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Abstract—The increasingly growth of the traffic in data
centers demands for high-speed data transition and high
bandwidth density. Optical communication is a promising way
for the propagation of high-speed signals with less distortions.
The quad small form-factor pluggable (QSFP) transceiver
module is an essential component converting an electrical signal
into an optical signal for point-to-point data transition.
Considerable attentions have been paid to the signal integrity
(SI) optimization for the optical QSFP transceiver modules with
different data rates, where the receiver sensitivity is generally
considered to be critical. In this paper, the receiver sensitivity
problem of a typical QSFP transceiver module with 10 Gbit/s
data rate is studied. It is the first time to demonstrate that the
receiver sensitivity improvement is not only related with the SI
design, but also connected with the electromagnetic interference
(EMI) mitigation inside the DUT. The convential simulation
model used for SI analysis with important metal configurations
excluded is limited in the ability to identify the coupling between
the radiating structures. It is found that the EMI noise induced
by the unbalanced PCB routing and the interconnect between
the PCB and flexible printed circuit (FPC) has significant
contribution to the total noise at the receiver end. The
generation of the antenna-mode current is verified and further
studied using the full wave simulations. The mitigation method
is proposed and confirmed through the measurements to
improve the receiver sensitivity.

Keywords—optical transceiver module, electromagnetic
interference, antenna-mode current, common mode, mode
conversion, imbalance difference model, crosstalk, transmission
line, differential mode.

L

The continuous increase of the traffic in the data centers
requires high data rate and bandwidth density. Optical
communication has become a promising way to propagate
high-speed signals with limited distortions [1]. The quad small
form-factor pluggable (QSFP) transceiver module used in the
data centers and servers is an important component which
converts an electrical signal into an optical signal for the point-
to-point high-speed transition. Considerable attentions have
been paid in the past to the signal integrity (SI) issues of the
optical QSFP transceiver modules with various data rates and
configurations [2]-[7]. The receiver sensitivity is generally
considered to be critical in the high-speed applications where
the optical QSFP transceiver modules are involved.

INTRODUCTION
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The crosstalk between the receiver and adjacent PCB
channels is a crucial concern in the SI design and optimization
due to the limited space, the nature of the PCB transmission
lines of an optical QSFP transceiver module, and the
continuous increase of the data rate. Excessively
electromagnetic crosstalk noise may cause the degradation of
receiver sensitivity [8], [9]. The analysis for crosstalk
reduction aiming for the improvement of receiver sensitivity
for optical QSFP transceiver modules have been conducted in
[10]-[15] with the focus on the passive coupling between the
aggressive and victim channels. A comprehensive perspective
on far-end crosstalk (FEXT) form factors for transmission
lines with mismatched terminals is proposed in [16].

The optical QSFP transceiver modules are typically
mounted at the front-end of a system. Electromagnetic
interference (EMI) problems may occur due to the high
frequency of the components inside the optical transceiver
modules and the mounting configurations on the metal chassis
[17], [18]. The EMI coupling paths and various mitigation
methods are proposed in [19]-[21]. However, these studies
concentrate on the system-level or component-level EMI
issues and ignore the EMI noise inside an optical QSFP
transceiver module which may result in receiver sensitivity
degradation.

In this paper, the receiver sensitivity problem of an optical
QSFP transceiver module with 10 Gbit/s data rate is studied.
It is the first time to demonstrate that the receiver sensitivity
improvement is not only related with the SI design of the
product, but also connected with the EMI noise cancellation
inside the optical transceiver module under study. The
complete structure of the DUT needs to be considered in the
analysis to include the coupling between the radiators. It is
found that the EMI noise inside the DUT has significant
contribution to the total noise level at the receiver end.

The unwanted radiated emissions caused by the
unintended common-mode (CM) currents present a
challenging EMI problem [22]. The imbalance difference
model introduced in [22]-[24] is adopted in this paper to
explain and analyze the antenna-mode (AM) noise generation
mechanism. In the model, the AM propagation is defined as a
special situation of the CM propagation, where the currents on
both signal and reference conductors flow toward the same
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direction. It is shown that the CM current induced by the
imbalances in the PCB traces becomes AM current resulted
from the differences in the imbalance factors of the
transmission lines on both PCB and FPC, which generates
excessive electromagnetic noise and degrade the receiver
sensitivity of the DUT.

The noise coupling mechanism and generation of the AM
current is first analyzed and identified in Section III after a
brief introduction to the optical QSFP transceiver module and
the crosstalk noise suppression in Section II. Simulation-based
analysis is performed and demonstrated in Section IV to
describe the impact of the EMI noise induced by the AM
current on the receiver sensitivity quantitatively and
qualitatively. The mitigation method is proposed and
experimentally verified in Section V.

II. THE OPTICAL QSFP TRANSCEIVER MODULE AND
RECEIVER SENSITIVITY ISSUE

A. The Optical OSFP Transceiver Module

The block diagram of the optical QSFP transceiver module
under study is shown in Fig. 1, comprising a bi-directional
optical sub assembly (BOSA), FPCs for both transmitter (TX)
and receiver (RX) channels, and a 10-layer PCB mounted
with a Driver IC and a MCU. All the components are
integrated into a metal chassis indicated by the black dotted
box in Fig. 1. The data rate is 10 Gbit/s.

BOSA

Metal Chassis

Fig. 1. The configuration of the optical QSFP transceiver module under
study.

B. The Crosstalk Noise Suppression and Receiver
Sensitivity Issue

It was found that there was a closed “eye” in the eye
diagram measured at the receiver side due to the poor receiver
sensitivity under the initial design, where the TX and RX
channels were routed on the top and bottom layers separately
using microstrip-lines on both PCB and FPCs for crosstalk
noise suppression as illustrated in Fig. 1.

To further reduce the crosstalk level, the guarding traces
have been employed on the FPCs for both TX and RX
channels as can be observed in the full wave model exhibited
in Fig. 2, where only the PCB and FPCs are included. The
simulated magnitude of the FEXT at port 2 is demonstrated in
Fig. 3, where it is found that the maximum magnitude of
FEXT over the entire frequency range of interest is under —40
dB. However, the “eye” remains closed in the eye diagram
implying that the improvement on the receiver sensitivity is
limited if only lowering down the passive coupling between
the channels.

III. INDENTIFICATION OF NOISE COUPLING MECHANISM AND
THE GENERATION OF ANTENNA-MODE CURRENT

The PCB transmission lines of the TX channel is sketched
in Fig. 4. The differential signal coming out from the Driver

Fig. 2. The full wave model for crosstalk simulation with only PCB and
FPCs included.

-40

N O
S

(=}

FEXT Magnitude (dB)
4
S

L

-80

3 4 5
Frequency (GHz)

Fig. 3. The simulated FEXT magnitude at the receiver end with the
guarding traces on both TX and RX channels.

To TXFPC

To reference plane on PCB

Driver IC |, 100 mil

@ 100 nF AC capacitor
m 50 ohm termination resistor

Fig. 4. Demonstration of the PCB routing of the TX channel.
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Fig. 5. Cross-sections of the PCB and FPC transmission lines at their
interface for the TX channel: (a) PCB transmission line, (b) FPC
transmission line.

IC starts to propagate on a single-ended trace with the other
trace terminated by a 50 ohm resistor. This design introduces
significant imbalances to the overall circuit network between
the Drive IC and BOSA, which may cause CM noise
propagating on the PCB converted from the differential-mode
signal.

The cross-sections of the PCB and FPC transmission lines
for the TX channel at their interface are illustrated in Fig. 5.
The two signal conductors in Fig. 5 (b) are connected through
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vias and merger together after 45 mil from the interface to
form a single-ended transmission line on the FPC. The values
of all geometrical parameters are given in Table L.

TABLE L. VALUES OF THE GEOMETRIES IN FIG. 5

Para. Value Para. Value

Whecp 18.0 mil Wepe 16.0 mil

Spcs 13.0 mil Skpc 14.0 mil

Trcs 1.2 mil Tepc 0.7 mil

Hecs 30mil | Hec 2.0 mil

For a given cross-section of a microstrip-line, the
imbalance factor can be calculated using [24]

h = Ctrace (1 )
Ctrace + CGND

where Cypgee and Cgyp are the per-unit-length stray
capacitances of the signal trace and reference conductor,
respectively. The 2D electrostatic solver, QuickField Stu-
dents’ version, is adopted in this study to compute the stray
capacitances based on the cross-sectional geometries. The
simulation results and the calculated imbalance factors for the
PCB and FPC transmission lines are shown in Table IL

The difference in the imbalance factors is hppe — hpcg =
0.1008, which results in the conversion of CM current to AM
current, causing the radiated emission inside the DUT. The
magnitude of the AM current is calculated with the help of full
wave simulations and demonstrated in Section IV.

As aforementioned, AM current flows on both the signal
and reference conductors. Inside the DUT, the reference
planes of the PCB and FPCs are connected to the metal surface
of the BOSA. Thus, the EMI current is propagating from the
PCB to the BOSA through the TX FPC, which enables a
radiating structure that can be observed in Fig. 6 where a full
wave model representing the entire DUT is demonstrated. The
metal chassis is intentionally not illustrated for better
demonstration of the DUT.

Similarly, it can be expected that the PCB, RX FPC, and
BOSA surface construct another radiator inside the DUT.
Therefore, besides the passive coupling between the
aggressive and victim channels, the coupling noise between
the two radiating structures also contributes to the total noise
level at the receiver end.

The limitations of the conventional SI analysis is also
revealed which is based on the simplified full wave simulation
model illustrated in Fig. 2, where the BOSA is not included
indicating that the simulation is done without accounting for
the complete structure of the DUT and the coupling between
the radiators.

IV. SIMULATION-BASED ANALYSIS OF THE IMPACT OF EMI
NOISE ON RECEIVER SENSITIVITY
To describe the influence of the EMI noise on DUT’s
receiver sensitivity quantitatively and qualitatively, a full
wave model with only PCB excluded is built in ANSYS HFSS
and presented in Fig. 7.

TABLEII.

SUMMARY OF THE SIMULATED STRAY CAP ACITANCES AND CALCULATED
IMBALANCE FACTORS

Para. Value Para. Value

Cirace_pc 0.9 pF/m Cirace_rpc 3.6 pF/m

Conp pcs | 71.8 pF/m | Cenp prc | 28.2 pF/m

hpcs 0.0124 hepe 0.1132

IAMsignals lAMGN])’

ITLsignaly I'ILGND

Fig. 6. Illustration of the simplified full wave model of the entire optical
QSFP transceiver module under study.

Fig. 7. Illustration of the full wave model with the PCB excluded.

In the full wave simulations, currents can be obtained at
various locations using

1=§ﬁ-ﬁ )

Electric potential difference can be calculated by doing the
integral

V=—f§d? 3)

The currents flowing on the TX FPC have the following
relationship according to their definitions

( Lamsignat + Lameno = Lamrotal
IAMsignal + ITLsignal = Itotalsignal (4)
Limenp + Itienp = rotaienn
ITLsignal = Irienp

where Iyp5ignaiand Lyynp are the AM currents through the
signal trace and reference plane of the TX FPC, respectively.
Irsigna @nd It gyp are the useful signal currents propagating
on the signal and reference conductors, respectively. Thus,
Ltotaisignal 18 the total current flowing on the signal conductor
and I qi6np 1S the total currents on the reference plane.
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Since lioraisignat » ltotaionp and the total AM current
Limtorar €an be calculated based on (2) assuming differential-
mode excitation on the TX traces at port 1’ in the simulation
model illustrated in Fig. 6, the components of both AM and
transmission-line mode excitations at the interface of the PCB
and TX FPC, which are IAMsignala IAMGND> ITLsignala and
Ir16np» can be obtained by solving (4), allowing the ability to
get the induced AM voltage V,, and the coupled voltage Vr;
when assuming AM and transmission-line mode excitation at
port 3 in the simulation model demonstrated in Fig. 7. These
voltages are defined as the electric potential differences
between the signal and reference conductors at port 4 which is
the interface between the PCB and RX FPC.

Table III summarizes the magnitudes of the parameters in
Fig. 6 and Fig. 7 at the fundamental frequency. The impact of
the AM currents on the total induced noise level at the receiver
end is found through the comparison of the magnitudes of Vy,
and Vi, in Table III. The contribution of the EMI noise to the
receiver sensitivity degradation is noticeable since V,,, and
Vr., are comparable in magnitude.

V. MITIGATION METHODS AND EXPERIMENTAL VALIDATION

As the AM current on the TX FPC is converted from the
CM current on the PCB due to the difference in the imbalance
factors, a CM choke manufactured by Murata with part
number DLW21SN900HQ?2 is applied on the TX channel
between the 100 nF AC capacitors and 50 ohm termination
resistor to suppress the CM current resulted from the
imbalances in the PCB traces.

The CM voltage on the RX channel is measured with and
without the application of the CM choke. The CM noise
measurement is first conducted in the time-domain using an
oscilloscope, and then the waveforms are converted to
frequency-domain spectra through discrete Fourier transform
[25]. The measurements were performed by using Agilent
DSA-X96204Q oscilloscope and N2803A 30 GHz InfiniiMax
II Series probe amplifier. One pre-amplifier, Mini-circuit
ZV A-443HGX+, was utilized to improve the signal-to-noise
ratio of the measurement. The time length and sampling rate
of the oscilloscope were set to be 800 ns and 25 GS/s,
respectively, based on the 5 GHz fundamental frequency
decided by the data rate.

Fig. 8 reveals the effect of the CM choke by comparing the
peak envelopes of the measured CM noise on the receiver
channel in the frequency domain. The noise level at 5 GHz
reduces 7 dB and the eye diagram on the RX channel meets
the requirements specified by the manufacturer of the DUT.

Another possible mitigation method is the optimization of
the cross-sectional geometries of the PCB transmission line
and FPCs with simultaneously considerations on both
crosstalk noise suppression and achievement in the least
difference in the imbalance factors despite that the CM choke
is proved to be effective in the receiver sensitivity
improvement. In general, the former is considered to be more
cost-effective than the latter especially for massive
production. This method is under development and will be
reported in the future.
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TABLE III. MAGNITUDES OF THE PARAMETERS IN FIG. 7

Para. Magnitude Para. Magnitude
IAMsignal 6.4 mA VAM 3.3mV
Lamonn 48 mA Vi, 3.8mV
ITLs‘ignal 14.5 mA / /
- 14.5 mA / /
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Fig. 8. Comparison of the peak envelopes of the measured CM noise on
the RX channel in the frequency domain with and without the CM choke.

VI. CONCLUSION

In this paper, the receiver sensitivity problem of a typical
QSFP transceiver module is studied. The impact of the EMI
noise due to the AM current on the receiver sensitivity
degradation is demonstrated for the first time. It is shown that
the imbalances on the TX channel result in the CM current and
the difference in the imbalance factors of the transmission
lines on both PCB and TX FPC is the root cause of the
generation of the AM current. The effect of the AM current on
the unwanted noise at the receiver side is described
quantitatively and qualitatively in the full wave simulations.
The mitigation method of adding the CM choke is proposed
and verified through measurements.

This paper could be helpful for the hardware engineers
who design high-speed interconnects or products similar to the
optical QSFP transceiver module presented in this paper and
the receiver sensitivity is one of the main concerns. The most
important lesson learnt from the study is that engineers must
pay the same amount of attention to the EMI design as they do
in the ST optimization for the products because the unintended
EMI noise could fail the DUT and lead to delay in the market
release.
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