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Figure 4.6 shows the manufactured PCB’s. The two circuits labeled ’v.1.”
were the circuits with a grounded point in the center. These were the first to
be measured, with coupling limitation measures that were later found to be in-
effective(Figure 4.8). This is due to the negligible difference found between the
crosstalk levels in the PCB with the ground point and the PCB without a ground
point arrangement. This suggested the ground point has little effect on crosstalk.
The results of these are not included. Remaining PCB’s, half of which include
the ground wire arrangement(Figure 4.7) are labeled 'v.2.”. Figure 4.7 shows a
close-up of the ground wire arrangement.

Figure 4.6: Testing PCB’s with specified spacings of bond wires.
PCB'’s that have a corresponding PCB with a ground point
arrangement are labeled 'v.1." and circuits that have a corre-
sponding center wire arrangement are labeled 'v.2.".
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Figure 4.7: Ground wire arrangement on a PCB (Center)

Figure 4.8: Ground point arrangement



28 Methodology and Results

4.4 Measurement Results

Following are the measurements of the parameters Sy;, which shows the trans-
mission across the bond wires, and S3;, showing the crosstalk between the bond
wires read on port 3. Signals were sent from port 1. The values presented in
this section were the raw data read from the VNA during measurements and were
plotted using Matlab. Coupling on different PCB’s before bond wires were added,
are also presented.

4.4.1 Transmission Line Coupling
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Figure 4.9: Coupling between transmission lines for circuits without
center ground wires (No Bond Wires)
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Figure 4.10: Coupling between transmission lines for circuits with
center ground wires (No Bond Wires)

Figure 4.9 and 4.10 show the crosstalk measured on port 3 with signals sent
on port 1(Figure 4.5). The crosstalk shown on these graphs give measures of the
coupling without bond wires. Trends here indicate that the closer the spacing is,
the higher the level of crosstalk is experienced across the frequency range from 500
MHz to 4 GHz. The yellow lines represent the results for the 0.15 mm spacing,
while red and blue represents the 0.325 mm and 0.5 mm spacing respectively. Solid
lines represent measurements on circuits without a center wire and dashed lines
represent measurements on circuits with a center wire arrangement. The graphs
also show an increase across the spectrum from 500 MHz to 4 GHz.
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4.42 Crosstalk
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Figure 4.11: S3; Parameter(Crosstalk) for 0.5 mm spacing, 0.325
mm, and 0.15 mm spacings with and without the center ground
wire

Figure 4.11 shows the values obtained during measurements for crosstalk be-
tween ports 3 and 1(Figure 4.5). Measurements conducted on PCB’s with bond
wires on the boards. The crosstalk experienced here greater than values obtained
without bond wires (Figures 4.9, 4.10) as the coupling between the bond wires in-
creases the crosstalk levels. Figure 4.12 allows for a comparison between crosstalk
levels on PCB’s with center wire arrangements, shown with dashed lines, and those
without, shown with solid lines. What is evident from 4.12 is the consistently lower
crosstalk levels on the PCB’s with center grounded wire arrangements.
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Figure 4.12: S3; parameters for circuits with and without center
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443 Forward Transmission and Attenuation

Figure 4.13 shows the attenuation of the signal sent from port 1, read on port 4.
Attenuation for both PCB’s with center grounded wires and without are shown.
Differences between the results are small, leading to some overlap between the

results.
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Figure 4.13: S, parameter (Attenuation) with and without center
ground wires, with ground wire circuits shown with dashed lines



Chapter 5

Discussion and Analysis

The results presented in Chapter 4 give some interesting insight to the properties
of the measurement PCB’s versus the simulated representations. There is however
the question of what these results represent and what conclusions can be drawn
from them.

5.1 Sources of Error

There were a number of factors that most likely impacted the readings to some
extent during measurements. Couplings between the microstrip transmission lines
on the PCB’s manufactured have been taken into consideration. Measurements
without bond wires have given some estimations. Capacitive coupling between
the bond wires also exists to some extent, and is more difficult to measure. This
phenomenon is discussed in section 5.4

Then there is also the question of the accuracy of the equipment and PCB’s
used in this thesis. Initially it can be stated that the VNA’s, Signal Generators and
Spectrum analyzers available to us most likely had some calibration errors. The
setup that was used with SMA-contacts and the appropriate adapters causes some
reflections to occur, affecting measurements. One additional source of inaccuracy
is the fact that it is not possible to perfectly manufacture a PCB to specification.
As such there is probably some difference in comparison with the templates. The
bond pads on the PCB’s are meant to serve as a surface to which the bond wire can
attach. In the design process the spacing and length of the bond wires were take
into consideration and the bond pads placed accordingly. In practice, it is difficult
in the bonding process to perfectly match the length and spacing of the wires
perfectly to the specified dimensions. Examining the circuits under a microscope
revealed minor deviations to specification. The differences are found to be within
an acceptable margin.

5.2  Simulations and Measurements

As seen in graph 5.1 and 5.2, there are some differences between simulated val-
ues and measured values. Simulated S-parameters show results that can be ex-
pected in an ideal environment. The three different crosstalk parameters, or |Sz;|-
parameters, show a constantly increasing level of crosstalk from 500 MHz to 4GHz

33
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Figure 5.1: Comparison between simulated and actual crosstalk

(Figure 4.9). Taking the values from the 0.5 mm chip as an example, the crosstalk
starts at -44.86 dB of the input signal at 500 MHz. It then shows an increase to
-27.65 dB at the end of the spectrum at 4 GHz. Thus, the proportion of the signal
leaking over to the adjacent wire compared to the input increases from 0.57% to
4.14%. These values are calculated using formulas 3.14 to 3.17. The maximum
coupling measured was -24.45 dB @ 3.5 GHz, which corresponds to 4.7% of signal
voltage leaking over to the adjacent wire. Similar trends can be seen for the 0.325
mm chip and the 0.15 mm chip. The coupling is even more apparent for the 0.15
mm chip, as the maximum level measured was -23.08 dB @ 3.6 GHz. This corre-
sponds to 7.0% of the input signal leaking over. What is interesting here is the
increase in coupling as the spacing between the wires decreases. The 0.325 mm
circuit confirms this trend with a maximum measured coupling of -24.45 dB @ 3.9
GHz, or 6.0% signal leakage.

Comparing the simulations to the practical PCB measurements reveals some
interesting facts. Figure 5.1 shows the simulations of crosstalk compared to the
actual |S31| parameters. The circuits with a center ground wire are also included in
Figure 5.2. Figure 5.1 shows that there is a good accordance between the simulated
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Figure 5.2: Comparison between simulated and actual crosstalk,
with center ground wire crosstalk included

and actual |Ss1| parameters for all three tested PCB’s. Simulation parameters were
adjusted from the mutual inductance values calculated using formula 3.6 to fit the
measurements. Resulting inductance values between the bond wires were found
to be higher than the theoretical values calculated, as shown in table 5.1. The
difference can be explained partly by the factors described under section 5.2, but
also by the straight-line approximations made by the formula. In practice, the
height and shape of the bond wire affect the mutual inductance between bond
wires[14].

5.3 Have the decoupling efforts been successful?

In Chapter 4, the |S3;| parameters for the measured PCB’s have been presented.
For each circuit there has been a corresponding design manufactured with a
grounded wire, with appropriate bond pads, routed parallel in between the sig-
nal bond wires (Figure 3.3). Results of the crosstalk measurements reveal some
interesting results. Across all three circuits manufactured, with wire spacings of
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Table 5.1: Theoretical mutual inductance M values (Formula 3.6)
and measured M values

Spacing  Theoretical M (nH) Actual M (nH) A(nH) Difference (nH)

0.5 mm 0.0693 0.11 0.0583 58.7%
0.325 mm 0.0741 0.14 0.0601 88.9%
0.15 mm 0.1197 0.18 0.0603 50.7 %

0.15 mm, 0.325 mm and 0.5 mm, the ground wire arrangement shows a decrease
of coupling across the frequency spectrum. Circuits with the center ground wire
arrangement show consistently lower coupling values than circuits without. Table
5.2 gives the difference in terms of the average coupling across the spectrum.
Examining tables 5.2 leads to the conclusion that putting a grounded wire in

Table 5.2: Mean crosstalk levels (No GND/GND)

Spacing ~ Mean |S3;| No GND (dB) Mean |S31| GND (dB) A(dB)

0.5 mm -32.59 -37.09 4.50
0.325 mm -31.15 -35.96 4.82
0.15 mm -28.96 -35.11 6.16

between closely spaced bond wires does indeed seem to reduce the coupling. The
coupling is reduced considerably at 0.5 mm with an even more drastic reduction
at 0.325 mm. The 0.15 mm circuit continues this trend with an average 6.16 dB
reduction across the spectrum, a considerable difference. Further, circuits with the
ground wire arrangement show a higher degree of coupling limitation the closer
the spacing. There is the question of how the coupling of the transmission lines
have any significant impact on the results. Coupling between the transmission
lines is affected by the ground wire arrangement. Figures 5.3, 5.4 and 5.5 show
coupling as a ratio between the coupling measured with bond wires and without
bond wires. In other words, the graphs express how much the crosstalk increases
from adding bond wires. Formula 5.1 thus expresses the increased crosstalk with
bond wires in comparison to the capacitive and inductive coupling without bond
wires. |S517ines| denotes the signal amplitude without bond wires, |S314ires| de-
notes the signal amplitude with bond wires. Thus the graphs take into account
the coupling differences between the circuits with a center ground wire and those
without before bond wires are added.

Crosstalk _Gain = [S51wires| (5.1)

‘531lines|
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Figure 5.3: Increased crosstalk with bond wires compared to without

bond wires for 0.5 mm spacing. Results include PCB's with and
without the center ground wire.
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Figure 5.4: Increased crosstalk with bond wires compared to without
bond wires for 0.15 mm spacing. Results include PCB's with
and without the center ground wire.

Table 5.3: Bond wire crosstalk gain (No GND/GND)

Spacing ~ Mean |S3;| No GND (dB) Mean |S31| GND (dB) A(dB)

0.5 mm -16.97 -14.80 -2.17
0.325 mm -17.33 -12.73 -4.60
0.15 mm -18.04 -12.34 -5.70

Expressing the coupling with wires as a gain compared to the measurements with-
out wires shows similar trends to the previously presented data. The circuits with
the ground wire arrangement continue to show reduced levels of coupling com-
pared to the counterparts without. This confirms the theory that the ground wire
arrangement has been effective in reducing the coupling between bond wires. The
mean coupling gain for the different circuits are shown in Table 5.3.

5.4 Inductive vs Capacitive coupling

Coupling between microstrip transmission lines exists and has been discussed in
previous sections. There is also a certain capacitive coupling between the bond
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wires themselves which affects the measurements to an extent. In order to assess
the magnitude of the impact the capacitive coupling was simulated in ADS. The
model described in Figure 4.1 was modified to suitably incorporate a capacitor
between the two lines. An estimation of the capacitance was given by the straight-
wire equation, formula 3.4, described in Chapter 3. Inserting the value into the
simulation was found to have a negligible impact on measurements, which was
expected to a certain extent given the computed value of 8.087 - 107 F was
relatively small compared to the mutual inductance between the wires.

Further investigations into the impact of capacitive coupling between the wires
were conducted by modifying one of the PCB’s. The chip with a 0.5 mm spacing
and grounded wire in the center was chosen. Grounding the wire using vias on both
ends creates a loop with the bottom copper plate. The crossection-area reduces the
inductive coupling and the crosstalk between the wires. Cutting the line on one side
of the center wire breaks this loop. Measurements confirmed that the effectiveness
of the arrangement was reduced considerably as the crosstalk was comparable to
the levels measured on the 0.5 mm PCB without a center wire arrangement(Figure
4.9). This suggests the crosstalk between the wires consists largely of inductive
coupling rather than capacitive coupling, as capacitive coupling would in theory be
unaffected by severing one of the connections to ground so long as it is connected
on the other end. Studies exist that have partially discussed the mutual coupling
between bond wires. Bronckers et al.(2009) state that while capacitive coupling
exists between on-chip interconnects, the dominant coupling factor between bond
wires is the inductive coupling][3].

55 Further Considerations

The ground wire concept was chosen for a number of reasons. Most importantly,
this method of decoupling wires was found to be a practical one that may be useful
in circuit design. This is due to the ease of accommodating an extra bond wire
into a space containing other conducting bond wires. Other methods of decoupling
may include adding an angle to bond wires relative to the perpendicular line from
the edge of the chip. This may be impractical when considering chips with a large
number of bond wires. The same problem applies to the method of increasing
spacing between bond wires as space may be an issue considering the compact
nature of IC’s. One difference between the testing done in this thesis and IC chips
which are used in practice is that a method of sealing IC’s is the addition of a
layer of epoxy or a similar compound for the purpose of protecting the components
from external impact. As such, those IC’s have bond wires which are sealed in the
surrounding compound and not air, which was not the case in this survey. One
difference in that case can be found in formula 3.3, where the u, factor will be
different depending on the material used. The magnetic field strength will thus be
different.
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Chapter 6

Conclusions

This chapter reconnects to the initial problem statements detailed in Chapter
1. Research questions are reiterated and the relevant findings in relation to the
question are summarized. In total there are seven questions explaining conclusions
that are drawn from the contents of this thesis.

How is it possible to measure the inductive coupling between bond wires?

The design setup is described in detail in Chapter 3, section 3.2. Bespoke PCB’s
were manufactured for the purpose of testing with a VNA. It was decided that
the best way of going forward was manufacturing boards with varying spacing for
the bond wires. The dimensions chosen for the center-to-center spacings was 0.5
mm, 0.325 mm, and 0.15 mm. As such it was possible to measure the increase
in coupling as the spacing decreased. Placing the microstrip transmission lines
perpendicular to one-another made it possible to limit the capacitive and inductive
coupling between transmission lines as they were not relevant for the measurements
between the wires.

What causes coupling when a bond wire is used to connect an integrated circuit
and its casing?

In this thesis, the results show that there is significant coupling between wires. One
of the causes for this has been shown to be the proximity of the wires. As it can be
seen in the results, the 0.15mm chip shows more coupling than the 0.325mm chip,
which in turn shows more coupling than the 0.5 mm chip. Frequency plays a large
part in the coupling as the results indicate that there is significantly more coupling
at higher frequencies. At 500 MHz the coupling can be considered insignificant for
performance while at 4 GHz, the coupling starts to become much more marked. As
such, high frequencies and bond wire proximity were the main factors contributing
to the coupling.

How does the bonding process for integrated circuits work?

Bespoke equipment for the purpose of placing bond wires on PCB’s exists and is
necessary considering the small scale at which bond wires function. High-frequency
oscillations are used to bond the wire to the pad on which it is to be connected.

41



42 Conclusions

Placement of the wire is done using input parameters which are processed to move
the needle containing the wire.

Is the interference significant?

The answer for this question depends on many different factors. Not least, it de-
pends on the chip itself. What is possible to say is that the coupling effect becomes
more of a problem at higher frequencies, becoming a distinguishable phenomenon
beginning at 500 MHz. Approaching 4 GHz, which was the highest frequency
measured, showed crosstalk approaching levels under -20 dB. Depending on the
application, this level of coupling can be considered significant. It is also impor-
tant to consider what higher frequencies might lead to. The setup described in
Figure 4.1 was simulated at frequencies up to 30 GHz. This lead to theoretical
crosstalk of levels up to a maximum of -19.164 dB at 30 GHz (Figure 6.1). The
blue line shows the simulated crosstalk for the 0.5 mm spacing, while the yellow
and red lines show the crosstalk for the 0.15 mm and 0.325 mm spacings respec-
tively. It is hard to say how well this simulation represents reality without actual
testing at higher frequencies, but it does give an indication of how the coupling
continues to increase beyond the frequencies tested in this thesis. Whether or not
design considerations have to be taken to mitigate this is a question related to the
architecture of the IC in question. As was discovered during both testing and sim-
ulation, closer wire spacing increases the coupling effect making the interference
more significant.
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Figure 6.1: Crosstalk levels(]S51|)for 0.15 mm spacing up to 30GHz
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How is the interference characterized?

Bond wires used to transmit RF-range signals are mainly subjected to interference
in the form of coupling crosstalk, as has been discussed in Chapter 5. It was found
that the forward transmission is largely unaffected by induction between the bond
wires at higher frequencies. Attenuation was found to be largely unaffected by
adding a ground wire. Crosstalk however is affected by inductive coupling between
bond wires as shown in Figure 4.10. Frequency is a factor as higher frequencies
lead to increased coupling. Thus the main factor to consider here is the magnitude
of the signal leaking into adjacent bond wires as a result of the coupling.

Is it possible to limit the effect of the interference? What methods can be
effective in reducing the impact of interference?

It was found that placing an additional bond wire in between existing bond wires
and connecting it to ground limited coupling of the existing bond wires. This
arrangement was found to be effective on all three tested bond wire spacings,
with the method being more effective the closer the spacing was. It was found
that the method of placing a grounded point of conducting metal, as described
under section 4.3, was not effective in limiting interference. This was concluded
after reviewing results from the PCB with this arrangement as the crosstalk levels
were not reduced. Other methods related to the shape and placement of the bond
wires have also been discussed throughout this thesis, however these have not been
tested. Additional measures may be tested in future research projects.

How is the forward transmission effected by the coupling at higher frequencies?

Testing has showed that there are some differences in forward transmission between
the six different PCB’s. The differences are relatively small however. Results seem
to imply what has been shown in the simulations; that forward transmission seems
to be largely unaffected by the inductive coupling between bond wires, even at close
spacing. The main impact of the coupling is the crosstalk experienced between
the wires at higher frequencies.
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