FPGA Clock Network Architecture: Flexibility vs. Area and
Power

Julien Lamoureux and Steven J.E. Wilton
Department of Electrical and Computer Engineering
University of British Columbia
Vancouver, B.C., Canada

{julienl | stevew} @ece.ubc.ca

ABSTRACT

This paper examines the tradeoffs between flexibility, area, and
power dissipation of programmable clock networks for Field-
Programmable Gate Arrays (FPGA’s). The paper begins by de-
scribing a parameterized clock network model that describes a
broad range of programmable clock network architectures. Spe-
cifically, the model supports architectures with multiple local and
global clock domains and varying amounts of flexibility at various
levels of the clock network. Using the model, the architectural
parameters that control the flexibility of the clock network are
varied to determine the cost of this flexibility in terms of area and
power dissipation. From these experiments, the study finds that
area and power costs are highest for networks with flexibility
close to the logic blocks. Furthermore, it found that clock net-
works with local clock domains have little overhead and are sig-
nificantly more efficient than clock networks without local clock
domains for applications with multiple clocks.

Categories and Subject Descriptors
B.7.1 [Integrated Circuits]: Types and Design Styles — Gate
Arrays

General Terms
Design

Keywords

FPGA, clock network, architecture, low-power

1. INTRODUCTION

Modern Field-Programmable Gate Arrays (FPGA’s) are now
being used to implement entire systems. These systems typically
contain multiple clock domains. FPGA vendors have responded
by incorporating high-speed, low-skew clock networks that supply
multiple clock signals to logic, memory, and arithmetic elements
in the FPGA. The design of these clock networks is of the utmost
importance. No matter how well optimized the rest of the FPGA
fabric is, if the clock network can not supply the required number
of clock signals to the portion of the fabric that needs these sig-
nals, it may be impossible, or extremely inefficient, to implement
many user circuits. In this paper, we focus on the architecture of
these clock networks.

An FPGA clock network has the following requirements:

1. It must have low skew. That is, the differences in arrival
times of a clock edge to different logic elements must be
small. Not only can skew impact the achievable clock speed
of a user circuit, but in the worst case, it could cause incor-
rect operation of the circuit. Compared to a fixed-function
chip, such as an Application-Specific Integrated Circuit
(ASIC), skew is not as critical for an FPGA, since FPGA cir-

cuits tend to run at lower clock frequencies, and thus, skew
will be a smaller component of the clock period.

2. It should consume a reasonable amount of dynamic power.
Since clock networks switch every cycle, they consume a
significant amount of dynamic power. A well-designed
clock network will allow parts of the network that are not be-
ing used to be “turned off”, saving power.

3. It should require a reasonable amount of layout area, and
should be easily to integrate into the tiled FPGA fabric. Al-
though an H-tree topology has low skew [1], it is difficult to
mesh such a topology onto a tiled FPGA. As a result, all
FPGA vendors use a spine-and-ribs topology, in which the
clock signal is distributed to each row using a spine network,
and then within each row, the clock is connected to each
logic element using a rib network.

4. Since the number of clock regions and the sizes of these
regions vary from application to application, it is important
that these networks are flexible. If the clock networks are
not flexible enough, packing and placement constraint im-
posed by this inflexibility will reduce the quality of the im-
plementation generated by the CAD tools. In the worst case,
an inflexible clock network could limit the types of user cir-
cuits that can be mapped onto the device.

This balance between flexibility and speed/area/power makes the
design of FPGA clock networks much more challenging than
clock networks in ASIC’s or other fixed-function chips. In this
paper, we explore this balance. More specifically, this paper
makes the following contributions:

1. We present a parameterized model that describes a family of
FPGA clock networks. Such a model is important because it
provides a framework within which we can reason about and
compare alternative clock networks. The model encom-
passes the salient features of all commercial FPGA clock
networks.

2. We determine the impact of several of these parameters on
the area and power consumption of the clock network. In do-
ing so, we identify certain key parameters in our model that
have a significant impact on the efficiency of the clock net-
work.

We purposely do not consider the impact of our architectural pa-
rameters on skew, since the design of a low-skew network is pri-
marily a circuit-design issue. Once suitable architecture has been
found, buffer sizing and placement, as well as phase-locked
loop/delay-locked loop positioning can be used to minimize the



skew of the resulting network. In addition, CAD techniques that
tolerate skew can be employed [2]. We also do not attempt to
determine an optimum number of clock signals or clock regions.
These decisions are typically made by FPGA vendors after talking
to potential customers and are often based on the target market for
a device. Instead, our approach in this paper is to ensure that our
clock model is flexible enough to encompass any envisaged clock
network, and to quantify how decisions regarding the clock model
will impact the area and power dissipation of the network.

This paper is organized as follows. Section 2 provides some
background on commercial FPGA clock networks. Section 3
describes our parameterized FPGA clock network model. Section
4 compares members of this parameterized family in terms of area
and power, and determines which parameters have a significant
impact on the efficiency of the network, and which parameters are
unimportant.  Finally, Section 5 presents our conclusions and
future work.

2. BACKGROUND

This section describes clock networks on commercial FPGA’s, as
well as the way in which clock networks are modeled in previous
academic studies.

2.1 Commercial Clock Networks

Current state-of-the-art FPGA’s, such as the Altera Stratix II [3],
the Actel ProASIC3 [4], and the Xilinx Virtex II Pro [5] devices,
support multiple and local and global clock domains. In each of
these devices, the FPGA is divided into four quadrants (see Figure
1). The Altera Stratix II provides 16 global clock signals, which
can be connected to all the flip-flops on the FPGA, and 8 local
clock networks in each of the four quadrants, which can be con-
nected to all the flip-flops within the quadrant. Similarly, the
Actel ProASIC3 devices provide 6 global clocks and 3 local
clocks per quadrant and the Xilinx Virtex II Pro devices provide
16 global clock networks and 8 local clock networks. Unlike the
Altera and Actel parts, however, the global clocks in the Virtex II
Pro are not connected to flip-flops directly; instead, the global
clocks drive local clocks within each quadrant.

Within a quadrant, the clocks are distributed to rows of logic
blocks through a row multiplexer and rib routing channels. In the
Stratix II devices, each row multiplexer chooses 6 clocks from the
24 local and global clocks, and provides them to all the flip-flops

Local Clocks Glob/al Clocks Global Clilocks

Local Clocks

in that row, as shown in Figure 2. In ProASIC3 devices, the row
multiplexers choose from 6 global, 3 local, and several internal

signals. In the Virtex II devices, the row multiplexers choose
between 8 local clocks.
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Figure 2: Multiplexer structure of Stratix II clock networks.

The circuitry that drives the clock networks is similar for each of
the three devices. As shown in Figure 3, the local and global
clock networks are driven by control blocks that select the clock
signal and dynamically enables or disables the clock to reduce
power consumption when the clock signal is not being used. The
clock networks can be driven by an external source, an internal
source, or by clock management circuitry which multiplies, di-
vides and/or shifts an external source.
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Figure 3: Control block for local and global clock signals.
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Figure 1: Commercial FPGA clock networks.



2.2 Previous FPGA Clock Network Research

The existing literature on FPGA’s has mostly assumed simplified
FPGA clock architectures. The study described in [6] examines
the design of energy efficient FPGA’s. The study focuses mostly
on programmable logic and general routing resources and for
clock networks the study proposes that edge triggered flip-flops
are used within logic blocks to reduce the power dissipated by the
clock network, since this reduces the switching rates by a factor of
two. In [7,8], FPGA power models are described that assume
simple H-tree clock networks with buffers inserted at the end of
each branch. In both models, clock networks span the entire
FPGA and that they are implemented using dedicated resources.
In [8], additional buffers are inserted to separate long wire seg-
ments in order to optimize the clock delay. Neither model is pa-
rameterized since the intent was only to include the power dissi-
pated by the clock networks to improve accuracy of their power
estimates. In [2], a placement algorithm that minimizes clock
skew is presented. Circuits with multiple clock domains are taken
into account; however, the study focuses mainly on the algorithm
rather than the design of the clock network.

2.3 Full Crossbar and Concentrator Networks
In this paper, we will employ both full crossbar and concentrator
crossbar networks as building blocks. An n X m single-stage
crossbar is a single stage network that connects » inputs to m out-
puts, as shown in Figure 4. Figure 4(a) shows a full crossbar net-
work in which each output can be driven by any input. Such a
crossbar requires n-m switches. Figure 4(b) shows a concentrator
network, in which any m-element set of the n input signals can be
mapped to the m outputs (without regard for the order of the out-
puts). A concentrator built this way contains m-(n-m+1) switches
[9]. Sparse crossbar concentrators are most efficient when m is
close to n (ie. the network is close to square) or when m is very
small (close to 1). A perfectly square crossbar concentrator only
has n switches. As the crossbar concentrator becomes more rec-
tangular, the number of switches approaches that of a full cross-
bar. Full and concentrator crossbars can also be implemented
using fanin-based switches (multiplexers followed by buffers);
however, this implementation is not considered in this paper.

} outputs

(b) concentrator crossbar

pVe switch

outputs

| —] | G —
inputs inputs

(a) full crossbar

Figure 4: Two 7 X 5 crossbar networks.

3. PARAMETERIZED CLOCK NETWORK
MODEL

In this section, we describe our parameterized clock network
model. Such a model is an important precursor to any research on
FPGA clock networks. The model describes a family of net-
works; in Section 4, we will compare the efficiency of members
of this family. The model encompasses the salient features of all
commercial FPGA clock networks.

Clock networks within our model use a three-stage clock distribu-
tion topology. The first stage programmably connects some num-
ber of clock sources (clock pads, PLL/DLL outputs, or internal

signals) to the center of some number of clock regions. The sec-
ond stage programmably distributes the clocks to the logic blocks
within each region. The third stage connects the clock inputs of
each logic block to the flip-flops within that logic block. The
following subsections discuss the parameters that describe the
number and positioning of the regions, and then discusses the
three network stages individually. A summary of all parameters
appears in Table 1. Throughout, the parameters nx and ny will be
used to denote the number of logic blocks in the X and Y direc-
tions, and N will be used to denote the number of logic elements
per logic block (cluster). We assume there is one flip-flop per
logic element; if this is not true, N can be redefined to be the num-
ber of flip-flops per logic block.

3.1 Clock Sources

The clock signals will typically be driven by selected outputs from
phase-locked loops (PLL’s) or delay-locked loops (DLL’s), dedi-
cated input pads, or signals from the FPGA core. In all cases, we
assume the sources are distributed evenly around the periphery of
the FPGA core. In our model, the number of potential clock
sources is nsource, meaning there are nsource/4 potential clock
sources on each side of the FPGA.

3.2 Global and Local Clock Regions

We assume that there are two types of clocks that the network
must distribute: global and local clocks. Global clocks are dis-
tributed across the entire chip (but not necessarily to every logic
block, as described in Section 3.3). Local clocks, on the other
hand, are distributed to only a region of the FPGA. Although it is
possible to implement a global clock by stitching together several
local clocks, this would be an inefficient way to distribute a clock
to the entire chip. By distributing the global clocks to each region
using a dedicated network, lower skew for these clocks can be
achieved.

Region 6| “Region 7— | “Region 8
Region 3— | “Region 4~ | “Region 5
Region 0~ | “Region 1 Region 2

Figure 4: Example FPGA with 3x3 clock regions.

To support local clocks, the FPGA fabric is broken down into a
number of regions, each of which can be driven by a different set
of local clocks (the same local clock can also be connected to
more than one region). The number of regions in the X dimension
is denoted by nx_region, and the number of regions in the Y di-
mension is denoted by ny region. The total number of regions is
thus nx_region*ny region. In the commercial architectures in
Figure 1, nx_region and ny _region are both 2. Figure 4 shows an
example with both parameters equal to 3.



3.3 First Network Stage

The first stage of the clock network programmably connects the
clock sources on the periphery of the chip to the center of each
region.

The first stage consists of two parallel networks: one for the
global clocks and one for the local clocks. We denote the total
number of global clock signals as Wg,;,. The global clock net-
work selects Wyy,p,/4 signals from each of the nsource/4 potential
clock sources on each side, as shown in Figure 5. This selection
is done using a concentrator network on each side of the chip (see
Section 2.3). The use of a concentrator network guarantees that
any set of Wy ,p./4 signals can be selected from the nsource/4
sources on each side. This architecture does not, however, guar-
antee that any set of Wy, signals can be selected from the
nsource potential sources; it would be impossible to select more
than Wgop./4 signals from any side. Relaxing this restriction
would require an additional level of multiplexing (or larger con-
centrators and longer wires), which we do not include in our
model.
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Figure 5: Connections from the periphery to the center of
regions (local clocks) and of the FPGA (global clocks).

All Wypq signals are routed on dedicated wires to the center of
the chip. Since the sources all come from the periphery of the
chip, the connection between the sources and the center of the
chip will introduce little or no skew. In an architecture in which
some sources come from inside the chip, the drivers can be sized
such that skew is minimized. From the center of the chip, all
Waionar clocks are distributed to the center of all regions using an
spine-and-ribs distribution network with ny region ribs, as shown
in Figure 6. Although an H-tree topology would have a lower
skew, it is difficult to mesh such a topology onto a tiled FPGA
with an arbitrary number of rows and columns.

There is one local clock network per region. We denote the num-
ber of local clocks per region as W,,.;. The W, signals are se-
lected from the two sides of the FPGA that are closest to the re-

gion, as shown in Figure 5 (if the number of regions in either di-
mension is odd, the selection of the “closest” side is arbitrary for
regions in the middle). Half of the W, signals are selected from
the sources on each of the two sides using a concentrator network.
The use of a concentrator network guarantees that any set of 7,
/2 signals can be selected from the nsource/4 potential sources
on each side. Driver sizing can be used to minimize the skew
among the clocks connected to each region. Skew between re-
gions is not as important, since global clocks will likely be used if
a clock is to drive multiple regions.

{1 spine
& Local
Global N g Ribs
Ribs
\ Global
£ + Spine

Figure 6: Global clock connections from the center of the
FPGA to the center of regions.

3.4 Second Network Stage

The second network stage programmably connects clock signals
from the center of each region to the logic blocks within that re-
gion. There is one of these networks for each region.

The input to each second stage network consists of Wg,, global
clocks and W, local clocks from the first stage described in
Section 3.3. These clocks are distributed using a spine-and-ribs
topology as shown in Figure 7. The spine contains WejopatWigca
wires. In each row, a concentrator network is used to select any
set of W,;, clocks from the spine. These clocks are distributed to
the logic blocks in that row through a local rib. Each logic block
in the row connects to the rib through another concentrator net-
work; the concentrator is used to select any set of ¥}, clocks from
the rib.
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Figure 7: Second stage of the clock network.
3.5 Third Network Stage

The third network stage programmably connects the W, logic
block clocks to the N logic elements within the logic block. This
is illustrated in Figure 8. In order to provide flexibility to the



clustering tool, we assume that each the clock pin of each logic
element can be driven by any of the ), logic block clocks.

Logic Block
inputs
—
W,
0o
A A
Logic Block
»> LE
i »> LE
Full /"' .
Crossbar N
L]
______________ :E LE

Figure 8: Third stage of the clock network.

Table 1 summaries the parameters used to describe the FPGA
fabric and the clock network.

Table 1: Clock network parameters.

Range

Parameter .
in paper

Meaning

Number of logic blocks

in the X dimension 100

Parameters | nx
that de-

Number of logic blocks

in the Y dimension 100

scribe the ny
FPGA fab-

Number of logic ele-

ric
N ments per logic block

10

Number of clock regions

nx_region . . .
eg in the X dimension

Number of clock regions

ny_region in the Y dimension

Number of potential
clock sources (one quar-
ter of these are on each
side)

nsource 128

Parameters Number of global clocks
that de- W

scribe the elobal that can be routed to the 0-24
FPGA fabric at one time

Number of local clocks
Wioeal that can be routed to 0-12
each region at one time

clock net-
work

Number of clocks that
can be routed to all logic
blocks in a single row of
a region at one time.

Wri

Number of clocks that
Wy, can be connected to each 1-6
logic block.

4 EXPERIMENTAL RESULTS

In this section, we measure the cost of flexibility of members of
the clock network family described in Section 3. The cost is
measured in terms of area and power, which are measured using
the area and power models described in Section 4.1. For area and
leakage power, the entire clock network is considered, regardless
of how the network is used. For dynamic power; however, only

the parts of the clock network being used are considered since the
unused parts are disabled.

In this section, we consider the impact of each parameter sepa-
rately. In all cases, we use the baseline architecture described in
Table 2 (which is similar to the commercial architectures de-
scribed in Section 2) and vary one parameter at a time. Our goal
is not to exhaustively measure the cost of every possible combina-
tion of parameters, but instead to determine the impact that each
parameter has on the area and power of the clock network.

Table 2: Baseline architecture parameters

Parameter Name Parameter Value
nx 100
ny 100
N 10
nx_region 2
ny region 2
nsources 64
ngobal 1 6
I/Vlocal 8
W, 6
Wi 2

4.1 Area and Power Models

Detailed area and power models were constructed based on tran-
sistor-level layouts of the clock circuitry. The area model is a
count of the Minimum Transistor Equivalents (MTE’s) as de-
scribed in [10]. The power model consists of terms for static
power, dynamic switching power, and short-circuit power, and is
similar to that described in [7]. Wiring capacitance, buffer input
and output capacitances, and switch input and output capacitances
were considered in the power model. Each wire in the clock net-
work (spine, rib, and wire between the periphery and the center of
the chip/region) was assumed to contain a repeater (20X mini-
mum size) at each tile. Each switch in the clock network is as-
sumed to consist of three cascaded buffers (1X, 5X, and 20X)
followed by a transmission gate switch (consisting of a 20X
NMOS transistor and a 1X PMOS transistor). The PMOS transis-
tor acts as a level restorer and is sized to minimize area and
power. Finally, switches between the intra-logic block clock lines
and the logic elements were assumed to consist of a 5X buffer
followed by a transmission gate switch. Experiments have shown
that these layout assumptions work well over a range of architec-
tural parameter assumptions. A 180nm TSMC process and a
clock frequency of 200 MHz was assumed throughout.

4.2 Impact of Wy,

We first consider the flexibility within the logic blocks by varying
Wi, the number of clock inputs to each logic block. Intuitively,
the larger this number, the simpler the task for the clustering algo-
rithm (since the constraint on the number of clocks per logic block
is not as severe), however, the larger W, the more power-hungry
the clock network will be. In this section, we measure the cost of
increasing Wj,.

We varied W, from 1 to 6 and set the remaining parameters as in
Table 2. Figure 9 shows the impact on the area of each compo-
nent of the clock network. As shown, the area due to clock buff-
ers (repeaters) and the spine-to-rib connections is not affected.
The area of the switches between the logic block clock wires and
the logic elements increases significantly; recall that a full inter-



connect pattern was assumed within the logic block. The area due
to the switches between the ribs and the logic blocks, increases as
W), increases from 1 to 3, and then decreases as W, increases
from 4 to 6. This is because the number of switches in a concen-
trator network is smallest when the number of outputs is either
very small or close to the number of inputs. Because of this, the
incremental area cost of increasing W, when W}, is more than half
of W,;, (the number of clocks in each rib) is small.

1.6E+07
o Clock Buffers
8 1.4E+07 OLB-LE
@ @ RIB-LB
& 12E+07 1| m spineRib Clock Buffers
8 m Padto Local
g 1OB+07 11 g pad to Global
c )
&  8.0E+05 - LB-LE Switches
-
=
§ 6.0E+06
3
£ 40B+06 Rib-LB Switches
=
% 2.0E+06
Spine-Rib Switches
C.OE+00 T T
1 2 3 4 5 6
w,

Figure 9: Area vs. Wj,.

Figure 10 shows the impact of W, on power. The power depends
not only on the number of clocks available to each logic block,
but also the number of these clocks that are actually used (unused
clocks do not switch and do not consume dynamic power). In the
graph, each solid line corresponds to a number of clocks that are
used within each logic block and the dotted line on the graph con-
nects the points in which all available clocks are being used; this
line illustrates the worst-case cost of adding more clocks within
each logic block. Clearly, the number of used clocks in a logic
block can not be more than the number of clocks available in each
logic block (Wp,).
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The graph shows that the power of the clock network is far more
affected by the number of clocks in each logic block that are used,
than the number of clocks available in each logic block. This is
important; it shows that FPGA vendors can choose a large value
of Wy, (likely close to W,;, from the area results) to support those
few applications that require this many clocks per logic block.
For other applications which do not need this many clocks per
logic block, the power impact of choosing such a large W, is
minimal. We can also conclude that it would be beneficial to

expend extra effort in the cluster tool to reduce the number of
used clocks within each logic block.

The graph also shows that increasing WV, increases power when
one or two clocks are used but decreases power otherwise. This
effect is caused by a tradeoff between the power dissipated by LE
clock wires and the power dissipated by LB clock wires. When
one or two LB wires are used, increasing W, increases power
since the increase in LB-LE switch power is greater than the de-
crease in Rib-LB switch power. When 3 or more LB wires are
used, however, the reverse is true.

4.3 Impact of W,

We next consider the impact of varying the number of wires in
each rib within a region. Intuitively, the placement tool has to
ensure that the total number of clocks used by all logic blocks
lying on a single rib is no larger than W,;. The higher this value,
the easier the placement task becomes, however, a larger value of
W.;» means the clock network will be larger and consume more
power. In this section, we measure the cost of increasing W,;;.

We used the parameter values from Table 2, and varied W,;, from
2 to 12. Although Section 4.2 shows that /7, should be close to
W,., here we keep W, constant at 2 to isolate the impact of chang-
ing W,;,. As shown in Figure 11, the area of the rib-to-logic block
switches dominates the total clock area for large values of W,
This is primarily because the mismatch between W and W,
leads to larger concentrator networks, as described in Section 4.2.
The number of spine-to-rib programmable connections also rise,
however, this is a smaller contribution to the total area. Finally,
the number of clock buffers increase as W, increases, since there
are more rib wires that need repeaters.

2.0E+07
1 8E+07 o Clock Buffers

OLB-LE
1.6E+07 BRIB-LB
1.4E+07 | Spine-Rib

m Pad to Local
1.2E+07 +

@ Pad to Global
1.0E+07

cott
8.0E+06

# Min-width transistor areas

6.0E+06 -
4.0E+06 Rib-LB Switches
2.0E+06
0.0E400 pine-Rib Switches
> 4 6 8 10 12
w

rib

Figure 11: Area vs W,;,.

12 4 —— 2 ribs used
ol 4ribs used X
114 —f— 8 1ibs used 7
S 10 ribs used H
:(E 104 = 12 ribs used 7~
TB' 9 | —— G ribs used N P 4 —h
s ‘
s DA
[
2 7 e
S ‘ﬁ_.——.—‘-/.
6

W

rib

Figure 12: Power vs. W,;,.



The power results are shown in Figure 12. Again, the power de-
pends not only on the available number of ribs, but the number of
these ribs that are actually used. As was the case for the logic
block clocks, the number of clocks in each rib has less impact on
the total power than the number of these clocks that are actually
used. Again, this implies that FPGA vendors should include as
many rib wires as possible, since the extra rib wires have little
impact on power for applications that do not use them. Unlike in
Section 4.2, however, this must be balanced with the area cost of
choosing a large W, ;.

4.4 Impact of the Spine Width

In this section, we consider the impact of changing the spine
width (Wigcas + Waiopar) On area and power. Intuitively, a wider
spine means more clocks can be distributed within a given region.

We used the parameter values from Table 2, and wvaried
(Wiocart Waiopar) from 6 to 36, keeping a 1:2 ratio between Wj,ey
and Wgye, (matching the baseline architecture in Table 2). Figure
13 shows the area results. The number of switches between the
spine and the rib increases, however, this is a small component of
the total area. The number of switches between the clock sources
and the spine also increases, but this area is negligible, and not
visible in Figure 13. Overall, the increase in area is not signifi-
cant. The power results are shown in Figure 14. Again, the
number of used wires in each spine has significantly more impact
than the number of available wires.
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4.5 Impact of the Number of Regions

As described in Section 3, we assume the FPGA has been broken
down into nx_region * ny region regions, each of which contains
its own set of local clocks. An architecture with many clock re-
gions is suitable to implement applications with many clock do-
mains. In the best case, we can map each domain of a user circuit
to a single region of the FPGA. Intuitively, this would save power
because each clock would only be routed to logic blocks within
the region that uses it.

To investigate the area cost of increasing the number of regions,
we focus on the design of an FPGA which is to support 64 clock
domains. We consider three alternative architectures: one with
one region, one with four regions (similar to the commercial ar-
chitectures described in Section 2), and one with sixteen regions.
Clearly, as we increase the number of regions and reduce their
size, the number of clock domains of the user circuit that is
mapped to each region decreases. In the ideal case, the number of
clock domains mapped to each region, and hence the value of
Wioeas» 18 inversely proportional to the number of regions. On the
other hand, we would expect that increasing the number of re-
gions has a smaller impact on the number of wires that should be
included in each rib. Even though fewer regions leads to longer
ribs, it would be unlikely that more than a few domains would be
mapped to each row of a region. To reflect these observations, in
this section, we assume that ., is inversely proportional to the
number of regions in the FPGA, and W, is two for all architec-
tures. To isolate the impact of the local clocks within the regions,
we further assume that Wy, is 0. Finally, we assume that W, is
one, although this choice has little impact on the conclusions
drawn in this section.

Figure 15 shows the area of each of our three architectures. As
the figure shows, the area of the FPGA drops as the number of
regions increases. An FPGA with more regions requires fewer
local clocks within each region, leading to a smaller spine within
each region. This is countered by two effects. First, as the num-
ber of regions increases, the total length of the spine networks
increases (in an architecture with 4x4 regions, there are 16 spines,
each of which spans one quarter of the height of an FPGA). Sec-
ond, as the number of regions increases, the size of the first level
network (the network that connects the clock sources to the center
of each region) increases. Neither of these effects is as significant
as the reduction in the width of each spine, however.

The power consumed by each of our three architectures depends
on the number of clocks that are actually being used in each do-
main. To estimate this, we assume a hypothetical user circuit with
100 000 logic elements. The number of clock domains in this
circuit is varied from 1 to 64. In each case, we assumed all do-
mains are of the same size. As we increase the number of do-
mains, the number of logic elements per domain drops, as shown
in Table 3. When the hypothetical circuit is implemented on each
of the three architectures, the user domains are assumed to be
mapped equally to the available regions. The number of local
clocks (and hence W,,.,;) used therefore depends on the number of
domains in the circuit, as shown in Table 3. Within each region,
the clock domains of the user circuit are evenly mapped to a sub-
set of the rows within the region. In most cases, this means only
one rib wire per row is used. For very large regions, or very small
user domains, it may be necessary to share a row between two
clock domains; in this case, two rib wires are used in that row.
The numbers in Table 3 reflect the average number of rib wires
that are used per row.



The power results are shown in Figure 16. When all 64 clocks are
used, the architecture with 16 regions consumes far less power
than the architecture with 1 or 4 regions. There are several rea-
sons for this. The primary reason is that in the architecture with
16 regions, the total wire length of the spine is shorter, leading to
a reduction in both metal capacitance and the number of repeaters
on the spine wires. A secondary reason is that smaller regions
have smaller ribs -- this reduces the chance that two different
logic blocks within the same row will require different clocks.
Although it is not evident from the graph, if the user circuit has
only one clock domain, the FPGA with only one region performs
slightly better; this is because the first-level network that connects
the clock sources to the center of each region is smaller.
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Table 3: Lower bound clock resources usage.

# Clocks | # LEs 1 Region 4 Regions | 16 Regions
per Cir- per (1x1) (2x2) (4x4)
cuit Regions WM Wri ngine Wri ngine Wri
1 100000 1 1 1 1 1 1
2 50000 2 1 1 1 1 1
4 25000 4 1 1 1 1 1
8 12500 8 1.04] 2 1 1 1
16 6250 16 |[1.12] 4 1.04] 1 1
32 3125 32 | 1.28 8 1.12] 2 1.04
1562 or
64 1563 64 |1.60| 16 |1.28| 4 1.12

5. CONCLUSIONS AND FUTURE WORK

In this paper we examined the tradeoffs between FPGA clock
network flexibility, area, power dissipation. We described a new
parameterized clock network model that describes a broad range
of programmable clock network architectures with multiple local
and global clock domains. Using the model, we then examined
the cost of flexibility at various levels of the clock network.

At the logic blocks, we showed that the incremental area cost of
increasing the number of logic block clock inputs (#},) is large
when Wy, < W,;, /2 but is small when W, > W,;, /2. For power, we
showed that the number of used clocks in each logic block is far
more important that than the number clocks that are available. At
the ribs, we showed that the area cost of increasing the number of
clocks in each rib (W,;) is large and dominated by the area of the
rib-to-logic block switches. For power, the number of clocks that
are used in each rib to be far more important than the number of
clocks that are available. At the spines, we found that the area
and power costs of increasing the number of clocks in each spine
(Wipine) s not significant compared to that of increasing W), and
W, Finally, we showed that increasing the number of the clock
regions generally decreases area and power by reducing the num-
ber of clocks required in each region.

As future work, an important part of this research will involve
examining the impact that clustering and placement constraints
imposed by clock network have on the implementation of applica-
tions. Another important issue to be considered is how our con-
clusions hold for smaller process technologies which tend to dis-
sipate more leakage power.
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