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Abstract - In this paper, the interconnection network (WaferNet)
which is part of an active and reconfigurable prototyping board,
named WaferBoard™, is analyzed to derive efficient defect
diagnosis. The WaferNet structure spans an entire silicon wafer
that inevitably contains defects, due to the nature of the
microfabrication process, and defect management strategies are
inserted in the design flow. Defects must be accurately located to
efficiently reconfigure the circuit around them. Key differences
between a conventional printed circuit board and WaferNet
justify the proposed diagnosis methodology. A sequential walking-
one algorithm and a broadcast algorithm are proposed to locate
shorts or stuck-at faults in the network. It is shown that dedicated
hardware architectures must be integrated in the network to
locate those defects in a reasonable time. Analysis shows that the
proposed diagnosis time complexity is O(n?), where n is the
number of cells in the matrix. An upper bound time limit is
calculated that depends on both the size and the number of faults
in the circuits.

I. INTRODUCTION

This paper proposes an architecture and methodology for
diagnosis of shorts and stuck-at defect in a recently proposed
wafer-scale reconfigurable mesh network called WaferNet.
This network is part of the WaferBoard™ technology [1] for
rapid prototyping and validation of digital systems. It embeds a
reconfigurable active substrate called WaferIC™ [2] that is
obtained from photo-repetition of reticles. Each reticle contains
an array of cells and thousands of configurable NanoPads
allowing for easy alignment-insensitive placement of integrated
circuits (ICs) on its surface. Any IC pin can then be actively
interconnected through the configurable WaferNet. Each cell is
interconnected with its neighbor cells in the four directions
(Fig. 1). Each cell contains two programmable structures: a
crossbar and an array of 4x4 NanoPads, interconnected as
shown in Fig. 1 and Fig. 2. Each cell can redirect at most two
IC pin signals, contacted with NanoPads, to other cells. All
cells are daisy-chained and configured through custom scan
chains (Fig. 1(f) and (g)).

The WaferNet architecture is detailed in [3], but ho work on
its diagnosability has been published. The problem of
WaferNet diagnosis is similar to testing FPGA interconnect
resources covered in [4]. However, the WaferIC™ does not
contain programmable logic blocks, but only configurable
crossbars and configurable 1/0 buffers. Furthermore, WaferNet
spreads an entire wafer rather than a large silicon die. It is well
known that wafer-scale circuits require defect tolerance to
make them economically feasible [5].
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Fig. 1. Hierarchical structure of the WaferNet. The intercellular
unidirectionnal network is deployed in 4 directions: (a) North, (b) East, (c)
South and (d) West. A scan chain spans all the cells of each reticule of the
WaferIC ((f) and (g)).

A dedicated tests and diagnosis method must be designed for
the WaferNet architecture that differs from classical checker-
board applied to PCB. This paper characterizes the resources
added to the WaferNet to make it affordably diagnosable. It
also covers the algorithms that allow detecting stuck-at 0/1 and
short defects (affecting both parallel and perpendicular
directions, as shown on Fig. 1) in interconnects. Only stuck-at
0/1 are diagnosed in the crossbhars and no short diagnosis in the
crosshar is done. Wafer-scale diagnosis is also addressed in
this paper, which brings more stringent time and area
constraints.

Section Il details the proposed diagnosis methodology for
the WaferNet. Section Il analyzes its time complexity.
Diagnosis time depends on both the number of scan chains



dedicated to diagnosis and on the number of faults in the
network. Our main conclusions are summarized in Section 1V.

Fig. 2. Cell structure with its two scan chains : configuration scan ((h) and
(b)), test and diagnosis scan ((f), (g) and (i)).

I1. WAFERNET DIAGNOSIS METHODOLOGY

Defects in wafer scale integrated (WSI) systems are
unavoidable, therefore defect tolerance is a must. The
WaferNet defect tolerance is based on a defect-aware design
flow [6]. Such design flow includes a software based, “on
customer site” diagnosis step to extract a defect map. Then, a
defect-aware place-and-route algorithm uses this map to avoid
those defects. The test and diagnosis resources embedded in
the network are described next, followed by the description of
the diagnosis algorithm. In the following, it is assumed that all
scan chains are defect tolerant and their design is beyond the
scope of the present paper [7].

A. Implemented Test and Diagnosis Architecture

Each cell in the WaferIC™ has a programmable 30x30
crossbar and a programmable array of 4x4 NanoPads, as
depicted in Fig. 2. The crosshar has 7 incoming links and
7 outgoing links in each direction, such as the incoming links
CIO,[O..G], C|1y[0__6], Clzv[o_e], and C|3y[0__6] respectively in the N-E-S-
W physical directions. The interconnection lengths grow
according to a geometric series (1, 2, 4, 8, 16, 32, and 64 cells
distances). The crossbar has 2 more inputs and outputs
connected to the possible two ulC balls supported by the cell.

Each NanoPad includes a programmable 1/O buffer
connected to a boundary scan register. Thus, a total of 16 test
and diagnosis registers are needed for the 4x4 NanoPads. The
I/0 buffer can be configured as power (VDD or GND), an
input or output buffer. Each NanoPad has an 8 bits 1/0
configuration register (Fig. 2(b)) and groups of 16 NanoPads

have a 20 bits state controlling multiplexers/ demultiplexers
that configure the network (respectively Fig. 2(a) and 2(c)).

Due to tight WaferIC™ area constraints, a custom scan chain
has been used for configuration and diagnosis rather than
automatic insertion of a usual Design-For-Testability scan
chain. On the other hand, Fig.1 shows a variation of the
implemented test and diagnosis architecture, where
control/observation registers are inserted on both crosshar
input and output. This solution can reduce the WaferNet
diagnosis to a classic checkerboard algorithm [8]. At the cost
of a more complex diagnosis algorithm, the implemented test
and diagnosis architecture minimizes the area with a scan of
30 control registers on the crossbar input and 30 observation
registers on the crosshar output. (Fig 2 (f), (g) and (i)). One-bit
control register and a multiplexer (Fig. 2 (g)) are then used to
configure the crossbar in normal mode or diagnosis mode. The
mux-based crossbar (Fig. 2) [3] requires 5 bits per output for a
total of 150 bits (Fig. 2(h)). Finally, each cell has 298 registers
for configuration and 77 registers for test and diagnosis, as
summarized in Table 1.

TABLE 1 : WAFERIC’S CELLS REGISTER USAGE

Cell Module Purpose Nb. of registers
Crossbhar Configuration 150
Crossbhar Test and diagnosis 61
NanoPads Configuration 148
NanoPads Test and diagnosis 16

B. Determinist Diagnostic Algorithm

The proposed diagnosis methodology is applied in 3 phases
composed of tests called Type A, B, and C. Test Types A and
B are depicted in Fig. 3, Test Type C in Fig. 4. For illustration,
several possible fault locations (Fig. 3 (a),(b),(c),(d)) are
shown and their resulting effect on the output signature is
illustrated.
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Fig. 3. The required network and CUT’s configuration (CUT is in the
observation state) in order to isolate faults in the networks. Several possible
fault locations (a, b, ¢, and d) are shown in the figure for reference.

InFig. 3and 4, L= (0, 1, 2, 4...) is used to denote each zone
of the network from the point of view of the circuit-under-test



(CUT). For example, a long interconnect between a distant
crossbar source and the Clss input terminal crosses 4 cells
(L=4), and the control scan coming from the input port Cl, or
Cl; does not cross any cell (L=0) because it is included in the
CUT.

1) Test Type A: This test leverages local control and
observation registers, and for each ‘1’ applied on a crosshar
input port, the crossbar is configured in broadcast mode (one-
to-all configuration). For example, if a fault (3 (b)) is located in
zones hl, h2 of the input port Clss, then the fault can be
observed when the broadcast is applied to port Cls3. This test
phase can be applied concurrently on all CUTSs.

2) Test Type B: It consists of applying the well known
walking “1” algorithm [8], which reveals short and open faults
on each interconnect as well as any stuck-at defects. With the
proposed method, shorts can only be diagnosed between
network interconnects and not between any trace outside of the
network. A walking ‘1’ (and walking “0”) sequence is applied
at the transceiver side of interconnects using control scan
registers, signals are then captured at the crosshar outputs in
the observation registers and shifted out for diagnosis.

To diagnose a short or a stuck in the network, it is necessary
to shift out the content of the CUT observation register outside
of the WaferIC to a test controller for each position of the
walking-one. During the application of the walking ‘1’, it is
required to force a ‘0’ on all control registers of the network.
Such precaution enables the diagnosis of shorts on any pair of
interconnect (parallel or perpendicular). Two other factors
must be taken into account for adding concurrency to the test
type B:

The concept of influence cone: for each CUT, there is a
zone where it is required to force a ‘0’ to avoid the overlap of
potential multiple shorts in the network. Such influence cone is
limited by the maximal extent of the incoming links times two
(64 cells).

The resulting required gap between concurrent CUTs: each
concurrent CUT must keep a security gap between two CUTSs
to avoid shorts overlap. A security gap of 2 times 64 cells is
sufficient.

3) Test type C: To narrow down the possible locations of
faults (shorts or stucks), further test sequences are needed. This
test sequence is applied only where the CUT appears to contain
faults detected with test type A or B. Test type C consists of a
global broadcast test over long interconnects. The same one-to-
all configuration is forced on the CUT. The difference comes
from control registers. Instead of using local control register,
the test uses control registers coming from the distant cells at
the other end of the long interconnect. For example, there is an
overlap between the two stuck-at-one defects ‘d” and ‘b’ (Fig.
3 (d) and (b)). These overlapped faults propagate only to port
CO33 on test type B. To reveal fault ‘d’, test type C is used. If a
‘1’ is seen on every capture register of the CUT, as shown in
Fig. 4, then it is possible to conclude that a stuck-at-one exists
on the interconnect (Fig. 4(d)).
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Fig. 4: Test type C is applied only on suspicious cells. An interconnect defect
(d) result in capturing a ‘1’ on any capture register.

C. Diagnosis Resolution with reduced overhead

Overhead is the ratio of the area dedicated to test and diagnosis
compared to the total area used by the circuit under test. Each
cell of the network occupies about 540x540 pm, and 50 % of
its area is dedicated to digital circuits; the remaining area is
occupied by power management and analog circuits.
Significant efforts were dedicated to reducing the complexity
of test and diagnosis circuits, with only 61 single-bit registers
and some configurable 2 to 1 multiplexers dedicated to the
task. The proposed design can be generalized to arbitrary size
regular network of crossbar for SoC or wafer scale system.

Fig. 5: a generalized definition of the diagnosis resolution in a regular network
of interconnected crossbar.

Fig. 5 illustrates specific parts of the network structure (k1 to
k5) under test. They define the considered granularity for
diagnosis purpose. An extensive analysis of the diagnosis
resolution of the proposed method in the presence of multiple
shorts or multiple stuck at (SA) is beyond the scope of this
paper. If the number of faults is low, for some mature
microfabrication process, the probability to have multiple
interacting faults on some interconnects is low. In such
situation, the proposed method allows to diagnose faults
located in the ki1, k3 and k5 regions. The proposed diagnosis
methodology is unable to differentiate shorts between ki1, k3
and k5. On the other hand, SAs can be easily differentiated as
shown in the test type C section. Regions k2 and k4 are only
diagnosed for SA.



I11. COMPLEXITY ANALYSIS AND RESULTS

The WaferIC consists of a concatenation of regular cells in a
matrix (mxm) included on each reticule of a whole wafer. The
number of JTAG ports on each reticule has been fixed to two.
Diagnosis of reticules can be executed concurrently (i.e. star
JTAG architecture). Each cell contains 4 types of registers, as
shown in Table 1, for a total of 375 registers per cell. For every
partitioned scan chain, all register cells are connected together,
and all cells are connected together by inter-cellular scan
chains forming a global reticule scan chain as shown in Fig. 1
and 2. The most efficient multiple scan chain partition (i.e. 2) is
implemented as follows:

« Scan chain 1: every crossbar test registers (i.e. 61) are
daisy chained together. The total number of registers spanning
an entire reticle (Ry) is Ry = 61 n’.

« Scan chain 2: the remaining configuration registers (375-
61=314) are daisy chained together. The total number of
registers spanning an entire reticle is R, = 314 n?.

Such partitioning allows configuration or diagnosis to be
done independently to improve efficiency of both operations.
The diagnosis time depends on the clock period p.

1) Diagnosis time for test type A: The total test time (T ) for
the “Test type A” is Tp=2(30)R;p. There are 30 input terminals
in each crossbar, thus, 30 test vectors is applied to the crossbar.
The factor 2 is introduced in the diagnosis time because the
broadcast algorithm includes two passes forcing ‘1’ then ‘0’ on
each input terminal. Each test can be done concurrently
because the test is local.

2) Diagnosis time for test type B : The total test time is Tg =
(2(64/m)+1)*(R.Vg+nTR,)p. The term (R;Vg) defines the
number of ‘1’ of the walking sequence applied to every output
terminals (Vg =30 n7) times the number of registers in the
network. The term (mR.p) represents the total number of
crosshar re-configurations. One reconfiguration is needed for
every CUT in the network. The factor (2(64/m)+1) is the
number of reticles included in the influence cone to avoid
overlap and to keep the diagnosis integrity. The influence cone
is in fact a square, thus a power of 2 is applied to this slow
down factor.

3) Diagnosis time for test type C: The number of test vectors
for test type C is determined by the number of faults per reticle,
f, (short or SA). The number of test vector (V¢) is 30f R;. Only
the worst case is considered, when there is only one fault per
CUT, which required a new test for every fault discovered.
Thus, Tc=(30)2f (Ry+R,)p. Similarly to the diagnosis time for
test type B, there is one crossbar reconfiguration for every
CUT. This is why R, appears in the formula. No concurrency is
applied to test type C.

The total diagnosis time D = T + Tg + T for a clock period
p of 10MHz is summarized in Table Il. The total diagnosis
time is dominated by the test type B, which grows as O(m®).
And the diagnosis time for the test type A is the order of
microseconds and is negligible.

TABLE Il :DIAGNOSIS TIME D (@10 MHZ)

m Ta+Tg | Nb. of fault shortor SA | T¢ D
(s) per reticle (f) (s) (s)
0 0 507.7
8 507.7 30 4.3 512
60 86 | 5163
0 0 2276.6
16 | 22766 30 17.3 | 22939
60 34.6 | 23112
IV. CONCLUSIONS
This paper proposed a deterministic diagnosis

methodology for the new WaferNet reconfigurable network.
The WaferNet needs a specific diagnosis strategy, which
differs from related classical PCB diagnosis, such as the
checkerboard algorithm. Time complexity analysis is
demonstrated to be O(n®), where n is the number of cells in the
matrix (n = n). Furthermore, the diagnosis time depends on
the number of faults found with test type C. The proposed
method can be useful for any type of regular network of
crosshar for SoC or wafer scale integration with a relatively
low diagnosis test overhead. Research is ongoing to improve
diagnosis efficiency by applying test concurrency with more
sophisticated algorithms.
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