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Abstract—In this article, the energy parcels concept is used to
reveal radiation physics and coupling in the entire structure of
flyover quad form-factor pluggable (QSFP) interconnection. Fly-
over QSFP has better signal integrity than legacy surface mounted
printed circuit board QSFP technology. To understand electro-
magnetic interference aspects, a simulation model was built and
correlated to measured total radiated power (TRP) for common
mode and differential mode excitations for a frequency range of
1-40 GHz. Further, the energy parcels and their trajectories con-
cept were applied to visualize the coupling path by tracking back
the energy parcels from outside of the chassis (quiet side) toward
a host board inside the chassis (noisy side). Then, high-density
regions of energy parcel trajectories guide where to place the ab-
sorbing material efficiently and appropriately. Two locations were
examined by filling them with electromagnetic lossy material and
improvement was validated by TRP simulation and measurement.

Index Terms—Coupling path, electromagnetic interference
(EMI) mitigation, EMI/EMC, energy parcel, quad form-factor
pluggable (QSFP) interconnect, reverberation chamber, total
radiated power (TRP).

1. INTRODUCTION

LYOVER quad form-factor pluggable (QSFP) intercon-
F nection is considered a novel technology for 56+ Gbps
applications due to the fact that the legacy QSFP interconnection
suffers from high insertion loss of printed circuit board (PCB)
traces at millimeter-wave frequencies (e.g., 40 GHz). However,
in flyover technology, these PCB traces are substituted with
lower loss twinax cables. Twinax cables, referred to as “fly-
over cables,” flyover the lossy PCB traces. This new approach
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inherently offers several advantages than the legacy solution
including more system design flexibility, higher density port
configuration (multiple stack), improved thermal management,
reduction in fabrication cost due to lower layer count PCBs,
and improved material options [1]. To enable the flyover QSFP
applicable in the networking industry, electromagnetic interfer-
ence (EMI) aspects must be well understood. Further, the EMI
impact of twinax cables penetrating the EMI cage, which houses
the QSFP module, must be assessed.

EMI associated with high-speed, high-density interconnec-
tions was studied including board-to-board interconnections
(i.e., small form-factor pluggable (SFP) and QSFP) in [2]-[4],
edge-coupled PCB backplane connectors in [5]-[9], and EMI
shielding cage for legacy QSFP interconnections in [10]. The
interconnections contribute to radiation emission at high fre-
quencies. However, the coupling mechanism and the radiation
physics in the entire structure of system were hardly completely
understood [11]-[13]. Monitoring the surface current is known
as the primary way to reveal the radiation physics and it is
challenging for a complex structure. Besides, extracting the
radiation currents from the surface current needs to obtain and
analyze the characteristic mode [14].

In a previous study [1], the signal integrity (SI) and EMI
performances of flyover QSFP were measured and compared
with the legacy QSFP approach. In this article, a simulation
model correlated to measurement is given based on time domain
reflectometer (TDR) and total radiated power (TRP) measured
results. The simulation model includes the EMI shielding cage
and the correlation to measured TRP is verified with both dif-
ferential mode (DM) and common mode (CM) excitations for
the frequency range of 1-40 GHz. To understand the possible
coupling paths, the concept of energy parcels to electromag-
netic waves is used [15], [16]. This method has advantages
from monitoring the surface currents as it reveals the radiation
mechanism in an entire system but does not need to distinguish
between the radiating and non-radiating currents. High density
regions of energy parcel trajectories guide where to place the
absorbing material efficiently and appropriately. Two locations
were examined by filling them with electromagnetic lossy ma-
terial and improvement was validated by TRP simulation and
measurement.

In the following section, the simulation model is introduced
and the correlation to measured TDR and TRP is discussed. In
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Fig. 1. Test vehicles for flyover QSFP.

Section III, the energy parcels concept is illustrated using well-
understood examples. Here, the emphasis lies on the difference
between the visualization of the power flow from the 7x port and
the tracked back energy parcels that had reached to the Rx port
and are tracked back to their source to illustrate the path they
took. The goal of this article is first to use the energy parcels idea
to illustrate the coupling path in the entire structure of high-speed
networking interconnects, from a host board inside the chassis
to an Rx port outside of the chassis. By tracking back the energy
parcels from the quiet side toward the noisy side (i.e., Rx to Tx),
the coupling path is revealed. Second, the density of the parcels
streamlines is considered to find the optimum location for EMI
absorber to mitigate EMI from flyover QSFP. Simulation and
measurement result show a possible path for reducing the EMI,
which is presented in Section I'V.

II. SIMULATION MODEL FOR FLYOVER QSFP

High-speed channel interconnects include several impedance
discontinuities at their connectors and assemblies which act as an
effective source of EM radiation. The flyover QSFP system also
has several discontinuities at the interface between a module
board and flyover QSFP connector at the host board, flyover
QSFP connector to twinax cable, and twinax cable to direct
connects cable connector right before IC. The EMI from those
sources should be properly investigated and improved to meet
the regulation before the design cycle completion. A simulation
model for flyover QSFP is introduced for EMI characterization
of flyover QSFP. Once the model achieves the correlation to
measurement, it enables to perform simulation-based analysis.

A. Time Domain Reflectometer

The differential TDR response was obtained based on
single-ended four-port S-parameters measurement. To perform
the measurement, a test vehicle was designed and fabricated
as shown in Fig. 1 that includes 15 cm twinax cables. One
differential channel out of eight available channels in the QSFP
interconnect was considered for the test. The rest of the channels
were terminated in two 50 (2 resistors. As shown in Fig. 1,
three paddle cards were designed and fabricated. The paddle
card with two 2.4 mm launch connectors was used for four-port

IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 62, NO. 4, AUGUST 2020

2.4 mm connectors at the Trace to ﬂyover QSFP
bottom of paddle card connector transition
Fig. 2. Simulation model for TDR measurement in CST microwave studio.
120 } 1 1 T
24mm: Single ! Diff. Flyover ! Twinax cable
110 connectoz: trace trace QSFP g B
£
e
B
b=
2]
: H H H ; — Measurement result i
2 i i : — Simulation result
Time(ns)
01 02 \ 03 04 =0:5. . 06 0.7
24mm Single
conne¢tor  trace
’:.:. Di Flyover QSFP
Fig. 3. Comparison between simulated TDR and measured TDR.

S-parameters measurement to obtain differential TDR
impedance. The four-port S-parameter measurement was
obtained for the frequency range of 10-40 GHz. The paddle
cards with 50 2 and 100 §2 terminations were used in the TRP
measurements for the CM and DM setups, respectively.

Fig. 2 shows the simulation model with the paddle card for
S-parameter measurement in CST microwave studio [17]. The
model only includes 2.4 mm launch ports in the paddle card to
the middle of twinax cable after the flyover QSFP connectors
to reduce the simulation time. Therefore, the comparison be-
tween the simulation and measurement is only valid up to the
twinax cable. The comparison between measured and simulated
differential TDR responses is shown in Fig. 3 with the marked
discontinuities for each signal path transition. A decent correla-
tion between measurement and simulation is achieved. Several
discontinuities are seen on the differential current path. The
differential impedance of the single trace and differential (Diff.)
traces for TDR measurement is lower than 100 €2 because of the
fabrication tolerance in trace thickness and design constraints.
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Fig. 4. Description of the test set-up using a dual reverberation chamber in
(a) schematic, (b) actual set-up, and (c) simulation model in CST microwave
studio.

Although the path differential impedance is less than ideal, full
functionality was achieved.

B. TRP

To reveal the coupling path in flyover QSFP with the shielding
cage, the TRP result for CM and DM was measured using a dual
reverberation chamber for the frequency range of 1-40 GHz, as
the set-ups display in Fig. 4(a) and (b). The well-known TRP
substitution method [18], [19] was used to obtain TRP values.
A paddle card plugged into a flyover QSFP with 50 and 100 §2
terminations for the CM and DM setups, respectively shown in
Fig. 1. A simulation model was also created in CST microwave
studio including the faceplate and a vacuum box for calculating
the TRP on five surfaces, as shown in Fig. 4(c). This method
was first presented in [20] to calculate TRP. The cables and the

Fig.5. TRP comparison between simulation and measurement in (a) CM, and
(b) DM set-up.
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Fig. 6. TRP comparison between DM and CM excitations in (a) measurement
and (b) simulation.

hybrid/power divider (PD) loss, as well as the loss of twinax
cable, have been removed from the TRP measured results, as
previously described in [1].

The TRP comparison between simulation and measurement
for CM and DM set-ups are shown in Fig. 5. There is a little
discrepancy between the simulation and measurement results at
high frequencies, which can be because of the lack of high fre-
quency material properties for the simulation model, eliminating
the skew between the cablings and hybrid/PD in the simulation
model, and the uncertainty of the de-embedding process to get
the loss of the cable and hybrid/PD from the TRP measured
results. The TRP from CM excitation is greater than the DM
excitation, as the measured and simulation results for these two
modes are compared in Fig. 6(a) and (b), respectively.

To reveal the coupling mechanism in the flyover QSFP in-
terconnection, the CM excitation was considered at two peak
frequencies of 8.8 and 11.2 GHz, as marked in Fig. 5(a). Then,
the energy parcels method was used to understand the coupling
mechanism.

III. COUPLING MECHANISM IN FLYOVER QSFP USING
ENERGY PARCELS

Understating of the EM coupling in electronic devices is
a challenge for EMC engineers [21], [22]. Several methods
have been established to visualize the EM coupling including
ray-tracing [23], [22], diffuse scattering [24], [23], and reaction
theorem [25]. However, visualization of the EM coupling based
on energy parcels and their trajectories [15], [16] is a powerful
and relatively easy tool to address the coupling path in the entire
structure of flyover QSFP interconnection.

To illustrate the idea, two examples are presented. The base-
line includes two dipole antennas (7x and Rx) placed at a A
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(b) Power flow energy parcels starting at the Tx. (c) Tracked back energy parcels
from the Rx, which reach the Tx. (d) Power flow energy parcels from the 7x at
the presence of a high-loss wall.

distance as shown in Fig. 7(a). Only the transmitter antenna is
excited. Plotting the streamlines of the real part of the Poynting
vector at the Tx antenna port shows the power flow of energy
parcels propagates in space from the 7x antenna, as displayed
in Fig. 7(b). Some energy parcels are reached at the Rx antenna.
To obtain the energy path from the Tx to the Rx antenna, the
trajectories are tracked back from the Rx antenna. To this end,
the streamlines of the real part of the Poynting vector along with
a negative sign (the negative sign is needed for the purpose of
tracking back) are plotted at the Rx antenna port. Fig. 7(c) shows
the tracked back energy parcels at the Rx antenna. In Fig. 7(d), a
high-loss wall is placed between two antennas with a dielectric
loss coefficient of 50. The relative permittivity and permeability
are considered as one. The transmitted energy parcels (power
flow) are shown in Fig. 7(d). As seen, the energy parcels are
absorbed in the lossy wall and as aresult, no EM energy can reach
to the Rx antenna (i.e., no tracking back of the energy parcels
from the Rx antenna is possible in this case). As shown, there is a
difference between the power flow from the 7x port and tracking
back the energy parcels from the Rx port. The first one shows
the propagation of energy in free space and in all directions.
However, the second one specifically shows the coupling path
between the Tx and Rx. Tracking back the energy parcels from
the Rx port is a convenient way to visualize the EM energy
coupling paths and understand the physics associated with the
EM problems.
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A. Application for EMI Coupling Path in Flyover QSFP

To reveal the coupling mechanism in the entire structure of
flyover QSFP interconnection, the CM excitation is considered
at two frequencies of 8.8 and 11.2 GHz, as the TRP is maxima
at these frequencies. A simulation model was built in HFSS
[26] including the faceplate. To track back the energy parcels,
a receiver antenna should be located after the faceplate. To
be independent to the receiver antenna location, a waveguide
antenna was designed located on the faceplate, but on the quiet
side as shown in Fig. 8.

The energy parcels are collected at the receiver port of the
waveguide antenna. The cut off frequency of the waveguide
is about 7 GHz. Fig. 9 shows the tracked back energy parcels
trajectories plotted at the Rx port (the waveguide port on the
quiet side) at the frequency of 8.8 GHz.

The streamlines indicate the number of energy parcels re-
ceived from the flyover QSFP interconnection at the waveguide
port on the quiet side. At the transition of the signal traces on
the PCB host board to the twinax cables, zoomed in on the top
right of the figure, energy parcels enter the twinax cable. Some
of them are due to the radiation of launch 2.4 mm connectors.
Some others enter the twinax cable from the ground layer of the
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Fig. 11. Energy parcels streamlines tracked from the flyover interconnect to
the waveguide on the quiet side of the faceplate at the frequency of 11.2 GHz.

host PCB; these are the CM currents that excite the EMI cage
and radiate from it. Inside the cage, the energy parcels are dense
around the transition from the QSFP signal pins to the traces
on the paddle card PCB. This discontinuity contributes to the
excitation of the EMI shielding cage. In addition, the energy
parcels are dense around the ground pins of the flyover QSFP.
The EMI investigation [5] reports that the ground pin of the
SFP connector resonates as a A/2 antenna at the frequency of
8 GHz. This is shown based on the surface current density of
the ground pins. Because of the SFP and QSFP are related,
similar resonances are to be expected. For this purpose, the
surface current on the ground pins of the flyover QSFP is shown
in Fig. 10. The A/2 antenna element is marked in the figure.
However, the advantage of using the energy parcels concept is
that we can visualize the coupling path in the entire structure.
Furthermore, an effective area to place absorber material can be
recognized by determining areas of dense parcels streamlines.
The coupling path at the frequency of 11.2 GHz is also inter-
esting because the TRP value is maxima at this frequency, which
is marked in Fig. 5(a). The energy parcel trajectories collected at
the Rx port are shown in Fig. 11. More energy parcels enter the
twinax cable from the launch connectors at this frequency and
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Fig. 12.  (a) Lossy pieces made for the measurement. (b) Simulation model for

lossy material on top of the connector. (c) Simulation model for lossy material
on top and the bottom of the connector. (d) Measured and simulated CM TRP
results for the lossy material on top of the connector. (e) Measured and simulated
CM TRP results for the lossy material on top and the bottom of the connector.

directly contribute in the excitation of the EMI shielding cage
and reach to the receiver port. In addition, the return current
enters the cage from the ground layer of the host PCB. Inside
the cage, these energy parcels go through the ground layer of the
paddle card PCB. Some of the energy parcels are damped at the
two 50 2 terminations. The rest contribute to the excitation of
the cage and reach the waveguide port (i.e., the Rx antenna) at the
other side of the faceplate. Therefore, the paddle card PCB and
termination resistors are the dominant sources at this frequency.
The energy parcels concept is an easy way to reveal and visualize
the coupling mechanism in the entire of a complex structure at
different frequencies. In this article, this concept was applied
at two frequencies of 8.8 and 11.2 GHz for CM excitation, but
this method can be used for further frequencies and different
structures. Usually, the surface current distribution is used to
understand the resonance structure, which can be complex and
complicated because the surface current includes both radiating
and non-radiating current. To distinguish between the radiating
and non-radiating current, the characterization modes of the
structure [6] needs to be solved.

IV. APPLYING EMI MITIGATION TECHNIQUES

To mitigate the EMI associated with the flyover interconnec-
tion, a thermoplastic, polyamide-based, and hot melt magnetic
absorber was used to make proper pieces. From the energy
parcel trajectories at the frequency of 8.8 GHz, the top of the
connector is a dense area with the energy parcels. Further, the
trajectory of the energy parcels at the frequency of 11.2 GHz
shows that the bottom area, in addition to the top, is a dense
area of energy parcels. Thus, two pieces of lossy material were
fabricated to be placed on the top and bottom of the connector, as
shown in Fig. 12(a). Two tests were performed when absorbing
pieces were placed only at the top, and both top and bottom
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of the connector. Fig. 12(b) shows the simulation model for
the case that the absorber piece was placed only on the top of
the connector. The TRP simulation and measurement results for
CM excitation are compared in Fig. 12(d). The discrepancies
between the measurement and simulation can be because of
the (inevitable) inaccuracy during the fabrication process of
the absorber pieces and the modeling process of the material
properties in the simulation. In the fabrication process, the
absorb filament was melted in a designed aluminum mold using
a hot glue gun. More than 10 dB improvement achieved at
the frequency of 8.8 GHz, from the simulation results. For the
second case, the absorber pieces were placed on the top and
the bottom of the interconnection. Fig. 12(c) and (e) shows the
simulation model and the TRP results for CM excitation. Placing
the absorber material on top and the bottom of the connector is
very effective to reduce the TRP. For example, ~20 dB and
~10 dB improvements were obtained from the simulation at the
frequency of 8.8 and 11.2 GHz, respectively.

Fig. 13(a) compares measured CM TRP for the case without
the absorber, with the absorber on the top, and with the absorber
on the top and the bottom of the flyover QSFP interconnect.
Fig. 13(b) compares the simulation data. Applying the lossy
material at both locations (i.e., the top and the bottom), is more
effective with a 20 dB improvement from 7 to 12 GHz and about
a 5 dB improvement at frequencies greater than 12 GHz.

When the absorber pieces were placed on the top/bottom of
the connector, discrepancies between the measured data and the
simulation are observed. These discrepancies can be a result of
the (inevitable) inaccuracy of the hand-made absorber pieces
during the fabrication process. In the fabrication process, the
absorber filament was melted into a small aluminum mold using
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TABLE I
TRP COMPARISON W/ AND W/O ABSORBER IN MEASUREMENT
AND SIMULATION

Frequency 8.8 GHz 11.2 GHz

TRP (dBW) Meas. Sim. Meas. Sim.
w/o absorber =233 -23.2 -24.5 -24.1
Top absorber -23.6 -35.6 -33.7 -32.3
I;’S‘i)ﬂr’b‘::om 354 | 461 | 372 | 352

ahot glue gun. Thus, having air bobbles in the fabricated samples
are possible. However, in the simulation model, the absorber
was modeled homogeneously. Also, the frequency-dependent
electrical properties (i.e., the primitivity and permeability with
real and complex components) were included in simulation
model. A comparison of the TRP values at the frequencies of
8.8 GHz and 11.2 GHz are given in Table L.

V. CONCLUSION

Flyover technology is designed as a new solution for 56+
Gbps applications. In this article, the energy parcels concept is
used to reveal the coupling mechanism in the entire structure.
A simulation model was created in HFSS and CM excitation
was selected. The energy parcels were tracked back from the
quiet side of faceplate at two frequencies of 8.8 and 11.2 GHz.
Form the simulated streamlines at 8.8 GHz, it was observed that
two coupling mechanisms occur, which are related to the launch
connectors on the host PCB as well as the return current due
to discontinuity at the flyover QSFP pins to the paddle card. At
11.2 GHz, it was also observed that two coupling mechanisms
occur, which are related to the launch connectors on the host
PCB as well as the 50 2 terminations at the paddle card. To
mitigate the EMI, EM absorbers can be applied at areas in which
the streamline are dense (i.e., top and bottom of the connector).
Finally, two pieces of lossy material were built to be placed on
the top and bottom of the flyover QSFP. The simulation and
measurement with decent correlation show greater than 10 dB
improvement from 7 to 12 GHz and ~5 dB improvement at
frequencies greater than 12 GHz.
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