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Abstract—2.5D integration is becoming a common method of
tightly integrating heterogeneous dice with dense interconnects
for efficient, high-bandwidth inter-die communication. While this
tight integration improves performance, it also increases the
challenge of heat extraction by increasing aggregate package
powers and introducing thermal cross-talk between adjacent dice.
In this work, a microfluidic heat sink is used to cool a 2.5D
Stratix 10 GX FPGA consisting of an FGPA die surrounded
by four transceiver dice. The heat sink utilizes a heterogeneous
micropin-fin array with micropin-fin densities which are tailored
to the local heat fluxes of the underlying dice. Enabled through
a 3D-printed enclosure for fluid delivery, the assembled heat
sink has a total height of 6.5 mm, including the tubes used for
fluid delivery. The heat sink is tested in an open loop system
with deionized water as a coolant and thermal performance is
compared against a high-end air cooled heat sink. Improvements
in die temperatures, computational density, and thermal coupling
between dice are observed. The effect of the FPGA power on
the surrounding transceiver die temperatures was reduced by a
factor of 10× to over 100× when compared with the air cooled
heat sink.

Index Terms—microfluidic cooling, micropin-fin, FPGA,
transceiver, EMIB, 2.5D

I. INTRODUCTION

Interconnection has become a bottleneck in computing
performance and efficiency at every level of integration. While
the solution to this problem is decreasing interconnect length
and increasing system density, the ability to remove heat al-
ready limits this approach. Computational density is primarily
limited by the large volume of air that must be used to capture
heat with a reasonable increase in temperature.

By switching to a liquid coolant, such as water, which has
a volumetric heat capacity which is more than 3000× higher
than that of air (close to standard temperature and pressure),
the necessary volume for heat exchange and fluid delivery
can be dramatically decreased. In addition to enabling higher
density at the die-level in this fashion, microfluidic cooling
can be applied at the package level to enable high density
stacking of printed circuit boards (PCBs).

For example, high power computing accelerators are often
integrated onto boards and connected to a main PCB through
peripheral component interconnect express (PCIe) slots. The
air cooled heat sink is the largest component on the board
and limits the pitch at which the boards can be mounted,

and therefore the number of accelerator boards that can be
integrated into a single computer/server.

In addition to addressing the challenge of decreasing heat
sink volume, these heat sinks must be able to address the needs
of modern high power packages. These high power accelerator
packages no longer include a single monolithic die, but several
dice mounted in close proximity to one another, usually with
an interposer or embedded bridge chips for high bandwidth
interconnection [1]–[4]. These dice implement heterogeneous
functionalities and may exhibit significant thermal coupling
through their shared heat spreader [5].

As microelectronics transition from monolithic dice to
large packages of heterogeneous chiplets, heat sinks can also
be modified to match these heterogeneous designs. A low
cost polymer manifold can be used to assemble microfluidic
cooling chiplets to construct a large heterogeneous heat sink
that can be attached to a 2.5D heterogeneous collection of
chiplets. Alternatively, electrically functional chiplets could
be assembled in a plastic (or similar) manifold. Bridge chips
or interposers could be flip chip bonded to the chiplets,
followed by the package substrate. Chiplets could either be
etched, or jet impingement cooling could be used to obtain
a substantial heat transfer coefficient across the backside of
unetched dice. Alternatively, these cooling chiplets could be
combined into a single heterogeneous micropin-fin heat sink
which is attached to the backsides of the dice, the approach
taken in the following work.

Prior work has successfully used heterogeneous micropin-
fins as a means of normalizing heterogeneous power maps.
By increasing the micropin-fin density proportionally to the
underlying heat flux, the authors were able to reduce the
temperature across a 500 µm × 500 µm hot spot to match the
average surrounding temperature of a 1 cm × 1 cm test chip
producing a heat flux of 250 W/cm2 [6], [7]. This concept
is extended in this work to address package-level heat flux
and temperature heterogeneity across multiple dice in a 2.5D
package.

In this work, a silicon micropin-fin heat sink is designed
and fabricated to cool a Stratix 10 GX field-programmable
gate array (FPGA) consisting of five heterogeneous dice. The
micropin-fin geometry is locally varied to match the heat flux
of the underlying dice. The silicon micropin-fin heat sink is
embedded in a 3D-printed plastic piece which seals the top
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Fig. 1: Cross-sectional diagram of micropin-fin heat sink for
2.5D package

Fig. 2: Stratix 10 ES development board

of the silicon micropin-fins and connects the heat sink to inlet
and outlet tubing. A conceptual cross-sectional diagram of the
heat sink concept can be seen in Fig. 1.

II. EXPERIMENTAL SETUP

The experiments in this work were carried out using a
Stratix 10 engineering silicon (ES) development kit from
Intel. A photograph of the board can be seen in Fig. 2. The
board carries a Stratix 10 GX FPGA which is a 2.5D device
consisting of a 14 nm FPGA core die surrounded by four
transceiver dice, connected through Intel’s embedded multi-die
interconnect bridge (EMIB). A photo of a delidded package
can be seen in Fig. 3a.

Each transceiver tile (die) contains 24 transmitters and re-
ceivers, for a total of 96 in the package. Each receiver requires
a dedicated reference clock connected directly through the
package to the transceiver tile on which it resides. The Stratix
10 ES development board only has reference clocks connected

(a) Delidded Stratix 10 FPGA
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(b) Stratix 10 FPGA die layout

Fig. 3: Stratix 10 GX package

to three of the four transceiver tiles, so only three of the four
transceiver tiles are used in this work.

A. FPGA Benchmark Application

The benchmark program used in this work was designed
to mimic a high power use case of the FPGA. It consists
of a portion which dissipates power on the FPGA, and a
portion which dissipates power on the transceivers. The core
of the design consists of a streaming fast fourier transform
(FFT) block followed by six first-in, first-out (FIFO) buffers
operating on random inputs hard coded into the FPGA. This
design is implemented on the FPGA through a combination
of programmable logic blocks and digital signal process-
ing (DSP) blocks. Much of the computational throughput
as well as power dissipation comes from the FPGA’s DSP
blocks, which perform arithmetic operations on floating point
operands. The FFT core was replicated 160 times across the
FPGA and clocked at 475 MHz. The clock (and power) could
be raised higher, but the voltage regulator modules (VRMs)
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on the board are only designed to supply a maximum of
100 A of current on the VCC rail, causing instability when the
FPGA was clocked at significantly higher frequencies. Even
at 475 MHz, the FPGA used well over 100 A on the VCC rail
and air was therefore blown over the VRMs to prevent them
from overheating during experiments.

In addition to this FFT design, 72 transceiver channels were
utilized to dissipate power on three of the four transceiver tiles.
Each of the 72 transceiver channels were programmed to run
in enhanced physical coding sublayer (PCS) mode with serial
loopback enabled. This design was modified from a publicly
available design from the Intel FPGA Wiki [8]. The maximum
data rate within the Intel transceiver intellectual property (IP)
for the GX series of Stratix 10 FPGAs is 16 Gbit/s per channel,
but the transceiver clocks were increased during runtime to
overclock the transceivers to a data rate of 22 Gbit/s. The future
Stratix 10 TX FPGA will be available with up to 56 Gbit/s of
bandwidth per channel and will likely dissipate even more
power.

One temperature sensor on each die is read using a Nios II
soft processor on the FPGA which feeds these numbers back
to an attached computer for logging. Voltage and current on
the power rails of the board were measured through on-board
sensors which interface to a board test system (BTS) interface
that comes with the development board.

The board has six power rails which can be monitored
in the BTS interface. For power estimates, it was assumed
that two of these rails represent power dissipated on the
FPGA tile, while the sum of the remaining rails was assumed
to be the power dissipated equally across the transceiver
tiles. More granular, die specific power measurement is not
possible because the individual dice within the package are not
connected to independent power rails. Therefore, it was further
assumed that the transceiver tiles dissipate identical amounts
of power when running identical transceiver configurations.
In actuality, there will be manufacturing variations across
dice, but this assumption allowed for the estimation of power
dissipation on each die for the purposes of heat sink design.

III. HEAT SINK DESIGN

Baseline power and temperature measurements were first
made on the development board with the air cooled heat
sink. First, power was measured before loading the benchmark
design, with the clocks disabled to estimate leakage power and,
in particular, the power dissipated on the unused transceiver
die. Next, the benchmark application was loaded onto the
FPGA and power and temperature were measured across the
FPGA and three active transceiver dice. These initial measure-
ments were made without waiting the full stabilization period
used for the air cooled measurements reported later, which
brought die temperatures closer to the temperatures observed
with microfluidic cooling. As will be shown, this initial power
estimate, which was used to design the microfluidic heat sink,
was within 0.2 W of the actual total power measured with the
microfluidic cooled heat sink at the highest flow rate.

The aforementioned assumption that power is equally dis-
tributed across the transceiver dice which run identical appli-
cations was used to estimate the power on each transceiver

TABLE I: Stratix 10 die powers, areas, and power densities

Die Power Area Power Density

FPGA 110 W 5.8 cm2 19 W/cm2

Transceiver Tile 0 21 W 0.38 cm2 56 W/cm2

Transceiver Tile 1 21 W 0.38 cm2 56 W/cm2

Transceiver Tile 2 21 W 0.38 cm2 56 W/cm2

Inactive Tile 3 0.72 W 0.38 cm2 1.9 W/cm2

die for the purpose of designing the microfluidic heat sink.
It was assumed that the leakage power determined in the
previous section was equally split across all four dice, while
the dynamic power was equally split across the three active
transceiver dice. It was also assumed that the leakage power,
measured without any design running, was equal to the leakage
power when running the benchmark application. The power
breakdown for each of the five physical dice used for simula-
tions can be seen in Table I.

An initial heterogeneous micropin-fin design was created
by beginning with a high aspect ratio micropin-fin geometry
which could be etched to the desired depth while maintaining
nearly vertical sidewalls. This high aspect ratio micropin-fin
design was used to populate the regions of the heat sink
directly over the transceiver dice, while a second micropin-fin
design was used to cool the region above the FPGA die. The
pitch and diameter were scaled by the relative power density
of the transceiver and FPGA dice to create the dimensions
used to cool the center FPGA die.

IV. HEAT SINK SIMULATION

Ansys FLUENT was used to simulate a silicon microflu-
idic heat sink with an applied power map matching the
values shown in Table I, applied to the underside of the
silicon micropin-fin heat sink. The micropin-fins were 460 µm
tall, while the base silicon underneath the micropin-fins was
440 µm thick.

A top view of the simulated 3D model can be seen in Fig.
4a, with the fluid region highlighted in yellow. A symmetry
plane down the center of the chip was used to reduce the model
size. This means that the fourth transceiver tile was modeled
as active and identical to the other transceivers, although
the experimental results do not include this transceiver tile.
The model assumes uniform inlet velocity and pressure outlet
boundary conditions. This does do not include fluid delivery
effects of the plastic enclosure used in experimentation. This
model was meshed in ANSYS using proximity and curvature,
yielding a mesh with 39.0 million elements. Though the
simulation required nearly all available memory on the simu-
lation computer node, which had 200 GB of usable memory,
a denser second mesh with 12% more elements was created
to observe the effect of mesh density on simulated pressures
and temperature. The temperature rise above inlet and pressure
drop differed from the original simulation by a maximum of
1.3% and 1.7%, respectively.

Simulation results were compared with simulations of a uni-
form micropin-fin geometry, where the micropin-fin geometry
used over the FPGA was extended across the entire heatsink.
This model can be seen in Fig. 4b. This model was meshed
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using the same configuration as the non-uniform geometry,
yielding a mesh with 31.8 million elements.
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(a) Heterogeneous micropin-fin design
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Fig. 4: Simulated micropin-fin heat sink models

Temperature dependent material properties were used within
FLUENT for water viscosity and thermal conductivity as well
as the thermal conductivity of silicon. The specific heat of
water, which varies very little with temperature, was taken to
be a constant 4182 J/(kg K).

Specific heat and viscosity values for water were taken
from the NIST WebBook[9] and fit to polynomials over the
temperature range 273.16 K to 370 K. Second and fourth order
polynomial functions were fit to the thermal conductivity
and viscosity values, respectively. The following polynomial
function was generated for the thermal conductivity of water

kw = −0.7491 + (7.430× 10−3)T − (9.658× 10−6)T 2 (1)

where kw is the thermal conductivity of water in W/(m K) and
T is the temperature in K. The dynamic viscosity of the water
is given by

µw = 0.463482−(5.383601×10−3)T+(2.357235×10−5)T 2

− (4.60188× 10−8)T 3 + (3.375844× 10−11)T 4 (2)
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Fig. 5: Simulated temperatures of FPGA and transceiver
regions with heterogeneous and uniform heat sinks

Flow
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Fig. 6: Fluid flow streamlines with an inlet velocity of 0.9 m/s

where µw is the dynamic viscosity of water in units of
Pa s. Across this temperature range, the two functions for
water thermal conductivity and viscosity differ from the NIST
data points by a maximum of 0.2% and 3.6%, respectively.
The following correlation from [7] was used for the thermal
conductivity of silicon

kSi = 2122.1−16.765T+(4.818×10−2)T 2−(4.744×10−5)T 3

(3)
where kSi is the thermal conductivity of silicon.

Simulations were performed in ANSYS FLUENT for both
geometries with inlet flow velocities of 0.2 m/s to 0.9 m/s,
corresponding to flow rates of 2.6 mL/s to 11.9 mL/s. Aver-
age temperatures across the FPGA and transceiver heat flux
regions were extracted and can be seen in Fig. 5.

At low velocities, the temperatures between the uniform
and non-uniform heat sinks were similar. However, as the
flow rate increased the temperature of the transceiver dice
dropped below the temperatures of the dice cooled with the
uniform micropin-fin heat sink. At low fluid velocities, when
the temperature rise is primarily due to heating of the fluid,
the effect of this fluid bypass is more pronounced. This partial
fluid redirection around the higher density regions can be seen
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Fig. 7: Silicon micropin-fin heat sink for Stratix 10 FPGA
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Fig. 8: Micropin-fin dimensions

through the streamlines in Fig. 6. Future heat sink versions
may benefit from a barrier preventing lateral fluid movement
between the regions.

V. HEAT SINK FABRICATION AND ASSEMBLY

The complete microfluidic heat sink assembly consists of
two parts: the etched silicon heat sink, through which heat
is transferred to the fluid, and a 3D printed plastic enclosure
which encases the silicon insert and routes fluid between the
inlet/outlet tubes and the silicon micropin-fins.

A photograph of the silicon micropin-fin heat sink can be
seen in Fig. 7. The heat sink was fabricated through Bosch-
process etching of a 900 µm thick silicon wafer to a depth of
approximately 460 µm.

Since both sets of micropin-fin dimensions were etched
to approximately the same depth, the micropin-fins over the
transceivers were much higher aspect ratio than those over
the FPGA (approximately 7.7:1). Therefore, the micropin-
fin dimensions used for the transceivers were chosen first
with a pitch-to-diameter ratio which yielded minimal sidewall
taper when etched to approximately 460 µm. The micropin-
fin dimensions over the FPGA region were then chosen by
scaling both the pitch and diameter by the respective heat flux
densities of the two regions. The dimensions are summarized
in Fig. 8.

A scanning electron microscope (SEM) image of both
micropin-fin regions can be seen in Fig. 9. The micropin-fins
over the transceiver regions were fabricated with a relatively
high aspect ratio of approximately 7.7:1. Since the profile of
the etched sidewalls depends on the surrounding features, the
geometry and fabrication recipe which yielded minimal taper
across the bulk of the micropin-fin arrays produced significant
taper along the outermost edge of the micropin-fins. These
outermost rows represent a small fraction of the total number
of micropin-fins.

The height of the micropin-fins were measured using an
Olympus LEXT optical profilometer. Since etch depth can
locally vary based on local features, measurement windows

Fig. 9: SEM image of high and low density micropin-fins
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Fig. 10: Histogram of micropin-fin heat sink heights

were stitched together to collect height data across approxi-
mately one quarter of the chip, capturing one full transceiver
micropin-fin region and approximately one quarter of the
FPGA micropin-fin region. Since the entire micropin-fin heat
sink is nearly symmetrical across two planes, this quarter of
the chip is assumed to be representative of the entire chip. 13.3
million height measurements across this region are aggregated
into a histogram in Fig. 10 with a bin width of 0.1 µm. From
this histogram it can be estimated that the base silicon had
a mode height of 400 µm and the micropin-fins had a mode
height of 457 µm.

The 3D printed enclosure can be seen in Fig. 11. A recess
with a nominal depth of 450 µm exists for the silicon heat sink.
A further recess with an additional nominal depth of 450 µm
exists to enclose the micropin-fins. The height of the micropin-
fins was made to be approximately 10 µm taller than this recess
to reduce the likelihood of a gap existing between the tops of
the micropin-fins and the plastic. Since the micropin-fins were
designed to be taller than the cavity, the edges of the die were
not expected to touch the edges of the plastic, but this gap
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was filled with epoxy.
Epoxy was dispensed with a syringe along the edges of

the cavity before inserting the silicon die. A groove was
added between the edges where epoxy was applied and the
micropin-fin region, so that epoxy which was pushed out
during assembly would fill this groove before clogging the
micropin-fins. A close-up photograph of the two levels of
recess, the groove, and an inlet slit can be seen in Fig. 11b.

(a) Top view of 3D printed enclosure

Micropin-fin
Region

Inlet

Groove

(b) Close up of enclosure features

Fig. 11: 3D printed enclosure and fluid routing device

The height profile across the enclosure was taken using
an Olympus LEXT optical profilometer (from left to right in
Fig. 11b) and can be seen in Fig. 12. As the plots shows,
the region of the enclosure which sits atop the micropin-fins
is not completely uniform. Therefore, the micropin-fins are
likely to make contact at the edges of the cover, leaving up
to approximately 100 µm above some regions of the heat sink
where fluid can flow outside of the micropin-fin arrays.

After applying epoxy to the edges of the plastic cover, the
silicon heat sink was inserted into the cavity and excess epoxy
was wiped from the outside of the assembly. A photograph of
the assembled heat sink can be seen in Fig. 13. The entire heat
sink was designed to be nearly planar so that it could make
contact with the tops of the silicon dice without touching any
surrounding components or the board.

The lid of the Stratix 10 package on the development board
was removed and the backsides of the five dice were cleaned
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Fig. 12: Profile of micropin-fin heat sink enclosure

Fig. 13: Assembled microfluidic heat sink

with isopropyl alcohol. The board with the delidded die can
be seen in Fig. 14.

After assembling the complete microfluidic heat sink, Mas-
terGel Pro thermal interface material (TIM), which has a
thermal conductivity of 8 W/(m K), was applied to the back
sides of the five Stratix 10 dice and the heat sink was mounted
on top. Pressure was applied using a custom 3D printed
mounting bracket. The edges of the heat sink nearest to the
inlet and outlet were visually aligned to the edges of the
package, while the other two edges were aligned to the edges
of the mounting bracket, which was designed to be situated
in the center of the package and have the same width as the
heat sink enclosure. Images of the mounted heat sink can be
seen in Fig. 15.

VI. AIR COOLED HEAT SINK

A Cooler Master MA621P TR4 air cooled heat sink with
one fan was used as a baseline for comparison[10]. The heat
sink is designed for a large Advanced Micro Devices (AMD)
Threadripper central processing unit (CPU) package and cov-
ers the entire 5 cm × 5 cm FPGA package. The heat sink was
mounted using custom 3D printed mounting brackets as well

Fig. 14: Delidded Stratix 10 FPGA on development board
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(a) 3D printed mount (b) Screws and springs applying pres-
sure

Fig. 15: Custom mounting for microfluidic heat sink on Stratix
10 development board

Fig. 16: Stratix 10 ES development board with air cooled heat
sink

as the same screws and springs used to mount the microfluidic
heat sink. MasterGel Pro TIM was applied between the base
of the heat sink and the FPGA heat spreader. The assembled
heat sink and FPGA development board can be seen in Fig. 16.
The 3D printed mounting brackets and springs can be seen in
Fig. 17.

(a) 3D printed mount (b) Screws and springs applying pres-
sure

Fig. 17: Custom mounting for air cooled heat sink on Stratix
10 development board

VII. EXPERIMENTAL RESULTS

The assembled heat sink and board were tested in an open
loop system with deionized water as a coolant. Temperature
measurements were made at the inlet, outlet, and in the
surrounding ambient air using k-type thermocouples. Flow
rates were measured with a Kobold rotameter and Ohmega
electronic flow meter, both calibrated through repeated filling
of a known volume of fluid. Calibration took place with
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Fig. 18: Die temperatures vs. flow rate with micropin-fin heat
sink

deionized water at 21.2 ± 0.3 ◦C, which was within 2.4 ◦C
of all temperatures used for testing. Die temperatures were
measured using on-die temperature diodes with temperature
measurement IP integrated into the FPGA design.

An initial experiment was conducted at the lowest flow
rate to find the time necessary for the temperatures to reach
steady state. Little systematic variation was observed after the
first measurement. Nonetheless, temperatures were allowed to
stabilize for one minute prior to taking all measurements with
the microfluidic heat sink. A similar experiment was conducted
with the air cooled heat sink, which took significantly longer
to stabilize. Therefore, all of the air cooled measurements in
this section were recorded after a wait time of 15 minutes.
Data was then taken for approximately one minute at a rate
of approximately four data points per second. The averages of
die temperatures over these one-minute periods are reported
in this section. The maximum standard deviation of any die
temperatures across any of these periods was 0.87 ◦C.

The temperature of the FPGA die as well as the three active
transceiver dice can be seen as a function of flow rate in
Fig. 18. The FPGA die temperature measurement is the lowest
of the four dice, while Tile 2 has the highest temperature due to
its close proximity to the outlet. The temperature difference
between Tile 2 and the other tiles decreases as flow rate is
increased and the fluid temperature at the outlet drops. These
results agree reasonably well with those from simulations.
The measured FPGA temperatures were approximately 3 ◦C
to 4 ◦C higher than the simulated temperatures of the region
above the FPGA and the measured transceiver temperatures
were approximately 6 ◦C to 8 ◦C higher than the simulated
temperatures of the regions above the transceivers. It is ex-
pected that the die temperatures are higher than those at the
base of the heat sink (where temperature was simulated) due
to the heat conduction through the TIM. Reducing the TIM
bond line thickness may be an area for further temperature
improvement.

Pressure drop, measured across the heat sink with no power
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Fig. 19: Heterogeneous micropin-fin heat sink pressure drop
vs. flow rate

applied to the FPGA, can be seen in Fig. 19. The measurement
includes the inlet/outlet ports and short lengths of tubing in
the fluid path.

An additional experiment was performed in which the
power on the FPGA die was modulated by varying the clock
frequency to the FFT computational blocks. The results of
the experiment with air cooling can be seen in Fig. 20. As
expected, the temperature of the FPGA die increases with
increasing power, with a slope of approximately 0.46 ◦C/W,
computed from the first and last points in the plot. However,
it can also be seen that the slopes of the transceiver die
temperatures are all approximately equal to the slope of the
FPGA die temperature. From the lowest FPGA die power of
75.6 W, corresponding to an FFT clock frequency of 300 MHz,
to the highest FPGA die power of 113 W, corresponding
to 475 MHz, the temperature rose 17.0 ◦C degrees on the
FPGA die while the temperatures of transceiver tiles 0, 1,
and 2 rose by 18.0 ◦C, 15.9 ◦C, and 16.8 ◦C, respectively.
This indicates strong thermal coupling between adjacent dice,
where the conditions on the FPGA die have a large effect on
the temperatures of the surrounding dice.

Similarly, the transceiver power was varied by modulating
the data rates of the transceivers while the FPGA core power
was kept constant. Due to the details of the FPGA design,
varying the transceiver data rates also affected the FPGA die
power. Therefore, the FFT clock rate was modulated to keep
FPGA die power within 1.7% of 111 W for all three transceiver
powers shown in Fig. 21, thus isolating the effect of transceiver
power on die temperatures. The transceiver temperatures fell
by 17.5 ◦C to 25 ◦C when the power was reduced from 69.37 W
to 25.55 W. This change in transceiver power, while holding
FPGA die power nearly constant, led to a change in FPGA die
temperature of 10 ◦C. Hence there is strong thermal coupling
from the FPGA die to surrounding dice (Fig. 20) and from
surrounding dice to the FPGA (Fig. 21). This strong thermal
coupling is likely due to the very thick heat spreaders, both
integrated into the lid of the die, and the base of the air cooled
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Fig. 20: Air cooled heat sink die temperatures vs. FPGA core
power

69.37 55.25 25.55
Total Transceiver Power (W)

0

20

40

60

80
Ju

nc
tio

n 
Te

m
pe

ra
tu

re
 (°

C
)

Transceiver Tile 0
Transceiver Tile 1
Transceiver Tile 2
FPGA core

Fig. 21: Air cooled heat sink die temperatures vs. transceiver
power

heat sink.
The power of the FPGA die was similarly varied with the

microfluidic cooled heat sink with a flow rate of 6.18 mL/s
and an inlet temperature of 19.5 ± 0.3 ◦C. The results can be
seen in Fig. 22. The FPGA die temperature increased with
increasing power, with a slope of approximately 0.057 ◦C/W,
which is significantly lower than the slope seen with the air
cooled heat sink because of the comparatively lower thermal
resistance of the microfluidic heat sink. While the temperature
of the transceiver tiles with air cooling closely followed the
temperature of the FPGA die, the temperatures of transceiver
tiles 0 and 1 are nearly constant with microfluidic cooling as
the FPGA die power changes from 77.5 W to 117.4 W. The
average Tile 2 temperature measurement increases by 1.7 ◦C
because it is located close to the outlet and likely receives
more fluid which has been warmed by the FPGA die.

Transceiver powers were similarly varied with the microflu-
idic heat sink with a flow rate of 6.19 mL/s and inlet temper-
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Fig. 22: Heterogeneous micropin-fin heat sink die temperatures
vs. FPGA core power

TABLE II: Thermal coupling between dice: change in die
temperatures as a function of FPGA die power

Die Air Microfluidic

FPGA 0.46 ◦C/W 0.057 ◦C/W
Transciever Tile 0 0.48 ◦C/W 0.003 ◦C/W
Transciever Tile 1 0.43 ◦C/W 0.004 ◦C/W
Transciever Tile 2 0.45 ◦C/W 0.045 ◦C/W

ature of 19.2 ± 0.2 ◦C. The results can be seen in Fig. 23.
While transceiver temperatures dropped by 10.1 ◦C to 14.6 ◦C
when total transceiver power was changed from 63.34 W to
22.61 W, the average temperature measurement on the FPGA
die only changed by 0.13 ◦C. The effects of FPGA die power
on the steady state temperatures of all four dice with both
the air cooled heat sink and microfluidic cooled heat sink are
summarized in Table II. The effect of the FPGA power on
the surrounding transceiver die temperatures was reduced by
a factor of 10× to over 100× when compared with the air
cooled heat sink.

This significant reduction in thermal coupling between adja-
cent dice is likely a result of the significantly reduced thickness
of the microfluidic heat sink. Heat is rapidly transferred to the
fluid and extracted, whereas heat must conduct through a large
shared thermal mass before being extracted by the air cooled
heat sink. This also has an effect on the thermal time constant
of the two systems. It was observed that the time necessary
for temperature to reach a steady state with the air cooled heat
sink was approximately 10 min to 15 min, but only 1 s to 3 s
with the microfluidic heat sink.

The temperature measurements corresponding to the base-
line design with 475 MHz FFT clock and transceivers at
22 Gbit/s are summarized in Table III for both the air cooled
heat sink and the microfluidic heat sink at the highest flow
rate. The temperatures of all four dice with the microfluidic
cooled heat sink were lower than those with the air cooled
heat sink. For reference, the results of an additional test with
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Fig. 23: Heterogeneous micropin-fin heat sink die temperatures
vs. transceiver power

TABLE III: Stratix 10 temperature measurements with air
cooled heat sink and microfluidic cooled heat sink

Die Air Liquid Air with no Compute

FPGA 70.5 ◦C 30.1 ◦C 38.5 ◦C
Transciever Tile 0 81.5 ◦C 35.1 ◦C 48.5 ◦C
Transciever Tile 1 81 ◦C 37.7 ◦C 52 ◦C
Transciever Tile 2 75.5 ◦C 43.6 ◦C 46 ◦C

the air cooled heat sink can also be seen in Table III where all
160 FFT compute cores were deactivated, with the transceivers
remaining on. It can be seen that to reach temperatures similar
to those of the microfluidic-cooled dice, all FFT computation
needed to be shut down.

In addition to the benefits of low temperatures and low
thermal coupling, the microfluidic heat sink offers the potential
for very high density computing. The height of the air cooled
heat sink used for baseline measurements was 172.2 mm, while
the height of the microfluidic cooled heat sink is 6.5 mm. If
the boards were to be stacked at high density, the pitch of the
boards with the microfluidic heat sink would not be limited by
the height of the heat sink, but rather by other connectors on
the board, which give the board a total height of approximately
17.4 mm. This would still allow the boards to be mounted at
approximately 10× the density of boards with the air cooled
heat sink. Lower profile air cooled heat sinks are available,
but using them would likely require further sacrifices in other
areas, such as die temperature.

Improvements in total power draw were also realized
through reduced temperatures provided by the microfluidic
cooled heat sink. When running the baseline design with
the air cooled heat sink, a total power of 182.4 W was
measured. With the microfluidic cooled heat sink, this power
was 172.5 W. Power dissipation on the FPGA die was 3.5%
higher with air cooling while power on the transceiver dice
was 9.6% higher, likely because the highest temperatures (and
therefore leakage powers) were experienced on the transceiver
dice with air cooling.
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VIII. CONCLUSION

In this work, a microfluidic heat sink was designed, fabri-
cated, and tested for the cooling of a 2.5D Stratix 10 FPGA.
Novel aspects of the heat sink include 1) The 3D-printed
enclosure used for fluid delivery, 2) the heterogeneous silicon
micropin-fin heat sink, and 3) the low profile of the entire heat
sink assembly, including fluid delivery. These features enabled
improvements in 1) die temperatures, 2) compute density, and
3) thermal coupling between adjacent dice in a 2.5D package.

Heat transfer was achieved with silicon micropin-fins with
a height of approximately 460 µm and non-uniform density
tailored to the non-uniform heat fluxes of the underlying dice.
The micropin-fins were enclosed in a 3D-printed enclosure
giving the entire heat sink a height of 6.5 mm. Results were
compared with a high performance air cooled heat sink and
a temperature reduction ranging from 31.9 ◦C to 46.4 ◦C was
observed across the four active dice under test. It was also
found that thermal coupling between the FPGA die and
surrounding transceiver dice was very strong with the air
cooled configuration. With the microfluidic cooled heat sink
this effect was reduced on the transceiver tile near the outlet
and nearly eliminated on the other transceiver tiles. In addition
to the reduction in temperature and thermal coupling between
dice, a large increase in compute density was also enabled
through the use of the low profile microfluidic heat sink.

Although the temperatures of all of the dice were reduced
relative to experiments with the air cooled heat sink, the
transceiver tiles remained warmer than the FPGA die. Fluid
may have bypassed these higher density regions, either through
the gap between the tops of the micropin-fins and the cover,
or through the lower density micropin-fins in the center region
of the heat sink. Future work could more precisely control the
temperatures of each die by separately delivering fluid to each
region of the heat sink through the plastic manifold.
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