
 

ME ASU RI N G  SU P P L Y  CU RRE N TS  
I N  P RI N TE D  CI RCU I T BO ARD S 

A D I SSE RTATI O N  
SU BMI TTE D  TO  TH E  D E P ARTME N T O F  E L E CTRI CAL  E N G I N E E RI N G  

AN D  TH E  CO MMI TTE E  O N  G RAD U ATE  STU D I E S 
O F  STAN F O RD  U N I VE RSI TY  

I N  P ARTI AL  F U L F I L L ME N T O F  TH E  RE Q U I RE ME N TS 
F O R TH E  D E G RE E  O F  

D O CTO R O F  P H I L O SO P H Y  

 
J ames Alden Weaver 

N o vemb er 2007 



  ii 

©  Co py rig ht 2008 
b y  

J ames Alden Weaver 



  iii 

I  certify  that I  have read this thesis and that in my  o pinio n it is fu lly  adeq u ate, 
in sco pe and q u ality , as a dissertatio n fo r the deg ree o f D o cto r o f P hilo so phy  

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
(Mark  H o ro witz ) P rincipal Adviso r 

I  certify  that I  have read this thesis and that in my  o pinio n it is fu lly  adeq u ate, 
in sco pe and q u ality , as a dissertatio n fo r the deg ree o f D o cto r o f P hilo so phy  

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
(Ro b ert D u tto n) 

I  certify  that I  have read this thesis and that in my  o pinio n it is fu lly  adeq u ate, 
in sco pe and q u ality , as a dissertatio n fo r the deg ree o f D o cto r o f P hilo so phy  

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
(Simo n Wo ng ) 

Appro ved fo r the U niversity  Co mmittee o n G radu ate Stu dies. 



  iv 

 



  v 

Abstract 

 To  realiz e the fu ll perfo rmance po tential o f CMO S integ rated circu its, the po wer 
netwo rk s su pply ing  them mu st su pply  su fficient cu rrent, b o th transient and steady  
state, so  that o n-chip su pply  vo ltag es remain within specified b o u nds. MO S transisto r 
scaling  has resu lted in decreased su pply  vo ltag es and increased circu it density . Since 
to tal po wer dissipatio n has remained u nchang ed o r even increased, the co mb ined 
resu lt is a larg e increase in su pply  cu rrent and its time rate o f chang e, mak ing  the 
desig n o f po wer netwo rk s increasing ly  difficu lt. Measu rements o f vo ltag es and 
cu rrents in po wer netwo rk s are req u ired to  develo p g o o d desig n and simu latio n 
practices and to  diag no se pro b lems that arise in real sy stems. 
 This thesis presents a metho d that enab les transient su pply  cu rrents to  b e measu red 
at the pack ag e to  printed circu it b o ard interface. The appro ach measu res the mag netic 
fields g enerated b y  cu rrent carry ing  co ndu cto rs. A simple indu ctio n lo o p is u sed to  
measu re the mag netic fields. We demo nstrate that su ch a device can b e made small 
eno u g h to  measu re P CB vias o n 1 mm spacing , have a measu rement b andwidth o f 2 
G H z , and can detect repetitive cu rrent chang es as small as 6 µA/ ns. This sensitivity  is 
su fficient to  detect su pply  cu rrent flu ctu atio ns in real printed circu it b o ards. F inally  the 
metho d is applied to  investig ate the po wer netwo rk  b ehavio r fo r a larg e integ rated 
circu it. 
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C h ap te r 1    

I n tro d u cti o n  

 O ver the last two  decades, we have seen eno rmo u s pro g ress in silico n techno lo g y . 
The drawn channel leng ths o f MO S transisto rs have fallen b y  o ver an o rder o f 
mag nitu de fro m 1 µm to  65 nm, and 45 nm pro cesses are in develo pment. At the same 
time, impro vements in silico n pro cessing  have redu ced defect densities to  the po int 
where 1.5 cm sq u are dies are co mmercially  viab le. The increase in perfo rmance o f the 
resu lting  integ rated circu its has b een b reathtak ing . Sing le pu rpo se devices have g iven 
way  to  larg e, mu lti-fu nctio n devices, and entire sy stems o n a chip are b eing  
investig ated. The increase in o perating  speed has b een eq u ally  impressive. D ecreased 
CMO S circu it delay s have allo wed internal clo ck  freq u encies to  increase fro m tens o f 
Meg a H ertz  to  several G ig a H ertz . The resu lting  increase in perfo rmance has o pened 
u p entirely  new applicatio ns fo r dig ital lo g ic. 
 Bu t this perfo rmance has co me at a co st. The increase in circu it densities allo ws 
desig ners to  place an ever larg er nu mb er o f circu its o n a die, and the resu lt has b een 
ever g reater co mplexity  o f the o n-die sy stem. At the same time, the co mb inatio n o f 
larg e die and advanced silico n pro cesses has sig nificantly  increased the co st o f 
b ring ing  a new chip to  mark et. I t is no t u nco mmo n fo r the mask  set fo r a larg e 
Applicatio n Specific Circu it, o r ASI C, implemented in a mo dern CMO S pro cess to  
co st many  millio ns o f do llars. Req u ired times to  mark et, ho wever, have no t decreased. 
The co mb inatio n req u ires that larg e chips b e co rrect b y  desig n. While sig nificant 
pro g ress has b een made in circu it and sy stem simu latio n and verificatio n, the 
develo pment o f simu latio n to o ls to  estimate dy namic po wer dissipatio n has lag g ed. 



  2 

This leaves sy stem desig ners witho u t the necessary  to o ls to  ensu re that their desig ns o f 
po wer delivery  netwo rk s are adeq u ate. Their o nly  reco u rse is to  o ver-desig n these 
netwo rk s. This mu st chang e if the b enefits o f impro ved MO S techno lo g y  are to  b e 
fu lly  realiz ed. I ndu stry  and the academy  mu st co llab o rate to  develo p adeq u ate 
dy namic po wer estimatio n to o ls. 
 As these to o ls are develo ped, there will b e a need fo r experimentally  measu red 
data fo r their validatio n. Measu rements o f b o th vo ltag e and cu rrents in po wer deliver 
netwo rk s will b e req u ired. This thesis presents a metho d fo r measu ring  dy namic 
cu rrents in po wer netwo rk s b y  measu ring  the mag netic fields created b y  these 
cu rrents. The lo catio n cho sen to  demo nstrate the techniq u e was the su pply  co nnectio n 
b etween a mo dern b all g rid array  pack ag e and the u nderly ing  printed circu it b o ard. 
The metho d, ho wever, is g eneral and co u ld b e applied in o ther lo catio ns. I n Chapter 2, 
we will tak e a detailed lo o k  at the difficu lties invo lved in the desig n o f po wer delivery  
sy stems and the o rig ins o f these difficu lties. The u tility  o f cu rrent measu rement will b e 
discu ssed, and the b asic measu rement techniq u e intro du ced. Chapter 3 then presents a 
desig n analy sis, sho wing  the metho d is feasib le.  We analy z e the mag netic field 
b ehavio r, develo p the b asic desig n eq u atio ns, and estimate the measu rement limits. 
Then in Chapter 4, we present the resu lts o f explo rato ry  measu rements made to  test 
the metho d. The resu lts sho w that the metho d is viab le: measu rement b andwidths o f 2 
G H z  can b e achieved, with measu rement inaccu racies o f appro ximately  ten percent. 
F o llo wing  this, in Chapter 5, we demo nstrate the applicatio n o f the techniq u e to  a real-
wo rld pro b lem. We measu re the dy namic su pply  cu rrents fo r a CAM memo ry  and 
discu ss the implicatio ns o f these data fo r po wer sy stem desig n. F inally , Chapter 6 we 
will discu ss the po ssib ilities fo r the fu rther develo pment o f the techniq u e. 
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C h ap te r 2   

B ack g ro u n d  

 While co ntinu ed techno lo g y  scaling  has b een g o o d fo r chip perfo rmance, it has 
also  made fo rmerly  simple task s, lik e su pply ing  po wer to  these chips, mu ch mo re 
difficu lt.  This chapter will lo o k  at the pro b lem o f eng ineering  a po wer su pply  sy stem 
fo r mo dern integ rated circu its.  Sectio n 2.1 first pro vides an o verview o f the 
co mpo nents that are invo lved in delivering  po wer to  the chip and explains ho w they  
are co nfig u red. H aving  describ ed the po wer delivery  sy stem, Sectio n 2.2 describ es the 
req u irements o n this sy stem, and the simu latio n to o ls that are u sed to  try  to  ensu re the 
integ rity  o f po wer netwo rk s.  Since simu latio n to o ls need to  b e validated b y  
measu rements, Sectio n 2.3 then describ es different techniq u es fo r measu ring  the 
q u ality  o f the vo ltag es in the po wer sy stem, inclu ding  metho ds that measu re the end 
po ints o n-silico n, which matter the mo st.  I n situ atio ns where the vo ltag es in the 
sy stem do  no t match simu latio ns, o r sho w po o r b ehavio r, it is o ften u sefu l to  measu re 
where the cu rrent is flo wing  in the sy stem, especially  in the sectio n fro m the P CB 
thro u g h the pack ag e.  I t is the measu rement o f this cu rrent that has b een difficu lt in the 
past, and Sectio n 2.4 describ es ho w a simple indu ctive lo o p can b e u sed to  pro vide 
essential info rmatio n fo r deb u g g ing  po wer su pply  pro b lems. 

2.1 T h e  P o w e r  D e l i v e r y  S y s t e m  
 To  b eg in, let’ s lo o k  at the co mpo nents o f a ty pical po wer su pply  fo r an integ rated 
circu it (I C). F ig u re 2.1 sho ws an I C mo u nted o n a printed circu it b o ard (P CB), and an 
acco mpany ing  simple electrical circu it mo del. As the circu its o n the I C die fu nctio n, 
they  draw b o th AC and D C cu rrent fro m VD D  and retu rn it to  VSS. These cu rrents 
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then pass into  the o n-die po wer distrib u tio n netwo rk s, then thro u g h the I C pack ag e 
and into  the distrib u tio n netwo rk s in the P CB, eventu ally  reaching  the po wer su pply . 
At each stag e o f this j o u rney , flu ctu atio ns in the VD D  to  VSS vo ltag e can o ccu r. The 
o n-die VD D  and VSS netwo rk s are characteriz ed b y  sig nificant resistance, o wing  to  
their small dimensio ns. The resu lting  RI dro p creates su pply  vo ltag e chang es fo r b o th 
AC and D C su pply  cu rrents, and manag ing  this dro p is a maj o r challeng e fo r I C 
desig ners. I n co ntrast, indu ctance is the main characteristic o f I C pack ag e vo ltag e 
distrib u tio n nets. This indu ctance o rig inates fro m the fact that the VD D  and VSS 
netwo rk s are phy sically  separated and the VD D / VSS cu rrent lo o p thu s enclo ses a no n-
z ero  area. The resu lting  indu ctance creates su pply  vo ltag e chang es which can b e larg e 
fo r rapid chang es in su pply  cu rrent. Minimiz ing  this indu ctance is o ne o f the maj o r 
o b j ectives o f g o o d pack ag e desig n. I n mo dern hig h-perfo rmance printed circu it 
b o ards, the po wer netwo rk s are u su ally  co pper planes and are thu s distrib u ted LC 
transmissio n line stru ctu res. Vo ltag e dro ps alo ng  these stru ctu res are created b y  the 
chip’ s AC su pply  cu rrents. To  redu ce the mag nitu de o f these vo ltag e dro ps, so  called 
“b y pass”  capacito rs are placed acro ss the VD D / VSS netwo rk s. These capacito rs 
so u rce charg e to  the VD D  netwo rk  when the I C demands mo re cu rrent. This redu ces 
the rate at which cu rrent in the P CB netwo rk  mu st chang e, and so  redu ces vo ltag e 
flu ctu atio n. U nfo rtu nately , these capacito rs themselves co ntain series indu ctance and 
resistance, which limits their respo nse. N o netheless, they  are an essential part o f a well 
desig ned po wer sy stem, and are mo st effective when placed near I C pack ag es. By pass 
capacitance can also  b e placed acro ss the VD D / VSS netwo rk s o n silico n to  perfo rm a 
similar charg e su pply  fu nctio n. Additio n o f this o n-die capacitance is o ften req u ired in 
hig h perfo rmance dig ital integ rated circu its.  
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Bypass Capacitors

P CB P ack ag e D ie

 
F i g u r e  2.1 – Ty pical P o wer Su pply  N etwo rk  

 F ro m the fo reg o ing  discu ssio n, it’ s clear that po wer netwo rk  impedances, 
particu larly  o n-die resistance and pack ag e indu ctance, mu st b e redu ced to  limit po wer 
su pply  vo ltag e no ise. The extent o f the req u ired redu ctio n is determined b y  the 
mag nitu de o f the su pply  cu rrent and its time rate o f chang e, and it is here that MO S 
device scaling  has had a maj o r impact. Channel leng ths have b een redu ced b y  mo re 
than a facto r o f ten o ver the last decade, and po wer su pply  vo ltag es have fallen fro m a 
o nce u b iq u ito u s 3.3V to  valu es as lo w as 1V. P o wer density  has increased o nly  
mo derately , b u t the increased circu it density  made po ssib le b y  scaling  has enco u rag ed 
circu it desig ners to  increase the nu mb er o f circu its o n a die. As a resu lt, po wer 
dissipatio n per die has remained co nstant o r in many  cases increased. The co mb inatio n 
has pro du ced very  larg e su pply  cu rrents and time rates o f cu rrent chang e. F ig u re 2.2 
sho ws the featu re siz e, su pply  vo ltag e and po wer dissipatio n trends fo r hig h 
perfo rmance pro cesso rs o ver the last 25 y ears [H AP 05]. P o wer dissipatio ns o f 100W 
o r mo re are no w co mmo n, with su pply  vo ltag es o f aro u nd 1.2V. This co rrespo nds to  a 
to tal D C su pply  cu rrent o f 80A o r mo re. E ven in the mo re mo derate realm o f 
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applicatio n specific circu its (ASI Cs) su pply  cu rrents o f 40A o r mo re are no t 
u nco mmo n fo r larg e, hig h perfo rmance ASI Cs, and valu es o f tI ∂∂  o n the o rder o f 
1×108 A/ sec have b een estimated fo r so me desig ns.  

 
F i g u r e  2.2 – Su pply  Vo ltag e and Cu rrent Trends o f H ig h P erfo rmance P ro cesso rs 

 The advent o f su ch larg e cu rrents and the resu lting  need to  redu ce pack ag e 
indu ctances has driven an evo lu tio n in I C pack ag e desig n. F ig u re 2.3 sho ws the 
pro g ressio n o f this pro cess. The traditio nal plastic q u ad flat-pack  pack ag e (P Q F P ), 
o nce an indu stry  standard, has fo rmed pins aro u nd the perimeter o f the pack ag e fo r 
P CB attachment. The pins co nnect to  a lead frame inside the pack ag e which carries 
po wer and sig nals inward to  the edg e o f the die. Small b o nd wires co nnect the ends o f 
the lead frame to  pads aro u nd the perimeter o f the die. O n-die metal lay ers then 
distrib u te po wer acro ss the die area. Since the VD D  and VSS leads are carried fro m 
the pack ag e perimeter in to  the die edg e, the VD D / VSS cu rrent lo o ps enclo se larg e 
areas, and larg e indu ctances are the resu lt. The o ppo rtu nities to  redu ce these 
indu ctances are limited: mo re VD D / VSS pins can b e u sed, at the expense o f sig nal 
pins, and/ o r a finer lead pitch can b e u sed, su b j ect to  the limits o f P CB assemb ly  
techno lo g y . F u rthermo re, the b o nd wire attachment aro u nd the perimeter o f the die 
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resu lts in lo ng  po wer ro u tes in o n-die metal lay er and hence sig nificant resistance. The 
develo pment o f the b all g rid array  (BG A) pack ag e and the direct die attachment 
pro cess mitig ates b o th o f these pro b lems. I n a BG A pack ag e, P CB attachments in the 
fo rm o f small so lder b alls are u nifo rmly  distrib u ted acro ss the area o f the pack ag e 
b o tto m. This allo ws a larg e b lo ck  o f VD D  and VSS b alls, u su ally  alternating  in b o th x 
and y dimensio ns, to  b e place directly  u nder the die. These b alls then co nnect to  VD D  
and VSS planes in the pack ag e. The direct die attachment pro cess then places and 
array  o f pads acro ss the die area. Small b u mps o f so lder then attach the die directly  to  
the to p o f the BG A pack ag e. The VD D / VSS cu rrent lo o p areas, and thu s indu ctances, 
are minimiz ed, and the distrib u tio n o f VD D  and VSS pads acro ss the area o f the die 
minimiz es the ro u ted leng th o f o n-die po wer nets and hence their resistance. F inally , 
the BG A pack ag e mak es it po ssib le to  mo u nt b y pass capacito rs directly  o n the to p 
su rface o f the pack ag e su b strate near the die. 

Bondwire PQFP Package D irect  D ie A t t ach  BG A  Package  
F i g u r e  2.3 – I C P ack ag e E vo lu tio n 

 As I C pack ag ing  techno lo g y  has evo lved, so  to o  have hig h perfo rmance printed 
circu it b o ards. F ig u re 2.4 sho ws a cro ss-sectio n thro u g h a mo dern P CB u nder a BG A 
pack ag e. Ro u ted po wer netwo rk s have b een replaced with so lid co pper po wer and 
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g ro u nd planes, and fo r hig h cu rrent su pplies, these planes are placed immediately  
adj acent to  each o ther with no  intervening  sig nal traces. This minimiz es the VD D / VSS 
cu rrent lo o p area and resu lting  indu ctance, and lo wers the impedance o f the 
po wer/ g ro u nd netwo rk . To  acco mmo date BG A pack ag es, an array  o f vias are placed 
u nder the BG A to  co nnect the pack ag e b alls to  the P CB po wer/ g ro u nd planes and to  
sig nal traces. P CB b y pass capacito rs are mo st effective when placed near the so u rce o f 
charg e co nsu mptio n [AWC03]. Since the co re po wer b alls are lo cated in a b lo ck  
centered u nder the die, b y pass capacito rs are o ften placed o n the b ack  side o f the 
b o ard, directly  b ehind the BG A and are co nnected acro ss the VD D / VSS vias. Ag ain, 
this minimiz es cu rrent lo o p area and thu s the series indu ctance b etween the 
capacitance and the pack ag e b alls. The resu lting  VD D  and VSS cu rrents are also  
sho wn in F ig u re 2.4. VD D  cu rrent flo ws into  a VD D  via fro m the VD D  plane and 
fro m any  b y pass capacito r o n the b ack side o f the P CB. The su m o f these cu rrents then 
passes into  the BG A pack ag e b all. Similarly , the VSS cu rrent fro m a pack ag e b all 
passes into  the VD D  via, and thence flo ws into  the VSS plane and any  b y pass 
capacito r attached to  the via.  

 
F i g u r e  2.4 – P CB Cro ss-sectio n u nder BG A P ack ag e 

 F o r AC po wer cu rrents with freq u encies ab o ve 14 meg ahertz , a VD D / VSS plane 
pair fo rms a parallel plate waveg u ide stru ctu re. The cu rrents are carried o n the plane 
su rfaces facing  each o ther, and the waveg u ide co mpletely  co ntains the resu lting  
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electric and mag netic fields. While the VD D / VSS plane pair can b e lo cated any where 
in the thick ness o f the P CB, the pair su pply ing  po wer fo r I C co re lo g ic is o ften lo cated 
near the center b ecau se desig ners feel that this strik es a b alance b etween plane to  
pack ag e indu ctances and b y pass capacito r to  plane indu ctances. The planes and b y pass 
capacito rs to g ether fo rm a co mplex electrical sy stem which can have nu mero u s 
reso nant mo des. These mo des can drastically  increase su pply  netwo rk  impedance and 
increase su pply  no ise, so  steps mu st b e tak en to  limit their effects. The distrib u tio n o f 
b y pass capacito rs o f appro priate valu es acro ss the P CB can help [SAF 99], and u sing  
lo ssy  capacito rs can also  b e b eneficial [Z H 02]. The u se o f hig h dielectric co nstant 
lay ers b etween the VD D / VSS plane pair to  fo rm a distrib u ted b y pass capacito r is also  
u nder develo pment, and can b e very  b eneficial [MH C03]. The u se o f ferro -mag netic 
co ating s o n the plane su rfaces has also  b een stu died as a way  to  lo wer the Q  facto r o f 
po wer sy stem reso nances [WT05]. 

2.2 T h e  I m p o r t a n c e  o f  P o w e r  I n t e g r i t y  
 F ro m o u r review o f po wer distrib u tio n it’ s clear that distrib u ting  larg e su pply  
cu rrents with hig h vo ltag e q u ality  can b e difficu lt and po tentially  expensive. The 
impo rtant q u estio ns are what level o f vo ltag e q u ality  is req u ired and what desig n 
metho ds can b e u sed to  estimate the vo ltag e q u ality  that can b e expected fro m a g iven 
desig n. I n addressing  the q u estio n o f vo ltag e q u ality , we mu st first u nderstand the 
effects o f su pply  vo ltag e variatio n o n CMO S circu its. I n dig ital circu its, extreme 
flu ctu atio ns in su pply  vo ltag e can cau se malfu nctio ns, b u t o wing  to  the no nlinear 
natu re o f their o peratio n, mo st dig ital circu its can to lerate relatively  larg e variatio ns in 
po wer su pply  vo ltag e and still fu nctio n co rrectly . The larg est impact o f su pply  no ise is 
variatio n in g ate delay  times, which resu lts in redu ced sy stem perfo rmance. The 
so u rce o f this variatio n can b e u ndersto o d u sing  the simple circu it sho wn in F ig u re 
2.5. H ere a CMO S inverter drives ano ther CMO S inverter. Assu ming  the two  inverters 
are no t co nnected b y  a lo ng  metal ro u te, the lo ad o n the driving  inverter is essentially  a 
capacitance, CL, co mpo sed o f the drain to  b u lk  parasitic capacitances o f the driving  
transisto rs Q P and Q N and the inpu t capacitance o f the driven inverter. The driver 
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o u tpu t vo ltag e, VO, rises when CL is charg ed fro m VD D  thro u g h the effective o u tpu t 
resistance o f Q P and falls when CL is discharg ed to  g ro u nd thro u g h the effective o u tpu t 
resistance o f Q N.  

 
F i g u r e  2.5 – CMO S I nverters 

 I n well desig ned CMO S g ates, the inpu t switching  thresho ld is very  clo se to  
VD D / 2 and chang es minimally  with variatio n o f VD D . Thu s the delay  time o f the 
driving  inverter in F ig u re 2.5 can b e tak en as the time req u ired fo r VO to  rise (o r fall) 
to  VD D / 2. E xact calcu latio ns fo r this time are q u ite co mplex (see fo r example 
[H o r83]), b u t a simple first o rder appro ximatio n is adeq u ate fo r o u r pu rpo ses. We 
assu me that the driving  MO S transisto r and the lo ad capacitance fo rm a simple RC 
circu it and therefo re that vo ltag e VO will rise (o r fall) expo nentially  with time. So  the 
lo w-to -hig h and hig h-to -lo w delay  times are tpL H  =  ln(2)ROP CL and tpH L  =  ln(2)RON CL, 
respectively . I n a well desig ned g ate, these times will b e ro u g hly  eq u al. To  estimate 
the effect o f su pply  no ise, we need to  u nderstand ho w ROP  and RON  chang e with VD D . 
Since mo dern sho rt channel MO S transisto rs o perate in velo city  satu ratio n fo r all b u t 
the lo west valu es o f VD S, we can u se the appro ximatio n that 

DSATOPON IVDDRR == where I D SA T  is g iven b y  ([SK M84], [TK M88]): 
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The satu ratio n velo city , critical electric field valu e, and u nit area g ate capacitance 
(vSA T, ESA T, Cox) depend o n the silico n pro cess no de, and the channel width and leng th 
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(W m os , l ) depend o n transisto r g eo metry . Co mb ining  this with the expressio ns fo r 
delay  then g ives the resu lt: 
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Since the transisto rs are assu med to  b e heavily  velo city  satu rated, the term in the 
sq u are b rack ets is near u nity , and so  delay  scales as ( )TDDDD VVV − . O ther 
appro ximatio ns fo r ID SA T can b e u sed ([TN 98], [G M01]) and empirical expressio ns fo r 
RO have b een pro po sed [Wo r89], b u t all sho w that delay  depends o n su pply  vo ltag e. 
Becau se o f this, su pply  no ise creates u ncertainty  in pro pag atio n times which can 
req u ire the insertio n o f extra delay s and redu ctio ns in clo ck  freq u encies in o rder to  
clo se timing  in dig ital sy stems, at the co st o f redu ced perfo rmance. To  achieve hig h 
perfo rmance, su pply  vo ltag e to lerances have o ften b een tig htened to  ±�5%  o f no minal. 
With su pply  vo ltag es ho vering  aro u nd 1 vo lt, this translates into  a variatio n o f ±�50 
mV. F o r analo g  circu its the co nstraints can b e even tig hter. Su pply  vo ltag e no ise in 
analo g  circu its can cau se nu mero u s pro b lems su ch as spu rio u s spectral co mpo nents in 
o scillato rs, and j itter in phase lo ck ed lo o ps and clo ck  reco very  circu its. A no ise limit 
o f 25 mV peak -to -peak  o n analo g  su pply  rails is no t u nco mmo n. Meeting  su ch a 
req u irement can b e difficu lt when su ch circu its are u sed in mixed-sig nal chips 
co ntaining  b o th dig ital and analo g  circu its. 
 With su ch tig ht co nstraints o n su pply  vo ltag e, extensive u se o f nu merical 
simu latio n to o ls is no w essential to  the desig n o f po wer netwo rk s that perfo rm 
adeq u ately  and are co st effective. The natu re o f the pro b lem, ho wever, po ses 
challeng es to  these to o ls. Transient cu rrents in the su pply  netwo rk s o f dig ital 
integ rated circu its are pro du ced b y  the activity  o f CMO S circu its that are hig hly  no n-
linear in natu re. O n the o ther hand, the interco nnect po rtio n o f the su pply  netwo rk  is a 
larg e, linear sy stem co ntaining  b o th lu mped and distrib u ted circu its. Thu s we are faced 
with a dilemma. The no n-linear circu its mu st b e simu lated in the time do main with 
to o ls su ch as Spice, whereas the interco nnect po rtio n is mo st efficiently  simu lated 
either in the time do main u sing  a fast linear so lver o r in the freq u ency  do main. U sing  
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Spice to  simu late the entire po wer sy stem pro du ces u ntenab ly  lo ng  simu latio n times. 
F u rthermo re, the su pply  interco nnect is a larg e sy stem that o ften canno t b e sectio ned 
into  smaller pieces witho u t sig nificant lo ss o f simu latio n accu racy . This is particu larly  
tru e o f o n-die po wer g rids and b all g rid array  pack ag es. As a resu lt, the sheer siz e o f 
the resu lting  pro b lem can o verwhelm many  simu latio n to o ls. 
 To  mak e po wer sy stem simu latio n a tractab le pro b lem, it is u su ally  necessary  to  
intro du ce simplificatio ns to  redu ce the pro b lem siz e. O ne su ch simplificatio n is to  
divide the pro b lem into  two  simu latio ns [BP C01]. The CMO S circu it o peratio n is 
simu lated with a co nstant su pply  vo ltag e u sing  Spice, and the resu lting  su pply  cu rrents 
applied to  the interco nnect mo del, which is simu lated u sing  a fast linear simu lato r. The 
resu lting  vo ltag e flu ctu atio ns at the circu it level are then u sed to  determine the effects 
o n perfo rmance. Ano ther appro ach is to  instantiate a small nu mb er o f CMO S circu its 
as pilo ts and replicate identical neig hb o ring  circu its as cu rrent so u rces co ntro lled b y  
the pilo t circu its. The circu its and interco nnect are then simu lated to g ether. This 
techniq u e can b e particu larly  u sefu l in simu lating  the su pply  vo ltag e no ise g enerated 
b y  larg e b lo ck s o f simu ltaneo u sly  switching  o u tpu t circu its. Simplificatio ns are also  
o ften req u ired in dealing  with the interco nnect mo del, since the fu ll interco nnect 
mo del may  b e so  larg e that simu latio n time is to o  lo ng  even with the u se a fast linear 
so lver. To  fu rther redu ce simu latio n time, mo del o rder redu ctio n can b e emplo y ed. 
The transfer fu nctio n o f a co mplicated mo del will co ntain many  hig her o rder terms 
that do  no t co ntrib u te materially  to  the respo nse o f the mo del to  the applied stimu lu s. 
Mo del o rder redu ctio n attempts to  simplify  the mo del b y  eliminating  these terms while 
leaving  the relevant terms intact. What is relevant will depend o n the spectru m o f the 
stimu lu s and the deg ree o f accu racy  req u ired. 
 N ecessary  as they  are, these simplificatio ns b ring  with them the po ssib ility  o f 
appreciab le inaccu racy  in the predicted vo ltag e su pply  no ise at the circu it level. 
P artitio ning  the pro b lem into  separate no n-linear and linear simu latio ns intro du ces 
erro r. I teratio n redu ces the erro r, b u t the iteratio n may  diverg e. Simu latio n u sing  pilo t 
circu its co ntro lling  b lo ck s o f cu rrent so u rces will g ive erro neo u s resu lts if the b lo ck  
siz e is to o  larg e. F inally , mo del o rder redu ctio n can g ive g o o d resu lts b u t can also  
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pro du ce mo dels that are u nstab le and/ o r no n-casu al. U nstab le mo dels are fairly  easily  
detected as they  pro du ce wild o scillatio ns in the resu lts as simu latio n pro ceeds. N o n-
cau sality  is a far mo re insidio u s pro b lem. N o n-cau sal mo dels exhib it o u tpu t respo nse 
b ehavio r that is no t the resu lt o f the inpu t stimu lu s. The effect is o ften su b tle and 
difficu lt to  detect, b u t leads to  co nsiderab le erro rs in simu latio n resu lts. So me 
mo deling  to o ls (e.g . Bro adb and Spice fro m Sig rity  I nc., AD S fro m Ag ilent I nc.) no w 
attempt to  enfo rce b o th stab ility  and cau sality  in the mo dels they  pro du ce. To  do  so , 
they  mak e (ho pefu lly ) small chang es to  the transfer fu nctio n to  ensu re that the 
resu lting  mo del is stab le and cau sal.  

2.3  V o l t a g e  M e a s u r e m e n t  M e t h o d s  
 With many  po ssib le so u rces o f erro r, it is clearly  desirab le to  validate simu latio n 
and mo deling  metho ds b y  co mparing  the simu lated su pply  vo ltag e b ehavio r at critical 
po ints in the po wer sy stem to  the co rrespo nding  valu es measu red in real sy stems. 
These measu rements have traditio nally  b een made at the V D D  and VSS pins o f the 
integ rated circu it pack ag e(s) u sing  an o scillo sco pe. When die siz es were small (≤ 4 
mm2) and o perating  freq u encies lo w (≤ 50 MH z ), su ch measu rements were perfectly  
adeq u ate. The co ntinu ed advancement o f CMO S techno lo g y  has pro du ced larg e die 
o perating  at freq u encies into  the G H z  rang e. As o perating  freq u encies increased and 
the no ise spectru m widened, the distance b etween measu rement po int and g ro u nd 
reference had to  b e decreased to  redu ce the lo o p area su b j ect to  stray  no ise receptio n. 
The allo wab le distance to day  can b e as small as a few millimeters. At the same time, 
these larg er die req u ire mu ch larg er pack ag es, and, as we have seen, the 
die/ pack ag e/ P CB co mb inatio n fo rms a co mplicated sy stem who se internal b ehavio r is 
no t readily  o b servab le fro m vo ltag e measu rements acro ss the pack ag e pins. Certainly , 
su pply  vo ltag e flu ctu atio ns at the printed circu it b o ard level mu st stay  within 
prescrib ed limits, and measu rements o n the P CB are req u ired to  verify  this. Bu t o n-die 
measu rements o f su pply  vo ltag e are no w req u ired to  verify  po wer sy stem integ rity  at 
the circu it level and validate simu latio n resu lts. 
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 Several schemes have b een advanced to  mak e o n-die su pply  vo ltag e 
measu rements. O ne o f the simplest is the metho d u sed b y  D arnau er et al. [D CS99]. I n 
this appro ach, matching  400Ω P MO S resisto rs co nnect adj acent lo catio ns o n the VD D  
and VSS netwo rk s to  sig nal track s ro u ted o u t to  two  pack ag e pins. D ifferential 
measu rement acro ss these pins g ives the time vary ing  su pply  vo ltag e at the mo nito ring  
po int. U sing  this metho d, the au tho rs investig ated the affects o f b y pass capacito r 
placement and pack ag e techno lo g y  o n su pply  vo ltag e no ise. O n-die measu rements 
have also  b een made. Mu htaro g lu  et al. [MTR04] demo nstrated measu rement circu its 
that can detect su pply  vo ltag e o versho o ts and u ndersho o ts that exceed pro g rammab le 
limits o ver an adj u stab le time windo w. U sing  a nu mb er o f these circu its link ed b y  a 
scan chain, the au tho rs co llected vo ltag e no ise mag nitu de and time distrib u tio n data 
fo r a larg e micro pro cesso r die. P etrescu  et al. [P P V06] have pro po sed a family  o f 
measu rement circu its, inclu ding  a vo ltag e measu rement circu it that u ses a seven b it 
D AC co ntro lled via a scan chain and a fast sy nchro no u s co mparato r to  measu re su pply  
vo ltag e level and dro o p. O n-die su b -sampling  o scillo sco pe heads fo r su pply  vo ltag e 
measu rement have b een demo nstrated b y  b o th Tak amiy a et al. [TMN 02] and I nag ak i 
et al. [I D T06]. I nag ak i o b tained g o o d ag reement b etween simu latio n and measu rement 
o f su pply  no ise o n a test chip. An interesting  appro ach has b een demo nstrated b y  Alo n 
et al. [ASH 05]. I n this scheme, du al samplers and simple, VCO  b ased AD  co nverters 
are u sed to  extract the au to co rrelatio n fu nctio n o f the su pply  vo ltag e no ise. F ro m this, 
the po wer spectral density  o f the no ise is o b tained as the F o u rier transfo rm o f the 
au to co rrelatio n fu nctio n. All o f these schemes, particu larly  tho se u sing  o n-die 
samplers, can pro vide valu ab le measu rement data fo r validating  the perfo rmance o f 
po wer distrib u tio n netwo rk s and the q u ality  o f the su pply  vo ltag e at the circu it level. 

2.4  P r o p o s e d  C u r r e n t  M e a s u r e m e n t  M e t h o d  
 Vo ltag e measu rements tell u s mu ch ab o u t the integ rity  o f a su pply  netwo rk . O u r 
u nderstanding  can, ho wever, b e extended if we have k no wledg e o f the transient 
cu rrents in the su pply  netwo rk s. I t is the passag e o f these cu rrents thro u g h the no n-
z ero  impedances o f the po wer netwo rk s that g enerates the su pply  vo ltag e no ise. I f 
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measu red su pply  vo ltag e no ise differs sig nificantly  fro m the predictio ns o f simu latio n, 
a lik ely  cau se is an erro neo u s impedance calcu latio n. K no wledg e o f the actu al netwo rk  
impedances can help to  lo cate the erro rs. Ab sent measu red transient cu rrent data, 
metho ds to  date fo r determining  su pply  netwo rk  impedance u nder o perating  
co nditio ns have relied o n vario u s means o f estimating  cu rrents fro m vo ltag e 
measu rements ([K H R04], [WCH 03], [WL S04]). The difficu lties and po tential 
inaccu racies o f these metho ds can b e eliminated if fine-g rained measu rements o f 
transient cu rrents can b e made. By  measu ring  the transient cu rrents in the VD D / VSS 
pins o f an integ rated circu it pack ag e and co mb ining  these data with o n-die vo ltag e 
measu rements, the transfer impedances b etween the pins and the die co u ld b e directly  
o b tained. These resu lts co u ld then b e co mpared to  the valu es predicted b y  simu latio n. 
Also , pack ag e pin cu rrent measu rements wo u ld allo w sy stem desig ners to  access the 
effectiveness o f P CB b y pass capacitance when lack  o f info rmatio n ab o u t chip 
internals prevents simu latio n.  
 These cu rrent measu rements req u ire a cu rrent senso r o f small phy sical siz e that 
has a wide measu rement b andwidth, ideally  1 G H z  o r mo re. With su ch a wide 
b andwidth, the senso r sho u ld also  have lo w internal no ise so  that an adeq u ate sig nal to  
no ise ratio  (SN R) can b e achieved.  F u rthermo re, measu rements sho u ld have minimal 
impact o n the measu red circu it. All o f these req u irements arg u e fo r the u se o f a sing le 
tu rn indu ctive lo o p as a senso r. Su ch senso rs have b een pro po sed fo r I D D T testing  
([N I A04], [ABS05]). The b asic idea b ehind the appro ach is simple. A cu rrent carry ing  
co ndu cto r g enerates a su rro u nding  mag netic field. I f a small, sing le tu rn lo o p is placed 
in this mag netic field, chang es in the co ndu cto r’ s cu rrent will indu ce a vo ltag e acro ss 
the lo o p, and fro m this vo ltag e, the AC cu rrent can b e fo u nd. These lo o ps can b e made 
very  small, and so  have lo w self indu ctance. This g ives a hig h u pper measu rement 
freq u ency . F u rthermo re, they  are a metal resisto r with a few millio hms o f resistance, 
so  they  have no  flick er o r sho t no ise and o nly  a small amo u nt o f thermal no ise. 
E ffectively , the no ise flo o r is set b y  the vo ltag e measu rement instru mentatio n. F inally , 
since the indu ced vo ltag e g ro ws linearly  with freq u ency  while the rando m no ise in the 
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instru mentatio n g ro ws as the sq u are ro o t o f freq u ency , SN R do es no t deg rade with 
increases in measu rement b andwidth.  

 
F i g u r e  2.6 – I ndu ctive L o o p L o catio n 

 There are, o f co u rse, penalties asso ciated with indu ctio n lo o ps. They  canno t 
measu re D C fields, and so  D C cu rrents canno t b e measu red. Since we are interested 
primarily  in hig h freq u ency  transient cu rrents, the lack  o f a D C reading  is to lerab le. 
I ndu ctio n lo o ps also  have a larg e mag netic apertu re. The resu lt, in this applicatio n, is 
that cu rrents fro m mu ltiple adj acent pack ag e pins will co ntrib u te to  the vo ltag e 
indu ced in the lo o p. F o r verificatio n o f simu latio n resu lts, this effect can b e predicted 
and thu s presents no  fu ndamental pro b lems. F o r stand alo ne cu rrent measu rements, 
measu rements at mu ltiple lo catio ns can b e made, which allo ws remo val o f this 
mag netic cro sstalk . F ig u re 2.6 sho ws ho w an indu ctio n lo o p can b e inserted in a 
printed circu it b o ard to  measu re co re VD D / VSS via cu rrents. A no n-plated ho le is 
placed midway  b etween a VD D  and VSS via pair. A small lo o p is then inserted into  
this ho le with the lo o p plane ly ing  in the plane co ntaining  the vias. The VD D  and VSS 
cu rrents are in o ppo sing  directio ns and so  create circu lar mag netic fields threading  the 
lo o p in the same directio n. This increases the mag nitu de o f the indu ced lo o p vo ltag e. 
F inally , no te that all o f the VD D / VSS BG A b all cu rrents are carried thro u g h that 
po rtio n o f the vias b etween the VD D / VSS plane pair and the pack ag e. The sectio n o f 
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the vias b elo w the planes will carry  cu rrent if there are b y pass capacito rs attached to  
the via ends o n the b ack side o f the P CB. This cu rrent can b e measu red b y  inserting  the 
lo o p o nly  u p to  the planes and tak ing  measu rements. This valu e can then b e su b tracted 
fro m the reading  with the lo o p fu lly  inserted to  reco ver the BG A b all cu rrents. 
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Chapter 3  

D es i g n  A n al y s i s  

 U sing  a sing le tu rn indu ctive lo o p to  measu re via cu rrents depends co mpletely  o n 
the mag netic fields su rro u nding  the vias and o n the respo nse o f an indu ctio n lo o p to  
these fields. This chapter develo ps the u nderstanding  necessary  to  implement a 
practical senso r. Sectio n 3.1 deals with the mag netic field su rro u nding  the vias, while 
Sectio n 3.2 co nsiders the b ehavio r o f the indu ctio n lo o p senso r. Sectio n 3.3 then 
explo res the measu rement limits o f this desig n. Bo th u pper and lo wer freq u ency  limits 
are co nsidered. F inally , Sectio n 3.4 lo o k s at the effect o f pro b ing  o n the measu red 
circu it. 

3 .1 T h e  M a g n e t i c  F i e l d  S u r r o u n d i n g  P C B  V i a s  
 The pro po sed measu rement appro ach relies o n the fact that a cu rrent carry ing  
co ndu cto r is su rro u nded b y  a mag netic field, and the intensity  o f this field is 
pro po rtio nal to  the mag nitu de o f the cu rrent. I f a small, sing le tu rn lo o p is placed in 
this field, chang es in the co ndu cto r’ s cu rrent will indu ce a vo ltag e acro ss the lo o p 
g iven b y  F araday ’ s L aw: ∫∫ •= ∂

∂ AB
rr

dV tloop . To  mak e practical u se o f this principle, 
ho wever, we mu st k no w the spatial distrib u tio n o f the mag netic field. This can b e 
do ne with a straig htfo rward applicatio n o f Maxwell’ s eq u atio ns to  the via/ P CB 
co nfig u ratio n o f F ig u re 3.1. As sho wn, hig h perfo rmance printed circu it b o ards have 
g ro u nd (o r po wer) planes as their next to  o u termo st lay ers to  redu ce electro mag netic 
radiatio n fro m the b o ard. Thu s b etween the VD D / VSS plane pair su pply ing  the vias 
we want to  measu re and each o u ter su rface there is at least o ne (po ssib ly  several) so lid 
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plane(s). The sk in depth, δS, o f AC electric and mag netic fields in these lay ers is g iven 
b y  [RWV67]: 

µπ
ρδ fS =   

where ρ =  17.2 nΩ-m fo r co pper, f is the field freq u ency , and µ =  µο =  4π × 10−7 H / m 
fo r the materials u sed in printed circu it b o ards. Ty pical printed circu it b o ard planes are 
18 µm thick  co pper. Setting  δS =  18 µm and so lving  fo r f g ives f ≅ 14 MH z . Thu s o ver 
mo st o f the freq u ency  rang e o f interest it will b e the case that δS is mu ch less than the 
thick ness o f the P CB metal lay ers, and we can appro ximate the pairs o f planes as 
perfect co ndu cto rs which co mpletely  co ntain electric and mag netic fields b etween 
them.  
 To  predict the mag netic field pro du ced b y  a via’ s cu rrent we pro ceed as fo llo ws. 
F ig u re 3.1 sho ws a sing le cu rrent carry ing  via passing  thro u g h a plane pair. Since the 
sk in depth is mu ch less than the thick nesses o f the planes, we assu me that the 
co ndu ctivity  o f the planes appro aches infinity . 

 
F i g u r e  3.1 – Cro ss Sectio n o f Via and P lane P air in Reg io n A 

The g o verning  eq u atio ns are Maxwell’ s eq u atio ns, repeated here fo r reference (SI  
u nits): 
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I nside the metal planes, |Er | =  0 and so : 0=∂∂ tB
r . Thu s there is no  alternating  

mag netic field inside the metal. The cu rl eq u atio ns req u ire that Er and Br  are at rig ht 
ang les. Since, Er parallel to  the plane su rface mu st b e z ero , Br  perpendicu lar to  the 
su rface mu st also  b e z ero , and the Br  field j u st o u tside the plane is parallel to  the 
su rfaces. H ence there is a cu rl in the Br  field, and the directio n o f this cu rl is alo ng  the 
su rfaces o f the planes. This then req u ires that there b e a cu rrent, SJ

r , alo ng  the su rfaces 
o f the planes. I n the space b etween the planes, | Jr | =  0, and the electric and mag netic 
fields are at rig ht ang les to  each o ther. F ro m sy mmetry  and the req u irement that 

0=•∇ B
r , the Br  field is circu lar with the center lo cated o n the axis o f the via. Thu s 

the Er field is perpendicu lar to  the plane su rfaces, and the su rface cu rrents, SJ
r , flo w 

alo ng  radii fro m the via axis. The resu lt is a plane wave co nfined b y  the plane pair and 
pro pag ating  radially  o u t fro m the via. F ig u re 3.1 sho ws the electric and mag netic field 
vecto rs o f the wave alo ng  with the P o y nting  vecto r, Pr . The dimensio ns o f interest, 
ho wever, are o n the o rder o f a few centimeters, mu ch smaller than the waveleng ths o f 
the targ et sig nals. A 1 G H z  sig nal has a waveleng th o f 15 cm in the F R4 dielectric 
ty pically  u sed in printed circu it b o ards. We will therefo re invo k e the q u asi-static 
appro ximatio n. Ampere’ s L aw then redu ces to  the mag neto -static fo rm JB

rrr

µ=×∇ . 
This then g ives: )2( rIB via πµ= .  

Via

y
Br

x

L o o p

 
Fig u r e  3.2 – To p View o f Via and I ndu ctio n L o o p 
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 To  calcu late the lo o p respo nse we first assu me that the cu rrent densities in all 
po wer and g ro u nd planes are eq u al in the vicinity  o f the lo o p, and therefo re, 
po wer/ g ro u nd pairs indu ce no  sig nal in the lo o p. The indu ced vo ltag e as a fu nctio n o f 
lo o p lo catio n is then easy  to  calcu late. F ig u re 3.2 sho ws a to p view o f a cu rrent 
carry ing  via and an indu ctio n lo o p with its center lo cated at a distance r fro m the via 
center and ro tated thro u g h an ang le θ. The lo o p has a width W in the x directio n and 
heig ht h parallel to  the via’ s axis. The vo ltag e, Vout , indu ced in a lo o p is derived u sing  
F araday ’ s L aw o f I ndu ctio n with the mag netic field intensity  g iven 
b y )2(0 rIB via πµ= . Since either o f the two  lo o p terminals can b e defined as the 
po sitive terminal, we will cho o se the definitio n that eliminates the minu s sig n fro m 
F araday ’ s L aw. 
Then: 
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H ence the mu tu al indu ctance, as a fu nctio n o f x and y, is: 
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Since ferro mag netic materials are rarely  u sed in printed circu it b o ards, the sy stem is 
linear, and we can su perpo se the lo o p vo ltag es created b y  individu al vias to  o b tain the 
to tal lo o p vo ltag e. 
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3.2 S e n s o r  D e s i g n  
 With the indu ced lo o p vo ltag e fu nctio n k no wn, the q u estio n is what the lo o p 
dimensio ns sho u ld b e. F ig u re 3.3 sho ws an indu ctio n lo o p po sitio ned midway  b etween 
a VD D / VSS via pair. The lo o p has a width o f W alo ng  the x axis and h alo ng  the axes 
o f the vias. The center to  center via pitch is D. The VD D  and VSS cu rrent mag nitu des 
are eq u al, and the cu rrents are in o ppo site directio ns. 

 
Fig u r e  3.3 – L o o p and Via P air 

The lo o p center co o rdinates are (D / 2, 0). U sing  these valu es o f x and y, eq u atio n (3.1) 
can b e rewritten as: 
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This ratio  can b e co nsidered a g eo metrical g ain facto r and its valu e is plo tted ag ainst δ 
in F ig u re 3.4. 
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Fig u r e  3.4 – G eo metrical G ain F acto r 

This plo t wo u ld imply  that the lo o p width, W, sho u ld b e made as larg e as po ssib le. 
P CB manu factu ring  to lerances, ho wever, mak e it impo ssib le to  perfectly  po sitio n the 
lo o p. To  assess the effects o f lo o p misalig nment, we can rewrite eq u atio n (3.1) in 
terms o f displacement fro m the ideal po sitio n o f (D/ 2 ,  0). This g ives: 
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      (3.4) 

H ere, δ and V*  have the same definitio ns as in eq u atio n (3.3), and x and y are the 
displacements fro m (D/ 2 ,  0). E q u atio n (3.4) is plo tted ag ainst χ in F ig u re 3.5 and 
ag ainst ψ  in F ig u re 3.6 fo r δ  =  2, 3, 4 and 5. The plo ts sho w that a valu e o f δ =  4, 
co rrespo nding  to  a lo o p width o f W =  D/ 4, is a reaso nab le desig n co mpro mise. The 
o u tpu t vo ltag e o f a lo o p this siz e chang es b y  less than 10%  o f its centered valu e fo r x 
o r y displacements o f half a lo o p width, and the g eo metric g ain facto r has a reaso nab le 
valu e o f 2.04. 
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Fig u r e  3.5 – E ffect o f Misalig nment in x 
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Fig u r e  3.6 – E ffect o f Misalig nment in y 
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 To  b u ild the lo o p, we can u se standard P CB techno lo g y , and emplo y  a 76 µm (3 
mils) wide co pper trace o n a 100 µm (4 mils) thick  F R4 su b strate to  fo rm the lo o p. 
The mo st co mmo nly  u sed BG A b all pitch is 1 mm, so  the active lo o p width sho u ld b e 
250 µm (10 mils). The o verall width is 100 +  2 × 76 =  402 µm (16 mils). H appily , a 
500 µm (20 mils) diameter no n-plated ho le can b e reliab ly  drilled b etween vias o n a 1 
mm pitch, so  this lo o p can b e inserted into  printed circu it b o ards.  

3.3 M e a s u r e m e n t  L i m i t s  
 Co nstru cting  a lo o p appears feasib le, so  next we need to  address the q u estio n o f 
measu rement limits. This is really  two  q u estio ns: what is the minimu m detectab le 
sig nal and what is the o verall measu rement b andwidth. L et’ s first lo o k  at the q u estio n 
o f minimu m detectab le sig nal. The lo o p itself is no thing  mo re than a metal film 
resisto r. A 3 mm lo ng  (i.e. h =  3 mm) lo o p o f 76 µm wide, half o u nce (18 µm) thick  
co pper trace enclo sing  an air g ap o f 250 µm has a resistance o f less than 1 mΩ. So  the 
lo o p g enerates no  sho t o r flick er no ise and o nly  a miniscu le amo u nt o f thermal no ise. 
The o verall no ise flo o r is thu s set b y  the measu rement instru ment(s) u sed. A 
co mmo nly  u sed instru ment is a hig h perfo rmance real time sampling  o scillo sco pe, 
su ch as the Tek tro nix TD S7704B. This u nit has a sampling  rate o f 20 G s/ sec and a 
fro nt side b andwidth o f 7 G H z . I ts eq u ivalent no ise vo ltag e is ro u g hly  1 nV/ Hz , and 
assu ming  a first o rder ro ll-o ff, this g ives a to tal eq u ivalent no ise vo ltag e o f 105 µV. 
U sing  a sig nal to  no ise ratio  (SN R) o f 1 as the detectio n limit, the minimu m detectab le 
sig nal level is 105 µVrms. The sensitivity  o f the lo o p will depend o n the effective lo o p 
heig ht, h. This will depend o n the exact b o ard thick ness and VD D / VSS plane pair 
lo catio n, b u t hig h perfo rmance P CB thick nesses are in the 2.5 mm to  3 mm rang e. 
With h =  3 mm, eq u atio n (3.3) g ives a mu tu al indu ctance o f M =  613 pH . F o r a 
sinu so idal VD D / VSS via cu rrent fItI 02π=∂∂  where f is the sinu so id’ s freq u ency , 
and Io is its amplitu de. Therefo re, the ro o t mean sq u are sig nal vo ltag e is 

22 0 fMIVs π= . Arb itrarily  setting  Io =  10 mA, the minimu m req u ired freq u ency  is 
3.9 MH z . The co rrespo nding  req u ired peak  tI ∂∂  is 0.25 mA/ ns. We can then 



  27 

no rmaliz e this to  g ive a minimu m tI ∂∂  req u irement o f 0.75 mA/ ns/ mm o f via pair 
leng th. F inally , no te that fo r measu ring  repetitive events, we can averag e a larg e 
nu mb er o f samples. This impro ves the sig nal to  no ise ratio  b y  N , where N is the 
nu mb er o f samples averag ed, and lo wers the minimu m req u ired  tI ∂∂ . 

 N o w let’ s tak e u p the q u estio n o f measu rement b andwidth. This is larg ely  a 
q u estio n o f identify ing  the u pper measu rement freq u ency . The lo o p will b e co nnected 
to  the inpu t o f a measu rement instru ment which has pu rely  resistive inpu t impedance. 
F ig u re 3.7 sho ws the resu lting  eq u ivalent electrical circu it. The resistance, R, is the 
inpu t resistance o f the instru ment, and the indu ctance, L, is the self indu ctance o f the 
lo o p. The lo o p respo nse is then determined as fo llo ws. 

F o r sinu so idal excitatio n:  )(sIMsI
t

MV viaviai =
∂
∂=  

The transfer fu nctio n is:  ( )RLsV
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Therefo re the transfer impedance is:  ( )
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Thu s fo r freq u encies ( )RLf π2< , the lo o p respo nse is that o f a differentiato r. 
Therefo re, b elo w this freq u ency  the lo o p vo ltag e mu st b e integ rated to  reco ver the via 
cu rrent. Ab o ve this freq u ency , the lo o p vo ltag e is pro po rtio nal to  sensed cu rrent. 
While it mig ht b e po ssib le to  reco ver and pro cess cu rrent data in two  reg imes, it is 
cu mb erso me, and the SN R will deg rade b ecau se the sig nal amplitu de is fixed ab o ve 
the b reak , while the rando m no ise will g ro w as f . Therefo re, we wo u ld lik e the 
b reak  freq u ency  to  eq u al o r exceed o u r desired u pper measu rement freq u ency  o f 1 
G H z . Cu rrent measu rements can then made b y  integ rating  the indu ce lo o p vo ltag e. 
This integ ratio n pro du ces a q u asi lo w-pass respo nse: 
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This is plo tted in F ig u re 3.7. The respo nse is o nly  q u asi lo w-pass b ecau se o f the 
minimu m sig nal req u irements co nsidered earlier;  we canno t measu re D C cu rrents.  

via

o

I
Vlog

RL=ω  
Figure 3.7 – Bandwidth o f Resistively  Terminated L o o p with I nteg ratio n 

 Since R =  50Ω fo r all hig h freq u ency  measu rement instru ments, the b andwidth 
q u estio n co mes do wn to  what is the self indu ctance, L, o f the lo o p. Since the lo o p 
heig ht needs to  eq u al o r exceed the thick ness o f the thick est P CB we want to  measu re, 
we set h =  3 mm. Then, since the lo o p is very  mu ch lo ng er than it is wide, we can treat 
it as two  parallel co ndu cto rs. The indu ctance can then b e calcu lated u sing  the fo rmu la 
[G ro 40]: 




 +



+≅ 5.1ln4
CB

dhL    (3.6) 

where L is in nano -henries, h is the lo o p heig ht in centimeters, d is the center to  center 
spacing  o f the two  co ndu cto rs, B is the width o f the co ndu cto rs and C is the thick ness 
o f the co ndu cto rs. U sing  the dimensio ns o f o u r lo o p: h =  3 cm, d =  250 µm +  76 µm, 
B =  76 µm and C =  18 µm, the indu ctance is L =  3.2 nH . With R =  50Ω, this g ives a 
b reak  freq u ency  o f 2.5 G H z . which exceeds the minimu m desired u pper limit o f 1 
G H z . The lo o p co nstru ctio n appro ach thu s seems feasib le, and we can simply  integ rate 



  29 

the lo o p vo ltag e. I nstru ments lik e the Tek tro nix TD S7704B sampling  o scillo sco pe can 
o u tpu t their dig itiz ed measu rement data, so  this integ ratio n can b e do ne nu merically . 

3.4 E f f e c t s  o n  t h e  M e a s u r e d  C i r c u i t  

 F inally , we sho u ld lo o k  at what this measu rement scheme do es to  the measu red 
circu it. There are really  two  effects to  b e co nsidered. The first is the effect a resistively  
terminated lo o p has o n the VD D / VSS circu it impedance. The seco nd is the effect the 
500 µm no n-plated ho le has o n the impedance o f the u nderly ing  VD D / VSS plane pair. 
Tak ing  these in o rder, we will first lo o k  at the effect the lo o p has o n via circu it 
impedance. Referring  F ig u re 3.8, we see that a VD D / VSS via pair and the lo o p fo rm 
an air co re transfo rmer with the lo o p as the seco ndary  winding  and neg lig ib le series 
resistance. U sing  the sig n co nventio n sho wn in the fig u re, the vo ltag es and cu rrents 
can b e describ ed b y  the eq u atio ns fo r a transfo rmer: 

dt
dIL

dt
dIMV

dt
dIM

dt
dILV 2

2
1

2
21

11 +=+=  

where L1 is the VDD / VS S  via circu it self indu ctance, L2 is the lo o p self indu ctance and 
M is the mu tu al indu ctance b etween the via pair and the lo o p. 

        
Figure 3.8 – Air-co re Transfo rmer 

F o r steady  state sinu so ids these eq u atio ns can b e written as: 

 
2212

2111

ILjMIjV
MIjILjV

ωω

ωω
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+=  

N o ting  that 22 RIV −= , we can so lve fo r the impedance seen at the primary , g iving : 
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N o tice that resistively  terminating  the lo o p lo wers the effective VDD / VS S  circu it 
indu ctance and that the mag nitu de o f the redu ctio n increases with freq u ency . To  
calcu late the via circu it self indu ctance, we treat the circu it as co nsisting  o f two  
circu lar co ndu cto rs spaced a u nifo rm distance apart. The indu ctance can then b e 
calcu lated u sing  the fo rmu la [G ro 39]: 
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where L1 is in nano -henries, l is the via leng th in cm, d is the via pitch and r is the via 
radiu s. The effects o n Z1 are g reatest when L1, L2 and M are larg e, so  we will here u se 
the maximu m b o ard thick ness o f 3 mm. The via pitch is d =  0.1 cm, and the via radiu s 
is an indu stry  standard 25 µm (10 mils). E q u atio n (3.8) then g ives L1 =  2.4 nH . The 
mu tu al indu ctance can b e calcu lated u sing  eq u atio n (3.2), g iving  M =  613 pH , and 
eq u atio n (3.6) g ave L2 =  3.2 nH . Then u sing  eq u atio n (3.7), the relative redu ctio n in 
via circu it indu ctance is: 

( )
( ) GHz 1at           01.0
2

2
2

2
2

2

1

2

1

=−=



+−=∆ ffLR
fM

L
L

L
L

π

π  

Similarly , the added resistance as a fractio n o f the o rig inal indu ctive reactance is: 
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F o r sho rter via leng ths o r lo wer freq u encies, these valu es are even smaller. Thu s the 
presence o f the terminated lo o p has a minimal effect o n VD D / VSS via circu it 
impedance. 
 F inally , we need to  lo o k  at the effect the presence o f the 500 µm no n-plated ho le 
has o n the impedance o f the VD D / VSS plane pair. K eep in mind that the scale here is 
very  small: less than 1 mm, so  the o ne-eig hth wave leng th freq u ency  is ~ 20 G H z  in 
F R4 material. Therefo re, we canno t u se a simple transmissio n line appro ach to  assess 
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the effects. What we can do  is u se co mmercial field so lver to o ls to  examine the effect 
o n the VD D  via to  VSS via impedance. F ig u re 3.9 sho ws two  test stru ctu res u sed to  
examine the effect o f the ho le. Bo th co nsisted o f 10 cm sq u are, 18 µm thick  VD D  and 
VSS planes separated b y  an F R4 dielectric (εr =  4) and a sing le 250 µm diameter VD D  
via su rro u nded b y  fo u r 250 µm diameter VSS vias at a 1 mm pitch. As sho wn, these 
vias were su rro u nded b y  indu stry  standard 760 µm (30 mils) diameter anti-pads as 
req u ired to  prevent sho rting . The first stru ctu re co ntained o nly  vias and anti-pads, 
while the seco nd stru ctu re co ntained a 760 µm anti-pad fo r the pro b e ho le, lo cated 
b etween VD D  via A and VSS via B. 

 
Figure 3.9 – P lane I mpedance Test Stru ctu res 

Two  co mmercial simu latio n to o ls, P o werSI ® and P o werD C®, b o th fro m Sig rity  I nc., 
were then u sed to  calcu late the impedance seen lo o k ing  into  vias A and B and the D C 
resistance b etween these vias. F o r the AC test, two  different plane separatio n distances 
were tested: 51 µm (2 mils) and 102 µm (4 mils). F o r the D C resistance calcu latio n, a 
vo ltag e so u rce was co nnected b etween the VD D  and VSS planes at a po int co llinear 
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with vias A and B, 4.5 cm fro m via A and 4.4 cm fro m via B. The chang e in 
impedance o ver the freq u ency  rang e o f 10 MH z  to  1 G H z  pro du ced b y  the presence o f 
the pro b e ho le was imperceptib le, as was the chang e in D C resistance.  
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Chapter 4  

I n i ti al  M eas u rem en ts  

 F ro m the preceding  desig n analy sis, it appears that a sing le tu rn indu ctio n lo o p can 
b e a practical senso r fo r measu ring  AC cu rrents in printed circu it b o ard vias. What we 
mu st do  no w is demo nstrate, u sing  a real senso r, that we can accu rately  measu re AC 
via cu rrents. I n the pro cess, we sho u ld also  validate the b asic co nclu sio ns o f the 
preceding  sectio n reg arding  mag netic field fall-o ff with distance. The final test is to  
determine if the valu es o f tI ∂∂  in real printed circu it b o ards are actu ally  measu rab le. 
Two  sets o f tests were co ndu cted to  answer these q u estio ns. I n the first, we develo ped 
a fixtu re to  pro vide a “b est case”  measu rement enviro nment to  test the b asic ideas. I n 
the seco nd test, we created a lo o p pro b e which wo u ld wo rk  in a mo dern printed circu it 
b o ard and mo dified a b o ard fro m a hig h end E thernet ro u ter to  allo w it to  b e inserted 
b etween po wer and g ro u nd vias u nder BG A pack ag es to  mak e cu rrent measu rements. 
The remainder o f this chapter details the metho ds and resu lts o f these two  tests. 

4.1 F i r s t  T e s t :  A n  S S T L  R e g i s t e r e d  B u f f e r  
 I n this first test, a co mmercially  availab le 14 b it reg istered b u ffer with SSTL 2 
o u tpu ts created the cu rrents fo r measu rement. This made it easy  to  create a k no wn 
pattern o f activity . By  measu ring  the vo ltag e acro ss the SSTL 2 o u tpu t terminatio n 
resisto rs, the tru e o u tpu t cu rrents co u ld b e determined. The accu racy  o f the mag netic 
measu rements o f o u tpu t cu rrents co u ld then b e check ed b y  co mpariso n to  these k no wn 
valu es. L o ng  vias were u sed to  allo w u se o f a relatively  cru de pro b e and to  allo w easy  
manipu latio n o f the pro b e aro u nd the vias. The principal g o als o f this test were to  
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verify  the expected mag netic field b ehavio r in the vicinity  o f the vias and to  sho w that 
via cu rrents can b e accu rately  measu red u sing  an indu ctive lo o p. An additio nal g o al 
was to  measu re the b reak  freq u ency  o f the lo o p. This freq u ency  is fixed b y  the lo o p 
self indu ctance, which is pro po rtio nal to  lo o p area. The lo o p u sed was relatively  larg e: 
1 mm × 1mm. Therefo re, if its b reak  freq u ency  eq u aled o r exceeded the desired valu e 
o f 1 G H z , the same sho u ld b e tru e fo r a smaller lo o p that co u ld b e inserted in a real 
printed circu it b o ard. 

4.1.1 T e st  F i x t u r e  D e sc r i p t i o n  
 To  create a k no wn pattern o f electrical activity , the circu it sho wn in F ig u re 4.1 was 
u sed. All 14 o u tpu ts o f a 74SSTL 16857 reg istered b u ffer were terminated thro u g h 
50Ω resisto rs to  1.25V, half the valu e o f the 2.5V co re (VD D ) and o u tpu t (VD D Q ) 
su pply  levels. This estab lished a sy mmetric o u tpu t vo ltag e swing  ab o u t 1.25V and a 
sy mmetric o u tpu t cu rrent swing  ab o u t z ero . A freq u ency  dividing  D  flip flo p dro ve all 
14 inpu ts to  the b u ffer so  that all o f the b u ffer o u tpu ts to g g led simu ltaneo u sly  at half 
the rate o f the b u ffer inpu t clo ck . Separate clo ck  inpu ts were pro vided fo r the b u ffer 
and the D  flip flo p, and these were driven b y  a du al o u tpu t pu lse g enerato r. The two  
clo ck s co u ld b e separately  enab led o r simu ltaneo u sly  enab led at the same freq u ency  
with a phase difference b etween 0 and 360 deg rees. This allo wed the affects o f the 
b u ffer clo ck  and the data inpu ts o n VD D  su pply  cu rrent to  b e independently  
examined. 
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Figure 4.1 – Test F ixtu re Schematic D iag ram 

 To  effectively  u se the circu it o f F ig u re 4.1, a fixtu re had to  b e desig ned which 
wo u ld emu late the vias fo u nd in ty pical printed circu it b o ards while allo wing  insertio n 
and manipu latio n o f a lo o p pro b e. Also , the pro b e had to  b e easy  to  co nstru ct. The 
resu lting  desig n is sho wn in F ig u re 4.2 and F ig u re 4.3. The 74SSTL 16857 b u ffer, U 1, 
was mo u nted o n a 0.8 mm thick  interpo ser b o ard. To  create an array  o f indu stry  
standard vias, the pins o n each side o f U 1 were co nnected with su rface traces to  a 
do u b le ro w o f 250 µm (10 mil) diameter wire co lu mns co nnecting  the interpo ser b o ard 
to  a fo u r lay er b ase b o ard. These co lu mns emu lated the indu stry  standard 10 mil 
diameter vias u sed u nder BG A pack ag es. The do u b le ro w allo wed easy  access to  all 
vias, and the 1.27 mm × 1.27 mm spacing  u sed is a via pitch u sed u nder so me BG A 
pack ag es. A 1.5 mm air g ap was maintained b etween the b o ards, and this allo wed 
insertio n o f a 1 mm sq u are indu ctio n lo o p. The b ack  o f the interpo ser was a g ro u nd 
plane, and the b ase b o ard co ntained 2.5V and g ro u nd planes with the g ro u nd plane 
facing  the interpo ser. The o u tpu t terminating  resisto rs were placed o n the b ack  o f the 
b ase b o ard. 
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 F inally , a lo o p pro b e was created b y  winding  a sing le tu rn o f # 28 AWG  mag net 
wire aro u nd a 1 mm sq u are wo o den mandrel. A 50Ω co axial cab le with a 0.8 mm 
o u tside diameter carried the indu ced lo o p vo ltag e sig nal o u t o f the fixtu re. P recisio n 
X Y Z  translatio n stag es were u sed to  manipu late the pro b e. The cu rrent sig natu res o f 
all vias were acq u ired b y  po sitio ning  the lo o p at the su rface o f each via and reco rding  
the lo o p o u tpu t vo ltag es. These vo ltag es were measu red u sing  a Tek tro nix 7704B real 
time sampling  o scillo sco pe, which had a 50Ω inpu t impedance, a 20 G / sec sampling  
rate, and a 7 G H z  fro nt end b andwidth. The dig itiz ed data were expo rted fo r 
su b seq u ent analy sis.  

 
Figure 4.2 – Test F ixtu re Assemb ly  D rawing  
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Figure 4.3 – P ho to g raph o f Test F ixtu re  

4.1.2  M e a su r e m e n t  M e t h o d s a n d  R e su l t s 
 As discu ssed in Sectio n 3.3, the lo catio n o f the indu ctio n lo o p b reak  freq u ency  
relative to  the desired measu rement u pper limit determines ho w the lo o p o u tpu t 
vo ltag e data mu st b e pro cessed to  reco ver via cu rrents. Thu s the first task  was to  
determine the freq u ency  respo nse o f the indu ctio n lo o p pro b e. This was do ne b y  
driving  the lo o p pro b e with an identical lo o p and u sing  a vecto r netwo rk  analy z er to  
measu re S21 fro m the driving  to  the receiving  lo o p. The resu lt o f this measu rement is 
sho wn in F ig u re 4.4. I t’ s clear fro m this resu lt that the b reak  freq u ency  was 2 G H z , so  
the lo o p o u tpu t vo ltag e was pro po rtio nal to  dB/ dt fo r excitatio ns at and b elo w this 
freq u ency . As a cro ss check , a TD R was u sed to  measu re the self indu ctance o f the 
lo o p. The valu e measu red was 3.9 nH . With a 50Ω terminatio n, this g ives an R/ L  
b reak  freq u ency  o f 2.04 G H z , which ag rees well with the VN A measu rement. Since 
the b reak  freq u ency  exceeded the minimu m req u ired u pper measu rement limit o f 1 
G H z , cu rrent measu rements were o b tained b y  nu merically  integ rating  the lo o p o u tpu t 
vo ltag e data and scaling  the resu lts b y  the calcu lated mu tu al indu ctance b etween the 
vias and the lo o p. The resu lting  u pper measu rement limit was 2 G H z . 
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 I n o rder to  calcu late the mu tu al indu ctance b etween a via and the lo o p, the 
decrease in mag netic field intensity  with distance fro m the via mu st b e k no wn. The 
analy sis o f Sectio n 3.1 predicts that the field intensity  sho u ld b e pro po rtio nal to  the 
inverse o f this distance. A simple test was co ndu cted to  validate this predictio n. With 
the data inpu ts to  U 1 static, U 1’ s internal clo ck  tree alo ne g enerated su fficient cu rrent 
to  pro du ce measu rab le lo o p sig nals at VD D / VSS vias 45/ 46 (see F ig u re 4.2). The lo o p 
o u tpu t vo ltag es o b tained are sho wn in F ig u re 4.5. The sig nals were very  nearly  mirro r 
imag es o f each o ther, indicating  that the via cu rrents were o f eq u al mag nitu de and 
o ppo site po larity . Since the su rro u nding  data inpu t vias were q u iescent, vias 45 and 46 
fo rmed an iso lated cu rrent do u b let. The field su rro u nding  this do u b let was then u sed 
to  measu re the decrease in field intensity  with distance. F ig u re 4.6 sho ws the measu red 
peak  lo o p o u tpu t vo ltag e (and therefo re mag netic field) fall-o ff with distance b o th in 
and perpendicu lar to  the plane o f the do u b let, no rmaliz ed to  the su rface o f via 45. Also  
plo tted in the fig u re is the theo retical near field respo nse. As can b e seen, the fall-o ff 
exhib ited near field b ehavio r in b o th cases.  
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Figure 4.5 – L o o p O u tpu t Vo ltag es fo r VD D / VSS Vias 45/ 46 
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Figure 4.6 – F ield versu s D istance 
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 With the field fall-o ff b ehavio r verified, a via to  lo o p mu tu al indu ctance o f 480 pH  
was calcu lated, and initial measu rements o f o u tpu t pin cu rrents were attempted. The 
resu lts sho wed that there was sig nificant interference fro m the VD D Q  and VSSQ  vias 
emb edded in the o u tpu t via field. To  remo ve this interference, the matrix, M, o f 
mu tu al indu ctances b etween each measu rement lo catio n and vias 25 thro u g h 48 (see 
F ig u re 4.2) was calcu lated u sing  eq u atio n (3.2) o f Sectio n 3.1. The maximu m distance 
invo lved was 15.3 mm. This was less than o ne-eig hth o f a wave leng th at 1 G H z , so  
q u asi-static co nditio ns were assu med. Measu rements were made at each o f vias 25 
thro u g h 48 g iving  a vo ltag e vecto r. This vecto r was pre-mu ltiplied b y  the inverse o f 
the mu tu al indu ctance matrix and integ rated with respect to  time to  reco ver the vecto r 
o f individu al via cu rrents. The sig n co nventio n ado pted was that cu rrent o u t o f the 
b u ffer pins was po sitive. The resu lts fo r the o u tpu t pin cu rrents are sho wn in F ig u re 
4.7, plo tted in red. The k no wn o u tpu t cu rrents o b tained fro m vo ltag e measu rement 
acro ss the terminating  resisto rs were all within 2%  o f each o ther and are plo tted in 
b lu e in the fig u re. The mag netic measu rements fo r vias 6, 10, 15 and 19 sho wed a 
sy stematic erro r o f 20%  while the erro rs in the remaining  measu rements were 10%  o r 
less. The averag e erro r fo r all 14 o u tpu ts was ab o u t 10% . U 1 was ho u sed in a lead 
frame pack ag e and emitted sig nificant E MI , similar to  that describ ed b y  D o ng  et al. 
[D D H 04]. A larg e mag netic field co mpo nent o f these emissio ns was parallel to  the 
interpo ser g ro u nd plane. Since this plane was o f finite extent, circu lating  cu rrents 
develo ped which allo wed the field to  leak  thro u g h, creating  the sy stematic 
measu rement erro r. Mo dern BG A pack ag es u se planes to  distrib u te po wer and 
micro strip o r stripline traces to  distrib u te sig nals, so  these pack ag es emit minimal 
amo u nts o f E MI . 
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Figure 4.7 – O ut p ut  P in  C urren t  M ea s urem en t s  

 F ig u re 4.8 and F ig u re 4.9 sho w the cu rrent measu rements o b tained fo r the VD D Q  
and VSSQ  pins, respectively . N o te that since the b u ffer o u tpu t switching  activity  was 
well u ndersto o d, the D C levels o f the VD D Q  and VSSQ  cu rrents co u ld b e resto red. At 
each o f the po ints lab eled A and B in F ig u re 4.8, the su m o f VD D Q  cu rrents is within 
o f the su m o f the actu al o u tpu t pin cu rrents (14 × −21mA =  −294 mA), while at po int 
C the VD D Q  cu rrent su m is within 5%  o f the co rrect valu e o f z ero . At each o f the 
po ints lab eled A and C in F ig u re 4.9, the su m o f VSSQ  cu rrents is within o f the su m 
o f the actu al o u tpu t pin cu rrents (14 × 21mA =  294 mA), while at po int B the su m is 
within 5%  o f the co rrect valu e o f z ero . O verall, the measu rement accu racy  was 
reaso nab ly  g o o d. 
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Figure 4.8 – VD D Q  P in Cu rrent Measu rements 
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Figure 4.9 – VSSQ  P in Cu rrent Measu rements 
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4.2  S e c o n d  T e s t :  A  C o m m e r c i a l  E t h e r n e t  R o u t e r  B o a r d  
 The resu lts o f the first test were enco u rag ing : the lo o p pro b e had an u pper 
measu rement limit o f 2 G H z , and sig nal and su pply  cu rrents were su ccessfu lly  
measu red. The q u estio ns then were ho w to  insert a lo o p b etween VD D  and VSS vias 
in a real printed circu it b o ard and what were the minimu m detectab le cu rrents. To  
answer these q u estio ns, a seco nd set o f tests was co ndu cted. We co nstru cted a planar 
lo o p which wo u ld fit into  a no n-plated ho le drilled b etween two  vias in a printed 
circu it b o ard, and mo dified a b o ard fro m a hig h-end co mmercial E thernet ro u ter was 
then mo dified to  inclu de 80 o f these measu rement sites distrib u ted u nder 4 different 
BG A pack ag es. A pro b e calib ratio n site was also  created. After determining  the 
measu rement b andwidth o f this new pro b e, we u sed it to  mak e measu rements at all 80 
sites with E thernet traffic passing  thro u g h the ro u ter. The o verall g o al was to  
demo nstrate that via cu rrents co u ld b e su ccessfu lly  measu red in a real enviro nment. 

4.2 .1 D e sc r i p t i o n  o f  T e st  F i x t u r e s 
 The first task  was to  create a practical indu ctio n lo o p and a wo rk ab le metho d fo r 
inserting  it into  an indu strial printed circu it b o ard (P CB). Standard P CB techno lo g y  
was u sed to  create the lo o p which co nsisted o f a 76µm (3 mil) wide co pper trace o n a 
100µm (4 mil) thick  F R4 su b strate. Sq u are pads at the end o f the lo o p allo wed 
attachment o f a 50Ω semi-rig id co axial cab le. To  create an insertio n site, a 500µm (20 
mil) diameter no n-plated ho le was drilled b etween  po wer and g ro u nd via pairs. A 
diameter o f 500µm is the larg est that can b e reliab ly  drilled b etween vias at a 1mm 
spacing , which is the mo st co mmo n BG A b all pitch. Since the analy sis o f Sectio n 3.2 
sho wed that a via pitch to  lo o p width ratio  o f 4 g ave a g o o d co mpro mise b etween 
sig nal sensitivity  and insensitivity  to  po sitio nal misalig nment, the lo o p internal width 
was made 250µm (10 mil). The lo o p heig ht was 3 mm, b u t the effective lo o p heig ht 
fo r sensing  is the distance fro m the to p su rface o f the b o ard to  the su pply / g ro u nd 
planes fo r the po wer/ g ro u nd vias b eing  measu red. This was either 1.4 mm o r 2.6 mm, 
depending  o n the vo ltag e level measu red.  F ig u re 4.10 sho ws a drawing  o f the pro b e 
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and insertio n metho d, and F ig u re 4.11 sho ws the pro b e in u se. The measu rement sites 
were distrib u ted u nder 6 BG A pack ag es and acro ss fo u r su pply  vo ltag e levels, rang ing  
fro m 1.0 to  2.5 vo lts. I n all cases, measu rement sites were placed b etween a su pply  
and g ro u nd via pair. The increase in po wer/ g ro u nd plane po ro sity  resu lting  fro m 
insertio n o f these sites was less than 6%  b y  area u nder any  pack ag e. 

 
Figure 4.10  – P lanar L o o p and I nsertio n Site 

 
Figure 4.11 – P lanar L o o p I nsertio n in P CB 
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4.2 .2  M e a su r e m e n t  M e t h o d s a n d  R e su l t s 
 The b reak  freq u ency  o f the lo o p was fo u nd u sing  the same metho d as in the first 
test. The lo o p was excited b y  an identical lo o p, and a vecto r netwo rk  analy z er was 
u sed to  measu re S21 fro m the driving  to  receiving  lo o p. The resu lts are sho wn in 
F ig u re 4.12. The indicated b reak  freq u ency  was appro ximately  3 G H z . TD R 
measu rement g ave a lo o p self indu ctance o f 2.6nH , g iving  an R/ L  b reak  freq u ency  o f 
3.06 G H z . These valu es ag ree relatively  well with the simple analy sis o f Sectio n 3.3. 
Since this b reak  freq u ency  exceeded the minimu m req u ired u pper measu rement limit 
o f 1 G H z , cu rrent measu rements were o b tained b y  nu merically  integ rating  the lo o p 
o u tpu t vo ltag e data and scaling  the resu lts b y  the calcu lated mu tu al indu ctance 
b etween the vias and the lo o p. Thu s the resu lting  u pper measu rement limit was 3 G H z , 
co rrespo nding  to  a rise time o f appro ximately  120ps. Since po wer distrib u tio n 
netwo rk s co ntain extensive charg e sto rag e capacitance, this was co nsidered to  b e an 
adeq u ate u pper limit. 
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Figure 4.12 – P lanar L o o p F req u ency  Respo nse 
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 I n additio n to  this u pper measu rement limit, a practical lo wer limit exists. This 
limit is reached when the lo o p o u tpu t vo ltag e can no  lo ng er b e disting u ished fro m the 
no ise in the measu rement instru mentatio n. To  determine this limit, as well as to  
reco nfirm the o ne-o ver-distance mag netic field fall-o ff, a calib ratio n site was inclu ded 
in the ro u ter’ s printed circu it b o ard. This co nsisted o f two  vias spaced at 1mm pitch 
with a 500µm diameter pro b e ho le b etween them. The P CB stack -u p was u naltered in 
this lo catio n, so  the vias pierced b u t did no t co nnect to  the 14 po wer and g ro u nd 
planes o f the b o ard. To p su rface traces ro u ted at rig ht ang les to  the line j o ining  the 
vias allo wed co nnectio n o f a co axial cab le, and b o tto m su rface traces also  ro u ted at 
rig ht ang les to  the line j o ining  the vias allo wed co nnectio n o f a 50Ω su rface mo u nt 
resisto r acro ss the b o tto m end o f the vias. F ig u re 4.13 sho ws a drawing  o f the 
calib ratio n site. A sig nal g enerato r created a 10 mA amplitu de sinu so idal cu rrent 
thro u g h the resu lting  circu it. A mu tu al indu ctance o f 600pH  fro m vias to  lo o p was 
calcu lated assu ming  a o ne-o ver-distance field b ehavio r, and lo o p o u tpu t vo ltag es were 
nu merically  integ rated and scaled b y  this valu e to  reco ver cu rrent wavefo rms. The 
lo o p vo ltag e measu rement device was the same Tek tro nix 7704B o scillo sco pe u sed in 
the first test (see Sectio n 4.1.1). 
 I nitial measu rements sho wed the z ero  inpu t sig nal no ise in the o scillo sco pe to  b e 
well describ ed b y  a no rmal distrib u tio n. Therefo re, fo r repetitive sig nals, averag ing  
sho u ld impro ve the o verall sig nal to  no ise ratio  b y  sq rt(N ) where N  is the nu mb er o f 
samples averag ed. E xperimentatio n sho wed that u sing  2048 averag es, a 100k H z  
10mA cu rrent co u ld b e reco vered with g o o d accu racy . This co rrespo nds to  a peak  

tI ∂∂  o f 6µA/ ns. F o r sing le sho t acq u isitio ns, a freq u ency  o f 5 MH z  wo u ld b e 
req u ired, co rrespo nding  to  a peak  tI ∂∂  o f 0.3 mA/ ns. Ag ain, these resu lts ag ree 
reaso nab ly  well with the predictio ns o f Sectio n 3.3. F inally , measu rements were made 
at 1 MH z  and at 10MH z  to  check  the flatness o f the respo nse, and the resu lts are 
sho wn in F ig u re 4.13. As predicted b y  the simple analy sis o f Sectio n 3.2, the respo nse 
was flat fro m 10 MH z  do wn to  100 k H z . The amplitu de valu es o b tained were all 
within 2%  o f the co rrect valu e o f 10mA. 
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Figure 4.13 – Calib ratio n Site and Reco vered Cu rrent Sig nals 

 With the measu rement limits o f the pro b e determined, cu rrent measu rements were 
made at the sites o n the mo dified E thernet ro u ter b o ard. O u tpu t vo ltag es o f 2mVpp o r 
g reater were fo u nd at all sites. As an example, F ig u re 4.14 sho ws the measu red cu rrent 
sig natu re o f a VD D Q  pin o f a co ntent addressab le memo ry  (CAM) as 37 o u tpu ts 
switched simu ltaneo u sly  fro m lo w to  hig h. The o u tpu t resistance o f the drivers and the 
P CB trace impedance were b o th 50Ω, and there were a to tal o f 7 VD D Q  pins at 2.5 
vo lts. The receivers presented appro ximately  a 4pF  lo ad at the o u tpu t end o f the lines. 
The calcu lated peak  cu rrent was (37/ 7) × (2.5/ 100) =  132mA. Mag netic cro sstalk  was 
minimal at this site, and the measu red peak  cu rrent matches this valu e. As ano ther 
example, F ig u re 4.15 sho ws the cu rrent sig natu re o f a co re VD D  (1 vo lt) pin o f this 
same CAM with E thernet traffic circu lating . F ig u re 4.16 sho ws the distrib u tio n o f 
peak  VD D  valu es fo r ten VD D  pins distrib u ted acro ss the area o f the pack ag e. Two  
lo o ps were u sed: o ne to  pro vide a stab le trig g er fro m o ne site and o ne to  sample the 
remaining  nine sites. Similarly  clean measu rement resu lts were fo u nd at all 80 sites. 
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Figure 4.14 – Measu red CAM VD D Q  P in Cu rrent 
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Figure 4.15 – Measu red CAM VD D  P in Cu rrents 
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Figure 4.16 – CAM VD D  P in Cu rrent D istrib u tio n Acro ss P ack ag e 

 F inally , measu rements o f the VD D  and VD D Q  via cu rrent sig natu res o f this CAM 
were u sed to  examine the validity  o f the assu mptio n that po wer/ g ro u nd plane pairs 
mak e no  co ntrib u tio n to  the indu ced lo o p vo ltag e and also  to  examine the effect o f 
b y pass capacito rs u nder the CAM. I n b o th cases, the test pro cedu re was the same: the 
peak  lo o p o u tpu t vo ltag e was measu red as a fu nctio n o f lo o p insertio n depth, 
measu red fro m the b ack  side o f the printed circu it b o ard. I n o ther wo rds, the lo o p 
vo ltag e was measu red as a fu nctio n o f lo o p heig ht, h. F ig u re 4.17 sho ws the 
measu rement resu lts fo r the 1V VD D / VSS via pair and F ig u re 4.18 the resu lts fo r the 
2.5V VD D Q / VSSQ  via pair, no rmaliz ed to  fu ll insertio n amplitu de. N either via pair 
had b y pass capacito rs co nnected to  them. F o r the VD D / VSS via pair, the resu lts sho w 
the expected b ehavio r with depth, and the indicated VD D / VSS plane pair po sitio n was 
~ 1.8 mm fro m the to p su rface o f the b o ard, which is reaso nab ly  clo se to  the actu al 
valu e o f 1.4 mm. There was so me extraneo u s sig nal at 0.6 mm depth, and this was 
exactly  the depth o f the VD D Q / VSSQ  plane pair. This implies that this plane pair did 
mak e so me co ntrib u tio n to  the lo o p sig nal, b u t the co ntrib u tio n was less than 10%  o f 
the to tal. The resu lts fo r the VD D / VSS via pair also  sho wed the expected linear 
b ehavio r with depth, and the indicated VD D / VSS plane pair po sitio n was ~ 2.8 mm 
fro m the to p su rface o f the b o ard, which is q u ite clo se to  the actu al valu e o f 2.6 mm. 
O n b alance, the assu mptio n that plane pairs pro du ce a neg lig ib le sig nal is reaso nab le. 
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Figure 4.17 – P eak  L o o p Vo ltag e vs. I nsertio n D epth fo r VD D / VSS  
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Figure 4.18 – P eak  L o o p Vo ltag e vs. I nsertio n D epth fo r VD D Q / VSSQ  
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 To  investig ate the effects o f b y pass capacito rs, measu rements were made o n three 
VD D / VSS via pairs, each with 0.1µ F  ceramic b y pass capacito rs attached. The pairs 
were lo cated near the center o f the pack ag e area. F ig u re 4.19 sho ws the resu lts. N o te 
that fo r all three sites, the slo pes o f the initial linear seg ments are the same. Since the 
electrical enviro nments fo r all three sites were similar, this implies that the all three 
b y pass capacito rs co ntrib u ted nearly  the same cu rrent. Then at ~ 1.6 mm depth, which 
is the lo catio n o f the VD D / VSS plane pair, the slo pes o f the line seg ments chang e. The 
slo pe fo r VD D  via L 7 increases, indicating  that the VD D  plane is co ntrib u ting  cu rrent, 
whereas fo r VD D  via V15, the slo pe decreases which indicates that so me o f the 
b y pass capacito r cu rrent is passing  into  the plane. F o r VD D  via V17, the slo pe 
remains u nchang ed, imply ing  that the b y pass capacito r co ntrib u tes the entire VD D  pin 
cu rrent. These resu lts su g g est that we can o b tain data o n the b y pass capacito r cu rrents 
as well as the pack ag e pin cu rrents, an idea we will pu rsu e in Chapter 5. 
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Figure 4.19 – E ffect o f VD D  By pass Capacito rs 
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4.3  S u m m a r y  
 Tak en to g ether, the resu lts o f these two  tests sho w that small indu ctio n lo o ps can 
b e u sed to  measu re transient cu rrents flo wing  thro u g h po wer and g ro u nd vias in real 
printed circu it b o ards. U sing  standard P CB litho g raphy , planar lo o ps can b e 
co nstru cted which are small eno u g h to  fit b etween vias spaced at 1mm pitch u nder 
BG A pack ag es and which pro vide a measu rement b andwidth in excess o f 2 G H z . 
When su ch lo o ps are inserted b etween a po wer/ g ro u nd via pair, the resu lting  
sensitivity  is appro ximately  0.2 mV/ mA/ ns per millimeter o f cu rrent carry ing  via 
leng th. This allo wed a repetitive cu rrent o f 6µA/ ns in a 3mm lo ng  via pair to  b e 
measu red with hig h fidelity  u sing  an indu stry  standard sampling  o scillo sco pe. I n a 
b o ard fro m a hig h end E thernet ro u ter, 80 sites u nder BG A pack ag es y ielded clean 
measu rements. Where mag netic cro sstalk  fro m adj acent vias was minimal, the 
measu red cu rrent sig natu res matched expected cu rrent valu es to  within 5%  erro r. F o r 
VD D  pins o f a CAM memo ry , activity  dependent transient cu rrent patterns were 
o b served, and the distrib u tio n o f peak  intensities o f these patterns acro ss the pack ag e 
was measu red. F u rthermo re, vary ing  the effective lo o p heig ht b y  vary ing  lo o p 
insertio n depth validated the treatment o f po wer/ g ro u nd planes as parallel plate 
waveg u ides fo r transient sig nals and also  allo wed the cu rrent co ntrib u tio ns o f b y pass 
capacito rs to  b e investig ated. O verall, the measu rements co u ld b e u sed to  validate 
simu latio n resu lts, since cro sstalk  effects can b e acco u nted fo r in simu latio n. 
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Chapter 5  

A n  A ppl i c ati o n  E x am pl e 

 The resu lts thu s far sho w that po wer sy stem cu rrents in printed circu it b o ards can 
b e measu red u sing  an indu ctive lo o p senso r. Su ch lo o ps can b e made small eno u g h to  
b e inserted into  real printed circu it b o ards and y et have a b andwidth and sensitivity  
adeq u ate to  sensing  po wer netwo rk  cu rrents. F u rthermo re, the measu rement accu racy  
is reaso nab le;  erro rs in the five to  ten percent rang e can b e expected. We will no w 
apply  this techniq u e to  a real wo rld pro b lem and demo nstrate that u sefu l resu lts can b e 
o b tained. While there are many  po ssib ilities, a pro b lem o f maj o r co ncern fo r sy stem 
desig ners is that o f larg e integ rated circu its with very  larg e chang es in switching  
fractio n. Su ch parts can exhib it larg e swing s in su pply  cu rrent and also  very  larg e 
valu es o f tI ∂∂ . The po wer sy stem mu st b e desig ned to  su pply  adeq u ate charg e, b o th 
instantaneo u sly  and o n a su stained b asis, o r the su pply  vo ltag e will dro o p excessively , 
leading  to  co mpro mised perfo rmance o r o u trig ht failu re. 
  Critical aspects o f this are the selectio n and placement o f b y pass capacito rs to  
pro vide transient charg e and the nu mb er, thick ness, and placement o f su pply  and 
g ro u nd planes. As discu ssed in Chapter 2, simu latio n o f the po wer netwo rk s is a 
critical part o f this pro cess. F o r sy stem desig ners, ho wever, the simu latio n and desig n 
pro b lems are co mpo u nded b y  the fact that vendo rs o f integ rated circu its are o ften 
either u nab le o r u nwilling  to  pro vide co mprehensive data o n the tempo ral and 
g eo metric distrib u tio n o f su pply  cu rrents. This fo rces desig ners to  apply  estimated 
“wo rst case”  stimu li in simu latio n. I t is then u ncertain whether the resu lting  desig n is 
adeq u ately  ro b u st. I f the su pply  pin cu rrents o f pro b lematic parts co u ld b e measu red 
du ring  realistic wo rst case o peratio n, this u ncertainty  co u ld b e remo ved. This is the 
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task  addressed in this chapter. We will measu re the cu rrents in all po wer and g ro u nd 
pins o f a larg e integ rated circu it as this part mak es wo rst case transitio ns in internal 
activity . The resu lts will sho w the distrib u tio n o f cu rrent as a fu nctio n o f time and the 
actu al valu es o f tI ∂∂  that reach the printed circu it b o ard. I n additio n, we will see that 
it is po ssib le to  measu re cu rrents in b o th b y pass capacito rs and su pply  planes as well, 
g iving  additio nal insig ht into  the perfo rmance o f the po wer netwo rk . 

5 .1 D e s c r i p t i o n  o f  t h e  A p p r o a c h  
 The integ rated circu it selected fo r test was a Co ntent Addressab le Memo ry  
(CAM), which is freq u ently  u sed in E thernet ro u ters. This sectio n describ es the 
metho ds u sed to  o b tain maps o f the real time su pply  cu rrents fo r this device. The 
characteristics o f the CAM are describ ed in sectio n 5.1.1, alo ng  with the reaso ns fo r 
cho o sing  this device. Sectio n 5.1.2 then describ es the test printed circu it b o ard u sed to  
tak e the cu rrent measu rements. F inally , sectio n 5.1.3 describ es the metho ds u sed to  
co llect and pro cess the measu rement data.  

5 .1.1 T h e  T e st  D e v i c e  
 As already  stated, a Co ntent Addressab le Memo ry  (CAM) was u sed as the test 
device. This device was cho sen fo r several reaso ns. F irst, this ty pe o f memo ry  can 
exhib it larg e swing s in su pply  cu rrent to  the memo ry  co re. Besides read data and write 
data mo des, a CAM has a search mo de. I n this mo de, a data k ey  is presented to  the 
CAM inpu ts, and the co ntents o f the memo ry  are searched fo r sto red data matching  the 
k ey . I f a match is fo u nd, an index to  the lo catio n o f the matching  data is placed o n the 
o u tpu ts. The search mo de is implemented b y  placing  a match line acro ss each ro w o f 
cells in the memo ry  mat. The match lines are all driven hig h at the b eg inning  o f a 
search. The inpu t k ey  data are then co mpared to  the b its in each ro w, and if any  o f the 
b its in a ro w differ fro m the k ey , the match line fo r that ro w is pu lled lo w and a miss is 
said to  o ccu r. Thu s, larg e cu rrents can b e drawn du ring  co mpares that end in a miss. 
D epending  o n the siz e and o rg aniz atio n o f the memo ry  mat and o n the seq u ence and 
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rate o f applicatio n o f k ey s, very  larg e and ab ru pt chang es in su pply  cu rrent can o ccu r. 
The memo ry  cho sen had a sto rag e capacity  o f 10 Mb , o perated sy nchro no u sly  fro m a 
500 MH z  clo ck , and had a 1 vo lt co re su pply  vo ltag e. Thu s this part is a g o o d example 
o f the k ind that present po wer sy stem desig n challeng es to  sy stem eng ineers.  
 A seco nd reaso n fo r selecting  this particu lar CAM was that it co ntained b u ilt-in 
self test (BI ST) lo g ic capab le o f execu ting  a nu mb er o f different test patterns. After 
the BI ST lo g ic is co nfig u red and trig g ered, no  fu rther manipu latio n o f chip inpu ts is 
req u ired fo r test execu tio n. This sig nificantly  simplified the test b o ard: o nly  a small 
field pro g rammab le g ate array  (F P G A) was req u ired to  co ntro l the BI ST tests. Also , 
the BI ST lo g ic co u ld b e co nfig u red to  lo o p o n a particu lar test. This allo wed fo r data 
averag ing  which impro ves the sig nal to  no ise ratio . O ne o f the BI ST tests was 
specifically  desig ned to  create wo rst case valu es o f tI ∂∂  b y  alternating  b etween larg e 
nu mb ers o f co nsecu tive misses and larg e nu mb ers o f co nsecu tive matches. I t is this 
test that was u sed to  create the su pply  cu rrents fo r measu rement. The alg o rithm fo r the 
test is describ ed in the fo llo wing  pseu do -co de: 

Initialization { 
 wr ite _ one s _ to( all_ loc ations ) ; 
 wr ite _ ze r os _ to( las t_ r ow_ of _ all_ b loc k s ) ; 
 e nab le ( all_ b loc k s ) ; 
 s e t_ s e ar c h _ wid th _ to( all_ b its ) ; 
} 
T e s t { 
 F or ( s p e c if ie d _ loop _ c ou nt)  { 
  s e ar c h _ f or ( all_ ze r os ,  n tim e s ) ; 
  s e ar c h _ f or ( all_ one s ,  n tim e s ) ; 
 } 
} 

 F inally , the CAM cho sen was co ntained in a 576 b all BG A pack ag e with an 
o rg anic su b strate and a 1 mm b all pitch. The pack ag e techno lo g y  is thu s a present day  
standard, and the siz e is larg e eno u g h to  present po wer desig n challeng es. This 
b eco mes clear when lo o k ing  at the part’ s pin-o u t, sho wn in to p view in F ig u re 5.1, 
(ho riz o ntal pin nu mb ering  fo llo ws the indu stry  standard practice: A B C D  E  F  G  H  J  
K  L  M N  P  R T U  V W Y ).  H ere, the 1 vo lt co re VD D  pins are sho wn in red and the 
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VSS pins in b lu e. As can b e seen, VD D  and VSS pins are distrib u ted acro ss the 
pack ag e area, b u t their density  is hig h in a “ho t spo t”  in the center o f the pack ag e, 
u nder the die. This is ty pical fo r larg e BG A pack ag es. Su pply ing  cu rrent to  this ho t 
spo t is a preo ccu patio n o f P CB desig ners b ecau se their presu mptio n has alway s b een 
that this is the area thro u g h which the maj o rity  o f the su pply  cu rrent passes. Y et, as 
can also  b e seen, do ing  this is co mplicated b y  the larg e nu mb er o f intervening  pins. I n 
co ntrast, pins away  fro m this area have traditio nally  b een viewed as less effective in 
su pply ing  po wer. U sing  the cho sen CAM, with the pin-o u t o f F ig u re 5.1, will allo w 
these assu mptio ns to  b e q u antitatively  evalu ated. 

A E K R Y AD
1

5

10

15

2 0

2 4

Letter Side  
Figure 5.1 – To p View o f Test CAM P ack ag e P in-o u t 

5 .1.2  T h e  T e st  B o a r d  
 With the test device (hereafter referred to  as the D U T) selected, it was then 
necessary  to  pro du ce a test b o ard which wo u ld simu ltaneo u sly  pro vide a realistic 
sy stem enviro nment and also  allo w the cu rrents o f all o f the D U T pack ag e pins to  b e 
measu red. A b lo ck  diag ram o f the resu lting  desig n is sho wn in F ig u re 5.2. The BI ST 
co ntro l pins o f the D U T were driven b y  an F P G A;  the F P G A was pro g rammed and 
co ntro lled via an I E E E / AN SI  1149 standard J TAG  b u s. Since mo st o f the D U T inpu ts 
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were u nu sed fo r BI ST testing  and the D U T was desig ned to  allo w cascading , mo st o f 
the o u tpu ts were co nveniently  terminated b y  co nnecting  them b ack  to  the inpu ts. The 
few remaining  o u tpu ts were terminated resistively . The o u tpu t lo ads were thu s ty pical 
o f tho se seen in a real sy stem enviro nment. An o n-b o ard clo ck  g enerato r pro vided a 
500 MH z  clo ck  to  the D U T and a 250 MH z  clo ck  to  the F P G A phase alig ned with the 
500 MH z  clo ck . The J TAG  inpu ts were sy nchro niz ed to  the 250 MH z  clo ck  inside the 
F P G A. Thu s the o peratio n o f the F P G A was sy nchro niz ed to  that o f the D U T. I n 
additio n to  co ntro lling  the BI ST lo g ic, the F P G A emitted a trig g er o u tpu t who se 
transitio n co u ld b e precisely  alig ned to  the start o f the BI ST test in the D U T. This 
allo wed data fro m mu ltiple measu rements to  b e co herently  merg ed. F inally , o n-b o ard 
D C-D C co nverters pro vided all su pply  vo ltag es, inclu ding  the 1V D U T co re su pply . 

 
Figure 5.2 – Test Bo ard Blo ck  D iag ram 

 Standard printed circu it b o ard practices were fo llo wed to  create the fo o tprint fo r 
the D U T o n the test b o ard as sho wn in F ig u re 5.3 (a). Su rface mo u nt pads o f 500 µm 
diameter were placed at 1 mm pitch to  create a 24 sq u are array  o f 576 co ntact po ints 
fo r the BG A pack ag e o f the D U T. Then 250 µm O .D . vias were placed interstitially  
with the su rface mo u nt pads, and sho rt su rface traces j o ined pad to  via. The vias were 
place so  as to  create chevro ns po inting  diag o nally  away  fro m the center o f the 
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pack ag e. The via pattern thu s created, sho wn in F ig u re 5.3 (b ), resu lts in 2 mm wide 
“way s”  clear o f o b stru cting  vias. This is a practice co mmo nly  u sed b y  b o ard desig ners 
to  clear the way  fo r cu rrent to  the presu med ho t spo t at the center o f the pack ag e. 
F o llo wing  the pro cedu re describ ed in Sectio n 4.2, insertio n sites fo r the indu ctive lo o p 
were created b y  placing  500 µm diameter no n-plated-thro u g h ho les next to  the vias. I n 
this case, we need to  have a measu rement site fo r each o f the 576 vias. This allo ws 
mag netic cro sstalk  fro m neig hb o ring  vias to  b e remo ved, as describ ed in the next 
sectio n and the cu rrent in each via to  b e determined. 

  
 (a) (b ) 

Figure 5.3 – F o o tprint and Via F ield u nder D U T 

 P lacing  a measu rement site b etween every  via, ho wever, wo u ld sig nificantly  
increase the po ro sity  o f the area u nder the chip and co u ld thu s excessively  distu rb  the 
impedance o f the po wer/ g ro u nd plane netwo rk . To  avo id this, fo u r D U T fo o tprints 
were placed o n the test b o ard, each with 144 measu rement sites. These fo o tprints were 
identical in every  way  (b y pass capacito r placement, I O  lo ading , etc) except fo r the 
placement o f the pro b e ho les. I n the first fo o tprint, the measu rement sites were placed 
b etween every  o ther via (i.e. o n a 2 mm pitch), b o th vertically  and ho riz o ntally , 
starting  0.5 mm ab o ve the u pper left had co rner via in F ig u re 5.3 (b ). I n the seco nd 
fo o tprint, this pattern was slipped do wn o ne via pitch vertically . I n the third fo o tprint, 
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the initial pattern was slipped do wn o ne via pitch vertically  and to  the rig ht o ne via 
pitch ho riz o ntally . I n the fo u rth fo o tprint, the initial pattern was slipped o ne via pitch 
to  the rig ht. Thu s fo r each fo o tprint, the space b etween vias in the vertical directio n 
was u no b stru cted, and in the ho riz o ntal directio n, o nly  every  o ther space was 
o cclu ded. The resu lting  increase in po ro sity  was u nder fifteen percent. By  tak ing  
measu rements at the 144 sites in each fo o tprint and mo ving  the D U T thro u g h all fo u r 
fo o tprints, measu rement data fo r all pins co u ld b e acq u ired. To  enab le this, 
SK 0576BG 2701A co mpressio n so ck ets fro m D CI  Co rpo ratio n were u sed to  co nnect 
the D U T to  the test b o ard. These so ck ets are u sed o n hig h perfo rmance integ rated 
circu it testers fo r I C characteriz atio n and have an extremely  lo w pro file and therefo re 
lo w indu ctance. Co mpressib le pins are u sed to  mak e the P CB to  I C co nnectio n, and 
when the part is fu lly  seated, 2.6 mm o f heig ht is added. U sing  eq u atio n (3.8) in 
Sectio n 3.4 and the stack -u p dimensio ns fo r the b o ard, the so ck ets add 1.3 nH  o f 
indu ctance fo r an adj acent co re VD D / VSS via pair. This was deemed a to lerab le 
distu rb ance. The validity  o f this assu mptio n will b e addressed du ring  the discu ssio n o f 
measu rement resu lts in Sectio n 5.2. 
 To  pro du ce an enviro nment ty pical o f sy stems in which the D U T is u sed, the lay er 
stack -u p o f the printed circu it b o ard was made identical to  the su perviso r b o ard o f a 
hig h perfo rmance E thernet ro u ter. The b o ard co ntained 24 lay ers: 8 stripline sig nal 
lay ers, 8 g ro u nd planes to  fo rm the striplines, and 4 su pply / g ro u nd plane pairs. To tal 
b o ard thick ness was 3 mm (116 mils), and the VD D / VSS plane pair fo r the D U T co re 
po wer was lo cated 1.4 mm (55 mils) b elo w the fro nt (D U T attach) side o f the b o ard, 
which is the same po sitio n these planes o ccu py  o n the E thernet ro u ter b o ard where the 
D U T is u sed. Appendix A co ntains fu ll do cu mentatio n o f this stack -u p. 



  60 

 
Figure 5.4 – Test Bo ard By pass Capacito r P lacement 

 By pass capacito rs were placed o n the b ack  side o f the b o ard. The capacitance 
valu es and placement o f these capacito rs clo sely  matched the implementatio n o n 
E thernet ro u ter su perviso r b o ards were the D U T is u sed. The maj o rity  o f the b y pass 
capacito rs u sed were 0.1 µ F  ceramic capacito rs with an X 7R dielectric and a 0201 
case siz e. These were placed diag o nally  acro ss co re VD D  and g ro u nd vias as sho wn in 
F ig u re 5.4 (the measu rement site ho les are also  visib le in this fig u re). L o w indu ctance 
8 pin 2.2 µ F  I D C ceramic capacito rs were placed at the edg e o f the via array . At the 
co rners o f the via array  100 µ F  ceramic capacito rs (no t sho wn) were placed to  pro vide 
b u lk  charg e sto rag e. D u ring  testing , the wo rst case su pply  no ise o b served at the D U T 
was 10 mV peak  to  peak , so  this b y pass strateg y  was mo re than adeq u ate fo r this 
applicatio n. 

5 .1.3  M e a su r e m e n t  M e t h o d s 
 Since measu rements were tak en at mu ltiple sites distrib u ted acro ss fo u r distinct 
fo o tprint lo catio ns, we mu st have a stab le reference po int in time if we are to  b e ab le 
to  co herently  co mb ine the measu rements and mak e sense o f the resu lts. This was 
acco mplished b y  u sing  an F P G A o perating  sy nchro no u sly  with the D U T to  set u p and 
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initializ e BI ST tests in the D U T and to  pro vide a trig g er o f data co llectio n (see F ig u re 
5.2 ab o ve). The lo g ic inside the F P G A wo u ld watches the BI ST co mmands b eing  sent 
to  the D U T, and when the s tar t_ b is t_ te s t co mmand is reco g niz ed, an “o ffset”  
co u nter is started. When this co u nter reaches a preset valu e, the F P G A pu lses its 
trig g er o u tpu t, and a “cy cle”  co u nter is started. When this co u nter reaches a preset 
valu e, ano ther trig g er pu lse is issu ed and the co u nter is reset to  z ero  and b eg ins 
co u nting  u p ag ain. By  setting  the cy cle co u nter to  the leng th o f the BI ST test lo o p, the 
o ffset co u nter co u ld b e u sed to  b o th sk ip o ver the BI ST initializ atio n seq u ence and 
po sitio n the trig g er at a predetermined lo catio n within the test. F o r the resu lts 
discu ssed in this chapter, the trig g er was placed at the b eg inning  o f the BI ST test lo o p 
and remained co nstant fo r all data measu rements. A Tek tro nix TD S 7704B sampling  
o scillo sco pe was then u sed to  measu re the o u tpu t o f the indu ctive lo o p at each 
measu rement site. Samples were co llected at 8 ps intervals, and acq u isitio n was 
initiated b y  the F P G A trig g er pu lse. The presence o f a stab le trig g er also  allo wed 
sig nal averag ing  to  b e u sed. At each measu rement site, sixteen samples o f data where 
co llected and averag ed. This impro ved the sig nal to  no ise ratio  b y  a facto r o f fo u r, 
which was mo re than adeq u ate. 
 The indu ctio n lo o p senso r u sed in these measu rements was the same as that u sed 
in the initial testing  describ ed in Sectio n 4.2 and was inserted into  the measu rement 
sites fro m the b ack  side o f the printed circu it b o ard as sho wn in F ig u re 4.11 o f that 
sectio n. This creates b o th a pro b lem and a data co llectio n o ppo rtu nity . When the lo o p 
is fu lly  inserted in the printed circu it b o ard next to  either (o r b o th) a VD D  o f g ro u nd 
pin, the indu ced lo o p vo ltag e will b e the su m o f that created b y  cu rrents into  the 
pack ag e pin(s) and that created b y  cu rrents thro u g h any  b y pass capacito rs attached to  
the vias o n the b ack  side o f the b o ard. Since there is an intervening  po wer/ g ro u nd 
plane pair which can either so u rce o r sink  cu rrent, the valu e o f the pack ag e pin cu rrent 
is indeterminate. To  so lve this pro b lem, the appro ach sho wn in F ig u re 5.5 was tak en. 
F o r each measu rement site, two  reading s were tak en: o ne with the lo o p half-way  
inserted, j u st u p to  the co re VD D / VSS plane pair, and o ne with the lo o p fu lly  inserted. 
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The pack ag e pin cu rrent data are then o b tained b y  su b tracting  the first reading  fro m 
the seco nd.  

Package

L o o p
B y p as s  C ap .

Package

L o o p
B y p as s  C ap .

Package

L o o p
B y p as s  C ap .

Package

L o o p
B y p as s  C ap .

 
Figure 5.5 – L o o p P o sitio ns fo r Measu rements 

 While so mewhat tedio u s to  execu te, this metho d pro vides u s with mo re 
info rmatio n ab o u t the b ehavio r o f the po wer netwo rk . The half insertio n 
measu rements, if carefu lly  execu ted, allo w the transient cu rrents in the b y pass 
capacito rs to  b e determined, which in tu rn allo ws a q u antitative assessment o f their 
effectiveness to  b e made. F u rthermo re, recalling  the resu lts o f F ig u re 4.19 in Sectio n 
4.2.2, we can o b tain info rmatio n ab o u t the plane cu rrents b y  su b tracting  two  times the 
half insertio n data fro m the fu ll insertio n data. I f the resu lt is z ero , then the entire 
pack ag e pin’ s cu rrent is su pplied o r su nk  b y  the attached b y pass cu rrent. A po sitive 
resu lt indicates that the plane is su pply ing  cu rrent and a neg ative resu lt that it is 
sink ing  cu rrent. All o f these data can then b e plo tted ag ainst the pin lo catio n to  g ive 
the distrib u tio n o f these cu rrents acro ss the pack ag e area as a fu nctio n o f time.  
 To  o b tain the cu rrent valu e fo r each pin fro m the lo o p vo ltag e measu rements 
req u ires that the mag netic cro sstalk  fro m adj acent vias b e remo ved. F o llo wing  the 
appro ach tak en in Sectio n 4.1, the vecto r V o f vo ltag e measu rements can b e expressed 
in terms o f the vecto r I o f via cu rrents and the matrix M o f mu tu al indu ctances 
b etween vias and measu rement sites as: V =  M t∂

∂ I. I n g eneral, the elements o f these 
q u antities are co mplex nu mb ers, reflecting  the phase effects o f sig nal pro pag atio n o ver 
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distance. The pro b lem b eco mes far simpler if we can assu me q u asi-static co nditio ns, 
that is, that the phase effects o f sig nal pro pag atio n o ver distance are minimal and can 
b e ig no red. The elements o f M are then real nu mb ers, and the cu rrent vecto r can b e 
o b tained as ∫−

= VMI dt1  u sing  simple matrix alg eb ra. To  see if the q u asi-static 
assu mptio n can b e made, first no te that the su pply / g ro u nd plane pairs fo rm a parallel 
plate waveg u ide with spacing  o n the o rder o f 100 µm and that the lo o p measu rement 
b andwidth is 2 G H z . Therefo re, the pro pag atio n mo de fo r all measu rab le sig nals in the 
po wer sy stem will b e transverse electro -mag netic. H ence the pro pag atio n velo city  will 
b e independent o f freq u ency  and g iven b y  rcv ε= where c is the velo city  o f lig ht in 
a vacu u m and rε  is the relative dielectric co nstant o f the insu lating  material b etween 
the po wer and g ro u nd plane. The test b o ard u sed a fib er g lass /  F R4 resin co mpo site 
which had a relative dielectric co nstant o f 4. Setting  a phase shift 10%  o f a perio d o f 
as the limit fo r the applicab ility  o f the q u asi-static appro ximatio n g ives a distance limit 
o f 7.5 mm at a freq u ency  o f 2 G H z . Since each measu rement site is 0.5 mm fro m its 
targ et via and the field fall-o ff is o ne-o ver-distance, the mag nitu de o f interfering  
sig nals will b e redu ced b y  a facto r o f 067.05.75.0 = at the q u asi-static limit. F o r 
sig nals with a lo wer freq u ency , f, the distance limit increases b y  a facto r o f 
( ) f9102× .  

 As we will see in the next sectio n, the spectru m o f the measu red sig nals co ntained 
essentially  no  energ y  ab o ve 100 MH z . At this freq u ency , the distance is fo u r times the 
diag o nal leng th o f the D U T fo o tprint. Therefo re, q u asi-static co nditio ns were 
assu med. The mu tu al indu ctance matrix co u ld then b e easily  co mpu ted b y  repeated 
applicatio n o f eq u atio n (3.2) in Sectio n 3.1. Since the co re po wer /  g ro u nd plane pair 
fo r the D U T were lo cated very  near the center o f the test b o ard’ s thick ness, the via 
heig ht ab o ve and b elo w the planes was essentially  the same. Therefo re, a sing le 
mu tu al indu ctance matrix can b e u sed to  reco ver b o th b y pass capacito r and pack ag e 
pin cu rrents. E q u atio ns (5.1) sho w the seq u ence o f calcu latio ns u sed to  reco ver cu rrent 
data. I n these eq u atio ns, Vhi are the vo ltag es measu red with the lo o p inserted half way  
into  the b o ard, and V f i are the vo ltag es measu red with the lo o p fu lly  inserted into  the 
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b o ard. M is the mu tu al indu ctance matrix, and Icap, Ipi n  and Ipl an e  are the cu rrent 
vecto rs fo r the b y pass capacito rs, pack ag e pins and po wer planes respectively . 
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 The TD S 7704B o scillo sco pe g ives a co lu mn vecto r o f vo ltag e data versu s time 
and it’ s b ecau se o f this that the transpo se o perato rs appear in the eq u atio ns. Also  no te 
that b y  assu ming  q u asi-static co nditio ns, we can do  the time integ ratio n b efo re so lving  
fo r the cu rrents. These integ ratio ns were do ne nu merically , u sing  the trapez o idal 
appro ximatio n, and the so lu tio ns fo r cu rrents were do ne in MATL AB® u sing  its left 
divide fu nctio n. F inally , b ear in mind that since the D C levels o f the cu rrents canno t 
b e fo u nd u sing  an indu ctive lo o p, the tru e valu es o f the integ ratio n co nstants are 
u nk no wn.  Therefo re, the trig g er po int fo r data acq u isitio n was set to  the end o f the 
seq u ence o f CAM matches (the minimu m activity  po int), and the integ ratio n co nstant 
fo r all measu rements was set to  z ero . This pro vided a co nsistent po int o f reference 
which allo wed relative co mpariso ns b etween the measu rement data to  b e made. 

5.2 M e a s u r e m e n t  R e s u l t s  

 This sectio n first describ es the precu rso ry  measu rements made to  verify  the 
b ehavio r o f the mag netic field su rro u nding  the vias in the printed circu it b o ard u nder 
the D U T. The seco nd part then describ es the resu lts o f apply ing  the metho ds o f the 
previo u s sectio n to  measu ring  cu rrent in the D U T pack ag e pins. As mig ht b e expected, 
a larg e amo u nt o f data resu lted, which g ave a cu rrent vs. time trace fo r each pin. While 
this data co u ld b e u sed in nu mero u s way s, the discu ssio n will fo cu s o n three areas o f 
particu lar interest to  sy stem desig ners: the distrib u tio n o f cu rrent acro ss the pack ag e 
pin field, the effectiveness o f b y pass capacito rs, and the maximu m /  minimu m valu es 
o f tI ∂∂  reaching  the printed circu it b o ard.  
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5.2.1 F i e l d  M e a s u r e m e n t  

  Befo re tak ing  cu rrent measu rements, the b lank  test printed circu it b o ard (i.e. the 
P CB witho u t co mpo nents attached) pro vided the o ppo rtu nity  to  verify  the o ne-o ver-
distance fall-o ff o f mag netic field streng th in the via array  u nder the D U T. A VD D  
and g ro u nd via were sho rted to g ether o n the b ack side o f the P CB, and a pu lse 
g enerato r in series with a 50Ω resisto r dro ve cu rrent into  the VD D  via and o u t o f the 
g ro u nd via o n the fro nt side o f the b o ard, creating  a cu rrent do u b let. I ndu ctio n lo o p 
measu rements were then tak en at 5 sites, as sho wn in F ig u re 5.6 (Red =  VD D , Blu e =  
g ro u nd). 

1

2

3

4

5

 
Figure 5.6 – Blank  P CB Test L o catio ns 

The pu lse g enerato r emitted a 10 MH z  trapez o id wave with a 1 vo lt amplitu de and 0.8 
ns rise and fall times;  this created a ∂ I / ∂ t =  ±(1/ 50Ω)/ 0.8ns =  ±2.5 × 107 A/ sec in the 
via pair. The 250 µm wide indu ctive lo o p was inserted 2 mm into  the b o ard 
(mechanical interference with the sho rting  wire prevented fu ll insertio n). U sing  the 
valu es o f W =  250 µm and h =  2 mm, the measu rement resu lts are predicted b y  
recasting  eq u atio n (3.1) to  u se the distances fro m the active VD D  and g ro u nd vias, 
g iving : 
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Tab le 1 b elo w co mpares the predicted and measu red resu lts. I n this tab le, χ1 and ψ1 
are the no rmaliz ed x and y distances fro m the driven VD D  via, and χ2 and ψ2 are the 
no rmaliz ed x and y distances fro m the driven g ro u nd via. While there is so me scatter 
in the measu rement data, the ag reement with predictio n is reaso nab le. D ifferences are 
800 µV o r less.  

Table 1. F ield F all-o ff Test Resu lts 

L o catio n χ1 ψ1 χ2 ψ2 P redicted  
Vl o o p  

Measu red  
Vl o o p  

Site 1 −6 0 −2 4 −0.7 mV −0.9 mV 
Site 2 −2 0 2 4 −6.0 mV −5.5 mV 
Site 3 2 0 6 4 4.0 mV 4.8 mV 
Site 4 6 0 10 4 0.8 mV 0.8 mV 
Site 5 10 0 14 4 0.3 mV 0.3 mV 

 
 As a cro ss check  to  these measu rements, a field simu latio n was ru n u sing  the 
H F SS® three dimensio nal electro mag netic field so lver fro m Anso ft Co rpo ratio n. Two  
planes were spaced at 100 µm distance to  fo rm a parallel plate wave g u ide, and their 
edg es were terminated with a perfectly  ab so rb ing  lay er. Two  thro u g h-vias at 1 mm 
pitch pierced these planes and were driven differentially  u sing  50Ω micro strip lines 
and H F SS wave-po rts. To  check  fo r distu rb ance created b y  intervening  sig nal and 
VD D  vias, a three b y  three array  o f vias at 1 mm pitch was placed 1 mm fro m the 
driven pair. These vias were co nnected to  the b o tto m plane b u t insu lated fro m the to p 
plane. F ig u re 5.7 sho ws the mag nitu de o f the mag netic field alo ng  a line half way  
b etween two  ro ws o f sig nal vias. The simu lated field intensities at 10 MH z , 100 MH z  
and 1 G H z  are plo tted alo ng  with the near field predictio n. As can b e seen, the 
simu latio n resu lts fo r all three freq u encies were essentially  the same. The ag reement 
with the near field predictio n is reaso nab le b u t no t perfect, indicating  that the vias may  
have so me effect;  also , the simu latio n acco u nts fo r resistive lo sses in the co pper 
planes, which the simple near field predictio n do es no t. 
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Figure 5.7 – E lectro mag netic F ield So lver Resu lts with Sig nal Vias 

To  check  the affects o f g ro u nd vias, which sho rt the g ro u nd planes to g ether, we 
repeated the field simu latio n with the sig nal via array  replaced b y  a three b y  three 
array  o f g ro u nd vias co nnected to  b o th planes, o nce ag ain o n a 1 mm pitch. The 
resu lts, sho wn in F ig u re 5.8 b elo w, are similar to  tho se fo r the sig nal via array , b u t 
so me differences are present. F o r the 100 MH z  and 1 G H z  freq u encies, there is so me 
no n-mo no to nic b ehavio r o f the field intensity  near the first g ro u nd via. This su g g ests 
the presence o f a lo w q u ality  facto r reso nance in the g ro u nd via array . D eep into  the 
b lo ck  o f vias, the field intensity  falls so mewhat mo re rapidly  than in the previo u s case. 
F o r the 10 MH z  freq u ency , the reso nant b ehavio r is ab sent, b u t ag ain, the field 
intensity  inside the g ro u nd via array  falls o ff so mewhat mo re rapidly  than it do es 
inside the b lo ck  o f sig nal vias. The co nclu sio n has to  b e that g ro u nd vias do  disru pt 
the mag netic field so mewhat. F o rtu nately , as can b e seen in the fig u res, the disru ptio n 
o ccu rs when the field intensity  is lo w, limiting  the erro r in assu ming  near field 
b ehavio r, and except fo r the very  center o f the pack ag e the nu mb er o f g ro u nd vias per 
u nit area is lo w (see F ig u re 5.1). Therefo re, we will assu me that near field b ehavio r 
applies to  the mag netic field, b u t refinement o f this treatment is an area fo r fu rther 
wo rk . 
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Figure 5.8 – E lectro mag netic F ield So lver Resu lts with G ro u nd Vias 

5.2.2 C u r r e n t  M e a s u r e m e n t s  

 With the mag netic field b ehavio r appro ximated as near field, the metho ds o f 
Sectio n 5.1.3 were then u sed to  co llect measu rement data at all 576 via lo catio ns while 
the D U T execu ted the tI ∂∂  BI ST test describ ed in that sectio n. This test execu tes 
internally  in the D U T witho u t any  activity  o n the inpu t o r o u tpu t pins, and the 
measu rements sho wed that the inpu t/ o u tpu t pins and their VD D Q  and VSSQ  su pply  
pins were q u iescent. O nly  the inpu t clo ck  pins and the 209 VD D  and VSS co re su pply  
pins created transient cu rrent sig natu res. D ata fro m these pins were pro cessed 
acco rding  to  the metho ds o u tlined in the previo u s sectio n to  y ield a fu ll mapping  o f the 
VD D  and VSS pin cu rrents o ver a test cy cle. These resu lts can clearly  b e u sed to  
validate the predictio ns o f simu latio ns as well as to  pro vide measu rement data to  
printed circu it b o ard desig ners. As stated earlier, the fo cu s in this wo rk  is o n 
measu rement data that will aid printed circu it b o ard desig n. 
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To  b eg in the discu ssio n, we can g et a g o o d feeling  fo r the o verall su pply  cu rrent 
b ehavio r, as well as a validity  check  o n the resu lts, b y  su mming  all the VD D  pin 
cu rrents and all the VSS (g ro u nd) pin cu rrents and plo tting  the resu lts versu s time. 
F ig u re 5.9 sho ws j u st this plo t. N o te that in the sig n co nventio n ado pted is that cu rrent 
i n t o  the pack ag e is po sitive. Thu s g ro u nd cu rrent is neg ative. L o o k ing  at the fig u re, 
the o verall cu rrent b ehavio r du ring  the BI ST test is apparent. The test pro du ces a 
sq u are pu lse o f cu rrent with amplitu de o f ab o u t 12 amperes and du ratio n o f 
appro ximately  10 ns. The sharp rise in cu rrent o ccu rs as the test pro g resses fro m a 
series o f searches resu lting  in matches into  a series that resu lts in misses. The cu rrent 
then decreases to  a valu e o f 8 amperes and remains at this level fo r 240 ns. This is 
fo llo wed b y  a sharp dro p in cu rrent as a seq u ence o f matches b eg ins. The su m o f the 
VD D  and VSS cu rrents sho u ld, o f co u rse, b e z ero , and this su m is plo tted in the 
fig u re. While no t perfect, the su m is small;  its maximu m valu e as a fractio n o f VD D  
cu rrent du ring  the miss seq u ence is 5 percent. The rapid o scillatio ns in the wavefo rm 
are mo st lik ely  the resu lt o f ring ing  in the pack ag e, and have a freq u ency  o f 
appro ximately  48 MH z . The slo w u ndu latio n in the VD D  cu rrent resu lts fro m ring ing  
o f the b y pass capacito rs, and has a freq u ency  o f 14 MH z . The rise and fall times are 
appro ximately  5 ns. G iven this cu rrent b ehavio r, we co u ld then ru n ano ther check  o n 
the resu lts. The averag e su pply  cu rrent co u ld b e read fro m the D C-D C co nverters o n 
the test b o ard. The valu e o b tained was 4.1 amperes. G iven the 50%  du ty  cy cle o f the 
VD D  cu rrent sq u are wave, this implies a peak  cu rrent o f appro ximately  8 amperes and 
a minimu m cu rrent clo se to  z ero , valu es very  clo se to  tho se measu red. 
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Figure 5.9 – To tal VD D  and VSS Cu rrents 

 The g eneral natu re o f the cu rrent distrib u tio n can b e seen b y  plo tting  the valu e o f 
the cu rrent fo r each o f the pins acro ss the two  dimensio nal array  o f D U T pack ag e pins 
and then o b serving  the evo lu tio n o f this plo t as a fu nctio n o f time. The resu lting  
seq u ence fo r the VD D  pin cu rrents is sho wn in mu lti-pane F ig u re 5.16. This sho ws the 
cu rrents j u st b eg inning  to  rise, at their maximu m valu e, at their q u asi steady -state 
valu es near the end o f the miss seq u ence and the ring ing  after the falling  edg e. The 
time stamps sho wn are times fro m trig g er sho wn in F ig u re 5.9. The co rrespo nding  
seq u ence fo r the VSS pins is sho wn in F ig u re 5.17. F o r viewing  clarity , the n e g a t i v e  
o f the pin cu rrents in plo tted in this fig u re. After lo o k ing  at these plo ts it is clear that 
b o th the VD D  and VSS cu rrents are larg er in the center o f the pack ag e, u nder the die. 
I t is also  clear, ho wever, that sig nificant cu rrent is carried b y  the peripheral pins 
o u tside this area. We can q u antify  the extent o f this effect b y  calcu lating  the averag e 
per pin cu rrent fo r pins inside the central area and the averag e per pin cu rrent fo r 
peripheral pins o u tside o f this area, and then plo tting  these valu es as a fu nctio n o f 
time. F ig u re 5.10 sho ws the resu lt fo r VD D  pin cu rrents. The central area is the area 
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inside the red sq u are and co ntains 12 o f the 89 to tal VD D  pins. The plo t sho ws that 
du ring  the cu rrent peak , the averag e per pin cu rrent is 30 percent hig her fo r pins in the 
central area than the averag e fo r peripheral pins. After the peak , du ring  the perio d o f 
100 to  250 ns after trig g er, this increases to  33 percent. Similar resu lts were o b tained 
fo r the VSS pins.  
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Figure 5.10  – Averag e P er P in VD D  Cu rrents 

Thu s the cu rrent density  is hig her in the central area, and su pply ing  po wer to  this area 
is impo rtant. Bo ard desig ners sho u ld no te, ho wever, that co nsiderab le to tal cu rrent can 
still b e su pplied b y  the periphery . I n this case, fo r example, the periphery  su pplies 
77%  o f the to tal cu rrent while the central area su pplies the remainder. The D U T 
pack ag e is do ing  a reaso nab ly  g o o d j o b  o f spreading  the D C cu rrent lo ad acro ss the 
pack ag e area. 
 To  examine the effectiveness o f the b y pass capacito rs placed b ehind the D U T o n 
the b ack side o f the b o ard, we can start b y  plo tting  the distrib u tio n o f capacito r cu rrents 
acro ss the area o f the D U T fo o tprint as was do ne fo r the VD D  and VSS pin cu rrents. 
The resu lt is sho wn in mu lti-pane F ig u re 5.18. The sig n co nventio n is that cu rrent o u t  
o f the capacito rs is po sitive, and the time stamps are the same as in F ig u re 5.16 and 
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F ig u re 5.17. I t is clear that b y pass capacito rs mak e a larg e co ntrib u tio n o f charg e 
du ring  the interval o f peak  cu rrent demand as the D U T transitio ns fro m matches to  
misses. Then when the D U T transitio ns fro m misses b ack  to  matches, the b y pass 
capacito rs ab so rb  a larg e amo u nt o f charg e as the cu rrent stab iliz es. Between these 
events, the capacito rs mak e no  sig nificant co ntrib u tio n to  VD D  pin cu rrent. N o tice 
that the cu rrents at the center o f the left and rig ht edg es o f the chip lag  b ehind the 
o ther cu rrents. This is where the 2.2 µ F  I D C capacito rs are lo cated (vs. 0.1 µ F  
every where else), and the lag  is co nsistent with their larg e valu e. By  su b tracting  the 
capacito r cu rrents fro m the pack ag e pin cu rrents, we can display  the co ntrib u tio n o f 
the VD D  plane to  the pack ag e pins. This resu lt is sho wn in mu lti-pane F ig u re 5.19, 
where the sig n co nventio n is that cu rrent fro m the plane to  the pin is po sitive. The plo t 
fo r the 16.792 ns time stamp, the po int o f maximu m cu rrent draw, sho ws that the 
VD D  plane mak es very  little co ntrib u tio n to  the pins with b y pass capacito rs attached 
to  their vias. After the peak  passes and the cu rrent draw stab iliz es, the plane 
co ntrib u tes all o f the cu rrent, which is clear fro m the plo t with the 223.992 ns time 
stamp.  
 We can q u antify  the co ntrib u tio n o f the b y pass capacito rs, and reveal so mething  
rather su rprising , b y  display ing  the cu rrents o f two  adj acent VD D  pins in the central 
area, o ne with a b y pass capacito r attached and o ne witho u t, and the b y pass capacito r 
cu rrent o n the same g raph. The resu lt is sho wn in F ig u re 5.11 (see F ig u re 5.10 fo r pin 
lo catio ns). P in L 11 (red trace) has a 0.1 µ F  b y pass capacito r attached to  its via while 
adj acent pin M11 (b lu e trace) do es no t. The cu rrent o f the capacito r attached to  L 11 is 
sho wn with the g reen trace;  the 14 MH z  ring ing  resu lts fro m a damped o scillatio n o f 
the capacito r and su pply / g ro u nd plane circu it. After the peak  cu rrent draw, the 
cu rrents in L 11 and M11 co nverg e to  nearly  the same valu e. D u ring  the peak  cu rrent 
draw, ho wever, the situ atio n is q u ite different. While the cu rrent thro u g h pin L 11 is 50 
percent larg er than the cu rrent thro u g h pin M11, mo re impo rtantly , the b y pass 
capacito r su pplies 90 percent o f pin L 11’ s cu rrent. This is a g eneral resu lt. F ig u re 5.12 
sho ws the cu rrent fo r each o f the b y pass capacito rs as a fractio n o f the cu rrent o f the 
pack ag e pin to  which they  are co nnected. There are two  3D  plo ts: o ne lo o k ing  fro m 
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the nu mb ered side o f the pack ag e and o ne lo o k ing  fro m the lettered side o f the 
pack ag e (see F ig u re 5.1). The smallest co ntrib u tio n (48% ) is made b y  the 2.2 µ F  lo w 
indu ctance capacito r placed o u tside o f the D U T fo o tprint and co nnected to  the pin via 
b y  wide traces. F o r capacito rs placed inside the D U T fo o tprint and co nnected directly  
to  the pin via, the smallest co ntrib u tio n is o ne at 72% ;  the remaining  co ntrib u tio ns are 
80%  o r mo re. O nly  fo u r valu es, ho wever, are o ver 120% . These fo u r pins have 
cu rrents very  mu ch smaller than tho se o f their neig hb o ring  VD D  pins. This tig ht 
b o u nd implies that the capacito rs primarily  su pply  the pins to  which they  are attached. 
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Figure 5.11 – By pass Capacito r Cu rrent Co ntrib u tio n 
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Figure 5.12 – F ractio nal Co ntrib u tio ns o f By pass Capacito rs 
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 This has implicatio ns fo r printed circu it b o ard desig n. Sy stem desig ners have 
alway s assu med that if b y pass capacito rs were relatively  clo sely  spaced, the 
intervening  pins wo u ld cu rrent share. The measu rement resu lts co ntradict this 
assu mptio n and indicate that the preferred path fo r cu rrent transients is alo ng  the z axis 
thro u g h the b o ard to  a b y pass capacito r o n the b ack side attached directly  to  the pin 
via. Certainly , capacito rs do  su pply  mu ltiple vias, b u t the maj o rity  o f the cu rrent will 
b e tak en b y  the pin to  which the capacito r is directly  attached.  
 F inally , we can u se the measu rement resu lts to  determine the valu es o f tI ∂∂ that 
reach the printed circu it b o ard. F ig u re 5.13 sho ws the valu es o f rising  edg e tI ∂∂ fo r 
pin L 11 in the central area and pin A2 at the pack ag e co rner. The valu e o f tI ∂∂ fo r 
pin A2 is 15 amperes per micro seco nd while the valu e o f tI ∂∂ fo r pin L 11 is 50%  
g reater. This implies a variance in the valu es o f tI ∂∂  depending  o n pin lo catio n. We 
can q u antify  this b y  measu ring  the maximu m valu e o f rising  edg e tI ∂∂  fo r each pin. 
F ig u re 5.14 sho ws the valu es o f tI ∂∂ plo tted acro ss the chip area. There are two  3D  
plo ts: o ne lo o k ing  fro m the nu mb ered side o f the pack ag e and o ne lo o k ing  fro m the 
lettered side o f the pack ag e (see F ig u re 5.1). The minimu m valu e o f tI ∂∂  is fo u nd to  
b e 5 amperes per micro seco nd, and the maximu m valu e is 30 amperes per 
micro seco nd at the pack ag e center. Bu t the fig u re also  reveals so mething  interesting : 
larg e valu es (≥  2 0  amperes per micro seco nd) are distrib u ted all acro ss the pack ag e 
area. O nce ag ain, the D U T pack ag e is reaso nab ly  efficient at spreading  the cu rrent 
lo ad acro ss the pack ag e area: the central “ho t spo t”  is no t all that ho t. 
 Recall that in Sectio n 5.1.2 we calcu lated that the test so ck ets added 1.3 nH  o f 
indu ctance fo r adj acent VD D / VSS pin pairs. U sing  a tI ∂∂  valu e o f 20 amperes per 
micro seco nd, the vo ltag e distu rb ance intro du ced b y  the so ck et is 26 mV, o r 2.6 
percent o f the to tal su pply  vo ltag e o f 1 vo lt. This is a small eno u g h nu mb er to  j u stify  
neg lecting  the distu rb ance o f the so ck ets, b u t redu cing  this distu rb ance is a desirab le 
g o al fo r fu tu re wo rk . 
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Figure 5.13 – Valu es o f VD D  P in tI ∂∂ fo r P ins L 11 &  A2 
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Figure 5.14 – D istrib u tio n o f Valu es o f tI ∂∂  

 E stimates o f tI ∂∂  b ased o n mu ltiply ing  the wo rst case valu e b y  the nu mb er o f 
VD D  pins are so metimes u sed to  b e “co nservative” . Bu t this isn’ t fair. F irst, as we’ ve 
seen, the VD D  pin cu rrents exhib it a rang e o f valu es o f tI ∂∂ . I f we simply  add all o f 
the cu rrents into  an ag g reg ate cu rrent, the maximu m rate o f chang e o f this cu rrent is 
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tI ∂∂  =  1.2 amperes per ns, whereas mu ltiply ing  the maximu m valu e b y  the nu mb er 
o f pins (89) g ives a valu e twice this larg e. Seco nd, we’ ve seen that b y pass capacito rs 
co nnected to  the vias o f pack ag e pins are extremely  effective at pro viding  charg e and 
thu s redu cing  the demand o n the po wer plane. The co rrect appro ach is to  apply  the 
distrib u tio n o f cu rrent valu es and their rates o f chang e to  the printed circu it b o ard in 
simu latio n. This can b e do ne directly  if the req u isite mo deling  info rmatio n is availab le 
fro m the I C vendo r. F ailing  this, measu rement data su ch as tho se presented here can 
b e u sed to  reverse eng ineer a mo del fo r the pack ag ed I C which can then b e applied to  
vario u s printed circu it b o ards in simu latio n. 
 L astly , we sho u ld co nfirm the validity  o f o u r assu mptio n o f q u asi-static 
co nditio ns. This can b e do ne b y  u sing  an F F T to  o b tain the po wer spectru m o f the 
VD D  cu rrent. F ig u re 5.15 sho ws the spectru m o b tained fo r the ag g reg ate VD D  pin 
cu rrent. I t is evident that the vast maj o rity  o f spectral po wer lies b elo w 100 MH z . 
There is a small amo u nt o f energ y  at mu ltiples o f 500 MH z , the D U T clo ck  freq u ency , 
b u t the spectru m is effectively  b and limited at 100 MH z . I n the F R4 material u sed fo r 
the printed circu it b o ard, the phase shift acro ss the pack ag e diag o nal is 11%  o f a 
waveleng th at 500 MH z . This co nfirms the validity  o f assu ming  q u asi-static 
co nditio ns. This resu lt also  ty pifies a well desig ned die/ pack ag e/ b o ard po wer sy stem. 
At each stag e o f the sy stem, lo cal charg e sto rag e in co nj u nctio n with eq u ivalent series 
resistance o r indu ctance fo rms a lo w pass netwo rk  that filters o u t hig h freq u ency  
events. Well desig ned o n-die and pack ag e po wer netwo rk s will prevent very  hig h 
freq u ency  po wer cu rrents fro m reaching  the b o ard, and lo cal charg e sto rag e o n the 
b o ard in tu rn prevents hig h freq u ency  cu rrents fro m reaching  the po wer su pplies. 
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Figure 5.15 – P o wer Spectru m o f Ag g reg ate VD D  Cu rrent 

5.3 S u m m a r y  
 This chapter has demo nstrated a metho d fo r determining  the transient cu rrent as a 
fu nctio n o f time fo r each su pply  and g ro u nd pack ag e pin o f b all g rid array  (BG A) 
integ rated circu it pack ag es. U sing  an indu ctive lo o p, the vo ltag e indu ced b y  the 
transient cu rrents is measu red at each o f the vias co nnecting  the pack ag e pins to  the 
u nderly ing  printed circu it b o ard. O nce the matrix o f mu tu al indu ctances b etween the 
vias and measu rement sites is k no wn, matrix alg eb ra and nu merical integ ratio n can b e 
u sed to  u niq u ely  determine each pin’ s cu rrent as a fu nctio n o f time. I f, as was the case 
in this applicatio n, the po wer spectru m o f the po wer and g ro u nd cu rrents co ntains 
minimal energ y  ab o ve 500 MH z , q u asi-static co nditio ns can b e assu med fo r pack ag es 
u p to  2.5 cm o n a side, and the mu tu al indu ctance matrix can b e easily  calcu lated 
u sing  the o ne-o ver-distance fall-o ff o f mag netic field streng th. 
 I n the applicatio n presented, the device u nder test was a co ntent addressab le 
memo ry  having  a 1 vo lt co re su pply  vo ltag e. U sing  alternating  seq u ences o f 
co nsecu tive matches and misses, ab ru pt cu rrent transitio ns o f 8+  amperes were 
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created. Co llectively , the cu rrent data g ave so me u sefu l insig hts into  the b ehavio r o f 
the po wer netwo rk  in the u nderly ing  printed circu it b o ard. I t was seen that while the 
VD D  and VSS cu rrent density  is hig her near the center o f the pack ag e, three times as 
mu ch to tal cu rrent was carried b y  peripheral pins. We also  saw that b y pass capacito rs 
placed b ehind the part, o n the b ack side o f the b o ard, are extremely  effective in 
su pply ing  charg e. When co nnected directly  to  a pin via, these b y pass capacito rs 
su pplied 80 to  120 percent o f the pin’ s cu rrent du ring  transients.  This tig ht b o u nding  
indicates that there is limited cu rrent sharing  to  adj acent pins witho u t attached b y pass 
capacito rs. The valu es o f tI ∂∂ fo r VD D  cu rrents sho wed a distrib u tio n acro ss the area 
o f the pack ag e. The valu e o f tI ∂∂ fo r the measu red ag g reg ate VD D  cu rrent was half 
the valu e that wo u ld b e o b tained b y  extrapo latio n fro m the pin with the hig hest valu e, 
indicating  the need fo r pro per po wer sy stem mo deling . The measu rement resu lts co u ld 
certainly  b e u sed to  verify  the predictio ns o f su ch po wer sy stem mo deling . The resu lts 
co u ld also  b e u sed to  g enerate a fu nctio nal mo del o f an integ rated circu it’ s po wer 
cu rrent b ehavio r if a first principles mo del is u navailab le. 
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Figure 5.16 – D istrib u tio n o f VD D  P in Cu rrents 

(P in A1 is at 0,0) 
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Figure 5.17 – D istrib u tio n o f VSS P in Cu rrents 

(P in A1 is at 0,0) 
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Figure 5.18 – D istrib u tio n o f By pass Capacito r Cu rrents 

(P in A1 is at 0,0) 
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Figure 5.19 – D istrib u tio n o f P o wer P lane Cu rrents 

(P in A1 is at 0,0) 
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Chapter 6  

Co n c l u s i o n  

 This wo rk  has sho wn that fine-g rained measu rements o f dy namic su pply  cu rrents 
can b e made u sing  the mag netic fields g enerated b y  these cu rrents. Bo th the desig n 
analy sis o f Chapter 3 and the resu lts o f the pro o f o f co ncept tests discu ssed in Chapter 
4 sho wed that indu ctive lo o p senso rs can b e inserted into  indu stry  standard printed 
circu it b o ards and have an u pper freq u ency  limit o f 2 G H z . F u rthermo re, o u r su pply  
cu rrent measu rements in hig h perfo rmance printed circu it b o ards had an accu racy  o f 
ab o u t 10% . F o r repetitive sig nals, where averag ing  can b e u sed, cu rrents with a rate o f 
chang e as small as 6 µA/ ns can b e reco vered with a sig nal to  no ise ratio  b etter than 20 
dB. I n Chapter 5, the metho d was applied to  a real pro b lem and y ielded valu ab le data 
o n po wer delivery .  
 Measu rement o f all po wer and g ro u nd pack ag e pin cu rrents o f a larg e CAM 
memo ry  sho wed that, as sy stem desig ners have lo ng  su spected, there is no n-
u nifo rmity  in the distrib u tio n o f b o th the intensity  and the rate o f chang e o f su pply  
cu rrent acro ss the I C pack ag e. The VD D  cu rrent density  was fo u nd to  b e 33%  hig her 
at the center o f the pack ag e versu s the pack ag e periphery . L ik ewise, the hig hest time 
rates o f chang e o f VD D  cu rrents were fo u nd in pins at the center o f the pack ag e. The 
deg ree o f asy mmetry , ho wever, was less than expected. While VD D  cu rrent density  
was hig hest at the pack ag e center, three-fo u rths o f the to tal cu rrent was carried b y  pins 
o u tside o f this area, and the time rate o f chang e o f VD D  cu rrent in many  peripheral 
pins was two -thirds o f the hig hest valu es at the pack ag e center. These resu lts fo rce the 
co nclu sio n that, at least fo r the case stu died, transient cu rrent events are spread far 
mo re evenly  acro ss the pack ag e pin area than is u su ally  b elieved. 
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 The effectiveness o f b y pass capacito rs in su pply ing  charg e fo r cu rrent transients 
was clearly  seen. D u ring  cu rrent transients lasting  u p to  10 ns, capacito rs placed o n the 
b ack  o f the b o ard directly  u nder a pin su pplied 80 to  120 percent o f the pin cu rrent. 
This was tru e fo r b o th pins at the center o f the pack ag e and tho se o n the periphery . 
F u rthermo re, o nly  fo u r o u t o f twenty  su ch capacito rs su pplied mo re than 120 percent 
o f the pin’ s cu rrent, indicating  that they  were su pply ing  neig hb o ring  pins. I n co ntrast, 
capacito rs placed o u tside the pack ag e fo o tprint and co nnected to  the pin b y  a wide, 
lo w impedance trace, su pplied an averag e o f o nly  50 percent the pin’ s cu rrent. The 
clear implicatio n is that fo r transient cu rrent, the preferred su pply  path is alo ng  the z 
axis, directly  thro u g h the b o ard. D esig ners sho u ld no t assu me that b y pass capacito rs 
will effectively  su pply  hig h cu rrent transients to  mu ltiple pins. 

6 .1  D i r e c t i o n s  f o r  F u t u r e  W o r k  
 I n o rder to  pro du ce a practical instru ment, the indu ctive pro b e sho u ld b e 
redesig ned so  that it is mo re ro b u st. The planar lo o p u sed is far to o  mechanically  
frag ile to  b e practical fo r indu strial u se. E xtremely  precise alig nment to  the 
measu rement site is req u ired to  avo id b reak ing  the pro b e tip. I t is also  difficu lt to  
determine the exact depth o f insertio n. The po int at which the end o f the lo o p j u st 
enters the printed circu it b o ard mu st b e fo u nd b y  o b servatio n, and the resu lting  
u ncertainty  can lead to  measu rement inaccu racies. Bo th o f these pro b lems can b e 
so lved b y  u sing  a cy linder in place o f a plane as the lo o p armatu re, as sho wn in F ig u re 
6.1. A 450 µm diameter ro d o f stab le, no n-co ndu ctive material with a relative 
dielectric co nstant o f three to  fo u r (su ch as a mineral filled plastic) fo rms the pro b e 
armatu re. A slo t fo r a # 40 AWG  wire is laser cu t do wn the sides and aro u nd the end o f 
the ro d, and the lo o p wire is cemented in the g ro o ve. The ends are attached to  an SMA 
co nnecto r (no t sho wn) which is secu red to  the ro d. A chamfer o n the ro d end eases 
insertio n, and a sto p co llar placed a k no wn distance fro m the end o f the ro d ensu res 
precise and repeatab le depth o f insertio n. These impro vements wo u ld also  redu ce the 
time req u ired to  mak e a set o f measu rements.  
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Figure 6.1 – Cy lindrical L o o p Armatu re 

 With these impro vements, a series o f co rrelatio n stu dies co u ld b e u ndertak en 
which co mpare simu latio ns ag ainst measu rements. Su ch stu dies wo u ld help to  
determine if the simplify ing  assu mptio ns ty pically  u sed are appro priate. Actu ally  
do ing  this, ho wever, is co mplicated b y  the fact that simu latio n to o ls intended to  b e 
applied to  the D ie/ pack ag e/ P CB sy stem req u ire a fairly  detailed descriptio n o f the die, 
and I C vendo rs are o ften relu ctant to  disclo se this info rmatio n. U sing  the cu rrent 
measu rement metho d develo ped in this wo rk , vendo rs o f integ rated circu its can 
develo p and verify  mo dels o f the su pply  cu rrent netwo rk s o f their parts. Behavio ral 
mo dels co u ld then b e g iven to  sy stem desig ners to  enab le po wer sy stem desig n. The 
resu lts discu ssed in Chapter 5 sho w that the distrib u tio n o f cu rrent transients has maj o r 
implicatio ns fo r the desig n o f printed circu it po wer netwo rk s, so  sy stem desig ners 
sho u ld no w req u ire su ch mo dels fro m I C vendo rs. I t is po ssib le, o f co u rse, to  u se this 
cu rrent measu rement metho d to  develo p ad ho c mo dels fo r pack ag ed integ rated 
circu its, and then u se these mo dels fo r printed circu it b o ard desig n. Bu t a b etter 
appro ach is fo r the I C and sy stem desig n co mmu nities to  co llab o ratively  develo p a 
so u nd mo deling  metho do lo g y  which b o th pro tects intellectu al pro perty  and facilitates 
so u nd o verall desig n. 
 We co u ld imag ine the po ssib ility  o f emb edding  measu rement lo o ps in test so ck ets 
and/ o r interpo sers to  allo w po wer cu rrent measu rements fo r larg e integ rated circu its 
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su ch as micro pro cesso rs. Also , with the o n-g o ing  develo pment o f micro -vias and hig h 
density  interco nnect fo r printed circu it b o ards, lo o ps mig ht b e emb edded directly  into  
the printed circu it b o ard. I t is also  po ssib le that they  co u ld b e emb edded in the I C 
pack ag e itself, pro vided an adeq u ate means fo r co nnecting  them to  measu rement 
circu its can b e fo u nd. An array  o f su ch lo o ps wo u ld allo w the po wer u sag e o f a sy stem 
to  b e mo nito red dy namically . The data mig ht then b e u sed to  co ntro l activity  so  as to  
o ptimiz e po wer delivery . Additio nally , since this measu rement appro ach is no t limited 
to  po wer sy stem cu rrents, su ch emb edded lo o ps co u ld b e u sefu l fo r no n-co ntact 
co ntinu ity  testing . Critical sig nal traces b etween BG A pack ag es can b e difficu lt to  
access, and at-speed testing  is no t po ssib le with standard “b ed o f nails”  testers. 
E mb edded lo o ps wo u ld pro vide b o th sig nal access and at-speed measu rements. 
 F inally , o ther senso r techno lo g ies mig ht b e applied to  cu rrent measu rement. Thin 
film senso rs b ased o n indu ctio n lo o ps with ferro mag netic co res (e.g . P ermallo y ) wo u ld 
have hig her inherent sensitivity , in trade fo r lo wer b andwidth, and small thick ness. 
This mig ht allo w insertio n directly  u nder BG A pack ag es with extended so lder b all 
heig ht. The printed circu it b o ard areas aro u nd the perimeter o f larg e pack ag es is o ften 
o b stru cted b y  o ther co mpo nents, so  this appro ach is no t witho u t its pro b lems, b u t it 
wo u ld eliminate the need fo r drilling  the invasive no n-plated ho le req u ired b y  the 
present appro ach. Senso rs b ased o n H all E ffect devices, g iant mag neto -resistance o r 
mag netic tu nnel j u nctio ns wo u ld allo w sensing  o f D C and very  lo w freq u ency  (less 
than 1 MH z ) cu rrents. While these devices may  no t b e ab le to  reach 1 G H z  
freq u encies, their u se in co nj u nctio n with indu ctive lo o ps wo u ld pro vide a D C to  2 
G H z  measu rement rang e. By  co mb ining  lo w and hig h freq u ency  measu rements, the 
to tal po wer dissipatio n co u ld b e measu red fo r an individu al part. This wo u ld b e o f 
g reat valu e to  sy stem desig ners, who  u su ally  have to  rely  o n estimates fro m I C 
desig ners and g lo b al measu rements co vering  mu ltiple integ rated circu its. 

6 .2  F i n a l  T h o u g h t s  
 Assu ring  the adeq u acy  and co st effectiveness o f po wer delivery  netwo rk s is o ne o f 
the maj o r challeng es facing  the desig ners o f mo dern dig ital sy stems. I f these netwo rk s 
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canno t su pply  su fficiently  larg e dy namic cu rrents, the perfo rmance o f integ rated 
circu its is co mpro mised, and the perfo rmance po tential o f mo dern CMO S circu its 
canno t b e achieved. A 6 G H z  micro pro cesso r is po intless if its o perating  freq u ency  
mu st b e k ept to  2 G H z  to  achieve the req u ired su pply  vo ltag e stab ility . Y et desig ners 
o ften do  no t have the reso u rces to  fu lly  analy z e po wer delivery  netwo rk s. 
F u rthermo re, desig ners have traditio nally  b een restricted to  su pply  vo ltag e and 
averag e po wer su pply  cu rrent measu rements as their o nly  diag no stic reso u rces. This 
has severely  restricted their insig ht into  po wer netwo rk  b ehavio r. Tho u g h no t 
g lamo ro u s, the co ntinu ed develo pment o f cu rrent metro lo g y  will g ive desig ners the 
ab ility  to  diag no se the so u rces o f failu re in po wer delivery  sy stems as well as the 
insig ht req u ired to  mak e these sy stems co rrect b y  desig n. 
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A ppen d i x  A   

CA M  T es t B o ard  

 The test b o ard u sed to  mak e the tests describ ed in Chapter 5 was desig ned to  
pro vide an electrical enviro nment that resemb led that o f b o ards in which the CAM 
memo ry  wo u ld ty pically  b e u sed. The P CB co ntained eig ht stripline lay ers, six g ro u nd 
plane lay ers fo r the striplines and fo u r po wer/ g ro u nd plane pairs. Two  o f these pairs 
were lo cated at the center o f the b o ard, while a pair was lo cated near the to p and also  
the b o tto m o f the b o ard. The VD D / VSS plane pair fo r the CAM co re su pply  was the 
u ppermo st (to wards the to p su rface o f the b o ard) o f the two  po wer g ro u nd pairs at the 
b o ard center. This placed co re VD D / VSS pair appro ximately  20 µm o ff the b o ard’ s 
center. To tal b o ard thick ness was 3 mm, and F R4 dielectric was u sed thro u g ho u t. 
 The co mpleted test b o ard is sho wn in to p view in F ig u re A.1 b elo w. To  g ive so me 
po sitio nal stab ility , the b o ard was inserted into  the chassis o f a co mmercial E thernet 
ro u ter. The chassis also  su pplied primary  po wer to  the o n-b o ard D C-D C co nverters, 
which can b e seen at the center o f the b o tto m edg e o f the b o ard. The fo u r 
SK 0576BG 2701A co mpressio n so ck ets, lab eled U 1 thro u g h U 4, fo r placing  the D U T 
are clearly  visib le. The co mpressio n lids o f the so ck ets have b een remo ved fo r visu al 
clarity . SMA co nnecto rs mo u nted directly  o n the b o ard allo wed direct attachment to  a 
Tek tro nix TD S7704B o scillo sco pe fo r mo nito ring  the sy stem clo ck s as well as the 
data acq u isitio n trig g er emitted b y  the co ntro lling  F P G A. 
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Figure A.1 – TCAM Test Bo ard 
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