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Power-gating technique for network-on-chip
buffers

M.R. Casu, M K. Yadav and M. Zamboni

A new approach to reducing leakage power in network-on-chip buffers
is presented. The non-uniformity of buffer utilisation is leveraged
across the network and power-gating is applied to scarcely utilised
buffers. Instead of turning-off the buffers completely, a buffer
portion is kept turned-on. This design choice has a significant perform-
ance benefit because the buffer is always able to receive network
packets. Design aspects and trade-offs in a 45 nm CMOS technology
are discussed and results obtained over video application benchmarks
are presented. It is shown that it is possible to reduce buffer leakage by
40% without performance penalty.

Introduction: The network-on-chip (NoC) approach uses packet
switching to implement an efficient communication infrastructure for
systems-on-chip. Switches are a NoC’s essential components as they
perform packet routing and implement control flow policies at the
flit’ level, flits being the elementary units NoC packets are made of.
Switches contain input buffers to store those flits that cannot be immedi-
ately delivered at the switch output ports. Since buffers consume the
largest part of a NoC’s leakage power, up to 64% according to Chen
and Peh [1], investigating how to reduce such leakage is a relevant
research problem. Fortunately, utilisation of buffers in a NoC varies sig-
nificantly across a network and buffers that are scarcely utilised can be
turned-off via power-gating. Power-gating consists in switching-off an
NMOS footer (or a PMOS header) connected in series with the logic
in order to cut the leakage current flow.

We propose a novel power-gating technique for NoC buffers using
NMOS footers. Instead of turning the entire buffer off, which would
negatively affect performance, we keep a portion of the buffer on, so
that incoming flits can always be stored. Differently from other
approaches, we do not modify the communication protocol between
switches and do not add any new signal to the links connecting adjacent
switches. We quantify the various overheads of power-gating, which
other authors often overlook. We report on design choices and trade-offs
ina45nm 1.15 V CMOS technology, and discuss power and perform-
ance results obtained over a set of benchmarks from the field of video
applications.

Comparison with prior art: In [1], Chen and Peh assume that buffers
consist of SRAMs, which is correct for large buffers in chip-to-chip net-
works. On-chip buffers are instead usually synthesised from a standard-
cell library, which is our hypothesis. Moreover, only leakage saving and
a NoC performance are reported in [1], whereas aspects such as area and
energy overhead of power-gating and the impact of power-gating on
clock frequency, which we cover in our contribution, are not discussed.

This latter aspect is discussed in [2], but power-gating is used aggres-
sively to completely turn-off a buffer. This choice minimises leakage
power, but may negatively affect performance, as flits arriving at a
switch’s inputs when the buffer is off have to be pushed back and
delayed. We avoid this problem by keeping one portion of the buffer
always on.

The work in [3] proposes to control each buffer entry via power-
gating, but does not quantify the overhead of such approach.
Moreover, the conventional credit-based flow control has to be modi-
fied, a ‘congestion’ detection circuit added to the router logic and a con-
gestion signal added to the links connecting switches together.

In [4], Matsutani et al. evaluate various power-gating policies, which
require special wake-up signals added to the links. Moreover, their
power-gating method is based on a modified standard-cell library of
CMOS gates, whereas we use a regular library. They evaluate the over-
head of power-gating on power, but not the impact on clock frequency,
which instead we do.

Proposed design: We started from a 5-port switch based on wormhole
and XY routing, described in [5] and illustrated in Fig. 1. Four input and
output ports (North, East, South and West) connect the switch to four
other switches to create a mesh topology. The fifth input and output
ports (local) connect it to a processing element. Input ports each
contain a circular buffer to store incoming flits. We modified the
buffer by partitioning it in banks, each having an NMOS footer for
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the implementation of power-gating. In the example in Fig. 1, each
buffer is made of four banks.
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Fig. 1 Microarchitecture of the switch, with detail of the power-gating tech-
nique applied to the input buffers partitioned in banks
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The power-gating signals (ENy - 3) are driven by a power controller
that keeps track of the average buffer usage. In the case of high utilis-
ation, all the banks are powered-on. In the case of low utilisation,
only the bank that is currently used is kept on, whereas the other
banks are power-gated. The finite-state machine in Fig. 1 makes sure
that power-gating is applied only after all flits stored in those banks
that are going to be turned-off have been removed from the buffer and
delivered at the switch output ports.

There is a trade-off between leakage-power saving and performance.
Keeping one bank turned-on is beneficial for network performance,
because the input buffer keeps storing flits when the other banks are
turned-off. Moreover, differently from other more aggressive
approaches (e.g. [3, 4]), there are no modifications to the way switches
work and communicate. On the other hand, leakage saving is less than if
the buffer was entirely turned-off. Leakage could be minimised by using
a small bank, but this would lead to more frequent on—off switching: a
small bank easily gets full if utilisation increases and the other banks
need to be turned-on to store incoming flits. We ran various simulation
experiments using realistic traffic generated by video applications such
as MPEG4, VOPD, PIP and MWD - already used in the context of a
NoC [6, 7] — and found that four banks with eight entries each are a
good trade-off.

The controller compares the average buffer utilisation (computed with
a simple cumulative moving average filter) with two thresholds, one for
power-down (TH,,4q) and one for power-up (TH,,). Therefore the con-
troller belongs to the class of on—off controller with hysteresis (bang—
bang controller). If a single threshold is used, a much more frequent
on—off switching occurs when buffer utilisation has little variations
above and below the threshold. The choice of the thresholds is critical
for both power and performance. We obtain the best results in our simu-
lations by setting TH,q= 1 and TH,,, = 2.5.

The size of the NMOS footers is another critical design parameter. A
small size corresponds to less gate capacitance and so to faster on—off
switching and less energy. However, it also entails a higher Vpg
voltage drop when the bank is active; the consequence is a lower
supply voltage for the bank (Vygq— Vps) and so a longer propagation
delay of logic gates and memory elements inside the bank. To determine
the best size of the NMOS transistors, we ran SPICE simulations with
the post-synthesis netlist of the switch, to which we added the NMOS
footers. In our 1.15 V 45 nm technology, the switch’s critical path dic-
tates a clock frequency of 1 GHz (at 7= 25 °C, nominal process). We set
the NMOS size such that the critical path delay increases by no more
than 1%. In our technology, this corresponds to a 126 um MOS
channel width. The energy required per switch is 0.67 pJ. We show in
the following Section that this overhead is negligible compared to
power saving.

The turn-on delay of a bank also depends on the NMOS size and in
this case it is about 3 ns, which corresponds to three cycles at 1 GHz. To
account for variations (e.g. process, voltage and temperature), the con-
troller waits four cycles before enabling read/write operations in the
turned-on banks. To limit the impact of turn-on delay, the active bank
must not be full when the other banks are being activated, so that it
can absorb flits arriving in the meantime. This problem is solved with
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a power-up threshold TH,, sufficiently smaller than the bank size (2.5
against 8 in our design).

The area occupied by the switch is 0.109 mm? and the area overhead
of the NMOS footers is only 0.1%. The area overhead of the power con-
troller is <0.02%, as well as the additional leakage and dynamic power.

Experimental results: To understand how much leakage power can be
saved, we look at the average utilisation of buffers in a typical scenario.
Fig. 2 illustrates a NoC mesh arrangement of 12 switches connected
locally to processing elements that execute each a different task of the
MPEGH4 application. Labels within the switches represent task names
[6]. The shading represents traffic load — the darker the higher.
Numbers indicate average utilisation of input buffers. Only a few
buffers have utilisation > 1%, notably those of the switches with the
highest traffic load. Therefore, we can apply power-gating to the
majority of the buffers. This observation holds also in the three other
video applications that we examined: VOPD (12-switch NoC), MWD
(12-switch NoC) and PIP (8-switch NoC), not reported for brevity.

Fig. 2 NoC mesh for MPEG4 application

Shading indicates traffic load of switches. Numbers represent average occupation
of input buffers. Labels describe task performed in each node [6]

We measured the total NoC leakage with accurate post-synthesis gate-
level simulations that include the effect of traffic and buffer utilisation in
the four video applications. The histogram in Fig. 3a shows that in all
applications leakage is about 40% less than in a case without power-
gating. (Leakage was estimated at 7=25 °C.)
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Fig. 3 Leakage and latency in four video applications: comparison between
switch without power-gating and one with power-gating
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We also measured the flit latency from source to destination. The his-
togram in Fig. 3b reports average, minimum and maximum latency.
Minimum and average latency do not practically increase. Maximum
latency increases slightly, but the fact that the average is not affected
means that the latency increase is experienced only by a negligible frac-
tion of flits, namely those that find a bank full in the middle of a turn-on
event and therefore have to be delayed.

Our experiments show that power switching events do not occur fre-
quently. The distribution of switching events per buffer depends on the
application and on the local traffic load. A few switches undergo tens of
switching events in 10 000 clock cycles of simulation (up to 61 for a
single switch in VOPD), but the average values are only 2.6 events in
MPEG4, 2.1 in VOPD, 1.2 in MWD and 1.0 in PIP. With a 1 GHz
clock cycle, and with an energy of 0.67 pJ per switching event, the
average power overhead (total energy divided by total time multiplied
by the number of NoC switches) is 2.1 yW in MPEG4, 1.7 uW in
VOPD, 0.96 uW in MWD and 0.54 uW in PIP. If we compare these
values with leakage in Fig. 3a, we realise that the overhead is negligible
(<1% in the worst case).

Conclusion: The leakage power in NoC switch buffers can be min-
imised with power-gating by exploiting their non-uniform utilisation.
Even when some of the NoC nodes are heavily utilised, others are
almost idle. Through a partial power-gating approach, it is possible to
reduce leakage without incurring a latency penalty. With our approach,
we reach leakage saving in buffers of the order of 40% with a negligible
impact on a NoC latency, as measured in realistic video applications.
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