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Abstract 
 
To enable 28 Gb/s transceiver operation, Xilinx has employed many innovative 
techniques for circuits, packaging and systems. Virtex®-7 HT FPGAs are designed to use 
Stacked Silicon Interconnect (SSI) technology that relies on an interposer built on low 
loss package substrate material. Channel loss, reflection loss and crosstalk noise are 
critical factors in determining system performance at this very high speed.  
The new concept of SSI in an FPGA device will be introduced. The interposer includes a 
significant number of TSVs (Through Silicon Vias) for the high speed signals. 
Technology requirements and manufacturing processes to support 28Gb/s SerDes 
application will be presented.  It is imperative that the signal path including the interposer 
is accurately modeled over the high frequency operating range by considering all those 
requirements before design optimization.  Detailed design optimization for the interposer 
has been performed to find optimum design rules by taking into consideration 
manufacturability and parasitic effects of the TSV’s from DC to high frequency, which 
can cause major performance degradation.  
We will also introduce a package design methodology for 28Gb/s SerDes signal support. 
The package material selection to minimize dielectric loss and trace design to minimize 
copper/surface roughness loss for the package substrate is very important. In addition, the 
design topologies to minimize signal loss, reflection loss and crosstalk will be presented. 
Package and PCB design co-optimization is very important to minimize reflections from 
solder ball interface. Any single mismatch in the very high speed system can result in the 
significant closure of the eye diagram. 
Once full channel analysis has been performed including the optimized silicon interposer 
model on top of a low loss package substrate and PCB model, the simulation data is then 
compared to the measured 28Gb/s eye diagram, showing very good correlation. The 
proposed optimized channel system enables high performance signaling and great 
visibility of 28Gb/s SerDes enabled FPGA products.   
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Introduction:  World’s First Single-FPGA Solution for 
400G Communication  
To address the insatiable demand for more bandwidth, the telecommunications industry is 
accelerating development of Nx100G and 400G line cards for communication systems. 
These systems will leverage new optical interconnect standards to address power density 
and thermal management issues attendant with scaling the capacity of existing 
infrastructure. A critical component of the solution is 28 Gb/s electrical interfaces that 
increase port density and reduce power per bit. Xilinx is responding to the demand for 
more bandwidth with two key developments. The first is high-fidelity 28 Gb/s transceiver 
technology that meets the stringent requirements of next-generation communication 
systems. The second is 28 nm Virtex®-7 HT FPGAs that integrate an unprecedented 16 x 
28 Gb/s and 72 x 13.1 Gb/s transceivers with logic, memory, and I/O resources that 
enable the first silicon device (FPGA or otherwise) to support 400G line cards and the 
industry’s largest single-FPGA solution for Nx100G line cards. 
The CEI-28G specification guiding the development of 28G networking imposes 
extremely tight jitter budgets (0.30 UI) on system designers building 28G chip-to-optics 
interfaces. Xilinx® GTZ 28 Gb/s transceivers are designed to deliver superior jitter 
performance. This begins with the phase-locked loop (PLL), which is based on an LC 
tank design. To ensure maximum design flexibility along with best jitter performance, 
Virtex-7 HT FPGAs employ a modular, multirate transceiver architecture that provides 
improved noise immunity. Unique clocking, clock distribution, and PLL design 
minimizes jitter across multiple transceivers. Additional design features minimize lane-
to-lane skew to support tough optical standards like Scalable SerDes Framer Interface 
(SFI-S) that limit acceptable skew to 500 ps. Creating a single transceiver design that can 
support line rates spanning the range from 19.6 Gb/s to 28.05 Gb/s while meeting 
demanding jitter requirements. [1] 
To enable 28 Gb/s transceiver operation, Xilinx has employed many innovative 
techniques for circuits and systems. Virtex®-7 HT FPGAs use Stacked Silicon 
Interconnect (SSI) on the low loss package substrate material. Channel loss, reflection 
loss and crosstalk noise are critical factors that determine system performance at this very 
high speed. Any single mismatch in the channel can result in the significant closer of the 
eye diagram. A system design methodology including the silicon interposer and package 
that minimizes loss due to attenuation, reflection and crosstalk will be introduced in this 
paper. 
 
 
Overview of Stacked Silicon Interconnect Technology  
FPGA-based solutions can provide the system-level functionality currently delivered by 
ASICs and ASSPs. The requirements for a viable solution include increased capacity, 
lower power, and higher bandwidth. The most aggressive adopters of FPGA technology 
are eager to employ the highest capacity and bandwidth device of a new FPGA 
generation. However, the challenges of building large FPGAs early in the production life 
cycle can limit the ability to supply the volumes of devices because at the early stages of 
a new process node, when defect densities are high, die yield declines dramatically as die 
size increases. To address these issues, Xilinx has introduced stacked silicon interconnect 



technology to provide a modular and highly manufacturable method to build high gate 
count and resource-rich FPGAs [2]. The enabling technologies in stacked silicon 
interconnect technology are silicon interposer with high-density interconnects, through 
silicon vias (TSVs), and fine-pitch micro-bumps. These technologies make it possible to 
manufacture FPGAs that offer bandwidth and capacity exceeding that of the largest 
possible monolithic FPGA die with the manufacturing and time-to-market advantages of 
smaller die.  
The stacked silicon interconnect technology has been leveraged to integrate multiple 
FPGA slices side-by-side on a passive silicon interposer (Figure 1).  The key innovation 
is to augment the standard I/Os with thousands of die-to-die connections through passive 
traces fabricated on the silicon interposer. This approach provides high connectivity 
(more than ten thousand connections between two dice) and low latency (~1nS) without 
incurring the power penalty of traditional I/O structures. The integrated dice appear to the 
designer as a single, ultra-high-capacity, monolithic FPGA. 
 

  
 
Figure 1.  FPGA slices are bonded to a silicon interposer that provides high-bandwidth, 
low-latency interconnections; through-silicon vias and C4 bumps create connections to 
system I/O, power, clocks and other signals through the package substrate. 
 
There are two key modifications that enable stacked-silicon integration. First, each slice 
carries its own clocking and configuration circuitry to enable independent operation. 
Then each slice undergoes additional processing steps to fabricate microbumps that 
attach the die to the silicon substrate. These microbumps provide connections directly 
into the FPGA’s logic array, bypassing the traditional parallel and serial I/O circuits. It is 
this innovation that enables connections in far greater numbers, with much smaller 
latency, and much less power consumption than is possible using traditional I/Os.  The 
second innovation is the passive silicon interposer that acts as the “glue” that 
interconnects the FPGA dice. It is built on a low-risk, high-yield 65nm process and 



provides four layers of metallization for building the traces that connect the logic regions 
of multiple FPGA slices. The third innovation is the through-silicon vias (TSVs) and C4 
solder bumps that mount the FPGA/interposer stack-up on a high-performance package 
substrate using flip-chip assembly techniques. The coarse-pitch TSVs provide the 
connections between the package and the FPGA for the parallel and serial I/O, 
power/ground, clocking, configuration signals, etc. These stacked-silicon FPGAs break 
through the limitations of monolithic FPGAs, extending their value to create super high 
capacity FPGAs with unmatched chip-to-chip bandwidth.  
However, this stack-silicon FPGA approach requires silicon interposer with TSV which 
does not exist in conventional monolithic FPGAs. Although the silicon interposer is only 
a hundred micron thick, we need to design it carefully because the conventional TSV 
design may be a limiting factor in the critical data path due to high capacitive loading and 
crosstalk caused by a lossy silicon substrate. For high frequency applications like the 
28Gb/s SerDes, failure to consider high frequency effects of TSV will degrade the 
rise/fall time, increase crosstalk, increase noise injection, and cause significant 
performance degradation of the signal transmitted on a high speed channel.   
 
 

Silicon Interposer: Electrical Modeling, Simulation, 
Characterization and Optimization  
Recently, many good studies have been published so far to model through-silicon-via 
(TSV) structures [3] [4] [5]. Full 3D EM field solver was used to model the silicon TSV 
interposer accurately over high frequency. A broadband S-parameter model was 
generated with an upper frequency limit of 50GHz to support a high speed digital system 
simulation. The interposer consisted of the TSV, some metal layers for die-to-die 
connection, micro-bumps and C4 bumps. Die was attached to the interposer with micro-
bumps. All those components were incorporated into the model to predict actual 
interposer performance in the system. Since the measurement is limited in the number of 
ports, an initial step was to generate a model with a few TSVs to verify and correlate the 
simulation model with measurement data. Once the simple TSV model, as shown in 
Figure 2 (a), is correlated with the measurement, the model was expanded by adding 
multiple TSV’s (Figure 2 (b)). This multiple port TSV s-parameter model was useful in 
analyzing TSV-to-TSV coupling as well as signal transmission.  

           
                      (a)                                                                 (b) 
Figure 2.  (a) Simple TSV model        (b) Multi-port TSV model 



 
A TSV interposer test vehicle was fabricated for measurement and verification. Various 
TSV test structures were characterized across wide frequency ranges. The TSV is a tiny 
structure (less than 100um tall) and is very difficult to measure. De-embedding 
microprobe effects is very important for frequency domain vector network analyzer 
measurement. First of all, the microprobe calibration was performed to move the 
reference plane to the end of microprobe. Residual contact resistance and inductance 
must still be considered. Depending on the metallization of the probe tip and the surface 
of the pad, residual, uncompensated resistive impedance term on the order of 10~100 
mOhm due to contact resistant can be present. The flexing or over-travel of the 
microprobe will result in uncompensated, residual inductance of as much as 100pH. To 
overcome this limitation, the 2-port VNA technique was used.  [6] 
The 2-port VNA technique eliminates the residual contact resistance and inductance. 
However, mutual magnetic coupling between probes still exists if probes are located face 
to face in close proximity. To improve high frequency measurement accuracy, 90 degree 
orthogonal probing was used to cancel the magnetic field coupling from the two probes 
as shown in Figure 3. This resulted in improved measurement especially for higher 
frequencies (>5GHz).  [7] 
 

           
                   (a)                                                                (b)                   
Figure 3.  90 degree 2-port VNA orthogonal probing method to eliminate residual contact 
resistance, flexing or over-travel inductance, and mutual magnetic field coupling effect. 
(a) measurement (b) simulation 
  
Since the focus is in multi-gigabit operation with the interposer, the model must support 
and have a good agreement for frequencies up to tens of gigahertz. The measured data 
was compared with simulation results. Figure 4 shows the comparative results of 
effective capacitances which were extracted from OPEN test structures. Two different 
silicon substrates were fabricated to compare the silicon substrate resistivity effect. One 
test interposer sample had a 10 ohm-cm silicon resistivity substrate representative of a 
normal silicon resistivity and the other test interposer sample had a 20 ohm-cm silicon 
resistivity substrate which is two times higher than the normal silicon resistivity.  
In Figure 4, the dotted traces represent the measured data and the solid traces represent 
the simulated data. Green and pink traces represent effective capacitance and 
conductance value over frequency from the 10 ohm-cm silicon resistivity substrate. Blue 
and red traces represent effective capacitance and conductance over frequency from the 



20 ohm-cm silicon resistivity substrate. It shows good agreement between the measured 
and simulated results. Another structure was fabricated for correlation through the 
transmission structures consisting of two TSVs and top metal to make the connection. 
S21 insertion loss and S11 return loss was measured and compared with simulation as 
shown in Figure 5. They also show very good correlation. From these measurement and 
simulation results, we conclude that the silicon interposer with 20 ohm-cm high 
resistivity silicon substrate provides much better performance in terms of loss and 
capacitance for signals and is more appropriate for very high speed signaling for 
applications such as the 28Gb/s Serdes.  
 

  
                                 (a)                                                                    (b) 
Figure 4.  (a) Effective capacitance correlation[fF] (b) Effective conductance correlation;  
Dotted green trace – Measurement of silicon interposer with 10 ohm-cm resistivity 
silicon substrate, Solid pink trace – Simulation of silicon interposer with 10 ohm-cm 
resistivity silicon substrate, Dotted red trace – Measurement of silicon interposer with 20 
ohm-cm resistivity silicon substrate, Solid blue trace – Simulation of silicon interposer 
with 20 ohm-cm resistivity silicon substrate  
 

        
                     (a)      (b) 
Figure 5.  (a) Insertion Loss correlation [dB]  (b) Return Loss correlation [dB];  Through 
transmission structure using two TSVs: Dotted green trace – Measurement of silicon 
interposer with 10 ohm-cm resistivity silicon substrate, Solid pink trace – Simulation of 
silicon interposer with 10 ohm-cm resistivity silicon substrate, Dotted red trace – 
Measurement of silicon interposer with 20 ohm-cm resistivity silicon substrate, Solid 
blue trace – Simulation of silicon interposer with 20 ohm-cm resistivity silicon substrate 



Package Design for Ultra Low Loss:  Low Temperature 
Co-Fired Ceramic (LTCC) Package Substrate 
Once the silicon interposer was optimized, the package design has to be evaluated to 
minimize channel loss and reflection. The package substrate could be a major source of 
losses from discontinuities, dielectric loss, skin effect and surface roughness loss due to 
narrower trace width, long and different size of vias, solder balls and etc. Low 
Temperature Co-Fired Ceramic (LTCC) package substrate was used to minimize loss and 
discontinuity. Since ceramic material is a low loss tangent dielectric material, it has lower 
dielectric loss compared to organic material. In addition, relatively wider traces for 
signals are used to maintain impedance in ceramic dielectric material because the relative 
permittivity (Er) of ceramic is usually much higher than that of organic material. So, 
ceramic material has the advantage of less copper loss including skin effect loss and 
surface roughness loss. Therefore, signal traces in a ceramic substrate will have much 
better electrical performance than signal traces in an organic substrate in terms of loss. 
Moreover, the ceramic package has an advantage of minimizing via reflection because a 
different size of vias for the core is not needed. Instead, the same size via is used all the 
way through to the bottom pin pad. Simulation and measurement was performed to 
evaluate the ceramic dielectric material performance. 
Figure 6 shows the simulation results as an s-parameter plot from a full 3D EM 
simulation to compare signal losses in ceramic and organic substrates. The models were 
extracted from actual production package substrates including C4 bumps, signal traces, 
micro-vias, core-vias, via pads and solder balls. The organic material was ABF-GX13 
and the measured frequency dependant material property was used for simulation. The 
red traces in these figures represent trace loss in the ceramic material and the blue traces 
in these figures represent trace loss in the organic material. The dotted traces and solid 
traces represent the shortest channel length (~8.5mm) and the longest channel length 
(~15.0mm), respectively. The worst case of ceramic material differential insertion loss 
was -1.09dB at 14GHz frequency and -2.88dB at 30GHz frequency while the organic 
material differential insertion loss was -2.04dB at 14GHz and -7.55dB at 30GHz 
frequency. The overall channel loss of ceramic substrate was much lower than the 
channel loss of organic substrate as shown in these figures.  
 

      
    (a)        (b) 
Figure 6. S-parameter plot for ceramic vs organic substrate loss comparison in package 
substrate; Red trace – organic material, Blue trace – ceramic material, Dotted trace – 



short channel, Solid trace – long channel  (a) Differential Insertion Loss – Sdd12 [dB]  
(b) differential Return Loss – Sdd11 [dB] 
 
Another important electrical performance factor for high speed signaling is crosstalk. The 
package design was optimized to achieve a -50dB level of differential pair-to-pair 
crosstalk isolation from the package. First, inter-pair spacing between differential pairs 
was increased.  Having a wider trace width in ceramic substrate is better for reducing 
signal loss but increases the crosstalk because the distance between the signal trace and 
the plane is increased as well to maintain the trace impedance. The electrical field 
between the signal trace and the plane has less coupled in comparison to the thin 
dielectric case. 2.5*width pair-to-pair separation is not enough to achieve -50dB 
differential crosstalk. Increasing the spacing to 8*width, the differential pair to pair 
crosstalk improves significantly as shown in Figure 7 (a) near end crosstalk (NEXT) and 
Figure 7 (b) far end crosstalk (FEXT).   
 

         
   (a)       (b) 
Figure 7. Differential trace pair to pair crosstalk comparison in the ceramic package; Red 
trace – 2.5*width separation, Blue trace – 8*width separation  (a) Near End Crosstalk 
[dB] (NEXT)   (b) Far End Crosstalk [dB] (FEXT) 
 
The crosstalk from differential vias is also important. Via locations for differential pairs 
are usually determined by die pad and package pin location. So, the die pad and package 
pin definition are a very important step in determining the package’s electrical 
performance. The various cases for differential via locations were simulated and Figure 8 
shows some of results from changing the package differential signal pin location. A full 
3D EM solver was used for differential via crosstalk simulation.  Near end crosstalk 
(NEXT) and far end crosstalk (FEXT) between differential via pairs are shown in Figure 
8 (a) and (b), respectively. The red trace represents the case without a ground pin 
between the signal pairs. The blue trace represents the case with one ground pin between 
the signal pairs. The green trace represents the case with two ground pins between the 
signal pairs. At least one pin apart between the differential signals is required to achieve -
50dB level of crosstalk as shown in this figure. 
 



 
   (a)      (b) 
Figure 8. Differential trace pair to pair crosstalk comparison of ceramic substrate; Red 
trace – no ground via between the signal vias,  Blue trace – one ground via between the 
signal vias,  Green trace – two ground vias between the signal vias  (a) Near End 
Crosstalk [dB]  (NEXT)   (b) Far End Crosstalk [dB] (FEXT) 
 
 

Package and PCB Interface Design 
High speed links in a single FPGA provide significant design flexibility and aid in 
reducing design time and cost. At the same time, the package becomes physically larger 
and more complicated. One of the most important areas of concern is the package to 
board transition region. Many system designers do not consider the significance of the 
interface between a BGA package and a PCB board. This interface can cause significant 
loss in the channel response. For multi-gigabit serial data channel simulation, most design 
engineers will normally concatenate the package model with the PCB channel model 
provided by the manufacturing vendors. Piecing these two models together to form a full 
channel model leaves out the solder interface between the package and the PCB. Even 
though the package model may already consider the solder ball, the solder ball shape will 
be changed when the BGA package is soldered down to the PCB. Prior to mounting on 
the PCB, the solder ball has a spherical shape but it changes into a more cylindrical shape 
after mounting on the board.  Figure 9 demonstrates solder ball shape changes for three 
different package sizes. Bigger packages usually have bigger solder balls to insure 
mechanical reliability. As you noticed, the solder balls are no longer maintaining their 
original shape but become distorted. The solder ball diameter is increased and the solder 
ball height (stand-off) is decreased after mounting.  
 

                
      (a)           (b)              (c) 
 



(a) 17 x 17 mm  (b) 35 x 35 mm (c) 42.5 x 42.5mm 

Stand Off Diameter Stand Off Diameter Stand Off Diameter 

327.6um 615.9um 420.6um 666.3um 365.3um 748.7um 

Figure 9. Solder Balls between Substrate and PCB after Mounting    (a) 17mm x 17mm 
BGA  (b) 35mm x 35mm BGA  (c) 42.5mm x 42.5mm BGA 
 
This phenomenon causes additional parasitics in a channel. Notice in Figure 9, the solder 
ball becomes larger than the BGA solder pad on the PCB after mounting. The distorted 
solder ball with pad and the nearby ground plane layer on both the package substrate and 
the PCB create additional capacitance which degrades overall system performance by 
adding more reflections and jitter due to the impedance discontinuity.  Figure 10 shows a 
TDR simulation that investigates changing the solder ball size and shape in the interface 
area. X-axis is time and y-axis is the reflective waveform voltage. In this TDR graph, a 
deeper valley represents a more capacitive characteristic and a shallower valley 
represents a less capacitive characteristic. As you can see, the capacitance is varying 
significantly due to changes in solder ball shapes. In this particular case, 0.16mm bigger 
diameter solder ball results in approximately a 15ohm differential impedance drop in the 
interface area.  
 

 
Figure 10.  TDR Simulation with Various Solder Ball Size     
 
Impedance changes due to board mounting were also verified by full-wave 3D EM field 
simulation. A similar study has been performed previously [8].  The BGA package and 
the PCB board were individually simulated using a full-wave 3D EM field solver. Each s-
parameter model from simulation was concatenated into a circuit simulator, HSPICE or 
ADS, to generate a set of cascaded s-parameters. Afterwards, the BGA package was 
attached to the PCB board in the full-wave 3D EM field solver and a composite model 
was generated. The full-wave 3D EM field extraction was performed on the composite 



BGA/PCB structure to generate s-parameters. The s-parameters from the different 
methods were compared to investigate the differences.  
 

      
(a)    (b) 

Figure 11. Concatenated Model vs. End-to-End Combined Model: Solid Red Line – 
Combined Model, Dash Blue Line – Concatenated Model, Dot Pink Line – Concatenated 
Model with Solder Ball Shape Change (a) Differential Return Loss [Sdd11]   (b) 
Differential Insertion Loss  [Sdd21]          
                        
The s-parameters in Figure 11 show a clear difference between the models.  The left 
graph of s-parameters is a differential return loss graph and the right graph of s-
parameters is a differential insertion loss graph.  The solid red line represents a package 
substrate and a board combined into one model in a simulator and the blue dashed line 
represents a concatenated model, which is a package substrate and board simulated 
separately and then cascaded in the circuit simulator, without considering of the solder 
ball shape changes. As you can see in the figure, the concatenated model has a much 
better performance because the model does not include additional capacitance caused by 
solder ball shape changes. Then, next consideration is the solder ball shape changes in the 
concatenated model. The dotted pink line in the figure shows this.  The results correlate 
more closely to the combined model now, although not perfectly matched. This is due to 
the additional capacitance between the solder ball (bigger than PCB solder pad) and the 
PCB ground plane (underneath PCB solder pad) which was not considered in the 
concatenated model even though the solder ball shape changes were taken into account. 
The simulation would need to consider all of these effects to achieve better accuracy.  
Multiple techniques can be used to compensate for the capacitance from solder ball 
transition. Cutting the ground plane in the area around the interface as shown in Figure 12 
is commonly used compensation technique utilized in the industry today. Since capacitive 
parasitics are so significant for a large package, cutting multiple ground plane layers for 
both package substrate and PCB may be required.  Other compensation structures like the 
spiral via structure in the package can also be used but the wave length is too short for 
even this high frequency, so we need to be careful in using it due to the cut-off frequency 
limitation. [9] 
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Figure 12. Cutting Ground Planes on Both Package Substrate and PCB 
 
 

System Simulation using SSI, LTCC Package and PCB 
model 
After the silicon interposer, package, PCB and the interface design were optimized, full 
system simulations were performed. Higher silicon substrate resistivity of 20 ~ 30 ohm-
cm is chosen to be used for the passive interposer. On the other hand, the technology of 
manufacturing packages and PCBs are evolving simultaneously such as LTCC (Low 
Temperature Co-Fired Ceramic) package and low loss PCB material. In addition, the 
capability of transceiver is another degree of freedom of channel design. Therefore, it is 
worthwhile to investigate if the equalization functions available in SerDes transceiver can 
be exerted to compensate the degraded eye and BER bathtub. 
In the channel simulation, models of the 11.4mm LTCC package and a 6 inch Megtron6 
signal trace were generated. Then, two interposers with silicon substrate resistivity of 20 
and 30ohm-cm were added to investigate the impacts on SerDes signal transmission. To 
visualize their impacts on the package plus board channel in the frequency domain, the 
differential transmitted s-parameters versus frequency are overlaid on the same plot as 
shown in Figure 13. 
 

 



 
Figure 13: Differential insertion loss Sdd21 [dB]. All the curves are based on the same 
packages (2 packages for TX and RX) and PCB (1 board) models with silicon interposers 
having silicon resistivity of 20 and 30 ohm-cm. The blue curve represents the default 
channel having two 11.4mm packages and one 6 inch package but without interposer. 
The green curve represents the one including two (TX and RX) extra 30ohm-cm 
interposers on top of default channel. The red curve represents the one including two 
extra 20ohm-cm silicon interposers on top of default channel. 
 
A test bench for channel simulation is shown in Figure 14. On this test bench, two data 
rates, 13 Gb/s and 28 Gb/s are used to test the channels. The SerDes transceiver operating 
conditions are set in the following description and also summarized in Table 2. 
1. Transmitter Jitter:  The transmitter jitter setup for both data rates mimics the same 
ratio of 10GBased-KR [10], which is 0.035 UI for DCD (Duty-Cycle-Distortion), 0.115 
UI for peak-to-peak PJ (Periodic Jitter), and 0.13 UI for peak-to-peak RJ (Random Jitter 
@ BER=10-12). 
2. Receiver Jitter: DJ (Deterministic Jitter) and RJ are set to 8 ps and 0.7 ps for 13 
Gb/s test case, and 4 ps and 0.35 ps for 28 Gb/s test case. 
3. Receiver noise is set to 5.2 mV for both 13 Gb/s and 28 Gb/s test cases, which 
also mimics 10GBased-KR [10]. 
4. Equalization for 13 Gb/s test case: Since the channel composed of 2 packages and 
1 PCB is optimized for short reach, the scenario of no equalization can be used here. For 
comparison purposes, the case with 3-tap DFE were turned on at receiver side and the 
coefficients of DFE were self-adapted to different interposers (channels). Differences in 
performance were monitored using eye-diagram or BER bathtub.  
5. Equalization for 28 Gb/s test case:  The equalization functions of 3-tap FFE (pre-, 
main-, and post-cursor) at transmitter, linear equalizer [11], and 3-tap DFE are all turned 
on to adapt to the cases of without interposer and the cases with different interposers 
(channels). 
 
 

 
Figure 14:  The test bench used to test the channel of “TX silicon interposer => LTCC 
package => Megtron6 PCB => LTCC package => RX silicon interposer” with 28 Gb/s 
data signaled with 3-tap FFE (at Tx side), CTLE, and 3-tap DFE (at Rx side). 



 
Table 2:  Setup conclusion for SerDes signal used to test the different combinations of the 
channels 
 
At this time, the concept of linear equalization is worth mentioning. As shown in Table 2, 
the linear equalizer is enabled only when using test signal of 28 Gb/s but not for 13 Gb/s. 
This is because for the optimal short reach channel, the receiver does not see the long tail 
issue for 13 Gb/s signal, whereas the 28 Gb/s signal will see it. To verify this, a basic 
CTLE (Continuous-Time Linear Equalizer) with transfer function [11] shown as 
Equation (1) was applied at the receiver input for both 13 Gb/s and 28 Gb/s cases. The 
process of sweeping parameters for the 1st pole frequency (fp1) and the correspondent 
DC suppressed gain (Gain dc_suppressed) that results in a maximum vertical eye opening 
is shown as Figure 15 (a). Along with the parameter sweeping process, the plots of Figure 
15 (b) and 15 (c) recorded the equalizer’s design parameters and performance indexes (x-
y eye opening) for the cases of 13 Gb/s and 28 Gb/s respectively. From Figure 15 (b) and 
15 (c), the DC suppression begins having an effect when the 1st pole frequency set to 
0.125 of data rate. However, in Figure 15 (b), the normalized resultant (to the case of no 
linear equalizer) eye opening in the x-direction does not show any significant 
improvement for the 13 Gb/s case. The y-direction opening is even worse (normalized 
number < 1) than without linear equalization. On the contrary, Figure 15 (c) shows a 
healthy improvement after DC suppression is optimized and shows a maximum opening 
in both x- and y-directions when the 1st pole frequency is set to 0.05 of the data rate. This 
explains why CTLE must be enabled for the 28 Gb/s case, and not for the 13 Gb/s case. 
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Figure 15: (a) The way of figuring out the optimal setting for linear equalizer. (b) & (c) 
The optimal DC suppression gain, correspondent x-and y-opening of the eye diagram 
when lowering down the 1st pole frequency of the linear equalizer. 
 
The testing results are overlaid in the bathtub plots of Figure 16. In Figure 16(a), the red 
curves show the bathtub BER plot without turning on any equalization and the result 
shows the interposer can bring down the eye opening@ BER=1e-14 from 0.5543UI 
(without interposer) to 0.5441UI (for 30 ohm-cm interposer) and 0.5082UI (for 20 ohm-
cm interposer). The blue curves show the bathtub BER plot with 3-tap DFE turning on at 
receiver side and result shows the 20 ohm-cm interposer can bring down the eye 
opening@ BER=1e-14 from 0.67UI (for without interposer and 30 ohm-cm interposer) to 



0.66UI (for 20 ohm-cm interposer). Therefore in this simulation, two conclusions can be 
drawn. The adaptable 3-tap DFE is capable enough to make 30 ohm-cm interposer almost 
identical as no interposer case and the adaptable 3-tap DFE not only increases the eye 
opening, but also reduced difference between the cases of “without”, “30 ohm-cm 
interposer”, and “20 ohm-cm interposer”. With the same conclusion made previously, it 
is also applicable to 28 Gb/s case shown as Figure 16(b), even though the applied 
equalization scheme (3-tap FFE, CTLE, and 3-tap DFE) for 28 Gb/s case is different 
from the one for 13 Gb/s case. The other conceivable fact is it requires more equalization 
for 28 Gb/s case to bring the eye opening close to 13 Gb/s, whereas the difference 
between cases of without or with interposer of different resistivity is large if no 
equalization is turned on for 28 Gb/s case. 
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Figure 16: (a) The overlaid channel bathtub BER curves without equalization (in red) and 
with equalization (in blue) for 13 Gb/s date rate  (b) The overlaid channel bathtub BER 
curves without equalization (in red) and with equalization (in blue) for 28 Gb/s date rate 
 
 

Eye Diagram Measurement 
Finally, the measurements were made using the 28Gbps test chip transmitter as the signal 
source. The data was transmitted as a PRBS-7 pattern at 28Gbps through the silicon 
interposer, the package substrate, the PCB traces, the SMA connectors, SMA cables to 
the real time oscilloscope as shown in Figure 17. The printed circuit board traces were 
routed as a differential stripline with a 20 mil trace width and 20 mil gap. The dielectric 
material had a dielectric constant of 3.38 and dissipation factor of 0.003. The length of 
the PCB trace was 3.1 inches. The cables were Huber-Suhner Sucoflex® 104E cables that 
were 1 meter in length with SMA connecters at each end. The oscilloscope was an 
Agilent DSA-X 93204A real time scope. The internal clock recovery function of the 
scope as used to generate the internal display triggering. The clock recovery function was 
setup with a second order loop filter with a bandwidth of 15MHz and a dampening factor 
of 1.00.  With this scope setup, the signal was measured with amplitude of 923mVdpp 
and 6.25pS of total jitter was measured with a random jitter component of 230 fS.  This 
represents 0.175UI of total jitter with a BER 10E-12. Figure 18 shows the comparison 
between simulated eye diagram and measured eye diagram. They are well correlated with 
simulation result.    
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                              Figure 17.  Hardware measurement test setup 
 
 



       
    Figure 18.  Simulated eye diagram and measured eye diagram comparison 
 
 

Conclusion 
To enable 28 Gb/s transceiver operation, channel loss, reflection loss and crosstalk noise 
are critical factors to determine system performance at this very high speed. Our FGPA 
channel includes a stacked silicon interconnect (SSI), low loss package and PCB. A new 
concept of a stacked silicon interconnect (SSI) in an FPGA system was introduced and 
carefully modeled and characterized over high frequency. The design topologies to 
minimize signal loss, reflection loss and crosstalk in package were presented. Package 
and PCB design co-optimization is very important to minimize reflections from solder 
ball interface. Full channel analysis has been performed including an optimized silicon 
interposer model on top of a low loss package substrate and a PCB model. The simulation 
data is then compared to the measured 28Gb/s eye diagram and shows very good 
correlation. The proposed optimized channel system enables high performance signaling 
and greater visibility of 28Gb/s Serdes FPGA products.   
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