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Abstract—Sequential circuits employing a combination of
mixed-polarity flip-flops and latches allow significant improve-
ments in clock frequency compared to useful skew and retiming.
However, no work addresses the task of enabling a scan- based test
on a circuit optimized with such techniques, while simultaneously
minimizing the area overhead due to shadow latches used to
complete the scan chain when latches are used in the design. This
poses a serious limitation to the industrial application of mixed
FF and latch-based techniques, since post-fabrication tests are an
unavoidable step in IC production. This paper presents a macro-
cell structure to enable both the exploitation of time borrowing
for frequency optimization and the execution of the scan test of a
design. The proposed solution requires minimal changes in the test
setup and is evaluated using a recent methodology, Mix&Latch.
Moreover, the work proposes modifications to Mix&Latch that
allow reusing the standard cells introduced for the scan test
to solve hold timing violations, avoiding additional hardware
overhead. Results show that the lumped cell structure does not
significantly impact frequency gains, and the ILP formulation of
latch and FF type optimization can be extended to cover the DFT
optimization part, ensuring only a moderate increase in area and
power consumption, comparable with the DFT impact on regular
FF-based designs.

Index Terms—Design for testability, latch-based circuit, digital
IC, scan test, latches

1. INTRODUCTION

Latches can deliver a wide range of benefits when used in
digital circuits, ranging from frequency improvement [1]-[3],
power consumption reduction [4], and enabling error-resilient
applications [5]. Moreover, using both polarities for latches
and FFs (i.e., positive and negative edge FFs and positive and
negative level latches) increases the clock frequency beyond
what is achievable with retiming and useful skew [6]. The
literature on Design-For-Testability (DFT) [7], while already
covering the testing of latch-based designs [8], presents a gap
regarding the scan chain test in designs employing latches and
flip-flops active on both polarities using commercial tools. This
is crucial for the adoption of this type of technique in the
industry, as compliance with Electronic Design Automation
(EDA) tools is mandatory for fabricating Application Specific
Integrated Circuits (ASICs). To address this problem, we pro-
pose a methodology that consists of:

1) Synthesizing an FF-based design, creating the scan chain
and a specific test setup which will be discussed in a later
section;

2) Running the Automatic Test Pattern Generation (ATPG)
on the FF-based netlist;

3) Modifying the circuit by substituting setup-critical scan
FFs with a macro-cell that allows exploiting latch time-
borrowing while maintaining the scan chain for testing.
In this paper we assume, for ease of discussion, that all
registers are implemented with scan FFs. The methodol-
ogy can be extended directly to partial scan.

4) To test the effectiveness of our proposal, we use a recent
methodology, Mix&Latch [6], to automatically apply our
structure to an FF-based netlist.

The technique mentioned above substitutes regular flip-flops
with Positive Transparent Latches (PTLs) to increase the max-
imum achievable frequency through latch time-borrowing, and
then solves an Integer-Linear Programming (ILP) model to fix
the eventual hold violations using Negative Transparent Latches
(NTLs) as retention barriers. We propose modifications to this
algorithm that allow reusing some of the hardware of the scan
chain to fix these hold violations.

Our main contributions to the state-of-the-art are the follow-

ing:

1) Proposal of a macro-cell structure to attain both latch
time borrowing and scan chain test.

2) Definition of guidelines that allow using commercial
EDA tools for DFT and facilitate the industrial appli-
cation of mixed-polarity FFs and latches.

3) A set of changes of the ILP-based optimization of
Mix&Latch to exploit NTLs in the scan chain to fix hold
violations, while minimizing sequential area.

4) Experiments on three different circuits from the ISCAS89
[9] and CEP [10] benchmarks that demonstrate that the
proposed structure provides very similar clock frequency
gains through time borrowing, with limited area and
power overhead, to what was achieved by the original
authors of [6], where DFT was not considered.

II. RELATED WORK

A. Alternatives to PETF-based circuits

The literature presents several techniques that explore alter-
natives to purely Positive-Edge-Triggered-Flops(PETF)-based
digital circuits. An example is the pulsed latch design [2],
[11]-[13], which exploits narrow high clock pulses to achieve
a timing behavior similar to that of the sampling of FFs in
a latch-based design, with the benefit of reduced area and
power from the latch cells. This comes at the cost of additional
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hardware to generate clock pulses for each sequential block and
the difficulty of distributing these narrow pulses reliably.

Other works use two different clock phases in cases such
as solving timing violations for sub-threshold circuits [4], and
latch-based implementation of Razor logic [5]. The authors of
[3] propose using three clock phases for a latch-based design
to reduce area occupation and power consumption, but with a
more difficult clock-tree layout problem.

Works that adopt solutions based on a single clock phase
include [14], which proposes to split PETFs into couples of
latches, and retiming the resulting PTLs using commercial
tools. In [6], [15], [16], the authors present solutions to trans-
form FF-based designs into latch-based or mixed designs.

B. Testing in latch-based and mixed designs

The authors of [17] propose a method to test a mixed circuit
based on both latches and FFs using two clock phases, while
we rely on the more standard single-clock approach. The work
in [18] focuses on testing pipelines composed of alternating
stages of NTLs and PTLs, while we address arbitrary mixes of
FFs and latches.

Although it focuses on FF-based design, [19] is an interesting
work that proposes a different implementation of the master
latch inside the FFs to improve reliability during the scan test.

III. SCAN LATCH STRUCTURE

A. A deconstruction of the Scan Flip-Flop to create scan
latches

Similarly to [14], where a FF is split in its two latches,
our proposal starts by looking at the structure of a scan FF,
namely a multiplexer and an FF, with the latter composed of
an NTL and a PTL. The purpose of our work is to understand
whether it is possible to have a structure that keeps the original
scan chain structure while also allowing to exploit latch time
borrowing. Our solution is to move the NTL in the middle of
the structure before the multiplexer, on the path of the Scan-In,
removing from the scan FF the setup constraint of the clock
edge, resulting in the schematic in Fig. 1. This structure is
somewhat similar to that used in Level Sensitive Scan Design
(LSSD) [20], in which, instead of using a scan FF, additional
logic is inserted to force scan values on the master latch (NTL)
of the flop to scan.

The most straightforward way to implement this Scan
Latch” structure is to use standard cells already provided by
technology libraries and lump them together into a macro-cell
to be used by DFT directly. The realization of the full layout
of a dedicated standard cell is not the scope of this study and is
left for future work. Given the excellent results that we obtain,
it does not promise significant gains.

B. Adapting commercial DFT to use scan latches

Commercial EDA tools tend to provide limited support for
latch-based designs. Hence the scan latch structure that we pro-
pose requires a set of specific guidelines to ensure compatibility
with some such tools (in particular, those from Synopsys satisfy
our requirements). Since there is currently no support for the
insertion of PTL registers (not to be confused with the lockup
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Fig. 1. Proposed scan latch structure. The NTL on the Scan-In path allows
sampling test patterns during the scan phase, while allowing time borrowing
in functional mode.

latches used to solve hold violations in regular FF-based scan
chains [21]) in commercial DFT tools, we introduce the scan
FF discussed above after logic synthesis and the creation of the
scan chain, which we perform with Synopsys Design Compiler,
as shown in Fig. 2. Henceforth we indicate with (@-© the
edges of Fig. 2. After the synthesis and substitution of FFs,
we also define the test clock, whose high phase must not be
wider than that of the active phase of the functional clock. This
is necessary to ensure that hold constraints are not violated
during the test phase. Note that the high phase width can be
reduced due to the lower frequency of the test clock. Then we
generate the directives for the ATPG (@) (in our case, Tetramax
from Synopsys), to generate test patterns and the testbench to
simulate the scan chain. In this work we use ATPG to cover
stuck-at-faults. Finally, we modify the circuit by substituting
a subset of scan FFs, identified with any method that uses
latches to improve timing, such as [6], with the scan latch
circuit discussed in Section III-A. In this step it is necessary to
update the testbench (d), annotating the new Scan-In points of
the registers. Logic simulations using Synopsys VCS showed
no loss in scan test functionality.

C. Evaluating time borrowing effectiveness using Mix&Latch

Having verified that performing a scan test with the proposed
structure is possible, we still have to check whether it is possible
to exploit time borrowing, or if the added hardware poses a
limitation to frequency gains. To perform this evaluation we
need to observe the behavior of a circuit with this structure not
only during RTL synthesis, but also during physical synthesis
(P&R), implementing different Register Transfer Level (RTL)
designs, i.e. (1) with and without DFT and (2) with and without
mixed-polarity FF and latch usage. A recent methodology that
exploits the latter, called Mix&Latch [6], appeared to be com-
patible with our proposal, and by reaching out to the authors,
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Fig. 2. Mix&Latch flow (left) and proposed passages for DFT implementation
(right). Numbers highlight the connection point between the two flows. Colors
indicate if the type of files, and the tool/language used,

we managed to get access to their algorithm implementation to
perform our experiments.

1) Mix&Latch methodology: The Mix&Latch technique, dis-
played in Fig. 2 with modifications to integrate our proposal,
works as follows:

1) At the end of logic synthesis, part or all of the FFs
are substituted with PTLs. This relaxes setup constraints
due to latch time borrowing, at the cost of tighter hold
constraints.

2) Create a graph with timing information about the hold-
violated paths.

3) Use the graph to formulate an ILP problem, that once
solved provides a set of locations in the circuit to insert
NTLs. These NTLs delay signals on short paths by half
a clock cycle, fixing hold violations.

4) The cost function of the ILP is formulated to minimize
the number of sequential elements in the final circuit In
particular, if an NTL is placed immediately before or
after a PTL, they are merged together in a Positive-Edge-
Triggered-Flop (PETF), or a Negative-Edge-Triggered-
Flop (NETF), respectively. Additionally, constraints to
the ILP ensure that the delay introduced by NTLs does
not cause setup violations.

2) Modifications to optimize sequential area when using

DFT: In this paper, in addition to the scan-based strategy
discussed in III-A, we propose a variation of the Mix&Latch

ILP formulation that simultaneously (1) fixes the hold vio-
lations caused by the presence of PTLs and (2) minimizes
the area of sequential elements while considering the impact
of DFT requirements discussed in Section III-B. Note that,
since we aim to increase the clock frequency of the design
in functional mode, scan chain paths are not analyzed when
applying the Mix&Latch methodology. The only requirement
discussed above for the scan mode is that the high phase of the
test clock cannot be wider than that of the functional clock.
The analysis requires examining the various configurations of
FFs and latches after NTL insertion by Mix&Latch.

In Fig. 3 we show the case in which an NTL is to be placed
before the multiplexer input corresponding to the data pin of the
scan latch discussed above. This means that the PTL was not
necessary to improve the achievable clock frequency (because
an NTL followed by a PTL is just a PETF), and the resulting
structure can be replaced by a regular scan FF cell. Thus the
ILP solutions that cause this type of insertion of an NTL have
a lower weight than those that insert an NTL far from a PTL,
which would require additional shadow latches for scanning.

Fig. 3. Instead of adding an NTL in front of the O input of the multiplexer, in
parallel to the scan NTL, the cells highlighted in blue are merged into a Scan
FF.

The other two cases that allow the reuse of scan latch cells
are those in which an NTL is placed after a scan FF or latch,
along the path that leads to the combinational logic, and where
a scan latch is present further downstream in the scan chain.
In the first case, shown in Fig. 4, we use the subsequent NTL,
introduced to enable scanning the PTL to the right, to also solve
the hold violation without introducing additional hardware.
Thus the cost of this solution is favored in the ILP cost function.

Similarly, in the case displayed in Fig. 5, we connect the
combinational logic input to the scan NTL of the following
stage, and merge the resulting MUX-PTL-NTL structure into
a scan NETF, removing two sequential elements. This is also
favored by the new ILP cost function proposed in this paper.

3) Performing Placement and Routing: Once the ILP prob-
lem is solved and the netlist is modified as discussed above, we
implement the physical layout of the design (in this paper we
use Cadence Innovus, but the methodology is not tool-specific).
Note that, while the tool can automatically recognize the scan
chain when implemented with scan FFs and lockup latches
along the chain, it fails to do so when unexpected cells, such
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Fig. 5. In addition to the modification of Fig 4, here the highlighted cells are
merged in a scan NETF.

as MUXes, are used, and registers are not implemented using
FFs. To address this issue, we generate a DEF file with the
description of the FF-based scan chain before applying the scan
latches, and annotate all the modifications to the netlist ®)(©
to ultimately update the scan chain definition using a Python
script. Finally, the DEF file can be used during P&R ©).

IV. EXPERIMENTAL SETUP

To evaluate the effects of our approach in terms of Perfor-
mance, Power and Area, we start by finding the maximum clock
frequency for which timing constraints are satisfied at the end
of P&R, using only PETFs both for the DFT and no DFT cases
(baseline); using a 28 nm technology library. Then we apply
our modified DFT-aware version and the original Mix&Latch
respectively, by sweeping the target clock frequency from
the best achieved with PETFs to +50% higher. For each
clock period, following the Mix&Latch approach [22], we use
different configurations parameters, namely:

« Change the percentage of FFs substituted with PTLs (or
scan latches), ranging from those with setup slack at their
input lower than 0 % of the clock (i.e., exactly those on the
the setup-critical paths), up to those with setup slack lower
than 100 % of the clock period (i.e. all the FFs) with a 5 %

step, which enables exploring different area/performance
trade-offs.

o Relax/tighten hold and/or setup constraints, ranging from
—10% to +20% of the clock period with a 5% step.

V. RESULTS

We ran experiments for three different circuits, s15850,
from the ISCAC89 benchmark, sha256 and aes192, both
from the CEP benchmark. The s15850 circuit has a few
thousands of logic elements, the sha256 almost 10k, and
the aes192 almost 200k. Fig. 6, Fig. 7, and Fig. 8 report
the results in terms of area versus target frequency after the
P&R step, for both the cases in which DFT is applied and not
applied. The left-most points in these plots are the baseline
points, i.e. the maximum frequency points of the regular FF-
based implementation. Points with a light blue border identify
the designs where DFT is applied. The figures also show for
each point the solutions chosen by the ILP solver, divided in:

e Merging two latches in one FF (no DFT case);

« Insertion of an additional NTL (both cases);

« Movement of an existing NTL (DFT case);

o Merging of three elements in a scan FF (DFT case).

As we can observe in Fig. 6, for the s15850 design, the no
DFT approach (lower sequence of points, without light blue
border) is better than the one with DFT (upper sequence of
points, with light blue border) in terms of both area occupation
and maximum frequency achieved. This design is the smallest
of the three and sequential cells occupy almost half of the total
area, while for the other two the sequential area is closer to
one quarter of the total. In the two larger circuits, however,
the maximum achieved frequency is the same with and without
DFT, and the DFT solution has a lower area overhead compared
to the no DFT version.

This result is counterintuitive, as we expect DFT to decrease
the maximum frequency and increase the final area, as shown
by the two baseline points. To better understand this behavior,
we can analyze the choices made by the ILP solver during
the experiments. This shows that in the DFT case the most
common solution is to merge back different elements in a
scan flip-flop (light green), while in the no DFT cases the
insertion of additional NTLs (orange) is chosen more often, also
becoming the dominant solution at the highest frequency points
of the aes192 design. We also observed a positive correlation
between the number of sequential elements (reported in Table I)
and the final area. This supports the hypothesis that merging
sequential elements in the circuit is the proximate cause of the
area difference.

Looking for the root cause of this difference, we further
analyzed the timing metrics after the first substitution of FFs
with the PTLs or the scan latch macro respectively. Static
Timing Analysis shows that the implementations resulting in
higher area present more hold violations (hundreds to thousands
of violations in the no DFT case, tens in the DFT case),
which are also more severe (hundreds of picoseconds against
10s in the DFT case). Additionally, the documentation of the
28 nm technology library used in the experiments shows that
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Fig. 6. Area occupation versus target frequency and ILP solutions for the
515850 design.

for PETFs without scan functionality there are only 5 different
cell sizes available, whilst for the same kind of PETF with
scan functionality there are 19, possibly because the library
is optimized for industrial designs, where full scan dominates.
Our hypotheses to explain this behavior are:

o The multiplexer added with the macro-cell introduces
a delay that, although small (about 20 ps), reduces the
severity of hold violations, removing the smallest ones;

o The difference in terms of available PETF cells can lead
to different optimization choices by Design Compiler
when the additional compilation is performed after the FF
substitution.

We can thus conclude that using our scan latch macro allows
us to reach similar frequency improvements as using the
Mix&Latch methodology without DFT, without introducing
significant area overhead.

Concerning power consumption, it is statically estimated
from Innovus and results are reported in Table I. Power follows
the same trend as area, with increased consumption in the
same no DFT cases that show the area overhead. Therefore, we
also conclude that our proposal does not introduce significant
increases in terms of power consumption.

VI. CONCLUSIONS AND FUTURE WORK

This article introduces a macro-cell that allows time borrow-
ing in a circuit while attaining the scan test functionality of a
scan FF. We then use a recent methodology called Mix&Latch
to evaluate the impact in terms of PPA when combining time
borrowing with scan. Moreover, we propose modifications to
the Mix&Latch formulation to effectively reuse the hardware
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Fig. 7. Area occupation versus target frequency and ILP solutions for the
sha256 design.

introduced with our scan latch structure to solve the hold
violations caused by the use of PTLs in the circuit. We per-
form synthesis, DFT insertion, ATPG and Place&Route using
commercial tools and a 28 nm technology library. Results show
how the proposal achieves similar results in terms of maximum
achieved frequency compared to the original Mix&Latch flow,
without incurring in significant overheads in terms of area and
power. Future work will concentrate on creating a physical
layout of a standard cell to implement the functionalities of
our scan latch macro.
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