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Abstract—In this paper, a new method is proposed to calculate the
simultaneous switching noise (SSN) in order to reduce the complexity
of SSN circuit models and computational burden, which is based
on the rational function (RF) in time domain. The time-domain
impedance function of a power delivery network (PDN) is calculated
by approximating the impedance frequency response of a PDN with a
rational function, and the SSN is calculated based on switching current
characteristics. It is also found that the SSN can be suppressed through
adjusting the period of time-domain impedance function and switching
current. Compared with the simulated results and measured results,
the performance of the new method for calculating and suppressing the
SSN is verified, and the simulation time of SSN is reduced effectively.

1. INTRODUCTION

With the trend of the integrated circuit (IC) technology scaled
downward to smaller and faster transistors, digital, analog, radio
frequency and other function circuits are integrated into one package
or printed circuit board (PCB), which results in increasing current [1].
Simultaneous switching noise (SSN) has become one of the major
difficulties in the design of high-speed digital circuit systems with even
faster edge rates, lower voltage levels and higher integrations. The
SSN is mainly attributes to three reasons, inductance of non-ideal
signal path, mutual inductive coupling of PDNs and power supply
compression, so SSN is also known as power/ground bounce noise
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or delta-I noise. If the SSN exceeds the noise margin, the IC may
experience a functional failure. Hence, the target impedance should
be met to maintain the proper supply voltage when transistors switch.

To ensure the success in the design of high-speed circuits,
equivalent circuit extraction techniques [2-8] are adopted to model
the behavior of interconnections at high frequencies. How to develop
appropriate equivalent networks with wideband features, and at the
same time possess rather complicated coupling schemes, is a very
challenging task by the conventional approaches [9-15]. The modeling
methods have been discussed in many papers, the partial equivalent
electric circuit (PEEC) method is widely used to model complex three-
dimensional structures, which has also been extended with retardation
to provide a full-wave solution, but it has a limited bandwidth because
the distributed nature of the capacitance is not taken into account at
higher frequencies. The transmission matrix method (TMM) uses a
fast method of computing the port-to-port behavior of planes based
on the transmission matrix (or ABCD matrix) of each column of unit
cells. The frequency-domain finite-difference method (FDM) and the
time-domain finite-difference time-domain (FDTD) method could also
be used to get time and frequency domain results [16, 17].

One of the challenges of PDN design is to provide clean power to
electronics when a surge current occurs, so the suppression of SSN
on a multilayer PCB is a critical task in system design to ensure
signal integrity and to reduce the risk of EMI problems. Many
studies have focused on the suppression of noise transmission, such
as embedded capacitors [18,19] are commonly used in the power bus
to mitigate the high frequency noise due to their lower inductance.
Power islands [20,21] are used to isolate devices that put noise on
a power bus from devices that may be susceptible to power bus
noise. Lossy components are introduced to eliminate resonances
by increasing the component loss [22] and electromagnetic band-gap
(EBG) structures [23,24] are proposed to suppress the SSN in GHz
range because of their high-impedance planes.

The investigation of SSN is mainly done in frequency domain,
so the transient response of SSN is neglected due to transient
characteristics of time-domain impedance and switching current are
not considered. In this paper, a new method is proposed to calculate
and suppress the SSN in order to take the transient response of SSN
into account in time domain. The time-domain impedance function of a
PDN is obtained by approximating the impedance frequency response
of a PDN with a rational function and the SSN is calculated based
on switching current characteristics. The periodic characteristics of
the time-domain impedance function are also discussed in detail, and
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it is found that the SSN can be suppressed through adjusting the
periods of time-domain impedance function and switching current. The
performance of the new method is verified with the results of lumped,
distributed PDN models and measured results, and the accuracy of
SSN calculation and efficiency of SSN suppression are validated.

2. RATIONAL APPROXIMATION OF THE
IMPEDANCE FREQUENCY RESPONSE

Vi ppl
Z(jw)gZT:M

(1)

The schematic diagram of SSN suppression and transmission is
shown in Fig. 1, where PCBs, voltage regulator modules (VRM)
and many types of capacitors are included in the PDN, Z (jw) is
the frequency-domain impedance function of the PDN, and I (jw)
is the frequency-domain function of switching current. As shown
in Equation (1), Z (jw) should be lower than the target impedance
for noise voltage less than the allowed ripple in high-speed circuit
design [25], but the transient characteristics of impedance and
switching current are not considered, so an improper design may
be produced [26-28]. The SSN waveform couldn’t be directly
calculated with Z (jw) because that the frequency-domain impedance
function couldn’t be derived from the circuit model which includes
the power/ground planes and on which many types of capacitors are
in time domain. So the frequency-domain impedance is approximated
with a rational function, and time-domain impedance can be expressed
with the exponential functions by inverse Laplace transformation.

The PDN is supposed as a black box model, the goal is to construct
a function that captures the impedance frequency response between the
ports [29]. This function can be written as

Iaverage

Z(s)=ct+ Y 2)

Figure 1. Schematic diagram of the SSN suppression and
transmission.
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where s is the Laplace variable, p,, is the n-th pole, k,, is the residue
corresponding to the n-th pole, N is the order of the rational function,
and ¢ is a constant. Multiplying the Equation (2) with an weighting

N .
function o (s) =1+ > Sf% , Equation (2) is equivalent to
n=1 "

N

o(s)Z(s)=c+y.

n=1

kn,
S_pn

N .
Substitute o (s) =1+ > E%n into (3), leads to
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Equation (4) can be rewritten as
Az =b (5)
where
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T

x = [k:l...kNCiﬂ..-Z?N )

b = [Z(sl)...Z(Sk)...Z(Sm)]T

sg is the k-th sample of frequency. With enough frequency samples,
the rank of A is larger than the number of the element =, Equation (5)
can be solved as an overdetermined function using the least-squares
solution. Z (s) can be obtained as

(s —zn)
1
~ (6)
(s —Zzpn)
1
The poles of Z (s) are substituted with the zeros of o (s), Z,, the
poles converge to constant values by iteration. Substituting the new
poles into Equation (2), a new matrix Equation (7) can be generated
and solved with samples of frequency, where the unknown parameters

Z(s) =

==li 3=
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contains the coefficients ¢ and k,, as

. c Z (s1)
. kl .
1 1 _
Saewtm |7 (7)
e Z (sn)

The frequency-domain impedance can be approximated with a
rational function as Equation (2), and passivity enforcement is realized.
So the time-domain impedance function can be easily obtained by
inverse Laplace transformation and the time-domain waveform of SSN
can be calculated based on the characteritics of switching current.

3. CALCULATION OF THE SIMULTANEOUS
SWITCHING NOISE

The frequency-domain impedance approximated with a rational
function can be rewritten as Equation (8), the n-th poles pn, — jpni,
Pnr+ JPni and corresponding residues ky,. — jkni, knr+jkni are complex
conjugate pairs, b,, is the m-th real pole and a,, is the corresponding
real residue.

N . .
knr + ]kni knr_]kni )
=ct >t : 8
Z <5_b > z:1<5_pnr_]pm' S—Pnr+IPni ( )

Based on the complex conjugate characteristics, Equation (8) can be
rewritten as

2knr( *pnr)*2knipni
—C+Z<S—b > Z( (5 — por)® + P2, ) )

By inverse Laplace transformation, the time-domain impedance
function can be obtained as

M N
Z(t) = ¢ (t) + Y ame"" + ) 2kppePn! cos (puit) € (t)

m=1 n=1
N
= 2knie” " sin (puit) € (t) (10)
n=1
With 6 = arccos ——k22— | Equation (10) can be rewritten as

M N
D+ ame’™ +2) et (K2, 4k2,) cos (puit+0)e (¢)
m=1 n=1

(11)
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The time-domain waveform of SSN could be calculated as

M N
v(t)=|eo(t)+ Z ameb’"t+2z ety (K2, +k2) cos(pmt+9)5(t)] *1(t)
m=1 n=1

(12)

The digital signal voltage and switching current waveforms are
shown in Fig. 2, the width of switching current is the rise/fall time
of the digital signal, 10%-20% of the digital signal period. For GHz
digital signals, the width of switching current is in the order of 10~ ! ns,
and the main resonant period is larger than 1ns for typical PDNs. So
the switching current could be seen as an impulse signal with a limited
magnitude if the main resonant period of the PDN is large enough
compared with the current pulse width. Because of [0 & (t)dt = 1,
the integral of the switching current pulse can be obtained as

/_Zz’(t)dt _ S/_Z(S(t)dt (13)

where S is the area of current pulse, so the switching current pulse can
be substituted with i (¢) = S§ (¢), the time-domain waveform of SSN
can be calculated as

M N
Z A€ 42 Z Pty [ (K2, +k2;) cos (pnit+0) € (t)
m=1 n=1

(14)
The range of the frequency-domain impedance needed to be considered

is the bandwidth (BW) of the current pulse [30], which could be

v(t)=ci(t)+S
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Figure 2. Digital signal voltage and switching current waveforms.
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calculated with the rise time (7t) of current pulse as

0.35
BW = — (15)
Tl
The switching current is periodic, and the period of digital signals is

T, so the periodic SSN can be gotten as

x 00 M
v(t)= cZi (t—1T)+ SZ [ Z a,,ebm (t=1T)
=0 1=0 Lm=1

N
+2) ety [ (k2,4 k2,) cos (ppi (t — IT)+0)e (t—1T)| (16)
n=1

It is found that the SSN is periodic accumulation of the time-
domain impedance waveform. For real poles and residues, the
magnitude of noise is determined by residues a,,, and the damping
characteristic is determined by poles b,,. For complex-conjugate poles
and residues the magnitude of noise is determined by the real parts
and imaginary parts of residues k,, and k,;. The damping in transient
response is introduced by the real parts of poles p,.. The period
of the noise is determined by the imaginary parts of poles p,;. All
characteristic parameters of time-domain waveform are included in
Equation (16), so the noise of PDNs could be expressed with it.

In real circuit system, the PDN is a multi-port system which
could be represented by a Z matrix, as Equation (17), Z;; is the self-
impedance of the i-th port, Z;; is the transfer-impedance between the
j-th port and the i-th port.

Z11 ... Dk
[Zl=1 @ (17)
Z1 ... Dk

The elements of Z matrix could be approximated with rational
functions respectively, so Equation (17) can be rewritten as

r Ni1 Niyg ]

kll klk
cut Losnm e Rt X
[Z] = : : (18)
Ne1 o g Nk gk
k. k
L k1 * nzz:l W Chk * nzz:l w

where pf{ is the n-th pole of Z;;, kY is the residue corresponding to the
n-th pole, IN; is the order of the corresponding rational function, and
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cij is the corresponding constant. So the SSN of the i-th port could be
calculated as

Ui(t) = Zi1 (t) * 171 (t)++ZZ] (t) *ij (t) ++sz(t) *Zk(t) (19)
where 7; (t) is the switching current of the j-th port, z;(t) is the inverse
Laplace transformation of Zj;(s), so the SSN of a multi-port PDN could
also be calculated with the proposed method.

4. ANALYSIS OF THE TIME-DOMAIN IMPEDANCE
FUNCTION

4.1. Network Synthesis

The pole-residue representation of a frequency-domain impedance
function can be represented by electric networks consisting of resistors,
inductors and capacitors. Asshown in Fig. 3, the rational function with
real poles and residues could be represented with RC networks, and
the rational function with complex-conjugate poles and residues could
be represented with RLC networks

where
R’/‘eal = b (20)
m
1
Creal - a (21)
_2pnrk3 - ka knipni
R — nr nr 29
lcomplex piik?w + pgwk?g” ( )
2k?2
R = e 23
2eomplex knipm' - knrpnr ( )
1
Ccomplex - ok (24)
nr
real Lcomplex
o \\Ccomplex
. /1
red 2complex
(a) (b)

Figure 3. Electric networks of rational functions. (a) Real poles and
residues. (b) Complex poles and residues.
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2k3,
prik, + prkn;
So the resonant period for the electric networks of complex poles and
residues could be calculated as

Tresonance = 27T/ \/pzu - p721r - 2pnrpm‘km/k'm° (26)

With pfn- > p%r + 2DnrPrikni /knr, the resonant period can be simplified
as

(25)

L compler =

Tresonance = 27T/pni (27)

It is found that the resonant period is consistent with the period of
the time-domain impedance function with p,zu- > pfw + 2Dnr Prikni  knr-
The PDN can be represented with series RLC and RC networks.
For electric networks of real poles and residues, the lower frequency-
domain impedance of the PDN can be achieved by smaller R,.u
and larger Cheq, which is realized by reducing a,, and enlarging b,,,
and for electric networks of complex-conjugate poles and residues,
the lower frequency-domain impedance can be obtained by reducing
Ricomplexs R2compiexs Lcomplex and enlarging Ccomple:ca which imply
smaller k,, and lower time-domain impedance, so it is concluded
that the lower frequency-domain impedance of electric networks can
be realized by reducing the time-domain impedance through smaller
parasitic inductance and larger decoupling capacitance.

4.2. Analysis of the Time-domain Impedance Function with
the Single Resonance Circuit Model

The SSN suppression circuit can be simplified to a single resonance
circuit model, as shown in Fig. 4, which consists of a 0.1 resistor,
a 1nH inductor, a VRM with DC voltage Vzg = 3.3V, a variable
capacitor of C = 10nF and C' = 20nF. The time-domain impedance
waveform could be obtained by an impulse signal exciting the circuit.
The used current pulse in ADS has a rise/fall time of 0.1ns, an

InH

VRM=3.3v

Figure 4. Single resonance circuit model.
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amplitude of 10'% A, which results in S = 1. So the bandwidth of the
frequency-domain impedance should be considered is 3.5 GHz, and the
current pulse could be seen as impulse signal compared to the resonant
period of the circuit. The simulated frequency-domain impedance of
ADS and the approximated results with rational functions are shown
in Fig. 5 and Fig. 6. The obtained poles and residues of C' = 10nF are
—5x 107 £ §3.1225 x 10% and 5 x 107 F j8.006 x 10, and the constant
c is 3.1104 x 107'7; the obtained poles and residues of C' = 20nF are
—5x 107 £52.1794 x 108 and 2.5 x 107 T j5.735 x 105 respectively, and
the constant ¢ is 3.1106 x 10717,

The simulated time-domain impedance function waveforms of
ADS and the proposed method are shown in Fig. 7, a good agreement is
achieved. It is found that the magnitude of the time-domain impedance
of C' = 20 nF is reduced effectively due to larger capacitance, which also
results in reduced residues and lower frequency-domain impedance.

ADS
® RF

Phase (degree)

05 1 15 2 25 3 35 15 2 25 3 35
Frequncy (GHz) Frequency (GHz)

(a) Magnitude (b) Phase
Figure 5. Input impedance of the PDN with C' = 10nF.

ADS

Magnitude (Ohm)

16 2 25 3 35

0 05 1 15 2 25 3 35
Frequency (GHz) Frequency (GHz)
(a) Magnitude (b) Phase

Figure 6. Input impedance of the PDN with C' = 20 nF.
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Figure 7. Time-domain impedance function waveforms of the PDN
with different capacitance.

The damping characteristic of the circuit model is introduced by
the resistor, so the real part of poles is unchanged due to the same
resistance. The time-domain impedance function period is determined
by the imaginary parts of poles, and the periods of C' = 10nF and
C = 20nF can be calculated as 20.1ns and 28.8ns with Tjpedance =

27 /ppi respectively. The period of C = 20nF is increased to /2
that of C = 10nF due to the double capacitance, which is consistent
with the resonant period of the circuit model, and Equation (27) is
validated. From the aforementioned discussion, it is found that the
characteristics of the time-domain impedance function are consistent
with the frequency-domain impedance.

5. EXPERIMENTAL VALIDATIONS OF
SIMULTANEOUS SWITCHING NOISE CALCULATION

5.1. Lumped Circuit Model of the Power Delivery Network

The lumped circuit model of a PDN is shown in Fig. 8, the pins of the
package, PCB and VRM are modeled with series inductor and resistor.
The parameters of capacitors for providing power to IC and parasitic
parameters of pins are shown in this figure. The current source is a
triangle current pulse that has an amplitude of 1A a rise/fall time
of 0.1ns, and a period of 2ns, so the bandwidth of the frequency-
domain impedance should be considered is 3.5 GHz. The simulated
frequency-domain impedance of ADS is the same with that of Hspice,
so the obtained frequency-domain impedance could be approximated
with one same rational function, and the simulated and approximated
results are shown in Fig. 9, they are consistent with each other, and the
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Figure 8. Lumped circuit model of the PDN.

Table 1. Parameters of rational functions for different types of circuit
models.

type constant pole residue

—3.27x10% £75.19x107  1.33x10°+j1.30x10°

—6.05x107 £j2.77x10%  2.93x10° 4 j4.66 x 10*

lumped  1.97x10-° —8.24x107 +j4.23x10%  5.46x10% £j1.52x10°
—1.12x10% £j6.41x10%  9.00x10% £j2.76 x 10°

—217x10% +£j9.56x10°  1.30x10% £ 1.57x10°

—7.03x107 £j1.64x10° 5.81x107 +j3.88x10°

—9.55x10% £j8.05x 107 —2.18x10° 4j3.82x10°

distributed —3.21x10°+£j1.71x10%  2.45x107 +j4.52x10°
(ADS) 1.94x107% —287x10°+j1.94x10°  2.50x107 +j5.23x10°
—3.70x10% +j1.41x10°  2.89x10% +j2.35x10°

—4.86x107 +£j1.64x10°  3.50x10° £ j8.03x10*

—3.05x10% +£73.25x10%  9.65x 107 Fj5.26x 103

distributed L 91x10-6 —4.20x107 £j2.21x10°  3.03x10° Fj1.72x10°
(Hspice) —4.34x107 +j4.88x10°  3.81x10* ¥j9.86x 107

—6.19%x 107 +j7.03x10°

1.82x10° 4 7.85 x 102

parameters of the rational function are shown in Table 1. The main
resonant period of the PDN is 3.8 ns and large enough compared to
the width of switching current, so the switching current can be seen as
impulse signal. The simulated SSN waveforms of ADS, Hspice and the
proposed method are shown in Fig. 10, they have a good agreement, the
proposed method is accurate for the lumped circuit model As shown
in Table 2, the simulation time is reduced effectively compared with
ADS and Hspice.
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Figure 9. Input impedance of the PDN.
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Figure 10. SSN waveforms of the PDN.

Table 2. Simulation time of SSN for different types of circuit models.

Period of
Type of model . e.rlo © Method Simulation time
switching current
ADS 2.34s
Lumped 2ns Hspice 1.03s
Proposed method 0.7s
Distributed
phrbue ADS 20.7s
(ADS) 1ns
Proposed method 6.9s
Distributed
istribute Hspice 15.4s
(Hspice) 2ns
Proposed method 3.7s
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5.2. Distributed Circuit Model of the Printed Circuit Board

A distributed circuit model of a PCB with dimensions of 100 mm x
100 mm is modeled in ADS and shown in Fig. 11, the noise source and
VRM are located at (90 mm, 10 mm) and (10 mm, 90 mm) respectively.
The DC voltage of VRM is 3.3V, and the triangle current pulse source
has an amplitude of 1A, a rise/fall time of 0.1ns, and a period of
1ns, so the bandwidth of the frequency-domain impedance should
be considered is 3.5 GHz. A 10nF capacitor is placed close to the
noise source for suppressing the noise transmission. The simulated
frequency-domain impedance of ADS and the approximated results
with the rational function are shown in Fig. 12, a good agreement is
seen between them, and the parameters of the rational function are
shown in Table 1. The main resonant period of the PDN is 33.3ns
and large enough compared to the width of switching current, so the
switching current can be seen as impulse signal. The simulated SSN
waveforms of ADS and the proposed method are shown in Fig. 13, they
have the same noise period, and the largest magnitudes of noise are
0.062V and 0.068 V respectively. As shown in Table 2, it needs less
simulation time compared with ADS.

A distributed circuit model of a PCB with dimensions of 80 mm x

zAY
s
Figure 11. Distributed circuit model of a PCB.

1001, +
i
= |- . *
§ g 50! i 100 o
= o)) 1.4 1
[0 (5] ) I*EU .
° o 1 1
2 o OpF Poo
5 g i
< & i 150
= -50! : e
: : 1005 1 2 3 4 5
1 1 10°MHz
10 0:_
005 1 15 2 25 3 35 0705 1 15 2 25 3 35
Frequency (GHz) Frequency (GHz)
(a) Magnitude (b) Phase

Figure 12. Input impedance of the PDN.



Progress In Electromagnetics Research, Vol. 112, 2011 55

100 mm is modeled in Hspice and shown in Fig. 14, the noise source and
VRM are located at (90 mm, 10 mm) and (10 mm, 70 mm) respectively.
The DC voltage of VRM is 3.3V, and switching current is a triangle
current pulse that has an amplitude of 1 A a rise/fall time of 0.35ns,
and the period of switching current is fixed as 2ns, so the bandwidth

3.38 3.38
3.36 - 3.36
3.34 1 3.34 W
2 332 S 3.32 1
% 3.3 % 3.3 1
S 3.28 A S 328 4
> 3.26 1 > 3.26 1
3.24 3.24 A
3.2 i i i i 3.22 . , , ;
0 20 40 60 80 100 0 20 40 60 80 100
Time (10ns) Time (10ns)
(a) ADS (b) Proposed method

Figure 13. SSN waveforms of the PDN.

A

8cm

10cm
Figure 14. Distributed circuit model of a PCB.
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Frequency (102 MHz) Frequency (10> MHz)
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Figure 15. Input impedance of the PDN.
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Figure 16. SSN waveforms of the PDN.

8cm

10cm

Figure 17. Placement of decoupling capacitors.

of the frequency-domain impedance should be considered is 1 GHz.
A 5nF capacitor is placed close to the noise source for suppressing
the noise transmission. The simulated frequency-domain impedance of
Hspice and the approximated results with the rational function are
shown in Fig. 15, and the parameters of the rational function are
shown in Table 1. The main resonant period of the PDN is 20ns, so
the switching current can be seen as impulse signal. The simulated
SSN waveforms of Hspice and the proposed method are shown in
Fig. 16, they have the same noise period, and the largest magnitudes
of noise are 0.125V and 0.15V respectively. So the proposed method
is accurate for the distributed circuit model, and as shown in Table 2,
it needs less simulation time compared with Hspice.

5.3. Measurement Verification

A PCB with dimensions of 100mm x 80 mm is built and shown in
Fig. 17, the noise port and VRM are located at (90 mm, 10 mm) and
(10mm, 70mm) respectively. The DC voltage of VRM is 3.3V, the
triangle current pulse source that has an amplitude of 1 A a rise/fall
time of 0.35 ns, and a period of 2 ns is launched at the noise port. So the
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Figure 18. Measured input impedance and approximated results of
the PDN.
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Figure 19. SSN waveforms of the PDN.

bandwidth of the frequency-domain impedance should be considered
is 1 GHz. Two 47 uF capacitors with ESR = 12m{, £SL = 1.4nH,
two 22 uF capacitors with ESR = 14mf), ESL = 1.4nH are placed
close to the VRM, four 220 nF' capacitors with ESR = 23m{2, ESL =
0.5nH are placed on the PCB dispersedly, they are treated as global
decoupling capacitors. Four 2.2nF capacitors with FSR = 221 mS2,
ESL = 0.4nH are placed close to the noise port and treated as
local decoupling capacitors. The frequency-domain impedance was
measured using an Agilent HP8753E Network Analyzer and calibration
procedure (Short-Open-Load-Through, SOLT) was performed. The
measured results and approximated results with the 80 poles and
residues are shown in Fig. 18. The main resonant period is 50 ns, so the
switching current can be seen as impulse signal compared to the width
of switching current. The noise voltage of noise port was measured
using a Tektronix TDS5104B two-channel digitizing oscilloscope. The
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simulated and measured SSN waveforms are shown in Fig. 19, they
have the same noise period and the largest magnitudes of noise are
0.23V and 0.21V respectively, a good agreement is achieved.

6. ANALYSIS OF THE SIMULTANEOUS SWITCHING
NOISE SUPPRESSION

It is found that the time-domain impedance function represents
periodic characteristics, whose period is mainly determined by the

imaginary part of pole with the largest (k%r + kfn) The SSN is

periodic accumulation of the time-domain impedance waveform based
on the period of switching current, so the magnitude of SSN would
accumulate in phase with Teyprent = (7 + 1) Timpedance, (0 = N), and
the magnitude of SSN would accumulate out phase with Toyrrent =
(n +1/2) Timpedance, (n = N), so SSN could be suppressed through
changing the period of switching current and time-domain impedance
function.

As shown in Fig. 8, the time-domain impedance function period
can be calculated as 3.73ns. Switching current is a triangle current
pulse that has an amplitude of 1A, a rise/fall time of 0.1ns, and a
period of variable parameter T'. The simulated SSN waveforms of
ADS with T' = 3.73ns and T = 1.81ns are shown in Fig. 20. For
T = 3.73 ns, the period of switching current is the same with the time-
domain impedance function, noise would be increased in phase, the
magnitude is 0.041V, and for T = 1.87ns, the period of switching
current is half of the time-domain impedance function, noise would
be reduced out phase, the magnitude is 0.012V, though switching
current of 7' = 1.87 ns has higher current density and power, less SSN is
produced. It is concluded that the SSN can be suppressed effectively
by adjusting the period of switching current based on the period of
time-domain impedance function.

For fixed period of switching current, SSN can also be suppressed
by adjusting the period of time-domain impedance function. As shown
in Fig. 8, switching current is a triangle current pulse that has an
amplitude of 1 A a rise/fall time of 0.1 ns, and the period of switching
current is fixed as 3ns. The inductance of package pins is increased
from 30pH to 90pH, and the period of the time-domain impedance
function is changed to 6 ns, which is 2 times period of switching current,
so the magnitude of SSN would accumulate out phase. The simulated
SSN waveforms of ADS are shown in Fig. 21, it is found that the
SSN of 90 pH is suppressed effectively and the largest magnitudes of
30 pH and 90 pH are 0.0167 V and 0.0125 V respectively. The simulated
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Figure 20. SSN waveforms of different switching current periods.
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Figure 21. SSN waveforms of different time-domain impedance
periods.

SSN of 90 pH is less than that of 30 pH, though the package pin has
larger inductance. It is important to note that the period of the time-
domain impedance function could also be changed through adjusting
capacitance for the SSN suppression, and the magnitude of the time-
domain impedance function can be reduced by larger capacitance and
smaller inductance, which results in less SSN.

7. CONCLUSION

In this paper, a new method is proposed to calculate and suppress
the SSN with the time-domain impedance function of the PDN
which is obtained by approximating the impedance frequency response
of the PDN with the rational function based on switching current
characteristics in time domain. The time-domain impedance function
is discussed in details, and it is found that the SSN can be
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suppressed by adjusting the period of switching current and time-
domain impedance function, because SSN is periodic accumulation of
time-domain impedance waveform based on the period of switching
current. The performance of the new method for calculating and
suppressing the SSN is verified with lumped, distributed PDN models
and measured results.
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