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controlled power gating, since once conbgured, the state of [I. BACKGROUND
each part of the chipdN or oFF) does not change. Statically o Related Work

controlled power gating is effective for FPGAs, since if . . . .
the design does not PIl an entire FPGA, the remainder of-in et al.[9] studied Pne-grained power gating for FPGAs

. to turn OFF unused resources at conbguration time; their study
the FPGA can be safely turnedFr, saving leakage power. S
. . howed that the area overhead could h&00%, which is
However, if only a small number of resources in an FPG

. ; . Bmdesirable because of the associated degradation in power
are not used, the savings from this technique may be ;== ; :
limited. and timing, and the increase in cost.

In s papor. we propose dynamicaly conrolied pawe O4/25eL 3 1] poprece seaise e pover Sy
gating (DCPG) in an FPGA. In our architecture, the pow gap 9 9 '

e . .
switches can be turnedn and oFF at run-time under the Jynam|c reconbguration was suggested to change the power

L . . . state for the different regions in an FPGA based on their
control of other circuitry either running on the FPGA 'tself’activit However. this incurs power overhead and can onl
or external to the FPGA. The signals to control the pow%r Y- ' b y

switches are connected to the geal-purpose routing fabric e applied at a very coarse granulan?y. .
of the EPGA. Tuan et al. [4] proposed power gating for an architecture

This paper is based on [12] and [13]. The work in [12I|mllar to the Xilinx SpartafB. Their architecture supports

focuses on power qating for logic resources in EPGAS anlcFep mode using a sleep signal from an off-chip controller that
P gating 9 '. 1§ connected to all power switches in the FPGA,; this scheme

the work in [13] focuses on power gating for coarse-graine | i trollabl d ) |
routing resources. Our main additional contributions in thid OWs creating oné controfiable power domain only.
Bharadwajet al. [11] proposed synthesizing a power state
paper are as follows. T
controller from the data Bow graph of an application; this
1) We propose Pne-grained power gating for routingontroller could exploit the idleness periods of the application
resources. This allows powering down a larger numbes reduce the dissipated leakage energy in an FPGA. They
of routing resources at conbguration time, and enablesed the same architecture in [10].
dynamic power state control for a larger number of Li et al. [14] proposed using a power control hard macro
routing resources at run-time. that is associated with each tile in an FPGA to control its
2) We present a CAD Row that can be used to map tlpewer state (clock and power gating). They assume a power
application circuits that contain power-gated modules tating architecture similar to that in [12].
the proposed architecture. In this Bow, power control sig- Hoo et al. [15] proposed Pne-grained power gating for
nals are connected to the different power-gated resourasgtch blocks (SBs) and a routing algorithm to optimize
to control their power state at run-time using the existinthe power savings. The proposed architecture, however, only
general purpose routing fabric of an FPGA. supports powering down unused switches at conbguration
3) We propose enhancements to an FPGA routinigne.
algorithm that try to minimize the number of routing Dynamic partial reconPguration is also reported to reduce
resources that cannot be powered down at run-time. the static power at run-time by enabling time sharing of FPGA
4) The presented CAD Row is used to evaluate the bessources [6]. However, swapping reconbgurable modules
granularity of routing resources power gating. happens at the scale of milliseconds, which may result high
5) We evaluate a robot control system used in medicabwer overhead. In contrast, the proposed architecture enables
applications using the power gating architecturehanging the power state at the scale of nanoseconds.
proposed in this paper, and we study its power savings

for different operation activities. B. Architecture Framework

We evaluate the proposed architecture in terms of its aredn this paper, we assume a tile-based FPGA architec-
overhead and the amount of leakage power reduction thatute [16]. An FPGA is composed of an array of tiles; each
can achieve by varying the basic FPGA architecture paranie is composed of a logic cluster (LC) and the associated
ters, and by studying different architecture granularity levelmuting resources [two routing channels (RCs) and a SB],
We also use the proposed CAD RRow to evaluate the potas shown in Fig. 2. An LC is composed of a number of
tial power savings in a set of synthetic benchmark circuitbasic logic elements (BLEs); each BLE is composed of a
in addition to the robot control system mentioned above. lookup table (LUT), a RBip-Bop (FF), and a multiplexer to

This paper is organized as follows. Section Il provideselect between the combinational or the registered output.
overview of related works, @hdescribes the FPGA archi-A local switch matrix in the LC is typically included to support
tecture model adopted in this paper. Section Il describesuting intracluster connections. Fig. 2 shows an LC composed
the proposed DCPG FPGA architecture. Section IV describelsSN BLES.
the proposed CAD RBow and the enhancements to the routingzach LC is surrounded by RCs from its four sides. The
algorithm to maximize the number of resources that can beersection of two RCs forms a SB that can be conbgured
turnedorr. In Section V, we describe the different benchmarto route the signals to the different directions. Fig. 3 shows
circuits used to evaluate the proposed architecture. Finalbkamples of the connections for switches in an SB.
in Section VI, we experimentally evaluate the proposed connection from a RC that borders an LC to one of
architecture. its input pins can be made through conbgurable switches,
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Fig. 2. Tile-based FPGA architecture.
Fig. 5. Basic bne-grained DCPG favd neighboring tiles. Shared bordering
RCs have their own power gating circuit.
. Incoming track
Incoming track buffer
buffer . .
\ them down during these times to reduce the leakage power

consumption. The power state of the PGRs of M1 and M2
is conbgured to DC, which allows controlling their power

state at run-time. Power control signals are routed from a
power controller module to control the power states of modules

Wire ending in SB
(ending in left side)

Wire passing by SB
(coming from left side)

M1 and M2. The third module, M3, does not experience idle

periods, thus its power state is conbgured to be always-
Similarly, the power state for the power controller is conbg-
ured to be alway®N. The power state for routing resources
that are used to route the power control signals is conbgured
to alwaysonN.

Power gating a module is benebcial if the energy consumed
during its idle periods is larger than the overhead of applying
power gating. This overhead results from the energy consumed
by the power controller and during power state transitions.

The proposed architecture enables realizing power domains
with different temporal (idle/acte periods) and spatial char-
acteristics (sizes and locations), thus it is suitable for a wide
range of applications. There is no need to have bxed tracks
called connection boxes (CBs). Buffers are typically inserted the FPGA fabric to work as power control signals; rather,
to isolate the load capacitance of the wires in the RC fropower control signals can be routed on the preexisting FPGA
the inputs of the CBs for performance issues, and they amuting fabric similar to any other user signal. The following
shared among all CBs bounded by that specibc RC. Finalgctions describe the details of this architecture.
the outputs of an LC are connected directly to multiplexers
in the SBs through isolation buffers. This is similar to thé. Basic Power Gating Architecture
architectural assumptions made in the VPR 5.0 tool [17].  |n this section, we describe a Pne-grained version of the

proposed power gating architecture. Fig. 5 shows two tiles of
Ill. PROPOSEDDCPG FPGA RCHITECTURE an FPGA; some details are not shown for the sake of clarity.

Fig. 4 shows an example system of three modules thEfte basic power gating architecture supports power gating at
are mapped to an FPGA that supports DCPG. Each modthe granularity of one tile, thus a PGR is one tile. The power
occupies a number of power gating regions (PGRS) in tilstate can be set by conbguring the SRAM cells that control
target FPGA architecture. Each PGR is composed of a numbiee select lines of the 3:1 multiplexers that drive the power
of FPGA tiles; the number of tiles in a region dictates thswitches. The novelty of the proposed architecture lies in its
architecture granularity. The power state of each PGR canpport for controlling the powestate of individual LCs and
be conbgured as alwaysy, alwaysofrr, or dynamically- the routing resources (input pin CBs, track isolation buffers,
controlled (DC). As will be explained later in this sectionand SBs) dynamically at run-time. This makes the proposed
the power state for some of the internal components pbwer gating scheme suitable for various tile-based
a PGR can be conbgured to a different power state than tR&®GA architectures.
for the encapsulating PGR. The supported power modes are always- alwaysoFF,

In this example, two of the functional modules, M1 and M2and DC. The alwaysN mode sets the resources in a powered
experience long idle periods, thus it is desired to powstate. This is useful for resources that need to be available all

Fig. 3. Example incoming wire tracks and switches in an SB.

Module 1
J

Module 2 Module 3

Fig. 4. Example application apped to an FPGA supporting DCPG.
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> Place Circuit
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Route power control Determine PGRs power
0 Route Circuit X f«——  state and i/p pins for
signals to PGRs
h /

power control signals

Determine power Placed and routed circuit and power
state for SB partitions controller with power domains

Fig. 9.  One power gating partition per SB side (details for two sidesig. 10. CAD Row for the DCPG FPGA architecture.
are shown). The power state for each partition can be conbgured separately.

1
PG_CNTL

. . . CAD steps, i.e., placement and routing. We assume that higher
be controlled individuallyNsyitcn is the number of SWItCheSI vel tools will pass information in the netlist about the

that exist in an SBOs side. The cost of increasing PPS is € ks that belong to a power-gated module and the power

adqmongl area and leakage power due to the additional POWShtroller. We leave the discussion of higher level tools and
gating circuit components and the increase in the total effect ir optimization to enable power gating for future work
sleep transistor size. In order to ensure correct operation for '

SBs when PPS: 0, the incoming tracks buffers (Fig. 3) must

be alwaysen, i.e., not power gated. A. Placement and Routing
Fig. 10 shows the proposed CAD Row. The inputs to
E. Inrush Current During Wakeup Phase VPR include the circuit netlist, the names of the power-gated

modules in the circuit, the pav controller netlist, and the

When a power-gated module is turned, a large current ) = .
: - , " architecture parameters (PGROs width and height, and PPS).
is drawn from the power grid lines in the chip to recharge the The input netlists to the Row are generated using a CAD

internal nodes of the FPGA circuitry. This current is known : . . C .
inrush or wakeup current. If not handled appropriately, a Iaragéjw that is typically used with VPR. This includes Odin I

. . . or Verilog synthesis [23], ABC for technology mapping [24],
inrush current may cause malfunction of the design [20]. and T-VP?ACyK [25] fo[r pllcking LUTs and Flg)é int(prCg[ ]

The work in [21], [22] describes a conbgurable In Step 1, the power controller is placed and its internal
architecture to solve the inrush current problem in FPGAs that o d. The FPGA resources that are used
support DCPG by staggering the tuon phase of the PGRs connections are routed. ; .
in a power-gated module. The architecture in [21] and [22] ce*ﬂ)( the power controller are locked, and their power state is

be used to solve the inrush current problem in the proposse%I to alwaysN. In Step 2, placement is performed for the

. L . gplication circuit. In Step 3, the power state for each PGR is
architecture in this paper with small area and power 0Verheagetermined based on the blocks that occupy the different LCs
The architecture provides short tuon times. For example, . Py

turning oN a 1000 tiles module takes10 clock cycles on a in the PG_R' The power state for a PGR is _set as follows.
. 1) DC: If only one power-gated module is mapped to the
300-MHz clock frequency, assuming 25 PGRs can be PGROs LCs
turnedoN simultaneously and each PGR has a size &f4l j =
tiles [22]. 2) AlwaysoFr: If all of the PGROs LCs are empty.
The inrush current handling architecture in [21] and [22] :3 Q(l)vt\:zﬁsog(;vﬁtlalrOCtr(])irtr((;?SSEizsﬁalsThe net for each power
enables delaying the wakeup signal for each PGR using con- 9 9 P

bgurable and bxed delay elen@nThe timing for activating control signal is built in this step. The netOs source is one of the
. . . . . qutputs of the power controllehat has already been placed.
the isolation mechanism in our architecture (pull-dow

. . rIlhe sinks are found as follows. For each PGR that belongs
NMOS transistors) must be handled appropriately. When athe power-gated module under consideration and is set to

PGR is turnedoFr, isolation must be done before the rest o a free input pin from its bordering RCs is selected (if one
the PGR is powered down. On the other hand, when a PG |g" . put p . 9 ;
s available) to act as a sink for the control signal. Note that

turned oON, isolation must be deactivated after the PGR . . .
. i . e cannot use predetermined sinks since the placement phase
powered up. To enable this, a 2:1 multiplexer can be used 0

drive the isolation activation signal (PLDN_CNTL). This mul- etermines the number and locations of the PGRs in a power-

tiplexer selects between the delayed or nondelayed power cgﬁted module. In Step 4, the nets of the power control signals

trol signal. The select line can also be the power control signgf.e routed. The SB partitions that are used to route these
signals are set as alwaysy to ensure that the power control

signals are available all the time. Note that when selecting
IV. CAD FLow FORDCPG FPGA RCHITECTURE the sinks of the power control signals, we try to build a trunk-
In this section, we present the CAD Row that is used taranch routing topology that minimizes the number of always-
map applications to the proposed DCPG FPGA architecturen SB partitions as in [12].
Our CAD Row is based on the VPR FPGA tool 2) Routing Circuit's Signalsin Step 5, the connections in
(version 5.0 [17]). The proposed Row focuses on low-levéte circuit netlist are routed on the available FPGA resources.
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We assume that SRAM cells are built using six 2) Static Gating: This is an architecture that supports

minimume-sized transistors. All multiplexers used in our archi- Statically controlled power gating, such as the one
tecture are based on pass transistors; each multiplexer is presented in [4]. The power state for this architecture
followed by a level restorer [30] and a buffer. can only be set at conbguration time.

The SPICE netlists for LCs have been generated as follows.3) Dynamic Gating:This is the DCPG architecture that we
The size of the last inverter in a buffer is found by dividing proposed in Section Il
the number of equivalent min-sized load inverters by four, and 1) power-Gated Tiles:We Prst study a basic architecture
internal stages are sized by a stage ratio of four. Roughly, thigt has only one tile (without the SB): we vary two para-
sizing results in minimum delay [31]. LUTs are built usingneters, the cluster sizeNj and the width of the RCsW).
transmission gates as in [32], with inverters inserted after thgnhen varyingN, we also vary the number of input pin)(
second and last stages to reduce the delay of series-connegteghe LC. When varyingN, we setW = 90, and when
transmission gates. varyingW we setN = 6 andl = 16.

The SPICE netlists for SBs have been generated as followsgigs. 13 and 14 show the effect of the cluster sidg (
Unless otherwise indicated, we assume a RC witdh thatis  and RC width W) on power gating. The results shown in the
20% larger than the minimum channel width required to rouggures are for a tile that supports power gating, not including
a circuit [16]. We used unidirectional, single driver routinghe SB, compared with a tile that does not support power
architecture [33]. The output buffers of SBs are built usingating (ungated).
multiple stages of inverters. The stages are sized USiNg &rhe area overhead decreases as the cluster size and the
stage ratio of four. The capacitance of wire segments Wagannel width increase [Fig3(a) and 14(a)]; this is because
obtained using the model in [34]. The outputs of the LCg |arger number of circuit components are powered through a
connect directly to the SBs through isolation buffers withowingle sleep transistor. However, there is no high correlation
the need for output pins connection blocks; this is similar igetween the area overhead and the channel width. The area
the architecture assumptions made in VPR 5.0 [17]. overhead for the static-gated aiteltture is lower than that for
the proposed dynamic-gated architecture. This is because of

the additional circuit components that are required to support
In this section, we study the area and power of the propos@ghamic power state control.

architecture for different arctgtture parametsrNote that this  The leakage power reduction ieases as the cluster size
is done without mapping applications to the architecture. Th@d the channel width increasEigs. 13(c) and 14(c)]. This
following list dePnes three aritctures that are evaluated injs similar to the area overhead trend. Smaller area overhead
our experiments. results in lower leakage power overhead due to the power
1) Ungated: This is the baseline FPGA architecture thagating circuitry. The results show that the leakage power reduc-
does not support power gating. tion in the oFFstate (compared with an ungated architecture)

B. Architecture Parameters Sweep
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can be up to 91% for a cluster size of 10 (channel widtharchitecture that does not support power gating. In addition
of 160). Figs. 13(b) and 14(b) show that the proposed archd varying the RC width (), we also vary the power gating

tecture has slightly larger leakage power in thre=state than granularity of SBs by varying the number of PPS (larger PPS
the static-gated architectur This is because the dynamicimeans Pner granularity). In a Pne-grained SB power gating,
gated architecture requires more circuit components to suppeath output buffer in an SB has a power gating circuit, whereas
controlling its power state dynamically. in a coarse-grained power gating a single power gating circuit

2) Power-Gated RegionsThe results of sweeping theis used for all circuit components in an SB.
granularity of the proposed architecture are shown in Fig. 15.Figs. 16 and 17 show that the area overhead and leakage
As the region size increases, the area overhead decreagesier whenL = 4 is lower than that forL = 2.

The area overhead includes that of the sleep transistors dmis is because an FPGA rouginarchitecture that has
the circuit components required to support conbguring tlsborter segments contains more circuit components in
different power states of a PGR. The area overhead decreasBs [33].

as the region size increases because more circuit componenihe area overhead [Figs. 16(a) and 17(a)] of the power
are powered through a single sleep transistor, and the ciraygiting circuitry decreases as theaninel width increases. This
components required to support the different power states ofdecause as we increadéthe sleep transistor size increases
region are shared among larger number of circuit componerds.a lower rate than the increase in the number of circuit
The area overhead is as small as 1% for a PGR>#4iles. components that are powered through it.

The leakage power reduction meases as the region size The power gating granularity (PPS) also affects the area
increases [Fig. 15(c)]. This is because larger regions haweerhead. Fine-grained power gating results in large area
smaller area overhead, which results smaller leakage poweerhead £60% for L = 4 and 100% forL = 2). For
overhead due to the power gating circuitry. Therstate large values oWV, the area overhead for granularities down to
leakage power of the power-gat architectures is much lowerPPS= 4 ranges between 10% and 16%. This area overhead,
than that for the ungated architecture, leading to a leakagewever, is only for SBs. The overall area overhead for the
power reduction of>90% ( 95% for a PGR of &« 4 tiles). power gating architecture is lower. Recall from Section VI-A
Increasing the region size by more thanx44 tiles does that the area overhead (without SBs) for a PGR of size
not signibcantly increase the leakage power savings. As ¢gnd tilesis 1%. The overall area overhead for the same PGR
be observed in Fig. 15(c), the leakage power reduction with SBs ranges between 4.7% and 10.3% for PPS from 0 to 4
a static-gated architecture is slightly larger than that in tlend W = 90.
proposed dynamic-gated architecture. This is because of thé&igs. 16(b) and 17(b) show then-leakage power for
additional circuit components that are required in the propostéet gated architecture (for different PPS) and the ungated
architecture to support changing its power state at runtimearchitecture. TheN-leakage increases as PPS increases; this

3) Power-Gated Switch Blocksn this section, we vary is because Pner granularity pavwgating requires more circuit
the architecture parameters thtescribe the SBs. Results ar&components and larger sleep transistors. ®kdeakage over-
shown for SB architectures that have different segment lengthsad forwW = 100 and PPS between 0 and 4, for example,
L = 2 in Fig. 16 andL = 4 in Fig. 17, compared with anis 6%D10% forL = 2 and 3.5%D7.7% fot = 4. As we
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