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Abstract
A faulty Through Silicon Via (TSV) could spoil a 3D IC and cause hefty loss as the potentially expensive known-good-dies 
bonded together must be discarded. This work presents a Fault-tolerant TSV scheme to avoid such a disastrous situation. Our 
method uses two differential TSVs for each binary signal to be transmitted. Compared to the previous Fault-tolerant TSV 
schemes, our test and repair scheme is not only instant and much more simplified, requiring no global test result analysis 
and complex reconfiguration process, thereby making it especially suitable for some situations when the more involved 
TSV test and repair schemes cannot be easily supported by some die providers in multi-vendor 3D-IC design environment.
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1  Introduction

In a 3D-IC, several known good dies are stacked vertically 
via Through Silicon Vias (TSVs). It is known that thermal 
and mechanical stresses during the die stacking and bond-
ing process may introduce parametric defects in the TSV 
structure (such as delay faults or leakage faults). If a TSV is 
faulty, the entire 3D-IC could fail and all the known-good 
dies bonded are wasted, leading to a hefty loss. To avoid 
such a last-minute disaster during the 3D-IC integration, 
yield and reliability enhancement strategies for the faulty 
TSVs are essential to guarantee the success of a product.

In general, a TSV could connect several dies vertically. 
However, for simplicity without losing generality, we 
assume in this work that there are only two dies connected 
by TSVs—the master die and the slave die. Supporting cir-
cuits need to be inserted in both dies to support the TSV 
repair process – including the “redundancy architecture” 
and the “test-and-repair controllers” to execute the test and 
repair protocol.

Numerous TSV repair schemes have been proposed in the 
literature [1, 3, 6, 7, 10, 12–15, 17, 18, 20–23]. In general, a 
faulty TSV has to be identified first by a test method and then 
replaced by some spare TSVs. To support the replacement, 
input switching logic (such as de-multiplexers) and output 
switching logic (such as multiplexers) are needed along the 
signal path of each TSV. The previous Fault-tolerant TSV 
schemes have targeted a wide range of different situations. 
They can be characterized by several features in terms of the 
targeted fault types, the test methods, the diagnostic methods, 
the spare structures, the replacement algorithms, etc. The 
quality metrics include the repair cost, the repair rate, and 
the ability to repair special faults (e.g., delay faults, leakage 
faults, electromigration faults, clustered faults, etc.).

In this work, we consider the Fault-tolerant TSVs from 
an aspect that takes into account the limitation of a realistic 
“cooperative multi-vendor design environment”, in which a 
3D-IC integrator may not design all the functional dies. In 
other words, a 3D-IC integrator may incorporate some 3rd-
party functional dies, e.g., a memory die. A memory vendor 
is known to have the mindset of producing dies to work 
with various SoC dies by using the same core circuitry with 
some standardized interfaces. Sometimes, it might be hard 
to persuade a die vendor to adopt a sophisticated TSV repair 
scheme, considering that every die involved in a 3D-IC pro-
ject needs to implement all the supporting circuitry for the 
TSV’s test and repair – including the spare structure, the 
controller for the test and diagnosis of the faulty TSVs, and 
the on-chip memory and logic to analyze the test results for 
deciding the repair routes.
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In this work, we pursue a “simple yet effective test and 
repair scheme for TSVs” with the following principles to 
resolve this difficulty.

1.	 All the design-for-repair circuitry will be inserted just 
like local wrappers around the TSV areas. That is, there 
are no global repair controllers at all.

2.	 The test-and-repair operations are simplified so that they 
can be executed on the triggering of some control signal, 
e.g., when the signal Test goes high for only 3 test clock 
cycles. The test results are processed within each TSV 
wrapper, and the repair process is completed instantly 
afterward. Therefore, there is no need to transmit the test 
results to any global controller for further processing 
and there is no need to decide the routing of the signals 
through TSVs. This is a very unique merit not found in 
the previous methods.

Following the above principles, we developed a simple 
Fault-tolerant TSV with the following features:

1.	 We use “differential TSV pairs” to provide redundancy 
for fault tolerance. An input binary signal and its com-
plementary signal are used to drive two TSVs, respec-
tively. At the receiver ends, they are “differentially 
sensed” and converted back into a binary value. Even 
though two TSVs are used for each binary signal trans-
mission, with the ever-decreasing TSV pitch into the 
less-than-10µm realm [2, 16], the cost has become not 
just affordable but also worthwhile.

2.	 We use the simple “pulse-vanishing test” in [8, 9]. A 
short-duration pulse signal, e.g., with a pulse width 
of 1 ns, extracted from the high-speed system clock is 
used to drive each TSV within a test clock cycle. If the 
pulse signal driving a status flip-flop’s clock port can 
“register” the flip-flop at the receiver end, then the cor-
responding TSV is considered fault-free. Otherwise, it 
is regarded as faulty. This test method can detect not just 
hard faults, but also delay faults. It is worth mentioning 
that the term “pulse” used in this paper has only one 
shot, which is different from a long series of pulse waves 
as defined in [11].

3.	 A “sensor cell” at the received ends of each “differen-
tial TSV pair” is specially designed to “fix” or “mask” 
a severely faulty TSV instantly based on the prior test 
result stored locally in the status flip-flop. After the test, 
the 3D-IC can start its functional mode and now the 
“reconfigured sensor cell” will operate correctly.

4.	 A fault is called a minor fault if it escapes our test 
method. For this kind of minor fault, our sensor cell 
does not mask it completely. However, the fault effect is 
mitigated because of the differential nature of our sensor 
cell, as will be reported later.

5.	 A signal shuffling technique is proposed to cope with 
the bridging faults. By shuffling, the TSV pairs are 
placed in an interleaved manner so that a bridging fault 
between two physically neighboring TSVs will be turned 
into two single faults, each affecting only one half of a 
TSV pair, and thereby tolerated individually.

The rest of this paper is organized as follows. In Sec-
tion 2, we provide the preliminaries. In Section 3, we 
introduce our basic Fault-tolerant TSV structure, includ-
ing the “differential TSV pair” and the basic sensor cell. 
Also, we discuss our install test-and-repair process. In 
Section 4, we present simulation results and in Section 5 
we conclude.

2 � Preliminaries

2.1 � Delay Test Method

As shown in Fig. 1, the Pulse-Vanishing Test (PV-Test) 
proposed in [8] applies a short-duration pulse signal at 
the driver end of the TSV under test. The pulse width 
is roughly equal to the system clock cycle time. If the 
TSV is fault-free as illustrated in Fig. 1(a), the pulse 
signal could manage to arrive at the receiver end of the 
TSV (denoted as WO). This pulse waveform is said to 
have “survived” the journey through the TSV and will be 
restored to full swing after passing the receiver. On the 
other hand, if the TSV is faulty with excessive resistance 
as shown in Fig. 1(b), the pulse signal may vanish alto-
gether. This phenomenon is because a faulty TSV could 
be too resistive and therefore the rising transition at node 
WO in the figure is so distorted that it never reaches a 
level above the threshold voltage of the receiver. As a 
result, the resulting pulse waveform at node WO is con-
sidered a glitch and “filtered” by the receiver, leading to 
a no-pulse situation at the receiver’s output (i.e., node B) 
indicating a failed situation.

Driver
BA

Receiver

Threshold

Driver
A WO

Receiverfaulty TSV
(with excessive resistance) B

Threshold

WO

(a) fault-free case

(b) faulty case

“Surviving
Pulse”

“No Pulse”

Fail

Pass
fault-free TSV

Fig. 1   The pulse-vanishing test for a TSV as proposed in [8]
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2.2 � An Exemplar TSV Repair Scheme

In general, a TSV test-and-repair process involves three 
major steps, namely, fault detection, diagnosis (to identify 
the locations of the faulty TSVs), and repair (to recon-
figure the redundancy structure for bypassing identified 
faulty TSVs).

Figure 2 shows an example of the required infrastructure 
to carry out an on-chip test-and-repair process [10]. Overall, 
there is a Main Controller located in a die designated as the 
master die (i.e., Die 1 in the figure). Further in each die, 
there is a Test Controller (named TC in the figure), and a 
local Repair Controller (named RC in the figure).

The Main Controller regulates the entire test-and-repair 
process. It initiates a test session that shifts in the test stimuli 
and shifts out the test results through a global TDI-to-TDO 
daisy chain. Notably, the test results need to be “broadcast” 
to every die so that each die can check the test results and 
generate the “repair pattern” accordingly, which is then 
loaded into the input switch boxes (as indicated as trap-
ezoidal shapes in Die 1) and the output switch boxes (as 
indicated as trapezoidal shapes in Die 2). It is noteworthy 
that there is one “repair scan chain” as well in each die, 
consisting of all its input or output switch boxes. The repair 
scan chain orders of different dies should match carefully 

so that the “two repair bits” at the two ends of a TSV can 
match after the repair. For example, the repair patterns are 
both “0111” for Die 1 and Die 2 if the 2nd TSV has been 
identified as faulty and is to be bypassed. Once the repair is 
completed, the Main Controller will issue another test ses-
sion to check if the repair is successful. In this case, the TSV 
group is said to be “4-out-of-5” meaning that it will function 
correctly after repair if at least 4 TSVs are fault-free.

Overall, the above test-and-repair process requires 
“global infrastructure” and sophisticated repair scheduling. 
Simplifying this process by eliminating the global Repair 
Controllers, the switch boxes, and the repair scan chains is 
the major motivation for this work.

Table 1 summarizes the differences between our scheme 
(to be proposed) and previous methods in five criteria – target  
fault type(s), test method, diagnosis technique, redundancy 
structure, and repair scheme.

1.	 The targeted faults include hard faults (stuck-at, open, 
short faults) and parametric faults (delay faults, leakage 
faults, and online electromigration faults). Some even 
consider clustered faults. Our scheme will target both 
hard faults and parametric faults.

2.	 Previous works have offered numerous test methods. In 
this work, we use the pulse-vanishing test.

3.	 The diagnosis techniques used to pinpoint the locations 
of faulty TSVs could be complicated and require the 
assistance of external ATE or on-chip diagnosis hard-
ware. In our method, it is as simple as just checking the 
status flip-flop of each TSV after testing.

4.	 The redundancy structure ranges from shifting-based, 
switching network-based, to more sophisticated routing-
based, etc. Depending on the redundancy structure. In 
this work, we use differential TSV pairs as our redun-
dancy structure.

5.	 The repair schemes involve how the repair information is 
loaded into the switch boxes of the redundancy structure. 
Sometimes, the repair information needs to be stored in 
a repair memory first before being applied through the 

Die 1
(Master)

Die 2
(Slave)

: driver : receiver

TDO

Main
Controller

TDI RC RC TCTC

TC: Test controller RC: Repair controller

0
1
1
1

0
1
1
1

TSV group

Fig. 2   A typical infrastructure for TSV repair [10]

Table 1   Comparison of TSV repair methods

Criterion Prior Methods Proposed Scheme

Targeted Fault Types Hard faults (stuck-at, open, short) Delay faults, Leakage faults, etc Both Hard and Parametric Faults
Test Methods Boundary-scan test Memory-Like BIST

Pulse-Vanishing Test, etc
Pulse-Vanishing Test

Diagnosis Techniques External-ATE-based diagnosis, On-chip diagnosis,
On-the-spot diagnosis, etc

On-the-spot diagnosis

Redundancy Structures Shifting-based
Switching-Network-based
Multi-Hop Routing-based, etc

Differential TSV Pair

Repair Schemes Store-and-Load repair
On-the-fly repair, etc

Instant Local Repair
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assistance of some repair chain chains. Sometimes, the 
repair memory can be eliminated if the repair is done on 
the fly in a way that the repair information is generated 
as a bitstream and immediately loaded into the repair 
chains. In our work, we do not need the repair memory 
nor the repair scan chains at all because our repair is 
conducted on-the-fly and locally.

3 � Proposed Fault‑Tolerant TSV Scheme

With smaller and smaller TSV pitch sizes below 10µm, the 
use of differential TSV pairs for one binary signal transmis-
sion has become more and more cost-effective and appealing. 
In such a differential TSV pair, a binary signal and its comple-
mentary are transmitted through two independent TSVs. At 
the receiver end, they are combined back to a binary signal by 
a “differential sensor cell” or simply “sensor cell” for short. 
Since a binary signal has been transmitted in two TSVs, any 
fault occurring to only one of them can be tolerated. In the fol-
lowing, we investigate the details of this different TSV pair in 
terms of its basic circuit and operation in the functional mode, 
its fault detection method, and then its self-repair.

3.1 � Basic Differential TSV Pair

As illustrated in Fig. 3, the differential TSV pair consists of 
the following 3 parts:

1.	 The two TSVs, one as the native TSV and the other as 
the complementary TSV.

2.	 The driver-side buffer and inverter, for enforcing the dif-
ferential signals down the two TSVs.

3.	 The receiver-side sensor cell, for converting the received 
differential signals back to a binary signal.

The transistor-level schematic of the sensor cell is 
shown in Fig. 4. It is a logic gate based on the Cascode 
Voltage Switch Logic [19]. It has 3 parts – the differential 
input stage, the common current sink, and the load por-
tion. The differential input stage consists of nMOS tran-
sistors M5 and M7, sitting on top of the common current 
sink made of an always-on footer nMOS transistor M11. 
The two input signals to this sensor cell are the signal 
through the native TSV (driving the right-hand-side of the 
input stage and denoted as P throughout this paper) and 
the other signal through the complementary TSV (driv-
ing the left-hand-side of the input stage and denoted as N 
throughout this paper). One of these two input signals with 
a larger voltage will dominate the input stage and drain the 
most current of the common current sink. The load portion 
at the upper part can be viewed as a pseudo-cross-coupled 
pMOS latch consisting of M1 and M2. Its purpose is to 
enhance the sensor result to a rail-to-rail logic signal as 
illustrated in the following example. The binary output 
signal of this sensor cell is called signal B.

(Example 1) Consider the two input conditions driving 
our basic sensor cell. Consider the first case when the input 
P is logic ‘1’ and the input N is logic ‘0’ as illustrated in 
Fig. 5(a). The current mainly flows through the right-hand-
side branch of the input stage, thereby discharging node Y2. 
After a while, the left-hand-side pMOS in the load portion 
starts to conduct and build up a relatively high voltage at 
node Y1. Through the pseudo-cross-coupled pMOS latch, 
a stable condition between Y1 and Y2 is established and 
output B becomes ‘1’. Now consider the other case when the 
input P is logic ‘0’ and the input N is logic ‘1’ as illustrated 
in Fig. 5(b). The current mainly flows through the left-hand-
side branch, and output B will become ‘0’.

Signal Name Meaning
A Input binary signal
B Output binary signal
P End signal of na ve TSV
N End signal of complementary TSV

A B
P

N

Na ve TSV

Complementary TSV

Sensor
Cell

Fig. 3   Proposed Differential TSV pair

VDD
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M2

B

VDD

M1

M11

N M5M7

Load Por�on

Input Stage

Current Sink

Output

Fig. 4   The schematic of our basic sensor cell, following the principle 
of Cascode Voltage Switch Logic [19]
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For detecting parametric faults, a test method is associ-
ated with a test threshold. When the severity of the fault 
exceeds the test threshold, it is detected and called a severe 
fault in this paper. Otherwise, it may escape the test method 
and be called a minor fault. Our basic strategy is to detect 
severe faults and mask them while mitigating minor faults.

In this subsection, we analyze the fault-effect-mitigation 
ability of our differential TSV pair for minor faults. We 
use a single TSV for comparison. In this experiment, we 
consider the delay fault with the fault resistance increas-
ing gradually from 1 kΩ to 10 kΩ on a TSV. As shown in 
Fig. 6, for the single TSV version, the TSV delay (from A 
to B) increases accordingly, e.g., from its fault-free delay of 
226 ps to more than 1647 ps at 10 kΩ. On the other hand, 
when the fault resistance is injected into one TSV of our dif-
ferential TSV pair, the TSV pair delay (from A to the output 
of our sensor cell, denoted as B) increases as well, but with 
a slower increasing rate than that in the single TSV version. 

This indicates that our differential TSV pair can mitigate the 
fault effect to some extent.

3.2 � Dual‑Railed Sensor Cell

The fault effect mitigation ability of our sensor cell can be 
further enhanced by turning the input stage into a dual-railed 
version as shown in Fig. 7. Consider a situation in the origi-
nal sensor cell that input N is undergoing a normal ‘1-to-0’ 
falling transition, while input P a slow ‘0-to-1’ rising transi-
tion due to a delay fault. The basic sensor cell may not react 
very quickly since the input stage is high-active. It waits for 
the faulty input P to rise above the threshold voltage before 
it reacts. To fix this lagging reaction, we adopt a dual-railed 
input stage. In addition to the original high-active nMOS 
transistors, M5 and M7, we added two low-active pMOS 
transistors, M3 and M9. In this new version, instead of wait-
ing for the slow-to-rise input P, the quick-to-fall input signal 
N drives the input stage, leading to an overall faster turn-
around time for our sensor.

We run the fault-effect-mitigation experiment again 
with the new dual-railed sensor cell design. The basic sin-
gle TSV delay and our two versions of differential TSV 
pair delays are compared in Fig. 8. It can be seen that when 
the signal TSV experiences a delay of 1000 ps, our delay 
has improved from 880 to 562 ps by using the dual-railed 
sensor cell.

3.3 � Complete Test‑and‑Repair Wrapper

The complete test-and-repair wrapper for a differential TSV 
pair is shown in Fig. 9. Its operations can be described in the 
following aspects.

VDD
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VDD

N

VDD

P

B

VDD

N

(a) P=‘1’ and N=‘0’ (b) P=‘0’ and N=‘1’ 
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‘0’‘1’
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Fig. 5   The response of our basic sensor cell in two different input 
conditions (P = ’1’, N = ’0’) and (P = ’0’, N = ’1’)

Fig. 6   The delay of our differential TSV pair using the basic sensor 
cell versus the fault resistance of a delay fault
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Fig. 7   Dual-railed sensor cell to speed up the signal propagation for 
half-faulty differential TSV pair
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1.We use a toggle-flip-flop (on the driver-side) to convert 
a two-pulse signal, i.e., TP, into a single-pulse signal, i.e., T, 
which is further applied to both TSVs during the test mode. 
The detailed reason why this is needed can be found in the 
literature [8]. The resulting pulse width of the single-pulse 
signal is therefore equivalent to the system clock cycle time. 
For example, if a system clock signal is 1 GHz, then the 
pulse width of the test clock signal in our test method will 
be 1 ns. When a delay fault on a TSV is so severe that such a 
pulse signal is prevented from reaching its termination end, 
then the TSV is considered faulty.

2.At the termination end of each TSV, we use a status 
flip-flop to record the test result. Before the test session 
begins, all status flip-flops are initialized to ‘0’. During a 
test session, if there is a pulse signal surviving the journey 

of a TSV and arrives at the clock port of the status flip-flop, 
a logic ‘1’ will be registered to that status flip-flop, indicat-
ing a test result of “pass”. Otherwise, the status flip-flop 
stays at ‘0’ at the end of the test session to indicate a test 
result of “fail”. As shown in the figure, we have two status 
flip-flops for each differential TSV pair, named PE and NE 
respectively, with the following meanings:

•	 If Native TSV has a severe fault, ‘PE’ will stay at its 
initial reset value of ‘0’ after a test session. Otherwise, 
‘PE’ will become ‘1’ to indicate a fault-free or minor 
fault condition.

•	 If Complementary TSV has a severe fault, ‘NE’ will stay 
at its initial reset value of ‘0’ after a test session. Oth-
erwise, ‘PE’ will become ‘1’ to indicate a fault-free or 
minor fault condition.

3.4 � Fault Tolerant Sensor Cell

To utilize the test results to achieve fault tolerance in the 
presence of hard faults or severe faults, our sensor cell is 
modified as in Fig. 10, and turned into a so-called Fault-
Aware (FA) Dual-Railed Sensor Cell. It means that once PE 
and NE can indicate the faulty or fault-free status of the TSV 
pair, this sensor cell can function correctly in the presence 
of hard or severe faults.

In this fault-aware sensor cell, the footer nMOS transistor 
used to implement the common current sink is not changed. 
The load portion is not changed either. However, the input-
stage part that takes in the two signals from the native TSV 
(i.e., P) and complementary TSVs (i.e., N) is now expanded 
to incorporate the status signals from PE and NE. It can now 

Fig. 8   The delay of our differential TSV pair using the dual-railed 
sensor cell in the presence of a delay fault

Signal Name Meaning
A Input binary signal
B Output Binary Signal

TEST ‘1’ for test mode and ‘0’ for func onal mode
CLK High-Speed System Clock

P End signal of Original TSV
N End signal of Complementary TSV
PE ‘1’ if P is fault-free, else P is faulty
NE ‘1’ if N is fault-free, else N is faulty

TP is a two-pulse signal
T is the actual test s ulus
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TEST
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Fig. 9   Complete test wrapper for our differential TSV pair with test-
and-repair ability
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be considered an input-stage network with four discharging 
paths, two on the left-hand side and two on the left-hand side. 
These two sides are competing to become the dominating dis-
charging force while pushing the other side to the opposite.

In this input-stage network, we intend to use ‘PE’ and 
‘NE’ as the gating signals of the 4 discharging paths. If ‘PE’ 
and ‘NE’ are both ‘1’, two TSVs in a differential TSV pair 
are both fault-free. Under this condition, our fault-tolerant 
sensor cell will degenerate to its primitive dual-railed ver-
sion. Otherwise, the differential TSV pair is half-faulty. It 
follows that either ‘PE’ is ‘0’ or ‘NE’ is ‘0’, assuming there 
is only one fault in each TSV pair. Next, we elaborate on the 
two conditions, respectively.

1.	 When ‘PE’ is faulty ‘0’ and ‘NE’ is fault-free ‘1’, it 
indicates that the native TSV is faulty and the comple-
mentary TSV is fault-free. Our fault-tolerant sensor cell 
degenerates to a form as shown in Fig. 11. Since the 
native TSV is faulty, our sensor takes the signal from 
the other complementary TSV, i.e. N, as the sole input. 
When N is negative, the right-hand-side discharging 
path dominates. On the other hand, when N is positive, 
the left-hand-side discharging path dominates. Each will 
produce a correct output response.

2.	 When ‘NE’ is faulty ‘0’ and ‘PE’ is fault-free ‘1’, it 
indicates that the complementary TSV is faulty and the 
native TSV is fault-free. Our fault-tolerant sensor cell 
degenerates to a form as shown in Fig. 12. Since the 
complementary TSV is faulty, our sensor takes the sig-
nal from the native TSV, i.e. P, as the sole input. When 
P is positive, the right-hand-side discharging path domi-

nates. On the other hand, when P is negative, the left-
hand-side discharging path dominates. Each will pro-
duce a correct output response.

3.5 � Coping Strategy for Bridging Faults

A bridging fault may occur between the native TSV and 
the complementary TSV of a signal as shown in Fig. 13. 
If we change the injected bridging fault resistance, Rbridge, 
from 0Ω to 10 kΩ in a step size of 100Ω, the propagation 
delay of our differential TSV pair will change accord-
ingly as depicted in Fig. 14. Our TSV pair fails to func-
tion normally when Rbridge is less than a threshold value 
of 300Ω. Note that a smaller Rbridge value means a more 
severe bridging fault.

To tolerate such a bridging fault, we resort to a signal shuf-
fling technique, in which the 4 constituent TSVs of every 2 
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neighboring signals, denoted as A1 and A2, are placed physi-
cally in an interleaved manner as shown in Fig. 15. By doing 
so, a bridging fault has been turned into two single faults in a 
sense that it only affects one constituent TSV of each of the 
2 differential signals, and thus, their fault effects can now be 
masked by our scheme. In this case, we are shuffling the con-
stituent TSVs of 2 signals to combat a bridging fault. If there is 
a cluster fault that bridges more than 2 physically neighboring 
TSVs, then the shuffling of a larger group of signals, e.g., a 
group of 4 signals, can be employed. In that case, the physical 
distance between the two constituent TSVs of each signal is 
made even larger. Thereby, a multiple-TSV bridging effect can 
be diluted into several single faults and tolerated individually.

3.6 � Instant Test and Repair Flow

Consider a 3D IC consisting of some stacked dice. The bottom 
one is considered the master die, where the Test-and-Repair 
center is located. The Test-and-Repair Center issues basic 
logistic signals to all dice through 3D-IC test channels, includ-
ing {TCLK, TRST}. Meanwhile, we assume a high-speed 

clock signal, e.g., 1 GHz, is also available on all dice. How-
ever, they do not have to be synchronized among these dice. 
This is because our test method is asynchronous and each TSV 
is tested quite independently. Then, our overall test repair flow 
can be performed in the following steps:

1.	 A low-frequency test clock signal TCLK, e.g., 10 MHz, 
is sent to all dice.

2.	 Originally, the test reset signal TRST is high, which 
forces the initialization of all flip-flops in both the 
driver-side wrappers and the receiver-side wrappers of 
all dice to their initial values, i.e., logic ‘0’.

3.	 Then the TRST goes low to enable two PV-test cycles. 
Note that the two-pulse signal in each die can be gener-
ated by a simple test-pulse generator in each die. The 
first PV-test cycle triggers a two-pulse signal to all odd-
numbered TSV pairs, and the second PV-test cycle trig-
gers a two-pulse signal to all even-numbered TSV pairs. 
By this arrangement, the test pulses along physically 
neighboring TSVs are dispersed, because of our afore-
mentioned signal shuffling technique. In other words, 
when a test pulse is launched along a TSV, all its neigh-
bor TSVs will be grounded to create the most hostile 
environment to trigger a bridging fault if any exists.

4.	 It is worth emphasizing that at the end of the above two test 
clock cycles, all our sensor cells at the receiver ends are prop-
erly configured and ready to sense the incoming differential 
signal while tolerating fault effects along some TSVs.

In summary, our instant test and repair process takes 
only 3 test clock cycles, as illustrated in Fig. 16, including 
(1) reset cycle, (2) PV-Test-1 cycle for odd-numbered TSV 
pairs, and (3) even-numbered PV-Test-2 cycle for even-
numbered TSV pairs. After that, the TSV is ready to sup-
port normal operation.

Fig. 14   Delay plot of a differential TSV pair with a bridging fault
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4 � Simulation Results

4.1 � Layout and Area Overhead

We have implemented the proposed test-and-repair wrapper in a 
90 nm CMOS process, divided into the driver-side wrapper and 
the receiver-side wrapper, with the following area estimates.

1.	 The driver-side wrapper includes 3 tri-state buffers and 
1 tri-state inverter, 1 inverter, and 1 resettable flip-flop. 
The total area is estimated as 50.08 µm2.

2.	 The receiver-side wrapper includes two 2-input AND 
gates, 2 resettable flip-flops, and one sensor cell. The full-
custom layout of our sensor cell has an area of 39.34 µm2 
as shown in Fig. 17. All the nMOS transistors in this lay-
out have a W/L ratio of (480 nm/100 nm). The 2 pMOS 
transistors in the dual-railed input stage have a W/L ratio 
of (1440 nm/100 nm), and the 2 pMOS transistors in the 
load portion have a W/L ratio of (420 nm/100 nm). The 
total area of the receiver-side wrapper is thus estimated 
as 77.44 µm2.

The breakdown of the area overhead of our test 
wrappers is summarized in Table  2. The total area is 
(50.8 + 77.44) = 128.24 µm2

. In comparison, the area of a 
boundary scan cell in this 90 nm CMOS process is 52.22 
µm2. Considering that an interconnect requires two boundary 
scan cells (one at the driver side and the other at the receiver 
side), the total area overhead of the proposed method is 
about (128.24 – 2*52.22) / (2*52.22) = 22.8% than that of a 
boundary scan test for a single TSV. In addition to the test 
wrapper, for each binary signal, two TSVs are required.

4.2 � Circuit Model for Simulation

For performance estimation, 3 different types of circuit mod-
els as shown in Fig. 18 are used. It is worth mentioning again 

that the “delay” reported in this section is calculated by the 
larger of the low-to-high propagation delay and the high-to-
low propagation delay.

1.	 Figure 18(a) shows a basic single TSV (or a bare-metal  
one) without any test or repair mechanism. We assume 
a simple RC model for the TSV [5], with a series 
resistance of 2 mΩ and a lumped capacitance of 242fF. 
The delay from A to B in this bare-metal one is 236 ps.

2.	 Figure 18(b) shows 2 basic repairable TSVs using the 
traditional input/output switch-box-based repair scheme 
to bypass identified faulty TSV(s). The signal path from 
A1 to B1 passes through 3 MUXes. The first 2 MUXes 
from A1 to TSV1 are needed for supporting the test 
mode (when ‘TEST’ is 1) and the input switch box, 
while the last MUX from TSV to B1 is for supporting 
the output switch box. The delay from A1 to B1 in the 
functional mode is 436 ps. Compared to the bare-metal 
one, the extra delay is (436 ps – 236 ps) = 200 ps.

3.	 Figure 18(c) shows a proposed differential TSV pair. The 
delay from A to B is 363 ps during the functional mode.

For the evaluation of a resistive open fault, a resistance, 
Ropen, will be injected into the affected TSV model in a series 
manner. The larger this resistance, the more severe the fault. 
For the evaluation of a resistive leakage fault, a resistance, 
Rleak, will connect the affected TSV to a ground level, i.e., 
logic ‘0’. The smaller this resistance, the more severe the 
leakage fault. Similarly, for the evaluation of a bridging fault, 
a resistance, Rbridge, will connect two affected TSVs. The 
smaller this resistance, the more severe the bridging fault.

4.3 � Analysis for Stuck‑At Faults

If a stuck-at-0 fault occurs to our differential TSV pair but 
affects just one TSV, then our test method will be able to 
detect this stuck-at-fault during the test clock cycle, and then 
reconfigure our fault-aware sensor cell to react to the other 
fault-free TSV alone. As a result, our differential TSV pair 
can still function correctly. The delay from A to B is 585 ps.

Length : 9.225 Width : 4.265 Area : 39.34 

Fig. 17   Full-custom layout of our fault-aware dual-railed sensor cell 
in a 90 nm CMOS process

Table 2   Area overhead of our test wrappers for supporting the pro-
posed differential TSV pair in a 90 nm CMOS process

Ref: A boundary scan cell is 52.22 µm2

Circuit Area ( �m2) Total area ( �m2)

Driver-side 3 tri-state buffers 23.28 50.8
1 tri-state inverter 9.88
1 inverter 2.12
1 resettable FF 15.52

Receiver-side 2 AND2 7.06 77.44
2 resettable FFs 31.04
1 sensor cell 39.34
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4.4 � Performance Analysis for Resistive Open Faults

Figure 19 shows the delay plot of our half-faulty differ-
ential TSV pair with a resistive open fault occurring to 
the native TSV, based on SPICE simulation. The fault 
resistance is increased incrementally to 10 kΩ in a step 
size of 100Ω. In this experiment, we apply a test pulse 
width of 1000 ps. When the fault resistance occurring to 

the faulty TSV exceeds 4.2 kΩ, the fault is successfully 
detected by our test method, and classified as a “severe 
fault”. Otherwise, it will not be detected and classified 
as a “minor fault”. When the fault is severe, the faulty 
TSV is “ignored” by our sensor cell and so the delay from 
A to B is determined by the fault-free TSV alone with a 
delay time of 585 ps. It is worth mentioning that this is 
the maximum delay of our differential TSV pair no matter 
how large the fault resistance grows since the faulty TSV 
has been “masked” out. In other words, our method enjoys 
a timing margin of at least (1000 ps – 585 ps) = 415 ps, 
regardless of the fault resistance.

4.5 � Performance Analysis for Leakage Faults

Figure 20 shows the delay plot of our half-faulty differen-
tial TSV pair with a leakage fault occurring to the native 
TSV, based on SPICE simulation. In other words, a leakage 
resistanceRleak is inserted between the faulty native TSV and 
the ground node. The smaller Rleak, the more severe the fault. 
We sweep the Rleak from 0Ω to 10 kΩ in a step size of 100Ω. 
We found that a leakage fault with a Rleak smaller than 900Ω 
will be detected by our test method and regarded as a severe 
fault. A basic single TSV with a severe leakage fault will 
fail. On the contrary, our differential TSV pair still functions 
correctly, with a delay of about 640 ps when there is a hard 
leakage fault to the ground.

4.6 � Performance Analysis for Bridging Faults

Consider a bridging fault occurring to 2 TSVs. Two cases 
are studied as illustrated in Fig. 21(a) and (b).

In Fig. 21(a), signal A1 is transmitted to signal B1 via 
a single TSV, and signal A2 is transmitted to signal B2 via 
another TSV. These two functional TSVs are bridged. We 
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attempt to analyze the worst-case delay from A1 to B1 under 
the influence of the bridging fault. In the figure, the two 
input patterns for A1 and A2 are also illustrated. In the first 
pattern, a “rising transition” is applied to signal A1, while 
signal A2 is set to logic ‘0’ to induce a worst-case bridg-
ing effect. Then, we examine the waveform of signal B1 to 
determine the propagation delay, τPLH, from A1 to B1. In 
the second pattern, a “falling transition” is applied to signal 
A1, while signal A2 is set to logic ‘1’ to induce a worst-
case bridging effect. Again, we examine the waveform of 
signal B1 to determine the propagation delay, τPHL, from 
A1 to B1. The larger value of τPLH and τPHL is reported as 
the final delay.

In Fig. 21(b), signal A1 is transmitted to signal B1 via a 
proposed differential TSV pair, and signal A2 is transmit-
ted to signal B2 via another proposed differential TSV pair. 
As mentioned previously, the signal shuffling technique is 
applied. So, the bridging fault affects one TSV in each of the 
two signal paths, i.e., the two native TSVs in the figure. The 
two input patterns for A1 and A2 are the same in Fig. 21(a).

Figure 22 shows the plot of the delay from A1 to B1 
under the influence of the bridging fault. Again, we sweep 
the Rbridge from 0Ω to 10 kΩ in a step size of 100Ω. We 
found that a bridging fault with a Rbridge smaller than 200Ω 
the single TSV will completely fail. On the contrary, our 
shuffled differential TSV pairs still function correctly, with 
a delay of at most 557 ps, regardless of the severity of the 
bridging fault.

4.7 � Performance Comparison

In summary, assuming a system clock rate of 1 GHz, we 
will test our TSVs with a pulse width of 1000 ps. Then, 
the maximum propagation delay of our differential TSV 
pair is limited to at most 585 ps, 640 ps, and 557 ps, in 
the presence of a delay fault, a leakage fault, or a bridging 
fault, respectively, regardless of the severity of the fault. In 
other words, the delay time can be controlled to be less than 
640 ps at all times using the proposed method, independent 
of the fault types. We can enjoy a timing margin of (1000 ps 
– 640 ps) = 360 ps. This timing margin is due to the minor 
fault mitigation of our fault-aware sensor cell.

Next, we compare our method to the traditional switch-
box-based repair scheme as shown previously in Fig. 18(b). 
Consider the resistive open fault for example. The overall 
delay across this traditional switch-box-based TSV struc-
ture will grow with the increasing Ropen and peak at 1188 ps 
when the Ropen is 5 kΩ. After that, the fault will become 
severe and detected. Then, the faulty TSV can be replaced by 
a fault-free one and the signal path delay will come down to 
436 ps after the repair process. In other words, the traditional 
switch-box-based repair scheme could limit the delay to only 
436 ps when the fault is severe and detected. However, when 
the fault is minor and undetected, its delay could increase to 
an unexpected level as high as 1188 ps. In comparison, our 
method is much more resistant to the effects of minor faults.

A fair quantitative comparison of existing TSV repair 
methods is very challenging if not impossible, considering 
that these methods are highly diverse in terms of their test, 
diagnosis, and repair schemes. Some of them can perform 
online Built-In-Self-Repair (BISR) by all hardware, while 
some others may need the support of software for identifying 
the faulty TSVs and for the subsequent repair information 
generation. Some of them require the storage of the repair 

(a) A single TSV (A1�B1) affected by a bridging fault to a neighbor TSV (A2�B2) .
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information using on-chip nonvolatile memory while some 
others can perform BISR on the fly. Furthermore, the fault 
detection ability and repair ability are not the same from one 
method to another.

Overall, the test-diagnosis-repair protocol for faulty TSVs 
of all kinds of faults is rather intimidating. The major contri-
bution of this work is a fundamentally new way to simplify 
this complicated test-diagnosis-repair protocol to a level as 
easy as “plug-and-play”. In other words, we can achieve 
instant online BISR for faulty TSVs using only “local wrap-
pers in just a few test clock cycles”. We believe this is an 
appealing feature in the future in some situations when the 
TSVs become smaller and smaller and double TSVs are a 
viable choice for transmitting a binary signal.

5 � Conclusion

Comprehensive fault-tolerant TSV methods have been pro-
posed in the literature. However, most of them require scat-
tering hardware and sophisticated test-and-repair processes. 
If this is one difficulty that needs to be avoided, we propose 
in this work an instant on-chip test and repair scheme for 
TSVs. It features a “differential TSV pair” for each binary 
signal to be transmitted. With the relentless decrease of the 
TSV pitch size into the 10 µm realm by emerging bond-
ing techniques recently, this double-TSV redundancy could 
become affordable and cost-efffective in some situations. 
In our differential TSV scheme, all test and repair activities 
are done instantly and locally with the TSV wrappers, each 
occupying only an area of 128.24 µm2 in a 90 nm CMOS 
process for a TSV pair (or only 22.8% more than 2 bound-
ary scan cells used in a boundary scan test). Our differential 
fault-aware sensor design is the key to this scheme. It can 
mask the severe faults and mitigate the minor faults' tim-
ing penalty at the same time. The maximum propagation 
delay across a TSV pair is limited to 640 ps regardless of 
the fault type and the fault severity under a system clock 
rate of 1 GHz.
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