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Objective

e System-Level Power simulation Coverage
* DC simulations, including IR drop;
* Transient response, i.e. transient power noise;
* AC simulations, i.e. PDN impedance;
e System power consumption and efficiency;

* Power/thermal co-simulation



Outline

* Background

* Influence of voltage regulator module (VRM) on the power distribution
network (PDN) design.

* Introduction to current mode buck converter
* Proposed IBIS Model for Current Mode Buck Converter
* Validation
* Conclusion and future work
* Acknowledgement



Time / Frequency Domains Comparison
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* VR model is required to capture the low frequency response during switching.

* The Sl related performances e.g. eye-diagram could not be accurately simulated if
the power line noise is neglected.
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Introduction to Current Mode Buck Convertem

Vin SW Vout
e Current mode buck converter A A
* Current information is used in feedback controller. . h H H .
—— ———_—
Switchi S thi
* Influence of feedback control loop e B
e Steady state output variance under different input I\ﬂn _
. oy . L
and loading conditions; - — Vout
* \oltage droop and recovery time. ate %WE?H
_IT R T
Current
 Method of control 1= foedback | =
* PWM (Pulse width modulation) control; Dutly i
CycCle
* PFM (Pulse frequency modulation) control. : —— Ramp 7
CMP \_ Ve \
R _l
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Outline

* Proposed IBIS Model for Current Mode Buck Converter
* Modeling Method
 Summary of key parameters and equations in proposed model
* Discussion
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Existing Modeling Method and Proposal & &

* Existing modeling method:

 VRM device model directly provided by the vendor, typically encrypted
because of the IP concerns;

* Limitations:
* Not compatible with IBIS simulator;
» Simulation speed and convergence concerns exist due to switching nature.

* Proposal:
* Equation based averaged model with same behavior;

e Advantages:

e Equivalent transfer function other than exact circuit implementation is provided in the
model (naturally encrypted);

* Much faster than ordinary model with switching behavior.



* Analytical equation for power converter

* Focusing on the averaged behavior;

e PWM control buck is used for
demonstration.
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e Sub-circuit blocks
* Power Stage

e Current feedback Loop

* Only continuous current mode is supported;
* Need modification to support PFM controller.

* Voltage feedback Loop

loop

Voltage
feedback
loop 8



Power Stage

Vi
fow MOSFET
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Gate -
Driver alily |'_ J_
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SW i— Time

I/STW’ — d(l/m — Ton,Hi};) — (1 — d)ronjLi:\L

Vout = Vsw — rrip

e Parameters definition W

{;: averaged inductor current.

fsw: switching frequency

d: the duty cycle.

Vsw:averaged voltage on switching node.
77, L : ESR and inductance of inductor.
C,y¢+ Capacitance of capacitor.

TonH» Ton . On resistance of high and low side
MOSFETSs.

Vin: Input Voltage.

Note :
Key parameters of proposed IBIS model are marked in red;

Only consider the loss caused by on resistance of MOSFETs
and inductor. Loss of capacitor is relatively small and could

be neglected.
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Voltage Feedback Loop £\

e Parameters definition in typical circuit Vout Td Typical circuit implementation
implementation L for voltage feedback loop

* Vrp: feedback voltage calculated from V,;. Ry
* Vier: internal reference voltage. Vi, Im | y
* gm:transconductance of error amplifier. Verr >® > c
* Ry, R,: Resistive divider network. Re § Rs é
* R3, Cq,Cy, : compensation circuits. T Vet oL 7
* V.. compensated voltage from error amplifier. | 1

* T, : control delay due to remote sensing

The transfgr fu'nct|on of the voltage Vory = Vyep — Ve X €75
feedback circuit could be calculated as:

I/C 1+R3C1.S'

= — X
Verr Im (C; + C3)s + R3C,C4 s?
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Voltage Control Loop — Transfer Function g &

Vout e Parameters definition in proposed IBIS model
T * T4 : control delay due to remote sensing.

§ * Vier: internal reference voltage.
* K4;,: dividing ratio of resistive network.

g . ..
Vio N l, V, * K,.: dc gain of error amplifier.
Verly g é * w,,: frequency of nt zero.
Rs

* Wpn: frequency of nth pole.

T Ve ot T

— —sT
Verr = Vref — Vour X|Kaiv| X|€ >

Different types of compensators are supported
by specifying multiple zeros and poles. |-k, x S — (y
¢ (S - wpl)(s - (‘)pz)
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Current Feedback Loop (CCM) N

Y iL peac R e Parameters Definition
' VeV — 1,: averaged inductor current.
iLR, LR, — R;: total current sensing gain.
: » Time -V, ramp voltage for compensation.
Vaw - Sy, S rising and falling slopes of i;.
i ' — Ts: switching period time.
| e Time - d: the duty cycle.
dT, l T, g — Vin — i'.-L{Tcrn__H + '?‘Lj — Vout
r — L A
N AS = 5, — S,
I A | | Current —'E'L{'?‘on,L + '?‘Lj — Viut ]
d f iLRi  feedback S = _
=1 Ramp L
| — Ve Voltage
feedback d — 1 4 V?‘p_ _ \/(1 4+ —V"p ) — 2 (Vc — ?j[,)
2 T,ASR, 2 T,ASR;,” T,AS‘R;

Note : Key parameters of proposed IBIS model are marked in
red; L2
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Discussion LN

* The proposal is valid only for current mode buck converter
* The structure of control circuit should be known to build the average model;
* The proposal could be extended to support other controllers.

* Only PWM controller is discussed, but the model could be easily
modified for PFM controller.

. Ton . . .
 Substitute d = TO—" into previous equations;

sw

* The equations for PFM controller could be found in backup slides.
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Summary of Key Parameters £\

Device physical parameters (from vendor) System controlled parameters (from designer)
* Input voltage : V;,

* Output current profile: I} 544

» Switching frequency : foi

Power stage: « control delay due to remote sensing: T,

* On resistance of high and low side MOEFETSs: 7y, i, Ton L

Type of controller:
* PWM or PFM

Voltage feedback loop:

+ Internal reference voltage: V. Optional parameters (from vendor or designer)

e DC gain Of error amp“ﬂer . ch * D|V|d|ng ratio Of resistive network: Kdiv
° Frequency of nth Zero : w,, * Output inductance: L
* Frequency of n" pole: w,,, * ESR of output inductor: 17,

* QOutput capacitor: C, ¢

Current feedback loop:
* total current sensing gain : R;
* ramp voltage for compensation : I},



Summary of Equations

Power stage

K‘;W’ — d(l/trz - Ton,HiL) - (1 - d)ron,Lf‘};

Vout = Vew — rrig

Voltage feedback loop

— —ST
Verr — Vref Vout X Kdiv X e d

Vc_ S — Wy

=) — wpy)

Current feedback loop
S]- _ Hn - iz[rﬂn__ll‘F '-""L:l - ll;;l.-:ll.ll
o j AS £ S, — 5,

. _'I:L{TDD,L +rL) — I’ﬁ:nut
S = 7 :

1 Vi, 1 Vi 2 V. ~

de—q_ Yo 2 Ve oy c _;

> T T.ASR, \/(2 T ASR) T T.AS'R )

The current mode buck converter could be well-modeled
with combination of equations and circuit elements
(inductor and capacitors).



Outline

* Background

* Proposed IBIS Model for Current Mode Buck Converter
* Validation

* Future work
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Example: Steady State Output Voltage (PWM}e, &

Steady State Response Comparison Steady State Response Comparison

3.6 T i T 3.605
SPICE model o mode
h e Proposed averaged model —ls:’llz“)(fS(f)sed a(ielraged model DEVICE Value System Value
3.599 1
~ ~ Parameters Parameters
o o 36T 1
£ MAMARAANANNN — Feonor e
g £
‘é 3.597 . g Power Ton,H 8.2 mohm ILoad 4 A
g g 3.595 stage
3.596 | TonL 5.5 mohm Kdiv 0.25
0, 5 6 7 8 00 1005 1010 . 1015 1020 1025 1030 Voltage Vrer o9V fSW 500 kHz
Output current (A) Time (us) feedback
loop Kac 625 L 5 uH
* The simulation results are compared with results
. : L . wz; 4.3 kHz 17 3 mOhm
obtained from SPICE model with real switching behavior.
« Left: averaged output voltage vs. output current; wpy 493 Hz Cout 44 uF
* Right: waveforms of output voltage (The proposed model is an
averaged model). wpz 180 kHz T, 10 ns
* Good agreement is achieved. Current R, 0.1
feedback
loop Vip  20mV
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Example: Transient Output Voltage (PWM) %‘.;”%f

Transient Response Comparison

\_

——SPICE model |
Proposed averaged model

)

Output voltage (V
w w
o o

* The transient responses are also compared:
* Rising edge: 4A->7A, rise time: 2us
* Falling edge: 7A->4A, fall time: 2us

w
N

* The voltage drop generated during load

: 3.4 ' ' ' ' '
transient could be accurately captured by 600 700 800 900 1000 1100 1200 1300 1400
. Time (us)
the average model: Output current
e Rising edge: AV = 4.8mV = | |
* falling edge: AV =4.3mV £
S 6l
;
ER
(@
=
o, — I
600 700 800 900 1000 1100 1200 1300 1400

Time (us)
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Example: Transient Output Voltage (PWM) %‘.;”%f

Transient Response Comparison

* The zoomed in results are demonstrated for 3787
further explanation;
. . . 376 —— SPICE model
* The rise time of output voltage is well matched. = Proposed averaged model
* The relatively large difference is due ripples &
generated by switching. ﬁg 3147
* Smaller voltage difference would be observed if £
the SPICE simulation results are filtered. % 3.72
S
3.7r1

1000 1005 1010 1015 1020 1025 1030 1035
Time (us)



020,22,

Example: Steady State Output Voltage (PFM)<%:

Steady State Response Comparison

0.903

SPICE model Device Value System Value
0.902 | o Proposed averaged model| | Parameters Parameters
>
" ~ 0.901 - Control Mode PFM 12 V
%} Power Tony 10 mohm I; pad 4 A
Tg 0.9 stage
i Ton 10 mohm Kgiv 1
= —
g 0.899 — —3
S Voltage Vier 0.9V fsw 400 kHz
0.898 | feedback
loop Kgc 625 L 800 nH
0.897 ' ' ' wy;; 4.3 kHz 17 1 mOhm
4 5 6 7 8
Output current (A) wp1  49.3 Hz Cout 440 uF
* The simulation results are also well matched. wpz  180kHz Tq 15 ns
Current R; 0.1
feedback
loop Vip  30mV



Example: Transient Output Voltage (PFM) & &

Transient Response Comparison

* The transient responses are also compared:

E:~095
* Rising edge: 2A->7A, rise time: 2us &
* Falling edge: 7A->2A, fall time: 2us E
) E ——SPICE model
* The voltage drop generated during load & E’rogoser(liloaVZraged el
transient could be accurately captured by Cossy V. T T
600 700 800 900 1000 1100 1200 1300 1400
the average model: Time (us)
e Rising edge: AV = 3.4mV ; _ Output current
* falling edge: AV = 4.1mV %6_
]
24
)
o
2

700 800 900 1000 1100 1200 1300 1400
Time (us)

(@]
o
o
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Simulation Speed Comparison

* One of the advantage of the proposed model is simulation speed.

e Stop time: 2ms

Simplis

ADS

Does not support S-
parameters block and
IBIS model

ADS presently supports
the IBIS 4.2 specification

PWM (SPICE)
PFM (SPICE)
PWM(SPICE)
PEM(SPICE)
PWM (Proposed)
PFM (Proposed)

N/A
10 ns
10 ns
10 ns
10 ns

4s
21s
45 s
3.3s
465

ﬁ/ﬁ%\%
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Conclusion and Future Work N

* The waveforms of averaged model are well matched with SPICE model.

* The proposed model can be used to evaluate the steady state and transient
response of buck converter.

e Future work

* Discontinuous current mode operation;
* ACsimulations, i.e. PDN impedance

 Include loss simulation capability (DC loss and switching loss)
» Ref: IBIS based buck converter dc modeling (DesignCon IBIS Summit Santa Clara, California January 31, 2020)
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PFM Controller £

Current feedback _I':I_ iL
- ~ L ’) 0 Vout
— > é Gate W
Driver i
@ \ s | T
|rRi| =

Ts

Voltage
feedback

Vb
-— Ram

- L % % - i;—Vref CZJ_ % \_.l. Vref
Comparator /1/] =C

Ramp —

* The current PFM controller has almost the same structure as PWM one;

* The current loop comparator has opposite polarity due to on generator is used;
* Only the current feedback loop is different.
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Equation for PFM Controller N

A

\VA A * The switching period could be calculated
according to the waveformes.

iLR; . f
IL Ri : :
Al ; » Time . - Ton
vV VL walley — VL + (1 — T - )TbN(ST — Sf) =0
SW A S
D, = (S, — )
. | Tlme .]Tg-ul _ .I%\'FI(DHR'I'-I::}H + 21’%‘}-_})
Torr ' Ton o 21 R; + DR, T,,, +2V.
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