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Abstract—AMD Versal FPGAs introduce a new CLB micro-
architecture featuring the LOOKAHEADS carry structure in
place of the legacy CARRY4/8 chains, on which existing area-
efficient LUT-based multiplier designs map inefficiently. This
paper proposes a LUT-based integer multiplier architecture tai-
lored to the Versal fabric. By jointly exploiting radix-4 modified
Booth recoding and the new Versal LUT micro-architecture, only
~n?/4 LUTs are required to generate the partial-product bit
heap for an n-bit multiplication. A new heuristic for compressor-
tree synthesis further improves the area-delay product by 8-
20% over state-of-the-art Versal heuristics. Overall, the proposed
multipliers achieve up to 40% LUT reduction relative to AMD
LogiCORE IP multipliers at comparable critical-path delay. An
open-source Python RTL generator with configurable operand
widths and pipeline depths is provided for scalable deployment.

Index Terms—LUT-based multiplier, radix-4 Booth recoding,
compressor tree synthesis, FPGA, Versal

I. INTRODUCTION

Multiplication is a fundamental and performance-critical
operation across many field-programmable gate array (FPGA)
applications. Different applications require multipliers of dif-
ferent operand precisions and performance characteristics. For
instance, modern neural networks increasingly adopt low-
precision integer arithmetic, typically INTS8 or even INT4. DSP
algorithms such as filtering and spectral analysis commonly
require medium-precision fixed-point or floating-point multi-
plications. In contrast, cryptographic algorithms rely on large
integer multiplications, often up to several hundred bits.

To accelerate multiplication, modern FPGAs integrate fixed-
size DSP blocks that provide efficient embedded multipliers.
However, their fixed operand formats, rigid placement, and
limited quantity make them an inflexible, scarce resource.
In contrast, look-up-table (LUT)-based multipliers support
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arbitrary operand sizes and flexible placement, built from
the most abundant computational resource in FPGA fabrics.
They can also be combined with DSP blocks to construct
wide-precision multipliers. Consequently, efficient LUT-based
multiplier design remains critical for precision-diverse FPGA
workloads.

Most prior work has focused on optimizing LUT-based mul-
tipliers for AMD Xilinx 7-series and UltraScale/UltraScale+
architectures, exploiting the configurable logic block (CLB)
micro-architecture of 6-input LUTs coupled with CARRY4/8
primitives to generate and accumulate partial products [1]-
[6] or to compress partial-product bit heaps [6]-[8]. The
CLB micro-architecture of AMD Versal devices differs sub-
stantially, most notably by replacing CARRY4/8 with the
LOOKAHEADS carry structure [9]. Consequently, many prior
designs no longer map efficiently to Versal, motivating new
multiplier architectures tailored to Versal CLBs.

This paper presents a LUT-based multiplier architecture
designed for Versal CLBs. Partial products are generated
efficiently by exploiting the new cascade multiplexers in Versal
LUTs, and accumulated through compressor trees synthe-
sized by a new heuristic under the LOOKAHEADS carry
constraints. We further provide an open-source Python-based
RTL generator' that produces either standalone compressor
trees or complete multipliers, with user-configurable operand
widths and pipeline depths. Evaluation shows up to 40%
LUT reduction over AMD LogiCORE IP multipliers [10]
at comparable critical-path delay, and an 8-20% area—delay
product improvement over state-of-the-art Versal compressor-
tree heuristics.

II. BACKGROUND
A. Versal CLB Adaptations

While Versal CLBs retain the overall organization of LUTs,
carry logic, and flip-flops, the internal architectures of both
the LUT and the carry chain differ significantly from previous
FPGA generations.

Fig. 1 compares the Versal LUT micro-architecture with
those of UltraScale/UltraScale+ devices. One major change is
the introduction of two independently configurable cascade
multiplexers, which control two A5 multiplexers, allowing
the A5, A6, or CASC pins to serve as the fifth input of a

Uhttps://github.com/KULeuven-COSIC/crypt-arith



A5 A6 CASC

1A2A3A4 AlA2A3A4
LTI A [ 111
PROP
4-LUT —\k Lot
051
> 05
arut | )
4-LUT | |/ 06
06
\ 4-LUT [ |
4-LUT |—
A6
A6 4Lut | 052
4-LUT | /r

AS A5 A6 CASC
(a) UltraScale/UltraScale+ (b) Versal

Fig. 1: LUT micro-architectures based on [9].
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Fig. 2: First two-bit section of carry hardware with LUTs.

Versal LUT. For example, in dual 5-LUT mode, the two 5-
input sub-LUTs of an UltraScale/UltraScale+ LUT must share
all five inputs (A1-AS), whereas Versal allows them to take
independent fifth inputs from A5 and A6. The output of the
second 5-input sub-LUT now appears on pin O5_2 instead of
06. Versal LUTs also expose an extra PROP output, an internal
signal dedicated to the LOOKAHEADS carry structure.

Versal also introduces a dedicated cascade path between
each pair of adjacent LUTs, as illustrated in Fig. 2b: a
direct wire connects the O6 output of the lower LUT to
the cascade input (CASC) of the upper LUT, enabling fast
signal propagation without consuming general-purpose routing
resources.

Fig. 2 illustrates the first two-bit section of the Ultra-
Scale/UltraScale+ CARRY8 block and the corresponding Ver-
sal LOOKAHEADS block. Compared to CARRYS, LOOKA-
HEADS8 removes the XOR gates and multiplexers that pre-
viously allowed signals outside the CLB to directly access
the carry chain. Propagation signals are now generated by
a dedicated 4-input sub-LUT inside each Versal LUT and
exposed through the PROP port instead of O6. The carry
multiplexers are organized in two-bit sections, with carry
propagation within each two-LUT pair routed through the

LUT cascade paths. Each LOOKAHEADS block contains four
such sections in a carry-lookahead arrangement, detailed in
Section IV.

B. Partial Product Generation

Given two signed integers A and B in two’s complement
form with n and m bits respectively, partial-product bits can be
generated in several ways. The most straightforward is radix-2
generation, in which each bit is the two-input AND (or NAND)
of one bit of A and one bit of B, producing approximately n x
m partial-product bits, with the Baugh—Wooley technique [11]
applied to simplify sign extension.

To reduce the number of partial products, radix-4 modified
Booth recoding [12] is widely used. It recodes one operand
(typically B) into radix-22 digits b = —2bgir1 + ba; + bai—1,
where b_1 =0, i € {0,1,...,m/2}, and B is sign-extended
to an even number of bits if necessary. The number of
partial products is thereby roughly halved, and since each
digit satisfies b, € {—2,—1,0, 1,2}, the corresponding partial
products are obtained by shift-and-add/subtract operations on
the multiplicand A.

C. Generalized Parallel Counters

Once partial products are generated, they are reduced to
fewer operands before the final addition stage. This reduction
is typically performed by parallel counters that compress
multiple input bits of the same or different weights into
fewer output bits while preserving the overall numerical value.
Generalized parallel counters (GPCs) provide an abstract rep-
resentation of such circuits, enabling systematic analysis and
construction of compressor trees [13]. A GPC is denoted as
(pmflapmf% <oy P0 P Gn—1,4n—2,- .- 7QO)a where p; and di
denote the numbers of input and output bits of weight 2°,
respectively, and the weighted sum of outputs equals that of
the inputs. When each output column contains exactly one bit,
we abbreviate the notation as (py,—1, Pm—2, - - -, Po : 1|, where
n is the total number of output bits. For example, (1,5 :1,1,1)
is written (1,5 : 3].

Two metrics are commonly used to compare GPCs: effi-
ciency E and strength S. Efficiency E, defined as the ratio of
bits reduced to LUTs used, is implementation-dependent and
measures how effectively LUTs reduce bits [13]. Strength S,
defined as the ratio of input to output bits, is implementation-
independent and captures the inherent bit-reduction capabil-
ity [14].
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Compressor-tree synthesis on FPGAs iteratively applies
GPCs across bit positions to reduce bit-heap height until a
final adder can resolve the remaining bits. Existing methods
fall into two categories: heuristic approaches select GPCs by
metrics such as efficiency and strength, achieving good area—
delay trade-offs while being computationally inexpensive [15],
[16], [18], whereas optimization-based approaches formulate



TABLE I: Basic Versal GPCs used for Compressor Tree
Synthesis in [18]

Counter #LUTs E S LO.AH.!  Row/Column?
(3:2 1 10 15 v Both
(6 :3] 3 1.0 2.0 X Neither
(10:4,2) 3 1.33  1.67 X Neither
(2,5:1,2,1) 2 1.5 175 X Column
(1,5 3] 2 1.5 2.0 v Row
(2,2,3 : 4] 2 15 175 x Row

Lif the GPC is compatible with carry-lookahead structure
2if the GPC is used to construct row/column counters
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Fig. 4: (3,9 :2,3,1) GPC in [18], composed of two (1,5:1,2,1)
GPCs.

the problem as integer linear programming (ILP), yielding op-
timal or near-optimal solutions but at significant computational
expense [16], [17]. Practical FPGA designs therefore mostly
rely on heuristic synthesis.

III. RELATED WORK

A. Versal GPCs and Compressor Tree Synthesis

HofBfeld er al. [18] were the first to design GPCs for Versal,
revisiting UltraScale/UltraScale+ counters and proposing new
structures tailored to the Versal architecture. Table I summa-
rizes the basic GPCs in their compressor-synthesis framework.
A defining feature of these GPCs is their use of the new
LUT cascade path: depending on the construction strategy,
the cascade propagates either carry signals, as in the (1,5 : 3]
counter shown in Fig. 3, or sum signals, as in the (3,9 : 2,3,1)
counter in Fig. 4.

Beyond basic GPCs, Hof}feld et al. [18] compose two larger
structures: row counters and column counters. Row counters
extend horizontally, with eligible GPCs forwarding their carry

outputs across bit positions, while column counters grow verti-
cally by cascading sum signals to target tall bit heaps. Column
counters such as (2n+1:n,1) and (n+1,4n+1:n,n+1,1)
are formed by cascading (3 : 2] and (2,5 : 1,2,1) GPCs,
respectively, with rippled sum. For example, the (3,9 : 2,3, 1)
counter in Fig. 4 (called the dual-rail ripple-sum counter
in [18]) is built by cascading two (2,5 : 1,2,1) counters
(n = 2). Row counters, on the other hand, cascade (1,5 : 3],
(3 : 2], and (2,2,3 : 4] GPCs through carry propagation.
Column counters are incompatible with the LOOKAHEADS
carry-lookahead structure, so their GPCs must cascade through
general-purpose routing. Among row counters, only (1,5 : 3]
and (3 : 2] are LOOKAHEADS-compatible; the (2,2,3 : 4]
GPC is therefore limited, as its cascading likewise relies on
general-purpose routing.

To construct compressor trees, Ho3feld ez al. [18] proposed
a stage-wise heuristic that iteratively reduces the height of the
bit heap through dynamically selected GPCs. At each stage,
candidate counters, including row counters and column coun-
ters, are evaluated and selected by prioritizing their efficiency
or strength. Experimental results demonstrate significant LUT
savings (around 45%) compared to Vivado adder-tree imple-
mentations.

B. Versal LUT-Based Multipliers Using Gate Absorption

For LUT-based tree multipliers, gate absorption is a
compressor-tree optimization that merges radix-2 partial-
product logic into the compressors instead of implementing it
as a separate pre-processing stage. By exploiting unused LUT
inputs in feasible GPCs, it eliminates the additional logic layer
in the first compression stage. HofBfeld er al. [18] report that
absorbing two-input gates into the compressor tree reduces
LUT utilization by at least 21%.

IV. PROPOSED MULTIPLIERS

We propose a tree multiplier with two stages: partial-product
bit heap generation followed by GPC-based compression. Both
stages are optimized for the Versal fabric.

A. Partial-Product Generation

Partial-product generation on FPGAs depends on the chosen
scheme. For radix-2 partial products, two AND (or NAND)
gates fit in a single LUT5:2 on both UltraScale/UltraScale+
and Versal devices, requiring approximately n?/2 LUTs for
an n-bit multiplication. Radix-4 modified Booth recoding
halves the partial-product count but makes each bit a five-
input Boolean function. On UltraScale/UltraScale+ FPGAs,
this typically yields a similar LUT cost as radix-2, since one
LUT produces only one such bit.

On Versal, however, radix-4 modified Booth recoding can
be implemented much more efficiently thanks to the new
LUT micro-architecture. The proposed multiplier employs this
scheme as summarized in Table II, where Pi/,j denotes a
partial-product bit with weight 2277 and ¢; a carry bit with
weight 22, Each signed partial product P consists of bits

(2



TABLE II: Partial-Product Generation of Proposed Multipliers

baitr boi boia| P | P, P,y P, 5 ... Py Py Plgle
0 0 0 0 0 0 0 ... 0 0 010
0 0 1 +A lapn-1 an-1 Qn-2 ... az a1 ag |0
0 1 0 +A |ap—1 an—1 an—2 ... ag al ag |0
0 1 1 +2Alan—1 @n-2 ap—3 ... ai ap 0|0
1 0 0 —2A|apn—1 Gn—2 an—-3 ... a1 ag 1 1
1 0 1 —A |Gn—1 Gn—1 an—2 ... a2 a1 ap |1
1 1 0 —A |@Gp—1 Gn-1 Gn—2 ... Gz a1 ap |1
1 1 1 0 1 1 1 | 1 1|1
l PU,K 131;.7 IJU’.() PU’.S R;4 R"? IJU’Z R;| P(;,U
\' Ry R, Ry By B, Ry R, R, B, N
LBy By P Py By By Py By Py g
I Py R, P, Ps R, B, P, P, B, e
+) 1 G

Pis Pa Py Po Pu Po Py Ps P Ps Ps Ps Py P P P

Fig. 5: Partial products of an 8-bit multiplication with Baugh—
Wooley sign extension [11].

TABLE III: Proposed LUT Mapping for Radix-4 Booth
Partial-Product Generation.

LUT Pin Al A2 A3 A4 A5 A6 051 052

: / /
Slgnal bzifl bgi b2i+1 a]- a]-,1 a_7~+1 Pi,j i,5+1

P/ for j € {0,1,...,n} together with c;. Fig. 5 illustrates
the partial products for an 8-bit multiplication.

Table II shows that ¢; can be derived directly from bo; 1
without LUT cost. Each partial-product bit le ; 1s a Boolean
function of five inputs: (be; 1, b2;, b2;—1) from operand B and
(aj,a;—1) (with a_y = 0) from operand A. Moreover, adja-
cent bits (PZ-”]-H, Pi”j) share four inputs, (ba; 41, b2;, bai—1, a;).
This property enables the efficient LUT mapping shown in
Table III, exploiting the dual 5-LUT mode of Versal LUTs
with independent fifth inputs (Section II). A single Versal
LUT therefore generates two radix-4 partial-product bits, so
the entire partial-product bit heap requires only ~ n?/4 LUTs
for an n-bit multiplication.

B. Versal GPCs for Bit Heap Compression

While Hoffeld et al. [18] introduced a set of GPCs together
with row and column counters, this subsection refines that
set to better exploit the Versal architecture. Table IV lists all
fundamental GPCs used in this work.

First, we propose a new GPC (9 : 4,1) (Fig. 6, E = 1.33,
S = 1.8) to replace the (10 : 4,2) counter for higher strength,
and the column counter (2n + 1 : n,1) with n = 4 for
improved efficiency. Second, we do not adopt column counters
in the proposed construction, since they must be depth-limited
to meet timing constraints. Specifically, the (2n + 1 : n,1)
counters are excluded for low efficiency and strength, while
counters of the form (n+1,4n+1:n,n+1,1) are treated as
independent GPCs for n = 4, 3,2. The (2,5 :1,2,1) counter
(n = 1) is also removed, since it is subsumed by the stronger
(1,5 : 3] counter.
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Fig. 6: New Proposed (9 : 4,1) GPC on Versal fabric.

TABLE IV: Basic Versal GPCs used for Compressor Tree
Synthesis in This Work.

Counter #LUTs E S LO.AH.!  Row?

(5,17 : 4,5,1) 8 15 22 % %
(4,13 : 3,4,1) 6 15 2125 x x
(3,9:2,3,1) 4 15 20 x v
(9:4,1) 30 133 18 X v
6:3] 3 10 20 x v
(2,2,3: 4] 2 15 175 x v
(3 2] 1 10 15 v v

(1,5 : 3] 2 15 20 v v

Lif the GPC is compatible with carry-lookahead structure
%if the GPC is used to construct row counters
3new GPC proposed by this work

Row counters are constructed from an expanded set of
eligible GPCs under LOOKAHEADS constraints, as detailed
in the next subsection.

C. Versal Row Counter Design with LOOKAHEADS

LOOKAHEADS fundamentally changes row-counter de-
sign by providing fast carry paths that avoid general-purpose
routing. Its internal structure is illustrated in Fig. 7, where
four carry-lookahead multiplexers are controlled by attributes
LOOKB/D/F/H. When enabled, these attributes activate looka-
head carry selection; otherwise, CYMUXB/D/F/H propagate
CYB/D/F/H logically. Moreover, LOOKB also affects down-
stream multiplexers: when only LOOKB is FALSE, CYA and
CIN are no longer selectable by CYMUXD/F, and the A5 input
of LUTA replaces CIN as a carry candidate for CYMUXH.

These constraints introduce several limitations on row-
counter construction. First, the carry chain must start from the
A5 input of LUTA, since CIN can only be driven by the COUT
of a neighboring LOOKAHEADS block. Second, disabling
LOOK attributes modifies downstream carry selection, limiting
which signals can propagate through the chain. Our timing-
arc analysis further shows that when all LOOKXx attributes
are FALSE, only the CYB-to-COUTB timing arc exists, while
other CYx-to-COUTX arcs are undefined in the timing model.
Consequently, GPCs incompatible with the carry-lookahead
structure cannot rely on logical propagation through LOOKA-
HEADS8 by setting LOOKD/F/H to FALSE; they must use
general-purpose routing, which degrades performance.
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Fig. 7: Diagram of LOOKAHEADS logic model.

Based on these observations, we construct row counters
from the eligible GPCs in Table IV according to the following
rules:

1) GPCs compatible with the carry-lookahead structure can
be cascaded in the row counter without restriction.

2) Incompatible GPCs may only appear at the beginning of
the chain (where propagation can be forced via LOOKB
configuration) or at the end (where no further carry
propagation is required).

3) When a row counter starts with an incompatible GPC,
its length is limited to 8§ LUTs; otherwise, CYMUXH
behavior may produce incorrect carry outputs.

A notable exception is the (3,9 : 2,3,1) GPC of Fig. 4.
Despite being incompatible with the carry-lookahead scheme,
its dual-rail property enables effective cascading via a parallel
physical carry path, bypassing the 8-LUT length limit; an
example is shown in Fig. 8. This GPC may also reduce
compressor-tree depth compared to equivalent constructions

based on two (1,5 : 3] GPCs connected through general-
purpose routing.

D. New Implementation of Quaternary Terminal Adder

For terminal addition on Versal, Hol3feld et al. [18] proposed
a quaternary adder that sums four operands at two LUTSs
per bit, saving one LUT per bit over adder trees composed
of two-operand adders. The design absorbs the carry and
sum functions of a carry-save adder into LUTs implementing
ripple-carry addition, as illustrated in Fig. 9. While effective
in many cases, this implementation is not optimal for bit
heaps where higher-weight columns contain only a single
bit. Direct application of the quaternary adder prevents LUT
merging in such columns due to parallel carry-propagation
paths. Alternatively, combining it with a two-operand adder
to propagate carries across single-bit columns introduces an
additional logic stage and general-purpose routing, increasing
critical-path delay.

To address these limitations, we propose an alternative
quaternary adder implementation built from two layers of row
counters, as shown in Fig. 10. The design primarily uses
(1,5 : 3] GPCs and may additionally incorporate (3 : 2]
GPCs. The (3 : 2] GPCs efficiently propagate carries through
single-bit columns toward the MSB, requiring only one LUT
per bit without introducing additional routing overhead. This
structure improves adaptability to diverse bit-heap shapes
while preserving the area and delay advantages of multi-
operand addition.

E. Proposed Heuristic for Compressor Tree Synthesis

Efficient individual counters do not necessarily yield ef-
ficient compressor trees unless properly selected and sched-
uled. We propose a new stage-wise heuristic for compressor-
tree synthesis on Versal. Unlike the heuristics of HoBfeld er
al. [18], which prioritize either the efficiency or the strength
metric of GPCs, our heuristic accounts for both area and delay,
aiming to minimize LUT cost while keeping the critical path
short. To this end, counters within each GPC-compression
stage are arranged in parallel, and GPC cascading in row
counters is restricted to dedicated fast paths, avoiding general-
purpose routing.

In the proposed heuristic, a GPC is scheduled only when
it is both applicable and necessary. A GPC is applicable if
sufficient free bits exist in the required input columns to fully
populate the counter. A GPC is necessary if it is expected to
achieve the lowest LUT cost for reducing the current column
(and a limited span of subsequent columns) to a height of
at most four. Table V lists the necessity conditions when a
counter is aligned to column ¢, where H. is the height of
column ¢, counting unassigned bits and outputs from counters
already scheduled in the current stage.

For each compression stage, scheduling starts from the
right-most column whose height exceeds four. Candidate coun-
ters in Table V are examined in priority order, and the first
counter that is both applicable and necessary is placed with
its LSB aligned to the current column. Whenever possible,



.
.
. (2,2,3:4] — e — e — CYB->COUTB
03 when LOOKB=FALSE
. L] . L] .
. o (o o 3 . . 1,5:3] LOOKAHEADS
o o o . e o o 3 e o o o - = == COUTx Outputs
Ld L . L L Ld L Ld L4 L Ld L L Ld Ld Ld
© 0 o o ¢ 0 0 0 6 0 0 0 0 0 0 0 o (3,9:2,3,1) LUT Cascade Path
o o
.
— —_——
T T | 1 1 |
[
(7]
e SLUT 6LUT. 6LUT
1l 1
| LOOKAHEADS |
| | | | | T I R
=
FA
sLUT sLur

LOOKAHEADS |

Fig. 8: Row counter benefits from dual-rail property of (3,9 :2,3,1) GPC.

dy c; by ap di c1 by a dy co bo ay o
e e e
& &
FA LUT—‘ r@ﬁ—‘ LuT
T I

So

dy ¢; by
I
FAITor [LFAI oy FAI ot

T T T

ty 3 S2 S1

Fig. 9: Quaternary adder implementation in [18].

TABLE V: Counter Necessity Conditions

Counter Necessity Conditions

(5,17 :4,5,1) Always Necessary
(4,13:3,4,1) H. > 16

| (39:2,31) H.>12

£l (9:4,1) He>12,5He > 17 Hoyq

B (6:3] H. =09, HC+1 <3, HC+2§3
(2,2,3 : 4] 5<He<6,4< Hoy1 <5,4< Hepa<5h
(3:2) 5< H.<6
(1,5: 3] Always Necessary

the heuristic prioritizes starting or extending a row counter
(i.e., cascading eligible GPCs) under the LOOKAHEADS
constraints of the previous subsection. After placement, if the
counter is a row-counter candidate, the scan advances to the
column of its MSB output to continue the cascade; otherwise,
it moves to the next column. The process repeats until no
further counters can be scheduled in the current stage.

Stages are generated iteratively until the reduced bit heap
can be finalized by the terminal quaternary adder. A consol-
idation step is then performed: if counters in the last GPC-
compression stage can be under-utilized (i.e., with some inputs
supplied by leftover bits from the preceding stage) without
preventing terminal addition, the last two GPC-compression
stages are merged. This reduces critical-path delay without
increasing LUT cost.

E. RTL Generator for Proposed Multipliers

We developed a Python-based RTL generator for the pro-
posed multipliers. The generator performs compressor-tree
synthesis with the proposed heuristic and produces synthe-
sizable SystemVerilog via primitive instantiation and explicit
wiring. From user-defined parameters, it generates the partial-
product logic and compressor-tree structures, along with XDC
constraints, testbenches, and random test vectors; standalone
compressor generation is also supported. Pipeline insertion
is automatic: for a given pipeline depth, registers are placed
across the partial-product generation, GPC-based compression,
and terminal-addition logic to balance stage delays. All exper-
imental results in Section V are obtained with designs from
this generator.

V. EXPERIMENTAL RESULTS
A. Evaluation Method

Designs are synthesized with default settings in Vivado,
targeting xcvc1902-vsva2197-2MP-e-S device. They are em-
bedded within a register sandwich to ensure consistent timing
evaluation. The reported delay is the critical-path delay at
the tightest successful timing closure, found by iteratively
tightening the timing constraint in 0.1 ns steps. LUT utilization
reported by Vivado is used as the area metric. For fair com-
parison, Vivado 2023.1 is used when comparing compressors
against the designs of Holifeld er al. [18]; Vivado 2025.2 is
used for all other designs.

B. Evaluation Results of Compressor Trees

Compressor trees are generated using the proposed gener-
ator with the same input shapes as those used by Hof}feld et
al. [18]; results are shown in Fig. 11.

The proposed heuristic achieves the best area efficiency
across all evaluation cases. For single-column bit heaps, it
produces critical-path delay comparable to the efficiency-
first heuristic; for two-column and multi-column bit heaps, it
achieves delay close to the strength-first heuristic. Overall, it
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Fig. 11: Comparison of proposed compression heuristic and heuristics used by HoBfeld er al. [18]. (128) denotes a bit heap
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Fig. 12: Critical-path delay of the proposed compressors versus
pipeline depth. Results obtained by using Vivado 2025.2.

reduces the area—delay product by 8-20% compared to state-
of-the-art heuristics. Fig. 12 reports the critical-path delay

of the proposed compressors under different pipeline depths,
demonstrating the effectiveness of the generator’s pipeline
insertion.

C. Evaluation Results of Proposed Multipliers

We compare the proposed multipliers against AMD Logi-
CORE IP multipliers [10], configured for speed optimization
since the area-optimized configuration consumes significantly
more LUTSs in our evaluation. Results are shown in Fig. 13.
The proposed multipliers reduce LUT utilization by up to
40% compared to the speed-optimized LogiCORE designs
while maintaining comparable critical-path delay. For operand
widths between 28 and 32 bits, the proposed multipliers exhibit
slightly longer critical-path delay due to the earlier introduc-
tion of an additional compression stage in the compressor tree.

Compared with the 16-bit multiplier with gate absorption
from [18], which requires 245 LUTs, the proposed 16-bit
multiplier reduces LUT usage by more than 25%, and even
the proposed 18-bit multiplier requires over 10% fewer LUTs.
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VI. CONCLUSION

This paper presents an area-efficient LUT-based integer mul-
tiplier architecture tailored to AMD Versal FPGAs. By jointly
exploiting radix-4 modified Booth recoding, the Versal LUT
micro-architecture, and the LOOKAHEADS carry structure,
the proposed design enables efficient partial-product genera-
tion and compressor-tree construction. We further introduce
an architecture-aware heuristic for GPC-based compressor-
tree synthesis that improves delay while preserving high area
efficiency, and an automated Python-based RTL generator
supporting compressor-tree synthesis and pipeline insertion.
Experimental results show up to 40% LUT reduction over
AMD LogiCORE IP multipliers at comparable delay, and an
8-20% area—delay product improvement over existing Versal
compressor-tree heuristics.

Future work will extend the proposed architecture-aware
methodology to other arithmetic operators on Versal, further
leveraging the new LUT structures and LOOKAHEADS carry
architecture.
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