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ABSTRACT
It takes only high-school physics to appreciate that the resistance
of a wire grows with a diminishing cross section, and a quick look
at any plot about Moore’s law immediately suggests that such
cross section must decrease over time. Clearly, everyone can eas-
ily imagine that this trend must have a deep influence on FPGA
architectures. What is difficult to predict is whether and when well-
established architectural ideas will break—and what can replace
them. Unfortunately, in architectural research, we often use fairly
simplistic models of the underlying technology nodes which limit
our ability to visualize the detailed impact of technology evolution.
In this paper, we develop, from the available industrial disclosures, a
consistent electrical model of the metal stacks of recent and current
technologies, as well as future trends. We combine it to a plausible
layout strategy to have an accurate idea of how wire characteristics
play nowadays into architectural decisions. To demonstrate our
models, necessarily speculative due to the paucity of reliable indus-
trial information, we use them to explore the evolution of a typical
architectural family across technology nodes and to reevaluate one
of the most basic design parameters—namely, cluster size. We notice
effects which may in fact explain some recent changes in commer-
cial architectures. We also observe how conventional architectures
may fail to take advantage of the performance improvements of
future nodes. Although conceptually straightforward, this study sig-
nals how profoundly our understanding of FPGAs will be affected
by technology while moving towards the 3 nm node.
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1 GLOBAL IS THE NEW LOCAL
Clusters exist in FPGAs to provide connectivity between adjacent
Look-Up Tables (LUTs) that is either cheaper or faster than using
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Figure 1: Evolution of local (intra-) and global (intercluster) interconnect. The
local lines in red use thin lower metal layers while the global blue ones em-
ploy thick higher layers. The two technologies are approximately represen-
tative of commercial 16-nm and 7-nm technologies (full details in Section 2).

the global (intercluster) routing—or, most likely, both. But, can they
keep justifying their existence for much longer? To illustrate why
one might have concerns about that, let us take a look at a floorplan
sketch of a cluster of ten LUTs in two different technologies, shown
in Figure 1. Annotated are the resistance and the intrinsic delay of
a local (intracluster) interconnect line routing the signals between
LUTs within the cluster and a global wire spanning the height
of the cluster. The former is naturally drawn in one of the fine-
pitch metal layers, closer to the active devices, whereas the latter,
as customary for longer interconnects, uses a thicker metal layer
from higher up in the stack. The numbers, accounting for area,
metal wires, and logic delay scaling, are shown for two technology
nodes, approximately representative of commercial 16-nm and 7-
nm nodes. It seems rather plausible that, with such typical layout
assumptions, reaching the top LUT from the bottom one in the
same cluster will at some point take more time than reaching the
bottom LUT in the cluster above it. Such a situation would make
for an interesting challenge to a packing algorithm: it should try to
spread timing critical connections across clusters instead of keeping
them internal!

Of course, things are not this simple: One should also consider
the cost of the additional multiplexing, horizontal offset and the
via stack required to reach the thicker wire, etc. In practice, it is
not necessarily clear whether the described hypothetical situation
will actually happen, and, if so, when. The purpose of this paper
is to develop a framework for modeling FPGA fabrics at advanced
technology nodes, so as to answer quantitatively similar questions.
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1.1 Technology Assumptions and Trends
The first three sections of the paper contain our assumptions on
technology and FPGA architecture. We first present the models
of resistance and capacitance of modern interconnect stacks, in-
cluding vias, in Section 2. They are based on slightly simplified
state-of-the-art models derived from recent literature on silicon
device technology. We complement them with physical parameters
inspired by data published by foundries and leading research insti-
tutions in the field. Our intention is not necessarily to be faithful to
the characteristics of technology nodes by any particular foundry
(which would simply be impossible to us), but rather to develop a
credible and consistent sequence of data points useful to expose
the trends imposed on FPGAs by the so-called back-end of line
(BEOL) of silicon manufacturing. In Section 3 we develop a set of
scalable area and wirelength models based on a plausible layout
organization and consistent with information made available by
some FPGA vendors. This lets us build realistic models not only of
the interconnect delay, but also of the wiring bandwidth available
above a certain active area—that is, in our case, of how many wires
of each sort and in each direction can be drawn above a particular
FPGA tile before its area becomes metal bound. This crucial aspect,
often neglected in the literature on FPGA architecture, has a signif-
icant impact on the achievable features of reconfigurable arrays in
modern technology nodes. Most definitely, its importance will be
only amplified by the increased heterogeneity of the BEOL stack in
future nodes. Finally, Section 4 briefly discusses our assumptions
concerning the evolution of the active devices across technologies.

From these technological hypotheses, we extrapolate some trends.
After some details in Section 5 on how we obtain delays from the
electrical parameters, Section 6 shows the first results on intercon-
nect delays, essentially supporting the hypothesis of Figure 1. We
then move on to show how these results influence architectures.
Since a thorough sweep of many design parameters is not possible,
we discuss in Section 7 our exploration methodology. Section 8
contains our main results, experimentally showing how the perfor-
mance of different cluster sizes evolves across technology nodes.
These conclusions support some recent changes in commercial
FPGA architectures and help us develop conjectures for the future.

2 INTERCONNECT MODELING
In this section, we present models used to derive resistance and
capacitance of all the connections that have a significant impact
on performance of architectures explored in this work. We then
apply them on wire and via geometries representative of all the
considered technology nodes. These geometries are later also used
to assess feasibility of tracing the desired number of tracks over a
given tile area.

2.1 Layers
Representative metal stacks for several of the technology nodes of
interest are shown in Figure 2.We assume that two pitch options are
used to route all wires, referring to the tighter asMx and to the more
relaxed asMy. In most cases these correspond to the tightest and
the second tightest pitch in the interconnect stack. The exception is
the 3-nm node, where we also explore a possibility of promotingMy
one step further, as illustrated in the figure. In all cases, however,
the layer group labeled as My is considered to be immediately
above the layer group labeled asMx, as the intermediate layers can
be omitted. We assume that all connections within the individual

Figure 2: Representative metal stacks for the 16-, 7-, and 3-nm nodes [1–4].
All wires are drawn to scale.

(a) Wire cross section. (b) Via.

Figure 3: Relevant dimensions of a wire and a via.

blocks (LUTs, multiplexers, etc.) are routed at M2 or below, as
customary for basic cells, whereas the intracluster connections
connecting different LUTs together and passing external inputs to
the crossbar multiplexers (LAB lines in the Stratix architectures [5]),
as well as all the intercluster wires are routed at M3 and above.

2.2 Cross-sectional Wire Dimensions
All dimensions relevant to computing per-unit-length resistance
and capacitance of wires, using the models of this section, are
shown in Figure 3a. Typically, the only one that is readily available
in public data from the foundries is the pitch and therefore we use it
to derive all the other dimensions. Representative pitches for all the
technology nodes of interest are shown in Table 1. As their names
and the references in the footnotes suggest, the considered technol-
ogy nodes are represented through parameters strongly inspired by
corresponding commercial technologies (e.g., F16 resembles TSMC
16 nm). Speculative nodes (e.g., F3a/b representing hypothetical
3-nm nodes) are derived following the progression suggested in
relevant literature and some manufacturability considerations. The
F4 node is a speculative node that we suppose foundries might
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Table 1: Metal pitches for all the technology nodes of interest. F7, for instance,
is our hypothetical 7-nm node.

F16 F7 F5 F4 F3a F3b
Mx [nm] 641 402 383 264 225 22
My [nm] 806 767 728 509 4810 8011

want to introduce as an intermediate step if moving directly to a
3-nm node would prove too dramatic a move.

We assume that the trench width equals 1.1× half pitch, to miti-
gate the resistance increase and ease via contacting. Representative
barrier thicknesses that are used to obtain the final copper dimen-
sions of theMx layers are 3 nm until F5 inclusive and 2 nm from
F4 onwards [6]. For the My layers, we assume a constant barrier
thickness of 4 nm across all nodes. Spacing between the layers (𝑑𝑦
in Figure 3a) is set to equal the trench width, reflecting the typical
via aspect ratio (height over width) close to 1. Finally, the height
of the wire (𝐻𝐶𝑢 in Figure 3a) is determined through a sweep that
seeks to minimize the 𝑅′𝐶 ′ product (see below). The maximum
allowed aspect ratio is set to 2 for all layers apart fromMx of F3b,
for which we assumed possible an aspect ratio of 3 to mitigate
the resistance surge at the expense of increased capacitance. With
F3b we explore a different trade-off that could be made in a future
advanced node. Taller wires are considered difficult to manufacture,
so it is unlikely that it will be possible to further reduce resistance
through aspect ratio optimization.

2.3 Resistance
Resistance suffers the greatest impact from the aggressive scaling of
the wire pitch, due to the quadratic reduction of the cross-sectional
area. Here, we adopt a slightly simplified version of the resistivity
model introduced by Ciofi et al. [6], that is valid for all the technol-
ogy nodes of interest to us. By assuming no tapering (i.e., wire sides
are completely vertical, as in Figure 3a), integration of equation (1)
of Ciofi et al. simplifies substantially and we obtain the following
expression determining the resistance per unit length of a wire:

𝑅′ =
1

𝐻𝐶𝑢𝑊𝐶𝑢

(
32.05 + 615

(
tanh(0.133𝑊𝐶𝑢 )

𝑊𝐶𝑢
+ tanh(0.133𝐻𝐶𝑢 )

𝐻𝐶𝑢

))
(1)

Variables𝑊𝐶𝑢 and 𝐻𝐶𝑢 correspond to the definition of Figure 3a,
while the constants have been empirically determined for a 7-nm
technology node [6], which is in the middle of the range that we
intend to explore.

2.4 Capacitance
Capacitance is less impacted by the pitch scaling than resistance.
Pitch reduction does decrease the distance to neighboring wires
(𝑑𝑥 and 𝑑𝑦 in Figure 3a), thus increasing the coupling capacitance;

1TSMC 16 nm [1].
2TSMC 7 nm [2].
3Fit to match the Mx RC increase from F7, amounting to about 16% [3].
4Close to the limits of a single-patterned EUV and a reasonable intermediate point
between F5 and the predicted F3.
5IMEC prediction [4].
6TSMC 16 nm [1].
7TSMC 7 nm [2].
8Assuming 1.9× as in F7 [2].
9Assuming 1.9× as in F7 [2].
10IMEC prediction for the M4–M6 layers [4].
11IMEC prediction for the M7–M9 layers [4].

Table 2: Wire resistance and capacitance per micrometer length. Maximum
allowed aspect ratio forMx of N3b was increased to 3, to reduce the resistance
at the expense of increased capacitance.

F16 F7 F5 F4 F3a F3b
Mx

𝑊𝐶𝑢 [nm] 29.2 16.0 14.9 10.3 8.1 8.1
𝐻𝐶𝑢 [nm] 67.4 41.0 38.8 26.6 22.2 34.3
R’ [Ω/`m] 31.6 128.7 151.6 392.9 666.4 396.7
C’ [fF/`m] 0.22 0.22 0.22 0.22 0.22 0.28

My
𝑊𝐶𝑢 [nm] 36.0 33.8 31.6 19.5 18.4 36.0
𝐻𝐶𝑢 [nm] 84.0 79.6 75.2 51.0 48.8 84.0
R’ [Ω/`m] 18.7 21.6 25.1 75.7 86.4 18.7
C’ [fF/`m] 0.24 0.24 0.24 0.24 0.24 0.24

Table 3: Resistance of vias. The reported values correspond to the resistance
of a single via connecting two neighboring layers in the Mx group, or the
buffer output at anMx layer and a wire at anMy layer, in case of stacked vias.

F16 F7 F5 F4 F3a F3b
Mx-Mx [Ω] 10.9 34.8 39.9 58.9 92.9 92.9

Stacked Vias (M2-M5)

H [nm] 246.4 154.0 146.3 100.1 84.7 108.9
R [Ω] 19.2 30.5 34.7 69.8 88.0 44.9

yet, line width and height (W and H ) decrease as well, balancing
this out. Hence, for modeling capacitance, we use a less recent
model due to Wong et al. [7], available at the PTM website [8],
without any modification. For all technology nodes, we assume
a relative permittivity of 2.8 for the lower metal layers and 3.0
for the intermediate ones, which is representative of the current
trends in industry. The obtained resistance and capacitance per unit
length are reported in Table 2. In all cases, the 𝑅′𝐶 ′ optimization
resulted in the maximum allowed aspect ratio. As predicted, we
can see a substantial rise in 𝑅′ between consecutive nodes, due to
the shrinking of cross-sectional area, whereas 𝐶 ′ remains constant
since the dimensions with opposing influence scale uniformly.

2.5 Vias
To mitigate the effects of high resistance increase at lower metal
layers, more and more signals are routed at higher ones. This means
traversing long vertical distances, so it is important to accurately
model via resistance, which is itself affected by technology scaling.

A via connecting layers𝑀𝑖 and𝑀𝑖+1 is shown in Figure 3b. We
assume a classical 87°-tapered via [9]. We compute the width of
the via at half the height and use it in place of 𝐻𝐶𝑢 in Equation (1).
𝑊 (𝑀𝑖+1) is used in place of𝑊𝐶𝑢 , to obtain the via resistance per
unit length. Here we note that for connecting layers of different
pitch, the shape of the via is typically different and cannot be accu-
rately modelled with this approach. However, as this is a reasonably
small penalty that needs to be paid only twice per connection, we
chose to prioritize modeling simplicity over accuracy. As stated
before, we assume a unit aspect ratio for vias, so the final resistance
requires multiplication by𝑊 (𝑀𝑖 ). To account for the resistance of
the top and the bottom barrier, we assume a constant resistivity of
1, 200 Ωnm [9], while the barrier thicknesses correspond to those
of the layers that the via connects. Values of single via resistances
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Figure 4: A fully stacked floorplan of the tile showing the position of the
LUTs and various routing multiplexers, similar to a Stratix architecture [5].
A concrete example of a 3-nm architecture based on a cluster of four 6-LUTs
is shown on the left. It illustrates a simple greedy multiplexer positioning
algorithm, which stacks multiplexers sorted by decreasing input count, start-
ing from those of the crossbar, right next to the LUT, then proceeding with
those of the connection-block, appending them to the left, and finally, finish-
ing with those of the switch-block. Each time the height within one column
exceeds the height of the adjacent LUT, a new column is appended to the left.
This creates additional space for tracing vertical wires above the tile.

obtained for all technology nodes of interest, using the pitch infor-
mation from Table 1, are reported in Table 3. The table also shows
the corresponding resistances of stacked vias connecting buffer
outputs to theMy wires. We assume that the buffer output pin is at
M2 and that the target My layer is M5, meaning that the via needs
to traverse the height of two Mx trenches and three Mx vias.

3 AREA ANDWIRELENGTH MODELING
Scaling influences delay due to interconnect in two opposing ways:
(1) reduction of cross-sectional area and wire separation impacts the
resistance and capacitance per unit length (𝑅′ and 𝐶 ′, see the pre-
vious section) and (2) the increase in density reduces the physical
lengths of the connections. We have quantified the first phenome-
non in the previous section, but without quantifying the second, we
cannot assess the influence of technology scaling on the architec-
tural decisions. For instance, the intrinsic delay of a wire depends
quadratically on its length, through both 𝑅 and 𝐶 , so if length re-
duces quickly enough with scaling, that could possibly mitigate the
negative effects of the smaller pitch. It is hence imperative to have
a reasonable model of wire lengths. Unfortunately, commonly used
models rely on metrics such as transistor counting [10], assume
very loosely defined floorplans [11], and have already been shown
to suffer from serious inaccuracies [12], even in older technologies.
Thus, they are no longer adequate for scaled nodes, where seem-
ingly minor variation of the length of local connections can result in
large impact on their delay. While we cannot hope to match actual
layouts, in this section, we attempt area and wirelength models
which we believe are suitable to the goal of this work.

3.1 Tile Floorplan
This work explores impact of technology on fundamental decisions
that enter the design of the logic fabric. Hence, the architectures
considered contain only a single tile type, composed of LUTs, FFs,
and routing multiplexers. We adopt a floorplan similar to that used
in the Stratix-series architectures, where the LUTs are stacked
on top of each other and the routing multiplexers are arranged
in columns to their left [5]. When designing the detailed routing
architectures, we pay attention that the multiplexers can be evenly
divided between the LUTs, similarly to Agilex [13], and match the

M1
M2

M3

M4
M5

M6

M2

M4 M1

M5M3 M6

Figure 5: A sketch of the assumed LUT layout, based on the one due to Abusul-
tan and Khatri [14]. The SRAM design is adopted from Young et al. [15].

inputs

output

Figure 6: A 6-LUT composed of four stacked 4-LUTs (represented by triangles),
with their input connections. In a monolithic 6-LUT, these lengths would
amount to 4× the width of the depicted 4-LUT. Assumed pin locations are
shown on the right.

height of the multiplexers adjacent to one LUT to the height of the
LUT itself [5]. A general sketch of the floorplan is shown on the
right of Figure 4, while positions of individual multiplexers for one
concrete example architecture are shown on the left.

3.2 LUT Dimensions
LUTs play a dominant role in determining the layout of the tile. We
based our layout assumptions on a layout due to Abusultan and
Khatri [14], shown in Figure 5. It consists of a decoder tree with
inputs coming from the left and the output produced on the bot-
tom, horizontally centered. We assume that two-gate-pitch SRAM
cells [15] are placed next to each other, above the decoder. To pro-
vide the necessary stability [16], the SRAM cells are assumed to be
sized as 1:2:3—i.e., that the NMOS transistors of the two inverters
have 3 fins, the PMOS have 1 fin, and that the access transistors
have 2 fins [17]. We also assume that there is a one-fin spacing
between the NMOS and the PMOS transistors, as allowed by the
ASAP7 design rules [17]. This means that the width of the LUT
mask amounts to 10 · 2𝐾 fin pitches, where 𝐾 is the LUT input
count. The LUT mask is considered to fully determine the width of
the entire LUT, as it leaves ample space for increasing the size of
the decoder transistors. The height of the LUT is determined as 2𝐾
gate pitches for the decoder, two gate pitches for the mask, and two
more gate pitches for the mask buffers (not shown in the layout
sketch).

Because the width of this layout increases exponentially with
the increase in the number of LUT inputs, the distance that the
input signals need to travel before reaching the most distant de-
coder transistor quickly becomes intolerable. A similar situation
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occurs for the output that must reach the routing multiplexers. For
this reason, we consider a 4-LUT—size explored by Abusultan and
Khatri—to be the largest for which the resistance of the horizontal
wires connecting the LUT to the routing multiplexers is acceptable.
To create larger LUTs, we stack the required number of 4-LUTs on
top of each other. This greatly reduces the distances that the LUT
input and output signals need to cross, as can be seen in Figure 6.
It also creates more vertical space for the routing multiplexers.

We assume that the flip-flops and the register multiplexing cir-
cuitry can fit inside the empty space created by the triangular
shape of the (4-)LUT. As an illustration backing this assumption,
a flip-flop of the ASAP7 [17] 7-nm standard cell library takes up
approximately 116 square gate pitches, whereas the empty space
left by a minimally sized 4-LUT equals approximately 600 square
gate pitches according to the ASAP7 design rules.

3.3 Routing Multiplexers
We assume that all routing multiplexers are built of transmission
gates, which follows the trends visible in Agilex [13]. We also adopt
the previous results of Chiasson [18] which showed that already
in the planar technologies, it is sufficient that all transistors in the
multiplexer transmission gates are minimally sized. A sketch of the
layout of a 4:1 multiplexer is shown in Figure 7. We assume that
the 2-gate-pitch SRAM cells of Young et al. [15] are stacked on top
of each other, one for each column of the multiplexer. Immediately
to the right, first-level transmission gates are aligned with the
appropriate SRAM cells, followed by the SRAMs of the rows and
the transmission gates of the second level, still to the right.

This results in a multiplexer height of twice the maximum be-
tween the number of rows and columns of gate pitches, and a width
equal to 20 fin pitches for the SRAMs, one for the second-level trans-
mission gates, and one for each multiplexer row. We note that the
proposed layout sketch may be slightly optimistic for transmission
gates as it may be underestimating the required well spacing.

The connection-block and the switch-block multiplexers require
buffers at the output whereas the crossbar multiplexers drive only
one LUT input pin which has a buffer of its own, removing the
need for additional buffering. We assume that where required, the
buffers are placed below the appropriate multiplexer. The increase
in the total multiplexer height in the number of gate pitches is
determined from the buffer’s drive strength, after folding it to pack
it into the the horizontal space used by the multiplexer itself.

In general, it is possible to optimize the aspect ratio of the in-
dividual multiplexers by adjusting their row and column counts,
while optimizing multiplexer placement, so that their combined
area is minimized (see Figure 4). This goes beyond the scope of the
present work and for the moment we rely instead on optimizing
each multiplexer type individually, to minimize the number of used
SRAM control bits. Then we populate the columns from the LUT

Table 4: Representative device geometry and nominal supply voltages. All val-
ues are taken from Wu et al. [19], apart from F4 which is an interpolation
between F5 and F3, and F16 which comes from FreePDK15 [20] and PTM [8].

F16 F7 F5 F4 F3
gate pitch [nm] 64 56 48 44 41
fin pitch [nm] 40 30 28 24 22

gate length [nm] 20 18 16 15 14
fin height [nm] 26 35 45 50 55
fin width [nm] 12 6.5 6 5.5 5.5

Vdd [V] 0.85 0.75 0.7 0.65 0.65

Table 5: FO4 delays at nominal voltages and at 0.7 V. The delays at 0.7 V of
supply voltage are useful to validate the relative speedup, also shown. For
this, note that F16 and F7 are two generations apart and that F4 models a
possible half-node between F5 and F3. The values indicate that a reasonable
speedup roughly around 10% between adjacent nodes is maintained.

F16 F7 F5 F4 F3
At nominal Vdd [ps] 6.09 4.96 4.69 4.69 4.48

At 0.7 V [ps] 7.02 5.09 4.69 4.52 4.30
Δ −27% −8% −4% −5%

Table 6: Average input to output delays of a 6-LUT. The values are scaled from
the K6_N10_mem32K_40nm VTR architecture file [21].

F16 F7 F5 F4 F3
Average Delay [ps] 94 68 64 64 61

to the left, starting from placing all crossbar multiplexers, then all
connection-block multiplexers, and finally all switch-block multi-
plexers. Each time the LUT height is exceeded, a new column is
appended to the left. An example result of application of this simple
algorithm is shown on the left of Figure 4.

4 DEVICE MODELING
For device modeling, we rely on the PTM [8] and ASAP7 [17] pre-
dictive models. We leave the 16 nm PTM models for F16 completely
unchanged. For the nodes scaled further down, we update the fin
dimensions and the gate lengths of ASAP7 as indicated in Table 4.
We leave the remaining parameters which have a less pronounced
effect on the drive current unchanged. The same fin and gate pitches
are used to convert the wire lengths computed by the scalable model
of the previous section to metric units.

5 DELAY EXTRACTION METHODOLOGY
Many aspects related to delay modeling have been described in the
previous sections. Here we present the final steps that we use to
obtain all the necessary component delays.

5.1 Look-up Tables
As our focus in this work is interconnect, we take the LUT delays
reported for Stratix IV in the K6_N10_mem32K_40nm architecture
distributed with VTR 8.0 [21] and scale them using the equations
of Stillmaker and Baas [22], from and to the closest nodes, until
F7. From F7 onwards, we assume the scaling of fanout-of-4 inverter
(FO4) delays at nominal voltage values, reported in Table 5. In doing
so, we somewhat underestimate the importance of wires inside the
LUTs themselves. We leave addressing this issue for future work.
The resulting delays are reported in Table 6.
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Figure 8: Setup to measure local wire delay.

5.2 Local Wires
Long local connections traced at the highly resistive Mx layers are
particularly sensitive to capacitive load of the various multiplexers
that connect to them. For this reason, we fairly precisely model all
the wires that participate in local signal distribution: We assume
that one long vertical line distributes the signal and that shorter
horizontal wires bring it to individual multiplexer inputs (Figure 8).
We also assume that two loading multiplexers are fully switched
on, which corresponds to the typical fanout of a net in a real cir-
cuit [23]; one of them is assumed to be in the middle of the line,
while the other one is that at which the delay is being measured.
The fraction of the loading multiplexers that have only the first
level transmission gates turned on is determined as an inverse of
the average number of columns in these multiplexers, which is the
probability that the one column SRAM which is high is controlling
the transmission gate connected to the wire [10]. The horizontal
position of the long vertical line is assumed to be at the center
between the output of the LUT and the most distant driven multi-
plexer. We sweep the buffer sizes to minimize delay, assuming that
the maximum strength of the first inverter is 5, to avoid overloading
the minimally sized transmission gates of the driving multiplexer,
and that the second inverter can be at most 5× larger than the
fist one. A similar setup is used for measuring the global wire to
LUT-input delay, with the only difference being the position of the
signal source, the connection-block delay being counted besides
that of the crossbar, and the long vertical line positioned at half
the distance between the connection-block output and the furthest
driven crossbar multiplexer input.

5.3 Global Wires
For measuring global wire delay, we again determine the exact posi-
tion of the loading multiplexers (see Figure 4). We assume that the
My wire brings the signal to the average of the loading multiplexer
input coordinates, from which point it is further distributed using a
simple rectilinear Mx tree, similar to the one modeling the routing
of signals within the cluster (Figure 8).

We also assume that the vertical (horizontal) global wires are
positioned at the center of the tile (LUT), horizontally (vertically),
and account for the horizontal (vertical) spans needed to access
them as well as to take the signal back to the target multiplexers.
Because the driver sizes influence the multiplexer stacking, we
predetermine them by simulations of a simplified load model, with
the same overall buffering approach as the one used for local wires.
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Figure 9: Delays from the output of the bottom LUT in a K6N8 cluster to all
LUT inputs reachable through a 50% sparse crossbar.

6 EXTRACTED LOCALWIRE DELAYS
In this section we present the resulting delays of local connections,
as extracted using the methodology of the last section. The values
support our interest to explore anew different cluster sizes.

6.1 The Low Performance of Low Metal Layers
Figure 9 shows the delays from the output of the bottom LUT of
an eight 6-LUT cluster (K6N8) to each of the other LUT inputs that
it can access through a 50% sparse crossbar, for all the considered
technology nodes. We can see that for F16 it is business as usual:
the delay increase with distance is reasonably modest. As the resis-
tance rises in more advanced nodes, however, the delay increase
rate grows rapidly—which is intuitive and somehow predictable.
Yet, it is the magnitude of this increase which is interesting: it even-
tually leads to connections to the other end of the cluster being
comparable with and even surpassing that of a 6-LUT. Also, con-
nections between immediately adjacent LUTs, dominated by the
logic delay, are faster in newer technologies until F5, when device
performance increase decelerates. At the other end, between far-
away LUTs, F16 is the technology node which achieves the fastest
connectivity—often by far. Finally, it is interesting to note that using
an average delay as a single number representing local connection
delays (which is often done for architectural research) could be
justified for older technologies, as supported by the relatively flat
curve of F16. For scaled technologies, however, it is imperative that
the CAD tools are aware of the delay disparity.

6.2 Can You Repeat, Please?
One way of mitigating the effect of delay increase due to higher
resistance is repeater insertion. To see what an effect this could
make, we consider two situations: (1) an optimistic setting where
the repeaters can be inserted in the long vertical local wire itself
and (2) a more realistic setting where the repeaters are located close
to the LUT output, in the cavity created by two constituent 4-LUTs.
In both cases, we vary the repeater number and size, assuming that
they are located at equal space, aligned with LUT output heights,
and that their size equals the size of the second inverter of the main
driver. The results for F4 are plotted in Figure 10. We can see that
in-line buffer insertion does mitigate the delay to an extent but
that it still remains substantial. Yet, as mentioned, it is not realistic
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Figure 10: Delays from the output of the bottom LUT in a K6N8 cluster to
all LUT inputs reachable through a 50% sparse crossbar, when buffering and
when moving the local line to My. The plot shows values for F4 with opti-
mistic (in line) and realistic (at LUT output) repeater insertion; it also shows
the effect of raising the long vertical line to My, resulting in a much more
dramatic delay reduction.

to assume that each local wire can be buffered in-line, because
the repeaters would make it hard to maintain the dense spacing
between the lines, even if there were sufficient space left by the
crossbar multiplexers. The more realistic buffering scenario shows
some benefit but delays to faraway LUTs remain almost unchanged.

6.3 The Rise of Thick Metal Wires
Together with different buffering options, Figure 10 shows the
delay resulting from raising the long vertical line to theMy layer,
with access wires remaining at Mx. The significant delay benefit is
immediately apparent: the slope of the curve reduced dramatically
and the most distant LUT input can be reached within about a
third of the representative LUT delay. We may note, however, that
connections to about two LUTs away are still faster or roughly equal
when performed on Mx, due to the lower wire capacitance. Similar
situation is obtained across the considered scaled technology nodes.

6.4 Thick Metal Wires Are Scarce
The previous section may suggest that lifting the long local connec-
tions toMy would provide a solution for the delay increase with
technology scaling. This may not be such a wise idea, however.

Until now, we have focused on connections between LUTs in the
same cluster to provide motivation. Yet, the increase of the delay
penalty that intercluster connections need to pay upon entering the
cluster, while being dispatched from the connection-block output
to the appropriate crossbar multiplexer over increasingly resistive
local wires is likely even more important, for intercluster connec-
tions occur more often on a typical critical path [16]. Hence, to
really see the benefit of raising local wires to the My layers, all
of them would need to be raised, and not only those routing the
LUT outputs. For a K6N8 cluster, that would mean occupying 40
tracks, while the tile width of such a cluster in F4 (including the
routing multiplexers) can typically accommodate about 180 My
tracks. This means that about 20% of the available routing space
would be locked inside the cluster and unavailable to intercluster
signals, potentially inducing a large impact on routability. This im-
pact may be somewhat reduced by the increased number of metal

Table 7: Maximum wire spans for F16–F5 and F3b as a function of the cluster
size 𝑁 . For F4 and F3a, all entries are halved, because the tighter My pitch
lowers the distance that can be optimally traversed before buffering.

𝑁 2 4 8 16
V 16 8 4 2
H 8 8 8 8

layers in newer technologies, but the recent trends have shown
that already in the latest existing technologies it may be desirable
to keep as many connections at the lower layers as possible [24].

An alternative solution is again suggested by Figure 10. By ob-
serving that communication within a two LUT range is faster at
Mx, we may suspect that a smaller cluster (e.g., 𝑁 = 2) could be
efficient in satisfying the local communication requirements, while
communication with more distant LUTs can be achieved through
global routing. This way the performance gain from moving to an
upper layer is reduced, but the tracks are not locked within the
cluster. This motivates our next set of experiments.

7 ARCHITECTURAL SPACE EXPLORATION
METHODOLOGY

We explore cluster sizes of 2, 4, 8, and 16 LUTs. In this section
we present the last remaining details of the routing architecture
specification and how they are explored. Although we have no
way to be comprehensive in the exploration, the aim is to find a
reasonable setting to expose interesting trade-offs.

7.1 Crossbar
We compute the number of cluster inputs from the Rent’s rule, for
the exponent set to 0.8:

𝐼 =

⌈
𝐾 × 𝑁 0.8

𝑁

⌉
× 𝑁 (2)

This corresponds closely to Stratix architectures [5]. The division
and multiplication by 𝑁 guarantees that the connection block mul-
tiplexers can be evenly divided between LUTs, which eases layout
modeling. Unlike the latest Intel architectures [25], we assume the
classical setting in which the feedback connections directly enter
the crossbar, without passing through the connection-block [5].
The crossbar is assumed to be 50% sparse in delay measurements, to
be representative of commercial architectures [5], but is modelled
as fully populated in the final VPR experiments, to remove one
more possible source of routability impacting the results.

7.2 Routing Channels: General Approach
Similarly to Agilex, we assume that an equal number of wires of
each length and direction begin and end at the height of each
LUT and that they drive only the switch-blocks at their end [13].
We consider exclusively unidirectional wires occurring in pairs of
opposing direction.

7.3 Routing Channels: MaximumWire Spans
Before exploring exact channel compositions, we determine the
maximum lengths of wires for each cluster size in each technology.
We do this by finding the longest wire that is still faster than two
wires half its length connected in a sequence through a switch block
multiplexer. We only consider lengths that are powers of two. The
resulting maximum spans are shown in Table 7. We can observe
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Figure 11: Wire length scaling and taps. Wire lengths are explored for the
eight 6-LUT cluster (𝐾6𝑁 8) to minimize delay. Combinations of wires longer
than 1 (black in the figure) are enumerated in a brute-force manner, while
to each particular combination, length-1 wires (grey in the figure) are added
until the tile width becomesmetal bound, including the active area extension
due to wire addition (Figure 4). Smaller clusters inherit the solution adapted
such as to maintain the physical length of the wires. Taps are added to offset
less capable local interconnects. For instance, without tapB, the𝐾6𝑁 4 cluster
𝐵 would not be reachable from cluster𝐴, while without tapC,𝐶 would not be
reachable from it in one hop. The 𝐾6𝑁 16 cluster also inherits the solution,
with length-1 wires replacing those of length < 1, after scaling.

that with increasing physical height of the tile, the maximum logical
distance that makes sense with respect to delay decreases. Similarly,
for technology nodes with higherMy resistance (F4 and F3a), the
maximum spans that can be efficiently realized further reduce.

7.4 Routing Channels: Reference Composition
We determine the exact combination of wires of different lengths by
enumerating all possibilities to (partially) fill the channel with wires
longer than 1.We limit the exhaustive exploration by forcing the tile
to be active-area bound. Then, we pad the remaining space in each
combination by length-1 wires until it is themetal which determines
the tile dimensions. After each additional wire set is inserted (two
wires per LUT, in opposing directions), the multiplexer positions
are recomputed (Figure 4), to account for a possible increase of
the tile width, due to the increased size of the multiplexers driven
by the newly added wires, as well as due to the addition of the
new multiplexers driving the inserted wires themselves. Since this
process does not influence the capacity of the horizontal channel,
as it is fully determined by the height of the stacked LUTs, but it
may increase the capacity of the vertical channel, due to the tile
width increase, horizontal channel is padded first.

In all cases, vertical wires are assumed to be traced in one My
layer and horizontal wires in another. An example of a vertical
channel composition, corresponding to the floorplan of Figure 4, is
shown in Figure 11, with the padded length-1 wires drawn in grey.

7.5 Routing Channels: Taps and Scaling
To make a fair comparison of different cluster sizes, we do not vary
the routing track combination from one size to another. Rather,
in each technology, we optimize the channel composition on the
architecture with eight 6-LUT clusters (representative of dominant
cluster sizes until recently) by placing and routing a subset of bench-
marks (see Section 7.7). Then, we scale the logical length of wires for
other clusters so that the physical length is maintained. Because the
short logical wires may disappear from architectures with smaller
clusters, we introduce taps to maintain routability, as suggested
in Figure 11. This is conceptually consistent with Agilex wires
maintaining the logical length of the large cluster, but allowing
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Figure 12: Adjacency matrix of the switch-block pattern of the 3-nm 𝐾6𝑁 4
architecture whose floorplan was shown in Figure 4. All points correspond to
connections between wires ending and starting at the same LUT height, apart
from those marked in red, which are replicated also to the wires starting at
the height of the adjacent LUTs. V and H stand for vertical and horizontal
wires, respectively, while U, D, L, and R designate the up, down, left, and right
direction, respectively. The first number in the name stands for the wire’s
logical length, while the second is its index within its type.

multiple entry points into it [13]. This method may be suboptimal
for smaller clusters, but is also conservative: if a smaller cluster
demonstrates an advantage, this advantage could only increase if
its routing channels were individually optimized.

7.6 Switch-Block Patterns
In the most advanced technologies, the switch-pattern must also
minimize the distances crossed at the lower metal layers. To address
this, we allow connections only between wires ending and starting
at the same LUT height (see Figure 4). The exact pattern is formed
in such a way that each wire drives at least one wire of each type
(length and direction) and is in turn driven by at least one wire
of each type, unless it is coming from the direction in which the
driving wire is going. To further increase routability, length-1 wires
are allowed to also drive length-1 wires in their own direction,
starting at the height of the immediately adjacent LUTs. This again
draws on concepts reported for Agilex [13].

We allow the LUTs to drive all wires that start at their height.
Similarly, all wires ending at a particular LUT height are evenly
distributed among the connection-block multiplexers of the LUT.
The pattern generation algorithm itself is available in the source
code repository accompanying the paper (see Section 9), while Fig-
ure 12 gives one concrete example, corresponding to the floorplan
of Figure 4, as an illustration.

7.7 Experimental Setup
We rely on the 20 largest MCNC [26] benchmarks in this study.
Although there have been concerns about their fitness for archi-
tectural exploration, it has been shown that, with respect to basic
architectural parameters, they result in the same decisions as larger
and newer benchmarks [27]. Besides, we are now essentially re-
assessing the same decisions that were made on these very bench-
marks in older technologies [28]. We exclude bigkey, dsip, and des
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Figure 13: Geometric mean delays of the MCNC benchmarks for different
cluster sizes over all considered technology nodes.

which underutilize the minimum-sized FPGA. The 10 smallest of
the remaining 17 circuits are used for ranking routing channel
compositions, while all 17 are used for the main experiments.

To suppress the experimental noise possibly induced by the
choice of the particular channel composition, we perform final
experiments on the three best-ranked compositions for which all
circuits are routable for all considered cluster sizes. The FPGA grid
dimensions in the number of tiles are computed so that the physical
width and height of the grid are both approximately equal and
minimum, given the requirements of the particular circuit.

We implement all circuits with VTR 8.0 [21], taking the median
routed delay of three different placements. Then, for each circuit, the
median delay obtained on the three chosen channel compositions
is taken as representative, and finally, a geometric mean of such
representative delays is computed over all circuits, to represent the
particular cluster size in the given technology.

8 A NEW BALLGAME FOR ARCHITECTURE?
Results of the architectural study are reported here. We also discuss
how they may relate to the recent trends visible in commercial
architectures, as well as what could be their influence on the future
outlook.

8.1 A Future of Small Clusters
Figure 13 shows the performance of all cluster sizes at all technology
nodes. We can see that until F5 the cluster size ranking is largely
maintained as in older technology nodes, with 𝑁 = 8 being the
best, or very nearly the best option for optimizing delay [28]. Yet,
as interconnect resistance grows, we visualize the trend we were
suspecting: smaller clusters emerge as the best solution. The turning
point is, in our technology sequence, between F5 and F4, when
𝑁 = 4 takes a clearer lead against 𝑁 = 8, and 𝑁 = 2 surpasses it as
well; it is perhaps worth reiterating here that we do not claim this
to be an absolute point, since different foundries evolve technology
nodes differently and in ways that are impossible for us to know.

Needless to say, we are also painfully aware that these results are
comparable to the noise margin typical of such experiments [29],
possibly still worsened by the somewhat unconventional and not
thoroughly explored routing channel and switch-pattern designs

used in the study. Yet, we believe the observed trend, which follows
the theoretical expectations, is clear and inescapable.

8.2 What Can the Large Clusters Tell Us?
It is worth observing the behavior of the largest, 𝑁 = 16 cluster
as well. Its delay is more sensitive to resistance increase than that
of the others, both due to the larger load of the more numerous
crossbar multiplexers, and because its height is approaching the
range where the capacitive load of the long local wires themselves
starts to become an important factor in determining their delay
(Figure 11 of Ciofi et al. [6]). We must note here that while the
performance trend of 𝐾6𝑁 16 follows the theoretical expectations,
it may be slightly disadvantaged compared to other clusters for
two reasons: first, due to wire length saturation (see Figure 11),
it may receive more vertical wires than other cluster sizes, which
increases its tile width and thus negatively impacts the delay as well;
second, for the smallest benchmarks, the grid height in the number
of clusters that would make the physical grid square drops below
that for which VPR can compute the router lookahead maps [30]
without adverse edge effects. Hence, some grids retain a higher
aspect ratio than desired. Nevertheless, neither of these effects has
influence on the delay of the local connections and should thus
merely impact the speed of 𝐾6𝑁16 relative to other clusters, but
not its decelerating trend with respect to resistance increase.

8.3 Has the Future Already Happened?
The reader may have noticed that the general design of the para-
metric architectures used in this work is heavily inspired by the
Agilex architecture [13]. Indeed, one does observe there the split-
ting of the local interconnect into multiple small pieces and the
displacement of the connectivity to the global routing instead. This
essentially represents a decomposition of the cluster as it is typically
understood. In fact, Figure 9 of Chromczack et al. [13] seems very
reminiscent of our Figure 10. The difference in the absolute values
of the delays might be induced, among other causes, by a higher
capacitive load and by larger physical dimensions of their much
more complex architecture. Such higher absolute values might in
turn have augmented the effects of the rising resistance per unit
length, similarly to the case of 𝐾6𝑁 16 in the previous section, and
thus accelerated the trends compared to our predictions.

8.4 The Other Side of the Coin
Versal—also a 7-nm architecture—has, however, increased the clus-
ter size from 8 to 32 [24]. A quick extrapolation of Figure 13 to
𝑁 = 32 would most likely raise some concerns. Among the many
differences between the simple clusters used in our study and those
of Versal, one that stands out is that Versal’s 𝐾6𝑁32-equivalent
is not a single tall column of LUTs, but most likely four 𝐾6𝑁8
columns placed side by side (Figure 4 of Gaide et al. [24]). This
greatly reduces the maximum length of the local connections and
thus increases their speed. While basing the column on𝐾6𝑁 8 could
be the right choice at 7 nm, even according to the simplified model
of our study, with technology scaling further, this may fail to op-
timize delay, as suggested by Figure 13. Of course, it is not clear
whether the delay is the first metric to optimize, given that smaller
clusters almost inevitably impact routability—something that falls
beyond the scope of the present work, but that Gaide et al. state as
an important factor in moving to larger clusters.
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8.5 So, What is the Answer?
Let us return to the question that started this paper: Does it ever
become faster to route to the next cluster than to the furthest LUT in
the same one? According to ourmeasurements, yes, it does, but after
all the cost of exiting and entering again the cluster, this happens
only for F3a, and by an extremely small margin, contrary to the
expectations of Figure 10.12 A human designer could reduce this
additional cost, e.g., by positioning the global wires replacing the
intracluster interconnect of the larger clusters closer to the LUTs,
but on the other hand, the stark rise in the delay of the local wires
distributing intercluster signals to LUT inputs is obvious already
with the present modeling13 and demonstrates itself in the results of
Figure 13. Hence, likely the greatest benefit of the aforementioned
decomposition of the large cluster in Agilex is in fact the reduction
of the penalty that intercluster signals need to pay upon entering
the target cluster. The fact that Xilinx architectures do not rely
explicitly on connection-blocks and crossbars [31] may have also
made the transition to a much larger cluster in case of Versal a lot
less costly than the results reported here would suggest.

It looks like one can either cast this problem into its arguably
simplest form—reassessing the optimal cluster size ranges, as we
did here—or into the much more complex and yet more promising
task of determining the optimal local interconnect architecture.
Either way, both industrial examples suggest that well-established
solutions have to be revisited.

8.6 The End of a Free Lunch
There is perhaps a much more worrying effect to be noticed in
Figure 13: not only newer technology nodes bring disarray to well-
established architectural tenets, but, even with corrections to past
habits, they do not appear to bring any speed advantages. On the
contrary. Of course, our architectural exploration is very limited,
but we believe that its merit is at least to show how essential a more
thorough exploration has become. And the grim image of Figure 13
should fuel innovation because radical upheaval may be, here as in
other fields, the only way to profit from the few new technologies
still in sight. The days of straightforward evolution are over.

8.7 Custom Technology Nodes for FPGAs
Another solution, somewhat complementary to architecture en-
hancements, could be to customize the interconnect stack to the
very needs of FPGAs. This is addressed to an extent by our specula-
tive F3b node. As evidenced by Table 8, the delay improvement of
F3b over F4, due to a more relaxedMy pitch and its lower resistance
(see Tables 1 and 2), comes at the expense of almost no density in-
crease and reducing the available track count above the tile by more
than a third. This means that while F3b offers some tangible speed
benefits, perhaps insufficient to justify moving from a 5-nm to a
3-nm node, its utility cannot be properly assessed without taking
the adverse impact on routability into consideration.

Customizing the back-end of line to FPGAs remains an important
avenue of potential improvement, and, alas, one well beyond the
reach of the present work.

12It takes 21.4 ps for the output of the LUT to reach a𝑉 4 intercluster wire in 𝐾6𝑁 2,
the delay of the𝑉 4 wire is 27.8 ps, and a further 18.7 ps are needed for the signal to
reach the LUT input, starting from the global wire. In total, 67.9 ps, compared to the
maximum delay of 68.6 ps inside 𝐾6𝑁 8.
13For instance, a typical value for 𝐾6𝑁 8 at F3a is 39.5 ps, compared to the above
18.7 ps in case of 𝐾6𝑁 2. At F16, the difference is 27.3 ps to 20.7. In the worst case, the
impact is even higher, following the trends similar to those of Figure 9.

Table 8: Areas and channels in the various technologies. Area 𝐴𝑚 is used by
the channels and area 𝐴𝑎 is the active area. Each column corresponds to the
median-area architecture of the three that were chosen for𝐾6𝑁 8 for the par-
ticular technology. All architectures are slightly metal-area bound.

F16 F7 F5 F4 F3a F3b
𝐴𝑚 [`m2] 393 239 203 154 136 149

Δ −39% −15% −24% −12% −3%
𝐴𝑎 [`m2] 374 230 186 144 124 123

Δ −38% −19% −23% −14% −15%
H-tracks 320 288 272 352 336 208
V-tracks 192 144 144 176 176 112

8.8 And What about Density?
Table 8 shows the evolution of tile area and cumulative channel
sizes over the technology nodes. Compared to performance im-
provement, density scaling seems a lot more promising. In the most
advanced nodes, observed area reduction even meets the typical
expectations (about 40% per node; remember that F4 is an inter-
mediate node). We must note, however, that the reported area is
influenced by the employed methodology intended to maximize
the available wiring bandwidth above the tile (see Section 7.4). In
reality, routability requirements of more complex circuits and the
availability of multiple My layers must be taken into account as
well. We leave this for future work.

Table 8 reports only the data for 𝑁 = 8. For 𝑁 = 4 and 𝑁 = 2,
the metal area and horizontal channel track width are two and four
times smaller, respectively, while the vertical channels maintain the
width, due to the way in which they are composed (see Figure 11).
The only slight variation exists in the active area, due to the different
crossbar and connection-block multiplexer size and count. The
aforementioned wire length saturation effect causes the vertical
channels to be somewhat wider for 𝑁 = 16, and its area a bit more
than twice that reported in Table 8.

9 CONCLUSIONS
Technology scaling is predicted to continue for at least a couple
more nodes. Yet, the scaling of some parts of the technology stack
are having dramatic effects on manufacturable circuits and these
results are likely to worsen. In this paper we take a stab at the
potential impact on FPGAs of the back-end of line evolution in con-
temporary and future technology nodes. The landscape we discover
is fairly bleak, with well-established architectural beliefs shaken
and future performance improvements uncertain. Certainly, our
exploration is quite imperfect in a number of ways: we limit our-
selves to the reconfigurable logic of FPGAs, we consider a single
layout floorplan for our FPGA tile, we restrict ourselves to some
fairly simple ways of employing the metal stacks for interconnect
channels, and we explore limited strategies to exploit the available
channels. Yet, we believe our results are still representative of actual
and future trends; a feeling supported by recognizing some of the
effects we see in recent commercial products. We hope that this
work will at least revive the interest in FPGA architecture research
and will ultimately lead our community to the revolutionary ar-
chitectural innovations which will be needed by FPGAs to stay
competitive against other computational platforms.

The source code used to produce the results of this study is
available at https://github.com/EPFL-LAP/fpga21-scaled-tech.
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