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Abstract
Unifying compiler infrastructure for high-level hardware 
languages has long been the goal of the CIRCT project. 
However, by following trends in hardware language design, 
CIRCT has specialized itself in HLS and RTL-like paradigms, 
while requiring elements from other paradigms to be handled 
mostly in their respective frontends. In this work, we present 
3 approaches to support purely functional languages natively 
in CIRCT. We demonstrate these by creating a CIRCT-based 
compiler for Clash, a Haskell-as-hardware language. These 
methods range from simple conversions leveraging existing 
frontend transformations, to the introduction of full lambda 
calculus support in CIRCT via the lc dialect. By retaining 
the original functional structure of a Clash design, the lc 
dialect captures the source’s high-level structure, enabling 
optimizations and higher-quality emission by backends. This 
paves the way for non-RTL paradigms to leverage the power 
of a unified compiler.

1 Introduction
Non-HLS (High-Level Synthesis) high-level hardware lan
guages have evolved through distinct “waves”, each moving 
further from gate-level netlists. Initially, behavioral descrip
tions of hardware were introduced via VHDL and Verilog. 
While popular, the limitations of these languages were 
already apparent early on and a first wave of new high-level 
hardware languages, adopting components from functional 
programming languages, followed with most notably Lava 
[1], and BlueSpec [2]. This was succeeded by a second 

wave of embedded Domain Specific Languages (eDSLs), such 
as Chisel (Scala) [3], pyMTL (Python) [4], and HardCaml 
(OCaml) [5], which embed structural components in a host 
language to generate hardware. Finally, a third wave has 
emerged, focusing on custom languages with advanced type 
systems, such as Spade [6], Filament [7], or Anvil [8].

Despite the distinct philosophies of these waves, their 
paradigms remain close to the Register Transfer Level (RTL), 
often utilizing the initial two behavioral languages as their 
compilation targets. This motivates a unified, MLIR-based 
[9] infrastructure, namely CIRCT [10], to consolidate the 
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compilation of these diverse hardware languages via three 
central RTL-based core dialects. While CIRCT has had 
success in unifying the compilation of RTL-like paradigms, 
it is primarily optimized for structural abstractions with 
explicit stateful elements. As a result, CIRCT struggles to 
natively encode purely functional languages, where hard
ware is defined through function composition and Algebraic 
Data Types (ADTs), without requiring high-level functional 
constructs to be elaborated away by frontends.

Clash. Being neither an eDSL, a custom language, nor a 
form of HLS, Clash [11] leverages the power of Haskell by 
reinterpreting System FC [12], the internal representation 
of the Glasgow Haskell Compiler (GHC) [13], to produce 
hardware. As a result, designers are able to describe hardware 
through purely functional abstractions, such as higher-order 
functions, polymorphism, and ADTs, without sacrificing the 
explicit structural nature of hardware languages. To bridge 
the semantic gap, Clash employs a normalization process 
that transforms System FC into a flat, “normalized” repre
sentation, while only eliminating recursive constructs that 
lack a direct hardware equivalent. This form is then finally 
lowered to a synthesizable target in VHDL or Verilog.

In this work, we propose 3 approaches for encoding 
purely functional hardware languages in a unified RTL-based 
compiler such as CIRCT. We demonstrate these approaches 
by creating a CIRCT-based Clash compiler.

2 Building A CIRCT-Based Clash Compiler
In porting a compiler to CIRCT, we start by identifying 
potential entry-points, i.e. stages at which we can transfer 
computation from our frontend (Clash) to our compiler 
(CIRCT). For Clash, we identify 3 such entry-points. These 
trade-off utilizing existing lowering methods found in our 
frontend with preserving the source’s high-level structure 
in backends. Figure 1 illustrates how an example description 
of control logic, i.e. fsm, is compiled using the existing Clash 
compiler, and then integrated with CIRCT through entry-
points 1 - 3 . In particular, fsm is a higher-order function that 
takes a integer op, an ADT State representing its state, and 
returns a tuple of the next state and output. bar is a function 
that performs some computation. We omit Clash-specific 
operations to generate the top-level module to focus on the 
functional description of a stateful circuit.

2.1 The Low-Hanging Fruits

The most straightforward integration path of the 3 entry-
points is 1 , where the fully lowered netlist, generated by 
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type I8 = Signed 8

data State

    = Idle | Busy I8 | Done I8

fsm :: I8 -> State -> (State, I8)

fsm op Idle     = ...

fsm 0  (Busy x) = (Busy x, 0)

fsm _  (Busy x) = (state', 0)

    where state' = Done (bar x)

fsm op (Done x) = ...

-- ... recursive binding of fsm

System FC Normal Form Netlist

lc.adt @State {...}

%fsm = lc.lambda (...) -> (...) {

    %s = lc.adt_create @State ...

    %res = lc.adt_match %s -> (...) { 

        lc.match_case @State::@Idle {...}

        ;; ... other cases

}}

%l_rec = lc.lrec %fsm ...

%v = lc.call %l_rec (...)

;; ... set the output

fsm dialect

core dialects

sv dialect

circt-verilog

out.sv

Figure 1: The Clash compilation pipeline integrated with CIRCT. Starting from an example described using pattern matching 
and ADTs in Clash, point 3  shows how the high-level structure is preserved in CIRCT using the proposed lc dialect.

Clash, is fed into CIRCT through its Verilog frontend. While 
this isn’t a full integration, we still benefit from all of the extra 
optimizations provided by CIRCT’s LLHD/Moore compiler 
[14] used in the Verilog frontend, and its industry-strength 
SystemVerilog (SV) backend. The result is a more consistent 
and compact output, yet it retains the unintuitive signal 
names and design structure generated by Clash.

Rather than relying on the existing backend in Clash, 
another approach, marked as 2 , is to directly convert 
the normalized System FC into CIRCT’s core dialects. The 
abstraction level of the normalized form is close to that of the 
core dialects, allowing the translation between the two to be 
mostly syntactic. This is due to the normalization ensuring 
that all terms are representable in hardware, where, e.g., 
recursive data types are fully elaborated. With 2 , we are 
no longer tied to backend-specific passes, and now benefit 
from the sophisticated global optimizations, and all of the 
other backends, provided for core dialects. While this is an 
improvement over 1 , it is still a shallow integration of our 
frontend, as none of CIRCT’s backends or optimizations have 
access to the original functional structure of the design. While 
the original structure directly captures the design’s intent, 
normalization flattens the design making many optimizations 
difficult without further analyses.

2.2 Preserving High-Level Structure

In our two previous approaches, the source description 
was structurally flattened before reaching CIRCT, obscuring 
high-level intent and limiting the scope of downstream 
optimizations. We thus propose a final approach, which 
integrates Clash into CIRCT directly from the pre-normalized 
System FC, i.e. 3 . This form preserves the original structure 
of the design, including all recursive data types and higher-
order functions, which can enable otherwise difficult analyses 
when encoded in CIRCT.

To enable this approach, we introduce the lc (lambda 
calculus) specialty dialect which encodes ADTs, pattern 

matching, and higher-order functions. Unlike other purely 
functional MLIR dialects, such as rise [15], lc captures 
the recursive and nested structure inherent in functional 
descriptions, in a manner that interoperates and lowers to 
existing hardware dialects, in particular the fsm dialect.

The lc dialect provides native support for ADTs via 
lc.adt and lc.adt_case. Concrete values are instantiated 
using lc.adt_create or lc.adt_constant. Individual ADT 
cases can include block arguments, which function as 
parameters that can be used during pattern matching, e.g. 

lc.adt @State {

    lc.adt_case @Idle

    lc.adt_case @Busy(x: i8)

    lc.adt_case @Done(x: i8)

}

%s = lc.adt_create @State 

              init @State::@Idle

%i = lc.adt_constant 

              @State::@Idle

 
Pattern matching is supported via lc.adt_match and 
lc.match_case, as illustrated in Figure 1. Pattern matches can 
contain arbitrary logic, including nested pattern matches, 
using the case’s block argument alongside other hardware 
dialects to produce a result with lc.yield. Lambdas can 
be defined using lc.lambda. Unlike func.func, these support 
functions as arguments and recursive value bindings using 
lc.rec and lc.call. As a result, the structure of lc allows us to 
identify high-level constructs such as FSMs and encode them 
using specialty dialects, e.g. the fsm dialect, which contain 
specific optimizations and have direct lowerings to several 
backends allowing for high-level structure to be retained in 
the outputs. More specifically, for the example in Figure 1, 
the FSM structure is identified by the recursive value binding 
of %fsm using lc.rec. The %s value in %fsm tracks the current 
state represented by each case of the pattern match. These 
cases yield two results, the next state of the FSM and their 
return value, whose logics become a transition guard and a 
state output respectively in the fsm dialect. A full example 
of how we encode a clash design using the lc dialect, can be 
found in Appendix §A.
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%bar = lc.lambda (x: i8) -> (i8) {...}

lc.adt_match %s -> i8 {

    lc.match_case @State::@Idle {

        %r1 = lc.call %bar %x : i8

        %r2 = lc.call %bar %y : i8

        %r = comb.add bin %r1, %r2 : i8

        lc.yield %r : i8 }

    lc.match_case @State::@Busy %x {

        %r = lc.call %bar %z : i8

        lc.yield %r : i8 } ... }

Listing 1: Multiple calls to the same function.

3 High-level Optimizations
Method 3  highlights the importance of maintaining the 
high-level structure of our source design throughout compi
lation, as doing so enables otherwise difficult optimizations. 
We now describe 3 such optimizations.

Function Sharing. In Clash, each function application 
typically results in a distinct instantiation of that circuit 
[11], meaning that a function’s logic is aggressively inlined 
at its call site. Nevertheless, benefiting from the functional 
structure of the hardware, Clash can reuse identical functions 
via its Common Sub-expression Elimination pass, and those 
with different inputs across mutually exclusive match cases 
through its de-duplication pass. The lc dialect is capable 
of achieving the same level of function sharing found in 
Clash, as it preserves the original function call hierarchy. 
More importantly, this structural awareness allows such 
optimization to be more aggressive, all while avoiding a 
complicated de-duplication pass.

Concretely, to convert a function into a shared module, 
we start by performing a use-def analysis to retrieve the 
calling hierarchy. If the number of users is greater than a 
given threshold (defined as a pass parameter), we create a 
module where the inputs are the function parameters and 
the outputs are the function’s results. This new module is 
given a latency insensitive interface, i.e. using ready/valid 
signals, in order to better enable resource sharing. To share 
the module across several call sites, its inputs are paired with 
an identifier and guarded with a round-robin arbiter, enabled 
by the module’s input ready signal, which arbitrates the 
arguments from every call site. The caller then only considers 
the output from the function to be valid when the module’s 
output identifier matches the caller’s input identifier. Finally, 
we can handle higher-order functions by checking if the 
parent block of the caller is the same as that of the callee’s 
definition, if it is then no additional work is needed, if not, 
we need to add inputs and outputs to the caller’s parent 
module to allow for arguments, results, and identifiers to be 
connected to the callee.

To illustrate our optimization, consider Listing 1, in which 
a function bar is used three times in a pattern match. After a 

use-def analysis, which shows that bar is used several times in 
our pattern match, we start by hoisting all of the calls into the 
same region as the %bar definition. This allows us to create a 
singleton instance of %bar, which we convert from a lc.lambda 
to a hw.module. We then convert our lc.call into hw.wire and 
use the arguments, with additional arbitration logic, as inputs 
to our instance whose outputs are then connected to the 
hw.wire operations.

Hierarchical Retiming. Retiming is a common optimiza
tion used during synthesis to improve Performance, Power, 
and Area (PPA) metrics in the resulting design [16]. Since 
the lc dialect retains all of the hierarchical information 
about our source design, retiming can be performed in 
a hierarchical manner. Consider a chain of function calls 
foo1(foo2(foo3(...))) which would potentially lead to a very 
long critical path. In a traditional retiming algorithm, we 
would flatten this chain and work with the end-to-end 
latency of our design, which might be complex and lead 
to a more conservative retiming being applied. However, 
in a hierarchical retiming, we can optimize our design in a 
bottom-up manner, retiming the inner-most call of our chain 
before using that result to more aggressively retime parent 
calls, thus leading to a less conservative result.

Identifying FSMs. As presented in a previous section, the 
lc dialect allows for recursive value bindings, typically used 
in Clash to represent FSMs, to be explicitly encoded using 
the lc.lrec operation. This allows us to retain the high-
level intent throughout compilation by lowering all lc.lrec 
operations into fsm.machine in the fsm dialect, which can then 
be directly emitted by CIRCT’s SystemVerilog backend such 
that the FSM is identifiable by downstream tools.

4 Discussion and Conclusion
The goal of this work is to illustrate how a unified hardware 
compiler infrastructure, mostly centered around RTL and 
HLS, can be extended to natively support other high-level 
paradigms while also enabling new optimizations. Our exten
sion to CIRCT is meant to be generic enough to be applicable 
beyond the context of Clash. Specifically, the lc dialect could 
serve any high-level hardware language supporting ADTs or 
higher-order functions, e.g. Spade or even standard Haskell 
(although all of the non-hardware lowerings from lc would 
still need to be added). Given the easily extensible nature of 
MLIR, we could also imagine other paradigms, e.g. message 
passing style languages like Anvil, can have their own native 
representations in CIRCT. While a deep integration is ideal, 
we show that shallow integrations with CIRCT can still yield 
immediate benefits while minimizing the engineering cost. 
We hope that this work can function as a motivator and 
guide on how new languages could be added to the CIRCT 
ecosystem, thus strengthening our shared infrastructure 
and paving the way for full hardware compiler unification, 
regardless of the source paradigm.
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Appendix

A Full Conversion Example
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bar :: (Num a, Eq a, Integral a) => a -> a

bar x = x * x * x

type I8 = Signed 8

data State = Idle | Busy I8 | Done I8

          deriving (Generic, NFDataX)

     

fsm :: I8 -> State -> (State, I8)

fsm 0  Idle     = (Idle,         0)

fsm op Idle     = (Busy op,      0)

fsm 0  (Busy x) = (Busy x,       0)

fsm _  (Busy x) = (Done (bar x), 0)

fsm 0  (Done x) = (Done x,       x)

fsm _  _        = (Idle,         0)

controller 

    :: (HiddenClockResetEnable dom) 

    => Signal dom (Signed 8) 

    -> Signal dom (Signed 8)

controller input = mealy (flip fsm) Idle input

topEntity

    :: Clock System

    -> Reset System

    -> Enable System

    -> Signal System (Signed 8)

    -> Signal System (Signed 8)

topEntity = exposeClockResetEnable controller

LC Dialect.
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hw.module @topEntity (%op: i8) -> (i8) {

    %bar = lc.lambda (%x: i8) -> (i8) {

        %0 = comb.mul %x, %x, %x : i8

        lc.yield %0: i8

    } 

  

    lc.adt @State {

        %idle = lc.adt_case @Idle

        %busy = lc.adt_case @Busy(x: i8)

        %done = lc.adt_case @Done(x: i8)

        lc.yield %idle, %busy, %done

    }

  

    %fsm = lc.lambda (%state: !lc.adt_type<@State>, %op: i8) 

        -> (s: !lc.adt_type<@State>, i8) {

        %rs, %ro = lc.adt_match %state -> (!lc.adt_type<@State>, i8) {

            lc.match_case @State::@Idle {

                %c0_i8 = hw.constant 0: i8

                %op_0 = comb.icmp bin eq %op, %c0_i8 : i8 

                %rs_0 = lc.adt_constant @State::@Idle: !lc.adt_type<@State>

                %rs_1 = lc.adt_constant @State::@Busy (x: %op)

                    : !lc.adt_type<@State>

                %mux_state = comb.mux %op_0, %rs_0, %rs_1

                    : !lc.adt_type<@State>

                lc.yield %mux_state, %c0_i8: !lc.adt_type<@State>, i8

            }
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            lc.match_case @State::@Busy (%x : i8) {

                %c0_i8 = hw.constant 0: i8

                %op_0 = comb.icmp bin eq %op, %c0_i8 : i8 

                %rs_0 = lc.adt_constant @State::@Busy (x: %x)

                    : !lc.adt_type<@State>

                %bar_x = lc.call %bar (%x) : i8

                %rs_1 = lc.adt_constant @State::@Done (x: %bar_x)

                    : !lc.adt_type<@State>

                %mux_state = comb.mux %op_0, %rs_0, %rs_1

                    : !lc.adt_type<@State>

                lc.yield %mux_state, %c0_i8: !lc.adt_type<@State>, i8

            }

      

            lc.match_case @State::@Done (%x : i8) {

                %c0_i8 = hw.constant 0: i8

                %op_0 = comb.icmp bin eq %op, %c0_i8 : i8 

                %ro = comb.mux %op_0, %x, %c0_i8: i8

                %rs_0 = lc.adt_constant @State::@Done (x: %x)

                    : !lc.adt_type<@State>

                %rs_1 = lc.adt_constant @State::@Idle: !lc.adt_type<@State>

                %mux_state = comb.mux %op_0, %rs_0, %rs_1

                    : !lc.adt_type<@State>

                lc.yield %mux_state, %ro: !lc.adt_type<@State>, i8

            }

        }

        lc.yield %rs, %ro

    }

  

    %controller = lc.lambda (%input: i8) -> (i8) {

        %l_rec = lc.lrec %fsm ("sn", %input)

            where ("sn": s: !lc.adt_type<@State>) 

                : !lc.lambda_type<<!lc.adt_type<@State>>, <i8>>

        %i = lc.adt_constant @State::@Idle : !lc.adt_type<@State>

        %v = lc.call %l_rec (%i) : i8

        lc.yield %v : i8

    }

  

    %out = lc.call %controller (%input) : i8

    hw.output %out: i8

}
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