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Background of target impedance

v(t)

PDN uses target impedance to ensure Vpe ooy :C,b )
maximum allowed voltage drop!!!

(PDN)

_ I/allowed_drop
Zta’rget = 7 I

Flat Z 4, get is increasingly difficult to meet

Cause under- or over-designed PDN.
Frequency-dependent Z;;,4.: (f ) is an open problem.

Requirement and challenge

Consider average and dynamic voltage drop constraints.
Associate frequency-domain Z; ;4. and time-domain I, V.

[1] L. D. Smith, et al., ”Power Distribution System Design Methodology and Capacitor Selection for Modern
CMOS Technology”, IEEE Trans. Advanced Packaging, vol. 22, no. 3, pp. 284-291, 1999.



Average and dynamic voltage drop constraints
are NOT well considered in previous work.

vemnalswrev ot (Gjyen one voltage drop constraint,

PDN can be over- or under-designed.
blue needs more focus on dynamic drop.
red needs more focus on average drop.

Load Voltage

Deriving Z;, ge¢ (f) using current spectrum and

voltage spectrum!?! has limitation.

Converting voltage drop constraints to
voltage spectrum has many variations.
(blue and red with same constraints)

Ziarget(f) is not unique

Load Voltage

Time .

[2] D. Oh, Y. Shim, ”"Power integrity analysis for core timing models”, Proc. Int’l Symposium 4
on EMC, pp. 833-838, Aug. 2014.



Contribution of this work

1. Fulfills both average and dynamic voltage drop constraints.
TWO Zqrget types for different constraints focus.

Impedance Impedance
Magnitude Magnitude L
target
ch_target .
Designed PDN Designed PDN
Impedance 7 Impedance
Zac_target ................................. » npfansamnnnsassnannnnnnnn dc—ta’rget .......................
Frequency‘ Frequency
Dynamic voltage drop A:verag.e volt.age drop
is main design focus is main design focus

2. Associates time-domain /, V with frequency-domain Z;,;.;-

By idea of Magnitude Equivalent Frequency (MEF).
Verified result by synthesized Z4;.g¢¢ Circuit.
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Target impedance deriving flow

Inputs:
Load current profile I(t)

Voltage drop constraints V.4 atiow @Nd Vayn atiow

Frequency-dependent Z;,, ,.; is composed of:
Z 4c target - targetimpedance at middle-high frequency
Zgc target - targetimpedance at low frequency
Ciarget : target capacitance, min required capacitance
Ligrger : targetinductance, max allowed inductance

Impedance
Magnitude

Z dc_target

Designed PDN
Impedance
Zacftarget ................................. R (8 ch_target

Frequency

Vdyn_atiow is main design focus

Impedance
Magnitude

Designed PDN
Impedance

Frequency

Vavg atlow is main design focus



Derive Z ;¢ target aNd Z ¢ target

Consider V4,4 q110w CONStraints:

ch_target = Vavg_allow /Iavg

Consider V gy, q110w CONStraints:

Zac_target = den_allow / Mag(’(t))

Result in piecewise Z;,;4.¢ Shapes:

Z ac_target <Z dc_target
Viyn_atiow drop is design focus

4 Impedance

Magnitude
Z dc_target
Ctarget Ltarget
Z ac_target
- >

find_mes Frequency

Supply Voltage

Load current

oo Yoo
Vavg € Vavg_attow
/Y NKV‘“’" ‘\f Mag(V(t)) < Vayn_attow
v,
Time
Inax

Mag(/(t))

Time .

Z ac_target =Z dc_target
Vavg atlow drop is design focus

4 Impedance

Magnitude
Zac_target
Ltarget
ch_target
>
find_mef Frequency



Magnitude equivalent frequency (MEF) |

can be represented by

dynamic voltage drop sine current with MEF
If impedance is o
C dominated | o Vo Vs W commi Bl
3 =V magvie) 3| L V] Magw)
or e ___i ________________ Sbeeo___C . _’_____I;A’______‘:i _________
L dominated T -
viy [T R S ] R S S
Power & Mag(/(t)) 3 [ o] ) Mag(l4(t))
Vb 3:::2:1}) R s AN P ] S e e
(PDN) 3 LN AN N
L dominant impedance example:
Let I(t) = Mag(I(t)) sin(27 fpert), Mag(I(t)) = Mag(I(t))
dI
Then Mag(V(t)) = Mag(L —=) = £ 21t f yypr Mag(I(t))
: dI dI
Can equal to: Mag(V(t)) _ Mag(L E) =[Mag(a
9

*Similar with C dominant impedance.



Magnitude equivalent frequency (MEF) Il

With different L or C, MEF sine current can still replay the
dynamic voltage drop. (equations still hold with same MEF)

Mag(I(t)) = Mag(I(t))
Mag(V(t)) = Mag(V (1))

Since L and C are common coefficient and can be canceled out in equations.

Use MEF to find L4, 4. (max allowed inductance):

Impedance - \f@rying L for an impedance,
/I /'\ ,,'\ If Mag(Vs(t)) = den_allow at MEF,
// / /, Mag(V (t)) = Viyn_auiow also holds.
Zac carget //’ // //l MEF serves_ as corner frequency of
- K , ,/ Zac_target — den_allow / Mag('(t))
,I' I/ /' Ltarget _ Z ac_target
> 2m find_mef

Inductance MEF  Frequency 10



Magnitude equivalent frequency (MEF) Il

Ztarger design method is simplified because:
Original current profile

Use MEF to find L4y get

(with complex spectrum and profile)
Replaced by MEF sine profile (with one spectrum component).

(Max allowed inductance).

Ciarget (Min required capacitance).
Impedance Impedance
Ltarget C
. ya— target
U4 ,,I ;‘\:\ \
I, l, ----- ; \\ \\\
/ Lower NN
, lw PDN M\ S
NN
;s AN
'4' /I cost \\ w\
Zac _target , , \ \ Zac _target
_____________ J__F_J___________ ________________\I__s.___________
Inductance MEF  Frequency Capacitance MEF Frequency

f ind_mef

f cap_mef 11



Calculate MEF, L4, ger, and Cigrget

L
N VLtest(t)
Characterization Circuit Setup:

R, L;ogt, Cioge are known-value parameters. R 16)
Form L and C dominant impedance.

~

. . For inductance MEF
Characterization Flow:

Inject I(t) run simulation for Vsess () and Vpest (T). I
Measure Mag(I(t)) , Mag(Vtest(t)), and Mag(V ciese (T)). J_Cm

V(.‘test (t)

R I(t)

Inductance MEF is obtained by: Target inductance: v _
f' ) . Mag(Viest(D) 1 , Zac_target For capacitance MEF
ina_mef = Mag(l 27 L e t t =
ag(l () "htest e 21 find_mef
Capacitance MEF is obtained by: Target capacitance:
f _ Mag(I(t)) 1 1
cap_mef — Mag(Vctest(t)) 2mCiest Ctarget -

2m f cap_mef Z ac_target
12



Synthesize Z;,, g¢¢ Circuit

T-shape RLC circuit to track Z;4;g¢:-

Direct using Zg¢ target: Zac target » Ctarget) Ltarget
Can violate the voltage drop constraints.
(Actual impedance is larger at corner frequency)

In the experiment:
Use larger capacitance and smaller inductance.
Other synthesis method can be applied also.

Z dc_target Lsyn
Impedance @ —[}—7T"YW—
Magnitude -

Csyn
gz ac_target

ch_target

Zac_target
i I S E EEEEEEEEEER
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Experiment setup

Nominal voltage is 800 mV.

Case 1: reference 1.0 GHz sine profile.

Case 2 and 3: square current profile to mimic module activations.

Case 4 and 5: triangle current profile to mimic typical digital circuit load.
The constraints are Vg atiow=70 mV and Vgyp q11ow=10 mV.

Case 6: current profile from OpenRISC operation (15nm Open Cell Lib, 1.2 GHz)
The constraints are Vg atiow=10 mVand V gy qi11ow=30 mV.

Case 3 g
Square 3
Narrow 88, °

s 1 [ e
i e

8
Cased E

Triangle \/\/\/\/\/\/\/\/\/\/\/
o -

Cases £ \/\/\/\/\/\/\/\/\/\/\/
= 1300 14

Saw

o

x0T PR

........................ ——
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e LA\ N A\ AN
. ”
Experiment results = U U UL
| W ||
- : e 2N NN NS
Measured V,,; and V,,;;, correlates well with constraints. ”
: =g
Average difference rates are 0.0003% and 0.3% f 1 l l l ' 1 l ‘

The derived target impedance associates with current profile.
Wider pulse results in larger C_target
Sharper slope result in smaller L_target

ch_target Zac_target Ctarget Ltarget Vavg Vinin

(m€2) (m€2) (nF) (pH) (mV) (mV)

Case 1 466.6 200.0 0.8 31.8 730.0 | 7225

Case 2 482.7 181.8 5.0 730.0 | 7222

Case 3 608.7 117.6 6 5.0 7299 | 7209

Case 4 466.6 200.0 0.6 @ 730.0 | 7225

Case 5 466.6 200.0 0.5 3 730.0 | 7225
Avg. Diff. - - - -

Case 6 251.9 12.5 035 | 0.01 790.2 | 760.6
Diff - - - -

380 0 381 0 382.0 383 0
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Conclusion

* A new frequency-dependent target impedance method.

* Consider both average and dynamic voltage drop
constraints.

e Associate time domain and frequency domain info with
MEF.

e Synthesized target impedance correlates well with
constraints.

17
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