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Abstract—In this paper we propose a flexible delay characterization
and test architecture, called Feedback-Bus Oscillation Ring (FB-OR),
for die-to-die interconnects in a 3D IC. As compared to previous
works, it is unique in its ability to streamline the characterization/test
operations for a set of arbitrary interconnects with multiple pins
sprawling multiple dies. During the Design-for-Testability stage, one
common feedback-bus (connected to all dies in the IC under
characterization/test) is inserted. Through this feedback-bus, an
oscillation ring can be formed dynamically and the
Variable-Output-Threshold (VOT) technique can be applied to
characterize the delay of one interconnect segment at a time.
Experimental results indicate that this method is not only flexible and
scalable, but requiring only a small area overhead.

I. INTRODUCTION

In today's 3D-IC technology, several functional dies can be
integrated through a combination of various mechanisms, ranging
from Through Silicon Via (TSV) based die-stacking[11], side-by-side
placement on a silicon interposer[1], to Re-Distribution Layer (RDL)
fabricated during Wafer-Level Post-Processing[19].In some cases,
these different types of interconnects could be mixed in a single 3D-IC;
and they could be fabricated by not only wafer foundries but also by
OSAT (Outsourced Semiconductor Assembly and Test) companies.
As touted in [1][7][10][13], testing and/or characterization of these
die-to-die interconnects is important to ensure the final overall quality
of a 3D-IC,to keep track of process variation for yield improvement,
and to support diagnosis for identifying the responsible party when a
device fails.

Testing TSVs or in general die-to-die interconnecting wires in the
interposers/RDL have been intensively
studied[3][S][6][8][9][16][18][19]. The faults targeted do not confine
to just stuck-at faults but also include parametric faults (such as
resistive open/bridging faults). Among these methods, VOT-enhanced
oscillation test [9][10] is a characterization-based test method, where
VOT stands for Variable Output Threshold. In general, it is able to
approximate the delay of an interconnect in silicon by some
Design-for-Testability circuit around the target interconnect and the
approximated delay is converted into certain form of information (e.g.,
the period of some produced oscillation signal). Then, by an ATE or
an on-chip decision center, post-processing using analytical
techniques such as test threshold checking or outlier analysis is
performed on the derived information to decide if a parametric fault
has occurred.

This VOT-enhanced oscillation test method [9][10]can be viewed
as a local-ring based method. Each interconnect is assumed to have
only two pins, the driver and the receiver. Two interconnects going in
the opposite directions (e.g., one from die 1 to die 2 and the other vice
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versa) form a local oscillation ring. When applied to a 3D-IC with a
larger number of heterogeneous interconnects, such an oscillation ring
forming strategy imposes two restrictions: (1) It is not suitable for
multi-pin interconnects (i.e., interconnects having more than one
receiver), and (2) It faces a "characterization results retrieval problem",
as illustrated in detailed below.

A local ring produces an oscillation signal, denoted as RO _clk.
Since there might be a great number of local rings (each is associated
with a pair of interconnects) sprawling all over a 3D-IC, how to route
this great number of physically distributed RO_clk signals into a
centralized Clock Period Measurement (CPM) circuit is not trivial.

One way of characterization results retrieval is to use a giant MUX
tree that selects one RO _clk signal to its output, which further drives
the input of the CPM circuit. This type of congregation system is not
favorable as it is a global structure involving sprawling long wirings as
illustrated in Fig. 1(a), and thus, making the physical design of the test
insertion complicated and sophisticated. Another option is to use a
“shared RO _clk channel” for all local rings. At any given time, one
RO clk at a selected local ring drives the shared RO clk channel,
while all others only “relay” the incoming RO_clk to the next test
wrapper in the shared channel, as illustrated in Fig. 1(b). This type of
retrieval system may seem to be more preferred. However, it requires a
sophisticated design and verification process due to one subtle reason:
The RO clk in the local-ring based test method has a very high
frequency (e.g., 1GHz) and its duty cycle is subject to change when it
travels through a large number of relay elements. Our experience
shows that without paying attention to this issue, a 1GHz clock signal
could vanish altogether after passing through about 68 relay elements.
As a result, this retrieval system may require rigorous timing
verification if used to support a daisy-chain of a large number of test
wrappers. Our goal in this work is to adopt a highly scalable retrieval
system of a daisy-chain structure (due to its simplicity in routing),
while not suffering from the pulse vanishing problem at the same time.

CPM denotes Clock Period Measurement

Active RO

(High-speed)
MUX e.g., 1GHz
Shared RO_clk
KB W:al c:‘a'nnEI illat
1 1 alocal ring osciliator
MUX €

(a) Type 1: MUX tree. (b) Type 2: Shared RO_clk channel.

Fig. 1: Two possible retrieving systems of oscillation signals,
"RO_clk", generated by local rings for delay characterization of
interconnects.

In this work we introduce a new oscillation-ring forming strategy
for the VOT-enhanced oscillation test method, called Feedback-Bus
Oscillation Ring (FB-OR). This new strategy will easily overcome
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the two restrictions mentioned previously (i.e., multi-pin interconnect
problem and scalable characterization result retrieval problem),
without incurring any noticeable area overhead.

The rest of this paper is organized as follows. In Section 2, we
provide some preliminary information. In Section 3, we propose the
Feedback-Bus Oscillation Ring architecture and its detailed DfT
circuit, followed by a test access architecture and test flow. In Section
4, we present the experimental results and in Section 5 we conclude.

II. PRELIMINARIES

To be more self-contained, we briefly review the technique of
VOT-enhanced oscillation test method in the following. The ring
oscillator (abbreviated as RO) has been used extensively as a vehicle
in testing delay faults, and in measuring the delay of a cell or a
transmission line [5][8]. Based on this concept, an enhancement
technique called VOT scheme was further proposed to increase its
sensitivity and to facilitate the small delay testing of a TSV in [9].

Fig. 2 shows a basic test structure supporting the VOT analysis. A
test unit is composed of two TSVs in opposite directions with the
following features.

Use Variable Output-Threshold (VOT) Inverter for each TSV

(1) Control signal Z =0 = Normal Inverter
(2) Control signal Z =1 = Schmitt-Trigger Inverter (WITH HYSTERESIS)

Test mode
: RO_enable2
functional
input

<«
Observation
point

functional
input

RO_enablel Z

Test mode

Fig. 2: The Ring Oscillator (RO) as a test structure around a pair of
TSVs to support VOT analysis, proposed in [9].

(1) At the inputs of the two original drivers of the two TSVs, two
multiplexers are added to allow for switching between the functional
mode and the test mode. (2) Two circuit paths of the two TSVs are
cascaded back-to-back to form a Ring Oscillator (RO) in the test
mode. (3) To make the test structure symmetric, two XOR gates are
introduced. To cause oscillation in test mode, opposite values are
applied to the side-inputs of the two XOR gates, i.e., “RO_enablel”
and “RO_enable2”. (4) Finally, the output inverter of each of the two
TSVs is converted into a so-called VOT inverter. A VOT inverter can
be switched from a normal inverter to a Schmitt-Trigger inverter,
depending on the value of its control value, denoted as Z in the figure.

The main purpose of the VOT scheme is to estimate the transition
time at the termination end of a TSV (since it is proportional to the
TSV delay) by measuring the oscillation periods under three
configurations. (1) Both VOT inverters are in normal configuration,
i.e., {Z,Z,} = {0, 0}, producing an oscillation period denoted as Trgr;
(2) The TSV1’s VOT inverter is switched to Schmitt-Trigger mode,
i.e., {Z1,Z,} = {1, 0}, producing an oscillation period denoted as Tsry;
(3) The TSV2’s VOT inverter is switched to Schmitt-Trigger mode,
i.e., {Z,Z,} = {0, 1}, producing an oscillation period denoted as Tgr».
Analysis shows that ATgr; (defined as Tsry - Trer) reflects the TSV
delay across TSV1 in the presence of a delay fault, and ATgr, (defined
as Tsro - Trer) similarly reflects the TSV delay across TSV2. This is
due to a property that the hysteresis amount of a Schmitt-Trigger
inverter (as compared to a normal inverter) is proportional to the
transition time of its input signal. In [9], it has been shown that there
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exists a strong linear relationship between the measurable ATgr and its
related TSV delay.
III. PROPOSED METHOD

In this session, we will discuss the architecture, detailed DfT
circuits, and the test flow.
A. Feedback-Bus Oscillation Ring

We use the following concepts and terminologies for the proposed
feedback-bus oscillation ring.
(1) Each multi-pin interconnect is viewed as multiple segments, each
representing the signal path from the driver to a receiver. Therefore,
for an interconnect with one drive (X) and two receivers (R1 and R2),
we will try to characterize the delays of two segments, namely,
X-to-R1 and X-to-R2, respectively.
(2) Each segment under characterization is considered to be from a
pitching die to a catching die. At this moment, the common
feedback-bus (FB) will serve as a return path from the catching die
back to the pitching die.

DIE1 Target

Segment_| catcher
>

DIE 2
pitcher

Pitching Die Catching Die

Pitching-Side . Catching-Side
Relay Path A OSCII.Iatuon Relay Path
(PS-relay) Ring (CS-relay)

Clock Period
Measurement
Circuit (Q)

Feedback
Bus

Legends: Inverting type of VOT-receiver
A PS-relay cell

Fig. 3: Abstract Feedback-Bus Oscillation Ring (FB-OR).

- CS-relay cell

(3) As shown in Fig. 3, there is only one active global ring in the
entire 3D-IC at any given time, formed by four components: the target
segment (from a pitcher to a catcher), the return path via feedback-bus,
and two relay paths, called pitching-side relay path (PS-relay), and
catching-side relay path (CS-relay). For a selected segment under
characterization, the design-for-testability (DfT) circuit to be inserted
at the drivers and the receivers of interconnects will jointly establish
the required global ring. The details of these circuits will be discussed
later. Unlike previous local-ring method, this global ring oscillates at a
relatively low speed.

(4) There is a circuit called "Clock Period Measurement" (CPM), or
labeled as € in the figure. At any given time the oscillation signal
produced by the FB-OR can be observed at any die, and thus, we only
need one copy of this circuit and it can be allocated to any die (which is
designated as the master die).

Die #1 Die #2
Pitching die Catching die

Q PS-relay CS-relay,
X VI I ey
N . . . [ W N}

4 Target segment j‘

Feedback Bus =a i
v_¢
Y3 Y2
Die #4 Die #3

Fig. 4: lllustration of feedback-bus oscillation ring for a segment.

(Example 1): Fig. 4 shows an example. There are four functional dies
in the IC, numbered Die 1, 2, 3, 4 in clockwise. A 4-pin interconnect
with the driver (X) and three receivers (Y1, Y2, Y3) is under
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consideration. At a particular moment, we wish to characterize the
delay along the segment from X to Y1. In Fig. 4, Die 1 (containing
pitcher X) is now the pitching die and Die 2 (containing receiver Y1) is
now the catching die. Thus, in Die 1, a PS-side relay path is formed
from the output of the feedback bus to the current pitcher, while in Die
2, a CS-side relay is dynamically formed from the catcher to the driver
of the feedback bus.

B. Detailed Design-for-Testability Circuit

As a brief summary, we need to do the following in order to form
the oscillation ring for a particular interconnect segment under
characterization:
(1) We need to assign a pitching die and a catching die.
(2) We need to form the PS-relay path by routing the signal from the
feedback bus to a designated pitcher (cell).
(3) We need to form the CS-relay path by routing the signal at the
catching (cell) to the driver of the feedback bus.

In this subsection, we discuss the detailed DT circuit for achieving
the above actions, adopting the following tactics:
(T1) For each die, we assume a status bit to indicate whether it is a
designated catching die. A catching die is special as it will drive the
feedback bus. For all the other dies (either the pitching die or not),
their behaviors are identical (as they all listen to the bus) and thus we
make no further distinction.
(T2) We use a special driver-cell to replace an original driver and a
special receiver-cell to replace an original receiver as shown in Fig. 5.
The driver-cell is very simple and obtained by adding a MUX before
each original driver. In the test mode (i.e., when TM = 1°), the output
signal from the feedback bus is broadcast to all driver-cells. In some
sense, all driver-cells are active as they are all driven. The inserted
MUXes connected in cascade to form the PS-relay path. On the other
hand, the design of a receiver-cell is relatively more involved. Our
purpose is two-fold: First, we need to replace the original receiver with
a VOT type of cell. Second, the signal received by the current
designated catcher cell will be relayed through a sequence of cascaded
MUZXes to the input of the feedback bus. Since a catching die is the
designated BUS DRIVER, this signal will ripple through the feedback
bus and finally arrive at the pitching die to complete the oscillation
ring. Except the designated catcher (cell), all the other receiver-cells
do not play a role in the oscillation ring.

: H v
fing —> i w4 :
™ §
X €
: Feedback Bus < Catching die
Pitching die i = (FB DRIVER)
driver-cells receiver-cells

Fig. 5: Two types of test wrappers — driver-cell and receiver-cell.

(T3) To select one receiver-cell at a time as the designated catcher
(cell), we need to incorporate a flip-flop (FF) at each receiver-cell, to
indicate whether it is a selected catcher (cell) or not. In the sequel, the
value of this FF is called C-bit. To control the values of C-bits, we
need to cascade them into a C-bit scan chain as to be detailed later.
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(T4) For simplicity, all VOT cell in the receiver-cell share the same
global control signal, Z. When Z is ‘0’, it is in the normal operation,
producing a normal delay. On the other hand, when Zis “1°, it is in the
Schmitt-Trigger operation (ST-operation) producing a longer delay.
That is, if the oscillation period of FB-OR when Z is ‘0’ is denoted as
Trer, and as Tgpow When Z is ‘17, then AT = (Tspow - Trer) is a delay
amount closely correlated to the delay across the target segment only.

IV. EXPERIMENTAL RESULTS

In this section, we use SPICE simulation in a typical 90nm process
technology to evaluate the proposed method.
A. Delay Characterization Ability
In Fig. 6, we show the AT versus interconnect delay correlation,
derived by sweeping the faulty resistance gradually from 1kQ to
100kQ in an increment of 1kQ. The interconnect wire-length is
assumed to be 1000 wm, and the feedback-bus is assumed to be lcm
(or equivalently 10,000 pum).

30.00

25.00 v

20.00

15.00

AT (ns)

~

10.00

5.00

0.00 T T
0.00 2,00 4.00 6.00 800 10.00

interconnect delay (ns)

12.00 14.00 16.00

Fig. 6: AT versus interconnect delay correlation, (by sweeping a faulty
resistance from 1kQ to 100k€2).

B. Area Overhead
Table 1: Area overhead breakdown.

Area overhead
Type Cell Name Layout Area (um?)
INVERTER 2.82
BUFFER 4.23
Sasic MUX Cell 8.47
VOT Cell 11.72
FF Cell 17.64
Driver-Cell 12.7
Receiver-Cell 37.83
Basic Test Controller 629.76
Macros CPM circuit 1871.91
IEEE: 114!::;I|3(:t;2()iary Scan 52.22
Comparison Driver-cell is 24.3% (of BSC)
To Boundary
Scan Cell Receiver-cell is 72.4% (of BSC)

Table 1 shows the area overhead in a 90 nm CMOS process. The
overall area overhead of our method (assuming that there is N
interconnect segments) can be expressed as follows:

Area = (Controller+CPM)+N*(Driver-Cell + Receiver-Cell)

=2501.67+ N * (50.53) um’

The fixed part (i.e., the test controller plus the CPM circuit) is
relatively negligible if amortized over a large number of interconnects.
Comparatively, the area of a boundary scan cell IEEE-1149.1 is
52.22um?. The area overhead of one driver-cell is therefore 24.3% as
normalized to a boundary scan cell, and that of a receiver-cell is
72.4%.
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C. Test Time

The number of interconnect segments to be characterized and tested
is denoted as N, and we assume to use a I0MHz test clock, TCK, with
a period of 100ns.Also we assume that the clock period measurement
time is around 20us (or 200 TCK cycles).(Note that the CPM time is
related to the CPM scheme adopted. The 200 TCK cycles we use here
is based on a CPM scheme we have developed to achieve a resolution
of 10 ps. But due to space limitation, the detail is omitted). The total
test time is dominated by the measurement time for 2N oscillation
periods, estimated as:

(2N) *(20) pus = 40N ps.

For instance, the test time for an 8-die stack with 1024 TSVs
passing through every die will be 40%(7*1024) us = 280 ms, assuming
that there are (8-1) = 7 receivers for each global TSV.

If a high-end ATE is used (which can achieve 10-ps resolution for
period measurement), the oscillation signal can also be connected to an
output pin for direct measurement. In that case, the test time could be
further reduced.

V. CONCLUSION

Delay characterization of die-to-die interconnects in a 3D-IC is
valuable for detecting parametric faults that could have jeopardized
the speed of interconnects, and for monitoring the variation of
interconnects fabricated either through TSVs, interposers, or
Re-Distribution Layers. For this problem, the VOT-enhanced
oscillation test method has been proven quite effective for two-pin
interconnects. However, limitations exist when it is applied to a
complex IC with a large number of heterogeneous multi-pin die-to-die
interconnects. In this work, we have presented a more flexible
architecture on which the VOT-based delay characterization can be
more easily applied. We demonstrated that a simple global
feedback-bus along with some driver-cells and receiver-cells can assist
the dynamic formation of an oscillation ring for any interconnect
segment under consideration. Experimental results show that the area
overhead is only 24.3% for our driver-cell and 72.4% for our
receiver-cell, as normalized to the area of a boundary scan cell.
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