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Modeling and Analysis of On-Chip Power Noise
Induced by an On-Chip Linear Voltage Regulator
Module With a High-Speed Output Buffer

Heegon Kim ", Jonghyun Cho*”, Changwook Yoon

Abstract—1In this paper, analytical models of on-chip power noise
induced by an on-chip linear voltage regulator module (VRM) cir-
cuit with a high-speed output buffer are proposed. Based on the
piecewise linear approximated MOSFET I-V curve model, closed-
form equations for the on-chip power noise induced by an on-chip
low-dropout regulator are derived. The accuracy of the proposed
analytical model is validated by SPICE simulation with a 110-nm
CMOS technology library. Based on the proposed analytical mod-
els, the impacts of VRM design parameters on VRM output noise
induced by load current and external noises are analyzed. Because
self-impedance at the VRM output and external noise transfer func-
tions share a common resonant frequency, the on-chip power noise
is minimized by avoiding the resonant frequency from peak fre-
quencies of noise source spectrums. The larger on-chip decoupling
capacitance at load reduces, the overall on-chip VRM output noise.
While the larger pass transistor size reduces the on-chip VRM out-
put noise induced by the reference voltage fluctuation, it increases
the noise generated by off-chip power fluctuation. The reference
voltage node needs to be carefully designed, as opposed to an off-
chip power distribution network, due to its dominant impact on
the on-chip VRM output noise. The analysis results based on the
proposed model provide an in-depth understanding of and useful
design guidance for on-chip power noise induced by the on-chip
linear VRM with a high-speed output buffer.

Index Terms—High-speed output buffer, on-chip linear voltage
regulator module (VRM), on-chip low-dropout (LDO) regulator,
on-chip power distribution network (PDN), on-chip power noise.

I. INTRODUCTION

NDUSTRIAL demands have focused on high performance
I and low power consumption for state-of-the-art applications
such as smartphones. To achieve low power consumption in the
system, the voltage supply level needs to be minimized, result-
ing in a reduction of the power noise margin. As the power
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noise margin decreases, controlling the on-chip power distribu-
tion network (PDN) noise is becoming more and more important.
Because it is extremely difficult to reduce the amount of current
consumption for high-performance systems, the PDN should
be carefully designed to achieve low impedance. However, the
PDN impedance between the power-consuming IC and off-chip
power supply is difficult to reduce below a certain level due to
the physical distance. Although decoupling capacitors have ex-
hibited excellent performance in lowering the PDN impedance,
continuously increasing the number of decoupling capacitors is
not viable due to the cost and the allowable design area.

Recently, an on-chip voltage regulator module (VRM) using
the same silicon technology for other power-consuming IC
and implemented on the same silicon die has become a poten-
tial solution [1]-[12]. It reduces the physical distance to the
current-consuming IC, resulting in reduced PDN parasitics and
PDN impedance. Despite using the on-chip VRM, the on-chip
PDN noise still can be unsatisfactory due to the continuously
tightened power noise margin. Moreover, considerable noise
sources, such as simultaneous switching noise (SSN) from
high-speed output buffers, make it difficult for the on-chip PDN
noise to satisfy the target margin [13]-[19]. The analysis of the
on-chip PDN noise induced by the on-chip VRM circuit is of
significant importance for the development of high-performance
and low-power applications.

Most previous researches regarding on-chip VRM have been
related to the proposal of new topologies and analysis of the
on-chip VRM itself [1]-[12]. Though several papers related to
analysis of the on-chip VRM impact on on-chip PDN noise have
been published recently, they have only focused on comparisons
of the on-chip PDN noises with and without the on-chip VRMs
[20]-[22]. Research related to the in-depth analysis of the on-
chip PDN noise induced by on-chip VRM has not been sufficient.
Thus, modeling and analysis of the on-chip PDN noise induced
by the on-chip VRM circuit are strongly required.

In this paper, the on-chip power noise induced by the on-chip
linear VRM with a high-speed output buffer is analytically mod-
eled and analyzed. An on-chip low-dropout (LDO) regulator is
selected as the modeling and analysis target because it is usually
employed in practical systems due to its compact size. Because
of the considerable impact of SSN on the on-chip power noise,
the high-speed output buffer is chosen as the aggressor current
source at load. Based on the piecewise approximated MOSFET
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Fig. 1. Topology of a typical on-chip linear VRM circuit, which is a simple
on-chip LDO voltage regulator.

I-V curve model, closed-form equations of the on-chip linear
VRM output noises induced by the load current and external
noises are proposed. The accuracy of the proposed analytical
models is validated by SPICE simulation. In addition, impacts
of the load current and external noises on the on-chip VRM out-
put noise are analyzed based on the proposed analytical models.
Off-chip power noise and reference voltage noise are selected as
external noise sources. On-chip decoupling capacitance at load
and pass transistor size are selected as VRM design parameters
for analysis. Finally, several design guidances to minimize the
on-chip VRM output noise are discussed.

II. TRANSIENT RESPONSE ANALYSIS OF A TYPICAL ON-CHIP
LINEAR VRM WITH A HIGH-SPEED OUTPUT BUFFER

Fig. 1 shows the topology of a typical on-chip linear VRM
circuit for modeling and analysis. The circuit is a typical LDO
voltage regulator, which consists of an error amplifier, pass
transistor, feedback resistors (Rp; and Rpo), and on-chip
decoupling capacitor at load (Cygrwm). When the off-chip
PDN supplies the appropriate level of on-chip linear VRM
input voltage (Vpp), the on-chip linear VRM output voltage
(Vvrm_cuip) converges to a specific level determined by the
reference voltage (Vrer) and feedback resistors, as shown in

R
Vvrm_curp = VRer X (1 + RFl> . (1)
F2

Figs. 2 and 3 show the transient response of the typical on-
chip linear VRM with low- and high-speed output buffers at
load. The output buffer has a very short transmission line at
load, which looks similar to the capacitive load. Because this
section explains the concept of the different transient responses
at low- and high-speed buffers, the large current peaks with this
load condition were utilized to dramatically change the voltage
levels. In addition, this paper assumes that there is no VRM
input (Vpp) noise, which means that the pass transistor shown
in Fig. 1 never goes into the linear mode.

When the load current (I;,) from the operating low-speed
output buffer, which is a 2-ns pulse train, changes as shown in
Fig. 2(a), the gate voltage of the pass transistor (Vpags) and the
Vyvrm_curp fluctuate, as shown in Fig. 2(b). The default level
shown in Fig. 2(b) is the dc level of the VRM output without
noise. When [, starts changing from time 7, a large I, pulse
rapidly reduces Vyrym_curp and Vpags ina moment. Soon after,
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Fig. 2. Transient responses of the typical on-chip linear VRM circuit with
a low-speed output buffer as load. (a) Current waveform from the low-speed
output buffer at load (I1,). (b) Corresponding voltage waveforms at the on-chip
linear VRM output (Vyry_carp) and the gate of the pass transistor (Vpass).
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Fig. 3. Transient responses of the typical on-chip linear VRM circuit with
high-speed output buffer as load. (a) Current waveform from the high-speed
output buffer at load (I1,). (b) Corresponding voltage waveforms at the on-chip
linear VRM output (VyrM_cHip) and the gate of pass transistor (Vpass).

Vpags is increased due to the negative feedback loop. It turns ON
the pass transistor, resulting in an increased Vyry_ cuip level
by charging Cygr; this period is fy < t < t;. Even though I,
becomes zero from time #1, the negative feedback loop keeps
increasing Vyrwm_curp to its default level; this period is #; < ¢
< t3. When Vyrm_cmrp reaches its default level at time 72, the
pass transistor current starts decreasing. A noticeable point is
that the non-zero current from the pass transistor keeps increas-
ing Vyrwm_curp until the pass transistor is turned OFF. When
the pass transistor is turned OFF, the feedback loop is broken.
After that Vyrm curp steadily decreases depending on the RC
time constant at the load stage. Because the RC time constant
is usually much longer than the time interval of the I}, pulses,
VvrM_curp looks similar to the constant in this period. Vpass
decreases for a while because the feedback voltage is higher than
VrEr; this period is o < t < t3. When a new [, pulse occurs
at time 3, Vyrw_curp 1S rapidly decreased by the discharged
Cyvrm. If the decreased Vyygrm curp becomes lower than the
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Fig. 4.

default level, Vpagg starts increasing. Then, the fluctuations of
the Vyyrm_cnrp and the Vpags waveforms between time #y and
time 73 are repeated in the same manner.

Fig. 3 shows transient responses of the typical on-chip linear
VRM circuit with a high-speed output buffer as load. When I,
from the high-speed output buffer flows, as shown in Fig. 3(a),
the fluctuations of Vpagg and Vyyrm_cnrp, which are shown in
Fig. 3(b), are different from those of the low-speed output buffer
case. The fluctuated waveforms between time 7y’ and t;  are
similar to those of the low-speed output buffer case between time
tp and t;. During this period, the rapidly reduced Vyrm cuip
by the I, pulse increases Vpagg and the pass transistor current.
It is noteworthy that the pass transistor with a high-speed output
buffer is always turned ON, whereas the pass transistor with a
low-speed buffer is frequently turned OFF. In the case of the high-
speed output buffer, the period between the I, pulse (fp’—2’) is
very short. Because anew I, pulse reduces the Vyyrm_crrp level
before the pass transistor is turned OFF, Vpagg always maintains
a high level. Because this paper assumes that there is no Vpp
noise, which means no operations in the linear mode, the pass
transistor always turns ON and operates in saturation mode. As
a result, it is reasonable to assume that the pass transistor of the
on-chip linear VRM always operates in saturation mode under
the high-speed output buffer operation at load.

III. PROPOSED ANALYTICAL MODELS OF ON-CHIP POWER
NOISES INDUCED BY THE ON-CHIP LINEAR VRM

A. Proposed Analytical Models of On-Chip Power Noises
Induced by the On-Chip Linear VRM

Fig. 4 shows the calculation procedure of the proposed on-
chip power noise model induced by the on-chip linear VRM
with a high-speed output buffer. The proposed model requires a
schematic of the on-chip linear VRM circuit, I-V curves of the
MOSFETs in the on-chip linear VRM circuit, and a model of the
high-speed aggressor output buffer.

Fig. 5 shows the schematic of the target on-chip linear
VRM circuit for modeling. It is a typical on-chip LDO voltage
regulator, which consists of a simple error amplifier, a pass

Calculation procedure of the proposed on-chip power noise model induced by the on-chip linear VRM with high-speed output buffer.
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Fig. 5. Schematic of target on-chip linear VRM circuit for modeling, which
is the typical LDO voltage regulator circuit.

transistor, two feedback resistors, and an on-chip decoupling
capacitor at load. From the schematic of the on-chip linear
VRM circuit shown in Fig. 5, circuit design parameters, such
as the on-chip linear VRM input voltage (Vpp), reference
voltage of error amplifier (Vrpr), bias current of error am-
plifier (Ig1as), gate capacitances of pass transistor (Cpags =
Cas_pass + Cap_pass + Cap_pass), source-to-body  ca-
pacitance of pass transistor (Csp pass), feedback resistances
(RF1, Rp2), and on-chip decoupling capacitance (Cyrwm), are
extracted for on-chip power noise (Vyrm_caip) calculation.

The high-speed output buffer is located at the output stage
of the on-chip linear VRM circuit, as indicated in Fig. 5. The
operating high-speed output buffer generates a current waveform
atload (I7,), which induces the Vyrym_curp fluctuation. For the
VvrM_curp calculation, I, needs to be extracted from transient
simulation by using the aggressor output buffer model at load. To
reduce the simulation time and complexity, the proposed model
employs the ideal power and ground for the high-speed output
buffer simulation.

To calculate Vyrm_cmip, closed-form equations are derived.
The proposed analytical model employs piecewise linear (PWL)
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Fig. 6. PWL-approximated NMOS /-V curve. The /-V curve is simply mod-
eled by a linear equation as long as the high-speed buffer operates at load. The
PWL-approximated PMOS /-V curve is modeled in the same way.

approximated MOSFET [-V curves to derive closed-form equa-
tions. A red line in Fig. 6 shows the concept of the PWL-
approximated NMOS /-V curve at a specific bias condition (Vi g
of 1.5V and Vpg of 2.5 V). Because MOSFETS mostly operate in
saturation mode as long as the high-speed buffer operates at load
and there is no Vpp noise, the non-linear /-V curve is simply
modeled by the following linear equation:

Ip = Ipo+ gmVaes + AVps (2)
where
Ipo = (G — gm) Vas_Bias — AVDs_Bias (2a)
Ip
Gm = — (2b)
Vas
ol
Gm = avss (2¢)
olp
A= 2d
Vs (2d)
Vas = Vas Bias + AVas (2e)
Vbs = Vps_pias + AVps. (2f)

The coefficients G,,,, g, and A refer to large-signal trans-
conductance, small-signal trans-conductance, and the channel-
length modulation factors, as shown in (2b), (2¢), and (2d),
respectively [23], [24]. If the amounts of voltage fluctuations at
each MOSFET node are sufficiently small, dc biases of each node
can be defined. Under this condition, Vg and Vg are defined
as (2e) and (2f), respectively. Vgs Bras and Vpg piag are dc
bias voltages of Vizs and Vp g, respectively. I pg in (2a) indicates
an offset drain current of an NMOS. The non-linear -V curve
of PMOS is also modeled in the same manner. The proposed
analytical model requires the NMOS coefficients of the error
amplifier (G,,N, gmnN, An, and Ipgn), PMOS coefficients of
the error amplifier (G, p, gmp,and Ap, Ipgp), and coefficients
of the pass transistor (G, pass, gmPASS, Apass, and Ipgpass)-

Following equations indicate the linearized equations of the
drain currents of each MOSFET (/1, I2, I, I4, and Ipags in Fig. 5)

based on the PWL-approximated MOSFET /-V curves:

I (t) = IpoN + gmn X (VREF (t) = Vs (t))
+ An x (Ve (t) = Vs (1)) 3)
) —

Iy (t) = Ipon +9mN><(VFB( Vs (1))

+ An % (Vpass (t) — Vs () “)
I3(t) = Ipop + gmp < (Vo (t) — Vpp (1))

+ ap x (Vo (t) — Vpp (1)) (5)
Iy (t) = Ipop + gmp x (VG (t) = Vpp (1))

+ Ap x (Vpass (t) — Voo (1)) (6)

Ipass (t) = Ipopass + gmpass X (Veass (£)
— Vorm_cnrp (t) ) + Apass X (Voo (t)
— Vurm_cnrp () ). (7

From the schematic shown in Fig. 5, we can build additional
equations of currents at the other branches and feedback voltage
(Ve p) node as

dV; t) — dVj t
1)~ Do (1) + Cgp_pass 2220 — Veass (0
_c dVpass (t) — dVyrm_carp (t)
= Cas_pass i
A% t
+ CGBfPASS%S() (8)
dVj t) — dVA t
L1 (1) = Iass (1) + Cars pass pass (1) dtVRM_CHIP( )
L dVwrm_cnre () Vwrwm_carp (1)
'SB_PASS o Rr1t Rro
d VA t
+ Cuna VRMEZCHIP< ) ©)
t
I (t) = I3 (1) (10)
Ipias (t) = I (t) + 12 (t) (11
Rpra
V t) = ——— A t). 12
7B (t) Rrit Rrs vRM_cap (t) (12)

The currents at pass transistor gate and VRM output are mod-
eled by (8) and (9), respectively. The size of the pass transistor
is usually much larger than the MOSFETs in the error amplifier.
This means that the impact of the parasitic capacitances on the
error amplifier is negligible. Because the gate currents of the
PMOSs in the error amplifier should be almost zero, /; is almost
the same as I3; it is modeled by (10). Equation (11) indicates
the relationship between I3, I5, and Ig1as. Vg is obtained from
voltage dividing at feedback resistors: it is modeled by (12). Be-
cause there are ten unknown (I, I, I3, 14, Ipass, Va, Vs, Vpass,
Vep, and Vyrm_curp) and 10 known equations, a closed-form
equation of Vyry_ curp can be derived.

From (3)—(12), a second-order differential equation for
VvrM_curp 1s obtained as (13). This second-order differential
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equation has five solutions:

d*Vyrm_cnrp (t) dVyrm_cure (t)
dt? dt

= yvrRM_cHIp_pc + yvem curp 1z (t)

+my + maVyrm_carp (t)

+ yvrm_cHIp_v DD () + yvrM_cHIP_VREF (1) (13)

1
YVRM_CHIP_DC =
Cpa

: [gmNngASSVREFO + (AN +2p)

(AN + 2p) (Intas — 2Ipop)
(29mp + An +21p)

(gmpass + Apass) Vbpo —

gmpass + (An +Ap) IDOPASS} (13a)
dly, (t
YVRM_CHIP_I[L = m3% +myly, (t) (13b)
—m d2VDDN (t) dVppN (t)
YVRM_CHIP_VDD 5 a2 6 a
+ m7Vppn (t) (13¢)
dVj t
YVRM_CHIP_VREF = Mg REdiFtN() +moVrern (1) (13d)

Vvrm_curp (t) = Verm_care_pe + Vwrm_care_rr (t)

+ Wrwm_cure_vop (t) + Vrm_caie_vrer (t)
(14)

The terms YVRM_CHIP_DC>» yvrm_cHip_1L (1),
yvrm_cuip_vpp(t), and  yyrm cure_vrer(t) indicate
the dc level of Vyrm cuip, load current (I;) impact, off-
chip power (Vpp) impact, and reference voltage (Vrgr)
impact, respectively. Each noise source independently affects
VvrM_curp- The coefficients p, g, and s can be replaced by
G, gm, and X, respectively, because the MOSFETs in the
on-chip linear VRM mostly operate in saturation mode as long
as the high-speed buffer operates at load. Detailed equations
for coefficients m; to mg are listed in the Appendix. Vrero
and Vppg are dc components of Vrgr and Vpp, respectively.
Vrern and Vppy are ac components of Vrgr and Vpp,
respectively. The homogeneous solution of (13) only affects
the early transition state due to the exponential terms, which
means that it is eliminated in steady state. If we focus on the
noise in steady state, particular solutions for each noise term
in (13) correspond to the analytical models of the on-chip
linear VRM output noises induced by each noise source.
Then, an analytical model of Vyrnm cmip is derived as (14).
VvrM_cup_pc, Vwrm_cnarp_rz(t), Vwrm_cHip_vpp (), and
VwrM_crrp_vrer(t) indicate the default dc level of the VRM
output, VRM output noise waveform induced by the load cur-
rent, VRM output noise waveform induced by off-chip power
noise, and VRM output noise induced by reference voltage
noise, respectively. Equations (15)—(18) shown at bottom of
this page, are the detailed equations for (14).

(AN +2p)

R R
VWRM_cHIP_DC = <1 + F2> VREF 0 + <1 + F2>
Rry R

Igias — 2Ipop

9ImN gmPASS

l (gmpass + Aprass) Vbpo + Ipopass

— m 15
2gmp + 2hp + Ay TPASS (1>
(mswn)?+may2
VVRM_CHIP_IL (t) :Z ZL(n) X COS (wnt+4pn+atan2 (mg—wi, mlwn) —atan2 (’ITL47 mgwn)) s
8 \/(mlwn)2+(m2—wn2)2
where I, (t) = Z i1,(n)COS (Wnt + ©n) (16)
(mewn)® + (mswn 2 — mz)?
Vrm_cHP_vDD (1) = Z UDD(n) X Cos (wnt + ¢, + atan2 (mz — wy?, mlwn)
2 o) + (ms - w,2)?
+ atan?2 (msan —mr, mgwn) ),
where Vppy (t) = Z VDD (n)COS (Wnt + ©n) (17)
(mswn)? + mg?
VARM_CHIP_VREF (1) = Z UREF(n) X cos(m + wnt + ¢y, + atan2 (mo — w,, Mywy, )
! \/(mlwn)2 + (ma = w,2)’
+ atan2 (mg, mswy,) ) where,
Veern (1) = Z VREF(n)COS (Wnt + ©n) . (18)

n
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TABLE I
SIMULATION AND DESIGN PARAMETERS OF THE ON-CHIP LINEAR VRM

Symbol Value Symbol Value
Ipov -0.0092 A Rr; 1kQ
gmv 0.0078 S Rp> 54kQ

/1,\' 85 HA/V VDDO 33V
Ipor -0.0025 A Vrero 1.0V
8gnp -0.0042 S Ipus 0.9 mA

A-P -40 },lAN Cl RM 300 pF

Symbol Value Symbol Value

Ipopass -0.0326 A Cas pass 2.85 pF

8mpiss 0.0432 S Cap pass 1.5 pF
Apass 717 pA/vV Cap pass 3 pF

Csp pass 6.2 pF

B. Simulation-Based Validation of the Proposed Analytical
Models

To validate the proposed analytical model, an on-chip linear
VRM circuit shown in Fig. 5 was designed with 110-nm CMOS
technology. To demonstrate the accuracy of the proposed model,
the VRM circuit and the output buffer were designed to have
large on-chip power noises. The simulation and design param-
eters of the on-chip linear VRM circuit are given in Table I.
Coefficients of the PWL-approximated /-V curves are extracted
from SPICE-based ac simulation. The VRM input voltage and
reference voltage are 3.3 and 1.0 V, respectively. The default dc
level of the on-chip linear VRM output is 1.2 V. The amount of
on-chip decoupling capacitance at load (Cygry) is 300 pF. To
generate a load current from the aggressor high-speed output
buffer (1},), aclock signal is employed as the aggressor buffer in-
put sequences. The speed of the clock signal is 400 MHz. Under
high-speed output buffer operation, a single-tone off-chip power
(Vpbp) noise and a single-tone reference voltage (Vrgr) noise
are additionally added in simulation. The peak-to-peak amounts
of Vpp noise and Vrgr noise are 100 and 4 mV, respectively.
The frequencies of Vpp noise and Vygr noise are the same at
50 MHz.

Fig. 7 shows the simulated Vyygry_cnrp using the SPICE sim-
ulation and the proposed analytical model. The black and red
curves indicate the on-chip power noise waveforms obtained
from the SPICE simulations and proposed model, respectively.
The blue curve shows the load current waveform. The arrows
in each plot point represent the axes for each curve. Fig. 7(a)
shows the simulated Vygy cmip induced by a load current.
The simulated on-chip power noise waveform using the pro-
posed analytical model shows good correlation with the SPICE
simulation result. The trend of Vyyrym_ crrp induced by the load
current is almost the same as the waveform shown in Fig. 3(b).
The Vyry_curp level is mostly smaller than its default value of
1.2 V because the load current generated by the high-speed out-
put buffer constantly reduces the Vyyrm cuip level. Thus, the
pass transistor is mostly turned ON and operates in saturation
mode. Fig. 7(b) and (c) shows the simulated Vyry chip in-
duced by a load current, as well as a single-tone off-chip power
noise and a single-tone Vygr noise, respectively. The overall
trend of the simulated Vyrm curp by utilizing the proposed
model shows good correlation to the SPICE simulation results.

—— SPICE simulation ~—— Proposed model
1.202 140
1.20 -
1.198 100
=
& 1196 o~
5 60 g
§ 1.194 a
\'-‘ 2
1.192 20
1.19
[ Noise : Load current (400 MHz) ]
1.188 + . . -20
0 2 4 6 8 10
Time (ns)
(a)
1.22 T T T T T 34
[ Noise : Load current + Vpp, noise]
333
= o
S 3.3 :o‘
s <
325 ~
32
Time (ns)
(b)
2 ; - . : :
s [ Noise : Load current + Vggr noise] L
1.002
-z o
8, g
S 0 3
3 Z
N o
" =
0.998 =
" Veer Doise
1.18 0.996

10 20 30 40 50 60
Time (ns)

(©)

Fig. 7. Simulated on-chip power noises induced by the on-chip linear VRM
(VvrMm_cHrp) using SPICE simulation and the proposed analytical models.
Noise sources for each case are (a) load current only, (b) load current and off-
chip power (Vpp) noise, and (c) load current and reference voltage (VREF)
noise.

However, the exact waveform is slightly different, especially in
the case of off-chip power noise, because a considerable portion
of the induced on-chip power noise waveform is higher than
1.2 V. The VRM output voltage level higher than 1.2 V means
that the pass transistor approaches cut-off mode. Even though
the high-speed output buffer operates at load, we cannot guar-
antee the saturation mode operation of the pass transistor under
sufficiently large external noises. As the amounts of the off-chip
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power and reference voltage noises increase, the pass transistor
can be turned OFF for a longer period of time, resulting in the
larger discrepancy of the proposed analytical models. From (8)
and (14), the gate voltage of the pass transistor (Vpagg) fluc-
tuated by external noises can be calculated. To guarantee the
saturation mode operation of the pass transistor, Vpass— Vour
should be larger than the threshold voltage of the pass transistor.

Even though 400 MHz in this validation section is not a high
speed as per today’s standards, this paper utilizes this buffer
speed to clearly demonstrate the accuracy of the proposed model
because the amount of power noise is decreased as the speed
goes up. The details regarding this characteristic are explained
in Section IV.

IV. ANALYSIS OF ON-CHIP POWER NOISE INDUCED BY AN
ON-CHIP LINEAR VRM WITH A HIGH-SPEED OUTPUT BUFFER

In this section, on-chip power noise induced by an on-chip
linear VRM is simulated and analyzed based on the proposed
analytical models. The analysis focuses on load current (I7,)
and external noise impacts on the on-chip power noise induced
by the on-chip linear VRM. The off-chip power (Vpp) and
reference voltage of the on-chip linear VRM (Vrgr) are selected
as the external noise sources. In addition, design guidance to
reduce on-chip power noise induced by the on-chip linear VRM
is discussed.

A. Load Current Impact on the On-Chip Power Noise Induced
by the On-Chip Linear VRM

The proposed model (16) indicates on-chip power noise
at the VRM output induced by the load current. Because
VArM_curp_rr and I, correspond to the voltage and current at
the on-chip linear VRM output node, respectively, the ratio be-
tween them becomes self-impedance (Z;1) at the on-chip linear
VRM output. From (16), the magnitude and phase expressions
of Z, at the on-chip linear VRM output are derived as

(mgw)2 + My

mag [Z11 (w)] = (19)
) + (my — w22
phase [Z1; (w)] = atan2 (m2 — w?, myw)
— atan2 (my, msw) . (20)

Simulated Z;; values at the on-chip linear VRM output using
the SPICE simulation and (19) and (20) are shown in Fig. 8. The
simulated magnitude and phase of Z; 1 using the proposed model
show very good correlation to the SPICE simulation results.
While the resonant peak of 29 (2 is overpredicted by the pro-
posed model (predicted value = 36 (2), the resonant frequency
of 56 MHz is precisely predicted within 1.5 MHz.

At the very low frequency range near dc, the w term is almost
negligible. Then, (19) is simplified to a ratio between m4 and
mo, which is an equation for the dc characteristic of Z;; at the
on-chip linear VRM output (Zpc). From (A2) and (A4), the
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Fig. 8. Simulated self-impedances (Z;1) at the on-chip linear VRM output
using the SPICE simulation and the proposed models in (19) and (20). (a) Z11
magnitudes. (b) Z11 phases. The magnitude curve is determined by Zpc, CTtoT,
and Lpags, which are calculated by (21), (23), and (24), respectively.

corresponding equation is derived as

<1 4 Br 1) .
Rpo
Z1; at the on-chip linear VRM output should be minimized
to reduce the on-chip power noise. To reduce Z;; from dc to
the low-frequency range, Zpc should be minimized. A simple
way to reduce Zpc is to enlarge the pass transistor size, which
increases the trans-conductance of pass transistor (g,,pass)-
The denominator of (19) can be simplified to (m—w?) be-
cause (mjw) is usually much smaller than (ms—w?). When ms
equals w?, Z;; becomes maximized, which means a resonant
peak appears. From (A2), the equation of the resonant frequency
of Z1; at the on-chip linear VRM output (freqresonant) (22) is
derived as

AN +Ap
ImNYmPASS

Zpc = ey

1
f esonant — L o0—m———— 22
redn * " 21y/CrorLpass (22)
Crot = Cvrm + Cas_pass + CsB pass (23)
C R
Lnss ~ PASS (1 L Fl) . 24)
ImN JmPASS Rpa
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freqRresonant Should be far from the peak frequency of the ag-
gressor current spectrum to reduce the on-chip power noise.
freqresonant 1S determined by the total capacitances at load
(CtoT) and active inductance of the pass transistor (Lpass).
Even though Lpagg is simply adjusted by changing the pass
transistor size, it is hard to freely change because the allowable
load current is determined by pass transistor size. Thus, adjust-
ment of Cpor is an easier way to control freqresonant than
Lpass. In general, Cs pass and C'sp pass are much smaller
than Cyr, which means that Cror almost equals Cyrai. Un-
der the given aggressor current spectrum, the Z;; resonant fre-
quency can avoid the peak current frequency by simply adjusting
the amount of Cyr.

B. Off-Chip Power Noise Impact on On-Chip Power Noise
Induced by the On-Chip Linear VRM

The proposed model (17) indicates the on-chip VRM output
noise induced by off-chip power noise. In the same manner as
the Z;; model derivation, an analytical model of the voltage
noise transfer function from the off-chip PDN to on-chip linear
VRM output (HyrMm_curp_vpp) is derived as (25) and (26).
To consider peak-to-peak noise, the magnitude expression is
increased by a factor of 2

Vmew)? + (msw? — m7)?

) + (ma — 2

| Hvry_cHIP_vDD (W)| = 2 %

(25)
mo — w2
ZHvgrwm_cuip_vpp (w) = atan | ———
miw
2 _
| atan (M) e
mew

Simulated magnitude and phase of Hygrwm curp_vpp using
(25) and (26) are shown in Fig. 9. Hy gy _curp_vpp can be di-
vided into three regions: the low-frequency region below several
tens of MHz, mid-frequency region from several tens of MHz to
several hundred MHz, and high-frequency region over several
hundred MHz. Fig. 9 indicates which expressions determine the
noise transfer function curves at each frequency region.

HyrMm_curp_vpp at the low-frequency region is frequency
independent. It is a function of Ay, Ap, gmn, Rr1, and Rpo.
Even though the reduced (Rp1/Rp2) term decreases the mag-
nitude of the noise transfer function, the (Rp1/Rp2) term is
difficult to adjust because it directly determines the dc level of
the VRM output. An, Ap, and g,y are MOSFET parameters of
the error amplifier. When we choose MOSFETs with small A ;v and
Ap and large g, for error amplifier design, Hvyry_cHIP_ VDD
at the low-frequency region can be reduced.

From the mid-frequency region over several tens of MHz,
impacts of parasitic capacitances arise. Off-chip power noise
that passes through Cgp pass fluctuates the voltage at the
pass transistor gate, resulting in on-chip linear VRM output
fluctuation. Because Hygrm cuip vpp has an inductance
characteristic at several tens of MHz, as shown in Fig. 9, its
magnitude increases as the frequency goes up. As the frequency
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Fig. 9. Simulated voltage noise transfer function from off-chip PDN to on-
chip linear VRM output (Hyrm_cHiP_vDD). (a) Magnitude. (b) Phase. The
expressions that determine Hvgry cHip vbDD at each frequency region are
indicated.

goes up more, impacts of capacitances, including Cygrw,
become dominant, resulting in a resonance of the noise transfer
function. A noticeable point is that the resonant frequency of
HyrMm_cuip_vpp equals that of Z;; at the VRM output. Be-
cause the denominator expressions of (19) and (25) are the same,
their resonant frequencies, where the denominator equals zero,
also become identical. The same resonant frequencies of Z;; at
the VRM output and Hygy curp_vpp enable efficient VRM
output noise control. Under the given spectrums of the high-
speed load current and off-chip power noise, peak frequencies
of the spectrums can be extracted. Then, the VRM output noises
induced by the load current and off-chip power noise can be
minimized at the same time by avoiding the resonant frequency
from the extracted peak frequencies of those spectrums.

Most high-frequency noise transfers through parasitic capac-
itances due to their low impedances at the high-frequency re-
gion. Thus, HyrMm_curp_vpp at high frequency over several
GHz converges to a specific level determined by a ratio between
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— Analytical model (Design 1, 47, =100 mV)
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Fig.10.  Simulated peak-to-peak VRM output noise induced by off-chip power
(Vpp) noise. To verify the proposed analytical model, the noises are estimated
by using the SPICE model and (25). Two different VRM designs and different
amounts of off-chip power noises (AVpp) are employed for verification.

parasitic capacitances of the pass transistor and Cygry. To re-
duce Hyrm_cuip_vpp at the high-frequency region, we need to
adjust the amounts of the capacitances. If Cpaggs is changed by
adjusting the pass transistor size, Cgs pass and Cgp pass are
also changed in the identical ratio. An effective way to reduce
HyrMm_curp_vpp at high frequency is to increase Cyru.

The phase of Hyrm_cuip_vpp has an increasing trend be-
low the resonant frequency due to the inductive characteristic,
similar to Z;; shown in Fig. 8(b). Because mgw is still much
larger than (msw?—m<) at the resonant frequency, the phase of
HyrMm_cuip_vpp is almost zero near the resonant frequency. As
the frequency approaches the high-frequency range, the phase
approaches zero because two atan() terms approach —m and 7,
respectively, and they are cancelled out.

To validate the proposed analytical model of
HyrMm_curp_vpp, peak-to-peak amounts of VRM output
noises with different noise frequencies are simulated based on
the SPICE model. An aggressor buffer at load operates with
a 400-MHz clock signal to see the off-chip noise (AVpp)
impact under high-speed output buffer operation. The VRM
output noise induced by off-chip power noise is extracted by
subtracting the VRM output noise only induced by the load
current from the total VRM output noise. Fig. 10 shows the
estimated peak-to-peak VRM output noises induced by off-chip
power noise using SPICE simulation and (25). Two different
VRM designs and different amounts of off-chip power noises
are employed for verification. The estimated noises using the
proposed analytical model show good correlation with those
using the SPICE simulation. The proposed analytical model
precisely estimates the noise transfer function from the off-chip
PDN to the on-chip VRM output as long as the off-chip power
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Fig. 11. Simulated HyrM_cHip_vpD With different VRM design param-

eters. On-chip decoupling capacitance at (a) load (Cygry) variations and
(b) pass transistor size variations. M is the multiplication factor that determines
the pass transistor size.

noise is sufficiently small to guarantee the pass transistor opera-
tion in saturation mode. If the amount of off-chip power noise is
considerably large, the proposed model may estimate inaccurate
VRM output noise due to the pass transistor operation in cut-off
mode.

Fig. 11(a) and (b) shows simulated Hygy caip vpp With
different Cyvry and pass transistor sizes, respectively. M refers
to the multiplication factor of a MOSFET that determines the
pass transistor size. Hyrwm_curp_vpp at the low-frequency re-
gion is independent of Cygrn, as analyzed in Fig. 9. Thus,
HyrMm cuaip vpp at region [A-1] is constant regardless of
Cvru, as shown in Fig. 11(a). There is a resonance at the mid-
frequency region [B-1]. Because the resonant frequency is in-
versely proportional to CtoT, as shown in (22), larger Cyrm
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leads to reduced resonant frequency. At the high-frequency
region [C-1], the magnitude of Hvrwm cuip vpbp drops as
Cvyrw increases. As analyzed in Fig. 9, the magnitude of
HvyrMm_cuip_vpp is inversely proportional to Ctor at high
frequency. The larger Cyrn leads to larger Cror, resulting
in smaller HVRM_CHIP_VDD~

Similar to the Cyrm case, Hyrwm cuip vpp at low fre-
quency is also independent of the pass transistor design. Thus,
HvyrMm_cuip_vpp at region [A-2] is constant regardless of the
pass transistor size, as shown in Fig. 11(b). In the case of the res-
onant frequency at region [B-2], Ccs pass, Csp prass, Crass,
and ¢,,pass, which are terms dependent upon the pass tran-
sistor size, determine the resonant frequency, as indicated in
(23) and (24). Because Cyry is much larger than C'gs pass
and C'sp pass, in general, Cror in (23) is almost indepen-
dent of the pass transistor size. The amount of Cpagg is pro-
portional to the pass transistor size, whereas g,,pass is affected
by not only the pass transistor size but also by the bias volt-
ages. Thus, when the pass transistor size increases under fixed
load current, the increment of g,,pass is smaller than that of
Cpass. As aresult, the resonant frequency decreases as the pass
transistor size enlarges. The amount of change is small com-
pared to the Cygry case. At the high-frequency region [C-2],
the magnitude of Hygrwy _cHip_vpp rises as the pass transis-
tor size increases. CtoT is almost constant regardless of the
pass transistor size, whereas Cas pass, Csp pass, Cpass, and
gmPAsSS Tise as the pass transistor size increases. It results in the
higher Hyrwm cuip_vpp at high frequency by the larger pass
transistor size. Because the sensitivity of Cgg pags is larger
than that of g,,pass under a given pass transistor size variation,
HvrMm_cuip_vpp becomes sensitive more to the pass transistor
size as the frequency increases over 1 GHz.

C. Reference Voltage Noise Impact on the On-Chip Power
Noise Induced by the On-Chip Linear VRM

The proposed model (18) indicates on-chip VRM output noise
induced by reference voltage noise. In the same manner as the
Z11 model derivation procedure, an analytical model of the volt-
age noise transfer function from the reference voltage node to
the on-chip linear VRM output (HyrM_cuaip vrer) 1S derived
as (27) and (28). To consider peak-to-peak noise, the magnitude
expression is increased by a factor of 2

(mgw)2 + mg?

|HvrM_cHIP_VREF (W) = 2 X
\/(mlw)2 + (mg — w?)?
(27)

2
me — W
ZHvyrM_cuip vrer (w) = 7+ atan ()
miw

mg
+ atan ( > .
mgw

Fig. 12 shows the simulated magnitude and phase of
Hvrum caip_vrer using (27) and (28). The precise expressions
before and after the resonant frequency are indicated at the top as

(28)
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Fig. 12.  Simulated voltage noise transfer function from the reference voltage
node to the on-chip linear VRM output (HygrM_cHIP_VREF)- (2) Magnitude.
(b) Phase. The precise expressions before and after the resonant frequency (Hr, ¢
and H gy ) are indicated at the top. The simplified expressions that determine
HvyrM CcHIP VREF at each frequency region are indicated inside the graph.

Hpr and Hyr, respectively. In general, the amount of g,,,pass
is much larger than wC¢s pags at the frequency range below
1 GHz. The region in which this condition is valid can be divided
into low-, mid-, and high-frequency regions. The simplified ex-
pressions that determine Hyry curp vRer at each frequency
region are shown in Fig. 12.

At the low-frequency region of several MHz,
Hvrwm caip vrer 1s constant. In this frequency range,
HVRM?CHIP?VREF is only determined by (RFl/RFQ). Be-
cause the reference voltage fluctuation by low-frequency noise
is almost equivalent to the dc level variation of Vygp, the
expression at low frequency equals the ratio between Vygp
and Vygrm curp in (1). It is noteworthy that the reference
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voltage noise at low frequency induces a significant amount of
VRM output noise. The (Rr1/Rp2) term is hard to adjust for
a stable dc level of the VRM output. Even though this ratio is
minimized, Hy gy cnrp_vrEer 1S always larger than 1, which
means the low-frequency reference voltage noise transferred to
the VRM output is always amplified.

At the mid-frequency range from several tens of MHz to sev-
eral hundred MHz, impacts of parasitic capacitances rise. As
the frequency goes up, the dominant impact of the parasitic ca-
pacitances and Cygry make a resonant frequency. Because the
denominator expression of (27) is the same to that of (19), the
resonant frequency of Hyrm cuip virer equals that of Z;; at
the VRM output. In the same manner as the off-chip power noise
reduction, the VRM output noise induced by the reference volt-
age noise can be minimized when the spectrum of the reference
voltage noise is given. The VRM output noise induced by the
reference voltage noise is minimized by avoiding the resonant
frequency of Hyry curp_vrer from the peak frequency of the
reference voltage noise spectrum.

At the high-frequency range over several hundred MHz,
noises mostly transfer through parasitic capacitances because
of their low impedances. A reference voltage noise fluctuates a
voltage at the pass transistor gate. g,,pass mostly determines
the transferred gate noise to the VRM output up to several hun-
dred MHz, whereas the gate noise at high frequency over sev-
eral GHz mostly transfers through Cgs pags. To reduce the
VRM output noise induced by reference voltage noise, g,,n
or Cggs pass need to be reduced. However, g,,n is usually
hard to change because it relates to the error amplifier gain.
Ccs_pass reduction is also not effective because the smaller
Ccs_pass also decreases Cpagg at the same time. An effec-
tive way to reduce Hygrwm cuip VREF 1S to increase Cygru.-
As the reference voltage noise frequency increases, the VRM
output noise induced by the reference voltage noise becomes
negligible because Hyrwm cHip vREF inverse-proportionally
decreases.

The phase of Hyrm curp vRer i almost zero at the low-
frequency range because mg is much larger than mgw, which
means that ¢,,pass is much larger than wCgs pass. Even
though the frequency reaches the resonant frequency, the large
gmpAss and myg term still provide the phase of 7/2. As the fre-
quency goes up, the atan((m,—w?)/m ;w) term changes from zero
to —7/2. Alternately, the atan(mg/mgw) term changes from /2
to zero. As a result, the phase of HyrM _cHip vREF converges
to /2 at high frequency behind several GHz.

To validate the proposed analytical model based on SPICE
simulation, the peak-to-peak amounts of the VRM output noise
are simulated with different reference voltage noise frequencies.
An aggressor buffer at load operates with a 400-MHz clock in-
put signal to generate high-speed load current. The VRM output
noise induced by the reference voltage noise is estimated by sub-
tracting the VRM output noise only induced by the load current
from the total VRM output noise. Fig. 13 shows the estimated
VRM output noise induced by the reference voltage noise using
the SPICE model and (27). Even though the VRM design and
amount of reference voltage noise are changed, the proposed
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Fig. 13.  Simulated peak-to-peak VRM output noise induced by VRgF noise.
To verify the analytical model, the noises are estimated by using the SPICE model
and the proposed model. Two different VRM designs and different amounts of
reference voltage noises (AVRrEgr) are employed for verification.

analytical model shows good correlation with the SPICE simu-
lation result. The proposed model accurately estimates the VRM
output noise induced by the reference voltage noise as long as
the amount of reference voltage noise is sufficiently small to
guarantee pass transistor operation in saturation mode.

Fig. 14(a) and (b) shows the simulated Hy gy _cHIP_VREF
based on the proposed model with different Cyry and pass
transistor sizes, respectively. In the case of Cygry variation,
the trend is the same as in the off-chip power noise case. As
shown in Fig. 12, HyrMm_cuip_vrer at low frequency is inde-
pendent of Cyry and only dependent on the feedback resistors.
Thus, Hyrm_cuip vREF at region [A-3] is constant regardless
of the Cyr variation. Because the resonant frequency at region
[B-3] is inversely proportional to CroT, as indicated in (22), the
increased Cyrym reduces the resonant frequency. At the high-
frequency region [C-3], HyrM _cHIP_VREF inverse proportion-
ally decreases as Cygr increases.

In the case of pass transistor size variation,
Hvrwm _cuip_vier at region [A-4] is constant regardless of the
pass transistor size because it is only determined by feedback
resistors. Because the resonant frequency of Hyrmy cHIP_ VREF
at region [B-4] equals that of Z;; at the VRM output, the trend
of the resonant frequency with pass transistor size variation is
the same as that of the off-chip power noise case. While Ctor
is almost independent of the pass transistor size, the larger pass
transistor size slightly increases Lpass, resulting in the reduced
resonant frequency. Hyrm cuip vREer at the high-frequency
region [C-4] decreases as the pass transistor size increases. This
trend is opposite to that of the off-chip power noise case. While
Cpass is proportional to the pass transistor size, the change

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on January 25,2021 at 01:41:42 UTC from IEEE Xplore. Restrictions apply.



KIM et al.: MODELING AND ANALY SIS OF ON-CHIP POWER NOISE INDUCED BY AN ON-CHIP LINEAR VRM 891

— Cpry=01nF — Cypyy=03nF — Cypy=0.91F
Cypy 1 Cypy 1
> freqresonant | > Hlmt_cg& vREF |
10° e
)
5
z
5 100}
BN
I
[A-3] [B-3] [C-3]
104 1 : s
10° 10! 102 103 104
Frequency (MHz)
(a)
— M=200 — M=300 — M=400
Pass TR size 1 Pass TR size 1
> freqresonane | 2> H, VRM_CHIP VREF !
102 - -
£
& i
= :
5 100 E
BN
S
§ 10-2 b -
T
[A-4]  {[B-4] [C-4]
104 — . .
100 10! 102 103 104
Frequency (MHz)
(b)
Fig. 14.  Simulated Hyrwm cHip vrRer With different VRM design pa-

rameters. On-chip decoupling capacitance at (a) load (Cygrn) variations and
(b) pass transistor size variations. M is the multiplication factor that determines
the pass transistor size.

ratio of g,,pass by pass transistor size variation is smaller
than that of Cpags. Thus, HyrMm_cuip_vrer decreases as the
pass transistor size increases. Because the impact of Cs pass
becomes dominant rather than g,,,pass as the frequency goes up,
HvyrM_crarp_vrer becomes independent of the pass transistor
sizes as the frequency increases over several GHz.

Fig. 15 shows the comparison result between
HvyrM_CHIP_VDD and HvRM_CHIP_VREF- While
Hvrm caip_vrer only depends upon feedback resistors
at the frequency region [A], Hyrwm cuip_vpp 18 also affected
by (Ax +Ap)/gmn. Because (Ay + Ap) is generally much
lower than g,,, v, the magnitude of Hyrnm curp_vpp is smaller
than Hvgrv_curp_vrEer at the low-frequency region [A]. There-
fore, the reference voltage node needs to be carefully designed
rather than the off-chip PDN to reduce the VRM output noise at

—— Vpp noise —— Vggr noOise
Veer noise Vpp noise
dominant dominant

P

102 F— T T i

100+

102}

Noise transfer function (Mag)

[A] @
10 ; * !
10° 10! 102 103 104
Frequency (MHz)
Fig. 15. Comparison result between Hygrwm cuip vbp  and

HvrMm _curp vREF- The reference voltage (VrRer) noise has dominant
impact at the low-frequency region [A], whereas the off-chip power (Vpp)
noise becomes dominant at the high-frequency region [B].

low frequency. Alternately, the magnitude of Hyrm_cuip vDD
becomes larger than that of Hyrm curp vrer at the high-
frequency region [B]. Hvgrwm curp vrer decreases as the
frequency increases at the high-frequency region [B], whereas
HyrMm_cuip_vpp approaches a specific value determined by
the parasitic capacitance of the pass transistor and Cygru.
However, the magnitude of Hyrm cuip_vpp itself is quite
small at the high-frequency range because Cygry is usually
much larger than the parasitic capacitances of the pass transistor.
If the amount of Cyry is not sufficient, the off-chip PDN needs
to be carefully designed, rather than the reference voltage node,
to reduce the VRM output noise at high frequency. Another
noticeable point is that the resonant frequencies of Z;; at the
VRM output, Hyrm_cuHrp_vbp, and Hyrwm_cHIP_VREF are
almost identical. If the designer adjusts this common resonant
frequency to avoid the peak frequencies of the load current,
off-chip power noise, and reference voltage noise spectrums,
we can minimize not only the internal on-chip VRM output
noise induced by load current but also the VRM output noises
induced by external noises at the same time.

V. CONCLUSION

In this paper, analytical models of the on-chip power noise
induced by an on-chip linear VRM with a high-speed output
buffer were proposed. When the high-speed output buffer oper-
ates at load, the pass transistor of the on-chip linear VRM mostly
operates in saturation mode. Under this condition, closed-form
equations for the on-chip power noises induced by a typical
on-chip LDO regulator were derived based on the PWL approx-
imated MOSFET [-V curve model. The simulated on-chip VRM
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output noise waveforms using the proposed analytical models
show very good correlation with the SPICE simulation results.

Based on the proposed analytical models, on-chip power noise
induced by the on-chip linear VRM was analyzed in the fre-
quency domain. The self-impedance at the VRM output, noise
transfer function of the off-chip PDN to the VRM output, and
noise transfer function of the reference voltage to the VRM out-
put share a common resonant frequency. If the spectrums of the
load current from a high-speed output buffer, off-chip power
voltage noise, and reference voltage noise are given, the on-chip
VRM output noise can be minimized by avoiding the common
resonant frequency from the peak frequencies of the given spec-
trums. An efficient way to control the resonant frequency is to
adjust the on-chip decoupling capacitance at load.

The on-chip VRM output noises induced by off-chip power
noise and reference voltage noise at low frequency below the
resonant frequency were almost independent of the on-chip de-
coupling capacitance at load and the pass transistor size. As the
on-chip decoupling capacitance at load decreased, the on-chip
linear VRM output noises induced by the load current, off-chip
power noise, and reference voltage noise were all reduced at
the frequency range over the resonant frequency. As the pass
transistor size increased, the VRM output noise induced by the
reference voltage noise at the frequency range over the resonant
frequency decreased, whereas that induced by off-chip power
noise increased. At the low-frequency range below several GHz,
the reference voltage dominantly induces the on-chip VRM out-
put noise rather than the off-chip power noise. Alternately, the
off-chip power noise dominantly generates the on-chip VRM
output noise rather than the reference voltage noise at the high-
frequency range over several GHz. Because the magnitude of the
VRM output noise itself at high frequency is small in general,
the reference voltage node needs to be carefully designed. The
analysis results based on the proposed analytical models pro-
vide not only an in-depth physical understanding but also useful
design guidance to minimize the on-chip power noise induced
by an on-chip linear VRM with a high-speed output buffer.

APPENDIX

Equations of the Coefficients (m1—m9) for the Proposed
Analytical Model

1— Cas pass
Cpass

) gmPASS + APASS

1 Cgs passRrigmnN
+ Rp1+Rp2 (1 + )

o Cpass
! Cvrm + Cgs_pass + Csp_pass
AN+ A
4N TP (A1)
Cpass
mo =
9mNImPASS RFl
(Cvem + Cas_pass + Csp_pass) X Cpass Rp1 + Rpa
(A2)
1
m3 = — (A3)

(Cvem + Cas pass + Csp_pass)

—— AN+ Ap (Ad)
* (Cvem + Cas pass + Csp_pass) X Cpass
ms =
Cpass
(Cvrm + Cas_pass + Csp_pass) X Cas passCap_pass
(AS)
Gappass o bags + Apass
me = Cpass (A6)
(Cvrm + Cas_pass + Csp_pass)
m A A A
o (gmpass + Apass) X (An + Ap) (A7)
(CyvrMm + Cas pass + Csp pass) X Cpass
C m
s — GS_PASSImN (A%)
(CyvrMm + Cas pass + Csp pass) X Cpass
Mo = ImPASSImN (A9)

~ (Ovrm + Cas pass + Csp pass) X Cpass’
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