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Abstract

Fan-Out Wafer Level Packaging (FOWLP) can be a good
candidate for heterogeneous integration of Photonic ICs (PIC)
and Electronic ICs (EIC) in the same package to achieve low
interconnect loss, low power consumption, and small factor for
optical communications requiring high data transmission. The
vertical interconnects Through Mold Via (TMV) in FOWLP
can be utilized for the RF routing from frontside to backside
vertically. The conventional way of characterizing the RF
performance of vertical interconnects is to de-embed the
vertical section by measuring a back-to-back structure with
multiple de-embedding structures. In this paper, differential
TMV structures in GSSG configuration are characterized by
direct measurement using double-side probing techniques from
DC to 50GHz. Three GSSG TMYV interconnects with different
TMYV pitches are measured and compared. The 100Gbps PAM4
eye diagrams of the interconnects are also shown.

Introduction

Optical communication applications demanding higher data
transmission rate and bandwidth like hyper-scale data centers,
high performance computing, and machine learning have
driven the need for integrating the PIC and EIC in the same
package to achieve low interconnect loss, low power
consumption and small form factor [1-3]. To achieve this, a
heterogeneous integrated Optical Engine (OE) in advanced
FOWLP was demonstrated in [4-6]. Fig. 1 shows the cross-
section of a typical OE package. The PIC is integrated into the
molding compound with the EIC flip-chip connected on top of
the package. The connections between PIC and EIC are through
pBumps and vias. Signals between OE and Application-
Specific Integrated Circuit (ASIC) are then routed on the
package substrate. For the RF signals to be routed from
frontside to backside, vertical interconnects, Through Mold
Vias (TMVs), and multi-layer Redistribution Layers (RDLs)
are used here. To understand the RF performance and the data
transmission capability of the interconnects in OE package,
interconnects of GSSG differential configuration as shown in
Fig. 2 were designed and fabricated.

The conventional way to characterize vertical interconnects
is to measure the back-to-back structures followed by the
extraction of the vertical interconnects. In [7], single-ended
Through Mold Vias (TMV) performance was extracted using
L-2L de-embedding method. In [8], 2-lines de-embedding
method was applied to extract the single-ended BGA transitions
up to 40GHz. L-2L de-embedding method was also applied for
the extraction of differential TSVs to 25GHz in [9]. The de-
embedding methods normally require measurements of
multiple de-embedding structures and has accuracy and

Substrate

Fig. 1 Cross section view of the heterogeneous integrated OE
in FOWLP with TMVs to route the RF signals from frontside
to backside.

frequency range limitations. To accurately characterize the
vertical interconnects RF performance, double-side probing
that directly measures the vertical interconnects can be used. In
[10], single-ended vertical interconnects were measured using
double-side prober up to 40GHz. TSVs in differential
configuration were double-side measured up to 40GHz in [11].

In this work, differential vertical interconnects TMV
structures as shown in Fig. 2 were measured up to SO0GHz using
GSSG probes. The 100Gbps PAM-4 eye diagrams were
obtained in Keysight Advanced Design System (ADS) channel
simulator with the measured S-parameters imported.

Double-side Probing Setup

Fig. 2 3D model of the measured structures. (a) 2mm long
frontside GSSG CPWG. (b) 2mm CPWG connected with the
GSSG TMV interconnect. (¢) GSSG TMV with a TMV pitch
of 300pm. (d) GSSG TMV with a pitch of 350pum. (e) GSSG
TMV with a pitch of 400pm.
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Fig. 3 (a) Dimensions of the RDL with TMV. (b) Dimensions
ofthe TMV vertical interconnects. A 200um long RDL is added
at the frontside. (c) Cross-section view of the FOWLP stackup.

Fig. 2 shows the 3D model of the fabricated structures. Fig.
2(a) is a GSSG RDL in CPWG configuration with a length of
2mm on frontside. The CPWG has a signal line width of 20pum
with the signal-to-ground gap and signal-to-signal gap of 50pm.
The RDL was measured using conventional top-side probing.
Fig. 2(b) is the 2mm RDL added with the GSSG TMV to route
the signal from frontside to backside. The GSSG TMV has a
pitch of 300um. Fig. 2 (¢) to (e) are three GSSG TMVs with a
TMV pitch of 300pm, 350pum, and 400pum, respectively. GSSG
probes with a pitch of 100um were used for both top-side and
double-side probing. Probing pads and transitions are added at
two ends of the interconnects for the probing of 100um pitch
probes as can be seen from Fig. 3 (a) and (b). Fig. 3(c) shows
the cross-section view of the FOWLP stackup. The frontside
two metal layers have a thickness of 8 and Spum respectively
with a via of 10um height. The backside metal layer has a
thickness of 9um. The total height of the TMV is 180pum.

Fig. 4 illustrates the setup of the double-side probing. The
center of the probe station chuck has a rectangular cavity for the
bottom probe to probe on the backside of the vertical
interconnects. The probes are connected to VNA with coaxial
cables. Short-Open-Load-Reciprocal (SOLR) calibration
method was applied to calibrate the probes, cables, and VNA
from DC to S0GHz.

Measurement Results and Analysis

Fig. 5 shows the photo of the fabricated structures. Fig. 5(a)
to (e) are the frontside photos of the 2mm RDL, 2mm RDL with
TMV, and TMVs of different pitches. Fig. 5(f) to (h) are the
photos of the backside of the TMV vertical interconnects. Fig.
6 compares the simulated and measured differential return loss

(b)
Fig. 4 Double-side probing setup for measurement of vertical
interconnects. (a) Side view. (b) Top View. Wafer is placed on
the chuck which has a rectangular cavity in the center.

(h)
Fig. 5 Photos of the fabricated TMV structures. (a) 2mm long
GSSG CPWG on frontside. (b) Frontside of the 2mm RDL with
TMV interconnects. (c) to (e) Frontside of the GSSG TMV
vertical interconnects with a pitch of 300, 350, and 400pum,
respectively. (f) to (h) Backside of the GSSG TMV vertical
interconnects.
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Fig. 8 Simulated and measured S-parameters of the frontside
RDL and RDL with vertical TMV interconnects from DC to
50GHz. (a) Differential S11. (b) Differential S21.

and insertion loss of the 2mm RDL and 2mm RDL with TMV
from DC to 5S0GHz. Solid lines are the measured results while
dashed lines are the simulation results. For both differential S11
and S21, the measured data and simulation model can match
well from DC to 5S0GHz. The red lines are the results of RDL,
and the blue lines are RDL with TMV. As can be seen from Fig.
6(a), after adding the vertical TMV to the end of the frontside
RDL, the return loss is still maintained below -15dB indicating
good impedance matching at the RDL to TMV transition. As
shown in Fig. 6(b), an insertion loss of less than -1dB is
achieved for both RDL and RDL with TMV from DC to
50GHz. At 28GHz, the 2mm RDL has a differential insertion
loss of -0.59dB which is equivalent to about -0.3dB/mm loss at
28GHz. The RDL with TMV has a differential insertion loss of
-0.65dB at 28GHz indicating an increase of 0.06dB loss by the
vertical TMV.

Fig. 7 compares the S-parameter performances of three
GSSG TMV vertical interconnects with different TMV pitch
from DC to S0GHz. Solid lines are the measured results while
dashed lines are the simulated results. GSSG TMV with a pitch
of 300um has a better impedance matching to 100Q as can be
seen in the red lines in Fig. 7(a) which has a differential return
loss better than -10dB from DC to SOGHz comparing to GSSG
TMYV interconnects with a pitch of 350 or 400pum. For the
differential insertion loss as shown in Fig. 7(b), similar
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Fig. 6 Simulated and measured S-parameters of three GSSG
TMYV vertical interconnects with TMV pitch of 300, 350, and
400um. (a) Differential S11. (b) Differential S21.
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Fig. 7 TMV associated series inductance extracted from
simulation model for different TMV pitches of 300, 350, and
400um.

insertion loss can be observed for three TMV interconnects at
low frequencies since all three interconnects have the same
RDL and transition lengths. As frequency increases, the vertical
interconnects with larger TMV pitch have higher insertion loss
due to the larger series inductance associated with the vertical
TMVs as shown of the extracted TMV inductance from the



| r;_’pﬂ ChannelSim I
ChannelSim
ChannelSim1
> ! s
Tx@
Tx_AMI i Rx_Diff
Tx_AMI1 = Rx_Diff1
= SnP

BitRate=100 Gbps Load=100 Ohm

SnP1
Fig. 9 Channel simulator schematic in ADS to generate
100Gbps PAM4 eye diagrams from the measured 4-port S-
parameters.

simulation model in Fig. 8. At 28GHz, GSSG TMV
interconnects have a differential loss of -0.14dB, -0.35dB, and
-0.21dB for TMV pitch of 300, 350, and 400um, respectively.
The blue solid line in Fig. 7(b) shows an insertion loss drop at
around 35GHz which could be a measurement error.

The GSSG RDLs, RDL with vertical interconnects TMV
and GSSG TMV vertical interconnects are for the routing and
fanout of the RF signals from EIC of the OE for 100Gbps
PAM4 signals. Fig. 10 shows the PAM4 eye diagrams of the
RDL, RDL with TMV, and TMV interconnect with 300pum
pitch. The eye diagrams were obtained by importing the
measured 4-port S-parameters into the ADS channel simulator
as shown in the schematic in Fig. 9. Clear eye openings can be
observed for all three measured structures. Comparing Fig. 10
(a) and (b), after adding a TMV vertical interconnect at the end
of the 2mm RDL, the eye width maintains almost the same and
the eye height drops by 25mV or 11%, taking the middle eye as
an example. The GSSG TMYV vertical interconnect witha TMV
pitch of 300um has an average eye height and width of around
260mV and 11.2ps.

Conclusions

This paper presents the measured S-parameters of the
vertical interconnects TMV in GSSG configuration from DC to
50GHz. The measurements were done on a double-side prober
by directly probing from the frontside and backside of the
wafer. A 2mm frontside GSSG RDL with a TMV interconnect
was measured to have a differential S21 of -0.65dB at 28GHz.
Three TMV GSSG vertical interconnects with different TMV
pitch of 300, 350, and 400pum were studied and measured to
have a differential S21 of -0.14dB, -0.35dB, and -0.21dB,
respectively. The 100Gbps PAM4 eye diagrams of the
interconnects were also obtained by importing the measured 4-
port S-parameters into the ADS channel simulator. Clear eye
openings can be observed for RDL, RDL with TMV, and TMV
vertical interconnects.
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Fig. 10 100Gbps PAM4 eye diagrams generated from ADS
channel simulator with measured S-parameters of (a) 2mm
frontside RDL, (b) 2mm frontsidle RDL with TMV
interconnects, (¢) GSSG TMV interconnects with a TMV pitch
of 300pm.

References

[1] J. Li et al., “Innovative Fan-Out Embedded Bridge
Structure for Co-Packaged Optics,” in 2023 [EEE 73rd
Electronic Components and Technology Conference
(ECTC), TEEE, May 2023, pp. 228-232. doi:
10.1109/ECTC51909.2023.00047.



(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

H. Hsia et al., “Integrated Optical Interconnect Systems
(101IS) for Silicon Photonics Applications in HPC,” in
2023 IEEE 73rd Electronic Components and
Technology Conference (ECTC), IEEE, May 2023, pp.
612-616. doi: 10.1109/ECTC51909.2023.00108.

K. Muth, V. Raghuraman, S. Kannan, and H. Potluri,
“High Density Integration Technologies for SiPh Based
Optical 1/Os,” in 2023 [EEE 73rd Electronic
Components and Technology Conference (ECTC),
IEEE, May 2023,  pp. 212-215. doi:
10.1109/ECTC51909.2023.00044.

S. B. Nair Gourikutty et al., “A Heterogeneously
Integrated Wafer-level Processed Co-Packaged Optical
Engine for Hyper-scale Data Centres,” in 2023 IEEE
73rd  Electronic  Components and Technology
Conference (ECTC), IEEE, May 2023, pp. 207-211.
doi: 10.1109/ECTC51909.2023.00043.

S. B. N. Gourikutty et al., “A Novel Packaging
Platform for High-Performance Optical Engines in
Hyperscale Data Center Applications,” in 2022 I[EEE
72nd  Electronic  Components and Technology
Conference (ECTC), 2022, pp. 422-427. doi:
10.1109/ECTC51906.2022.00074.

S. B. N. Gourikutty et al., “Towards Heterogeneous
Integrated  Electronic-Photonic ~ Packages  for
Hyperscale Data Centers,” in 2021 I[EEE 23rd
Electronics  Packaging  Technology — Conference
(EPTC), 2021, pp. 37-41. doi:
10.1109/EPTC53413.2021.9663971.

W. Jiaqi, L. Kangrong, and L. T. Guan, “RF
Performance Study of Through-Mold-Via (TMV)
using L-2L De-Embedding Method,” in 202! IEEE
23rd Electronics Packaging Technology Conference,
EPTC 2021, Institute of Electrical and Electronics
Engineers Inc., 2021, pp. 343-346. doi:
10.1109/EPTC53413.2021.9664001.

C. Sun and F. Lin, “A Simple De-embedding
Methodology for BGA Transition up to 40GHz,” in
GSMM 2021 - 2021 Global Symposium on Millimeter-
Waves and Terahertz, Proceedings, Institute of
Electrical and Electronics Engineers Inc., May 2021.
doi: 10.1109/GSMM53250.2021.9511974.

Y. S. Li et al., “Electromagnetic characteristics of
multiport TSVs using L-2L de-embedding method and
shielding TSVs,” IEEE Trans Electromagn Compat,
vol. 59, no. 5, pp. 1541-1548, Oct. 2017, doi:
10.1109/TEMC.2017.2664047.

K.-C. Lu et al., “Vertical interconnect measurement
techniques based on double-sided probing system and
short-open-load-reciprocal calibration,” in 2011 IEEE
61st  Electronic ~ Components and Technology
Conference (ECTC), 2011, pp. 2130-2133. doi:
10.1109/ECTC.2011.5898813.

K.-C. Lu and T.-S. Horng, “Wideband and scalable
equivalent-circuit model for differential through silicon
vias with measurement verification,” in 2013 IEEE
63rd  Electronic  Components and Technology
Conference, 2013, pp. 1186-1189. doi:
10.1109/ECTC.2013.6575725.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


