN design.

3.2. MEASUREMENT VALIDATION OF PSI1J-PDN CORRELATION

From the proposed jitter-aware target impedance, the essential part is the
derivation of the PS1J-PDN correlation. It is desirable to validate the PS1J-PDN
formulation in a real measurement environment.

3.2.1. Measurement Characterization Procedure. The measurement
characterization of PSIJ has been discussed in [48-56]. However, there has not been any
demonstration for PSIJ-PDN correlation measurement validation. In this research, the

proposed measurement validation procedure is summarized as shown in Figure 3.22.

Current waveform @ Vpp,

! t
VDD VDD 1 l V: : : VDD 1

Aggressor Victim Ve

Jitter sensitivity

Figure 3.22 PSIJ-PDN Correlation Measurement Procedure.
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Firstly, an aggressor circuit is designed that can generate large triangular IC
current on the power net of the victim driver. Then on-die PDN characterization will be
performed to extract the equivalent R-L-C parameters. Next, the PSIJ sensitivity of the
victim driver will be measured. Then the circuit total PSIJ with the aggressor operation
will be measured. At last, we will compare the predicted jitter calculated from the PSIJ-
PDN formulation with the measured PSIJ.

An in-house designed test IC is used and the chip layout design is shown in
Figure 3.23. The aggressor circuit is called the current consuming circuit (CCC) and the
victim driver is an inverter chain. The schematic of the inverter chain in plotted in Figure

2.4(b).
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Figure 3.23 Designed Test IC Layout.
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The test IC die is wire-bonded to a PCB test board. The designed PCB is plotted
in Figure 3.24. The power nets for the aggressor circuit and the victim circuit are
separated. The power net for the CCC is denoted as V44, While the power net for the
victim circuit is denoted as Vaqd1. The CCC control pins are designed to be controlled with

on board switch. The decap pins are also designed for the placement of the bulk

decoupling capacitors.

i @ a0

V44 pins for CCC V441 pins for inverter chain

oo
oo
oo

Decap pins

Inverter input

=
_
—

Inverter output

o000

CCC control pins

Figure 3.24 Designed PCB for Test IC.

The design block for the CCC and the victim driver are shown in Figure 3.25. The
CCC can generate two triangular current pulses in one operating period on the power net
of the victim driver. There are 6 control pins. Al to A3 for current peak amplitude

control. R1 to R3 for current rise time control.



Al A2 A3, current peak amplitude control;
R1 R2 R3, current rise time control
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Figure 3.25 Design Block for CCC and Victim Driver.

The measurement setup for the proposed validation procedure is summarized in

Figure 3.26.
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Figure 3.26 Measurement Setup for PSIJ-PDN Correlation Validation.
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For the PSI1J characterization, a signal generator will generate the square wave
input. The inverter chain output is measured by the scope. Another generator is used for
CCC input. The micro SG probe is probing the on-die power net and the voltage
waveform is measured by the scope at the same time. For the on-die PDN

characterization, the micro probe output is connected to the VNA. The on-die PDN

impedance is obtained by transform the one port S parameter [57-61].

3.2.1.1. On-die PDN characterization. The on-die PDN measurement is firstly

conducted to extract the R-L-C parameters. The extracted equivalent circuit model is

shown in Figure 3.27.

Extracted model for PDN
Rizus R, L,
me R2 I Ranﬂ'ie
Lamﬁe
I L, I
VRM  Coun == Cpiane == Condic
Bulkl'lecap On-diejdecap

R,.5.=1.8Q, on die resistance  L,na=0. 0on die inductance

C,.:=200pF, on die capacitance

R,=1.2Q, L,=5nH, wire bond, PCB parasitic resistance, inductance
Cpiane=440pF, PCB plain capacitance

R,=0.01Q, L,=2nH bulk decap parasitic resistance, inductance

Cy.x=800nF, bulk decap capacitance
Ry 20=0.2Q, Ly2,/~3000nH, VRM parasitic resistance, inductance

Figure 3.27 Extracted Equivalent Circuit for On-Die PDN.
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The Rondie, Londie and Condie are for on-die portion. Ry and L1 are the parasitic
resistance and inductance due to the wire bond and PCB board. Cpiane is the capacitance
from the PCB. Chui is for the bulk decap. Rz and L2 are the equivalent series resistance
(ESR) and equivalent series inductance (ESL). The bulk decap is 800 nF. For the DC
VRM branch, Rvrm and Lvrwm are the parasitic resistance and inductance. The PDN
impedance obtained from the R-L-C model is relatively close to the measured result, as

shown in Figure 3.28.
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Figure 3.28 Comparison of Measured and Simulated PDN Impedance.

The PDN is firstly dominated by the capacitance portion and is mainly from the
Chouik and Cpiane. Then the PDN is dominated by the resistive portion and is from Ry in
series with the equivalent resistance of the bulk decap branch and VRM branch. With the
increase of frequency, the PDN impedance goes up and the inductive portion is from Lz
in series with equivalent inductance of the bulk decap branch and VRM branch. The anti-

peak value is determined by the on-die resistance in parallel with the equivalent
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resistance for the rest branches. Then the PDN impedance is brought down by the on-die
decap. The on-die decap is extracted as 200pF and is very close to the designed value.

3.2.1.2. IC current characterization from on-die power voltage ripple. After
the PDN model is established and the related R-L-C parameters are extracted, the next
step is to obtain the IC current peak and rise time value. There has been several works
related to the measurement of IC switching current [62-64]. In this research, the on-die IC
current is not measured directly. With the measured on-die power voltage and PDN
model, the rise time and the peak value information of the IC switching current are
extracted.

The triangular current can be expressed as in (31). For the triangular IC current

pass through this PDN network, the illustration is shown Figure 3.29.

IC current i,

i I1c Ip Ky .
Ryry — > Ay — '
T,

Liy R, = .
' Tondie
L, 3
VRM Cbuﬂc J_ Cplane Conm‘e
Bulkidecap On-diefdecap

Figure 3.29 Triangular IC Current Passing Through PDN Model.

Since the Cpuk and Cpiane together are much larger than the on-die decap, based on

the short circuit approximation [46], the on-die current can be derived as:



87

1 sin(a)t)e‘“tu(t)—25in(a)(t—Tr))e’“(t’Tf)u(t—Tr)

R
londie :_p—._
T (Lt L) @ +sin(e(t—2T,))e Tt -2T,)
L'=L +L | Lyrw
R'=R +R, || Ry (43)

o= \/l/ ( Londie + Ll I)Condie
a :(Rondie + Ri I)/Z(I-ondie + Ll I)
It can be seen that the on-current is related to the PDN R-L-C parameters and the

IC current parameters. Since the on-die inductance is negligible, the on-die voltage ripple

can be calculated as the voltage drop on the on-die resistance and on-die capacitance as:

Av = _Rondieiondie - CLJ‘ iondiedt (44)

ondie

Inserting (43) into (44), the on-die voltage ripple is expressed as:
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_pP ondie =
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AV =—
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w +o
& (asin(w(t 2T, )) + wcos(w(t - 2T,
T asin(o(t- 2T ) vocos(o(t-2T ) vo o ()
w +a

It is analytical and means that the voltage ripple is related to the IC current peak value,

rise time, and on-die PDN R-L-C parameters.
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The derived PS1J-PDN formulation is firstly validated with Advanced Design
System (ADS) simulation [65], as shown in Figure 3.30. For the extracted model, an ideal
triangular current pulse is added. The peak value of the current is set to 80mA and rise

time of the current is set tolns.
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Figure 3.30 ADS Simulation Setup.

The comparison of the formulation calculation and the simulation results for the
on-die current, i1 current and the on-die voltage ripple are shown in Figure 3.31. It can be
observed that the formulation can capture the majority of the waveform characteristics.
The ringing portion in all three waveforms are related to the anti-peak frequency w in the
PDN network. It can be shown that i1 and iondgie are comparable. Even though the bulk
decap is much larger than the on-die decap, the relatively large R1 and Li will impedance

the current to flow all into the bulk decap branch.



89

— — — Formulation calculation
ADS simulation

0.04

0.02

=

Current| A

-0.02

Time[ns]

0.04 b Y/ N —_—— —Fonnl..llation.calculatim
—— ADS simulation

Current] A
= S o
(=] [=] =
4 [E=] (=] (%]

=
=1
=3

0.2
— — — Formulation
0.1 — ADS simulation |
= 0
o ]
F
= -0.1
-
-02
-03
0 2 B 6 8 10 12
Time[ns]

Figure 3.31 Formulation Calculation and ADS Simulation Comparison.

From the on-die voltage ripple, it can be observed that the time when the first
voltage dip happens is very close to the rise time of the IC current. In addition, the
voltage value at this time point can be calculated using the derived formulation, from
which the peak current value can be derived.

The measured on-die power voltage ripple is shown in Figure 3.32. In this case,

the 3-bit amplitude control of CCC is used and there will be 8 different cases.
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Figure 3.32 Measured On-Die Power Noise under 8 Different Amplitude Control Bits
Combinations.

The comparison of the measured maximum voltage ripple and the calculated
voltage waveform for the 8 cases are shown in Figure 3.33. The maximum voltage ripple
is used since the jitter is the peak-to-peak value of the CTIE sequence. The formulation
calculated waveforms are plotted in the orange solid curves. It can be observed that the
formulation can correlate with the measurement results with reasonably good accuracy.
The formulation calculated curve can capture the majority of the measured waveform
characteristics. With the increase of the control bit sequence value, the voltage ripple
value is also increased. As mentioned before, from the first dip of the voltage ripple and
the time to reach the first voltage dip in the voltage ripple waveform, the IC current rise

time and the peak value can be estimated.
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Figure 3.33 Formulation Calculation and Measurement Comparison.

The extracted rise time and peak current value for each case are summarized as
follow: for ALA2A3=000, the extracted T=1ns, I,=14mA,; for A1A2A3=001, the
extracted Tr=1ns, 1p)=21mA; for ALA2A3=010, the extracted T,=1ns, 1,=28mA; for
Al1A2A3=011, the extracted T,=1ns, 1,=37mA, for ALA2A3=100, the extracted T=1ns,
Ib=45mA; for A1A2A3=101, the extracted T,=1ns, 1p)=52mA,; for ALA2A3=110, the

extracted Tr=1ns, I,=59mA; for A1A2A3=111, the extracted T;=1ns, [,=66mA.
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3.2.1.3. Driver PSIJ sensitivity characterization. After the IC current
information is obtained, the next step is to derive the victim driver PSIJ sensitivity. To
measure the PSIJ sensitivity, it is important to know the on-die power rail voltage [66-
70]. However, in many cases, the on-die power net is not accessible. In this part, a
measurement procedure is proposed to derive PSIJ sensitivity from the off-chip
environment.

The proposed measurement procedure is summarized in Figure 3.34. In the real
measurement environment, from the output waveform, the noise voltage and the timing
jitter can be extracted. In the simulation environment, the on-die power net is accessible.
The PSRR response of the driver can be obtained. With this relationship, the on-die
power net noise voltage can be derived from the noise voltage appeared in the output
waveform. Using the PSRR response extracted from simulation, the on-die power noise
voltage can be calculated back from the measured noise voltage in the output waveform.
In the real measurement case, using the measured timing jitter divided by the calculated
on-die power noise, the PSIJ sensitivity of the transmitter can be evaluated in the off-chip

environment.

Unknown Accessible
Off- :
PDN Accessible DC Accessible
DC
v v v v v
Measurement environment Simulation environment

Figure 3.34 Proposed Procedure for Evaluating PS1J Sensitivity from Off-Chip
Environment.
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A test board is designed to characterize the driver PSIJ sensitivity as shown in

Figure 3.35.

On die pwr probing y —~

Scope
L—/ 1.8 VDC
Signal Generator
square wave
0-1.8V DCblock  Signal Generator
sinewave

Figure 3.35 Test Board and Measurement Setup.

The die is wire-bonded to the PCB and is exposed for on-die power net
measurement. A micro SG probe with 100um pitch is used for probing. All the PCB
traces are designed to be 50 Ohm and is connected out through SMA connectors. A semi-
rigid cable is soldered on to the PCB power port for sinusoidal power rail noise injection.
The DC operation voltage for the driver is 1.8V. The input of the inverter chain is a
square wave switching between 0 and 1.8V. The output waveform of the inverter chain is
measured through a SMA cable to the oscilloscope. The on-die power net voltage is
measured simultaneously using the oscilloscope. The scope is set to 50 Ohm input
impedance.

The measured output waveform with 18MHz sinusoidal power noise injection is
shown in Figure 3.36(a) as an example. The corresponding measured on-die power noise

is plotted in Figure 3.36(b). The fast Fourier transform (FFT) of the two waveforms are
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shown in Figure 3.37(a) and (b), respectively. From the FFT of the output waveform, the
voltage amplitude of DC component and the component at 18MHz can be extracted.
Considering the 50% duty cycle of the output waveform, the DC amplitude and 18MHz

noise component amplitude are calculated as 0.6287*2=1.2574V and 0.0414*2=0.0828V,

respectively.
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Figure 3.36 Measured Time Domain Waveform. a) On-Die Power Net. b) Output
Waveform.
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Figure 3.37 FFT of Measured Waveforms. a) On-Die Power Net. b) Output Waveform.
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The time domain jitter can be read from the peak to peak value of the TIE
sequence. In order to extract the TIE sequence, the output waveform measured without
any noise voltage is measured as reference. The extracted TIE sequence for 18MHz noise
is shown in Figure 3.38. The jitter is read as 230ps. The jitter sensitivity can be calculated
as the ratio of the jitter amplitude divided by the on-die power noise amplitude. In the
case that the on-die power net is not accessible, the on-die power noise amplitude can be
calculated from the noise amplitude in the output waveform using the simulated PSRR

response.

-100

TIE [ps]

-200

0 0.5 1 1.5 2 2.5

Time[s] x107

Figure 3.38 Extracted TIE Sequence with 18MHz Noise.

The simulation setup for PSRR response evaluation is shown in Figure 3.39.
There will be the ESD protection diodes for the pull-up and pull-down branches. The 9
Ohm resistor and 50 pF are the equivalent parasitic of the wire-bonding and PCB part.
The simulated PSRR response, which is the ratio of output noise amplitude to the input
noise amplitude, is shown in Figure 3.40(a). Since the on-die power net is accessible in

the measurement setup, the measured PSRR response is also shown for comparison in



Figure 3.40(a). The error percentage of the simulated PSRR is within 5% difference

compared to the measured PSRR, as shown in Figure 3.40(b).

On-die power net ESD protection

e
N ’—“: p —|—|j[|500hm

Figure 3.39 Equivalent Simulation Setup for the Real Measurement Case.
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Figure 3.40 PSRR Response. a) Measured and Simulated PSRR Comparison. b) Error

Percentage.
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With the simulated PSRR ratio, the PSIJ sensitivity can be extracted from the off-

chip environment. The measured PSI1J sensitivity using directly measured on-die power

voltage is shown in Figure 3.41 and is treated as the reference value. It is plotted with the

blue solid line. The simulated PSI1J sensitivity is also shown in Figure 3.41. The
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simulated PSI1J sensitivity is plotted in the red dashed line. The measured PSIJ sensitivity
using the calculated on-die power voltage from simulation is also plotted in Figure 3.41.
It is plotted in the black dot-dashed line.

The error percentage of the measured PSIJ sensitivity using the proposed method
to the directly measured PSIJ sensitivity is shown in Figure 3.42(a). The proposed
method can give a reasonably accurate estimation of PSIJ sensitivity, with the error
percentage smaller than 5%. The trend of the error percentage is similar to the trend of
the error percentage of the PSRR response. The error percentage of the simulated PSIJ
sensitivity to the directly measured PSI1J sensitivity is also shown in Figure 3.42(b). The
error percentage is less than 3.5%. With the proposed method, the PSIJ sensitivity can be
characterized at the off-chip environment, provided that the PSRR response can be

extracted from the simulation.
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Figure 3.41 PS1J Sensitivity Comparison between Measured Using On-Die Power Net
Noise, Simulation and Proposed Method.
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For the designed PCB as shown in Figure 3.26, the equivalent circuit for the
victim inverter chain can also be derived as shown in Figure 3.43. The equivalent series
resistance and the equivalent series capacitance are different as shown in Figure 3.39.

This is because the PCB designed for CCC test are different from the board in Figure

3.26.
On-die power net ESD protection
12.50hm
_ I — o output

5 TR

Figure 3.43 Equivalent Simulation Setup.
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Based on the derived equivalent simulation circuit, the victim driver PSIJ
sensitivity for the CCC test PCB case is shown in Figure 3.44. The result is close to a sinc

function and the DC jitter sensitivity is 1720ps/V while the propagation delay is 1.43ns.
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Figure 3.44 Calculated and Simulated PSI1J Sensitivity Comparison.

3.2.2. Validation of PS1J-PDN Formulation. With the PDN R-L-C information,
IC current information and the driver PSIJ sensitivity information, the total PSI1J when an
aggressor circuit is operating can be derived. As previously shown, the CTIE is
calculated as the convolution of the on-die voltage ripple and the time domain PSIJ
transfer relationship [71-73]. The width of this time domain PSIJ transfer relationship is
the propagation delay and is denoted as E. On the other hand, the height of the
rectangular pulse is the ratio of DC jitter sensitivity to the propagation delay and is

denoted as D.
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The convolution process is illustrated in Figure 3.45. Since the jitter is the
difference between the maximum and minimum CTIE value, it is only required to find
the time point when the minimum and maximum happens. Since D is a constant, this
process is equivalent to find the minimum and maximum value of the voltage ripple

integration in the time range of the propagation delay E.
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Figure 3.45 Illustration of Convolution Process.

In this case, the minimum will happen when the integration is done between Tr
minus half of E to Tr plus half of E. For the maximum integration value, it can be
assumed to happen near the half T. In this case, T is the period of the ringing corresponds
to the anti-peak in PDN. The maximu, will happen when the integration is done between

T/2 minus half of E to T/2 plus half of E.
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The integration of the on-die voltage ripple is derived as:
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The measured TIE for the ALA2A3=000 case is shown in Figure 3.46(a). The
calculated D multiply with the voltage ripple integration result for this case is shown in
Figure 3.46(b). From this curve, the jitter can be read. The minimum CTIE can be read as
the value at time Tr plus half of E subtract the value at time Tr minus half of E. The

maximum CTIE can be read as the value at time half of T plus half of E subtract the value
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at time half of T minus half of E. Then the jitter is the difference between the maximum
and minimum CTIE. For the amplitude control bits 000 case, the measured jitter is read

as 110ps while the calculated jitter is 108.6ps.
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Figure 3.46 Measured and Calculated Jitter for 000 Case. a) Measured TIE. b) Calculated
Jitter.

Following the mentioned procedure, the calculated jitter for the other 7 cases can

be obtained. The results are summarized in Figure 3.47.
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Figure 3.47 Measured and Calculated Jitter for Other Cases.



For the 8 current peak cases, the measurement and calculation results are

summarized in Table 3.2.

Table 3.2 Measured and Calculated Jitter

Al1A2A3 Measurement[ps] | Calculation[ps] | Error[%)]

000 110 108.6 1.27
001 170 162 4.7
010 225 217.5 3.33
011 300 286.9 4.37
100 380 349 8.1
101 435 403.26 7.3
110 505 458 9.3
111 570 511.5 10.26
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It can be observed that besides the last two cases. The error percentage is within

8.1%. Since the maximum voltage drop in the last two cases are larger than 0.2V, it is
possible that it is too large and will introduce some non-linear effect [74-76]. The
proposed derivation is based on the assumption that the PSIJ sensitivity is linear in a

small voltage ripple range. So it is reasonable to have relatively large error for these

cases.
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4. CONCLUSIONS

4.1. SUMMARY

In this research, the PSIJ properties of the high speed buffer and the system with
on-die LDO are studied. An improved target impedance concept is also proposed for the
PSI1J consideration.

Firstly, the PSI1J sensitivity model based on PSRR response is derived and
validated through HSPICE simulation. The obtained PSIJ sensitivity formulations contain
both the magnitude and phase information. The proposed PSIJ sensitivity model can be
generalized for the PS1J study of different type of drivers. In general, the PSIJ sensitivity
for different type of drivers is related to the PSRR response, transition edge slope and the
propagation delay. With the proposed model, the factors influencing the PSIJ sensitivity
behavior for different type of drivers can be clearly identified.

Secondly, an analysis method for PSIJ sensitivity evaluation of high speed output
buffer with on-die LDO is proposed. The total system PSIJ sensitivity can be derived
from the stand-alone analysis of the LDO block PSRR response and the buffer PSI1J
sensitivity. This is helpful for reducing the simulation complexity, as the PSRR response
of the LDO block can be performed relatively fast. In addition, the PSIJ sensitivity
analysis is only required for the buffer part alone. Furthermore, with the proposed
modular analysis method, the contribution of different blocks can be clearly identified
and could potentially making the design optimization procedure easier.

Thirdly, a method to improve PSIJ simulation accuracy for IBIS model is

proposed. The improvement is realized by modifying the switching coefficients as a
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function of both time and the time averaged power rail noise. The extraction of the newly
introduced correction coefficients only requires the V-t tables measured at additional two
different power rail voltages. A plausible algorithm has been provided to implement the
proposed new model as spice sub-circuit in the open source Ngspice simulator.

At last, the proposed target impedance concept with jitter specification can help
the design of a group of target impedance curves according to the given jitter
requirement. The proposed design procedure can reduce over-constrain in the PDN
designed based on the original target impedance definition. Most importantly, the PDN
design is directly correlated with the jitter of a specific circuit. Depending on the circuit
output jitter response to the voltage fluctuation, the PDN can be designed for the needs of
a specific circuit. The proposed PSIJ-PDN correlation has been validated through both

the simulation and measurement.

4.2. FUTURE DIRECTIONS
The PSIJ study and related PDN design could continuously be the designers
concern. Based on this research, the potential future directions could be:
1. Apply the proposed PSIJ sensitivity model for different kinds of drivers for
test.
2. Improve the proposed new IBIS model by including the SSN simulation
capability.
3. Improve the current characterization method so the PS1J-PDN correlation

method can be applied for a more practical case.
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