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Abstract

Beyond the traditional components of conductive and dielectric losses, periodic discontinuities
generate additional losses on interconnects. For instance, on printed-circuit boards (PCBs) and
packages, periodic discontinuities may come from perforated planes and loading from regularly
arranged via fields under large packages and sockets. There is an increased slope of attenuation
with frequency due to periodic losses, with deeper resonant dips at frequencies where the
periodic structure constructively lines up reflections. The frequencies where the dips occur are
lower if the propagation delay between subsequent discontinuities is longer. The depth of the
dips depends on how severe the discontinuities are. The paper provides measured and simulated
data of this extra loss mechanism, together with simulated studies examining the impact of
several geometrical parameters.
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Introduction

Interconnect losses in multi gigabit per second links have a direct impact on their performance.
Losses not only reduce the eye height, but also tend to increase jitter. In point-to-point traces on
printed circuit boards (PCB) and packages, the losses that are usually considered are: the
dissipative losses from the conductor and its surrounding dielectric material (skin loss, surface-
roughness loss, dielectric loss) [1], reflection losses due to driver and receiver mismatch, as well
as reflection losses from via transitions (via stub effects and trace-impedance mismatch at layer
transitions). Multi-drop connections are avoided as much as possible; therefore loading is
primarily generated by the end reactances and via stubs. In dense multilayer boards, traces
inevitably have to be routed through regions containing packages, connectors, and/or multi-pin
sockets. In these regions the trace may periodically couple to the regular pattern of via barrels,
antipad cutouts, BGA solderballs, etc. Although the reflection at each discontinuity is small, the
periodicity of the structure lines up these reflections and if this loading carries on for an extended
length, the slope of the loss curve will be increased with deeper resonance dips in the loss
profile.

Periodically loaded transmission lines have long been studied [2]. Applications which sought to
harness this effect go back to the early days of telephone lines (pupinization) or creating slow-
wave structures. Other applications include one and two-dimensional bandgap structures to
suppress the propagation of plane noise (see e.g., [3]). Several studies have examined the
deleterious effects of loading due to periodic structures. For example, the structural return loss
identified in cables due to spiral braid discontinuities. Non-structural periodic loading studies
include the periodic loading from I/O reactances in multidrop buses [4].

Periodically loaded lines can be analyzed by identifying a unit cell, which is repeated along the
structure. Figure 1 shows a simple scenario of a unit cell, having a lossy or lossless piece of
uniform transmission line with one discontinuity component in the middle: either a series
impedance (Zg4) or parallel admittance (Yy).
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Figure 1. Unit cell definition for cascaded loaded interconnects, consisting of a piece of bisected
uniform transmission line and a discontinuity.
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Assuming an infinite number of cascaded unit cells, the complex propagation constant of one
unit cell can be expressed with the propagation constant of the unloaded interconnect and the
reactance of the parallel (Yq) or series (Z4) discontinuity, respectively:

cosh(y,d) = cosh(d) +(YyZ,/2)sinh()d) ~ cosh(y,d) = cosh(d)+(Z, /(2Z,))sinh(xd) (1)

where y is the complex propagation constant of the unloaded interconnect, vy, is the complex
propagation constant of the periodically loaded interconnect, d is the length of the unit cell, Z, is
the characteristic impedance of the unloaded interconnect, Z, is the impedance of the series
discontinuity, and Y4 is the admittance of the parallel discontinuity.The overall transmission
characteristics of the periodically loaded interconnect can be calculated by multiplying the
ABCD matrices of the cascaded unit cells. The ABCD matrix of the unit cell with a series (Zq)
discontinuity is [2]:

A=D =cosh(yd)+(Z,/2Z,)sinh(d)

B = Z,[sinh(yd) + (Z, /2Z,){cosh(}d) +1}] 2)
C = [sinh(d) +(Z, /2Z,){cosh(d) - 1}]/ Z,

The complex propagation constant of the unit cell exhibits an increasing peak attenuation in a
series of frequency bands corresponding to multiples of the half~-wave resonance of the unit cell
length, even if the interconnect of the unit cell is lossless (hence the name of band gap
structures). With lossy interconnects, there is additional slope to the attenuation curve and
deeper resonance dips will appear at the half-wave resonance frequencies.

Test Board Measurements

To evaluate the impact of the periodic loading due to perforated planes, a test board was
designed and fabricated. The board consisted of a 2.5 mm wide microstrip on top of a 800 mil
wide, 63 mil thick FR4 dielectric. The copper weight was one ounce. Figure 2 shows a snapshot
of the test structure. The purpose of making a test structure of these large dimensions, relative to
typical printed circuit board dimensions, was to allow us to introduce multiple holes of varying
diameter along the length of the microstrip using the same structure, thus eliminating sample to
sample manufacturing variation. Since the trace dimensions were scaled, these dimensions
yielded a measured characteristic impedance of 52.8 ohms, observed from both ports, using
TDR. Once the solid plane case was measured, holes were drilled along the length of the
microstrip at a 500 mil pitch. The length of the structure was six inches allowing for twelve
cutouts to be made.

As shown on the left photo in Figure 3, the scaled test board had two edge-launch SMA
connectors. With the center-of-the-hole to edge-of-trace distance fixed at 175 mils, the hole
diameter was progressively increased in the following steps: 125, 164, 194 and 250 mils. The
holes were drilled in a milling machine, with an estimated positioning uncertainty of less than +/-
2 mils when the DUT was put back into the milling machine between subsequent electrical
measurements. At each step of drilling progressively bigger holes, the impedance profile and the
S-parameters were measured with two separate instruments. The right-hand chart of Figure 3
shows the impedance profiles with no holes and with the three biggest holes. The TDR profiles
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with no holes and 125-mil holes showed no difference. This totals five two port measurements,
including the solid plane case. At each step, the S-parameters of the structures were measured in
the frequency range from 300 kHz to 20 GHz with an Agilent N5230A PLTS unit.
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Figure 2.: Photo of the scaled test structure with edge-launch SMA conmnectors at its ends.
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Figure 3.: Left: close-up photo of the edge-launch SMA connector. Right: impedance profile of
the trace over solid plane (blue trace), with 164-mil holes (black trace), 194-mil holes (green
trace) and 250-mil holes (red trace).

Figure 4 shows the S21 measurement data for the five cases. The solid plane measurement data
shows the expected slant due to dielectric and copper losses. Starting with the 164-mil cutout we
see the appearance of resonant dips in the S21 profile that grow in magnitude as the diameter of
the hole is increased. The 250-mil cutout places the outside edge of the hole on the edge of the
trace. Thus a large discontinuity is expected. The first resonance occurs at the half-wavelength of
the 500-mil hole pitch or about 6600 MHz. The profile shows other resonant dips occuring at
harmonics of the fundamental. Also notice that compared to the solid plane there is an additional
loss component observed in the slope of S21 that increases with the size of the periodic
discontinuity.
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Figure 4.: Measured S21 magnitude of the scaled test unit with solid plane, and with 125-mil,
164-mil, 194-mil and 250-mil diameter holes. Note that the measured traces of solid plane and
plane with 125-mil holes almost completely overlap.

Measurment to Simulation Correlation

HFSS [5], a full-wave 3-D field solver, was used to solve for the S-parameters of the test
structure. Because the physical size of the test structure was large compared to the wavelengths
involved and because the test structure exhibits a regular repeating pattern along the length of the
microstrip, a unit cell approach was taken, where the test structure was divided into unit cells,
each containing one pair of holes. Figure 5 shows a snapshot of the unit cell 3-D model. The unit
cell was simulated, the unit cells were concatenated using MATLAB [6], and finally the S-
parameters were obtained for the entire structure. Using this approach it was feasible to solve to
a high-level of accuracy (delta S = 0.005) in a relatively short amount of time. Figure 6 shows
the measurement and simulation data plotted for the solid plane case and the 164 mil hole. Figure
7 shows the same data plotted for the 194 and 250-mil holes. Good correlation is observed
between measurement and simulation; the slope of the S12 curves is captured as well as the
location of the first resonance. To more accurately capture the location of the first and second
resonance, the frequency dependent dielectric properties of the test board substrate would need to
be included in the simulations.
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Figure 5.: HFSS model of the unit cell. The case of the 250-mil diameter holes is shown.
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Figure 6.: Measurement and simulation data plotted for the solid plane case (left) and for the
164-mil cutout (right).
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Figure 7.: Measurement and simulation data plotted for the 194-mil cutout (left) and the 250-mil
cutout (right).

Using the simulated data for the unit cell and MATLAB it is possible to look at some further
characteristics of periodically loaded transmission lines. Figure 8 plots the first resonance as a
function of the number of cascaded cells for a 500-mil long unit cell with 194-mil diameter
cutouts. The family of curves were all normalized to the same baseline loss so that the magnitude
of the resonance dip could easily be compared. The laterally paired blue dots show the
corresponding points on the two curves. Thus the first point shows that with 8 cells the average
loss per cell is about 0.06 dB. However, as the number of cells increases we see that the average
loss introduced by each cell saturates, as can be seen by the slope change in the curve (black
trace). The curve saturates because eventually we get a homogenious structure, where the end
discontinuity (the fact that we have no more unit cells) is diminishing, and the per-unit-cell
characteristics become stable. This is also captured by the expressions shown earlier for an
infinite number of cells; those are generically valid for lossless and lossy lines. The number of
cells that are required to produce this saturation curve will depend on the length of the unit cell
and the transmission line losses and dicontinuity characteristics. The periodical discontinuities
loss effect will saturate earlier (lower number of cells), as the line losses increases.

Figure 9 utilizes the simulated data for the 500-mil unit cell with 194-mil diameter cutouts to
examine how the magnitude of the resonance dip (secondary y-axis) changes as a functon of
resonance frequency. Twelve unit cells were concatenated. MATLAB was used to stretch or
truncate the unit cell length using an identical solid plane ABCD matrix, resulting in perforated
unit cells of varying lengths. The family of curves show that as the resonance frequency
increases, the magnitude of the dip increases linearly. One way to explain this is that impedance
of the lumped inductive discontinuity scales linearly with frequency assuming that the
inductance is fairly constant or slowly changing compared to frequency. The second curve,
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Figure 8.: Plot of the first resonance normalized to the baseline losses as a function of the
number of cascaded cells for a 500-mil long unit cell. The red traces go with the top
horizontal axis (frequency), the black trace corresponds to the lower horizontal axis
(number of cells).
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Figure 9.: Plot of the magnitude of the resonance dip (secondary y-axis) as a functon of
frequency. The primary y-axis shows the relationship between the resonance frequency and the
length of the unit cell.
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which references the primary y-axis, shows the relationship between the resonance frequency
and the length of the unit cell. The further apart the discontinuities are spaced, the lower the
resonance frequency. However, this figure shows that the lower resonance frequency dip
associated with a particular discontinuity will introduce less loss than the same discontinuity
spaced closer together. The vertically paired blue dots show the corresponding points on the two
curves.

To examine the standing wave pattern at the two resonance frequencies observed in Figure 4,
two unit cells were simulated in HFSS. The structure was then 1000 mils long and had two pairs
of cutouts, each 250-mil in diameter. Figure 10a plots the magnitude of the magnetic field at the
first resonance (6.6 GHz) on the ground plane (the trace is removed from the view). The half-
wave standing wave is seen to line up with the hole pitch. Note that this standing wave pattern
will be there with or without the holes, it solely depends on the length of the unit cell. Figure 10b
plots the complex magnitude of the magnetic field at the same frequency. This type of plot is
independent of time (and phase). The plot shows that the H-field is highest in the plane region
between the holes laterally, where the current flow is distorted by the cutouts. It is the interaction
between these two plots which generate the observed resonances in the S12 profile. Figures 11a-
b plot the same quantities for the second resonance at about 13 GHz. Finally, for the purpose of
illustration, Figures 12a-c plot the same quantities but for an arbitrary frequency point of 8 GHz.
Figure 12b shows that the cutouts will disrupt the current at 8 GHz but Figure 12a shows that a
standing wave pattern does not line up with holes at that particular frequency, and thus a
resonance will not be supported. Figure 12¢ plots complex magnitude H at 8 GHz on a solid
ground plane. The H-field is uniformly distributed underneath the trace.
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Figure 10.: (a) Plot of the magnitude of H at the first resonance (6.6 GHz) on the ground plane
showing the half-wave standing wave. (b) Plot of complex mag H at the first resonance (6.6
GHz) on the ground plane showing the discontinuity introduced by the cutouts.
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Figure 11.: (a) Plot of the magnitude of H at the second resonance (about 13 GHz) on the ground
plane showing the full-wave standing wave. (b) Plot of complex mag H at the second resonance
(about 13 GHz) on the ground plane showing the discontinuity introduced by the cutouts.
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Figure 12.: (a) Plot of the magnitude of H at an arbitrary frequency point of 8§ GHz on the
ground. The plot shows that the standing wave pattern is not aligned with the discontinuities
introduced by the holes. (b) Plot of complex magnitude H at an arbitrary frequency point of
8 GHz on the ground plane showing the discontinuity introduced by the cutouts. (c) Plot of

complex magnitude H at an arbitrary frequency point of 8 GHz on a solid ground plane.
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To understand the impact of the plane width on the resonances and loss, simulations on the 250-
mil cutout were run which varied the plane width of 800-mils to 1200, 700, and 600-mils. The
600-mil plane width places the plane edge on the outer edge of the 250-mil holes. Figure 13 plots
these results showing that by bringing the plane edge closer to the cutouts, the loss and the S12
resonance dips are only slightly increased. The reason for the small difference is because the
current, at both resonances, is well contained to a region underneath the trace and between the
discontinuities. This can be observed in the field plots shown in Figures 10b, 11b and 12b.
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Figure 13.: Impact of varying the plane width with the 250-mil cutouts on the S12 profile.

Parameterization

In this section we examine how significant the additional losses introduced by the periodic
discontinuities might be in real-world designs. To address this question one has to consider a
number of variables including the number of periodic discontinuities, the distance between the
discontinuities, the separation between the discontinuity and the trace, and the size of the
discontinuity. As we have seen, the number of periodic discontinuities will determine the size of
the resonance dip in S12. This is because by increasing the number of discontinuities the
reflections will constructively add at multiples of the half wave resonance. The distance between
the discontinuities will determine the half-wave standing wave that can be established between
discontinuities. In this section we will see that the separation between the discontinuity and the
trace will determine how much the plane current distribution will interact with the discontinuities
and this, in turn, will determine the magnitude of the dip. The size of cutout will also determine
the magnitude of the dip.

Two cases were studied: Case 1 represents a trace being routed through a pin field, such as a
connector, where the trace would periodically encounter a hole located on either side of a trace.
In an effort to make the results as general as possible, the hole diameter and hole-to-cutout edge
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distance were parameterized and the additional insertion loss (baseline loss of a solid plane
minus the magnitude of the dip with a perforated plane) was measured at the fundamental
resonance and the next two harmonics. For reference, the three resonance frequencies are 6.89
GHz, 13.44 GHz, and 20.23 GHz. Case 2 studies the case of a trace being routed near to a single
cutout but due to misregistration and manufacturing tolerances, the trace gets routed over a
portion of the plane cutout. Again, the hole diameter and hole-to-cutout edge distance were
parameterized and the additional insertion loss was measured at the three resonance frequencies.

To study these two cases a 50-ohm microstrip was simulated using a 4-mil wide trace and a 4-
mil thick dielectric, typical of PCB signal routes. The dielectric material had a loss tangent of
0.02 and a relative dielectric constant of 4.5. The unit-cell trace was 500-mils long over a 300-
mil wide plane. In the Case 1, a pair of cutouts straddle the trace and are centered along the
length of the trace (see Figure 14). In Case 2, a single cutout is located next to the trace and is
centered along the length of the trace (see Figure 15). HFSS was used to simulate the structure
and then MATLAB was used to post-process the data. In addition to these structures, the
identical structure without the cutout(s) (trace over a solid plane) was simulated in HFSS in order
to determine the baseline loss.

Figures 16-18 plot the additional insertion loss associated with Case 1 as a function of the hole
diameter and the distance between the hole and the trace, at the three resonance frequencies. The
simulations were done for 10 unit cells. The z-axis on these curves show the absolute value of
the additional insertion loss introduced by the dip and the relative insertion loss. Relative
insertion loss means the additional loss introduced compared to the loss of a solid plane of the
same length. The x-axis shows the separation between the trace edge and the hole edge both on
an absolute scale and relative scale (i.e. as a percentage of the trace width). The yellow dots are
the results from full-wave simulation; the plot surface was interpolated from these simulated
values.
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Figure 14-15.: Figure 14, left: HFSS model of the Case 1 unit cell, shown with 58-mil diameter
cutouts that are spaced 0-mils from the trace edge. Figure 15, right: HFSS model of the Case 2
unit cell, shown with a 58-mil diameter cutout spaced 0-mils from the trace edge.

— 0.6 (17%) -~
0.5 (14%)
0.4 (11%)
0.3 (9%)
0.2 (6%)
0.1 (3%)

extra-loss [dB (%baseline)

0 (0%)
150

4 (100%)
/”%j 50 6 (150%) edge“‘"e

Figure 16.: Plot of the additional insertion loss introduced by a two holes straddling a 4-mil wide
trace as a function of the hole diameter and the distance between the hole and the trace. This is
measured at the first resonance of 6.89 GHz.
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Figure 17.: Plot of the additional insertion loss introduced by a two holes straddling a 4-mil wide
trace as a function of the hole diameter and the distance between the hole and the trace. This is
measured at the second resonance of 13.44 GHz.
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Figure 18.: Plot of the additional insertion loss introduced by a two holes straddling a 4-mil wide
trace as a function of the hole diameter and the distance between the hole and the trace. This is
measured at the third resonance of 20.23 GHz.
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Examining Figures 16-18, certain trends can be observed. The first obvious observation is that
the greatest additional loss is found for large hole diameters that are closely spaced to the trace.
Looking at the x-axis, one observes that for edge-to-edge separations greater than three-quarters
the trace width, the additional loss introduced by the periodic discontunuty is fairly small. Figure
19 examines the dependency of additional loss on the edge-to-edge distance for the three
frequency points. Again, the data show that the additional loss sharply increases for distances
closer than three-quarters the width of the trace. Figure 20 plots the additional loss as a function
of the hole diameter for the three frequency points. We observe that the loss has close to a linear
relation with the hole diameter. Overall, the maximum relative loss encountered (specifically for
10 concatentated discontunities) is 17%, 31% and 32% moving from the first to the third
resonance frequency, respectively.
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Figure 19.: Plot of the additional insertion loss for Case 1 as a function of the edge to edge
distance between the trace and hole with a fixed hole diameter of 96-mils. Blue trace: first
resonance. Green trace: second resonance. Red trace: third resonance.
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Figure 20.: Plot of the additional insertion loss for Case 1 as a function of the hole diameter with
a fixed distance between the hole and the trace of 1-mil. Blue trace: first resonance. Green
trace: second resonance. Red trace: third resonance.

Figures 21-23 plot the additional insertion loss associated with Case 2 as a function of the hole
diameter and the distance between the hole and the trace, at the three resonance frequencies. The
simulations were done for 10 unit cells. The z-axis on these curves show the absolute value of
the additional insertion loss (and the percentage loss) introduced by the dip. The x-axis shows the
separation between the trace edge and the hole edge both on an absolute scale and relative. The

yellow dots are the results from full-wave simulation; the plot surface was interpolated from
these simulated values.
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Figure 21.: Plot of the additional insertion loss introduced by a single hole in close proximity or
underneath a 4-mil wide trace as a function of the hole diameter and the distance between the
hole and the trace. This is measured at the first resonance of 6.89 GHz.
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Figure 22.: Plot of the additional insertion loss introduced by a single hole in close proximity or
underneath a 4-mil wide trace as a function of the hole diameter and the distance between the
hole and the trace. This is measured at the second resonance of 13.44 GHz.



Manuscript for DesignCon 2006, February 6-9, 2006, Santa Clara, CA

10 (106%)
8 (85%)
6 (64%)
4 (43%)

2 (22%)

extra-loss [dB (%baseline)]

0 (0%)
120

-4 (-100%)
-2(-50%) o W\

e (00N
I 00%) g st
Ly 40 2 (50%) edge—io'

Figure 23.: Plot of the additional insertion loss introduced by a single hole in close proximity or
underneath a 4-mil wide trace as a function of the hole diameter and the distance between the
hole and the trace. This is measured at the first resonance of 20.23 GHz.

Figures 21-23 show similar trends to what was observed for Case 1 but the additional loss is
greater overall due to the possibility of the trace passing over the hole. Looking at the x-axis, one
sees that for negative edge-to-edge separation (i.e. the trace is routed over the hole), the
additional loss sharply increases. The same trends can be oberserved in Figure 24. Figure 25
plots the additional loss as a function of the hole diameter for three frequency points. We see the
same linear relation between loss and hole diameter. Overall, the maximum relative loss
encountered (specifically for 10 concatentated discontunities) is 55%, 92% and 106% moving
from the first to the third resonance frequency, respectively.
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Figure 24.: Plot of the additional insertion loss for Case 2 as a function of the edge to edge
distance between the trace and hole with a fixed hole diameter of 58-mils. Blue trace: first
resonance. Green trace: second resonance. Red trace: third resonance.
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Figure 25.: Plot of the additional insertion loss for Case 2 as a function of the hole diameter with
a fixed distance between the hole and the trace of -4 mils. Blue trace: first resonance. Green
trace: second resonance. Red trace: third resonance.
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Conclusions and Future Work

Measured and simulated data of traces going through periodic discontinuities show additional
attenuation beyond the usual skin and dielectric losses. The slope of transfer function increases
and sharp dips appear in the loss profile. For the type of discontinuities studied in this work,
we’ve seen that the extra attenuation varies almost linearly with frequency. The
perturbation/discontinuity presented by the holes appears to slowly decrease at higher
frequencies as the current tends to closely align under the trace. At lower frequencies, even
though the hole presents a higher perturbation in terms of the current path, the overall extra loss
is reduced due to the linear frequency dependency. We’ve shown that for applications where
attenuation needs to be tightly controlled in the giga-bit-per-second speed range, periodic
discontinuities present an extra loss that needs to be accounted for, particularly in cases where,
due to miss-registration, traces inadverently route over voids. Future work will include the study
of different types and shapes of discontinuities and the overall effect on eye closure.
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