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Abstract State-of-the-art printed circuit boards (PCBs)
have become extremely dense and are not fully accessi-
ble for applying physical testing solutions. Extra steps are
required in the design and manufacturing process for test-
ing advanced printed wiring boards (PWBs) with embedded
passive components. This processing is further complicated
by upcoming sequential build-up (SBU) technologies that
provide feature sizes smaller than 10 μm and that do not
allow physical access for testing the interconnect between
two pads. In this paper, we propose a new contactless
technique for overcoming the SBU challenge for testing
interconnects between embedded components. A test trace
is employed as a sensor, which senses the terminations of
the trace being tested. The simulation and analysis results
of this study demonstrate the feasibility of this concept for
application to SBU and conventional PCB/PWB intercon-
nect testing to overcome the barriers to physical access.
Robustness of the approach has been studied against pack-
aging deviations and possible testing process variations. To
ensure defect detection with feasible margins, design for
testability (DfT) rules have been established for practical
PCB dimensions.
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1 Introduction

Testing electronics is vital from the points of view of quality
and economics. Although a design meets its signal integrity
and other requirements which ensure a proper product func-
tionality, manufacturing testing is still necessary due to the
imperfection of the assembly process which might lead to
several PCB defects such as opens, shorts, bridges, missing
or wrong components, etc. Electronic devices for which fail-
ure consequences are critical require 100% confidence for
being defect free. Moreover, at the end-user stage, failing
electronics may be detrimental to the business and the prod-
uct brand [25]. In terms of manufacturing costs, it is always
cheaper to detect defects at earlier stages of the production
process by removing the defective part before any further
integration [2] occurs; e.g., soldering expensive packaged
chips on defective PWBs may badly affect the profitability
of the product.

However, high frequency, portability and low-cost manu-
facturing continue to encourage the miniaturization of elec-
tronics. To meet miniaturization requirements, technology is
shifting toward the use of high-density interconnect (HDI)
boards with embedded active chips and passive components
in which interconnections are made without conventional
soldering, as shown in Fig. 1. Due to the above require-
ments, testing joints becomes challenging due to several
factors, such as structure and size. The joints that connect
component pads with interconnects may not allow for phys-
ical probing or visual access. Moreover, probing fragile
interconnects may degrade the short- or long-term reliabil-
ity of the interconnects or may even be destructive, causing
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damage immediately after testing. Although test pads are
provided in the design which do not serve small feature
sizes, mechanical probing induces strain due to the probe
force applied, and thus, cracks in solder joints might occur
or might be initiated, later inducing failure [17]. In addi-
tion, physical probing entails the costs of probe needle
maintenance [18].

SBU technology represents another advanced approach
for electronic assembly through which chips and pas-
sive components are embedded and that may use non-
conventional soldering processes. SBU processes offer sev-
eral advantages in terms of manufacturing cost, perfor-
mance, product size and short-/long-term reliability, and
these advantages have been thoroughly discussed in [5],
[4], [6]. Generally, manufacturing cost scales with size and
production volume, the economic advantage of reducing
board size by embedding passive components has been
demonstrated in [9]. With the SBU process, cost can be
saved in board size reduction when embedding passives and
bare dies. In addition, process steps are relatively few as
compared to conventional assembly process which involves
several soldering steps [4]. The approximate saving from
moving to SBU with embedded components is not trivial
to estimate as it depends on the application. After build-
ing SBU layers, as illustrated in Fig. 1, the joints of the
solderless interconnections between active and passive com-
ponents may be formed as buried microvias, which are not
visible and are not guaranteed to reach the pads of the com-
ponents. Thus, physical and visual access is not allowed for
probing or visual inspection.

During the SBU process, layers of components and
interconnects should be built and tested successively. This
enables the early discontinuation of part production and the
initiation of interconnect process checks, thus preventing
time and raw material loss. This requires fast, non-powered
and, preferably, non-contact test methods. Unfortunately,
the current test solutions may not be feasible or constitute
the best solution for the SBU layer during manufacturing
due to several reasons, such as the following:

• Direct physical and visual access being nearly impossi-
ble

• Small feature size and fragility prohibiting extra pads
and direct electrical probing

Fig. 1 Copper is deposited using methods like masked evaporation,
covalent bonding metallization [16]

• The diversity of components (passive, active, ana-
log, digital, boundary scan and non-boundary-scan-
compliant components)

• Layers lacking power supply lines
• The main unit not being powered during the manufac-

turing process.

In addition, embedded components are not necessarily
designed for testability, such as in boundary-scan devices.
Although testing has become an important part of the PCB
process, most of the currently used testing methods are not
designed for embedded chips. Moreover, a finished PWB
is only tested for continuity and isolation and is only occa-
sionally tested for its characteristic impedance. In [15], the
authors presented a new solderless interconnection tech-
nique for active components, in which a daisy chain was
employed to test the connections. However, how can active
devices be tested in a scenario where chain-based testing
is not possible? Testing embedded passive components has
always required probing, where vias and/or extra active
signal processing blocks are used for measurement [12].

The content of this paper can be divided in several parts,
in addition to the aforesaid motivations and challenges,
the next coming Section 2 continues with the aspects of
the current test solutions. Sections 3 through 10 introduce
the main contribution with some related work and pro-
vide the theoretical background and proof for the feasibility
of the contacltess test approach, they also present simula-
tions, verifications and analysis of the approach robustness
against possible process deviations. This part also presents
a demonstration of the approach feasibility on real conven-
tional PCB with diverse components. Sections 11 through
14 deal with DfT rules that have been derived to ensure
10% as minimum margin, this to ensure defect detection for
possible dimensions and realistic design cases. Within the
same part, approach limitations and performance have been
discussed hypothetically.

2 Boundary-scan and Current Limitations

Boundary-scan testing is a test method used to resolve the
limited physical access problem. Generally, it is known as
the IEEE 1149.1 standard and is widely accepted and used
for board level testing; however, by its nature, it is lim-
ited to interconnects between digital ICs where at least
one IC is standard compliant. In such scenarios, cluster-
testing techniques are applied to test interconnects between
non-boundary-scan digital ICs and IEEE 1149.1-standard-
compliant devices [21]. In many cases, extra probing and
measurements are necessary to achieve 100% defect cover-
age, although a PCB under test has several IEEE 1149.1-
standard-compliant devices, e.g., analog-to-digital (ADC)
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and digital-to-analog (DAC) converter cases. Due to the
diversity of PCB components used and due to limited phys-
ical access, other test solutions and standards are needed
to enhance the defect coverage for interconnects to devices
such as the following:

• Passive components
• Non-boundary-scan-compliant interconnects
• Mixed-signal ICs
• Open sockets

To overcome the issues that are related to the capabil-
ities of analog measurements and to passive component
testing, IEEE 1149.1 has been extended to IEEE 1149.4
[30]. However, up to now, IEEE 1149.4 has not been widely
used commercially due to several reasons, such as its IC area
concern; its implementation costs; its low measurement fre-
quency bandwidth, which is approximately 1 MHz; and its
higher measurement error, which may arise because of the
higher impedance of silicon switches [8, 22]. With this sit-
uation, boundary-scan defect coverage remains unimproved
in the same manner as coverage with IEEE 1149.1.

With the emergence of low-voltage differential signaling
(LVDS), the IEEE 1149.1 standard has become ineffective
for testing AC-coupled differential interconnects because it
may generate false reports due to the connecting capacitors.
To resolve this issue, IEEE 1149.6 has been developed to
support both DC- and AC-coupled interconnects.

From a research perspective, boundary-scan standards
have thus far made substantial progress in covering most
of the possible test cases; however, testing interconnects
to open sockets was not addressed until the birth of IEEE
1149.8.1, which addresses vacant connector testing. With
this new standard, pulses are generated from a standard-
compliant device to a vacant connector or IC packages
where pins are inaccessible. A capacitive sensing plate tech-
nique is employed to detect opens and bridges in the device
being tested by monitoring the received pulse level. How-
ever, this new standard still remains with two undetectable
defects in the case of a short across a capacitor in series
with an empty socket within a single line interconnect and
with a short across the termination resistor in the case of
AC-coupled interconnects [21, 29].

Table 1 summarizes the discussed standards with their
specific features.

Built-in self-test (BIST) is another approach to test board
interconnects against opens. Unfortunately the nature of
SBU process and the need for sequential testing for ear-
lier defect detection does not guarantee that a layer can be
powered-on for testing. In addition, BIST might not be jus-
tified as it increases the cost in the test circuitry and might
decrease the yield because of the associated hardware over-
head [27]. Moreover, BIST would be needed on most of the
ICs, and it could only be run when powered-on.

Table 1 Specific features of boundary-scan standards

Standard Interconnect type

IEEE 1149.1 Between digital ICs

IEEE 1149.4 Between mixed-signal devices

IEEE 1149.6 Differential interconnects

IEEE 1149.8.1 To non-boundary-scan devices

(Non-contact sensing is required)

3 Contactless Test Method

In view of the aforementioned factors and challenges, we
propose a novel contactless testing approach that tests the
quality of the interconnect. This approach has the potential
to overcome several challenges that are faced by the current
testing technology. Depending on the test strategy, it may be
employed to fill the remaining gaps to enable better defect
coverage. In the cases where physical access is impossible
or where the previously mentioned boundary-scan standards
are not applicable, this approach can potentially play a role
in improving the defect coverage. In principal, direct phys-
ical probing on fragile pads will not be needed; the power
supply of the unit under test as well as the diversity of
the components will not continue to be problematic, either.
The method is based on two broadside-coupled striplines,
which are characterized in [11]. Galvanic measurement is
preferred to determine the integrity of joints that connect
embedded, active and passive components via an intercon-
nect. This measurement is performed while the board under
test is powered off. Figure 2 illustrates two embedded bare
dies that are encapsulated by an insulator with εr , supported
by a copper ground plane.

After connecting the bare dies together, the suitability
of these connections is tested without physical probing.
Figure 3 illustrates the scenario in which a test board con-
sisting of a sensing line, an insulator and a ground plane
is mounted to the unit under test and in which all of the
components form a broadside-coupled stripline structure
with terminated ends. After feeding the sensing line with
one frequency signal, the ratio between the near and far
end voltages in the test vehicle provides information on

Chip1 Chip2r

Trace
Connections under test

Ground plane

Fig. 2 Connection under test between two embedded active chips
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Fig. 3 Sensing line on test board forming broadside-coupled sriplines

the interconnect terminations using dual-stripline crosstalk
behavior.

Mass-producing and testing multilayers may look like
Fig. 4 which models a separate and demountable test vehi-
cle that consists of a ground plane and a set of sensing
lines that are designed such that they are parallel to the
interconnects under test, forming a high coupling through a
small thickness of the SBU insulator. Testing will be part of
the SBU process; each layer is tested without probing the
interconnects and without power.

In Fig. 4, the insulator is represented by a transparent
material to emphasize multilayer testing as well as the shape
of the sensing lines, which should follow the lines under
test. While testing, the sensing lines board and the board
under test must be combined in such a way that they are par-
allel and separated by a thin layer of insulator material. Each
line from the board under test is overlapped with its image

Fig. 4 Contactless approach to solderless SBU process testing

line in the test board, forming a broadside-coupled stripline
structure.

If the board under test is a conventional PCB whereby
the components are not embedded, the test board must have
cutouts that correspond to the surface-mounted components
in the board under test. In this way, the desired structure and
proximity between the sensing lines and the lines under test
are formed.

4 Related Work

A few studies have been published on contactless test-
ing. As discussed earlier in Section 2, in [29], the authors
presented a technique for testing non-boundary-scan ICs,
passive components and empty sockets by measuring the
capacitive coupling on the IC packages when the IOs
are driven by other boundary-scan-device signals. This
technique targets conventional PCBs and relies on other
boundary-scan-device signals, suggesting that PCBs are
tested online.

This technique has also been extended to BGA memory
packages, which cause difficult challenges due to the lack
of design for test (DfT) implementations. Because of the
lack of other test alternatives, memory devices may remain
untested or can be time consuming due to the serialized
boundary-scan access. Moreover, applying capacitive sens-
ing to memory packages entails DfT costs for packaging
and test preparation which is not straightforward. A plate
with capacitance greater than 20 fF is required to be embed-
ded on the top of the package to the pin, and, at the least,
the IEEE 1149.1 standard is supported by the memory con-
troller and the IEEE 1149.8.1 standard is supported in the
case of differential interconnects [23].

In [20], the authors introduced a non-invasive probing
technique for PWB defect detection based on a capacitive
measurement method. Though their approach is interesting,
while scanning, the probe must be positioned mechanically,
which will have a dominant effect on the test performance.

Another non-invasive test solution, which attempts to
examine PCBs based on magnetic imaging, was pub-
lished in [31]. Regardless of the other drawbacks that
this technique might possess, the PCB must be pow-
ered on, which might not be possible within SBU
process.

In addition to the board level, contactless testing has
received substantial interest in terms of chip-level testing,
especially with the emergence of 3D IC stacking. Through-
silicon via (TSV) technology is driving the development
of contactless testing methods due to the shrinkage of size
at the wafer level. The authors of [14] introduced a new
approach for detecting open TSVs by adding a sensing test
structure as part of DfT. This solution offers great potential
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for TSV testing; however, the testing part needs to occur in
every unit under test.

In [18], the authors briefly discussed three communi-
cation methods for contactless wafer testing: Radio fre-
quency (RF) or far-field-based communication, near-field-
based communication and optical communication. Depend-
ing on the distance between the wafer and the test vehi-
cle, either near- or far-field testing will be suitable for
testing. In the same paper, and in [19], it is reported
that a complete contactless technique has been imple-
mented and applied to production. However, this tech-
nique employs transceivers and antennas in the devices
under test, which represents the core of the approach.
In addition, the defect detection mechanism is still
based on boundary-scan.

To eliminate the physical access issue and to avoid pad
deformation in the wafer, a capacitive-coupling-based inter-
face has been introduced for contactless wafer testing [13].
The interface and the pads of the unit under test form a
capacitor when they are separated by a distance of approx-
imately 10 μm. Thus, one can probe at the interface pad
in a specific range of frequencies. This solution requires
the test operation of the unit under test and the subse-
quent virtual probing of the signal of interest. With this
solution, the attenuation of the received signal depends
on the separation distance, frequency and type of cou-
pling. Inductive coupling is another alternative that can be
employed for better bandwidth and for better separation
flexibility.

5 Theory, Test and Evaluation Procedure

To analytically determine an expression that involves the
impact of defects on a line under test, the model described
in [11] is employed. The structure is extended to the SBU
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Fig. 5 Sensing line and line under test with modeled IO and joints
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Fig. 6 Impedance network models of the terminated broadside-
coupled striplines

scenario as described by Fig. 5. A network model of Fig. 5
is presented in Fig. 6. The capacitive parts of the vias are
included while the inductive parts are excluded due to the
short lead lengths. The upper stripline represents the sens-
ing line from the test vehicle, which is fed by a 50 � RF
generator and terminated by a 50 � resistor to match the
results obtained with mainstream RF devices. The bottom
stripline represents the line connecting the two pads of the
active chips or embedded passives. By monitoring the trans-
fer function V2

Vg
which connects the port 1 and port 2 within

a frequency range, we expect to get a response which is
related to the quality of the interconnect and thus determine
whether the connections are defective.

The transfer function is equal to half of the transmission
coefficient S21, which characterizes a network consisting of
broadside-coupled striplines with their capacitive loads.

To derive the expression which relates V2 and Vg , let [Z1]
be the impedance matrix of the unterminated broadside-
coupled striplines being used for interconnection and sens-
ing with length L. The material and geometry dimensions
of the broadside-coupled striplines yield the characteristic
impedances and the wave number β where the impedances
are (Zeven) and (Zodd ) of the even and the odd modes.

By loading the network at port 1 by CV ia1, at port 2 by
R2//CV ia2, at port 3 by Cvia3 + Cchip1 and at port 4 by

C3 C4
3 r

1 2

R2

4d

L h

Rg

Vg
C1 C2

V2

Fig. 7 Connections under test are modeled with die IO capacitances
to the ground
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Cvia4 + Cchip2, the equivalent impedance matrix [Z2] will
be as follows:

[Z2] =

⎡
⎢⎢⎣

⎡
⎢⎢⎣

y11 y12 y13 y14

y21 y22 y23 y24

y31 y32 y33 y34

y41 y42 y43 y44

⎤
⎥⎥⎦ + [

LoadMatrix
]
⎤
⎥⎥⎦

−1

where

[LoadMatrix] =

⎡
⎢⎢⎣

jC1ω 0 0 0
0 1

R2
+ jC2ω 0 0

0 0 jC3ω 0
0 0 0 jC4ω

⎤
⎥⎥⎦

Using the equation of the Y parameters in [11]

[Z2] = [Y2]−1 =

⎡
⎢⎢⎣

a d b c

d e c b

b c f d

c b d g

⎤
⎥⎥⎦

−1

where
a = y11 + jC1ω = −j (Yeven + Yodd)

cot (βL)
2 + jC1ω

b = y13 = −j (Yeven − Yodd)
cot (βL)

2

c = y14 = −j (Yeven − Yodd)
csc(βL)

2

d = y12 = −j (Yeven + Yodd)
csc(βL)

2

e = y11 + 1
R2

+ jC2ω = −j (Yeven + Yodd)
cot (βL)

2 + 1
R

+
jC2ω

f = y11 + jC3ω = −j (Yeven + Yodd)
cot (βL)

2 + jC3ω

g = y11 + jC4ω = −j (Yeven + Yodd)
cot (βL)

2 + jC4ω

where C1 = CV ia1, C2 = CV ia2, C3 = CV ia3 + CChip1,
C4 = Cvia4 + Cchip2 and ω is the angular frequency.
By loading the network whose impedance matrix is
[Z2] by Rg at port 1, we complete the full transfer
function:

(1)

where z311 = Rg + z211, z321 = z221 and S21 is the
transmission coefficient of the full network. This network
consists of the broadside-coupled striplines with its capac-
itive loads with ports 3 and 4 discarded; otherwise, 50 �

loads are connected virtually at ports 3 and 4 while process-
ing conversions from Z to S parameters, thus resulting in a
mismatch with the structure loads. This problem occurs only
during simulation if one does not discard ports 3 and 4.

In this work an altered interconnect quality is expected
to change the values of C3 and C4. It is thus expected that
erroneous interconnect will lead to a modified value of the
transfer function, thus enabling the detection of interconnect
errors.

6 Simulation Model of Test Situation

Let us assume two bare die chips are connected using SBU
approach according to Fig. 2. Figure 3 illustrates the concept
of testing the interconnects using the contactless approach.
After connecting the IOs of the two bare dies, which are
encapsulated by an insulator with εr and supported by a
copper ground plane, a test board consisting of a sensing
line, an insulator and a ground plane mounts to the test
unit. Together, the components form a broadside-coupled
stripline structure [11] with termination loads. An electrical
equivalent circuit of the setup is illustrated in Fig. 7, where
C1 and C2 model the via connections of the sensing line and
C3 and C4 model the chip loads. The effect of the chip loads
C3 and C4 on the voltage ratio V2

Vg
is monitored within a fre-

quency sweep. This ratio is equal to half of the transmission
coefficient S21

2 when Rg = R2 = 50 � [7], which is the
case when using a network analyzer.

6.1 PEEC simulations

To demonstrate the feasibility of the concept, one can use
the analytical model described in [11]. However, for bet-
ter accuracy, electromagnetic (EM) simulation can be more
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detailed. The scenario shown in Figs. 1 and 2 has been mod-
eled as shown in Fig. 7. We have modeled and simulated a
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number of variations to this using Multi-PEEC EM solver
[24]. The parameters are varied as follows:

• Length of interconnect: 5 - 25 mm with 5 mm step.
• Load capacitance: any value from 0.5, 1, 3 and 5 pF

The selected capacitance range reflects currently manu-
factured ICs. According to [28], the typical IC pin capaci-
tance to the ground, which is package-dependent, is between
2 and 8 pF. On the other hand, the trends of the IO capac-
itance approach 1 pF with the package; clearly, this value
will only increase with the PWB substrate. The worst-
case scenario of an open defect is considered to be the
lowest possible capacitance value, which in this study is
considered to be 0.5 pF. In real cases, the capacitance
of an open defect might be different from 0.5 pF as it
depends on how the line is connected to the chip. This dif-
ference is not problematic as the open defect is expected
to decrease the load capacitance and the voltage ratio V2

Vg

changes with the values of C3 and C4 as it is discussed
in Section 5.

During the simulation, the partial inductances Lp, the
coefficients of potential P and the delay τ have been consid-
ered as PEEC simulation parameters [1]. For 5 to 25-mm-
long broadside-coupled striplines, the partial resistances R

are too small for the structure and are worth neglecting
for our purpose. Thus a correct full wave modeling of the
problems has been simulated.
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The simulated structure in Fig. 7 reflects the state-of-
the-art feature size, where 100 μm wide interconnects have
been selected. The height h includes the gap between the
coupled lines, d = 50 μm; the thickness of the bare
die, 2 × 0.45 mm; and the thickness of the copper layer,
2 × 18 μm, which makes 0.986 mm in total. The insu-
lator dielectric constant is similar to that of FR-4, i.e.,
εr = 4.3.

The plots 8, 10, 12, 14 and 16 represent the voltage ratio
response at the sensing line when both the far end and near
end of the line under test are terminated by different load
capacitances. According to the plots, change in the voltage
ratio V2

Vg
can be seen for frequencies close to the first res-

onance peak. This is a first indication of the feasibility of
our approach. A significant margin is achieved at least at the
first resonance frequency, as illustrated by Figs. 9, 11, 13,
15 and 17.

It should be noted that the voltage ratio does not depend
on the interchangeability of C3 and C4; this phenomenon is
proven true in Section 8.

6.2 Detection methods

There are a few methods one can employ for defect detec-
tion using the above given approach. The following types of
measurements highlight these methods without discussing
their performance and reliability.

• First resonance frequency measurements.
• Level measurements of the transmission parameter S21

at one frequency, specifically at the resonance fre-
quency, where a high margin is obtained between
defective and correct interconnect cases.

• Signature of frequency response verification within a
frequency sweep, which can be verified by using a
cross-correlation approach.

The first resonance frequency refers to the first fre-
quency where the voltage ratio goes towards zero.The
voltage margin refers to the absolute difference
between two voltage ratios (

V2
Vg

)nominal and (
V2
Vg

)measured .

This margin is expected to be significant when (
V2
Vg

)measured

corresponds to an open defect.

6.2.1 First resonance frequency measurement

This section discusses the use of first resonance frequency
measurements to detect an open defect in an interconnect.
During the test setup, reference data must be collected from
a high-quality sample or from computer simulations. The
reference data contain information about the first resonance
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frequency of the voltage ratio of each interconnect in ques-
tion for a given termination pair of capacitances. Figure
18 shows the first resonance frequencies for terminations
between 0.5 and 5 pF and for interconnects that are 5 to
25-mm-long. This resonance frequency varies between 0.77
and 5.59 GHz.

6.2.2 Margin in voltage ratio

For a level testing approach using one frequency, it is
essential that the selected test frequency should lead to a
significant margin in the voltage ratio. According to the
simulation results, the first resonance frequency is the best
frequency that leads to a high margin in the voltage ratio
between defective and error-free interconnects. Figure 19
shows the margin in the voltage ratio at the first resonance
frequency. The achieved margins are between 30 and 97%
when testing interconnects that are 5 to 25-mm-long and
loaded with 1 to 5 pF for an open defect with a capacitance
of 0.5 pF. This can be clearly seen in the voltage ratio dif-
ference plots in Figs. 9, 11, 13, 15 and 17. For an error
free-interconnect, the level goes towards zero at the first
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resonance frequency, otherwise it is around 1
2 . The signif-

icance of the margin indicates that the proposed method
shows good potential for detecting open defects in most
cases.

1
2

3
4

5

1
2

3
4

5

0

1

2

3

4

5

6

C
4
(pF)C

3
(pF)

F
ir

st
 r

es
o

n
an

ce
 f

re
q

u
en

cy
 in

 (
G

H
z)

5 mm
10 mm
15 mm
20 mm
25 mm

Fig. 18 Test frequency versus C3 and C4 for different interconnect
lengths

1

2

3

4

5

1
2

3
4

5
20

40

60

80

100

 

C
4
(pF)

C
3
(pF) 

V
o

lt
ag

e 
ra

ti
o

 m
ar

g
in

 (
%

)

5 mm
10 mm
15 mm
20 mm
25 mm

97 %

30 %

Fig. 19 Ratio margin at the first resonance frequency

7 Experimental Verification

7.1 Simulated structure and prototype

To verify the approach experimentally, the SBU structure
has been prototyped on a normal PCB using SMD capac-
itors as chip loads. Figure 20 illustrates the structure as it
appears along two views. The PCB features two broadside
striplines, which are connected to the top and bottom layers
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Fig. 20 SBU prototyped on conventional PCB
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through 300 μm wide vias. The ground planes are sepa-
rated by a distance h = 0.986 mm, which includes the gap
between the coupled lines, d = 50 μm; the gaps between
the lines and the ground planes, 2 × 0.45 mm; and the
thickness of the copper layer, 2 × 18 μm, where FR-4 with
εr = 4.3 is used. The simulation and measurement cases
involved the combination pairs (2.2 , 2.2) pF, (2.2 pF , open),
(4.7 , 4.7) pF, (4.7 pF , open), (6.8 , 6.8) pF and
(6.8 pF , open) as (CChip1 , CChip2).

7.2 PEEC simulations versus measurements

The plots 21 to 25 represent the simulated and measured
transfer functions at the sensing line when both the far
and near ends of the line under test are terminated by
a few different combination pairs of capacitance in the
set {2.2 , 4.7 , 6.8 , open} pF, which covers the typ-
ical range of IC capacitance, according to [28]. Based
on the plots, a significant voltage ratio margin can be
achieved when sensing both ends of the trace in one
pass. A significant margin is achieved at least at the
first resonance frequency, as stated in Section 6.1. Thi
s resonance frequency is difficult to determine analyti-
cally by examining the first inflection point when solving
[ z221
Rg+z211

]′ = 0; the main reason for this complication is
that the ratio involves the inverse matrix of Y2, which makes
it dense and difficult to handle. Solving for this resonance
frequency through a simulation is the key to determining
the test frequency, which allows for the identification of
the open termination with the highest probability of being
equivalent to some values in the interval ]0, 0.5] pF.
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Fig. 22 Voltage ratio when line length is 10 mm

Based on Figs. 21 to 25, the simulation results agree
with the measurements, especially with respect to the shape
of the curves of the voltage ratio as well how the first
resonance frequency f0 shifts with the interconnect ter-
minations. Tables 2 to 6 have been compiled from the
measurements and simulations results to compute the mar-
gin of f0 when the interconnect under test is error-free and
when it is defective. The error-free interconnect indicates
that it is terminated by a proper (Cchip1, Cchip2), where:
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Fig. 23 Voltage ratio when line length is 15 mm
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Cchip1 = Cchip2 ∈ {2.2 , 4.7 , 6.8} pF, whereby it can cover
a realistic range of interconnect terminations. The defective
interconnect indicates that Cchip2 is replaced by an open,
and thus, the physical value of Cchip2 is approximately the
via capacitance Cvia4.

7.3 Margin in resonance frequency

In this section, instead of focusing on the margin in the volt-
age ratio, the difference in resonance frequencies is taken
as the quantity of detecting open defects or an abnormal
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Fig. 25 Voltage ratio when line length is 25 mm

termination in the interconnect, based on Fig. 26, which is
based on the measured values collected in Tables 2 to 6. The
margin �f0 between two frequency values of f0 is quite
significant for detecting defects; this margin varies between
approximately 0.41 and 1.75 GHz, i.e., between 35 and
154% of the original value. Furthermore, it is observed that
the shorter the line is, the higher the margin that we obtain.

8 Locating Defects

Locating defects might not be useful for one unit under test.
Once a unit is identified to be defective, it most likely needs
to be scrapped. However, for process learning, it is useful
to locate defects. By locating defects, the manufacturer may
gain more inputs for root cause analysis when a process is
failing repetitively and in the same joints. Thus, this section
examines how the test vehicle will locate a defect when
possible.

Let T1 and T2 be two voltage ratios, where T2 is computed
when interchanging the capacitors C3 and C4. Factorizing
the subtraction of T1 − T2 leads to the following:

f(ω) ×(Yodd − Yeven)
2R2(C3 − C4)ω[R2Rgω(C2 − C1)

+j (R2 − Rg)] (2)

Based on the solutions of T1 − T2 = 0 and knowing that
f(ω) is another factor function whose null condition is inde-
pendent of C1, C2, Rg and R2, the two voltage ratios T1 and
T2 are equal when C1 = C2 and Rg = R2. In this case, the
voltage ratio is independent of the interchangeability of C3

and C4. This finding is in agreement with the results of our
simulation cases, as indicted by the symmetry of the surface
illustrated in Fig. 18. This situation is interpreted as a case
in which an open defect cannot be located when testing an
interconnect that is terminated by two identical loads. How-
ever, the following question arises: How does one locate a
defect when testing an interconnect between two different
loads?

According to Fig. 18, which has been produced using
the PEEC simulations, the resonance frequency increases
when C3 and/or C4 decrease(s). This fact can be proven
analytically but that proof, because of the complexity of
the analytical equation, is left out. For a given combina-
tion of C3 and C4, there exists a resonance frequency f0

that is well determined and that is expected to be measured
for an error-free interconnect. Let fm be the resonance fre-
quency measured when testing for an interconnect between
C3 and C4. Open joints between these two capacitors will
always lead to a resonance frequency fm that is greater
than f0. Depending on the surface side that this frequency
occurs on, the test equipment can determine the location
of the open defect, which requires that the surface data be
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Table 2 Measured and simulated first resonance frequency (GHz) in the voltage ratio in case of error-free and defective interconnect when length
is 5 mm

Cchip1 and Cchip2 combinations

(2.2 pF, 2.2 pF) (2.2 pF, open) (4.7 pF, 4.7 pF) (4.7 pF, open) (6.8 pF, 6.8 pF) (6.8 pF, open)

f0(measured) 2.19 3.14 1.29 2.86 1.05 2.72

�f0 0.95 1.57 1.67

f0(simulated) 2.07 3.17 1.24 2.99 1.11 2.84

�f0 1.1 1.75 1.73

Table 3 Measured and simulated first resonance frequency (GHz) in the voltage ratio in case of error-free and defective interconnect when length
is 10 mm

Cchip1 and Cchip2 combinations

(2.2 pF, 2.2 pF) (2.2 pF, open) (4.7 pF, 4.7 pF) (4.7 pF, open) (6.8 pF, 6.8 pF) (6.8 pF, open)

f0(measured) 1.66 2.38 1.12 2.08 0.94 1.98

�f0 0.72 0.96 1.04

f0(simulated) 1.65 2.51 1.03 2.15 0.87 2.09

�f0 0.86 1.12 1.22

Table 4 Measured and simulated first resonance frequency (GHz) in the voltage ratio in case of error-free and defective interconnect when length
is 15 mm

Cchip1 and Cchip2 combinations

(2.2 pF, 2.2 pF) (2.2 pF, open) (4.7 pF, 4.7 pF) (4.7 pF, open) (6.8 pF, 6.8 pF) (6.8 pF, open)

f0(measured) 1.38 2.02 0.99 1.66 0.85 1.56

�f0 0.64 0.67 0.71

f0(simulated) 1.39 2.01 0.88 1.75 0.75 1.59

�f0 0.62 0.87 0.84

Table 5 Measured and simulated first resonance frequency (GHz) in the voltage ratio in case of error-free and defective interconnect when length
is 20 mm

Cchip1 and Cchip2 combinations

(2.2 pF, 2.2 pF) (2.2 pF, open) (4.7 pF, 4.7 pF) (4.7 pF, open) (6.8 pF, 6.8 pF) (6.8 pF, open)

f0(measured) 1.34 1.69 0.84 1.47 0.72 1.34

�f0 0.35 0.63 0.62

f0(simulated) 1.28 1.79 0.8 1.54 0.69 1.4

�f0 0.51 0.74 0.71
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Table 6 Measured and simulated first resonance frequency (GHz) in the voltage ratio in case of error-free and defective interconnect when length
is 25 mm

Cchip1 and Cchip2 combinations

(2.2 pF, 2.2 pF) (2.2 pF, open) (4.7 pF, 4.7 pF) (4.7 pF, open) (6.8 pF, 6.8 pF) (6.8 pF, open)

f0(measured) 1.23 1.54 0.78 1.4 0.67 1.13

�f0 0.31 0.62 0.46

f0(simulated) 1.18 1.59 0.74 1.37 0.62 1.15

�f0 0.41 0.63 0.53

stored and compared to fm. Figure 18 illustrates the sur-
face of the resonance frequencies versus the load capacitors
C3 and C4; the frequencies that fall on the upper edges
of the surface are those that occur in the case of open
defects, assuming that the lowest capacitor value represents
an open defect or via capacitance, indicated by Cvia3 and
Cvia4 in Fig. 5. However, the remaining frequencies will
correspond to error-free joints, whose values depend on the
connected load capacitors, which are indicated by Cchip1

and Cchip2 in Fig. 5. The right upper edge of the surface
represents the frequencies to be detected when open defects
occur on port 4. In contrast, the left upper edge of the sur-
face represents the frequencies to be detected when open
defects occur on the port 3 side. The highest frequency will
occur when open defects are formed on both sides of the
interconnect.

9 Process Deviations on Method Robustness

In this section, we will examine the robustness of
the proposed method against the compounded process
deviations. Manufacturing process deviations will lead to IO
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Fig. 26 First resona nce frequency margin between an error-free and
defective interconnect

capacitance deviations, and thus, one can speculate a shift
in the resonance frequency due to packaging deviations that
might lead to false alarms. In the manufacturing of elec-
tronics, the nominal value of a quantity is most often the
target; therefore, we assume that the deviations of the IO
capacitance are characterized by a normal distribution.

9.1 Packaging process deviations on resonance
frequency

Let f0 be the nominal value of the frequency of the voltage
ratio. Cchip1 and Cchip2 are the nominal values of the capac-
itances representing the connected IO of the chips. After
running Monte Carlo simulations for N = 50000 samples
of 861 pairs of (Cchip1, Cchip2), which can be formed by any
value from the set:
{1 , 1.1 , 1.2 , 1.3 , ... , 4.7 , 4.8 , 4.9 , 5} pF, according to
Figs. 27 and 28, one can conclude that a 10% standard devi-
ation in and Cchip2 leads to a small σf0 , whereas it is 2% ≤
σf0 ≤ 5% on average. Moreover, a 20% standard deviation
in Cchip1 and Cchip2 leads to 4% ≤ σf0 ≤ 11% on aver-
age. Generally, the length of the interconnect has almost no
effect on σf0 .

9.2 Probability of false alarms

By knowing the standard deviation of the resonance fre-
quency σf0 and its mean, for a given pair of (Cchip1, Cchip2),
one can compute the resonance frequency when the small-
est termination is replaced by an open termination for a
worst-case scenario, i.e., when the smallest value of Cchip1

and Cchip2 is replaced by an open termination, its equivalent
capacitance is 0.5 pF, as discussed previously. By knowing
the resonance frequency f0open in the case of an open defect,
as shown in Fig. 29, one can determine the probability of
reaching this frequency due to the deviation in the pack-
aging process affecting Cchip1 and Cchip2. The probability
is 1 − 	(f0open), where

	(f0open) = 1

σf0

√
2π

∫ f0open

−∞
e− (f0 − σf0)

2

2σ 2
f0

df0 (3)
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Fig. 27 Standard deviation of resonance frequency σf0 in (%) when
10 % standard deviation in the packaging process

Figure 30 shows the probabilities for different intercon-
nect lengths and a 20% standard deviation in the packaging
process as a function of the pair (Cchip1, Cchip2) index,
which follows the order {(1 , 1) , (1 , 1.1) , (1 , 1.2) , ... ,
(4.9 , 5) , (5 , 5)}. These probabilities are expressed in PPB
(parts per billion) and indicate the high robustness of the
approach due to the small values observed. The same applies
to a 10% standard deviation in the packaging process, in
which the probability values for a false alarm are generally
null. it is also possible that the process results in d deviating
from its nominal value.

9.3 Other factors impact on the resonance frequency

The distance d that separates the sensing line and the line
under test is another factor that shapes the impedances Zeven

and Zodd and thus impacts the voltage ratio V2
Vg

. The range
of the distance d is generally dependent on the method
of applying an isolator or a solder mask in the case of
conventional PCB. Moreover,

To conclude this discussion on the relevance of this factor
for the first resonance frequency of the voltage ratio, several
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Fig. 28 Standard deviation of resonance frequency σf0 in (%) when
20 % standard deviation in the packaging process

cases have been verified by simulation. It has been noted
that the first resonance frequency changes by negligible
amounts when the distance deviates by a few micrometers
from 50 μm for the nominal value. In contrast, the shape

Fig. 29 Probability density function of resonance frequency f0



244 J Electron Test (2015) 31:229–253

1 200 400 600 861
0

2

4

6

8

C
chip1

, C
chip2

 pair index

P
ro

b
ab

ili
ty

 (
P

P
B

)

1 200 400 600 861
0

10

20

30

40

50

C
chip1

, C
chip2

 pair index

P
ro

b
ab

ili
ty

 (
P

P
B

)

1 400 600 861
0

50

100

150

200

250

C
chip1

, C
chip2

 pair index

P
ro

b
ab

ili
ty

 (
P

P
B

)

1 200 400 600 861
0

200

400

600

800

1000

C
chip1

, C
chip2

 pair index

P
ro

b
ab

ili
ty

 (
P

P
B

)

1 200 400 600 861
0

1000

2000

3000

4000

C
chip1

, C
chip2

 pair index

P
ro

b
ab

ili
ty

 (
P

P
B

)

Fig. 30 Probability of false alarm in PPB

Fig. 31 Impact of the distance d on the first resonance frequency in
the case of 5-mm-long interconnects

Fig. 32 Impact of the distance d on the first resonance frequency in
the case of 25-mm-long interconnects

Fig. 33 10% drift in y-direction of the sensing line in the case of 5-
mm-long interconnects

Fig. 34 10% drift in y-direction of the sensing line in the case of 25-
mm-long interconnects
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and bandwidth of the resonating curve exhibit remarkable
changes. Figures 31 and 32 demonstrate how small these
variations are when the distance d is double the nominal
value, which is an extreme case. This indicates that the
load capacitances and the coupled lengths have the most
important effects on the first resonance frequency, and thus,
process variations on the distance d are not significant
causes of false alarms. These variations might become an
issue if the source of the defect discrimination is not the first
resonance frequency. This can also be quickly verified by
the model in [11].

Another type of factor worth verifying is the drift of the
sensing line along the y-direction accounting for less than
100% of the overlapped area between the line under test and
the sensing line. This can originate from the manufacturing
process or from mechanical placement errors. According to
Figs. 33 and 34, which have been compiled based on simula-
tions, a 10% drift of the sensing line has no effect on the first
resonance frequency for the 100 μm trace width. Similar to
the variations in d , the change in the shape of the curve is
noticeable. In the practice, ground pins are provided which
will serve the ground connections between the ground lay-
ers of both test bed and unit under test (UUT). They will
also serve the alignment and thus the sensing lines overlap
exactly with the lines under test avoiding any such parallel
or non-parallel drifts.

10 Application Sample to Conventional PCB

Figure 35 illustrates a design which is part of a real devel-
opment board that has been utilized as a UUT. This is to
demonstrate the feasibility of the approach in the real use to
conventional PCB. The design contains two connected BGA
processors and open sockets for secure digital (SD) card and
universal serial bus (USB) peripherals. The dimensions of

Fig. 35 Design of the UUT

Fig. 36 Test bed and UUT

the manufactured UUT and the test bed in Fig. 36 are simi-
lar to our earlier structure description in Section 6.1, where
100 μm wide and 21 mm long interconnect has been tested.
Both UUT and test bed are double-sided boards and 511 μm
thick, this includes 450 μm as the insulator thickness, 2×18
μm as the conducting layers thickness and about 25 μm of
the solder mask. The insulator is FR-4 whose permittivity is
about εr = 4.3. To ensure the broadside-coupled stripline
structure, the test bed contains several cutouts which cor-
respond to the components. Five correct and two defective
boards have been assembled where opens have been intro-
duced under the BGA package. In the defective boards, the
solder pads which connect to the trace indicated by the
arrow in Fig. 35 have been removed to ensure opens after the
reflow process. For routing purpose and due to the nature of
conventional PCB, the structure of this test case differs from
the basic ones which have been simulated in such a way that
there exist other parts of the line under test that cannot be
made parallel to the sensing line. For this, the sensing line
in the test bed covers 14 mm only of the line under test as
shown in Fig. 37.

According to Fig. 38, the voltage ratios which have been
taken using the network analyzer follow the concept of
the first resonance frequency, an open decreases the load

14 mm

To vias for test ports

SD card pin

BGA pin

21 mm

Sensing line

Line under test

Fig. 37 Test case structure
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Fig. 38 Test bed and a UUT have been assembled

capacitance and thus an increase in the first resonance fre-
quency where the voltage ratio goes towards zero. Although
other oscillations are occurring due to the differences in
the structure and possible cross talk between the inter-
connect under test and the other solder balls. Anyhow, a
significant margin can be achieved around the resonance
frequency which is the potential source of discriminating
the defect.

11 Realistic Structure for Conventional PCBs

When applying the contactless approach to conventional
PCBs, we do not end up with only two coupled line struc-
tures in most cases. The transmission lines that allow us to
connect to the sensing line and the component pins exist,
e.g., the solder balls. Specifically, those that do not exist at
the edge of the package always involve extension lines, as
illustrated in Fig. 39 by the orange color, and those exten-
sion lines are referred to as T L3 and T L4 for the traces of
the UUT.

Coupled part with the sensing line
Extension TL4Extension TL3

Fig. 39 Samples of two BGA interconnects in the tests with
extensions
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Fig. 40 Voltage ratio between ports 2 and 1 for trace in question
within seven PCBs
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Fig. 41 Realistic model of the test vehicle and UUT with vias and
extensions

In this section, an improved model is developed that
considers these transmission lines connecting port 1 to the
generator and port 2 to the measurement device as well as
the extensions connecting the component pins to the cou-
pled part. Figure 40 shows the structure of the complete
model, while Fig. 41 shows the electrical model with the
extension transmission lines of the sensing line T L1 and
T L2, whose lengths, characteristic impedance and propaga-
tion speed are L1, L2, Z01 and Vp1, respectively. In addition,
the extension transmission lines of the line under test are
T L3 and T L4, whose lengths, characteristic impedance and
propagation speed are L3, L4, Z02 and Vp2, respectively.

12 PEEC Simulations

According to the results in Section 6, a significant margin is
obtained between the resonance frequency of a defect-free
termination and an open termination, which is represented
by 0.5 pF. As an assumption for the current work, as long as
the extensions are negligible, the results of these resonance
frequencies of the voltage ratio should agree with the results
obtained in Section 6.
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To proceed with the effect of the extensions T L1, T L2,
T L3 and T L4 on the previous results, we have mod-
eled and simulated a number of variations to this using
a multi-PEEC EM solver [24]. The varied parameters are
as follows:

• Length of interconnect: 5 - 25 mm with a 5-mm step.
• Load capacitance: any value from the set {0.5 1 1.5 ... 4

4.5 5} pF.
• The extensions L3 and L4 can be any pair from the set

of values {0.1 1 2 3...13 14 25} mm, which makes 676
pairs in total. A 25-mm extension could be the max-
imum extension under the package or inside an inner
layer for today’s electronics.

• Extensions L1 and L2 have been selected as one of the
following pairs: (0.1, 0.1), (5, 5) and (15, 15) mm.

The main reason for choosing only three pairs for L1 and
L2 is that it is expected that the first resonance frequency of
the voltage ratio will remain constant as has been noted, and
it was independent of CV ia1 and CV ia2.

During the simulation, the partial inductances Lp, the
coefficients of the potential P and the delay τ have been
considered as PEEC simulation parameters [1]. For 5- to
25-mm-long broadside-coupled striplines, the partial resis-
tances R are too small for the structure and are worth
neglecting for our purpose. Thus, a proper full-wave model-
ing of the problems has been simulated.

The simulated structure, which is shown in Fig. 40,
reflects today’s industry capabilities for miniaturization,
where the trace width is 100 μm and the PWB thickness is
450 μm, which similarly applies to the board of the sensing
line. The gap between the sensing line and the intercon-
nect under test is represented as 50 μm, which corresponds
roughly to both solder mask thicknesses.

To determine the voltage ratio for the whole system,
we use:

(4)

A method described in [26] was employed to deter-
mine the scattering parameters [S3] for the whole
system and the impedance matrix [Z3].Let C3 and
C4 denote the chip capacitances Cchip1 and Cchip2,
respectively.

12.1 Impact of extensions at the UUT side

Figures 42, 43, 44, 45 and 46 show the first resonance
frequency for different coupled lengths and different exten-
sions at the UUT. It is clearly shown that the highest

Fig. 42 [Z] and [S] parameters for the complete electrical model

extensions at the UUT lead to the lowest first resonance fre-
quency. In contrast, the lowest extensions lead to the highest
first resonance frequency.

To enable a quick snapshot of the needed frequency range
for a specific coupled length and extensions in the UUT,
Fig. 47 can be utilized, where the extensions in the UUT are
quantified by Ratio = L3+L4

L
.

For a given length L and Ratio , a frequency range that
covers f 0max is needed to test for capacitive terminations in

Fig. 43 First resonance frequency versus C3 and C4 for 5 mm and
different extension combinations of T L3 and T L4
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Fig. 44 First resonance frequency versus C3 and C4 for 10 mm and
different extension combinations of T L3 and T L4

the range of [0.5 pF, 5 pF]. f 0max corresponds to the case
in which no extensions at the UUT and both terminations
are represented by 0.5 pF. By increasing the extensions,
the boundaries of the surface (f 0max and f 0min) decrease.
According to the simulation results, the extensions at the
UUT play a positive role. By increasing the extensions,

Fig. 45 First resonance frequency versus C3 and C4 for 15 mm and
different extension combinations of T L3 and T L4

Fig. 46 First resonance frequency versus C3 and C4 for 20 mm and
different extension combinations of T L3 and T L4

the first resonance frequency is reduced, which might be
preferable in some cases.

12.2 Impact of extensions at the sensing line side

Only equal lengths of T L1 and T L2 were used as pairs dur-
ing the simulations. For L1 = L2= 0.1 mm, L1 = L2=
5 mm and L1 = L2= 15 mm, the simulation results are
completely identical. The extensions at the sensing line
have no impact on the first resonance frequency. This phe-
nomenon is hard to be proven true analytically using the
theoretical model of two coupled lines which has been
reported in [11]. To derive the voltage ratio V2

Vg
analyti-

cally, cascading the extensions with the theoretical model
and the required terminations is a key, however the proce-
dure is heavy as it involves 4x4 matrix inversions with many
variables which makes it unfeasible and thus numerical
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solutions, simulations and measurements remain the only
options.

12.3 Measurement samples

To verify the impact of the extensions experimentally, sev-
eral samples which include a UUT and a sensing line
of 5 and 10 mm as coupled lengths were prototyped.
The structure model follows the Fig. 40 in Section 11. The
sample PCBs feature two broadside striplines, which are
connected to the top and bottom layers through 300 μm
wide vias. The ground planes are separated by a distance
h = 0.986 mm, which includes the gap between the coupled
lines, d = 50 μm; the gaps between the lines and the ground
planes, 2 × 0.45 mm; and the thickness of the copper layer,
2 × 18 μm, where FR-4 with εr = 4.3 is used. To cover
a possible extensions range, the measurements involve six
cases of each coupled length.

As the purpose of these measurements is to confirm
with few examples the impact of the extensions on the
first resonance frequency, the line under test was all the
time terminated by 5.6 pF as C3 and C4 in addition
to the capacitance of the via. Figures 48 and 49 confirm the
simulation remarks on the impact of the extensions at the
sensing line side on the first resonance frequency. Within all
these cases, the first resonance frequency is independent of
the upper extensions L1 and L2. On the other hand, increas-
ing the ratio L3+L4

L
decreases the first resonance frequency

of the voltage ratio as concluded by simulations.

Fig. 48 First resonance frequency versus C3 and C4 for 5 mm and
different extension combinations of T L3 and T L4

Fig. 49 First resonance frequency of the voltage ratio for 5 mm cou-
pled length and different extensionsFirst resonance frequency of the
voltage ratio for 10 mm coupled length and different extensions

13 Design for Testability (DfT) Rules

According to the first resonance frequency Figs. (42, 43,
44, 45 and 46) of the different coupled lengths and exten-
sions, the margin always exists between the first resonance
frequencies of the defective and error-free interconnects.

Fig. 50 A higher ratio L3+L4
L

leads to a flatter surface and thus lower
frequency margins
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It is clear that the margin between the first resonance fre-
quency, which corresponds to an error-free interconnect,
and that of an erroneous interconnect increases when the
extensions or the ratio L3+L4

L
decrease. A higher ratio results

in a flatter obtained surface and, thus, a smaller margin,
as illustrated in Fig. 50. However, the point of interest is
the approach ability in detecting open defects with manage-
able margins. In this section, DfT rules are derived to be
considered during the design phase for robust open defect
detection.

13.1 DfT for 10% margin

In this section, a model that determines the maximum
ratio has been created with 10% as the minimum mea-
surable margin. Figure 51a, b, c, d and e illustrate the
scattered minimum margins that can be obtained for all
possible ratios for each coupled length. These ratios rep-
resent any combination pair of the extensions L3 and L4,
where 0.1 mm is the minimum and 25 mm is the max-
imum with 1-mm steps. It is suspected that most of the
minimum margins occur at the index of (C3, C4), which
corresponds to (1, 1) pF. The rectangle in each figure
dictates the maximum possible ratio that allows for the
minimum margin of 10%.

Figure 52 presents a model that can be applied
during DfT using the rule of 10% as the minimum
margin in the first resonance frequency. The model

is in good agreement with the
simulation data, where L is in mm.

13.2 DfT for packaging error

Manufacturing process deviations lead to IO capacitance
deviations and thus a shift in the first resonance frequency.
According to Fig. 27, a 10% standard deviation in the IO
capacitance leads to a standard deviation σ in the first res-
onance frequency, whereas it is 2% ≤ σ ≤ 5% on average,
as shown in Fig. 27. Under the assumption that these devi-
ations do not increase with the extensions, in this section,
a model that determines the maximum ratio has been cre-
ated to tolerate 3 × σ as the minimum measurable margin.
This tolerance is needed to ensure that the measurement
device do not fail a correct trace because of the manufac-
turing process deviations in the package. Figure 53a, b, c,
d and e illustrate the scattered minimum margins that can
be obtained for all possible ratios for each coupled length.
These ratios represent any combination pairs of the exten-
sions L3 and L4, where 0.1 mm is the minimum and 25 mm
is the maximum with a 1 mm step. It is suspected that

Fig. 51 Minimum margin that can be obtained for all possible ratios

Fig. 52 DfT rule model for a 10% margin
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Fig. 53 Minimum margin that can be obtained for all possible ratios

most of the minimum margins occur at the index of (C3,
C4), which corresponds to (1, 1) pF. The rectangle in each
figure determines the maximum possible ratio that allows
a minimum margin of 3 × σ . Figure 54 presents a model
that can be applied during DfT as a rule for 3 × σ as

Fig. 54 DfT rule model for 3 × σ

the minimum margin in the first resonance frequency. The

model is in good agreement
with the simulation data, where L is in mm.

14 Test Performance and Limitations

Let the intermediate frequency bandwidth (IFBW) of a net-
work analyzer be 100 KHz. For the maximum measurement
frequency of 6 GHz and for a sampling step of 600 KHz
which is fine enough, the number of sampling points is

6 GHz
600 KHz

= 10, 000 which are distributed linearly over
the bandwidth. The test time for one interconnect will be
approximately

The switching hardware will also add some overhead to
the computed test time. The switching time of an electrome-
chanical switch is expressed in milliseconds and this latter
is much slower as compared to a solid state one whose
switching time is expressed in nanoseconds. If we assume
that the electromechanical switches are employed which are
in favor in terms of their insertion loss and isolation as
compared to the solid state ones [10]. The switching archi-
tecture can be made by cascading the basic RF single pole
changeover (SPCO) switch. Generally, the switching time
of the mainstream of this type of RF switches is much less
than 20 ms. Taking 20 ms as the worst case scenario, the
switching will cost 2 s100, interconnects as the switches
are controlled at the same time. This makes the total test

time to be , thus the switch-
ing time is not dominant even when employing the slowest
electromechanical switches.

This time can be reduced significantly using prior knowl-
edge of the first resonance frequency, which reduces the
test frequency and the number of samples [3]. Obviously,
there will be other overheads, but the one that will domi-
nate the test performance is the time taken to automatically
place the test bed on the top of the board under test.
Another way to accelerate testing is deploying, for this
purpose, several application-specific network analyzers and
using different IFBWs to avoid interference between the
measurements.

Due to the high density of the interconnects, one might
not be able to place all the RF connectors that connect the
sensing lines to the network analyzer. To overcome this
challenge, for a board under test, several different test beds
might need to be designed, and each will consist of a set
of sensing lines that are sufficiently far from each other
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to allow space for miniature RF connectors and to ensure
crosstalk avoidance. Otherwise, high number of intercon-
nects affect only the test time when the traces are distributed
at low density on the board. In such cases, only one or a
reasonable number of test beds are needed. For multilayer
boards, inner layer interconnects must be brought partially
to the upper layer for testing, which is one fundamental
limitation of this approach.

For this study, only open defects were analyzed. This is
because assembling electronics involves creating connec-
tions between device pins and interconnects. We may not
consider bridge defects if the process initially fails to con-
nect components together. However, a bridge defect will
increase the load capacitance, which will decrease the first
resonance frequency of the voltage ratio V2

Vg
. This does not

limit the feasibility of this approach to only detecting open
defects.

15 Conclusion

A new approach to the testing of high density interconnect
is proposed. By simulation and by direct measurements, it
has been shown that the approach is feasible for examples
reflecting current state-of-the-art HDI. The method provides
robust error detection margins allowing for detecting faults
in the range of a few PPB while accounting for component
specification variabilities of 10 − 20 %. By simulations,
it has also been shown that the method is robust against
reasonable variations in the z- and y-direction, which trans-
late into variations in the separating insulator thickness and
into the mechanical placement error of the sensing line. To
apply this approach, the maximum test frequency is around
6 GHz, which is manageable. In situations where the cur-
rent test solutions are not feasible, the introduced approach
has a great potential for better defect coverage.

The impact of interconnect extensions has been studied
for a test structure that is believed to be the most com-
mon in today’s PCBs. Extensions reduce the first resonance
frequency and decrease the margin between the resonance
frequencies of correct and defective interconnects. Within
5- to 25-mm-long interconnects and with between 0.1 and
25 mm extensions at UUT, DfT rules for the extensions are
derived that tolerate 10% packaging deviations and 10% as
the minimum possible margin for defect detection.
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ogy. His research interest includes design for testability for state of the
art HDIs and power aware electronics. http://www.ltu.se/csee/research/
eislab.

Jerker Delsing was born in 1957 in Umeå (Sweden) and received
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