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Abstract

On-chip testability of superconductive electronic circuits is challenging due to the high clock frequencies and cryogenic
environment, which in turn complicates the test/debug process. In this paper, circuit solutions to support design for testability
(DFT) in single flux quantum (SFQ) systems are proposed. Two test modules, a test extraction module and a hybrid test
module, are presented to enhance the controllability and observability of the internal nodes within SFQ systems. These test
modules are validated on several benchmark circuits. A methodology is further proposed to explore tradeoffs (power, delay,
area, and detection speed) of the modules. Additionally, controllability and observability testability measures are proposed.
This methodology can be used to determine the quantity, type, location, and overhead of the proposed test modules to enhance
DFT in SFQ systems with the fewest number of test vectors and highest possible fault coverage.

Keywords Design for testability (DFT) - Single flux quantum (SFQ) - Superconductive integrated circuits -

Superconductive digital electronics

1 Introduction

Superconductive electronics is a promising technology with
important characteristics, such as low energy per operation
[1], lossless interconnects at DC, zero static power, operation
at clock frequencies exceeding 100 GHz [2], and a natural
interface with quantum computing systems [3]. Single flux
quantum (SFQ) logic is a superconductive logic family for
low power, high performance cryogenic computing [4-6].
Resistive SFQ (RSFQ) electronic systems are based on
Josephson junctions (JJs). A JJ consists of two supercon-
ductive electrodes separated by a thin barrier. When a
small voltage is applied across the junction, superconduct-
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ing elctrons (Cooper pair) flow through the junctions, and the
phase difference between the two superconducting electrodes
changes. As the current flows, a magnetic field is generated
around the junction. The magnetic field induces a magnetic
flux in the junction, which becomes quantized due to the
superconducting properties of the material. When the quan-
tized magnetic flux reaches a critical value, a single fluxon
is formed [5].

In RSFQ technology the existence and absence of fluxons
are used to represent binary information, Os and 1s, and are
manipulated to perform digital logic operations. The ability
to control and manipulate these fluxons enables these ultra-
fast and low-power digital circuits [1].

The complexity of SFQ circuits has reached 800,000
Josephson junctions (JJs), operating at subterahertz clock fre-
quencies [7]. High reliability is a necessary requirement for
superconductive integrated systems. The challenge of achiev-
ing high performance with high reliability is escalating due to
dimensional scaling, novel materials and devices, and oper-
ation in severe conditions (extreme cryogenic temperatures
and sub-terahertz frequencies).

These reliability challenges, combined with yield issues,
are exacerbated by exotic manufacturing technologies. Reli-
ability and yield can be categorized by the failure paths
(sequence of faults due to a physical failure) and failure
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mechanisms (physical cause of the failure). Determining the
defects and faults is essential to enhance the lifetime of super-
conductive systems. This capability is achieved by improving
the fault coverage, where the system is evaluated to identify
the characteristics of the faults, such as the quantity, location,
and type.

Fault coverage is improved by exploiting design for testa-
bility (DFT) techniques to enhance the controllability and
observability of the internal nodes within a system. An under-
standing of the physics of each failure mechanism and the
development of effective and reliable algorithms that exploit
these DFT techniques prior to fabrication are vital to the
development of superconductive systems.

A methodology is proposed here to include DFT within
SFQ systems, a topic currently in an embryonic stage. This
objective is achieved by enhancing the controllability and
observability of the internal nodes within an SFQ system to
identify specific defects and faults. This capability can be
accomplished by exploiting embedded hardware solutions
such as test insertion and/or test extraction.

Several significant differences exist between conventional
CMOS logic and SFQ logic. SFQ logic operates at sub-
terahertz clock frequencies in a cryogenic environment. As
previously mentioned, an SFQ signal is represented by the
existence or absence of an SFQ pulse. The following addi-
tional differences prevent the use of standard CMOS-based
DFT techniques [8],

1) observation of an internal node within a CMOS system
is achieved by direct probing, while in SFQ systems, a
test extraction module is required to non-destructively
readout the signal of an internal node,

2) most (butnot all) SFQ logic gates are clocked and latched
within at least one storage loop, where several clock

Fig.1 Circuit- and block-level (a)
diagram of DFT approaches for
SFQ systems, (a) test insertion
module [11], (b) test extraction
module, and (c) hybrid test
module
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cycles are required to produce an output [9]. Additional
information, such as the number of cycles, is required by
a test controller.

3) limited fan-out of SFQ gates and flip flops [10]. A split-
ter is required to provide an additional output [10]. A test
technique is proposed here to enhance the controllabil-
ity and observability of the internal nodes within SFQ
systems.

An SFQ-based test point insertion module to enhance the
controllability at any node has previously been proposed [11,
12]. The test point insertion module consists of blocking
gates and a confluence buffer (CB) at each bit along the data
path. The blocking gates are supplied by a clock signal. This
clock signal is gated by a non-destructive read out T flip flop
controlled by a test controller. Test_enable controls the bias
current of the input JTL, preventing or enabling the propa-
gation of an incoming SFQ pulse. The test insertion mode is
on when less current is supplied, and consequently, the test
insertion mode is off when more current is supplied to the
input JTL. This method requires a test controller to control
the bias current and a controlled current source.

The test insertion module selects between the input test
signal and a data signal. For example, applying clocked
blocking gates to insert test points within a 64 bit regis-
ter requires 35% fewer Josephson junctions as compared to
using multiplexers [11]. This advantage increases with cur-
rent controlled blocking gates. This test insertion module
supports both set/scan chains and test point insertion. These
techniques can be applied to evaluate the fault characteristics
of SFQ systems and to demonstrate built-in self-test (BIST)
of SFQ compatible memory systems [12].

The primary contributions described in this paper lie in
two areas. One aspect is a circuit solution to support DFT in
SFQ systems, where two test modules are presented. The pro-
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posed test modules are; a test extraction module that observes
the internal nodes of an SFQ system, and a hybrid test module
to observe and control the internal nodes. A second aspect
is a methodology for evaluating tradeoffs of inserting these
circuit solutions on the observability and controllability of
the internal nodes and hence the system testability.

This paper is organized as follows. In Section 2, the
proposed test modules are described. The effects of incor-
porating the proposed test modules on certain test measures
are discussed in Section 3. A methodology and related trade-
offs that consider these test modules in terms of power, area,
detection speed, and overall testability are presented in Sec-
tion 4. The paper is concluded in Section 5.

2 Test Modules

To support DFT in SFQ, a test extraction module and a hybrid
test module are proposed to enhance the observability and
controllability of SFQ systems, as shown in Fig. 1. The pro-

Fig.2 Test circuit to validate

the functionality of the proposed (a)
test modules, a) SFQ-based

single bit full adder where the In1
node under test (X O R_1) is the D

posed test extraction module consists of a transmission line
and a splitter that generates in real-time a copy of the prop-
agated data. An additional hybrid module to improve the
controllability and observability at the same node is also pro-
posed.

As an example, the proposed hybrid test module is inserted
to control or observe the output of the XOR gate in a single
bit full adder, as illustrated in Fig. 2. The functionality of the
proposed test modules is validated on a single bit full adder,
as illustrated in Fig. 3. The detection speed, area overhead,
and performance of the proposed test modules on a circuit
under test are discussed in Section I'V. These results validate
the feasibility of these approaches to enhance the testability
of SFQ systems.

3 Test Measures

To quantify the influence of the proposed test modules on testa-
bility quality measures, the Sandia controllability observabil-

target node being
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proposed hybrid test module
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Fig.3 Operation of proposed hybrid test module located at the X O R_1
node of a full adder, as illustrated in Fig. 2. The proposed hybrid test
module operates as both a test insertion module and test extraction mod-
ule with two modes of operation. Test insertion mode off, as indicated
by label 1, when the signal at the X O R_1 node (the input to the test
module) is produced at the output. In this case, the S output is the sum

ity analysis program (SCOAP) is used [13]. SCOAP analyzes
and quantifies the difficulty to control or observe internal
nodes within a circuit, guides test generation, estimates fault
coverage, and determines the test vector length. SCOAP mea-
sures the combinational circuits as follows. A combinational
controllability of zero (CCO0) describes the difficulty to set
an internal node to logic 0 (ranging from 1 to 0o ). A combi-
national controllability of one (C C'1) measures the difficulty
of setting an internal node to logic 1 (ranging from 1 to 0o).
A combinational observability (C O) measures the difficulty
of observing an internal node (ranging from O to co). Higher
values of CC0, CC1, and C O indicate greater difficulty in
controlling or observing an internal node.

Benchmark circuits such as ISCAS’85 C17 are used to
explore and validate the proposed test modules to enhance the
controllability and observability of the internal nodes within
an SFQ system [14]. The SCOAP testability and controlla-
bility measures of the internal nodes are determined before
and after inserting the proposed test modules, as illustrated
in Fig. 4 and listed in Table 1. The SCOAP measures are
described as (CC0,CC1)CO. As shown in Fig. 4(a), before
inserting a test module, the SCOAP measures at node X are
(2,5) 6 with CC0=2, CC1=5, and C O=6.

The test point location process is determined, as follows:

1) evaluate the global test measures and identify those nodes

with the lowest testability characteristics. Nodes with
high fanout are preferable.

@ Springer

operation of the /n1 and I'n2 signals, and the Test insertion mode on, as
indicated by label 2, where the T'est_in signal is passed to the output of
the module. Hence, the S output is the XOR operation of the Test_in
signal and the C;, signal. The Test_out signal is a real-time copy of
the output of the test module. Test_enable switches between the two
test modes

2) insert the test module and determine the updated testa-
bility characteristics.

3) iterate between steps (1) and (2) to identify the optimal
node (the test node which produces the greatest enhance-
ment of the testability characteristics upon insertion of a
test module).

4) Based on the testability requirements of the system, a
methodology is proposed to identify the number of test
modules and testability characteristics.

The process of selecting the optimal test point location(s)
is a computational complex problem, where a common algo-
rithm to achieve this objective, for example, is the iterative
test point insertion algorithm [15, 16]. In this algorithm, each
test point location is individually evaluated to determine the
optimal location(s).

As an example, before inserting a test module within
benchmark circuit C17, it is important to evaluate the global
test coverage to determine any testability bottlenecks. As
shown in Fig. 4(a), nodes X and X exhibit the highest testa-
bility measures and highest fanout. These high measures are
indicative of the difficulty of measuring these nodes. Nodes
X and X are set as the nodes under test. The proposed hybrid
test module is individually inserted at each of these nodes,
and the SCOAP testability measures are recalculated.

SCOAP is used to analyze the structure of the circuit under
test to guide the DFT insertion process. The location of the
inserted modules is chosen to enhance the testability charac-
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Fig.4 SCOAP testability evaluation of ISCAS’85 C17 benchmark cir-
cuit, (a) before insertion of the proposed test modules, (b) after insertion
of the hybrid test module at node X (the output of the second level AND
gate), and (c) the output of the first level AND gate (at node X)

teristics of the overall system. Due to the difference between
the testability measures in the circuits shown in Figs. 4(b)

Table 1 Comparison of the effects of inserting the proposed test mod-
ules into the ISCAS’85 C17 benchmark circuit in terms of SCOAP

testability measures
Y cco Y cct Y co

CCoO CCl1 CO
max max max

W/O 3 11 10 20 42 72
test modules

Test extraction 3 11 10 20 42 52
module

Test insertion 2 7 8 17 30 46
module [9]

Hybrid test 2 7 6 17 30 32
module

and (c), node X is chosen for test point insertion over node
X. Inserting a test module at node X enhances the controlla-
bility and observability characteristics at most of the internal
nodes of the circuit under test, as illustrated in Fig. 4(b).

4 Methodology of Incorporating Test
Modules

The objective of a methodology to incorporate the proposed
test modules is to identify the number, type, and location of
each of the test modules within an SFQ system. Each test
module influences the testability characteristics differently,
affecting the power, area, and delay. As an example, a com-
parison of the effects of inserting only one test module (test
insertion, test extraction, or hybrid test module) at node X
in the C17 benchmark circuit (shown in Fig. 4) is listed in
Table 1. The overhead of inserting each of these modules is
listed in Table 2.

After inserting a test extraction module at node X in the
C17 benchmark circuit, as illustrated in Fig. 4, the sum of the
combinational observability measure of all nodes (3_ CO)
is enhanced by 28%. Inserting one test insertion module
enhances both the sum of the combinational controllability
tologic 1 (3 CC1)andtologic 0 (}_ CCO) by, respectively,
29% and 15%, and ) C O by 36%. Inserting one hybrid test
module improves ) CC1 and > CCO by, respectively, 29%
and 15% and ) C O by 56%.

SFQ logic gates are inherently clocked and latched [18].
Moreover, each logic stage between sequentially-adjacent
registers may require several clock cycles to produce an
output [19]. The proposed test extraction module has no
effect on system speed as long as Tpeiay + Tcombinational
< TcrLk, where Tp.qy is the delay of the test extraction
module, Tcompinational 18 the delay of the circuitry between
the two registers/logic cells connected to the test extraction
module, and T¢rk is the clock period [20]. The detection
time of the proposed test extraction module is 7 ps, and 18 ps
for the proposed hybrid test module (in a 10 kA/cm? process
technology [6, 17]).

As listed in Table 2, the proposed test extraction module
exhibits an energy overhead of 0.2 fJ to extract one pulse.
The test insertion module exhibits 0.11 fJ/pulse in normal
mode - test insertion mode off - and 0.065 fJ/calculation in
test mode. The hybrid test module exhibits 0.4 fJ/pulse in
normal mode and 0.35 fJ/calculation in test mode (for a 10
kA/cm? process technology). Note that this power estimate
is for the test module itself. Additional circuitry is needed
to generate test vectors and communicate the data to room
temperature.

The structure of the circuit under test determines the influ-
ence of inserting a test module [12, 21]. Certain parameters,
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Table2 Comparison of the

head of inserting th # Devices Detection ~ Advantage Delay overhead ~ Energy overhead

overhead of inserting the T L R time (ps) TDelay (PS) (fh/pulse
proposed test modules on the .
area (number of resistively Testextraction 5 4 4 7 Enhanced 7 0.2
shunted JJs, inductors, and .
POWEeT resistors), power module observability
dissipation, detection t21me, and Test insertion 8 5 3 N/A Enhanced 5 Normal: 0.11
delay (for a 10 kA/cm~ process .
technology, where JJ, L, and R, module [9] controllability Test: 0.065
represent, respectively, the Hybrid test 13 9 7 18 and 18 Normal: 0.4
number of JJs, inductors, and .

module observability Test: 0.35

resistors in the module. [6, 17])

such as the number of nodes, number of logic gates, number
of logic levels from the primary inputs (for controllability)
or primary outputs (for observability), and fanout of each
internal node, determine whether inserting a test module is
an effective solution.

Multiple benchmark circuits have been analyzed to eval-
uate the effectiveness of the proposed modules for different
circuit structures. One hybrid test module is inserted at a node
in several benchmark circuits; ISCAS’85 circuits, C17 and
C432, and 74 X-series circuits, 74182 and 74283. In the data
listed in Table 3, one hybrid test module is inserted at one
of the target nodes. This node is selected after identifying
the critical signal path with the most number of nodes with
high fanout and worst testability characteristics (as previ-
ously discussed in Section 3). Inserting a hybrid test module
into C17 and C432 is more effective in improving testability
than into 74182 and 74283 since C17 and C432 contain a
greater number of high fanout nodes and long signal paths.

Pseudocode describing the methodology and tradeoffs of
inserting test modules into an SFQ system is shown in Algo-
rithm 1. The algorithm is composed of three steps. First,
all internal nodes are scanned to determine the nodes with
high testability measures (possible test points). Second, one
test module is inserted at each possible test point followed
by evaluating the testability characteristics of the entire sys-
tem. The overhead of these test modules may not exceed
target performance limits. Finally, a test module is inserted
at the internal node with the poorest testability characteris-
tics. These three steps are repeated until the target testability
characteristics are achieved or the system exceeds the target
performance requirements.

5 Conclusions

Advanced testing methodologies are required to support
complex digital SFQ systems. In this paper, two solutions
are presented to enhance the testability of SFQ systems by
improving the controllability and observability of the inter-
nal nodes. A test extraction module with a detection time of

@ Springer

Algorithm 1 Pseudocode of Algorithm for Inserting Test
Modules into an SFQ System.

Input: Number of nodes N, location of each node (N/oc), target testa-
bility characteristics T con and T ob, and performance overhead limit
Overiimit

Output: Number n, type Ttype, and location T'/oc of test modules

1: Evaluate testability characteristics of all internal nodes Ncon and
Nob
2: for k < 1to N do

3 if (Ncony > Tcon)||(Noby > Tob) then

4: Pn < Nlocy > Possible nodes for testpoints
5:  else

6 exit

7:  endif

8: end for

9: for k < 1 to size of Pn do

10:  Insert test module

11:  Evaluate testability characteristics Cony and Obsy
12:  Evaluate performance overhead Overhead

13:  Over power flag OF =1

14:  if (Overhead > Overjipi;) then

15: continue
16:  end if
17 OF =0

18:  Pre-final node P Fy < (Nloc(Pny), Cony, Obsy)

19: end for

20: if (OF = 1) then

21:  exit

22: end if

23: final node FN <« P F(i) with i is the index of lowest Con(P F)
and Obs(PF)

24:n=n+1

25: Tloc, = Nloc(FN)

26: go to Step 1

7 ps and a hybrid test module with a detection time of 18 ps
are presented. The proposed test modules are validated on
a suite of benchmark circuits. A comparison of the effects
of inserting the test modules into different benchmark cir-
cuits in terms of the overhead and testability measures is
provided. The proposed test modules, test insertion, extrac-
tion, and hybrid, for the ISCAS’85 C17 benchmark circuit
exhibit an energy overhead of, respectively, 0.2,0.11, and 0.4
fJ/pulse. The proposed test modules enhance the testability
measures (controllability and observability) of the internal
nodes, increasing overall fault coverage.
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Table 3 Comparison of the
effects of insefting a hybrid test CCo cCl co Z cco Z cCl Z co
module into ISCAS’85 C17 and max max max
C432 benchmark circuits, and # % # %o # % # %o # %o # %o
74X-series circuits 74182 and
74283 in terms of the per cent C17 Before 3 33% 11 36% 10 40% 20 15% 42 29% 72 56%
enhancement of the SCOAP After 2 7 6 17 30 32
testability measures before and
after insertion of the hybrid test C432  Before 27 37% 25 40% 32 32% 145 25% 97 2% 360 24%
module After 17 15 22 108 75 273
74182  Before 0% 9 11% 9 0% 63 5% 92 5% 134 11%
After 8 9 60 88 119
74283  Before 12 0% 15 13% 11 0% 95 3% 240 7% 383 7%
After 12 13 11 92 223 356
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