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ABSTRACT
Energy efficiency is a key concern in circuit design. With the end
of Dennard scaling, voltages no longer scale with transistor size,
making full-capacity operation unsustainable due to heat and power
limits. Power gating offers a solution, but controlling independent
power domains is challenging. Large domains are manageable but
inefficient; small domains are efficient but require intricate control.

This paper introduces algorithms, integrated into a high-level
synthesis tool, to automate fine-grained power domain partitioning
and control. From a dataflow representation, the tool classifies ac-
tors into always-on and sleepable domains and generates wake sig-
nals. Experiments produced circuits with 48 to 541 power domains,
many more than manually feasible, while ensuring correctness
despite wake delays. Domains were asleep 60–73%; coordinating
wake/sleep cycles for interdependent actors could increase runtime.
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1 INTRODUCTION
Leakage power, consumed by inactive transistors, has become the
dominant source of power consumption as transistors shrink [17].
Although more transistors now fit in the same area, not all can
be powered simultaneously due to heat and battery constraints.
Power gating, which turns off idle chip regions, can reduce leakage
because only about 10% of logic gates are active at any time [12, 15],
allowing up to 90% of leakage power to be saved in theory.

These theoretical savings are rarely achieved in practice, as they
require small, fast power gates and the identification of fine-grained
power domains. Recent work has produced power gates with single-
cycle wake delays [5]; we focus on identifying and controlling many
small domains without causing deadlock from sleeping logic.

We present algorithms that automatically insert and control fine-
grained power domains, implemented in the high-level synthesis
(HLS) tool CIRCT [6]. CIRCT is an open-source hardware compiler
that adopts the LLVM/MLIR approach, providing reusable infras-
tructure for defining intermediate representations called dialects.
One such dialect, Handshake, models the circuit in dataflow form.

Dataflow circuits consist of functional units, or actors, that com-
municate via latency-insensitive handshakes. We use this repre-
sentation to automatically define power domains and insert con-
trol logic that dynamically wakes and sleeps actors at runtime. By
exploiting dataflow properties, we identify safe states for power
removal and restoration without expensive state retention. We also
detect idle and active periods precisely, without software control or
prediction. The resulting circuit is deadlock-free and functionally
equivalent to the original, regardless of power gate latency.

We lower C code to MLIR [18] using Polygeist [21], then apply
existing passes to reach the Handshake dialect. Our transforms
operate within Handshake or during the Handshake-to-HW lower-
ing pass, which converts Handshake to the ‘hw‘, ‘comb‘, and ‘seq‘
dialects that represent digital logic. From there, the flow follows
the standard path to generate RTL.

This paper enables automated fine-grained power gating with
an algorithm to identify a power domain for each dataflow actor;
an algorithm to determine safe states for sleeping and reawakening
without altering the actor’s outputs; an algorithm to synthesize
control logic that preserves token sequences regardless of sleep or
wake latency; and a fully automated flow, implemented as CIRCT
passes, to power gate entire circuits.

2 POWER GATING DATAFLOW CIRCUITS
Dataflow representations are increasingly used in HLS to accel-
erate programs with complex control flow [9, 16, 19]. A dataflow
circuit consists of functional units, or actors, connected by channels
that transfer data as tokens using a latency-insensitive handshake
protocol. Each channel includes a data signal for the payload, a
valid signal indicating that data is available, and a ready signal in
the reverse direction indicating that the receiver is ready. A token
transfers only when both valid and ready are true. CIRCT provides
a library of actor implementations consistent with those in [10],
with support for custom actors as well.

Analyzing ready/valid signals and dataflow firing rules allows
precise tracking of circuit activity. It also reveals which components
control token flow and must remain active to prevent deadlock.
Finally, the latency-insensitive handshake guarantees correct oper-
ation regardless of actor latency-critical for power gating, where
wake delays may impact performance but not correctness.
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We start with an ungated dataflow circuit for each actor, treating
each independently. We separate data circuitry that can be powered
down from control circuitry that stays powered, identify states
where power cycling data circuitry won’t affect outputs, synthesize
a circuit to signal when data circuitry must be awake, and adjust
valid and ready signals to handle wake delays. Finally, we reassem-
ble power-gated actors following the original network topology.

Our approach is local to each actor, enabling power gating of the
entire circuit by applying the method independently to each actor.
Partitioning into Control and Data Planes First we divide the gates
and registers of each actor’s circuit into an always-on control plane
and a data plane that we will eventually power gate. We define
the control plane as gates that drive an actor’s outbound valid and
ready signals directly or indirectly:

Definition 2.1 (Control and Data Planes). A module𝑚 is part of
the Control Plane if it drives Valid or Ready output wires, or if it
drives another Control Plane module. All other modules are part of
the Data Plane.

Defining Idle States To save power, we want to put the data plane to
sleep frequently without altering circuit behavior. Since registers
wake with reset values [25], the data plane can safely sleep and
reawaken if it is in the reset state. We aim to identify other data
plane states where discarding register values and reawakening in
reset does not affect future valid tokens. We call these Idle States.

Definition 2.2 (Idle State). Let 𝐷 be the set of registers in the
Data Plane; Reset(𝑟 ) be the reset value of register 𝑟 ; Value(𝑟 ) be the
current value of register 𝑟 ; and 𝑋 represent a “don’t care” value
that could be either 0 or 1. An actor is in an Idle State if and only if
∀𝑟 ∈ 𝐷,Value(𝑟 ) = Reset(𝑟 ) or Value(𝑟 ) = 𝑋 .

This definition implies that any idle state is observationally equiv-
alent (a hyperproperty [7] relating two traces of a system) to the
reset state of the data plane. For a circuit whose data plane is in an
idle or reset state, and the control plane is unchanged, simulating
the circuit will produce the same sequence of output tokens.

Lemma 2.3 (Observational Eqivalence for Idle States). For
any idle state 𝑆 or reset state 𝑆reset, an actor 𝐴 starting from 𝑆 is
observationally equivalent to the same actor 𝐴 starting from 𝑆reset
with respect to the sequence of valid output tokens, modulo potential
differences in latency.

Formally, let 𝜎 ∈ 𝐼𝜔 be an infinite input sequence over the input
domain 𝐼 to the actor (the valid, ready, and data signals). Let 𝜏 (𝐴, 𝑆, 𝜎)
denote the trace produced by the actor𝐴 starting from state 𝑆 on input
𝜎 , and let O(𝜏) denote the observable (to other actors) behavior of a
trace (i.e., the sequence of the valid output tokens). Then,

∀𝜎 ∈ 𝐼𝜔 ,O(𝜏 (𝐴, 𝑆, 𝜎)) = O(𝜏 (𝐴, 𝑆reset, 𝜎)) .

Finding Idle States Wenow address accurately identifying idle states.
This algorithm is sound but not complete: every state it labels idle
is truly idle, though some idle states may be missed.

Correctly identifying idle states depends on determining don’t-
care values in the data plane. When a valid input is 0, its data input
does not affect any valid output token. Our algorithm uses this
by injecting don’t-care values via three-valued simulation, where
signals can be 0, 1, or 𝑋 (don’t-care). During simulation, all valid

inputs are set to 0, allowing safe assignment of 𝑋 to their data
inputs; ready inputs are set to 1 to prompt the actor to flush any
valid tokens it holds.

We simulate with standard three-valued semantics: e.g., an AND
gate outputs 0 if any input is 0, 1 if all inputs are 1, and𝑋 otherwise.
The simulation ends when it reaches a previously seen state. If it
terminates in a self-loop, we check if the terminal state qualifies as
idle and declare it the actor’s idle state; otherwise, we conservatively
conclude the actor has no idle state and do not power gate it.
Computing the Wake Signal We synthesize logic to signal when an
actor’s data plane must be powered on: (1) the actor is not in an
idle state, (2) it is about to leave the idle state, or (3) it is producing
a valid output token.

The first and third conditions are straightforward: if the actor
is not in the idle state, it may hold important state and must stay
powered; if it is offering a token, it must retain that value until
consumed. The second condition is also justified—leaving the idle
state means the data plane will hold data—but is harder to detect.

To detect when the actor may leave the idle state, we eliminate
inputs that cannot affect it. We compute the transitive fan-in of
each register with a non-𝑋 value in the idle state, tracing through
combinational logic and other registers. This yields the relevant
inputs. Inputs outside this set may affect registers marked 𝑋 , but
do not change the idle state since those values are don’t-cares.

Next, we simulate one step from the idle state under all combi-
nations of relevant single-bit inputs. While potentially exponential,
this is practical since the number of inputs is limited by actor ports,
not input bit-width. We exclude vector-valued inputs.

We simulate from the idle state over all combinations of relevant
single-bit inputs, producing a Boolean truth table for transition. We
then synthesize this logic as part of the wake signal, defined as:

wake = idle · awake + transition +
∑︁

𝑜∈outputs
𝑜valid

Here, idle indicates the circuit is in the idle state, awake ensures
it is not sleeping (see next section), and the third term checks if any
output’s valid is true. Although the transition condition originally
included the idle-state check, Boolean simplification allows it to be
omitted since it’s already covered by the first term.
Instrumenting the Circuit With the necessary information, we power
gate the actor by creating a new power domain for all data plane
components. Its interface includes all wires crossing between the
data and control planes. We add a wake input to control power-up
and an awake output to signal when the domain is active. Since
awake may trail wake, the actor responds only when awake is as-
serted. We drive wake with the synthesized logic and gate all valid
and ready outputs with awake to block token transfers until the
data plane is powered.

Theorem 2.4 (Power Gating Observational Eqivalence).
For an actor 𝐴, and the power gated version of this actor 𝐴′, the
observable behavior (from the perspective of other actors) of 𝐴 is
equivalent to 𝐴′. Formally, let 𝜎 ∈ 𝐼𝜔 be an infinite input sequence
over the input domain 𝐼 to the actor (the valid, ready, and data signals).
Let 𝜏 (𝐴, 𝑆, 𝜎) denote the trace produced by the actor 𝐴 starting from
state 𝑆 on input 𝜎 , and let O(𝜏) denote the observable (to other actors)
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LoC Types Domains/Idle Period
Actors Doms. 0<10<100<1k<10k>10k

ADI Alt. Dir. Implicit solver 53 992 65 541 31% 0 41 0 19 9
Durbin Toeplitz system solver 28 285 51 138 36 1 38 0 20 5
FDTD 2D 2D finite diff. time dom. 24 646 61 352 38 0 32 0 23 7
FloydWarshDyn. prog. shortest path 13 165 41 76 32 3 36 9 11 11
Heat 3D 3D heat equation 30 619 53 335 28 0 45 13 0 14
Jacobi 1D 1D Jacobi stencil 16 183 40 90 32 0 49 0 16 3
Jacobi 2D 2D Jacobi stencil 16 359 45 186 30 0 44 0 19 7
LU LU decomposition 18 254 41 119 30 0 37 0 26 7
LU Decomp LU decomp.+fw. subst. 37 513 56 252 36 0 15 2 28 19
MM2 Two matrix mults. 26 384 54 198 36 0 28 0 21 15
Nussinov Dyn. prog./seq. align. 24 598 74 252 25 1 15 0 33 25
Seidel 2D 2D Seidel stencil 12 248 49 120 27 39 10 0 13 11
TriSolve Triangular solver 14 117 41 48 27 33 2 0 35 2

Table 1: Thirteen test circuits: each 12 to 53 lines of C code,
yielding 117 to 992 actors (41 to 74 kinds per circuit) split
into 48 to 541 power domains. Rightmost columns list per-
centage of domains per average idle period, typically 10-100.

behavior of a trace (i.e., the sequence of the valid output tokens). Then,

∀𝑆 ∈ S, 𝜎 ∈ 𝐼𝜔 ,O(𝜏 (𝐴, 𝑆, 𝜎)) = O(𝜏 (𝐴′, 𝑆, 𝜎)).

Proof. We show that the observable behavior of𝐴 is equivalent
to 𝐴′ by showing that the two actors produce the same sequence
of valid output tokens. Roughly, we aim to show in this proof that
we make the correct choice in what to power gate (idle states), and
when to power gate (wake signal). First, we observe that 𝐴′ differs
from 𝐴 in three ways: (1) partitioning into control and data planes,
(2) power gating of the data plane, and (3) gating of valid/ready
signals with the wake signal.

From Definition 2.1, the control plane contains all components
that drive valid and ready signals. These components are always
on, so only data plane power could cause any differences in tokens.

The data plane is only powered down when the actor is in an
idle state (Definition 2.2). By Lemma 2.3, any actor starting from
an idle state is observationally equivalent to starting from the reset
state with respect to output tokens. Since the data plane powers
up into its reset state, powering off the data plane when in an idle
state does not affect the output token sequence. Because our idle
state identification is sound (but not complete), we know that any
state we identify as idle with our algorithm is indeed an idle state.
Thus, know that we never incorrectly power gate.

From above, the wake signal logic ensures the data plane is pow-
ered on in three cases: (1) when not in an idle state, (2) when about
to transition from idle, or (3) when producing valid outputs. This en-
sures the actor is awake whenever computation is needed or tokens
are being transferred. Finally, the gating of valid and ready signals
with the awake signal may delay token transfers during wake-up
but doesn’t modify or prevent them. Since dataflow handshaking is
latency-insensitive, these delays do not change the sequence of to-
kens, only their timing. Our definition of observational equivalence
is at level of actors, and so allows timing differences.

Thus,𝐴 and𝐴′ are observationally equivalent: always producing
the same sequence of valid output tokens on each input stream. □

As established by Theorem 2.4, this algorithm ensures the re-
sult of computation will be equivalent to the always-on case.
We have shown the sequence of output tokens is unchanged by

removing and restoring power and the sleepable domain, and that
the sleepable domain will eventually wake when needed; tokens
being dropped during the handshake is the remaining danger. In
dataflow, tokens are transferred when the producing actor offers
a valid token and the receiving actor is ready to accept it. For an
actor to drop an input token, its outgoing ready signal must be
high before it is ready to accept the data, i.e., when the data plane
is powered down. This is impossible because the algorithm rede-
fines all outgoing ready signals as the logical and of awake and
the original value, so when the actor is not awake, all ready signals
will be zero; no tokens will be transferred. For an actor to drop a
valid output token, it must be powered down after it has produced
a valid output token and before the downstream actor has accepted
it. This is impossible: for an actor to offer a valid token, its valid
output signal will be true so wake will be true, and the data domain
will not be powered down before the token is transferred.

3 EVALUATION
Through examples, we characterize power domains’ dynamic activ-
ity and evaluate performance impact as a function of wake time.
Test Circuit Characterization We evaluate our approach using Poly-
Bench kernels listed in Table 1 [21]. Each kernel is lowered from C
to SystemVerilog using CIRCT to generate three circuit variants:
(1) a baseline with no power gating; (2) a gated version with power
domains and control from Section 2; and (3) amerged-gated version
where adjacent unit-rate actors are merged before gating. Each test
circuit in Table 1 contains hundreds of actors, with tens to hundreds
partitioned into sleepable and always-on domains—far more than
could be manually identified and verified.

Table 1 shows the distribution of power domains by average idle
period, ranging from 0 (never idle) to over 10k clock cycles. About
one third of domains in each circuit never go idle during simulation.
This matches the proportion of buffers, which are never powered
down due to their limited idle states and their role in holding tokens.
Buffers that rarely hold tokens likely aren’t needed.

For domains with idle periods, most last 10 cycles or more. Peri-
ods between 10 and 1000 cycles offer good opportunities for fine-
grained power gating if identified at runtime. Longer periods (1000+
cycles) are also ideal for gating, though likely detectable by other
means. Seidel2D and TriSolve are exceptions, with many power
domains idling for fewer than 10 cycles. We hypothesize this is due
to branch actors producing tokens on alternating outputs, creating
short idle and active phases. In Section 3, we show that selectively
gating only actors with longer idle periods can reduce overhead.
Relative Wakefulness To assess the power and performance impact
of fine-grained gating, we simulate both gated and baseline circuits
using cycle-accurate RTL simulation (Verilator). In gated circuits,
we impose a wake delay—the number of cycles between wake = 1
and awake = 1—ranging from 0 to 3 cycles.

First, we examine the relative active time of gated and ungated
circuits, shown in the Wakefulness data in Table 2 (left). These
values report the percentage of power domains powered on in an
average cycle. In all cases, no more than 40% are active per cycle,
and this remains consistent across wake delays.

This is because once a dataflow actor emits a result, it must stay
awake and hold its output token until the receiver is ready. Longer
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Un-Merged Power Domains Merged Power Domains

Wakefulness Cycles Wakefulness Cycles

Wake Delay: 0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3

ADI .34 .34 .33 .33 1.00 2.29 3.61 4.95 .37 .37 .37 .37 1.00 1.97 2.99 4.03
Durbin .40 .40 .39 .39 1.00 2.12 3.39 4.65 .42 .42 .41 .41 1.00 1.97 3.00 4.04
FDTD 2D .40 .40 .40 .40 1.00 2.15 3.44 4.70 .42 .42 .42 .42 1.00 1.80 2.66 3.53
FloydWarsh .39 .39 .38 .38 1.00 1.92 2.93 3.93 .42 .42 .41 .41 1.00 1.75 2.49 3.24
Heat 3D .33 .34 .33 .33 1.00 2.28 3.56 4.88 .39 .39 .39 .39 1.00 1.77 2.63 3.52
Jacobi 1D .39 .39 .38 .38 1.00 2.06 3.13 4.24 .40 .40 .39 .39 1.00 1.87 2.81 3.73
Jacobi 2D .35 .35 .34 .34 1.00 2.27 3.68 5.08 .38 .38 .38 .37 1.00 1.85 2.78 3.71
LU .36 .36 .36 .35 1.00 1.92 2.82 3.75 .39 .39 .39 .38 1.00 1.73 2.45 3.19
LU Decomp .38 .38 .38 .38 1.00 1.85 2.85 3.86 .40 .41 .40 .40 1.00 1.69 2.34 3.04
MM2 .40 .40 .40 .40 1.00 1.92 2.87 3.84 .42 .42 .42 .42 1.00 1.72 2.44 3.17
Nussinov .28 .28 .28 .27 1.00 2.01 3.13 4.30 .33 .32 .32 .32 1.00 1.87 2.78 3.73
Seidel 2D .38 .37 .36 .36 1.00 2.45 4.02 5.63 .40 .40 .39 .39 1.00 1.82 2.68 3.54
Seidel 2D* .45 .46 .46 .46 1.00 1.17 1.35 1.53 .43 .43 .42 .42 1.00 1.33 1.69 2.03
TriSolve .37 .37 .36 .35 1.00 1.80 2.68 3.61 .38 .38 .37 .37 1.00 1.67 2.35 3.02
TriSolve* .44 .44 .44 .44 1.00 1.00 1.01 1.02 .44 .44 .44 .44 1.00 1.14 1.32 1.49
∗Here, we eliminated any power domain with an average idle period under 10 cycles.

Table 2: Runtime in clock cycles and wakefulness of gated
circuit relative to ungated baseline. The measurements on
the left are of power gating applied to an unmodified circuit,
and on the right after merging unit-rate actors.

wake delays stretch each active period proportionally, slowing
token transfers but preserving token order. As a result, the average
number of active domains per cycle remains unchanged.
Relative Performance Table 2 shows the the clock cycle runtimes
of the power-gated circuits compared to the ungated baseline. The
slowdowns are substantial because fine-grained power domains
cycle frequently and have short active periods.

Our method identifies many power domains that may not be
needed. For example, we removed domains with average idle peri-
ods under 10 cycles in the TriSolve and Seidel 2D circuits, raising
relative wakefulness from 36% to 44% and 37% to 46%, but cut perfor-
mance overhead to at most 1.02× and 1.53× the ungated baseline.

Multi-cycle wake delays can be amortized by merging actors
into larger power domains that are cycled less often. To test this, we
merged adjacent unit-rate actors into a single actor before applying
our algorithms. Unit-rate actors have short active periods since
they hold no state and stay awake only when new work arrives.
They also depend on downstream state-holding actors being awake
before accepting inputs. Waking multiple adjacent unit rate actors
adds delays since each must fully wake before the next begins.

The results of merging adjacent unit rate actors before power
gating appear on the right side of Table 2. Relative wakefulness
increases with merging since the entire merged actor must stay
awake if any part is active. This rise in activity is balanced by
faster overall execution. However, slowdowns remain significant
depending on the wake delay. Further merging may help, such as
combining actors at divergence and convergence points of disjoint
execution paths into single power domains.
Synthesis Results WeusedOpenLane [23]with the SkyWater SKY130
PDK to synthesize and map each test circuit configuration. Instance
areas ranged from 73,857 to 842,267µm2. For most gated circuits,
area overhead compared to baseline ranged from 4% to 40%, averag-
ing 22%. Two outliers, ADI and Durbin, had overheads of 204% and

222%. Their baseline configurations failed to complete synthesis,
suggesting design issues affecting the flow.

4 RELATEDWORK
Manual power gating is difficult because designers must insert
power switches and verify functional correctness and timing for
each domain. One automated approach uses clock-gated netlists to
partition circuits into power domains [3, 8, 13]. These methods find
clock gating conditions from circuit don’t-cares, then group clock-
gated registers into power domains. Upasani et al. focus on timing
for circuits with both clock and power gating, using placement-
aware clustering to reduce overhead [27]. Udupi et al. use formal
verification to identify temporary unobservabilities for clock and
power gating [26]. Usami and Yoshioka reduce leakage by detecting
when state transitions do not occur [28]. All require pre-existing
clock gating; our method derives this information directly from the
dataflow circuit structure without that step.

Another approach to automating clock gating exploits finite state
machine architecture. Agarwal, Dimopoulos, and Shin et al. use an
FSM with data path (FSMD) representation, partitioning the ma-
chine into data storage and functional circuits [2, 24]. These FSMDs
can be further divided into independent sub-FSMDs that power off
when the state transitions to another sub-FSMD. Like our method,
they define power domains based on a specific representation, but
only one power domain is active at a time.

Leakage power is also a concern in reconfigurable architectures,
which can be power gated at the LUT or tile level. Ishihara et al. and
Bsoul and Wolton designed FPGAs with fine-grained power gating,
controlling power domains at runtime via the routing fabric [4, 14].
Miniskar et al. propose a programmer-directed scheme to turn off
unused tiles in CGRA architectures, while Nayak et al. reduce area
overhead for boundary protection in power-gated CGRAs [20, 22].
These methods target specific devices; our approach is more general.

Like us, other researchers use high-level circuit information to
guide power gating. Fanni et al. leverage the dataflow output of the
MPEG Reconfigurable Video Encoding standard to map multiple
dataflow networks onto a power-gated CGRA [11]. They identify
common logic regions that can be powered down when none of the
mapped dataflow networks are active. Our work also uses a dataflow
representation but partitions a single network and generates con-
trol signals from its dynamic activity. Agarwal and Arvind exploit
Bluespec’s rules-based design to create fine-grained power domains
with control signals [1]. Each rule’s firing condition determines
its activity and thus power gating signals. However, Bluespec’s
scheduling requires power domains to power on within one clock
cycle, limiting clock frequency. Our method supports multi-cycle
actors and handles variable wake-up delays.

5 CONCLUSION
We present a method to automatically define and control fine-
grained power domains in dataflow circuits. Our compile-time al-
gorithm partitions each actor into an always-on control plane and
a sleepable data plane. We insert logic to dynamically control the
sleep signal and prove that the resulting power-gated circuits are
observationally equivalent to the original ones.
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