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Abstract—Small gates, such as AND2, XOR2, and MUX2, have been
mixed with lookup tables (LUTs) inside programmable logic blocks (PLBs)
to reduce area and power and increase performance in FPGAs. However, it
is unclear whether incorporating macrogates with wide inputs inside PLBs
is beneficial. In this paper, we first develop a methodology to extract a small
set logic functions that are able to implement a large portion of functions
for given FPGA applications, and propose a heterogeneous PLB with one
LUT and one macrogate for the selected logic functions. Furthermore,
we develop a synthesis flow for such heterogeneous PLBs, including a
cut-based delay and area optimized technology mapping, a mixed binary
integer and linear programming-based postmapping area recovery to
balance the utilization of macrogates and LUTs, and a SAT-based PLB
architecture-aware packing. Experiments using over 70 industrial bench-
mark applications show that we can extract four six-input logic functions
to cover more than 50% functions of these applications, and the proposed
synthesis flow reduces area by 5% compared to an alternative flow without
the postmapping area recovery when both have the optimal logic depth.
Compared to the PLB with mixed LUT-4 and small macrogates (XOR2
and MUX2), the PLB with mixed LUT-4 and four-input macrogate reduces
logic depth by 6% (and up to 42%) for the aforementioned applications.

Index Terms—Architecture, field programmable gate array (FPGA),
technology mapping.

I. INTRODUCTION

The popular island-style FPGA architecture [1] consists of pro-
grammable logic blocks (PLBs) embedded in routing channels. The
logic element within the PLB can be a lookup table (LUT) [2], pro-
grammable logic array (PLA) [3], or macrogate (e.g., AND gates and
multiplexers) [4]. These logic elements offer a spectrum of tradeoffs
between functionality and cost in terms of area, power, and delay. For
instance, a circuit can be implemented by fewer K-input LUTs than
by K-input macrogates, while a K-input macrogate requires smaller
silicon area and has lower propagation delay than a K-input LUT.
The PLB is heterogeneous if it consists of different types of logic
elements, otherwise it is homogeneous. In this paper, we assume that
heterogeneity exists only inside a PLB, while the structures of all PLBs
are identical, and we study the impact of heterogeneous PLBs.

Synthesis and architecture evaluation have been extensively studied
for homogeneous PLBs with uniform LUTs, and the representative
work includes [1] and [5]. Initial studies in the literature have sug-
gested various heterogeneous PLB architectures, including mixed-
sized LUTs [6]–[9], mixing LUTs and PLAs [10] inside the PLB,
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PLBs with hard-wired connections [11], or mapping logic to FPGAs
with both LUTs and embedded ROMs [12], [13], may improve logic
density.

In this paper, we focus on heterogeneous PLB with a mix of
LUTs and macrogates. Commercial FPGAs [6] have applied small
macrogates (e.g., XOR2 and MUX2) inside the PLB. However, it is
unclear whether incorporating macrogates with wide inputs inside
PLBs is beneficial. To answer this question, we need to first determine
the logic functions of the macrogates, and then develop a flexible
synthesis flow for architecture evaluation. The first contribution of
this paper is to propose a methodology to extract a small set of logic
functions that can implement a large portion of functions for given
FPGA applications. Assuming that the extracted logic functions are
implemented by macrogates in a PLB, we design a heterogeneous PLB
consisting of both LUTs and macrogates.

Effective and efficient synthesis tools are key enablers of the ex-
ploration of different architecture options. There are extensive studies
(e.g., [14]–[19]) on synthesis for homogeneous PLBs, however, only
limited research on synthesis for heterogeneous PLBs. Reference [8]
proposed heuristics to speedup the technology mapping for homoge-
neous PLBs and then extended them to consider heterogeneous PLBs
with mixed LUT sizes. Reference [20] and [21] integrated Boolean
Satisfiability (SAT) solvers into resynthesis to deal with macrogates in
heterogeneous PLBs. However, high time complexity prohibits explor-
ing complicated heterogeneous PLBs. The second contribution of this
paper is to develop an efficient and flexible synthesis flow for heteroge-
neous PLBs. The flow includes a cut-based delay-optimal technology
mapping, a mixed binary integer and linear programming (MBILP)-
based postmapping area recovery algorithm to balance utilization
of macrogates and LUTs, and a SAT-based PLB architecture-aware
packing. Note that the traditional physical design flow is applicable to
the proposed architecture because we assume that the structures of all
PLBs are identical.

The rest of this paper is organized as follows. Section II presents
a methodology to design heterogeneous PLBs with mixed LUTs and
macrogates. Section III describes the synthesis algorithms to deal
with the proposed FPGA architecture. This paper is concluded in
Section IV. To the best of our knowledge, this paper is the first system-
atic study of the synthesis flow for FPGAs consisting of heterogeneous
PLBs with wide-input macrogates. A detailed version of this paper can
be found in our technical report [24].

II. HETEROGENEOUS PLB DESIGN

The key step in designing a heterogeneous PLB is to extract a small
set of logic functions that are able to implement a large portion of
functions in given FPGA applications. In this section, we discuss how
to extract such a set of logic functions by performing logic function
ranking, and then present our macrogate design.

A. NCD

Definition 1: (NPN Equivalence) Two Boolean functions, F and
G, belong to the same NPN-class (NPN-equivalent) if F can be
derived from G by negating (N) and permuting (P) inputs and negating
(N) the output [22].

Definition 2: (Inheritance Equivalence) For logic function A =
F1(a1, . . . , an) and B = F2(b1, . . . , bm), where 0 ≤ m < n. A is
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Fig. 1. Example UND.

inheritance equivalent to B iff ∃ai, s.t. A(a1, . . . , ai = 1, . . . , an) or
A(a1, . . . , ai = 0, . . . , an) and B are NPN-equivalent.

To graphically organize the logic functions and represent their NPN
Equivalence and Inheritance Equivalence relationships, we propose the
following NPN-Class Diagram (NCD).

Definition 3: NCD is a directed acyclic graph (DAG), where each
node in level N is the representative1 of a N -input NPN-Class, and
each edge from node A to node B indicates that function A is
inheritance equivalent to B, i.e., A can implement B’s functionality.

Note that Inheritance Equivalence is asymmetric, e.g., f1 is inheri-
tance equivalent to f2 but the reverse is not true. Therefore, NCD is a
DAG as no edge is from lower level node to high-level node.

B. UND

To extract N -input macrogate logic functions from the training
FPGA application set, we first map those applications by exclusive
LUT-N architecture and then analyze all logic functions that are
mapped into LUTs. Note that NCD stores all different function cat-
egories and their relationship within a DAG, which makes it extremely
efficient to explore some interesting properties of an application. To
represent the functions implemented by each particular application
based on NCD, we present the Utilization NCD (UND), which is a
subgraph of NCD in addition to the weights associated with each node.
UND can be defined recursively as follows.

Definition 4: (UND) For a particular application D, UND UD of D
is a subgraph of NCD. If a function F is implemented by at least one
of the LUTs in D, the NCD node that corresponds to the NPN-Class
of F should be added into UD . If an NCD node is present in UD , all
of its fan-out nodes and edges should be added into UD recursively.
Each node is associated with a three-tuple Φ(f, n, c), where f is
the functionality description of this NPN-Class, and n and c are the
implemented frequency (IF) and implementation capability (IC, will
be defined later), respectively.

Definition 5: (IF) For an NPN-Class function f presented in a
mapped application, the implemented frequency IFf of logic function
f is the number of LUTs which implement logic function f .

Definition 6: (IC) For an NPN-Class function f presented in the
UND of a mapped application, the implementation capability ICf of f
is calculated by the following equation:

ICf =

∑
∀v∈fan−out cone off

IFv∑
∀u∈UND

IFu

. (1)

Intuitively, ICf of NPN-Class function f indicates the portion (in
terms of percentage) of logic functions in the application that can be

1The representative (canonical form) of a N -input NPN-Class can be se-
lected based on different rules, but the NCD is always applicable.

implemented by f . Fig. 1 shows the UND for a small application that is
mapped by LUT-3. There are a total of 12 040 functions implemented
by LUTs in this application, and only three three-input NPN-classes
are presented. An interesting observation from Fig. 1 is that the IC
for function g = ab′c + a′bc′ + a′b′c is 55% while its IF is only 1120
(less than 10% of 12 040 total functions). In fact, it has a child node
ab′ + a′b whose IF is 4410 (36% of 12 040 total functions), if we look
into the fan-out cone (shadowed area) of node ab′c + a′bc′ + a′b′c.

C. UND for Wide Input Functions

To explore less-than-five-input functions, we can build a four-input
NCD once and use a LUT to store the NPN-class of every logic func-
tion. For each of the training applications that are mapped by LUT-4,
we can find its NPN-class from the LUT and create or label the node
in UND. However, this procedure becomes prohibitively expensive
since we cannot afford to preconstruct NCD for more than four-input
functions by exhaustively examining NPN-equivalence for even all
five-input functions (225

= 4294 967 296).
Practically, one can build a partial UND by online checking NPN-

equivalence for over-five-input functions, which can be performed effi-
ciently by the method proposed in [22]. When a new node representing
a N -input (N ≥ 5) NPN-class function is inserted in the partial UND,
only those (N − 1)-input functions that are inheritance equivalent to it
are inserted/labeled in the partial UND, instead of performing insertion
recursively. Partial UND is a good approximation of UND and all
methods for UND manipulation are applicable for partial UND. In
experiments, we find that the total number of all six-input NPN-classes
presented in all IWLS’05 benchmarks [23] is less than 5000, and only
167 of them are present in more than 1% of all functions. Therefore,
the size of partial UND can be well controlled in practice.

D. Macrogate Design

The logic function extraction and ranking framework proposed
above is implemented by a mix of Perl and C on the Berkeley ABC [5]
platform. We employ IC as the metric to rank logic functions in UND.2

Using IWLS’05 benchmarks [23] as the training set, the following six-
input NPN-classes with the highest ranks are found as the candidates
of the macrogates to be added into the FPGA PLB.

g1(a, b, c, d, e, f) = abcdef

g2(a, b, c, d, e, f) = ab′c′ + bcf + bc′d + b′ce

g3(a, b, c, d, e, f) = ab′cd′e + bcef + def

g4(a, b, c, d, e, f) = ab′ + a′cd′ + b′c′ + e′ + f ′ (2)

2Please refer to [24] for a detailed analysis of function ranking metrics.
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Fig. 2. Architecture of the macrogate.

Fig. 3. Overall synthesis flow.

Combining these four gates with input/output negation, we can
implement 23% six-input functions, 34% five-input functions, 60%
four-input functions, 69% three-input functions, and 98% two-input
functions on average for IWLS’05 benchmarks. Overall, 50% func-
tions can be implemented by this macrogate. The structure of the
macrogate is shown in Fig. 2.

III. SYNTHESIS ALGORITHMS

A. Overall Synthesis Flow

For the proposed heterogeneous FPGA with mixed macrogates
and LUTs, we present the following synthesis flow, as shown in
Fig. 3. Given a gate level netlist of an application described by an
And-Inverter Graph, we first perform technology mapping to map
the application into LUTs and macrogates. The technology mapping
phase includes multiple steps to minimize the delay and balance
the resource utilization for LUTs and macrogates. The traditional
cut-based technology mapping [8] is adapted to handle macrogates.
Basically, the functionalities that can be implemented by a macrogate
are precalculated and stored in a LUT, and a feasibility checking
is performed to decide if a cut can be mapped to a macrogate. We
also propose an efficient heuristic to speedup the cut enumeration
process by pruning potentially infeasible cuts based on the cofactors
of the macrogate’s functionalities [24]. The details of the technology
mapping and postmapping area recovery techniques will be presented

Fig. 4. Impact of area weight on LUT-MG ratio.

in Section III-B. After mapping, we pack the mapped application into
logic blocks. The packer is based on satisfiability and is highly flexible,
which is generally applicable to heterogeneous FPGAs. Please refer
to our technical report [24] for the details of the proposed packing
algorithm. Finally, we perform the placement and routing. Note that we
assume the use of homogeneous logic blocks, therefore the traditional
physical design algorithms, e.g., VPR [1], can be extended to handle
the proposed new architecture, and they are not discussed in this
paper.

B. Technology Mapping

The unique challenge of the technology mapping for the proposed
architecture is that the utilization of different hardware resource (i.e.,
LUTs and macrogates) must be well balanced to reduce both logic
area and interconnect delay. Given a PLB architecture, the tightest
packing is obtained when the ratio between the numbers of LUTs and
macrogates in the mapped circuit is equal to the available LUTs and
macrogates in a PLB. For example, suppose the target architecture has
one LUT and one macrogate within a PLB, i.e., the LUT-MG ratio is
1 : 1. If we can achieve the same ratio in the mapped result, a tight
packing is expected.

In fact, we can tune the area weights assigned to LUTs and macro-
gates in the technology mapper, which shows significant impact in the
LUT-MG ratio of the mapped result. Fig. 4 shows the average number
of LUTs and macrogates in the mapped results for 20 IWLS’05
benchmarks with different area weight assignments for a six-input
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Fig. 5. Circuit before and after area recovery, where an eclipse denotes a macrogate and a rectangle denotes LUT. Arrival/required times are labeled in each
node. After area recovery, the application can be packed into three PLBs compared to six PLBs before, assuming a PLB contains one LUT and one macrogate.

LUT and a six-input macrogate, i.e., 1 : 1, 1 : 0.95, 1 : 0.9, 1 : 0.8, 1 : 0.5,
and 1 : 0.1. As shown in Fig. 3, to achieve a tight packing for the target
architecture with LUT-MG ratio 1 : 1, we first perform a binary search
to find the best area weight assignment which gives a small N (the
total number of LUTs and macrogates) and a α (the ratio between the
number of LUTs and macrogates) close to the target LUT-MG ratio.
From Fig. 4, we see that N increases dramatically if an extremely
small weight is assigned to macrogates (see the bar for 1 : 0.5 and
1 : 0.1) since the mapper is biased. We find that 1 : 0.95, 1 : 0.9, and
1 : 0.8 all give good tradeoffs between N and α under the target LUT-
MG ratio. However, it is hard to further improve the resulting LUT-MG
ratio α by simply adjusting the area weight. To further balance the
resource utilization, we perform an architecture-aware area recovery
as follows.

Given the mapped result after binary search, the total number of
LUTs and macrogates N and delay target T are fixed. Motivated by
timing slack budgeting [25], we can reassign macrogates and LUTs
in such a way that the resulting LUT-MG ratio is sufficiently close
to the target LUT-MG ratio while preserving the delay target. The
combinational portion of the mapped result is represented in a DAG
G = (V, E), where ∀vj ∈ V is mapped to an LUT or a macrogate.
Without loss of generality, we assume that the intrinsic delay of an
LUT is ΔD larger than a macrogate. In this case, the binary search
should be able to find an LUT-MG ratio α, which is slightly smaller
than the target LUT-MG ratio β (i.e., the ratio between the number
of LUTs and macrogates in a PLB is β). To balance the number of
LUTs and macrogates according to β, certain macrogates should be
remapped as LUTs. For each node vj that is mapped as a macrogate, if
its input number is not larger than the LUT size, it can be remapped as
an LUT without changing the functionality. All such nodes are stored
in set Vm. A binary variable mj indicates if node vj can be remapped
as an LUT for the given timing slack bj . The objective is to minimize
the gap between the mapped macrogate number

∑
∀vj∈Vm(G)

mj

and the ideal number (1/(1 + β)) · N . The overall problem can be
formulated as an MBILP as follows:

min

∣∣∣∣∣∣

∑

∀vj∈Vm(G)

mj −
1

1 + β
· N

∣∣∣∣∣∣
(3)

s. t. mj ≤ bj

ΔD
∀vi ∈ Vm(G) (4)

mj ∈ {0, 1} ∀vi ∈ Vm(G) (5)

ai + dj + bj ≤ aj ∀e(i, j) ∈ E(G) (6)

bi ≥ 0 ∀vi ∈ V (G) (7)

ai ≤ T ∀vi ∈ V (G) (8)

where ai and dj are the arrival time and intrinsic delay for node vi,
respectively.

Note that the absolute operator in the objective function can be
easily transformed into linear form by introducing an auxiliary variable
t as follows:

min t (9)

s.t.
∑

∀vj∈Vm(G)

mj −
1

1 + β
· N ≤ t

∑

∀vj∈Vm(G)

mj −
1

1 + β
· N ≥ −t

t ≥ 0. (10)

Fig. 5 shows an example of the area recovery algorithm. A gener-
alization of the above formulation can be found in [24] to deal with
multiple types of macrogates.

C. Experiments and Discussions

We have conducted our synthesis flow, including technology map-
ping, area recovery, and packing, on 70 industrial benchmark applica-
tions. Fig. 6 compares the logic depth achieved by the mix of LUT-4
and smaller macrogates (XOR2 and MUX2) and the mix of LUT-4
and wider macrogates (AND4 and MUX4). It indicates that the het-
erogeneous architecture with wider macrogates has 6% on average
(and up to 42%) less logic depth compared to the architecture with
smaller macrogates. This observation again verifies the necessity and
potential effectiveness of the proposed study for the mixed LUTs and
wide macrogates.

To show the effectiveness of the proposed technology mapping flow
(as shown by Phase I in Fig. 3), we compare it with an alternative
flow, which does not perform the area weight setting and area recovery.
First, we show that the area weight cannot be arbitrarily set before
technology mapping. Recall Fig. 4, which is the average number
of LUTs and macrogates in the mapped results for 20 IWLS’05
benchmarks with different area weight assignments for a six-input
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Fig. 6. Logic depths of heterogeneous architectures with small and wide
macrogates over 70 industrial benchmark applications used in this paper.

LUT and a six-input macrogate. A liberal setting of the area weight
may cause low utilization rate (e.g., β = 1 : 1 in Fig. 4) or significant
area increase (e.g., β = 1 : 0.1 in Fig. 4). Therefore, we need to
carefully select a set of area weight assignments, e.g., 1 : 0.95, 1 : 0.9,
and 1 : 0.8 in Fig. 4, which give good tradeoffs between N and α under
the target architecture specification.

Moreover, the architecture-aware area recovery subphase is effec-
tive to calibrate the resource utilization in a fine granularity. We
conduct experiments by mapping 20 IWLS’05 applications into an
architecture with one LUT6 and one macrogate in a PLB. The number
of PLBs is reduced by 5% due to the area recovery. Note that ten
applications achieve perfect resource utilization (resource demand is
1 : 1 for LUTs and macrogates) after the area recovery, as shown
in [24].

IV. CONCLUSION AND DISCUSSION

Targeting macrogate-based heterogeneous FPGAs, a methodology
has been proposed to extract a small set of logic functions that are
able to implement a large portion of functions for given FPGA appli-
cations. Assuming that the extracted logic functions are implemented
by macrogates in PLBs, a flexible synthesis flow has been developed
for such heterogeneous PLBs with mixed LUTs and macrogates.
The flow includes a cut-based delay-optimal technology mapping, an
MBILP-based postmapping area recovery to balance the utilization
of macrogates and LUTs, and a SAT-based PLB architecture-aware
packing. Experiments using over 70 industrial benchmark applications
show that we can extract four six-input logic functions to cover more
than 50% functions of these applications, and the proposed synthesis
flow reduces area by 5% compared to an alternative flow without the
postmapping area recovery when both have the optimal logic depth.
Compared to the PLB with mixed LUT-4 and small macrogates (XOR2
and MUX2), the PLB with mixed LUT-4 and four-input macrogate
reduces logic depth by 6% (and up to 42%) for the aforementioned
applications.

Architecture evaluation depends on both synthesis and physical
design as well as detailed area, delay, and power models for PLBs and
interconnects. While the synthesis has been developed in this paper,
the existing physical design flow such as VPR [1] can be adopted
to evaluate the proposed PLBs, if such PLBs are used for all logic
blocks. Architecture evaluation of the proposed PLB will be our future
work. Particularly, we will consider the impact of not allowing full
pin-permutation in the macrogate. In contrast, all input pins in an
LUT are equivalent and can be freely permuted. This leads to more

routing flexibility compared to the case for the macrogate. We will also
design pin-permutation-aware routing algorithms to compensate this
limitation.
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