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Abstract

Increasing data rates to hundreds of Gbps has led to significant bottlenecks in
conventional copper channels between devices, sometimes suffering more than 99%
insertion loss in a few inches. We demonstrate how to optimize rectangular waveguides
(RWG) with improved routing flexibility capable of matching and/or exceeding the data
per unit area of striplines, offering over 33% bandwidth with less than 10% return loss
and less than 50% insertion loss for a fully routed system. We also consider ways that
RWGs could be modular, upgradeable, and backwards compatible, and how multiple
devices could share a single channel using RWG based PCB Superhighways.
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Introduction

As data rates have increased to hundreds of Gbps, unit intervals in copper channels last
only tens of picoseconds while eye openings drastically diminish from insertion losses
exceeding 99% in only a few inches [1]. Photonics has offered a cost effective solution
for high data rates over long distances but, even with recent advances, still struggles to
rival the relatively low cost of copper channels over the short distances found on PCBs.
Of particular interest are the resulting bottlenecks where fiber optics transition from a
physically linked network (Fabric) to copper traces on a PCB, as well as copper channels
between devices on a PCB, due to unacceptable levels of loss and noise (Figure 1).
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Figure 1: Copper channel bottlenecks in red.

Even with differential signaling, equalization, and clock data recovery methods, it is
difficult to overcome the high losses and crosstalk at only tens of Gbps found in copper
channels in order to match the low losses and crosstalk immunity at hundreds of Gbps
found in fiber optic channels. The intent behind this research then is to find a way to
bridge the gap between the relatively low data rates in copper channels and the high data
rates in fiber optic channels, while attempting to keep manufacturing costs closer to
copper channels.

Our proposed solution is to replace the copper channel bottlenecks (the red channels in
Figure 1) with rectangular waveguides (RWGs). RWGs can easily provide serial data
rates at 100 Gbps or more with extremely low loss and, like their fiber optic counterparts,
are immune to crosstalk. Specifically, we propose hollow air-filled RWGs, which can
support phase velocities about 31% faster than fiber optics since the phase velocity of a
photonic signal is scaled by the refractive index of the propagating medium material;
which is about 1.45 in fused silica glass, as opposed to 1.0 in air [2]. Their low loss
allows them to travel longer distances than conventional copper channels, which could
benefit backplane environments and on-board device placement, as well as potentially
expand multi-socket design beyond four sockets. Furthermore, shielded waveguides, such
as RWGs and coaxial cables, are non-radiative, and can therefore reduce the overall
radiated emissions from the system.

While the advantages of RWGs are clear, there are 4 challenges that must be overcome:
1. Perceived limitations or difficulties of RWGs in a digital communication system.
2. Design of RWGs and associated structures.
3. Application and fabrication of RWGs and associated structures.
4. Considerations for commercial adoption and feasibility.

This paper lays the foundation to address these challenges and advance this concept.



1. Perceived Limitations or Difficulties of RWGs

1.1. Perceived Limitations

The first potential limitation of RWGs is physical size. The minimum operating
frequency, or minimum cutoff frequency f,, is fixed according to the width of an RWG.
Therefore, there must be a minimum cutoff frequency that practically converges on the
maximum data rate per unit width required by conventional copper traces. Otherwise, it
would require more area to achieve a lower data throughput. However, the minimum
height required for an RWG is a point of interest. Standard RWG dimensions, designated
WR, typically have a width to height ratio, or aspect ratio (AR), of 2:1 or 2.25:1. It would
be desirable to achieve higher aspect ratios in order to reduce the height to a maximum
less than the thickness of a typical PCB. It is possible to increase the aspect ratio above
2.25:1 and will be discussed in the next Section, so physical size is not a limitation.

The second potential limitation is bandwidth (BW). More commonly associated with RF
applications, RWGs often provide less than 10% BW, defined by a return loss over the
frequency range better than or equal to -20 dBV. This poses two potential problems. First
is compatibility. If the BW is too narrow, only a few different data rates could be
implemented on a single system, which could stifle adoption of the technology if costly
hardware upgrades are often necessary. Therefore, BW needs to be as close to 50% better
than or equal to -20 dBV as possible. This is covered in Sections 2 and 3, so BW is not a
limitation. It should be noted that BW is more commonly defined better than or equal to -
10 dBV for RF applications. We selected -20 dBV for a return loss < 10% and VSWR <
1.22:1. The second potential problem with limited BW is feasibility. In order to address
this potential limitation, it should be demonstrated that the spectral content contained in a
digital signal can propagate through the RWG.

A third potential limitation is routing flexibility. Specifically, it is common for
conventional planar traces, such as microstrips and striplines, to be routed in many
different directions, to include left and right turns, meandering paths, or vertical layer
transitions through vias. While there are some forms of flexible RWGs, in general RWGs
can mostly be routed in straight lines only and do not offer simple vertical transitions.
When considering the partial or mutual capacitance and inductance of conventional
copper channels with the extremely sharp edge rates necessary to transmit serial data over
50 Gbps, it could be argued that planar traces must also be restricted to straight paths on a
single layer. Nonetheless, a solution should be developed to increase the routing
flexibility of an RWG system. We have developed the basis of a router system to do just
that, which will be covered in Sections 2 and 3, so routing flexibility is also not a
limitation.

1.2. RWG Size Difficulty - Low-Profile RWGs
As previously mentioned, the cutoff frequency of an RWG is set by the interior width. Of
particular interest is the dominant TE;p mode of operation, where the cutoff frequency is:

c
foro = s (1)



where c is the speed of light in a vacuum, a is the interior width of the waveguide, and ¢,
is the relative permittivity of the material inside the RWG. Again, typical RWGs use an
aspect ratio of 2:1 or 2.25:1, where the height of an RWG is denoted as b, and the aspect
ratio is denoted as a:b (Figure 2).
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Figure 2: RWG width (a) and height (b) with RWG traveling into the page.

The question is then: Can the TE;p mode of operation be preserved if the aspect ratio is
increased by reducing the height b while maintaining the width a? The more general
form of (1) is

o = iz = () 4 ()] @

where k. is the cutoff wave number, m denotes the number of half-cycle variations of the
fields in the horizontal or a dimension, and n denotes the number of half-cycle variations
of the fields in the vertical or b dimension. A few points can be made from equation 2.
First, (1) can easily be derived by setting m=1 and n=0. Second, ignoring values of

b > a/2 to restrict the modes of operation to a single orientation, it can be deduced that
reducing b should not prevent propagation of the dominant TE ;o mode. That conclusion
can also be observed in simulation by exciting a simple rectangular waveguide with a
“Wave Port” in ANSYS® HFSS (i.e. no probe) and observing no higher order modes
encroaching upon f,  for aspect ratios ranging from 2-10; at least up to 31 , (Figure 3).
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Figure 3: S;; and S, as a function of frequency for RWGs of various aspect ratios.



The simulated results in Figure 3 were obtained from an air-filled RWG model with an
interior width of 5 mm, for a minimum cutoff frequency of 30 GHz with aspect ratios
ranging from 2-10. Higher-order modes would cause unacceptable S;; and Sy; S-
parameters. Figure 3 illustrates that S,; did not drop appreciably below 0 dBV for all
aspect ratios and frequencies simulated above the minimum cutoff frequency, and no
higher order modes were observed up to at least 3f, . However, while a reduction in b
should not prevent propagation of the dominant TE;y mode, it can also be observed in
equation 2 that the next lowest mode of operation TE,q can be supported at 2, .. So, it is
important not to excite this mode of operation, as discussed in the following Section.
Standard WR waveguides often report a maximum operating frequency of approximately
1.9, , to avoid inadvertently exciting the TEy) mode. Fortunately, b & 1/f. ., which
means that reducing b actually increases f,  for modes where n > 0.

Therefore, the TE;p mode of operation can be preserved if the aspect ratio is increased by
reducing the height b while maintaining the width a. We will refer to an RWG with an
aspect ratio greater than or equal to 4:1 as a “Low-Profile RWG” or “LP-RWG”.
However, as it will become apparent in the next Section, it is important to design the
probe antenna such that it too increases f,  for higher order modes.

There are several sources of loss not considered in this analysis. The first is the surface
roughness of the RWG interior walls. Any surface roughness would increase the total
surface area per unit flat area (Amatte / Aﬂat) [3]. As frequency increases, so do eddy
currents induced over the increased area, resulting in increased power loss. However, it is
not necessary to add anchor nodules to the RWG interior as typically done to copper
traces, so the loss is expected to be minimal. The second is that even for a perfectly
smooth, flat metal conductor, the transverse displacement of conduction electrons on the
four walls relative to the metal ion cores will lead to losses [2]. While there will be
conduction loss in the metal, any common dielectric material between the interior walls
dominates the total loss in the TE;j mode [2]. So, the conduction loss in the metal walls is
expected to be small if the RWG is filled with air, as proposed.

1.3. RWG Excitation Difficulty - Coaxial-to-RWG Coupling

Exciting an RWG can be achieved by placing a monopole probe antenna at a right-angle
to the broad wall, referred to as electric field coupling. However, size and placement of
the probe is most often determined empirically, which can be tedious with no guarantee
of finding the optimal placement. The dimensions of interest are the probe radius, the
probe length (or depth into the RWG), and the probe’s position with respect to the
electrical short at the back of the cavity (or backshort) (Figure 4).
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Figure 4: Probe radius size (), position (1), and depth (d), with RWG traveling right.




A common recommended starting point for such an empirical study is to position the
center of the probe at a distance of [ = A;/4 from the backshort, at a depth around
d = 0.5b, and little to no guidance on the probe radius, where the guide wavelength 4, is

Ay = =22 3)

2
1-(32)

and A, is the wavelength in free space. The basic premise of this concept is that it is
believed the probe should be placed where the electric field is strongest. However, in
practice, it is found that this position does not guarantee proper operation, so “sometimes
the position is varied slightly to achieve better impedance matching” [4]. Some have
formed stronger opinions, calling this recommended position “a persistent myth, found in
older microwave books” [5]. The answer to this riddle, as Balanis implied, is matching
the probe impedance to the waveguide impedance. More specifically, the probe must be
positioned such that the reactance of the transition is X = 0, where
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where Z is the characteristic impedance of free space, k is the wave number

ko = w/toltrEoEr %)

k., 1s the horizontal wavenumber associated with mode m at frequency w

k= (22) = k2 (©)

P10 1s the phase constant of TE g
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and K, (k,,r) is the Modified Bessel function of the second kind, so the transition is
purely resistive where the radiation resistance of the probe is

_(a/b)zy . - 2 (kod
R = wbB.ck sin“(Bqol) tan ( > ) (8)

as derived by Robert Collin [6]. Unfortunately, there is no easy way to solve for [ and d
simultaneously. Collin demonstrated plotting all values of X and R and deducing the
solution at the intersection of the curves. This method however is tedious and limits the
accuracy to the step size between each solution, necessitating a significantly large
number of iterations, so it is not very efficient and requires a post processing step. An



analytic search algorithm would be ideal but would require an initial value for [ or d and
some search criteria to be effective. Worse, is that either solution assumes the radius of
the probe is predetermined. This requires a deeper understanding of the impact of the
probe radius.

With some work, it can be found that r « 1/k,,, which means that as the probe radius
decreases, the cutoff frequency f. = for modes where m > 1 increases. In other words,
for example, f.,, > 2f¢, . It can also be observed ceteris paribus that  « 1/w, which
means that a smaller radius probe prefers to match the waveguide impedance at a higher
frequency. Collin also made this observation in a later publication [7]. Lastly, it can be
observed that r « [, which means that the distance from the center of the probe to the
backshort decreases as the probe radius decreases. This last point alone is in direct
contradiction to the idea that the absolute position of the probe is [ = A;/4. In fact, using
(4) and (8), solutions for [ exist for values less than, equal to, and greater than 4, /4
depending on the radius of the probe. Therefore, there does not appear to be anything
particularly special about this solution. This realization will be demonstrated in the next
section.

1.4. RWG Design Difficulty - Accurate Simulation Setup

Since our designs were dependent on simulation, it was important to validate our
approach with a baseline benchmark. To do so, we modeled a fabricated RWG and probe
antenna in ANSYS® HFSS using reported dimensions to compare our simulated results
to the previously measured results of Wade [5]. The waveguide dimensions were in
accordance with a standard WR-90 RWG and the length was determined empirically
based on the resonant trough width of the measured S-parameters (Table 1).

Parameter WR-90

Width (a) 22.86 mm
Height (b) 10.16 mm
Length (L) 70.63 mm

Table 1: WR-90 RWG Dimensions.

Two simulations were analyzed. The first used Wade’s dimensions exactly as he reported
them and the second simulation attempted to optimize the [ and d parameters to assess
whether the results were within a reasonable uncertainty of Wade’s measurements
(Figure 5).
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Figure 5: VNA Measured in Blues — Simulated Exact Dimensions in Reds

Simulated Optimized Dimensions in Greens.

Figure 5 shows a strong correlation between measurement and the simulated exact
dimensions up to around 10 GHz and the simulated optimized dimensions up to around
11.5 GHz. It is difficult to correlate above 11.5 GHz since it appears that the VNA
became unreliable at higher frequencies, but there is reasonable agreement in the general
trend. The uncertainty of the measured [ and d parameters was assumed + 2 * reported
LSD * TAR 4:1 (Table 2).

Parameter Measured Optimized Error Uncertainty
Probe Radius (r) 0.635 mm 0.635 mm 0.000 mm N/A
Probe Depth (d) 5.867 mm 5.718 mm 0.149 mm 0.203 mm

Backshort Length (1) 5.456 mm 5.643 mm 0.187 mm 0.203 mm

Table 2: Probe Dimensions.

It seems reasonable that, due to measurement uncertainty and/or geometric imperfections,
that the optimized [ and d parameters are within acceptable error. Therefore, the
simulation method was deemed valid. The calculated operating frequency of Wade’s
design was 10.361 GHz, which was accomplished by empirically matching the probe and
RWG impedances at 10.08 GHz and 11.01 GHz (Figure 6).
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Figure 6: Matched impedance at 10.08 GHz and 11.01 GHz.

What’s interesting about Wade’s measurements is that the backshort length [ is nowhere
near A, /4, and yet the depth and position was demonstrably optimized (which was
Wade’s intent). Instead, regardless of which frequency it is preferred to reference, the
optimal backshort length [ is significantly less than A,/4 (Table 3).

Frequency Ag L/,

10.080 GHz 39.159 mm 14.41%
10.361 GHz 37.371 mm 15.10%
11.010 GHz 33.896 mm 16.65%

Table 3: Probe Position as a Function of Ag.

Therefore, two points have been made clear: First, our simulation method with ANSYS®
HFSS yields reliable results. Second, A,/4 is not necessarily the proper position of the
probe antenna with respect to the RWG backshort.

It is also important to compare the empirical results to (4). Setting (4) equal to O is
equivalent to setting S;; to -0, so the frequency of interest must be either 10.08 GHz or
11.01 GHz. The closest match occurs at 11.01 GHz, with a computed normalized
reactance of only -0.01j €. Such a small error could be accounted for by measurement
uncertainty, geometric imperfections, or a slightly higher relative permittivity of 1.092
(possibly caused by humidity). Therefore, (4) is consistent with both the simulated and
measured results.



1.5. PCB Size Difficulty - RWG PCB Area

To consider replacing conventional copper traces with RWGs, there should a compelling
return on technological investment (ROTI). The minimum ROTI of 1:1 is defined as the
data bandwidth per unit width on the PCB, in other words the RWG should offer the
same amount of data or more in the same amount of area or less on the PCB (data
density). This was determined by comparing the width of an RWG to the width of a 100
Gigabit Ethernet (GbE) copper channel. It is not possible to achieve 100 Gbps down a
single differential pair. Instead, 100 GbE actually consists of 4 differential pairs with 25
Gbps per stripline pair. To include the full cross-sectional width of the striplines and
necessary spacing, 100 GbE requires a physical channel width of 5.6 mm. To achieve a
maximum of 120 Gbps ignoring encoding rules or 96 Gbps using 8b/10b encoding, a 60
GHz RWG requires an interior width of 5 mm for a smaller physical channel width of 5.2
mm (assuming a 0.1 mm wall thickness). Therefore, the data rate per unit width between
conventional copper channels and RWGs converges around 100 Gbps or approximately
17.86 Gbps / mm (Figure 7). Furthermore, RWGs decrease in size as data rates increase,
which means future iterations could increase the ROTI further.
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200 Gbps S " mm

Figure 7: Data rate ROTI between 100 Gigabit Ethernet (GbE) and RWGs.

In Figure 7, the red dashes in the center of the 100 GbE are the 4 differential pairs with
typical spacing mentioned previously. The ROTI is then a maximum of 1.3x the data rate
per unit width for a 5 mm RWG and 4.1x for a 2.5 mm RWG, as compared to 100 GbE.
Also mentioned in Section 1.1 and demonstrated feasible in Section 1.2, increasing the
aspect ratio would reduce the RWG height. In particular, increasing the aspect ratio of a
60 GHz (maximum 120 Gbps) RWG to 4:1, has the desired effect of reducing the total
RWG physical height to 1.45 mm (assuming a 0.1 mm wall thickness), which is less than
the thickness of a typical PCB (1.5 mm) (Figure 8).
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Figure 8: LP-RWG height as compared to a typical PCB thickness.



Therefore, an LP-RWG operating at a minimum of 60 GHz can provide the same data per
unit width of 100 GbE with a total thickness less than a typical PCB. This provides the
basis behind a 60 GHz minimum design target.

2. Design of RWGs and Associated Structures

2.1. Designing a Monopole Probe Antenna

The proposed RWG system would function as a high-speed signaling channel, which is
shaped like a rectangular hollow tube with closed ends and is made of metal (preferably
aluminum). Signals are sent and received through the RWG by a probe antenna and is fed
by arigid coaxial cable (Figure 9). The aperture in the RWG to accommodate the coaxial
feed has a diameter equal to the coaxial dielectric diameter, commonly made of a
relatively low loss material such as PTFE (Teflon).
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Figure 9: RWG Parameters.

RWGs are known to provide a low loss RF channel that is capable of operating at high
frequencies, which is advantageous to high-speed channel design since the data rate is
proportional to the operating frequency. However, RWGs in practice are also known to
have a relatively narrow BW, as compared to traces or coaxial cables. While there can be
advantages of a narrow BW in RF applications, such as filtering, a narrow BW can be
problematic for digital applications. In particular, a wide BW is necessary to support the
large spectral content contained within the sharp edge rates (i.e. short rise and fall times)
necessary to support increased data rates with conventional encoding. These short time
intervals are inversely proportional to the frequency, requiring a correspondingly wider
BW to compensate. For that reason it would be better if the RWG signal channel had as
wide a BW as possible. A wider BW can also facilitate alternative signaling methods,
such as multiplexing for transporting multiple signals at a time per channel. For example,
signals operating at successively higher frequencies separated by a guard band can be
sent simultaneously in the same signal channel if made capable of operating in that total
frequency range. As mentioned in Section 1.1, BW can be increased to as much as 50%
at -20 dBV. To do so, it is necessary to match the probe antenna impedance to the RWG
impedance across the widest span of wavelengths possible. The radius of the coaxial
center conductor (r) and dielectric (), the probe radius (r) and probe shape, distance to
the RWG backshort (I), and depth of the probe inside the RWG (d) are all critical
parameters for proper signal performance.



2.2. Designing a Conventional Monopole Probe Antenna

To best match a conventional monopole probe antenna to the RWG, a value for [ was
found where probe reactance was close to zero and the radiation resistance of the probe
was set to the coaxial cable impedance (where the impedance is assumed to be purely
resistive). The difficulty was deciding what value to use for the radius of the probe. It was
observed empirically through simulation that values of r which are an integer fraction of
A or A.m tended to work best. The reason for this has not yet been explored. For this
case, a value of 1. /80¢, was used, where &, is the relative permittivity of the coaxial
cable dielectric, or specifically 2.08 for PTFE. Simulation showed a bandwidth of
14.25% of 60 GHz at -20 dBV. Figure 10 shows the LP-RWG and its loss performance
using a conventional monopole probe.
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Figure 10: a. LP-RWG with conventional monopole probe placement.
b. Conventional monopole probe simulation results.

It should be noted that such a small radius probe tended to match the waveguide at
approximately 2.1f, . Figure 11 demonstrates that it is possible to increase the BW of a
conventional monopole probe to RWG transition by optimizing the probe radius and
matching the impedance with (4) and (8). However, much improvement was still needed
to reach the previously mentioned objective of 50% BW. The design dimensions are
described in Table 4 below.

Parameter Value Parameter Value
F, 57 GHz L 72 Ag
Zin 50 Q T4 661.133 um
a 5.25952 mm Ery 2.08
b 1.31488 mm X1(4) -0.015 Q
r 198.597 um
l 992.963 um /24 16.350%
d 931.805 um d/b 70.866%

Table 4: RWG and Monopole Dimensions.



2.3. Designing an A-frame Monopole Probe Antenna

A novel probe was developed with multiple radii values in the RWG broad wall
dimension. Unlike a conically shaped probe, we realized it was necessary to maintain a
uniform distance to the backshort. This probe is referred to by the authors as an “A-frame
probe”, for its likeness to the letter “A”. The proposed wide bandwidth A-frame probe
optimizes the excitation of the electric field intensity within the RWG by tapering the tip
to be wider with respect to the RWG width while optimizing its depth into the RWG and
position with respect to the back short. Notice from Figure 11 below that a transition was
required between the cylindrical coax center conductor and the rectangular shaped probe.
Simulation showed a significant increase in BW to 46% of 68 GHz (Figure 11).
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Figure 11: a. RWG with A-frame probe placement.
b. A-frame probe simulation results.

2.4. Designing a V-frame Monopole Probe Antenna

A particular concern with such small probes is their durability. In addition, probe
dimensions continue to shrink as the frequency of operation increases to fit inside the
RWG cavity and to increase k., in order to increase f. = for modes where m > 1 as
previously mentioned. In order to provide additional support and durability to the small
fragile probe, it was encapsulated in a dielectric. Doing so changed the capacitive
coupling of the probe to the walls of the RWG, altering the performance and BW. It also
required a transition from a dielectrically-loaded RWG to an air-filled RWG. To properly
match the two different RWGs, it was necessary to narrow the broad wall dimension of
the dielectrically-loaded RWG. Then, to maximize the BW, a second novel probe was
developed. This probe is referred to by the authors as a “V-frame probe”, for its likeness
to the letter “V”. Like the A-frame probe, the V-frame probe was also developed with
multiple radii values. However, unlike the A-frame probe, the radius is decreased as it
protrudes into the RWG, rather than increased. The V-frame probe and dielectric-filled
socket assembly is referred to collectively by the authors as an auxiliary probe support
socket (APSS). The APSS was designed to significantly improve the BW of the RWG
signal channel compared to the standard monopole probe as well as to protect and support
the probe, especially if the probe was ever handled outside of the circuit. The resulting
BW using the dielectric-filled APSS actually improved loss performance compared to the



conventional monopole probe operating in air. Simulation showed an optimized APSS
BW of 29.8% of 65 GHz (Figure 12).
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Figure 12: a. RWG with V-frame probe.

b. V-frame probe simulation results.

2.5. Routing Design of Conventional Copper Traces

The conventional printed circuit board industry has progressively become tooled for mass
production to tackle the complex process of routing traces. Traces were initially intended
for a time when only lower data rates were acceptable. Innovative engineering has kept
this technology functional over this period until now.

1. Advantages. Traces are capable of getting routed just about anywhere on a board, and
therefore have achieved remarkable routing flexibility.

2. Disadvantages. However, this so called “rat’s nest” of traces, which can number into
the thousands, is subject to crosstalk due to congestion.

Therefore, signal channels are prone to high insertion and reflection losses at relatively
low frequencies requiring inventive, and thus costly, techniques to recover the signal at
the receiver, putting a cap on data rates, and stressing reliability [8][9].

2.6. Routing Design of the Proposed Waveguide Signaling System
The proposed waveguide signaling system using rectangular waveguides (RWGs) would
be an alternative technique for signal channels between chips on a board.

Advantages.

1. Shielded. Due to their metal shields for directing the signal energy and their
specifically designed shape, RWGs have low losses while being capable of operating at
higher frequencies as their size decreases, subject to manufacturing limitations. Plus, the
signals would be shielded from either broadcasting or receiving unintended radiated
emissions, therefore complying with FCC regulations governing the broadcasting of EM
interference. Likewise, cross talk between signal channels would be restricted compared
to that being experienced by exposed traces within the tight confines of crowded PCBs.



2. Multiplexing. As shown in Section 2.4, it is possible to have a wide enough bandwidth
using RWGs, so multiplexing could be used to transmit multiple signals in a single
channel since reception is improved in the low-loss high-frequency RWG channels.
Frequency division multiplexing (FDM) applies when multiple signals transmit to the
same destination simultaneously. Time division multiplexing (TDM) is used for multiple
signals transmitting to different destinations simultaneously. These techniques have been
in common use by the telephone industry for decades to increase channel throughput.

3. High-frequency and low-loss. Of course, the biggest advantage of a waveguide
signaling system, and the primary objective of any alternative signaling proposal, is the
promise of an increase in the bit transfer rate in order for the PCB channels to keep pace
with the rising bit generation of chips. The frequency of operation (60 GHz) proposed by
this research work is up to 12 times faster than the existing trace technology. In addition,
waveguide signal channels experience lower losses so are more power efficient.

4. 60 GHz technology. Fortunately, much of the technology required for implementing
this waveguide signaling system has been made possible due to an increased interest by
industry in the frequency range around 60 GHz [10] due to an FCC unlicensed bandwidth
that was assigned around there because oxygen absorbs the signal over a short range.

Therefore, a waveguide signaling system using RWGs has the potential to raise the
ceiling on data rates, lower power consumption, and improve the reliability of signaling.

Disadvantages.

1. Size. RWGs are much larger than individual traces, though capable of small enough
sizes to fit in or on a board. However, since the bit transfer rate of traces is limited to
relatively low frequencies (~5 GHz) due to the losses inherent in the dielectric material
needed to support the traces, and also from crosstalk caused by the congestion of these
exposed metal signal channels, the bit transfer rate per unit area for RWGs compares
favorably with the latest trace technology innovations, as has been shown in Section 1.5.

2. Fabrication. A multi-billion dollar world-wide industry has been developed and
established over a number of decades for designing and manufacturing printed circuit
boards, thus driving down the cost of what was initially an extremely complex and
expensive idea. On the other hand, the full implementation of a waveguide signaling
system for the transmission of signals on a board could potentially alter this technology,
thus requiring industry to be retooled at least to some extent.

3. Routing. RWGs would not be routed like traces. Relatively few would be needed
compared to thousands of traces. They would require electronic switching where crossing
at junctions as the solution to the problem of routing between chips. Section 3 explores a
proposed technique for routing signals through these waveguides.

Therefore, the adoption of a waveguide signaling system for digital communication on a
board has challenges that have been shown not to be as limiting as initially perceived.



3. Application and Fabrication of Waveguide Structures
Initially, RWGs could be routed as modular plugins. Ultimately, after the technology has
been adopted, the final configuration for the proposed waveguide signaling system could
possibly be a dedicated layer inside of a PCB (here being defined as a Potted Channel
Board).

3.1. RWG-Grid

This layer would likely consist of a grid of RWG signal channels with “pots” (basically
empty boxes) attached at their junctions. The grid could be prefabricated, placed onto the
board, and then epoxied in place (Figure 13).

| 3-D view
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Figure 13: Figure of an RWG-grid showing an arrangement of RWG channel sections.

Implementation and fabrication considerations:
1. Align sections of air-filled LP-RWGs configured in a north-south/east-west grid.
2. Join the LP-RWG sections with “pots” at the intersections.
3. Dedicate top layer of the PCB for this grid of thin LP-RWG signal channels
4. Prefabricate grid, place onto the board, and then epoxy in place.
5. Temporarily reinforce RWG channels with sticks that can be pulled out after curing.
6. Plug chips into the “pots™ of this grid with probes extending into the RWGs.
7. Or, plug a “jumper-channel” into the “pot” when there is no chip.

Therefore, following the completed assembly of the board, chips could then plug into the
“pots” of this RWG-grid and signals between chips would get sent through this generic
configuration of RWG signal channels after being programmed to their assigned
destinations. This is in contrast to the current configuration, which requires the designing
and manufacturing of a dedicated trace path for each signal. Programming would be
accomplished by turning on the appropriate diodes at the junctions as explained in the
next Section.



3.2. Diode-Junction

In order to approach the routing flexibility offered by existing traces, one possible
solution could be to fabricate waveguide junctions (referred to here as a “router-switch”
shown in Figure 14b) to route the signals at the intersections of the RWG-grid. These
router-switches would consist of “diode-junctions” (Figure 14a) connected by coaxial
cable sections. The router-switch would then attach to the probe in the APPS (APSS is
shown in Section 2.4) for sending and receiving signals through the RWG channels.

Notice in Figure 14 that if one of the diodes is turned “on

” in the appropriate diode-

junction or junctions, the signal would transition either straight through the router-switch,
turn left or right, or terminate in the chip, thus achieving routing flexibility.
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Figure 14: a. a. Close-up view of the diode-junction configuration.
b. Internal view of router-switch with diode-junctions (yellow) and coax-sections (blue).

Diode-junction description:

1. A diode-junction would consist of 5 coaxial cables, 4 splitting off from 1 feed cable.
2. The RWG feed cable would transition the signal to and from the RWG-grid through

the probe.

3. Diodes would be cylindrical with the approximate diameter of the coax center

conductor.

4. Diodes would replace the center conductor at the junction for each of the 4 joining

coaxial cables.

Therefore, signals would then get directed to their desired destination by turning “on” the
appropriate diode, while blocking the signal in the other directions with the “off” diodes.

Critical dimensions for a diode-junction:

1. Angle that the diodes diverge out of the junction from the RWG feed cable.

2. Diameter of the diodes.
3. Taper of the coax center conductor.

4. Diameter of the diode contact at the end of the taper to the coax center conductor.
5. The diode contact should be made of the appropriate metal that is compatible with
the semiconductor material chosen for the diode.



3.3. Router-Switch

The purpose of the router-switch (as shown in Figure 14b) would be to route signals
through the RWG-grid by switching on the appropriate diode.

Router-switch description:
1. Made of diode-junctions.
2. Join 4 of these diode-junctions with sections of coaxial cables.
3. Signals get sent through the one diode that is turned on in each junction.
4. Fabricate diode-junction separately.
5. Then attach to the coax sections in the completed configuration of the router-switch.
6. Length of coax sections should be a function of coax wavelength.
7. Signal transitions between RWGs, so no transceiver circuitry or data storage needed.

3.4. Router-Switch/APSS Assembly

The encapsulated router-switch and APSS end-sections assembly (Figure 15a) would get
mounted to the bottom of the chips where they could then get plugged into the empty
“pots” of the RWG-grid on the board (Figure 15b).
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Figure 15: a. Internal view of the encapsulated Router-Switch and APSS assembly.
b. Router-switch and APSS assembly attached to the bottom of chips and being plugged

into the empty “pots” at the intersections of the RWG-grid.

Implementation process:
1. Fabricate router-switch and APSS (APSS shown in Section 2.4) separately.
2. Attach together.
3. Encapsulate assembly.
4. Attach leads from the router-switch to leads from the chip
5. Secure to the bottom of the chip.
6. Plug encapsulated assembly into “pots” at RWG-grid intersections.
7. Send signal.

Therefore, any configuration of chips could be plugged into the RWG-grid and the
destinations programmed by turning on the appropriate diodes along the signal path, an
electronic solution instead of mechanical to the challenge of interconnecting chips.



3.5. Jumper-Channel

Since both directions of the RWG-grid would be at the same level, one direction would
have to jump over the other if a router-switch/APSS assembly does not plug into the
“pot” (the “jumper-channel” in Figure 15b). So a connecting waveguide channel would
have to be fabricated (Figure 16).
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Figure 16: a. RWG-grid intersections using a coaxial jumper cable.
b. RWG-grid intersections using RWG aperture holes.
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The jumper-channel would use either a coax jumper cable as shown in Figure 16a or an
aperture jumper channel as shown in Figure 16b. The jumper channel would be a short
RWG section bridging the gap with aperture air holes connecting the RWGs of the grid.
Then the entire assembly of either one could be encapsulated and plugged into the “pot”.

The loss performance shown by the graphs in Figure 17 demonstrates the potential
feasibility of either mechanism. Notice from the graphs that the jumper-channels have
minimal affect on the losses compared to a straight channel. The bandwidth for both
exceeds 15 GHz and the insertion losses are less than 0.5 dBV over that range.
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Figure 17: a. Coax jumper loss (red) compared to RWG loss (black) of equivalent length
b. Aperture jumper loss (red) compared to RWG loss (black) of equivalent length.



3.6. Channel Isolation

Simulations were performed on the proposed waveguide signaling system (Figure 18a).
The system experiences some leakage (crosstalk) between signal channels within the
router-switch due to diodes being unable to turn completely “off”, thus still retaining
some conductivity.
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Figure 18: a. Waveguide signaling system with 4 router-switches and 3 RWGs with a
representation of the electric field intensity being generated through the signal channel.
b. Isolation between the waveguide signaling system terminals (Tx, Rx, P1-P4).
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Figure 18b calculates the amount of isolation between the ports of adjacent channels that
are not intended to carry the signal. This was determined from measurements between
either the transmitter or receiver and the 4 ports of the system as shown in Figure 18a.
Isolation is the amount of insertion loss. More insertion loss (lower percentage) is better.
In order to improve isolation, the design of the router-switch included a dual diode
configuration.

Waveguide Signaling System dual diode isolation:
1. Router-switches have 2 diodes in each coax section between the diode-junctions.
2. This doubles the resistance that diodes are capable of supplying in the “off” state.
3. Resistivity of the diodes = 1 Ohm-meter.

Therefore with dual diodes, adjacent signal channels are better isolated from undesired
signal interference when the diodes are turned “off”. If the “off” resistance of diodes
could be improved, leakage would also improve. Notice that the amount of interfering
crosstalk ranges from about 2.5% to about 5.6% of the signal energy at 60 GHz. Some
ports experienced more leakage than others due to multiple diode-junctions interacting
with them. The range of frequencies experiencing the best isolation performance
corresponded with the operational bandwidth of the complete system as shown in the
following section.



3.7. Application of Waveguide Signaling System Results
Simulations were performed on the proposed waveguide signaling system shown in
Figure 18a. Figure 19 demonstrates the complete system return losses (red) and the
insertion losses (blue) centered around 60 GHz.
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Figure 19: Loss performance of the complete waveguide signaling system.

Simulated conditions:
1. The simulated channel went through 4 router-switches and 3 RWG sections.
2. Conductivity of diodes (“on” state) along the signal channel = SE3 Siemens/meter.
(compared to the copper conductors of the coax = 5.8E7 Siemens/meter)
3. Resistivity of diodes (“off” state) not along the signal channel = 1 Ohm-meter.
4. The total length of the channel between the transmitter and receiver was 44cm.
5. This configuration could connect a central chip with up to 52 other chips.

If the conductivity of the diodes could be improved by an order of magnitude, the
insertion loss of the system would also improve (green line in Figure 19). Notice from the
dotted lined rectangular box in Figure 19 that there is a no-graph zone spanning 20 GHz
between the insertion losses in blue at -6 dBV and the return losses in red at -20 dBV.
Therefore, this means that the signal channel of the proposed waveguide signaling system
experiences less than 50% insertion loss and less than 10% return loss over a 20 GHz BW
around 60 GHz.

4. Considerations for Commercial Adoption & Feasibility

4.1. Signal Encoding
RWGs present some concerns as well as advantages for digital encoding. The first
concern is whether the low frequency content of an NRZ or PAM-2 encoding will



propagate down the RWG. Some simulations have demonstrated eye openings for 60
GHz operation. However, it should be pointed out that these simulations only considered
S-parameter models within the predicted band of operation (i.e. 50 GHz — 70 GHz).
While these results were optimistic, experimental measurements would be preferred to
validate this observation.

However, on-off keying (OOK) could provide data rates equal to or less than a full period
(e.g. 60 GHz = 60 Gbps). A sinusoidal wave could be modulated with a square wave.
Some protocol would likely be needed to initialize a bit stream so the receiver knows
when to interpret zeros as valid bits. What’s most appealing about OOK is its ability to
support slower data rates. This makes backwards compatibility practical since unit
intervals could be any integer multiple of a single period (Figure 20). OOK is also used in
optical communication systems, so this presents a very practical approach.
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Figure 20: OOK Example.
a. 1 period/bit b. 2 periods/bit c. 3 periods/bit

Perhaps more appealing would be to implement a modulation method capable of
supporting either multiple bits or multiple devices. Quadrature amplitude modulation
(QAM) method has been demonstrated in substrate integrated waveguides (SIW) [11].
Since SIWs have a narrower bandwidth and higher losses than an air-filled RWG, it is
reasonable to infer RWGs could offer the same performance or better.

4.2. Implementation

Initially, the RWGs could be routed on a modular plugin. The coaxial feed could be
reinforced to act as a standoff that plugs into a coaxial jack on the PCB. ICs might require
a very short routing at first but eventually it would be preferred that the coaxial feed
connect directly. This has a few advantages. First, it would not require existing PCB
designs to dedicate a large amount of area to routing the RWGs on the PCB itself.
Instead, only an interconnect needs to be incorporated. Second, routing would not be
impeded by other components on the PCB, so it could route overtop of components or
even route between multiple PCBs. Third, a modular design could be easy to upgrade
since it wouldn’t require the entire PCB to be remanufactured. Backward compatibility



could be offered by a clever encoding scheme, such as OOK that could support slower
data rates. The difficulties will be directly connecting the coaxial feed to the IC and PCB
component placement since a modular plugin would have a rigid fixed size. Either
standard component placement will be required or different sized plugins (perhaps even
custom initially) will be needed.

After the technology is adopted with the modular plugins, RWGs could be embedded into
the top layer of a PCB. Doing so might begin with a limited number of RWGs to preserve
real estate for other components. The advantage would be that the ICs could plug
directly into the RWG channels and RWG channels could be built directly into the PCB.
The difficulties will be adopting a new manufacturing process and upgrades would not be
as simple as a modular plugin.

Ultimately, PCBs could include a completely dedicated layer of RWG signal channels
aligned in a north-south, east-west type of grid. Chips needing high-speed links could
then plug into this grid, while still maintaining trace linkage between the others. More
and more chips could plug into this grid without any need for specific routing
requirements. If multiplexing schemes were utilized, several devices could share a single
channel to form an RWG based PCB Superhighway.

Conclusion

It has been demonstrated that some preconceived notions about designing RWGs are
invalid. This fundamental change in understanding has allowed us to consider
implementing RWGs in digital communication systems in new ways. Of particular
interest, it was demonstrated that RWGs offer a practical method to eliminate the existing
high-speed bottleneck between the relatively low data rates in copper channels and the
high data rates in fiber optic channels. We have further demonstrated three methods of
designing a right-angle coaxial-to-RWG probe antenna with different strengths and
weaknesses; improving upon the conventional design approach and offering two novel
approaches. We also demonstrated a potential method for improving the routing
flexibility of an RWG channel using a novel router system. We have also considered
potential methods of fabrication and envisage low costs comparable to planar copper
channels as compared to fiber optic channels. Lastly, we presented additional benefits of
RWGs over conventional copper traces and proposed a roadmap for commercial
development that has the potential to be modular, upgradeable, and backwards
compatible, and/or allow multiple devices to share a single channel; replacing high-speed
bottlenecks with RWG based PCB Superhighways.
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