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Abstract—This paper presents an application-specific economic many uses, e.g., typically one IC is designed for multiple uses
analysis of the conversion of discrete passive components (resisand the specific application itis used in is “tuned” with passives.

tors and capacitors) to integral passives that are embedded within |, 5qqition, real estate on an IC is usually more expensive than
a printed circuit board. In this study we assume that integral re-
real estate on a board.

sistors are printed or plated directly onto wiring layers (as op- . .
posed to requiring a dedicated layer), that bypass capacitors, if ~ The trends above not only require more passives to be
present, are embedded by dielectric substitution into existing ref- purchased and assembled into the system, but also suggest that
erence plane layers, and that singulated nonbypass capacitors, if discrete passives will consume increasing amounts of board
present, are embedded using dedicated layer pair addition. The 5r64 and assembly time. The electronics assembly industry has
model presented performs three basic analyses. . . .
) . . . responded to the challenge by developing higher-speed chip
1) Board size analysis is used to determine board sizes, layer . .
counts, and the number of boards that can be fabricated on ShooterS:élo(? 000 placements/h are possible), and_the passive
a panel. components industry has responded by producing smaller
2) Panel fabrication cost modeling including a cost of ownership passive components (0402, #®@0 mil passives are readily

model is used to determine the impact of throughput changes available today, with 0201, 20 10 mil components beginning
associated with fabricating integral passive panels. to appear) [1].

3) Assembly modeling is used to determine the cost of assem- An alt i lution to th . wth trend is i
bling all discrete components, and their associated inspection n alternative solution 1o the passive gro rendis in-

and rework. tegrating multiple passives together within a single package

The combination of these three analyses is used to evaluate(Networks or arrays of passives). This approach can reduce
size/cost tradeoffs for several example systems including theassembly costs, however, the unit cost of integrated passives
NEMI hand-held emulator, a picocell board, and a fiber channel remains high (usually higher than the discrete passive com-
card. ponents they replace). Even with the use of small dimension
Index Terms—Cost analysis, embedded passives, integral pas-passives and judicious insertion of network or array passive

sives, technology tradeoff analysis. components, many applications still cannot meet performance
and size requirements. Integral passives (IPs) were introduced
|. INTRODUCTION to address these needs. IPs are fabricated within substrates,

) ] _ and while IPs will never replace all passive components, they
I HE use of discrete passive components in electronigoyide a potential advantage for many applications including

system_s has gontmued.to Increase even as the degreﬁ) increased circuit density through saving real-estate on the
of system integration has increased. While many people substrate:

thought that discrete passives would be “integrated” away 2) decreased product weight:

Into mtegratec_j cireutts, exactly the ODD%S'te has happened.g) improved electrical properties through additional termi-

In 1984, passive devices represented 25% of all components* | .04 filtering opportunities and shortening elec-

on printed wiring boards; by 1998 this fraction grew to over trical connections:

909%, [1]. The demand for faster clock speeds, lower operating4) cost reduction thrc;ugh increasing manufacturing automa-
voltages, higher 10 counts, and combined analog and digital tion:

functionality have all contributed to an increased demand for 5) incr,eased product quality through the elimination of in-

passive devices. correctl -
\ . . . y attached devices;
Why can't the increased demand for passive devices be me%) improved reliability through the elimination of solder

by fabricating passives within integrated circuits (ICs)? In fact,
some passive devices are fabricated within ICs, however, de—P
signing passives into ICs would limit the IC’s flexibility for

joints.
otentially the biggest single question about integral passives
is their cost, *- - of all the inhibitors to achieving an acceptable
market for integral substrates, the demonstration of cost savings
is paramount” [2]. There is considerable controversy, however,
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the increased cost (per unit area) of boards fabricated with inte-3) determine the new board cost based on a higher per unit
gral passives (a situation that will not disappear over time) and  area cost for the integral passive panel fabrication and the
decreased throughput of the board fabrication process. new number-up computed in step 2.

Section Il of this paper discusses previous work on modeli its of th th " determine th tem cost

the cost and size issues associated with integral passives g results ot inese three steps determine Ihe new system '

presents the analysis model used in this paper. One key ele effects included in this first-order approach are critical,
ghpwever, the approach ignores several additional elements, most

of the analysis model is the throughput of the board fabri tablv- d d th hout for int | e board fab
tion process with and without integral passives—Section Il ggotably- decrease roughput for integral passive board fab-
ation means that board fabricators will have to use higher

scribes a model that uses throughput information to determifi&

the profit margin required to justify the fabrication of integraPrOﬂ.t margins for integral passive boards to “.JSt'fy their pro-
passive boards on process lines that would otherwise be fa iction on lines that could otherwise be producing conventional

cating conventional boards. Section 1V details analysis resy gards; rout;ang an:iltysdls gf :hehb(:allrd to determr:ne n?t cl))nly v(;/ga;[j
for example applications. ayers may be omitted, but what layers may have to be adde

to maintain sufficient wiring capacity as passives are embedded
and the board is allowed to shrink; yield of both discrete passive
components and the variation in board yield due to the integra-

The objective of the model developed and demonstratedtian of passives; and potential reductions in rework costs (due
this paper is to capture the economic impact of the followinty both assembly defects and intrinsic functional defects) asso-
competing effects when integrated passives are present in ¢kted with discrete passives.

Il. MODEL DEVELOPMENT

board: Brown [3] presents an outline of all the potential contribu-
1) decreased board area due to a reduction in the numbetiofs to the life cycle cost of embedded passives. Brown then
discrete passive components; provides a quantitative evaluation similar to the process outlined

2) decreased wiring density requirements due to the int@bove for digital and RF applications. Brown concludes that the
gration of resistors and bypass capacitors into the boardore you integrate at the design level, the higher the likely cost
3) increased wiring density requirements due to the dsavings and that in the applications considered by Brown, em-

creased size of the board; bedded passive allowed a possible savings that ranged from 27
4) increased number of boards fabricated on a panel duaad 3% over conventional implementations. Rector [2] provided
decreased board size; the economic analysis that appeared in the 1998 NEMI Passive
5) increased board cost per unit area; Component Technology roadmap [4] using the first-order ap-
6) decreased board yield; proach outlined above. Rector concludes that integral passives
7) decreased board fabrication throughput; can be economically feasible, but only if one considers more
8) decreased assembly costs; than the effects in the first-order model outlined above, but does
9) increased overall assembly yield; not provide a quantitative analysis to support this supposition.
10) decreased assembly-level rework. Ohmega Technologies Inc. has also generated a cost model for

Due to the opposing nature of many of the effects listemksessing cost tradeoffs associated with it's Ohmeg#iRlg-
above, the overall economic impact of replacing discretgal resistor material, [5]. The Ohmega cost model follows the
passives with integral passives is not trivial to determine and,first-order approach described above, and includes yield and re-
general, yields application-specific guidelines instead of gework effects. Ohmega concludes that 2—-4 embeddable resistors
eral rules of thumb. In fact the very nature of tradeoff analysjger ir? are required to make the use of the Ohmega-Ply material
is one in whichthe greater the detail necessary to accuratelgconomically practical.

model a system, the less general and more application-specifiecrhe most detailed analysis to date is from Realff and Power
the result [6]. Realff and Power developed a technical cost model for
Several authors have addressed cost analysis for integral RRsard fabrication and assembly. The model includes test (board
sives and thus provide varying degrees of insight into the egghd assembly), yield, and rework. The focus of the model is on
nomic impact of converting discrete passives to integral. Thge equipment requirements, under the assumption that integral
target of all these economic analyzes is to determine the eff@gsistors are fabricated using a dedicated resistor layer, they
tive cost of converting selected discrete passive componentg#clude that for integral resistors to have a significant impact
integral components. The most common approach to economi the cost of a system, their use must allow the removal of
analysis of integral passives is to equipment or in some other way fundamentally change the
1) reduce the system cost by the purchase price and comessembly process (e.g., changing from double to single sided
sion costs associated with the replaced discrete passivesssembly). Only integral resistors are considered in [6]; Power
2) reduce the board size by the sum of the layout areas assial.[7] extend the model in [6] to integral capacitors and cast
ciated with the replaced discrete passives and determité the form of an optimization problem targeted at choosing
the new number of boards on the panel; which discrete passives to integrate based on an assumption
of assembly and substrate manufacturing process details, and
material properties.

1Conversion costs are the handling, storage and assembly costs associatdynother analysis that recently aPpeafed _fo_cused on de;ign
with a discrete component. tradeoffs fora GPS frontend, [8]. This analysis includes detailed
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cost modeling of thin-film integral resistors and capacitors peon internal layers. The area occupied by an integral resistor on
formed using the modular optimization environment softwaieboard inner layer is given by
tool from ETH. 0.75R

In the model presented here, we incorporate quantitative . m?, for0.75R > r
routing estimation and assess board fabrication throughput Ar = A ) . 3)
impacts for setting profit margins on board fabrication, effects 075R for 0.75R < r
that have not been included in previous models. We alscé

make different technology assumptions than were used in ffaere .
R value of the resistor;

analyses cited previously, i.e., S . .
Y P . y . . - r resistivity of the resistor materiéf2/square);

1) Integral resistors are fabricated directly on wiring layers - minimum feature size for integral resistor fabrication.
via printing or plating a resistive material directly on &sjce integral resistors are designed and fabricated to smaller
wiring layer only where an integral resistor is requiregogistance) values than required and trimmed, a factor of 0.75
(e.g., [9], [10])—as opposed to requiring dedicated i€z included in 3), [11].
gral resistor layers as assumed previously, [S]and [6]. * There are two types of capacitors that must be consid-

2) _Bypass cgpgcitors are embedded by dielectric S“bStit“t@%d—bypass (decoupling) capacitors, and singular nonbypass
into an existing reference plane layer (as opposed to lay&l 4 itors. We assume that bypass capacitors can be absorbed
pair addition). o _ into dedicated bypass layer pairs (planar distributed capaci-

3) Singulated integral capacitors if present are fabricated \igh e |ayers) and the nonbypass capacitors must be fabricated
dedicated layer pair addition. individually on a dedicated capacitor layer pair if they are to

The remainder of this section describes a new model that ife embedded. The area occupied by an individual nonbypass

corporates these additional effects and allows size/cost tradeafégral capacitor on a capacitor layer pair is
analysis for systems containing integral resistors and capacitors
(integral inductors are not addressed in this work). A, = ¢ 4)

A. Board Size and Routing Calculations whereC is the value of the capacitor, ards the capacitance

As discrete passive components are converted to integral pa&- unit area of the capacitor layer pair. Assuming square capac-
sives, the physical size of the board can either remain fixed ##"S the number of integral capacitor layer pairs (for nonbypass

is allowed to optionally decrease by the layout area associaf@Pacitors) required in the board is given by
with the discrete passives given by 3 2
Eg]'\zl (\/ ch + SC)

Nintegral cap layers — Anew (5)
N
Anew = Acony — Z(li + ) (wi +.5) (1)  whereN¢ is the total number of nonbypass capacitors that are
i=1 converted from discrete to individual integral capacitors,.énd
where is the effective spacing between individual integral capacitors
- _— on the integral capacitor layer paff. is usually set larger than
S minimum assembly spacing; L : : X
) S ) the minimum spacing possible to allow for perforation of the
l;andw; length and width of theth discrete passive; integral capacitor layer by vias and through holes, and to allow
N over all discrete passives that are converted to area for interconnection.
integral passives; Besides estimating the physical size of the board after the in-
Awn  conventional board area. tegration of selected discrete passive components, we also need

We assume that if the board is allowed to shrink, its aspet(t:)tconsmer the routing requirements. The following routing as-

ratio is preserved, thus, the new board lengdth..,) and width stmptions are madfa with respect to mFegraI pas§|ves. o
(Waew) are given by 1) The IO (effectively the nets and vias) associated with dis-

crete resistors that are embedded are effectively removed
from the routing problem, i.e., the integral resistors are

Avew Leony fabricated in series with the nets they are attached to on

Lpew = W (2a) the wiring layers, however, the area occupied by the inte-
Woeony ' gral resistors blocks routing and is accounted for, see (7).

Wiew = 7 Luew (2b) 2) Non-bypass discrete capacitors converted to integral ca-

pacitors have no effect on the routing problem.
where L., and W, are the length and width of the con- 3) The IO (effectively the nets and vias) associated with dis-
ventional board. If the board is double sided, the calculation in  crete bypass capacitors converted to an integral capacitor
(1) and (2) can be performed independently for each side of the  are effectively removed from the routing problem.
board, the larger of the two sides determines the new board siéth these assumptions and the routing information from the
The area consumed by the integral passives on internal layessventional implementation, the routing requirements, and
impacts the tradeoff analysis by decreasing the wiring availatihereby the number of layers required, for an implementation
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that includes integral passives can be determined. An estimaiyg total number of system IO in the conventional im-

conv

tion of the minimum number of layers required to route the plementation.
application proceeds as Note, NV in (1) is Ng + N¢ + Ngc where N¢ is the number
of nonbypass capacitors that are embedded into the board. The
Niayers, .. = Wasednow + Whlocked <UCOHV> (6) number of 10 in the conventional implementation is given by
new I/I/YlayernCW Ulimit
Nio.,,. = Nyets..,.. (fanout + 1) (12)

wherel;,;; is the maximum fraction of the theoretically avail-
able wiring in the board that can be used for routing, Haghy  where

is the fraction of that Wiring that is aCtually used to route the fanout average number of 10 that a net attaches together

conventional application. The ratio &f.ony and Uypmic mea- minus one (assumed to be the same for the
sures the routing efficiency of the conventional implementation. conventional and integral passives

When the ratio is large (i.e., close to one), the implementation implementations);

has effectively used all the wiring that is available and any addi- v, .. number of nets in the conventional

tional wiring would require the addition of another layer pair or implementation.

an increase in board area. At some smaller value, any decreassince layers occur in pairs in printed circuit board manu-
in wiring would allow the omission of a layer pair. facturing, the result given by (6) is rounded up to the nearest

The wiring blocked(Wyioaea) by integral resistors (length multiple of two for use in the model. Note, the final value of

of wiring that can not be used) is given by Mayers._ given by (6) is independent 6%,

new conv

N
Wit = <Zi=R1 Aﬁg) <Anew W ) (7y B. CostAnalysis
ocked — ayer ...,
Anew Acony Using the size and routing relationships developed in the last

section, we can predict the board fabrication costs. The price per

where . o

Ngr number of integral resistors; conventional board is given by

Anew 1 J 1

AR EB; Pconv = (1 + Mconv) Clayer palz:;lCOHVNlayersmnv (12)
The second multiplier is the wiring per layer in the integral pas- Hheony
sive board with no integral resistors includ@d.y.:, ). The where
total length of wiring used for the new implementation is given M profit margin (see Section Il1);
by Clayer pair  COSt per unit area per layer pair;

Nup_,_, number up, number of boards that can be fabri-
Wisednow = f (Wused.on ) (8) cated on a panel;

layer .,y

. . . . - total number of layers (wiring and reference) in
wheref is the fractional change in required total wiring length.

- . . , Y the conventional implementation of the board.
The wiring used in the conventional implementation is fou”‘liheNup is computed from the board length and width, panel
from conv

length and width, minimum spacing between boards, and the
edge scrap allowance using the model in [13]. The price per
integral passives board is similar to (12), with the addition of the
capacitor layer costs (if integral bypass or nonbypass capacitors
are present)

Wasedeony = Wavaileony 9

where Wi, iS the total length of wiring theoretically
available in the conventional boarii#{,y..___ multiplied by

the number of layers in the conventional board minus layers (1 + Muew)
on which wiring is not done, e.g., reference planes). Assuming Fnew = [
that the total wiring length required is proportional to the

C(la,yer pair, .. Areanew N layers, ..,
UPnew

total number of system IO that require routing (a fundamental + Noypass cap layersChypass cap layer
assumption in routing estimation approaches that compare + Nintegral cap layersCintegral cap layer | (13)
requirements and resources, [12])is found from
where
_ Moy (10) Mayers, .., minimum number of layers required to

~ Nio route the application given by (6);

Nintegral cap layers NUMber of integral capacitor layers

conv

where given by (5);
Nio,ew N0, —2NR —2Npc total number of system 10y - number of bypass capacitor layers.
in the new implementation (assuming 2 10 per rérpe new layer pair cost in (13) is given by
sistor and capacitor), assuming resistors are printed
direCtly onto Wiring IayerS; C(layer pair, ., — C(layer pair + (Cresistor Inaterial) (Nupncw)
Ng number of integral resistors; Ny
Npc  number of bypass capacitors absorbed into a bypass x Z Arear, + Ng/CirimNup, ., + Cprin (14)

capacitance layer pairs;

=1
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where the sum in (14) is taken over all integral resistors in the
particular layer pair of interegtVg ), and

Cresistor material

Ctrim

Cpr int

The board price is combined with component-specific assemb
test, and rework costs to determine the system cost. The ave
effective cost associated with a single instance of a discrete P&S;,

sive (after [14])

Cdiscrete = Pdiscrete + Chandling + Cassembly + CAOI

207

Ill. THROUGHPUTANALYSIS

A fundamental issue that has not been addressed in previous
ostanalysesassociatedwithintegral passivesisthe throughputof
he processthatis usedto manufacture the boards. Throughputisa
_ . ._._measure ofthe number of products that can be producedinagiven
average cost of V|5|t|_ng qne. integral reSIStoberiod of time, and is the inverse of the inter-departure time (the
for the purposes O_f tr_lmmlng, _ . time elapsed between completed products). Throughput is key
average cost of printing or platmg al mtegralto understanding the profit margin that will be required to justify
resistors onto one layer pair. manufacturing integral passive boards. The objective of this
rtion of the analysis is the computation of application-specific
Aitive profit margin values for conventional and integral passive

cost per unit area of the resistive material
printed on the wiring layers to create integr
resistors;

rsions of a board.

The situation faced by the board manufacturer may be the fol-
lowing: assume that there are two types of boards that could be
fabricated on a process line, one is a conventional board with a

is computed as follows:

(1= Yasaeunbty ) Caasbly seworks + Patcrete known profit margin and the other is an integral passive board.
+ Chandiing) + (1 = Yrunctional) To simplify the problem, assume that the number of boards to be
X (Crunc rework + FPuiscrete + Chanatng)  (15)  manufactured will be the same for both types of board. The man-
where ufacturing cost of the integral passive board will be larger. As-
Piicrete purchase price of a discrete passive suming the inter-departure time of fthe integral passive process
component; will be longer t.han that for f:onven.tlonal boards, tr_]e manufac-
Chandling storage and handling costs associated with &Jrer must decide what profit margin to use for the integral pas-
discrete passive component; sive board so that the total profit per unit time made by selling
Coussembly cost of assembly of a discrete passive mte_gral passive bo_ards equals or excgeds what can t_)e rr_1ade by
component (per site); selling th_e conventl_onal poards. This is necessary to Ju_st|fy the
Cror cost of inspecting a discrete passive use of a line to fabrlgate mtegral. passive boards when it would
component (per site); otherwise be producing conventional boards. _ _
Yassembly assembly yield for discrete passive Tc_> explqre throughp_ut effe.cts.and determine the relative
' components; profit margins of.the_pr_lnted circuit boards, a mpdel has been
Yiunctional functional yield of discrete passive devgloped .that is similar to cost of ownership models for
components; capital equipment (e.g., [15]). The model captures the costs

C(a,ssbly rework

C(func rework

cost of reworking an assembly fault (per site)fjue to maintenance (scheduled and unscheduled), yield loss,

cost of diagnosing and reworking a functionalnter-departure time variations, and change overs.
fault. The labor costs associated with scheduled and unscheduled

The (1 — Yaceembly) term in (15) represents the fraction of dis/maintenance, and change overs are given by

crete passives requiring rework (replacement) due to assembly

faults. The(1 — Ypunctiona1) t€rm in (15) represents the frac- Scheduled Maintenance:L,,,, = Now T fir (17a)
tion of discrete passives requiring rework (replacement) due to _ MTTR
functional faults. Equation (15) assumes that all assembly andJnscheduled Maintenance-Lusm = rme (Tiota) Rz
functional faults associated with discrete passives are diagnos- (17b)
able and reworkable.
The total system cost (for relative comparison purposes) isChange Overs: Le, = NeoTeoR2y, (17c)
given by
Niscrete where
Ciystem = Cuiscrete; + Phoard (16) Nem  number of scheduled maintenance activities in a
=1 given period of time;
where Tim average labor time (touch time) associated with a
Cuaiscrete; ~ COStassociated with thien discrete passive com- scheduled maintenance activity; . _
ponent from (15); Neo number of change overs in a given period of time;
Pioard board price from (12) or (13); Teo average labor time (touch time) associated with a
Naserete  NUMber of discrete passive components assem- change over;
bled on the board. Ry, labor rate;

Note, the following costs are not included in the formulation MTTR
because they are assumed to be the same whether or not the
system contains integral passives: all functional testing costs aréITBI
ignored, all costs associated with other nonembeddable system
components are ignored.

mean (labor) time to repair for an unscheduled
maintenance event;

mean time between failures (unscheduled
maintenance);

Tiota1  total time in the period of interest.
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We must now evaluate the throughput impacts of various cr <008 —
ical manufacturing events. Computed throughput loss is ba  1&i0 - ':f"_ p |_ nEecrad
cally determining lost opportunity costs, i.e., how much goo seo0 41— AT g a7, | FesstesBoard
product does not get manufactured because the process has | & - 3%
slowed or stopped, or because defective product is produced.— 1441 R i - 2 ! Conventionsl
stead. We assume that scheduled maintenance does not aﬁecg § 0 B R s
throughput, i.e., itis performed during periods when the proceﬁ & ¥
would not be operational, therefore, only the cost of performirZ T e "
the scheduled maintenance is important for our tradeoff, also'8  soo , ¥ —m
assume that the scheduled maintenance periods for lines & a0 : : Lk W -,
ducing conventional and integral passive boards are of the sa R T N - -
length and occur at the same frequency. Note, if there is no effe 400 — - b . :
tive off-shift (i.e., no time when maintenance can be performe  agp : ¥
that does not effect the throughput), th¥p,, is set to zero and
all maintenance is treated as unscheduled maintenance [16] o4 ! : 2

The throughput impact of process yield can be compute 5 o1 20 2B/ 0 W 40
from the number of multilayer panels lost in a fixed time pe inter-Depanture Time {secllayer pair)

riod due to process yield losses
Fig. 1. Relationship between profit margin and production inter-departure

Lostyield = (1- Yilp) Ninner layers (18) time for conventional and integral passive board fabrication.
Ninner layers per board
a specific board type. Note, the profit per board is not a good
where comparison metric because it does not account for the number

Yip yield of the panel inner layer of boards that are produced. The average profit in the time pe-

process; riod associated with the constituent variables is computed from
Ninner layers number of panel inner layers

produced in a fixed time period; Average Profit = NyoardsV — (Lem + Lusm + Leo)  (22)
Ninner layers per board NUMbBer of inner layer pairs in a o

single board. where the value of a boafd") is given by

Unscheduled maintenance, assuming it is performed during

time when the process line would otherwise be producing good V= (14 M)Choara (23)
product contributes the following lost time: where
Tioia M profit margin;
Lostysm = (MTTR + 27 /) —— (19) Choara  Manufacturing cost per board.

MIBF The example results shown in Fig. 1 were generated using

whereT  is the cool down/startup time associated with the linghe model described by (17)—(23). If inter-departure times of
being stopped for the unscheduled maintenance activity. Siritiner layer production for conventional and integral passive
larly, the change overs resultin lost opportunity to produce prolyers, and the average profit margin for conventional boards

ucts are known, then the minimum required profit margin for
integral passive board fabrication can be determined. Note, this
cost model must be repeated for each board manufacturing
?enario since the number of layers in the multilayer board and
dimensions of the individual board are application-specific.
The example shown in Fig. 1 indicates that if, conventional
boards have a 15.7% profit margin and 15 s inter-departure time

Losteo = Neo(Teo + 275 /s)- (20)

Knowing the inter-departure time, the average number
multilayer boards that can be obtained from the process li
during the time period defined W, is given by

Tiotal (per layer pair), then 30 s per layer pair integral passive board
Nioards = |:ﬂnter Ninner layers per board production is only feasible for profit margins of 26% or more.

Lostysm + Losteo The most important cor)clu5|or? from this analysis is th.e differ-
X <1 — T ) — LOStyield:| ence between the profit margins, the tradeoff analysis results
total are much less dependent on the absolute values of the profit

X Nioards per panel (21) margins. We consistently observe profit margin differences of

~10%. The analysis presented in Section IV assumes profit

where . .

T interdeparture time of the inner Iayermargms that make the average profit per hour of each type of

process (time/inner layer pair); board fabrication equal.

Nhboards per panel NUMbeEr up, i.e., the number of boards that
can be fabricated on a panel.

The parameter that needs to be evaluated for comparison puin this section we present the results of size/cost tradeoff an-

poses is the total profitin a fixed period of time from fabricatinglyzes performed on several different single board applications,

IV. ANALYSIS RESULTS
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PICOCELL BOARD, HAND-HELD EMULATOR AND FIBER CHANNEL CARD APPLICATION CHARACTERISTICS

Picocell Board Hand-Held [16]

Fiber Channel Card

Number of Embeddable 27 (< 100 Q) 40 (<100 Q) 210 (< 100 Q)
Discrete Resistors 19 (100-1000 Q) 134 (0.1 - 1 kQ) 181 (100-1000 Q)

22 (1-10kQ) 150 (1 - 10 k€2)

1 (10 - 100 kQ) 63 (10 - 100 kQ)

1 (>100 kQ) 6 (>100 kQ)
Size of Embeddable 69 0805 (80x50 mils) | 0402 (40 x 20 mils) | 561 0603 (60x30 mils)
Discrete Resistors 11201 (120x100 10 0805 (80x50 mils)

mils) 31 120x60 mils

8 250x120 mils

Number of Embeddable 1 (< 100 pF) 69 (<100 pF) 88 (0.001uF)
Discrete Capacitors 29 (100 - 1000 pF) 40 (100 - 1000 pF) | 38 (0.01uF)

13 (1- 10 nF) 116 (0.1uF)
Size of Embeddable 0805 (80x50 mils) | 0402 (40 x 20 mils) | 159 0603 (60x30 mils)
Discrete Capacitors 82 0805 (80x50 mils)
Discrete Passive Cost $0.0045 per part $0.0045 per part $0.0045 per part
Conversion Cost (excluding | $0.015 per part $0.015 per part $0.015 per part
assembly)
Board Size 2.27 x 6.87 inches 30 cm”® (square 12 x 18 inches

board assumed)
Number of Board Layers 10 6 12
TABLE I

DATA ASSUMPTIONSUSED IN THE MODELING

Panel Fabrication

Throughput Analysis

Integral Passives

Panel size = 18 x 24 inches (except
where otherwise noted)

Change overs = 4/week

Capacitance layer:10 nF/cm’

Edge scrap = 0.75 inches

Change over time = 15 minutes

Resistive material: 200 ohms/square

Min. spacing between boards = 0.15
inches

Cool down and start up = 30 minutes

Minimum feature size for integral
components = 15 mils

Cost per layer pair = $12.50/f2

MTBF = 200 hours (conventional)

cresistor material = $0.08/ il‘l2

MTBF = 150 hours (integral passive)
MTTR =1 hour

Labor rate (repair) = $25/hour
Production hours = 5000/year

Ciim = $0.002/integral resistor

Corint = $7.43/1ayer pair

Cost of capacitor layer material =
$14.40/ (>10 nFfin®)

Spacing between non-bypass

integral capacitors (S¢) = 50 mils

Assembly
Min. Assembly Spacing = 20 mils

Yield = 0.992/discrete passive [5]

Cost = $0.0045/disctete passive
AQI = $0.0001/discrete passive
Assembly Rework = $4/site [5]
Functional Rework = $4/site [5]

Routing Analysis
Average fanout = 2.1

including a picocell board, the NEMI hand-held emulator andassive board becomes economical when approximately 10%
fiber channel card. It is not the intent of these analyses to provkthe embeddable discrete resistors are embedddw: data
that integral passives lead to less expensive systems, rathempaiat at $18.00 is the relative cost of the system when the first
wish to understand the economic realities should we deciderasistor is embedded.
use integral passives. The resistor results appear as a “band” in Fig. 2 due to
The relevant characteristics of the applications are giventimne range of values thdf..,./Unmiz Can take on in (6). The
Table I. The common data assumptions for both applications agper edge of the band (the closed data points in Fig. 2),
shown in Table II. represents the assumption that the conventional board used
all available routing resources efficiently, i.€/ony /Ulimit IS
close to 1.0. The lower edge of the band (the open data points
Fig. 2 shows analysis results for the picocell board as discréteFig. 2), represents the assumption that the conventional
resistors are replaced by integral resistors (capacitors are hoard made poor use of the available routing resources, i.e.,
integrated in Fig. 2). Relative system cost is plotted in Fig. 2 and
throughout this section indicating the system cost less the Cos?fl'he integral resistors considered in this study are considerably more eco-
. . omical than integral resistors in previous studies due to the assumption of fab-
of all nonembeddable components and functional testing.

- ; 4 e R ’ iCation of the integral resistors directly on wiring layers as opposed to dedicated
specific solution (data points) in Fig. 2 indicate that the integratkegral resistor layer.

A. Picocell Board Application
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Fig. 4. Capacitor embedding for the picocell board application. Only
Fig. 2. Economics of integral resistors for the picocell board applicatiogapacitors<100 nF were considered embeddable.
Each data point represents the integral passive solution for a specific routing -
resource assumption (assumption of the ratio of resources actually used to route
the conventional implementation of the board and the theoretical maximu—~
amount of resources that could be used), the band represents all pos:
integral passive solutions for this application; the solid horizontal line is g
system cost of conventional implementations. Only resistot§ K2 were
considered embeddable.
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L . board size is allowed to change), and later (as density increases) a layer pair
addition is required to support routing requirements of the application with the
T smaller board size.
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are still important to the customer and Fig. 3 shows the board
Fig. 3. Board size decrease with resistor embedding for the picocell bodtea change as fraction of integral resistors is varied.
application. Next consider the integration of capacitors. Fig. 4 shows
the relative system costs as the embeddable capacitors are
Usonv/Utimic is smalleR Practically speaking, all solutions€mbedded (none of the embeddable discrete resistors are

start at the top edge of the band (10 layers for the picocgfiPedded in Fig. 4). Since embedding of bypass capacitors re-
board) and may step down to the lower edge of the band q4!res material replacement and nonbypass capacitors requires

layers for the picocell board) at some point depending on tHte addition of an extra layer pair (for the technologies we
actual value of/oon, /Ui fOr the application. Another type assumed), the very first bypass capacitor embedded increases
of step discontinuity can also appear in the results if the bodftf cost of the board dramatically, but as more capacitors
shrinks in size enough so that more boards can be fabricafé§ €mbedded, the added cost of the replacement material
on a panel. In the picocell board case, the board size nel@yer is gradually offset by the avqldance of d|scrgte capacitor
decreases sufficiently to allow more boards to be fabricated BArt and assembly costs. The driver that determines whether

an 18x 24 in panel, however, potential board size decreasg@Pacitor embedding is economical or not, is the density of
embeddable discrete capacitors on the board. Fig. 5 shows that

. . . o if additional embeddable capacitors were added to the picocell
3The minimum value is determined by finding the smallest value

(ﬁoard application (thus increasing the capacitor density)
Uconv/Unmis that predicts the correct number of layers in the convention _pp . g p ) - Y),
solution. bypass integral capacitors would become economically viable
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Fig. 7. Capacitor embedding for the 5¢5.5 cm NEMI hand-held product
Fig. 6. Economics of integral resistors for the NEMI hand-held produsector emulator. No embedded resistors are fabricated in this example. The
sector emulator (5.5 5.5 cm board fabricated on an ¥824 in panel). The baseline for this plot (the horizontal line) is the board with none of the
data points represent specific integral passive solutions; the solid horizoreaibeddable capacitors embedded.
line is the relative system cost of the conventional implementation.

at approximately 6.9 capacitorsfiwhereas the actual picocell ~ #o L
board application has only 2.76 capacitord/in

B. NEMI Hand-Held Product Sector Emulator

Analyses similar to those performed for the picocell boai = N
have been applied to the NEMI hand-held emulator describec®  §F — « —
Table I. Fig. 6 indicates that the integral passive board becon #
economical when approximately 3% of the embeddable discr §
resistors are embedded. A discontinuity in the integral pass & £ | . 3
board data is labeled on the plot. The discontinuity appears wt
enough resistors have been embedded to sufficiently reduce T T e i
board size so that additional boards can be manufactured on
panel (number-up increases). In the hand-held emulator cc . . . . .
the boards are small (i.e., the number-up on the panel is lar
and the overall price of the boards is low (~$2/board), therefc. ¢
the effect of increasing the number-up has a minimal effect 9@ 8. Economics of integral resistors for the fiber channel card. The data
the system cost. points represent integral passive solutions. The solid horizontal lines are relative

Fig. 7 shows the relative system costs as the embeddablesyatem costs of conventional implementations.
pacitors are integrated (none of the embeddable discrete resis-
tors are embedded in Fig. 7). When bypass capacitors are €1 7—a layer change. As board area decreased, so did the
bedded, the cost initially increased by the material replacemegilable wiring resources, eventually an additional layer pair
cost. We have assumed that when a bypass capacitance Ia¢gfto be added to interconnect the system components.
pair is added, less total bypass capacitance will be necéssary
[17]. Note, a much better economic case can be made for integral Fiber Channel Card
bypass capacitors in the hand-held emulator than for the IOICO_Figs. 8 and 9 show the results of embedding resistors and by-
cell board due to the larger embeddable bypass capacitor den- . . ) . .

) . . . . pass capacitors into the fiber channel card described in Table I.
sity (23.44 capacitors/f). Similar to the integral resistor char-

o : In this case the board is large and only one can be fabricated
acteristics, eventually enough bypass capacitors are embedded : : . .
. .- : er panel (results for two different panel sizes are considered in
to reduce the size sufficiently to allow a number-up increa . ) .
. . igs. 8 and 9). Because all the cost associated with fabricating
(note, there are fewer embeddable capacitors than resistors

- S . . Integral resistors on a panel has to be born by a single board,
the this discontinuity occurs later in the embedding process t .
i . LY —35% of the 610 embeddable resistors need to be embedded
for resistors). Also note that a second discontinuity appears,in

to realize a cost savings.
4At frequencies above a few MHz, the connection inductance of surface- Fig. 9 shows the effect of integrating bypass capacitors for
mounted capacitors limits their effectiveness. For this reason, the amoungk fiber channel card. For this example there are onIy 242
embedded capacitance required to achieve a given level of switching noise sup- . .
f d g g r%]beddable capacitors on a3 in board (1.12 embeddable

pression may be significantly less than the total surface-mount capacitanc® - ) T ; )
replaces. capacitors/if). As indicated in the hand-held and picocell

Eaul {i]

%ol Bmbeddabls Beigiors Ermbedded
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would be purchased and used at the panel size, therefore, a low
4] panelization efficiency indicates that the application is wasting
t 4 & a4 a4 s A -4 & - { a lot of the expensive material, versus a larger panelization ef-
ficiency indicates less waste and therefore lower breakeven ca-
pacitor densities are possible. This effect can be clearly demon-
strated for low layer pair costsy — 8/ ft?), but is less pro-
nounced for higher layer pair costs(L0/ft?).

V. DIscussION ANDCONCLUSIONS

Ralative Sywtem Cozt 3
-
L

In this paper we have presented the results of an application-
specific economic analysis of the conversion of discrete passive
& 8% M inch panad components (resistors and capacitors) to integral passives that
¥ ailisalia are embedded within a printed circuit board. The model has been
i I D B x w 1w demonstrated on a picocell board, the NEMI hand-held emu-
%, of Brrshaddabln Sap % B lator, and a fiber channel board. In these cases, we found inte-
gral resistors to be generally cost effective with the most sig-
Fig.9. Capacitor embedding for the fiber channel card. Note, in this case th@vficant economic impact resulting from either number-up in-
are no embeddable discrete nonbypass capacitors. creases due to board size reductions, or layer count decreases
due to reductions in routing requirements. Because we consid-
ered integral resistors fabricated directly on wiring layers (as
opposed to dedicated integral resistor layers assumed in pre-
i i P | 181 Sl et . vious studies [5] and [6]), we can not generalize to components
ik ) per unit area because the results are driven by the board fab-
A i rication profit margin (profit margin is a fractional increase in
' board cost and thus much smaller in absolute terms for high
- e eI number-up), whereas cost reduction is through omission of dis-
e - crete part costs. As expected, when a technology that adds re-
" X et sistors directly to the wiring layers is used, integral resistors
j:' '" — become economically viable when considerably fewer are in-
|

tegrated than for layer addition technologies.

500 pRATE | For the applications considered, integral bypass capacitors
become economical when the embedded capacitor density
(number of discrete capacitorsfjreaches 7-8.5 capacitorg/in

or greater for reasonable panelization efficiencies when the
dielectric replacement material with a cost of $0.19/is
Matesial Cost {Sisguars inch) assumed (these densities decrease if less expensive dielectrics
can be used).

Fig. 10. Bypass capacitor breakeven densities as a function of dielectric ; :
material replacement costs. Only single layer substitution is considered inIt must be reiterated that due to the Opposing nature of many

this plot. The actual capacitor densities: fiber channel board—1.12 caps/i®f the effects outlined in this paper, the overall economic im-
picocell board—2.76 capsAinNEMI hand held emulator—23.44 caps/in pact of replacing discrete passives with integral passives, in gen-

eral, yields application-specific results instead of general rules

examples, with such a low embeddable capacitor density itd5thumb. We also need to point out several factors that should
not likely to be economical to embed the capacitors. be kept in mind when interpreting the results in this paper.

The economics of integral capacitors can be generalized byl) Several system implementation details are not addressed
observing the application-specific embeddable capacitor den-  in this analysis including the following.

capsrdorsisguars inchp
5

Capacitor Breakeven Density [embaddable

sity necessary to breakeven on costs, i.e., by plotting the em- a) Waste disposition in board fabrication—we only ac-
beddable capacitor densities where the cost difference between count for additional waste disposition costs associ-
the conventional and embedded passive implementations is zero ated with the fabrication of integral passive boards
(for the picocell board application this point is 6.9 embeddable in the profit margin differential.

bypass capacitors perZifirom Fig. 5). Fig. 10 shows the gen- b) Non-homogeneous panelization—some panel fab-
eral result for the three applications considered in this paper. rication technologies and materials allow boards to
The critical assumptions for this plot are: the board size and the be laid out on the panel with 90 degree relative ro-
number of layers required for routing is not allowed to change. tations resulting in the potential for more boards on
The one differentiator between the applications as far as this plot a panel, we have assumed homogeneous paneliza-
is concerned is the panelization efficiency (the total board area tion in this analysis.

on the panel divided by the panel area). The dielectrics used to ¢) We have not considered the possibility raised in [2]
produce integral capacitor layers are relatively expensive and that the conversion of discrete to integral passives
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may allow some double-sided assemblies to bef12]

come single sided thus saving significant assembly

costs. [13]
With any tradeoff analysis, the results are only as good
as the input data, i.e., inaccuracies in the input data wil 14]
change the results of the analysis. The software imple-
mentation of the methodology described in this paper uses
Monte Carlo analysis to model the impact of data inputt°]
uncertainties.
In addition to the direct effects on system cost discussefi6]
in this paper, there are many other “life cycle” effects on 17]
the system cost. These effects include the changes in tf%e
system reliability, performance, end-of-life options and
the design overhead that constitute effective life cycle
costs. For some systems, integral passives may also affect
the upgradability and field repairability of the system.
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