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Abstract—Abstract—A digital microfluidic biochip (DMFB) en-
ables the miniaturization of immunoassays, point-of-care clinical
diagnostics, DNA sequencing, and other laboratory procedures
in biochemistry. A recent generation of biochips uses a micro-
electrode-dot-array (MEDA) architecture, which provides fine-
grained control of droplets and seamlessly integrates microelec-
tronics and microfluidics using CMOS technology and a TSMC
fabrication process. To ensure that bioassays are carried out on
MEDA biochips efficiently, high-level synthesis algorithms have
recently been proposed. However, as in the case of conventional
DMFBs, microelectrodes are likely to fail when they are heavily
utilized, and previous methods fail to consider reliability issues. In
this paper, we first present a new microelectrode cell (MC) design
such that the droplet-sensing operation can be enabled/disabled
for individual MCs. Next, ‘“partial update” and ‘“partial sensing”
operations are presented based on an IEEE Std. 1687 ILJTAG
network design. Finally, wear-leveling synthesis method is proposed
to ensure uniform utilization of MCs on MEDA. A comprehensive
set of simulation results demonstrate the effectiveness of the
proposed hardware design and design automation methods.

I. INTRODUCTION

A digital microfluidic biochip (DMFB) is an example of
a lab-on-a-chip that automates the execution of biochemical
experiments [1]. Over the past decade, DMFBs have been
demonstrated for high-throughput DNA sequencing [2], point-
of-care clinical diagnostics [3], and protein crystallization for
drug discovery [4]. A DMFB manipulates liquids as discrete
droplets of nanoliter and picoliter volumes on a 2D electrode
array. This technology has recently been deployed by Genmark
for infectious disease testing [5] and by Baebies for disease
screening in newborns [6]. These commercialization success
stories highlight the emergence of DMFB technology for the
marketplace.

However, today’s DMFBs suffer from some key limitations:
(1) The droplet size that can be manipulated is fixed; (2) The
number of droplet-detection sensors is limited, and real time
detection is not available; (3) Fabrication processes are not stan-
dardized, and yield and reliability are major concerns. To over-
come these limitations, a micro-electrode-dot-array (MEDA)
biochip has been proposed [7]-[9]. The MEDA biochip consists
of a large number of microelectrodes that are arranged in a
regular pattern, and these microelectrodes are much smaller than
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the electrodes in traditional DMFBs. Multiple microelectrodes
are dynamically grouped together to form a fluidic module (i.e.,
splitter or mixer). MEDA biochips have been fabricated using
TSMC 0.35 pm CMOS technology [8]. In MEDA, a 30 V
power supply is used to actuate microelectrodes, and 3.3 V is
used as the power-supply for the digital circuit that controls the
microelectrodes [10].

Under each microelectrode, there is a built-in real-time
capacitive-sensing circuit, and this is used to detect the proper-
ty/location of a droplet. The sensing results from the microelec-
trodes allow us to develop a high-level synthesis method that
can perform real-time error recovery and execute “if-then-else”
protocols from biochemistry.

Reliability is important for microfluidic biochips, especially
for point-of-care diagnostics, health assessment, and screening
for infectious diseases [11]. It has been reported that erro-
neous bioassay outcomes may result in misleading prescription
in point-of-care diagnostics, and such misdiagnosis threaten
patients’ lives [12]-[15]. Therefore, it is necessary to take
reliability into consideration when we design biochips and
generate high-level synthesis results for bioassays [16]-[22].

The first reliability concern is electrode degradation. It is
reported in [24] that an electrode is completely degraded after
it is charged up to 200 times (due to charge trapping). If
an electrode degrades, the force on a droplet decreases, and
droplets are likely to get stuck on the charge-trapped electrodes.
In some extreme situations, excessive electrode actuation can
also lead to dielectric breakdown [25]. In fact, similar biochip
degradation concerns are likely to have forced Illumina to halt
the sales of its NeoPrep platform in 2017 [26].

Although the above issues have been reported for traditional
DMFBs, MEDA biochips also suffer from these problems
because a microelectrode in MEDA and an electrode in a tra-
ditional DMFB share the same working principle. In a droplet-
sensing operation, the bottom plate of the MC is first charged to
3.3V, and then discharged to O V. This process is repeated every

Fig. 1: Illustration of dielectric breakdown in a MEDA

biochip [23].
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second, which can easily cause charge trapping and d
breakdown [23] (see Fig. 1).

The second reliability concern arises due to excessi
shift operations. In a fabricated MEDA biochip with N,,
a total of 2N,,. bits (IN,,. bits for MC actuation/sens:
shifted at a clock frequency of 1 MHz. The power const
for a MEDA biochip with N,,,. MCs is given by:

1
PC = (§CclkV2 =+ IPclk) X Nppe X f
1 2
+ (iC’qV +IP;) X Nppe X f X

where C', is the input capacitance of the C'LK pin in

V' is the supply-voltage (3.3V for MEDA), I P,y is the

power consumption for each C'LK signal switch, ai

the shift clock frequency (1 MHz for MEDA), C is t.._ ____
capacitance of the @) pin in a DFF, [P, is the internal power
consumption for each D signal switch, and « is the activity
factor [27]. The first term represents the power consumption to
drive the C'LK pins of DFFs. The second term represents the
power consumption to drive the ) pins of DFFs.

According to the datasheet of the 0.35 pm process [28] and
the detailed circuitry of an MC [29], the values of the parameters
are: Cy, = 0.013 pF, I Py, = 0.4 pl, Cy = 0.06 pF, IP; = 0.5
pJ. We have run simulations on a 60 x 30 MEDA biochip and a
300 x 150 MEDA biochip, and the average activity factors are
0.12 and 0.04, respectively. Using these values, we note that the
instantaneous power consumption for a 60 x 30 MEDA biochip
and a 300 x 150 MEDA biochip are 1.02 mW and 22.6 mW,
respectively.

Instantaneous power consumption may lead to increased
noise, IR-drop and ground bounce issues, and it may also result
in early-life failures [30]. From the above results, we can see
that even if instantaneous power is not an issue for today’s
MEDA design with only 1800 MC:s, it is likely to be a problem
for larger biochips because the power consumption increases
linearly with the number of MCs in MEDA.

Consequently, to enhance the reliability of MEDA biochips,
we need to address the above two types of concerns. In this
paper, we present a set of hardware and software solutions to
alleviate the reliability problems. The key contributions of this
paper are as follows:

e We develop a new microelectrode-cell (MC) design that
allows us to enable/disable droplet-sensing operation for each
MC on the MEDA.

o We present an IEEE Std. 1687 (IITAG) network that divides
the MEDA biochip into multiple blocks, and enables indi-
vidual control of each block. Based on this design, partial
update and partial sensing operations are proposed to reduce
the number of data-shift operations as well as the overall
usage of MCs.

« We develop a wear-leveling high-level synthesis method that
can ensure uniform utilization of MCs. Compared with the
baseline case without wear-leveling technique, the lifetime of
the MEDA biochip can be considerably increased.

The remainder of this paper is organized as follows. Section II
describes the basics of microelectrode cells (MCs) in MEDA
and the IJTAG network. Section IV presents the IJTAG network
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Fig. 2: Schematic of an MC in MEDA biochips.
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design and the partial actuation and partial sensing proce-
dures. Section V describes the block-aware high-level synthesis
method that is optimized for the proposed IJTAG network
design. Section VI presents simulation results to illustrate the
effectiveness of the proposed method. Finally, Section VII
concludes the paper.

II. BACKGROUND

In this section, we first describe the basic unit of MEDA,
i.e., the MC. Next, we explain the scan-chain architecture that
connects these basic units together, and describe how MEDA
performs droplet operations using the scan-chain. Finally, we
introduce the IJTAG standard.

A. Microelectrode Cell

The schematic of an MC is shown in Fig. 2. A typical MC
includes four parts: a microelectrode, a D flip-flop (DFF), an
actuation circuit, and a sensing circuit. Operations that can be
performed on an MC include the following:

1) MC actuation. To perform droplet operations on MEDA,
the biochip needs to actuate a group of MCs to form a
micro-component (e.g., splitter or mixer). In this operation, the
controller sets ACT = 1, IN = 1, and a high voltage (e.g., 25 V)
to the top plate [31]. If a rising edge of MC-CLK is applied to
the DFF, pin Q is set to logic “1”, and transistors T3 and T4 are
switched on, while transistors T1 and T2 are switched off. In
this case, the bottom plate is directly connected to ground (0 V).
Because the surrounding microelectrodes are not connected to
ground, the potential difference between this microelectrode and
the surrounding microelectrodes generates an electrowetting-on-
dielectric (EWOD) force that moves the droplet towards to the
actuated MC [32].

2) MC sensing. MC sensing is used to detect droplet loca-
tions by measuring the capacitance between the top plate and
the bottom plate. In this operation, the controller sets ACT = 0,
ACT_b = 1, and SEL = 1, resulting in the top plate being
connected to ground. When this happens, transistors T1, T2,
and T4 are switched on while transistor T3 is switched off, the
bottom plate is connected to VDD (3.3 V) and the voltage of
the bottom plate increases to 3.3 V. Next, the control circuit
sets ACT_b = 0, and transistors T1, T3 and T4 are switched
on while transistor T2 is switched off. As a result, the bottom
plate is now connected to ground, and the voltage of the bottom
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Fig. 3: The logic abstraction of MCs and the scan-chain struc-
ture in a fabricated 30 x 60 MEDA (adapted from [33]).

plate decreases due to discharging. By applying a rising edge of
MC-CLK at a preset time, a value of “0” or “1” will be stored
in the DFF. If a droplet is present between the top plate and
bottom plate, the discharge rate is lower, and a value of “1” is
stored; otherwise, the DFF stores a value of “0”.

The actuation status of an MC is determined by the value
stored in the DFF: a value of “1” indicates MC actuation;
otherwise, the MC is not actuated. In the following discussion,
we refer to the actuation value for each MC as the MC-
actuation value. After MC sensing, the result is written to the
DFF indicating whether a droplet is present. We refer to the
capacitance measured for each MC as the MC-sensed value.

B. Scan-Chain Architecture

As shown in Fig. 3, the basic unit of a MEDA biochip
is a microelectrode-cell (MC), and it includes five parts: a
top/bottom plate, a D Flip-Flop (DFF), an actuation circuit
(Act.), and a sensing circuit (Sen.). The MCs are sequentially
connected to form a scan chain. In the fabricated chip described
in [9], the length of the scan chain is 1800 bits.

In order to perform droplet operations, a group of MCs need
to be actuated to form a fluidic module (e.g., a splitter). When
an MC is actuated, a high voltage of 30 V is applied to the
top plate, and the bottom plate is connected to ground (0 V)
to generate a force that can drag a nearby droplet towards the
actuated MC [9]. Otherwise, the bottom plate is floating and
an induced voltage of 17 V is generated. In this case, no drag
force is generated. A value of “1” in the DFF indicates MC
actuation; otherwise, the MC is not actuated. A sequence of
bits is shifted into the scan chain such that the value in each
DFF is updated as intended. We refer to the sequence of shifted
bits as an actuation pattern.

After MC-actuation, the sensing circuit in each MC measures
the capacitance between the top plate and the connected mi-
croelectrode. By comparing the sensed capacitance to a preset
value, the sensing circuit can determine whether a droplet is
present at the microelectrode. The sensing result is then written
to the DFF: a value of “1” indicates that a droplet is present;
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Fig. 4: (a) An example of an IITAG network and (b) a simplified
view of the SIB design.
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otherwise, no droplet is present. Next, the 0/1 sensing values
of all MCs are shifted out as a sequence of bits, which is
referred to as a sensed pattern. Note that when an MC-sensed
value is latched in a DFF, it overwrites the MC-actuation value.
However, the newly-latched MC-sensed value will not change
the status of the actuation circuit, because in the MC-sensing
process, all actuation circuits are turned off.

C. The IJTAG Network

The IEEE Std. 1687 (IITAG) [34] provides flexible access to
on-chip instruments through the IEEE 1149 JTAG test access
port (TAP). It is now being increasingly used for post-silicon
validation, production test, fault diagnosis, and fault monitor-
ing [35]-[38]. To provide flexibility of instrument access, a
hardware component called the Segment Insertion Bit (SIB)
has been introduced [39]. A SIB in the 1687 network is used to
select or unselect multiple network segments for the scan chain.
It operates in two states: (1) if it is open, it includes the segment
in the scan path; (2) if it is closed, it excludes the segment from
the scan path. The state of the SIB is configured by first shifting
in a control bit (0 for close and 1 for open) into its register, and
then updating its register on capture, shift, and update (CSU)
cycles [39].

As shown in Fig. 4(a), the JTAG interface is a doorway that
controls and manages SIB-1, SIB-2, and SIB-3. In addition,
three instruments (e.g., sub-scan chain) I-1, I-2 and I-3 are
connected to SIB-1, SIB-2, and SIB-3, respectively. Suppose
we need to access instruments I-1 and I-3. In this case, we only
need to configure the control bits of SIB-1, SIB-2 and SIB-3
as 1, 0 and 1, respectively. As a result, I-1 and I-3 are selected
while I-2 is unselected.

A SIB component primarily three parts (Fig. 4):

1) Hierarchical Port (HP): Each HP is connected to a lower
level of the IJTAG network segment.

2) SIB Bits: When SIB = 1(0), the corresponding HP is open
(close), and the segment on this HP is included (excluded) in
(from) the primary scan path.

3) SIB Exclusion Bit (SEB): When SEB = 1, the SIB bits
are not included into the scan path (i.e., they are bypassed). This
feature can be utilized to reduce the SIB overhead [40]. When
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Fig. 5: A droplet on a MEDA biochip.

SEB = 0, the SIB components are included in the primary scan
path.

III. MC DESIGN FOR PARTIAL SENSING

In this section, we propose a new MC design such that we
can enable/disable the droplet-sensing operation for each MC,
i.e., the new MC can support selective sensing for MEDA.

A. Motivation

In today’s MEDA biochips, we can manipulate fluids in a
fine-grained manner because we can control the actuation status
of each MC individually by writing an MC-actuation value to
each DFF. However, during a droplet-sensing operation, the
bottom plates of all MCs must simultaneously go through an
electric discharge-and-charge process to detect which MCs a
droplet occupies. In this case, the MCs on MEDA experience
rapid degradation because droplet-sensing operation (i.e., dis-
charging and charging process) is carried out every operational
cycle.

However, based on a closer inspection of Fig. 5, we can see
that a droplet occupies only a small fraction of MCs. Therefore,
when we sense the location of droplet, only a small fraction of
MC:s need to be used. For example, in Fig. 5, all the 1800 MCs
are used for droplet-sensing operation per second in the original
design. However, the droplet occupies only 40 MCs, and if we
perform droplet-sensing operation using only on the occupied
MCs, the overall usage of MCs is reduced by 97%, and the
lifetime of MCs can be prolonged to a large extent.

The current MC design does not allow us to freely choose
which MCs are used for the droplet-sensing operation. There-
fore, we present a new MC design that allows us to determine
which MCs must be selected and used in a droplet-sensing
operation.

B. New MC Design

The schematic of the new MC design is shown in Fig. 6.
Compared with the original MC design shown in Fig. 2, we add
a two-input OR gate and a DFF to the MC circuit. In general,
the value stored in DFF1 is used to determine MC-actuation
status when ACT = 1 (MC-actuation mode), and is used to
enable/disable droplet-sensing functionality when ACT = 0
(MC-sensing mode). In addition, the droplet-sensing result is
stored in DFF2 when ACT = 0 (MC-sensing mode).
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Fig. 7: Simulation results when droplet-sensing operation is
disabled.

Suppose an MC is in the sensing mode (i.e., ACT = 0),
transistors T2 and T4 are always switched on. When a value of
“0” is stored in DFF1, the output of the two-input OR gate is
equal to “1”, which makes T1 switched off and T3 switched on.
In this case, the bottom plate is always connected to ground, and
discharging and charging do not occur. However, when a value
of “1” is stored in DFF1, the status of transistors T1 and T3
are determined by the output of the logic “NOR” of ACT and
ACT_B, which is the same as in the conventional MC design.
Therefore, the droplet-sensing operation can now be carried out.

After the sensing operation is completed, a rising edge of
MC — CLK? signal is applied to DFF2 to store the droplet-
sensing result. When a droplet is present, a value of “1” is
stored; otherwise, a value of “0” is stored.

C. Design Validation using HSPICE Simulation

We evaluated the MC design of Fig. 6 using HSPICE and
a 350 nm library from a foundry that matches the fabricated
prototypes. The simulation results (see Fig. 7 and Fig. 8) as
well as the new working principle are described as follows.

1) Droplet-sensing disabled. In this operation (illustrated
in Fig. 7), a “0” value is first shifted in to the MC using the scan-
chain, and the “0” value of OUT'1 indicates that droplet-sensing
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Fig. 8: Simulation results for the droplet-sensing operation: (a)
with a droplet, and (b) without a droplet.

operation is disabled. Therefore, for the sensing-mode period,
the bottom plate is always connected to ground. Although a
value of “1” is stored in DFF2 after the rising edge of MC —
CLK?2, this value is marked as “N/A” (not applicable) when it
is received by the biochip controller.

2) Droplet-sensing enabled (with a droplet). In this op-
eration (illustrated in Fig. 8(a)), a “1” value is first shifted
into DFF1, and the “1” value of OUT'1 indicates that droplet-
sensing operation is enabled. As a result, when ACT b = 1,
the bottom plate is connected to VDD (3.3 V), and the voltage
of net BOT is rising because of capacitor charging. Note that
the presence of a droplet increases the dielectric constant, and
the capacitor requires longer time to charge. When a rising edge
of MC — CLK?2 is applied, the sensing output SENS is at
a high voltage level. Therefore, an MC-sensed value of “1” is
store in DFF2, which indicates that a droplet is present.

3) Droplet-sensing enabled (without a droplet). In this
operation (illustrated in Fig. 8(b)), a “1” value is first shifted
into DFF1, and the “1” value of OUT indicates that droplet-

Scan-in | DFF1 | | DFF1 | DFF1 |——> Scan-out
Scan-in | DFF2 | | DFF2 | DFF2 |7—> Scan-out
MC1 MC2 MC3

Fig. 9: Scan-chain stitching for the new MC design.

sensing operation is enabled. As a result, when ACT_b = 1, the
bottom plate is connected to VDD (3.3 V), and the voltage of net
BOT is rising because of capacitor charging. Without a droplet
present, the dielectric constant is smaller and it takes less time
to charge the capacitor. When a rising edge of MC — CLK?2
is applied, the sensing output SENS is at a low voltage level.
Therefore, an MC-sensed value of “0” is store in DFF2, which
indicates that no droplet is present.

In recent years, we have reported experimental results on
fabricated MEDA biochips in collaboration with partners at
National Chiao Tung University in Taiwan [23], [29], [41]-
[44]. We will continue this collaboration to fabricate the next
generation of MEDA biochips based on the new MC design.

D. New Scan-Chain Design

In the original design, each MC has only one DFF. The DFFs
from different MCs are serially together to construct a scan-
chain architecture; see Fig. 3. However, in the new MC design,
there are two DFFs: DFF1 and DFF2. DFFIs from different
MCs are serially connected to form a scan-chain. This scan
chain is referred to as a control scan-chain because it holds the
bitstream that controls the MC-actuation status (in the actuation
mode), and enable/disable the droplet-sensing operation (in the
sensing mode) for each MC. In addition, DFF2s from different
MCs are serially connected to form a scan-chain. This scan
chain is referred to as a sensed scan-chain, because it contains
the droplet-sensing results of different MCs.

An example of the new scan-chain design for three MCs is
shown in Fig. 9. Three DFFIs are serially connected to form
the control scan-chain while three DFF2s are serially connected
to form the sensed scan-chain.

When a bioassay is performed on MEDA with the new MC
design and the new scan-chain design, the following steps will
be repeated per operational cycle:

Step 1: MC-Actuation Pattern. A bitstream of MC-
actuation values (i.e., actuation pattern) is shifted into the con-
trol scan-chain to actuate the corresponding MCs when MEDA
is in the actuation mode (i.e., ACT = 1).

Step 2: MC-Sensing Enable Pattern. A bitstream of MC-
sensing enable values is shifted in the control scan-chain to
enable/disable droplet-sensing operation in the corresponding
MCs when MEDA is in the sensing mode (i.e., ACT = 0).

Step 3: MC-Sensed Pattern. After rising edge of MC —
CLK?2, a bitstream of sensed values (i.e., sensed pattern) is
stored in the sensed scan-chain. This sensed pattern is then
shifted out to obtain the location of the droplet.

Note that the location information of droplets is still available
as in the original MEDA architecture; no information is lost and
we can still precisely determine the location of a droplet.
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The area of each micro-electrode is 50 pum x 50 pym =
2500 pm? [45], and the area of the new control-circuit desigi
in Fig. 6 is only 2100 um?. In MEDA, each control circui
is placed under the corresponding micro-electrode. Since the
area of the new control circuit is less than the area of a micro
electrode, area overhead is not an issue here.

According to the simulation results based on the AMI 0.3!
pm process [28], the static and dynamic power cc -
values for a 30 x 60 MEDA biochip using the or
design are 0.925 W and 1.14 mW, respectively.

MC design (i.e., dual scan-chain design) is used, the
dynamic power consumption values are 1.416 W an
respectively, which is still negligible.

IV. PROPOSED IJTAG NETWORK

In this section, we first present the IJTAG network
MEDA. Next, partial actuation and partial sensing
are introduced based on the new MEDA design.

A. IJTAG Network

In the new design, we first divide the biochip in
blocks. For a fabricated 30 x 60 MEDA biochip
define each block as a 10 x 10 rectangle, then
biochip is divided into 18 blocks (from B; to i
in Fig. 10(a)). Next, the DFF1s/DFF2s in each
sequentially connected to form a sub-scan chain (SS
The SSC1/SSC2 that corresponds to block B; is ref
SS5C1,;,/55C2;. Since there are 18 blocks in the b
selected/unselected status of 18 SSC1s/SS2s are coi
a 18-bit SIB register; see Fig. 10(b) and Fig. 10(c).

B. Partial Update and Partial Sensing

In today’s MEDA design, an actuation pattern witl
is shifted in to update the MC-actuation value for
However, according to Section III.LD, we find thai wic wie-
actuation pattern and MC-sensing enable pattern are alternat-
ingly shifted into the scan-chain every cycle. Because the MC-
actuation pattern and the MC-sensing enable pattern are highly
correlated, we can “write” MC-actuation pattern based on the
previous MC-sensing enable pattern, and vice versa.

An example is shown in Fig. 11, in which each green
rectangle represents a block. Suppose at operational cycle ¢,
a droplet that resides on Blocks 2, 3, 8, 9 needs to move to the
right. To do that, “1”s are written in the DFF1 cells of Blocks
3, 4,9, 10 in order to actuate the MCs at operational cycle
t. After MC-actuation, we need to enable the droplet-sensing
operation for Blocks 2, 3, 4, 8, 9, 10. In other words, “1”’s
should be written in the DFF1 cells of Blocks 2, 3, 4, 8, 9, 10
(i.e., MC-sensing enable pattern). However, because “1”’s are
already written in the DFF1s of Blocks 3, 4, 9, 10, we only
need to write “1”’s to the DFF1 cells of Blocks 2 and 8. In
operational cycle ¢+ 1, the MCs in Blocks 4, 5, 10, 11 need to
be actuated. Because the previous MC-sensing enable pattern
has written “1”’s to the DFF1 cells of Block 2, 3, 4, 8, 9, 10,
we only need to write “0”s to the DFF1 cells of Blocks 2, 3,
8, 9, and write “1”s to the DFF1 cells of Blocks 5 and 11.

TR MTOTAAT AT TATITATR AT ATRATITIA A AT OX7OTE a0

ss [ [ [ ] [
/7 I\ | 7\

scanmnom
SIB I:]:]:] I:] I:]:]:]
4/ B /AN

§5C2,

55C2, 55C25 |-+ |SSC2y | -+ -[SS5C246 | [SSC247 | [SSC245

(©)

Fig. 10: (a) The floorplan for a 30 x 60 biochip with 10 x 10
blocks, (b) the IITAG network that is used to manage the control
scan-chain, (c) the IJTAG network that is used to manage the
sensed scan-chain.
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Fig. 11: The MC-actuation status for two consecutive opera-
tional cycles.

In summary, when we write in MC-actuation patterns, we first
find out the differences between the current MC-actuation pat-
tern and the previous MC-sensing enable pattern. Next, we de-
termine which SSCls are involved, and use the IJTAG network
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Fig. 12: The control flow for the new MEDA design.

to select the corresponding SSCls. Finally, the corresponding
data-bits are written into the selected SSC1s. Similarly, we can
also derive the write-in process for MC-sensing enable pattern
based on a previous MC-actuation pattern. Here, the intelligent
write-in process of MC-actuation pattern and the MC-sensing
enable pattern using the IJTAG network are collectively referred
to as partial update. Partial update can significantly reduce the
number of data-shift operations.

In the original MEDA design, droplet-sensing operations
are performed in all MCs to obtain the locations of droplets.
However, as discussed in Section III.A, it is unnecessary to
perform droplet sensing in all MCs. Instead, we only need to
do it in the MCs on which a droplet resides and the MCs that are
actuated in the current cycle. After we write-in the MC-sensing
enable pattern, droplet-sensing operations are carried out on
selected MCs. Following the rising edge of MC — C'LK2, the
sensing results are stored in the selected MCs. In this case, we
first determine which SSC2s are involved, and use the IJTAG
network to select the corresponding SSC2s. Finally, the MC-
sensed patterns from these SSC2s are shifted out. The process
of selecting MCs for a droplet-sensing operation and the readout
of the MC-sensed pattern are collectively referred to as partial
sensing. Partial sensing reduces the usage of MCs for droplet-
sensing operations.

Based on the above description, the control flow for the
MEDA biochip with the new MC design, the new scan-chain
design, and the IJTAG network is shown in Fig. 12. It is easy
to see that, compared with the control flow for the previous
method [46], a “shift enable pattern” procedure has been added
to select which MCs are needed to carry out the droplet-sensing
operation.

V. HIGH-LEVEL SYNTHESIS BASED ON WEAR-LEVELING

In this section, we present a wear-leveling algorithm to ensure
uniform utilization of MCs, with the goal of keeping all the MCs

Data Write Without Wear Leveling

Data
Write

=

Data Write With Wear Leveling

Data
Write

Wear Wear
Fig. 13: An illustration of wear leveling in NAND flash memory
(adapted from [48]).

Data
Write

=

Data
Write

“alive” as long as possible.

A. Motivation

The block-aware high-level synthesis method reported in [46]
can reduce the overall usage of MCs by up to 80%. However,
simulation results presented in Section VI show that the usage
distribution for the MCs is not uniform: some of them are rarely
used while others are used much more frequently. This usage-
distribution problem is also important for data management in
NAND flash memory. A NAND flash is an array of equal-sized
blocks. Two consecutive writes to the same physical memory
location must be interleaved by erasing this location in terms of
blocks. However, each memory block can only endure a limit
number of data erasures. For example, the MLC-flash block can
endure only 5 K cycles of erasure [47]. Therefore, in a workload
with both frequently updated data and rarely updated data, some
memory blocks wear out while other blocks remain fresh.

To address this problem, a technique called wear leveling has
been utilized [47], [49], [50]. Wear leveling is a policy that can
evenly erase all flash memory blocks, with the goal of keeping
all the blocks alive as long as possible. An illustrative example
is shown in Fig. 13. The first row shows the situation in which
some of the memory blocks are excessively used so that these
blocks are “dead” at an early stage of the product life cycle.
However, in the second row, wear leveling is used to average
the usage of memory blocks so that the NAND flash memory
device can last for a longer period of time.

Another motivation for the proposed approach comes from
the fact that the assay completion times are not completely
predictable and multiple runs of some bioassay steps are often
needed. According to [1], a control-flow graph (CFG) is used
to carried out gene-expression analysis protocol on a digital
microfluidic biochip. Some bioassay steps such as purification
have to be repeated until the results fall in an acceptable range.
In this case: (1) if wear leveling is not used, some electrodes
will be completely degraded before we get acceptable result;
(2) if wear leveling is used, the desired results can be obtained
with higher likelihood because the lifetime of the biochip is
prolonged significantly. This is of considerable value, even for
disposable microfluidic biochips.
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B. Problem Formulation

The problem statement for high-level synthesis based
leveling is as follows:

Input: (1) The sequencing graph G = (V, E) for the
where V' represent the set of fluidic modules and E 1«
the dependencies between fluidic modules [29]; (2) Th
biochip library, which includes the type, size and corre:
execution time of on-chip fluidic functional modules;
size of the MEDA biochip; (4) The IJTAG network d
MEDA biochips.

Output: Schedule of operations, module placeme
droplet routing pathways.

Objective: Minimize the cost function C' given by:

=X ume) U
o [

where U (M C;) is the number of times M C; is utilized, U is the
average usage for all MCs, and N is the total number of MCs on
a MEDA biochip. This cost function is essentially the standard
deviation of the usage of different MCs, and it describes how
evenly the usage is distributed among MCs. A smaller value
of the cost function indicates a more desirable outcome for the
wear-leveling technique.
The definition of U(MC;) and U are as follows:

U(MC;) = No(MC;) + Ny(MC;)
T uc) @
N

where N, (MC;) is the total number of times M C; is actuated,
Ny(MC;) is the total number of times M C; is used for droplet-
sensing operations, and N is the total number of MCs in a
MEDA biochip.

U:

C. Young Pool and Old Pool

When a MEDA biochip is being used, the control software
keeps track of the utilization of all the MCs. We define the
usage metric for B; as the summation of the usage of MCs in
B;, which can be expressed as:

UB)= Y, UMC) )

MCjGBi

We refer to a block with a small usage metric as a “young”
block. On the other hand, we refer to a block with a larger usage
metric as an old block. The key idea underlying the high-level
synthesis based on wear leveling is that we attempt to utilize
“young” blocks for module placement and droplet routing, and
avoid using “old” blocks.

In order to categorize a block as either “young” block or “old”
block, we utilize two data structures, referred to as the young
pool and the old pool. As shown in Fig. 14, the young pool and
the old pool are two priority queues. Each element in a priority
queue is a block, and these blocks are sorted according to the
usage metric value.

When a MEDA biochip is first powered on, the usage metric
for each block is 0. Half of the blocks are randomly assigned
to the young pool and the other half are assigned to the old

0ld Pool

35, V®)

Young Pool

7% V®)

Usage Metric for a Block

Fig. 14: An illustration for the young pool and the old pool.

pool. When bio-protocols are executed on a MEDA biochip,
the usage metric for blocks will change in different ways. We
consider two decisions as part of the synthesis step: (1) some
of the blocks in the young pool are heavily used and should be
moved to the old pool, and (2) some of the blocks in the old
pool are rarely used and should be moved to the young pool.

According to the above discussion, we have the following
pool-update policy:

Young-Old Swapping Condition. Suppose that P, is the set
of blocks in the young pool, and P, is the set of blocks in the
old pool. Upon the completion of a cycle of MC-actuation and
MC-sensing operation, check the following condition:

Jpax W(B)} — min {U(B)}>TH (5)

where maxypep, {U(B)} is the block with the maximum usage
metric in the young pool, minygep, {U(B)} is the block with
the minimum usage metric in the old pool, and T'H is a user-
defined threshold.

If the condition given by (5) holds, block maxypep, {U(B)}
is no longer considered to be a “young” block and
minypgep, {U(B)} is no longer considered to be an “old” block.
Therefore, we perform the following procedure:

Step 1. Move block maxypep, {U(B)} from the young pool
to the old pool.

Step 2. Move block minypep, {U(B)} from the old pool to
the young pool.

Step 3. Check condition given by (5). If this condition is true,
repeat Step 1 to Step 3. Otherwise, stop.

Note that the above procedure is guaranteed to terminate in
|IN/2] iterations, where NV is the total number of blocks in a
MEDA biochip. The block with the minimum usage metric in
the young pool is minypecp, {U(B)} while the block with the
maximum usage metric in the old pool is maxypcp, {U(B)}.
The worst-case situation occurs when the following condition
is satisfied:

Jain {U(B)} - max {(UB)}>TH ()

In this situation, a total of | N/2| swapping steps are needed.

D. Wear-Leveling High-Level Synthesis Algorithm

The pseudocode for the wear-leveling high-level synthesis
algorithm is shown in Fig. 15. The input to this algorithm
is the sequencing graph, and a trade-off parameter a. In a
sequencing graph, the vertex represents a droplet operation,
and the edge between two vertices represents the droplet-
operation dependency. Droplet operations in the sequencing
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Algorithm 1 high level synthesis(graph, «)

scheduting has been completed. Otherwise, we use the function

Input: The DAG graph, and the trade-off parameter «;
Output: The placement and routing for each droplet operation.
1. dict_loc := {};
2: dict_route := {};
3: time := 0;
4: 1st_wait := [ |;
5: Ist _ready := Ist_op_dispense;
6: Ist_process := | |;
7
8:
9

while len(Ist _ready) + len(Ist_process) > 0 do
for op in sort_list(Ist _ready, o) do

10: min_ cost, 1st _loc := get _cost_wl(op);
11: for loc in Ist _loc do

12: while 5 <=1 do

13: best _loc := find_best loc(lst_loc, B);
14: route := router(best _loc);

15: if route != None then break;
16: else = + 0.1;

17: if route != None then

18: dict_loc[node| := best_loc;

19: dict_route[node| := route;

20: break;

21: if route = None then

22: exit; // synthesis fails

23:

24: time := time + 1;

25: update pool(yound pool, old pool);

26:

27: for op in Ist_process do

28: if op.finish_time <= time then

29: Ist _process.remove(op);

30: update list(Ist _wait, Ist _ready);
31:
32: return dict loc, dict route;

sort_1ist(Ist_ready, alpha) to sort the droplet operations in the
ready list in a descending order according to the priority for
each operation (Line 9), which is computed using the following
equation:

P(op) = a x D(op) + (1 — &) X (Limaz — L(op))  (7)

where D(op) is the out-degree of op in the sequencing graph,
L(op) is the level of op in the sequencing graph using topolog-
ical sort, L,,,, is the height of the sequencing graph, and « is
a trade-off parameter (0 < a < 1).

For each operation op, we use the function get_cost_wl(op)
to obtain the minimum wear-leveling cost and store the corre-
sponding locations in Ist_loc (Line 10). The computation of the
wear-leveling cost for loc can be expressed as follows:

ZBiEPy U(Bl) + ZBiGP{) “ (8)
N

where N is the total number of blocks occupied by the module
placed at loc, U(B;) is the sum of MC usage in block B;, P, is
the set of blocks in the young pool, P, is the set of blocks in the
old pool, and C is a large constant number that is set to 999,999
in our code implementation. The location with a smaller value of
C\wi(loc) is more favorable because it indicates that the module
at location [oc occupies more young blocks in the young pool.

After we obtain [st_loc, the function find_best_loc(Ist_loc, p)
is used to carry out a linear search for the locations in Ist_loc,
and obtain the location (i.e., best_loc) that has the minimum
module-placement cost (Line 13), which can be expressed as
follows:

Cyi(loc) =

Fig. 15: The pseudocode for high-level synthesis.

graph are scheduled using the list-scheduling algorithm [51]—
[53]. Compare with the traditional list-scheduling method, we
have the following improvements:

e We have added a “young pool” and a “old pool” data
structures to keep track of the MC-usage information for each
block. )

o In the module-placement step, we have develop a wear-
leveling cost function C/,,;(loc) so as to place a fluidic module
in the block that is still “young”.

¢ We also developed a module-placement cost function
Chnp(op) such that the droplet routes can be reduced.

o In every clock cycle, the “young pool” and “old pool”
data structures will be updated according to the Young-Old
Swapping Condition.

In order to implement the list-scheduling algorithm, three
list are first created: waiting list, ready list and processing list
(Line 4-5). At the beginning of the algorithm, all the droplet-
dispensing operations are in the ready list while the remaining
operations in the sequencing graph are placed in the waiting
list.

We first check if the ready list and the processing list are
empty (Line 8). If both of them are empty, it indicates that the

Conp(op) = (1= B) x Y _ Man(loc(p), loc(op))
p€EP

+ 8 x Zoverlap(Bo:E(C% Box(op))
ceC

&)

where op is the droplet operation being evaluated, [P is the set of
predecessor of op, Man(A, B) is the Manhattan distance from
location A to location B, loc(p) and loc(op) are the location
of predecessor p and the location of operation op, respectively.
A lower value of the first term indicates a shorter length for
droplet routes and thus implies that fewer MCs are used.

In the second term, C is the set of operations in the ready list
whose module placements and the routes from their predeces-
sors are determined. For an operation c, the source of the route
is the location of its predecessor and the sink of the route is
the target module placement. The bounding box for operation ¢
is defined as the rectangle area whose diagonal corners are the
source and sink of the route for operation c. Here, we use BB(c)
and BB(op) to represent the bounding boxes for operation ¢
and operation op, respectively. overlap(BB(c), BB(op) is the
overlapping area between BB(c¢) and BB(op).

Finally, 3 is a trade-off parameter. In the scheduling algo-
rithm, § is initially 0, which implies that reducing the length of
the route is the first priority. However, prioritization along can
lead to route congestion for a later route. Therefore, an increase
in 8 can alleviate the problem of routing congestion and make
droplet routing easier.
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Fig. 16: (a) The CEP benchmark, (b) the master-mix benchmark, and (c) the serial-dilution benchmark.

After we select the target location for an operation, we use
the function router to determine the routes that come from its
predecessors (Line 14). Droplet routes in a MEDA biochip can
be extended to a 3D space. The x axis and the y axis correspond
to the 2D plane of MEDA, and the z axis corresponds to the
operational cycles. We use the 3D A*-algorithm [54] to obtain
the shortest route from a parent operation to a child operation.
In this way, the number of blocks used for partial update can
be kept small. This process is repeated until we determine the
locations and routes for all the operations in the ready list.

If a route cannot be found from a parent operation to the
target location corresponding to a child operation, we increase
the value of p (Line 16), find a new target location for the
operation op, and carry out re-routing. This process is repeated
until we successfully find a route from a parent operation to the
target location (Lines 17-20).

The time (i.e., operation cycle) is then increased by one unit,
and the young/old pool is updated accordingly (Lines 24-25).
After that, we check if an operation in the processing list has
finished. If this is the case, the operation is removed from
the processing list (Lines 28-29). Finally, we use the function
update_list(Ist_wait, Ist_ready) to move the operations in the
waiting list, whose parent operations have be finished, to the
ready list (Line 30).

The high-level synthesis algorithm can be evaluated using the
cost function in Equation (2). With different values of the trade-
off parameter a, we will obtain different synthesis solutions and
different cost. We carry out a linear search on @ (0 < @ < 1)
and select the synthesis solution with the minimum cost.

VI. SIMULATION RESULTS

In this section, we use three real-life benchmarks, name-
ly CEP, serial dilution, and master mix [55] for evaluation;
see Fig. 16. CEP is a combination of three small bioassays:
cell lysis, mRNA extraction, and mRNA purification. In the
simulation setup, the size of the biochip is 30 x 60, and the block
size for the IJTAG network is set to 10 x 10. The dispensing

TABLE I: The number of times benchmark bioassays can run
on a MEDA biochip for the different methods.

Methods | CEP | Master-Mix | Serial-Dilution
M-1 2 4 1
M-2 3 4 1
M-3 12 7 5
M-4 8 6 3

time for the reservoir is 2 s. The mixing time is 3 s for an
8 x 8 mixer, the splitting time is 2 s for a 4 x 4 splitter, and
the dilution time is 5 s for an 8 x 8 diluter [29]. The threshold
TH in the wear-leveling algorithm is set to 50.

Note that this paper does not consider wash operations during
bioassay execution, because wash droplets are considerably
larger than sample or reagent droplets and their movement
is considerably slower. Moreover, it is a major challenge to
ascertain whether a wash droplet was able to successfully
clean the suspected contaminated site. The preferred solution
today is to carry out electro-wetting and the associated droplet
manipulations in a film of inert oil (e.g., silicone oil) [56]-
[58]. This silicon-oil based solution has been adopted in some
commercial products (e.g., ePlex from Genmark and SEEKER
from Babies) [57], [59].

A. Simulation Results

In order to quantify the benefits introduced by the IJTAG
network and wear-leveling high-level synthesis, we compare the
following four methods:

M-1: The high-level synthesis method in [29] for the baseline
MEDA design.

M-2: The block-aware high-level synthesis method in [46]
applied to a MEDA biochip with an IJTAG network (partial
actuation/sensing operations are utilized).

M-3: The proposed wear-leveling high-level synthesis method
based on a MEDA biochip with two IJTAG network for two
scan-chains (partial update/sensing operations are utilized).
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TABLE II: Simulation results for CEP bioassay (run for 2
times), master-mix bioassay (run for 4 times) and serial-dilution
bioassay (run for 1 time).

Completion Data-Shift U(MC) U(MC) UMC) U(MC)

Methods
Time (s) Bits min max mean o
CEP Benchmark
M-1 51 183.6 K 51 198 58 18
M-2 54 173 K 0 136 7 17
M-3 58/60/64  30.5 K 0 32 8 6
Master-Mix Benchmark
M-1 38 136.8 K 38 192 83 45
M-2 40 424K 0 200 32 41
M-3 44/45/49 743 K 0 152 37 25
Serial-Dilution Benchmark

M-1 81 291.6 K 81 195 73 16
M-2 90 449 K 0 142 7 20
M-3 98/98/98  80.7 K 8 40 10 8

M-4: The proposed wear-leveling high-level synthesis method
based on a MEDA biochip with one IJTAG network (only partial
update is utilized). In every clock cycle, all MCs need to carry
out droplet-sensing operation because selective sensing is not
available.

According to [24], an electrode is completely degraded when
it is actuated 200 times. Here, we also assume that the MEDA
biochip is deemed to be not usable if any MC is used for over
200 times. Table I shows the number of times we can run CEP,
Master-Mix and Serial-Dilution bioassays using M-1, M-2, M-3
and M-4 with a limit of 200 actuations of an MC. The results
show that M-3 provides the best results; M-4 also provides
significant improvements over M-1 and M-2, but not as much
as M-3 because partial sensing is not utilized in this method.

In the next part of simulation setup, each benchmark bioassay
is performed on the MEDA biochip for a total of N times. Note
that the value of NV is bioassay- and method-specific; see Table I.
This is because the bioassays have different schedules and
completion times, and they require different actuation patterns
as well as various numbers of actuation for the MCs. We use
the following metrics to evaluate M-1, M-2 and M-3:

(1) Bioassay Completion Time. For M-1 and M-2, the
completion time is the same for each run. However, for
M-3, the bioassay completion time varies for each run be-
cause wear-leveling high-level synthesis will generate differ-
ent module placements and droplet routes to average the us-
age of MCs. Therefore, in Table II, we present the mini-
mum/average/maximum completion time for M-3.

(2) Amount of Data Shift. This parameter is the average
number of bits that are needed to shift in the MEDA scan chain.
In M-1, 3600 data-bits have to be shifted into the scan chain per
operational cycle. Therefore, the total number of shifted bits is
3600 x CT, where C'T is the completion time. However, with
the help of the IJTAG network design, a much smaller amount
of data shift is needed.

(3-5) Minimum/Maximum/Mean MC Usage. The mini-

mum/maximum/average number of times an MC is used, among
all MCs after N runs of a benchmark bioassay.

(6) Standard Deviation (o) of MC Usage. This metric
describes how evenly the usage is distributed among MCs. A
smaller value of ¢ indicates a more uniform usage distribution
for all the MCs.

As shown in Table II, in the baseline method M-1, because
MC-actuation patterns/MC-sensed patterns are shifted in/out
using the original scan-chain architecture, the number of data-
shift operations is very high. In addition, because all MCs on
MEDA are utilized for the droplet-sensing operation, the overall
usage of all the MCs is also very high.

Compared with M-1, due to the IITAG network design, the
number of data-shift operations is significantly reduced, by
up to 70%. In addition, because M-2 utilizes a block-level
partial sensing technique, the overall usage of all the MCs is
also reduced by up to 90% (see the column of average MC
usage). However, because both M-1 and M-2 do not attempt to
ensure the uniform usage of MCs, we can see that the standard
deviation value is large for both M-1 and M-2.

According to Table II, a major benefit introduced by M-3 is
that all the MCs are more evenly utilized, which can be inferred
from a much lower value of the standard deviation. However, to
average out the MC-usage value, the completion time and the
average MC usage is slightly increased compared to M-2.

B. Histogram and Distribution of MC Usage

Fig. 17 shows the histograms of the MC usage for the three
benchmark bioassays when methods M-2 and M-3 are used. If
wear leveling is not used (M-2), according to Fig. 17(a), we can
see that the usage value of most MCs are very small (less than
20), but some MCs are used for many times (e.g., 200 times).
This indicates that, if wear-leveling technique is not used, some
MCs will be excessively actuated, which will lead to an early
failure of the MEDA biochip.

In contrast to M-2, if wear-leveling technique is used (M-3),
there is a considerable reduction in the number of MCs that
are frequently actuated. For example, after running the CEP
bioassay for three time, the maximum MC-usage value for M-2
is nearly 200, while the maximum MC-usage value for M-3 is
only 47. The reduction of the maximum MC-usage value can
significantly prolong the lifetime of a MEDA biochip.

Fig. 18 shows the MC-usage value across the 2D plane. Each
dot on the 2D plane is geometrically one-to-one mapped to
each MC on a fabricated 30 x 60 MEDA biochip. According
to Fig. 18(b), with wear leveling, all the MCs are evenly used.
However, without wear leveling, we can see from Fig. 18(a)
that the MCs in some location are frequently used while the
MC:s in other locations are rarely used.

C. Discussion of Parameters

In the previous sections, we have presented the simulation
results using a threshold T'H of 50 and a block size BL of
10 x 10. In this subsection, we will explore how these two
parameters affect the performance of M-3.

As shown in Table III, the bioassay completion time varies for
each run because method M-3 will generate different module

0278-0070 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Duke University. Downloaded on June 13,2021 at 11:58:19 UTC from IEEE Xplore. Restrictions apply.



Thi

S

of MC

02
Serial Dilution

1500 1000

1408 572 . 1500
CEP Master Mix
800

1000 g 600 g 1000

ks ks
350 —331 250 350
Master Mix 300

No. of MCs

200
- 168 4. 250
J J
s 150 = 200
e e
S 100 g 150
Z. Z
100
50
0
0 20 40 60 80 100
CEP Master Mix
CEP Master Mix
(b)

Serial Dilution

208

30 40

10 20

Serial Dilution

Serial Dilution

Fig. 18: Distribution of the MC-usage metrics after running CEP bioassay for 3 times (/N = 3), Master-Mix bioassay for 4
times(/N = 4) and Serial-Dilution bioassay for once (N = 1) when methods (a) M-2 and (b) M-3 are used. The x-y plane

represents the MEDA biochip, and the z-axis represents the MC-usage metric.
3 4

1

Authorized licensed use limited to: Duke University. Downloaded on June 13,2021 at 11:58:19 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TCAD.2020.3032629, IEEE

Transactions on Computer-Aided Design of Integrated Circuits and Systems

ZHONG et al.: ENHANCING THE RELIABILITY OF MEDA BIOCHIPS USING IITAG AND WEAR LEVELING 13

TABLE III: Simulation results for CEP bioassay (run for 12
times), master-mix bioassay (run for 7 times) and serial-dilution
bioassay (run for 5 time) using M-3.

Threshold Block Size Completion Data-Shift U(MC) U(MC)
TH BL Time (s) Bits mean o
CEP Benchmark
50 10 x 10 58/60/64 305 K 49 29
100 10 x 10 57/60/64 304 K 47 32
200 10 x 10 55/59/65 30.1 K 46 33
50 5x5 57/60/64 365K 53 27
Master-Mix Benchmark
50 10 x 10 44/45/49 743 K 65 35
100 10 x 10 44/44/49 745 K 64 36
200 10 x 10 42/44/51 739 K 62 38
50 5x5 44/46/50 783 K 68 33
Serial-Dilution Benchmark
50 10 x 10 96/98/103  291.6 K 53 27
100 10 x 10 95/98/104 2914 K 52 28
200 10 x 10 93/96/105  290.9 K 51 29
50 5x5 97/98/103  300.6 K 55 25

placements and droplet routes to average the usage of MCs.
Therefore, in the third column of Table III, we present the min-
imum/average/maximum completion time for M-3. We can see
that under different combinations of parameters, the bioassay
completion times have very small variance. When BL is set to
10 x 10, the number of data-shift bits is nearly the same for
different values of T"H. However, when BL is changed from
10 x 10 to 5 x 5, the number of data-shift bits has a noticeable
increment because more configuration bits have to be shifted
into the SIB registers.

When BL is 10 x 10, a 30 x 60 MEDA biochip has a total
of 18 blocks, and each IJTAG network (see Fig. 10) has a SIB
register of 18 bits. In each operational cycle, a total of 18 x 2 =
36 configuration bits have to be shifted into the SIB registers.
However, when BL is set to 5 x 5, a 30 x 60 MEDA biochip
has a total of 72 blocks. This means that each IJTAG has a SIB
register of 72 bits, and a total of 72 x 2 = 144 configuration
bits have to be shifted into the SIB registers in each operational
cycle.

From Table III, we also see that when T'H 1is increased from
50 to 200, the overall usage of MCs decreases slightly while the
standard deviation (o) of MC usage increases. In addition, when
BL is change to 5 x 5, the standard deviation of MC usage is
reduced noticeably while the overall MC usage increases. Based
on these two inspections, we conclude that there is a trade-off
between the overall wear-leveling performance and the overall
MC usage. A better wear-leveling outcome can be achieved at
a cost of higher overall MC usage overhead.

In practice, for each value of TH, the user can run simulation
and determine the number of bioassays that can be run on the
MEDA biochip (before any one MC is used for more than 200
times). In order to set an appropriate value of TH, the user can
carry out a linear search on TH, and find out the TH value that

yields the maximum number of runs for the target bioassay.

VII. CONCLUSION

We have addressed some key reliability challenges associated
with todays MEDA biochip designs. We have presented a new
MC design, a new scan-chain design, and the corresponding
IJTAG network design for MEDA. Based on the new hardware
solution, we have presented a partial update operation, a partial
sensing operation, and the overall control flow. Following this,
we have introduced a high-level synthesis method based on
wear leveling to ensure uniform utilization of MCs. Simulation
results for three representative biochips have demonstrated the
effectiveness of the proposed method.
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