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Abstract

The demands of scalable, low latency and power effi-
cient System-On-Chip interconnect cannot be satisfied
only by point-to-point or shared-bus interconnects. By
providing more bandwidth at reasonable power consump-
tion, new communication infrastructures like NoCs seem
promising, but are still limited by implementation issues.
We present in this paper an Asynchronous Network-on-
Chip architecture with two main innovations. Firstly, an
automatic power regulation scheme is proposed to dy-
namically save leakage and dynamic power consumption.
Secondly, due to the current lack of testing methodology
for asynchronous logic, we propose a novel DfT solution
to allow acceptance of the asynchronous NoC. The
proposed architecture has been fully implemented in a
STMicroelectronics CMOS 65nm technology, integrated
in a complex test-chip and fabricated.

1. Introduction

With many hundreds of million transistors available on
a single chip, the era of Manycores System-on-Chip
(MPSoC) has become a reality. The available synchro-
nous bus architectures cannot meet the increasing de-
mands of communication between the processing ele-
ments, because the long-wire loads and resistances result
in slow signal propagation. On the other hand, the advan-
tages of Network-on-Chip (NoC) [1] are numerous: high
scalability and versatility, high throughput with good
power efficiency. A NoC can be implemented using
synchronous logic but designers still face the issue of
generating a global clock tree over the chip. Multi syn-
chronous design can help but with extra latency due to re-
synchronization cost within each router along the path.

The NoC distributed communication architecture is
perfectly adapted to the Globally Asynchronous Locally
Synchronous (GALS) paradigm [2] where IP units are
implemented with standard synchronous design method-
ologies on an independent timing domain, while the NoC
itself is implemented in asynchronous logic. The GALS
paradigm also offers a natural way to implement Dynamic
Voltage and Frequency Scaling (DVFS) thanks to fully
decoupled synchronous islands. Several asynchronous

NoC architectures have been presented recently [2]. We
have proposed recently ANoC [3], an Asynchronous
Network-on-Chip architecture, providing Quality-of-
Service and fully implemented in Quasi-Delay-Insensitive
(QDI) logic [7]. In such architectures, two main issues
need to be solved: leakage power and testability.

Regarding power reduction, asynchronous design tech-
niques have shown interesting dynamic power savings,
due to their un-clocked nature [6]. Thanks to their local
handshaking, asynchronous circuits are automatically in
standby state when inactive. The asynchronous logic
scheme offers thus the equivalent of both RTL clock
gating and architectural clock gating, but without the need
of any additional software. Nevertheless, asynchronous
circuits, like their synchronous counterparts, also need to
reduce their leakage power. In this paper, we present an
innovative solution to detect incoming asynchronous
activity, which associated to an automatic power regula-
tion, efficiently reduces the supply voltage and thus the
leakage power [8].

Regarding testability of a GALS NoC architecture, two
issues need to be solved: the test of the (synchronous) IP
units and the test of the (asynchronous) NoC itself. For
the test of IPs within a NoC architecture, a test wrapper
compatible with the IEEE 1500 standard [4] can be used
for each embedded IP while the network architecture can
be used as a high bandwidth Test Access Mechanism
(TAM). Test data of each IP are encapsulated into packets
that are transported in the network using the network
protocol. There is thus no extra TAM hardware cost and
the scalability of the test is improved [5]. However, the
GALS NoC architecture should be searched for defects
first. It is known that asynchronous logic is difficult to test
with standard design techniques. In this paper, we present
the design and implementation of an asynchronous DfT
architecture, adapted to the ANoC asynchronous router
[9].

The paper is organized as follows: in section 2 is pre-
sented the proposed ANoC architecture, in section 3 is
presented the automatic power regulation scheme adapted
to the NoC router to reduce its leakage power, in section 4
is presented the DfT architecture adapted to the NoC
router. Finally we present the ALPIN test-chip which has
been designed and fabricated in a STMicroelectronics
CMOS 65nm technology and the associated results.



2. ANoC Architecture

The ANoC framework [3] allows an easy assembly of a
complex GALS SoC made of independent synchronous IP
units, relying on asynchronous routers and links assem-
bled in a mesh topology as seen on Figure 1.
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Figure 1: ANoC architecture template

The asynchronous network routers are the basic ele-
ments; they have 5 bi-directional ports that connect to four
neighboring routers and the local synchronous IP via a
network interface (NI) and an asynchronous < synchro-
nous interface (SAS). Each NoC router includes an
automatic power down mechanism in order to save leak-
age, as presented in detail in section 3.

Regarding test infrastructure, each synchronous IP can
be tested using standard scan chains, using the IP test-
wrapper (IP-TW) and the NoC as a TAM. For testing the
NoC itself, each NoC router is encapsulated with an ad-
hoc asynchronous test wrapper, individually controlled
through a configuration chain (dashed-lines), and a
centralized Generator-Analyzer-Controller (GAC) unit
performs test pattern generation and analysis. This is
presented in detail in section 4.

The NoC protocol between routers is a flit-level
“send/accept” protocol with two virtual channels in order
to provide Quality-of-Service. The NoC channels are 34-
bit bidirectional channels, with 32 bits data and 2 bits to
encode Begin-of-Packet (BoP) and End-of-Packet (EoP).
Using source routing technique, routing information is
encoded in the header flit with a path-to-target field
shifted in each router, as shown in Figure 2.
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Figure 2: Data flit formats.

At low level, every two bits are implemented in asyn-
chronous QDI logic using a 4-rail / 4-phase protocol in
order to reduce the dynamic power.

3. ANoC Router with Automatic Power-Down

The main idea of the proposal is to benefit from the
robustness and locality of asynchronous logic to automati-
cally detect activity and use this information to power
down and save leakage.

3.1. Asynchronous Activity Detection Scheme [8]

In order to control the leakage of an asynchronous unit
(Figure 3), a voltage regulator is used in order to power
down the asynchronous logic unit when in standby mode.
Activity detection on the incoming and outgoing channels
is performed using channel monitors. When no more input
and output activity is detected, the voltage regulator
powers down the asynchronous logic unit in standby mode
for reducing the leakage power. When new incoming
activity is detected, the voltage regulator powers up the
asynchronous logic in normal mode, without any addi-
tional software control and at minimal latency cost.
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Figure 3: Asynchronous activity detection scheme

Due to their robustness to operating conditions, asyn-
chronous circuits can be easily supplied at low voltage for
power reduction. Nevertheless, many issues need to be
addressed in this simple proposal. The proper protocol
must be chosen in order to detect traffic with a fast and
reliable detection. The second constraint is regarding the
voltage regulator and the definition of the standby mode.

3.2. ANoC Router with Automatic Power-Down

Instead of doing asynchronous detection at handshake
level (i.e. power up and power down a router between
each individual NoC flit), it has been chosen to use a high
level encoding to properly detect NoC traffic. We propose
to detect activity at NoC message level: this is encoded
within the packet header; by using 2 bits encoding Begin
of Message (BOM) and End of Message (EOM) (see
Figure 2). This encoding is performed in the Network
Interface by software configuration (computed offline or
online): only the required data packets are tagged with
BOM and EOM flags.

The activity detection logic in a NoC router consists in
counting the number of active messages traveling through
it (Figure 4). When BOM rises, a counter is incremented;
when EOM rises, the counter is decremented. When the
counter is zero, no more message is active through that
router: it can be switched down to save energy.
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Figure 4: ANoC router with its activity detection

For standby mode, we need to trade-off between leak-
age reduction, power regulation logic and wake up time.
In order to avoid complex power on reset and long wake-
up time, we define a standby mode where the router is still
functional (0.7V). The power regulation is implemented
with a simple PMOS switch. The asynchronous detection
logic is then powered with the same supply voltage: the
router is yet slower but always functional. Lastly, to
properly isolate the router when in power down mode, we
implement level shifters on all NoC channel signals.

4. ANoC Router with Test Wrapper

In the proposed DT architecture (Figure 1), the main
idea is to encapsulate each ANoC router by an asynchro-
nous test wrapper in order to improve its controllability
and observability. The test wrappers are used: (a) to insert
test vectors to the elements-under-test (routers and net-
work links) and to get out the test results; (b) with network
links, to establish high bandwidth asynchronous TAMs to
transport test data.

All operations of the test wrapper are controlled by its
WCM control module (Wrapper Control Module). To
establish a test flow within the NoC, the 2-bit configura-
tion chains of all wrappers' control modules are connected
in sequence. Test flows are controlled by the GAC unit
(Generator-Analyzer-Controller), which generates and
analyzes the test patterns through the whole architecture.

4.1. Test Wrapper Architecture [9]

Like the ANOC router which is composed of 5 input
and 5 output ports, the test wrapper (Figure 5) is com-
posed of 5 input test cells (ITC), and 5 output test cells
(OTC), plus the additional wrapper control module
(WCM) to control all test cells. The ITCs and OTCs are
alternatively interconnected to establish a boundary-scan
path around the router. Because the test wrapper interface
is similar to the network router interface, there is no
change to ANoC external interface except the additional
2-bit test configuration chain.

Test wrapper

l SOUTH

Figure 5: ANoC router with its test wrapper

In order to reduce test time and minimize test complex-
ity, a bypass function is proposed, as classically used in
DIT architectures. It allows reducing the length of test
paths by giving short-circuits between the inputs and the
outputs of test wrappers. In Figure 5 is illustrated a bidi-
rectional bypass (dashed bold lines) between the EAST
and WEST input/output ports. With bypass function, only
the router-under-test is in test mode, which seems directly
connected to GAC unit; other routers being inactive.

The proposed DfT architecture has been designed and
implemented in QDI asynchronous logic, because it is
compatible with the existing design (no dedicated test
clock, no async. < sync. interface overhead). Most of all,
QDI circuits are well adapted to test since they will stall in
case of single stuck-at output faults: every transition is
necessary to the good operation of the circuit [6].

4.2. Test Wrapper Protocol

For controlling the proposed DfT architecture, a test
protocol has been defined. The Test Configuration Frames
(TCFs) are sent serially by the GAC unit through the
WCMs to control properly all ITCs and OTCs. Each TCF
includes 25 symbols of 2 bits.
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Figure 6: Test Configuration Frame (TCF)

The TCF (Figure 6) contains an ID field to identify
each router along the configuration chain, then it encodes
the various configuration bits (Enable and Control values
for each successive OTC and ITC test cells of the 5
input/output ports R/W/S/E/N). Finally, the TCF contains
the test wrapper mode (Normal/Test/Bypass) and the end
of frame information (EoF).

Using this protocol, it is then possible to test iteratively
each ANoC link and each ANoC router within the NoC
topology. By using successive data values for each NoC
port, thanks to QDI logic stuck-at fault stall property, a
minimal number of test vectors (320) is finally required.



5. ALPIN circuit results

The Automatic Power Regulation and the Design-for-
Test architecture have been fully designed in a STMicro-
electronics 65nm LP CMOS technology. These two
mechanisms have been integrated in the “Asynchronous
Low-Power Innovative NoC” test-chip, the so-called
ALPIN circuit (Figure 7).

Figure 7 : ALPIN circuit picture [10]

The ALPIN circuit implements the ANoC architecture
with 9 routers: 3 routers integrate the Test-Wrapper (noted
Rrw) and 6 routers integrate the Automatic Power Down
mechanism (noted Rpp). The ALPIN circuit also contains
an innovative Dynamic and Voltage Scaling mechanism
applied to each synchronous IP [10]. There are 5 IPs: an
OFDM unit, a duplicated FHT unit, a MEMORY unit and
finally a small 80C51 micro-controller. All these synchro-
nous IPs are tested using an IP test-wrapper (IP-TW) as
presented section 2. For router testing using the TCF
protocol, the configuration chains of the 3 routers are
connected in sequence, while the GAC unit is imple-
mented off-chip (actually within an FPGA).

Table 1 : ALPIN results

ANoC Original Router with Power Down | Router with

Router Version Power On | Power Down | Test Wrapper
Supply Voltage 1.2V 1.2V 0.6-0.8V 1.2V
Flit Cycle Time 1.8 ns 1.8 ns 7.2ns 1.8 ns
Flit Throughput | 550 Mflit/s [ 550 Mflit/s 140 Mflit/s 550 Mflit/s
Flit Latency 2.3 ns 2.5 ns 5.8 ns 2.64 ns
Leakage Cur. 200 pA 210 pA 80 pA 264 pA
(Static Power) (240 pW) (250 pW) (100pW) (316 W)
Energy 30 pJ/flit 30 pJ/flit 14 pJ/Flit 37.5 pJ/flit
Router Area 0.17 mm?2 0.20 mm?2 0.23 mm?2

Compared with the original version of the ANoC router

(Table 1), the area cost of automatic power down is 17%
while the area cost of the test-wrapper is 32%. In terms of
speed, throughput is always preserved (550 Mflit/s) with a
minor increase in latency due to either level shifters or to
the additional ITC/OTC cells.

For power reduction, the Automatic Power Down of-
fers 60% leakage reduction in idle mode and up to 50%

dynamic power reduction if traffic bandwidth in power-
down mode is sufficient. Switching between the two
power modes is immediate and reliable without any real-
time software.

For testability, the DfT architecture offers a complete
coverage of each ANoC router (99.86% with single-stuck-
at faults on both inputs and outputs). The DT architecture
and TCF protocol are efficient: 2ns per TCF symbol,
which provide a test time per router of 32us. This gives a
test-time of the ALPIN routers of about 0.3ms.

6. Conclusion

We have presented in this paper two advanced innova-
tions to improve an asynchronous NoC architecture: an
automatic power regulation scheme in order to control
automatically the leakage and dynamic power, and a
complete DT architecture of the NoC framework to allow
fast and reliable test of its asynchronous logic.
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