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Abstract

A number of SRAM-based field programmable gate ar-
rays (FPGAs) allow for partial reconfiguration (PR). Par-
tial reconfiguration can be used to maximize the resource
utilization in these FPGAs. Current methodologies use both
external and self partial reconfiguration for this purpose.
On mature multichip (MC) systems that have not made use
of the PR features of their SRAM-based FPGA(s), however,
these methodologies would require changes in the existing
FPGA configuration protocol and/or associated hardware
outside the array. This paper presents a novel methodology
that makes PR features available to these systems for the
purpose of maximizing their FPGA resources without the
modifications required by the current methodologies. The
proposed methodology reuses an existing data interface to
send the PR data to the array and directs this data to the
FPGA’s internal configuration port. A prototype of this
methodology is demonstrated on a commercial color space
conversion (CSC) engine design using two Xilinx Virtex-I11
Pro FPGAs.

1. Introduction

Partial reconfiguration (PR) [16] is a unique feature of
SRAM-based FPGAs that allows the reconfiguration of a
part of the array while the rest of the FPGA continues oper-
ating. There are two types of partial reconfiguration: self
and external. In self PR, the configuration data may be
generated by the FPGA itself or provided by an external
source. In external PR, the configuration data is stored ex-
ternally and external logic that sends this data to the array
is required.

Provided that there are some mutually exclusive func-
tional blocks within an FPGA design, external or self-PR
can be used to make room for the additional hardware fea-
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tures required. Delahaye et al. have presented a platform
for performing external PR [6]. This platform uses a DSP
and a dedicated interface to load the initial configuration in
the FPGA and to partially reconfigure it as needed.

Hubner et al. describe a self-PR platform for Network-
On-Chip applications [10]. In this platform, the FPGA re-
quires access to the flash memory where the configuration
data is stored. Bomel et al. have proposed a self-PR archi-
tecture in which the FPGA obtains the configuration data
via an Ethernet connection to an external server [3]. Note
that this connection could potentially be used to send pro-
cessing data to the FPGA. However, existing self-PR meth-
ods [1,2,4, 8] including those described above assume that
the FPGA can obtain the configuration data via one of the
following interfaces: RS232, IrDA, 10/100 Ethernet, or
flash memory. Self-PR methods that generate the configura-
tion data inside the FPGA are not considered here because
they are mainly used for fault tolerant applications.

In addition, PR platforms have traditionally been first
devised and then applied to designs matching the require-
ments of these architectures. The lack of commercial prod-
ucts that use partial reconfiguration, however, shows that
this approach ought to change. Active research in the area
of partial reconfiguration is addressing this issue by deliver-
ing PR methods tailored to specific applications rather than
generic PR architectures [14, 15].

In Section 2, a module-based PR methodology for ma-
ture MC designs is described. It makes use of the Xilinx
PR flow [7] and of the well-defined communication chan-
nels for both data and control between the FPGA and the
integrated circuits outside the array. A demonstration of
the module-based methodology is presented in Section 3,
where a prototype is designed using the methodology dis-
cussed. This section also presents background information
pertaining to the prototype application as well as the design,
implementation, and testing of the prototype using two Xil-
inx Virtex-II Pro FPGAs. Section 4 presents the results of
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the prototype, including an analysis of reconfiguration times
and resource utilization. Finally, Section 5 presents conclu-
sions and future work.

2. Methodology

This section presents the need for the proposed PR
methodology as well as its requirements and components.
The proposed methodology is optimal for MC designs that
require additional features on their FPGA but there are not
enough resources and the bill of materials (BOM) cannot
change. In general, board layout changes are highly un-
desirable in mature MC designs, since they may affect the
operation of working components. Moreover, the addition
of FPGA functionality cannot require BOM changes in sys-
tems that need to be updated from the field.

A key benefit of the proposed methodology is that it can
be applied without BOM changes even if the FPGA appli-
cation was not originally designed for PR. If external FPGA
configuration hardware that does not support PR already
exists for some FPGA design, any external PR architec-
ture [12, 13, 18] including Delahaye’s platform in this de-
sign would require BOM changes. In addition, the proposed
methodology reuses any data interconnect for the FPGA to
receive the configuration data. Hence, BOM changes can
be avoided more often in the proposed methodology than
in the existing self-PR methodologies including Hubner’s
and Bomel’s which require that the FPGA be connected to
specific interfaces.

The proposed methodology requires a partially reconfig-
urable design and internal access to the FPGA configuration
port. Any PR methodology in general requires a PR design.
In these designs, the top-level module implements only the
global logic and the connections amongst other PR compo-
nents. These components include bus macros, static mod-
ules, and partially reconfigurable modules (PRMs) [16]. On
the other hand, internal access to the configuration port is
required so that the logic needed to drive this port can be
implemented on the FPGA configurable logic.

The proposed PR methodology consists of a technique
called interconnect timesharing and a custom intellectual
property (IP) called the internal configuration interface
(ICI). Interconnect timesharing allows reconfiguration data
to be sent via an interconnect that is already being used by
the user logic hardware. The ICI block simply directs the
already expected reconfiguration data to the internal con-
figuration port of the FPGA. Figure 1 provides a graphical
representation of the proposed methodology, where static
modules are placed in the static region and PRMs in the
partially reconfigurable region (PRR) as outlined in [16].

Interconnect timesharing requires that the functionality
of the existing control logic be augmented to work as fol-
lows. First, as part of the configuration of the user logic
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Figure 1. Proposed methodology framework.

the external device informs the augmented control logic that
reconfiguration data will be sent before payload data. The
control logic forwards this information to the user logic and
the ICI block. The reconfiguration data count is also sent
to the control logic in this initial step, which forwards it to
the ICI block to determine when to signal the end of the re-
configuration process. Then, when data is sent to the FPGA
via the shared interconnect, the user logic ignores this data
since reconfiguration data is expected. On the other hand,
the ICI block samples this data until the end of the recon-
figuration process is reached. The control logic then signals
the user logic that it may begin sampling from the shared in-
terconnect. It is important to mention here that the proposed
methodology does handle the case where PR is not required
after the user logic is configured via the control logic.

The ICI block is composed of two small finite state ma-
chines (FSMs) and additional glue logic. This interface
drives the control signals of the FPGA’s internal configu-
ration port as reconfiguration data is received via the shared
interface.

3. Methodology Application

A prototype that uses the proposed methodology is de-
scribed in this section. Section 3.1 provides some back-
ground material on a conversion engine design that is used
by a commercial application. Section 3.2 presents the com-
ponents of the prototype which include this design. Sec-
tion 3.3 describes the implementation of this prototype in
two Virtex-II Pro FPGAs. Lastly, the testing of the proto-
type is presented in Section 3.4.

3.1. Application Background

Color space conversion (CSC) is the translation of the
representation of a color from one basis to another [9].
Hewlett Packard (HP) employs a hardware-based CSC en-
gine to convert pixel color data formats into values corre-
sponding to the colors of the inks loaded in their printers.
The HP CSC engine uses color look-up tables (CLUTS) fol-
lowed by interpolation [11]. It is composed of a fifteen-
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Figure 2. Core of the CSC engine.

stage pipeline and SRAM memory that function primar-
ily as interpolation blocks and CLUTs respectively. To
define these and other functional blocks within this en-
gine, pipeline stages and SRAM memory are grouped into
phases. Each phase contains up to three pipeline stages.
These phases, however, are never all active simultaneously.
In particular, one of the two largest phases is always by-
passed. These phases are called the 3D and the 4D. The 3D
phase is used when the input space has three channels. The
4D phase is used when the input space has four channels.
Each of these two phases consists of three pipeline stages
and over 40KB of SRAM. Figure 2 illustrates the core of
the CSC engine.

In addition, the top-level 10 of the CSC engine includes a
pixel and a register interface through which pixel color data
formats and CLUT values are sent to this engine. Color
space conversion along with pixel scaling and halftoning
are the main elements of any printer’s image processing
pipeline. Currently, HP implements this pipeline on a sin-
gle application specific integrated circuit (ASIC). However,
an HP printer is comprised of at least this ASIC, a memory
subsystem, and an embedded processor. The latter compo-
nents are employed to send data to the CSC engine and to
implement the printer’s user interface logic. This fact makes
HP printers MC systems.

3.2. Prototype System

The CSC engine is implemented as part of an ASIC in
commercial HP printers. This engine is synthesized for an
FPGA in the prototype system to use it as an application
example for the proposed methodology. Due to this differ-
ence in target devices, a new PCB board that accommodates
the FPGA package implementing the ASIC functionality
would be required to use the actual components that drive
the CSC engine. Instead, these components are replaced by
very similar off-the-shelf ones. This is a key aspect of the
prototype system. Admittedly, the successful modification
of the firmware run by the actual components of a printer
to send the PR data to the FPGA-based CSC engine proto-
type would have truly demonstrated the interface timeshar-
ing technique. Nonetheless, the successful modification of
the firmware run by similar hardware is also a valid demon-
stration.
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Figure 3. Modified CSC engine using PR.

The interconnects attached to the CSC engine’s regis-
ter and pixel interface are used by the modified firmware
above to initiate the PR process and to transfer the PR con-
figuration data respectively. The augmented control logic
designed for this prototype consists of a new register that
manages the PR process inside the FPGA and that siphons
PR data off of the pixel interface as required. The internal
configuration interface IP, which is connected to this reg-
ister and to the pixel interface, drives the internal configu-
ration access port (ICAP) of the Xilinx FPGA used in the
prototype. Finally, additional logic is employed to stall the
CSC engine pipeline while partial reconfiguration is being
performed by the ICI block.

3.3. Prototype Implementation

Two development boards from the Xilinx University Pro-
gram (XUP) have been employed to implement the proto-
type system described above. One of these boards, called
the CSC board from now on, implements a modified ver-
sion of the original HP CSC engine. The other board, called
the TestRig board, emulates the components that drive the
CSC engine in an HP printer. A large number of FPGA
general-purpose input and output (GPIO) lines are avail-
able in these boards through standard IDE headers. These
lines are used to transfer data from the TestRig board to the
CSC board. Note that the Virtex II-Pro FPGAs on these
boards and both a compact flash (CF) card and double data
rate (DDR) memory on the TestRig board are the only XUP
board components used in the prototype system.

In the prototype system, the TestRig board’s embedded
processor generates the test vectors required to stimulate all
the inputs to the CSC engine. This 32-bit processor lim-
its the width of the digital connection between the TestRig
and the CSC board to 32 bits. Since the CSC engine has
more than 32 inputs, CSC packets that stimulate all the CSC
inputs in a cycle-by-cycle basis are created in the TestRig
board. In the CSC board, the data in these packets needs
to be depacketized and sent to the CSC engine. Therefore,
an additional module that wraps the original CSC engine
interface and that depacketizes the incoming data from the
TestRig board is required in the FPGA-based CSC engine
implementation prototype. A commercial version of such
an implementation would not require this wrapper, since the
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inputs to the CSC engine would be driven by the other hard-
ware components of a commercial printer. The remaining
implementation steps are valid for both the prototype sys-
tem and a commercial version of such a system.

The original HP CSC engine which includes both the
3D and the 4D phase in addition to the other phases of the
CSC pipeline does not fit on the FPGA of the CSC board.
The prototype system leverages the fact that the 3D and the
4D phases are never active at the same time to fit the func-
tionality of the CSC engine in this FPGA. It implements a
modified version of this engine which uses partial reconfig-
uration to swap in and out the 3D or the 4D phase from the
FPGA as required. Figure 3 illustrates the design. Partial re-
configuration, and in particular the proposed methodology,
can also be used to incorporate new features into existing
designs, provided that these features are mutually exclusive
with at least a module of the original design.

Two module-based PR projects implement only one of
the mutually exclusive CSC engine phases, namely the 3D
or the 4D, as their PRMs and both the rest of the CSC
pipeline phases and the logic required by the proposed
methodology in their static regions. In the prototype sys-
tem, the depacketization logic is implemented in the static
region also. Bus macros need to be used to connect the PRR
to the rest of the design in the top level [7, 16]. For behav-
ioral simulation, we replace each bus macro by a simple
module consisting of pass-through wires. This allows the
behavioral models of both PR projects to be verified using
a simulator such as ModelSim. However, since behavioral
models cannot change at run-time, the logic associated with
the proposed PR methodology cannot be verified in behav-
ioral simulation. This logic can only be verified through a
hardware test bench like the TestRig board described above.

Finally, firmware for the TestRig board’s embedded pro-
cessor needs to be developed for this board’s hardware to
be able to initially just send CLUT values and conversion
data to the CSC board. Had the commercial embedded pro-
cessor and DMA controller been used, this effort would not
have been necessary. The final modification in this applica-
tion of the proposed methodology is for the TestRig board’s
firmware to be enhanced so that its hardware is also capable
of initiating the PR process and sending the PR data through
the interconnects connected to the CSC engine’s register
and pixel interface respectively. These firmware enhance-
ments are also possible in commercial printers, since here
an embedded processor also drives the interconnects above
either directly or indirectly. An example of the indirect con-
trol of the commercial processor over these interconnects is
the fact that its firmware programs the commercial DMA
controller to transfer pixel data to the CSC engine. In con-
clusion, the interface timesharing technique remains where
firmware modifications are the only requirement for sending
PR related information to the CSC engine through either the
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TestRig or the commercial components that drive the CSC
engine.

3.4. Prototype Testing

In addition to the CSC design, HP has also provided
us with the CSC application. This application is a soft-
ware program that emulates the hardware-based CSC en-
gine. It can perform any conversion that is supported by the
hardware-based CSC engine. One input to the CSC appli-
cation is a file that contains the CLUT values required for
the desired conversion. The other input to this program is
the image file to be converted. The output is the same image
converted to the target color space.

In commercial HP printers, these inputs are sent to the
CSC engine as follows. First, the CLUT values are sent
through the register interface if a new conversion type is to
be performed. Then, the pixel data is sent through the pixel
interface. Due to the packetization required in the prototype
system, a CSC frame is defined here as a group of CSC
packets that instruct the CSC engine to load its CLUTs and
process an image. To build this frame in the TestRig board,
a new test bench (TB) file that combines both of the CSC
application input files as well as the input control signals of
the CSC engine in a cycle-by-cycle basis is required.

As an initial test case, the firmware on the TestRig board
first reads this new TB file from a CF card, parses it, and
stores it in DDR memory as a CSC frame. Then, a user re-
quest on the TestRig board initiates the transfer of this frame
to the CSC board. The output data bus of the CSC design is
routed to the CSC board’s FPGA GPIO lines. This allows
a logic analyzer (LA) to collect the output data of the CSC
engine while a CSC frame is being sent from the TestRig
board. Finally, the output collected in the LA is brought into
a MATLAB environment along with the output produced by
the CSC application of the same conversion. A MATLAB
program simply performs a bit-wise comparison between
these two output files to verify the correct functionality of
the modified FPGA-based CSC design.

In an additional test case, the TB file is expanded to in-
clude PR data within it. To send this additional data to
the CSC engine, the register interface is used to inform the
CSC engine that the following data in the pixel interface is
PR data. Then the PR data is sent through the pixel inter-
face. This reconfigures the PRR with either the 3D or the
4D phase as required. Finally, the CLUT values and the
pixel data are sent through the register and pixel interface
respectively. Note that the structure of the CSC packet does
not change to accommodate the PR data. In other words, the
existing CSC engine interface does not need to be modified
for the PR data to be sent to this engine, which is indeed one
of the main contributions of the proposed methodology.

For testing, we use two color-space conversions. One re-
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Table 1. CSC engine implementation results
(XC2VP30).

Static Region | Available
Feature PRR and PRR | Resources
Slices 4,407 10,035 13,696
BRAMs 60 92 136
Slice Flip Flops | 1,399 4,313 27,392
4 input LUTs 7,214 16,732 27,392
Max. clock rate 50MHz

quires the 3D phase and the other requires the 4D phase.
Back-to-back 3D and 4D conversions are performed in the
prototype system using the above approach. Finally, the
output of these conversions is compared against the output
of the CSC application using the MATLAB program above
to verify the functionality of the PR logic of the FPGA-
based CSC design.

4. Results

The results of the prototype are presented in this section.
First, a quantitative analysis regarding the FPGA resource
utilization in the prototype is presented. Then, the perfor-
mance of the prototype is discussed to determine if the pro-
cessing speed requirements of the application are met.

The FPGA resource usage of the PR CSC engine proto-
type is provided in Table 1. The PRR of this design uses
one third of the slices available in the array. In addition,
the logic required to perform partial reconfiguration in this
prototype employs less than 0.5 percent of the slices in the
FPGA. Therefore, the FPGA slices required to implement
the CSC engine would increase approximately by 32.5 per-
cent if the implementation of the CSC engine did not use
some sort of run-time reconfiguration. In fact, this imple-
mentation would require an FPGA denser than the one of
the prototype, since 73 percent of the FPGA slices are re-
quired to just implement a single PRM and the static mod-
ules. The proposed methodology provides one way to use
run-time reconfiguration without having to modify the ex-
ternal interface of the design.

On the other hand, implementing a design originally de-
veloped for an ASIC in an FPGA always has some conse-
quences. Significant performance degradation in the maxi-
mum frequency of the CSC engine has been the most impor-
tant hit encountered in the prototype implementation (from
166 MHz to 50 MHz). The inherent degradation of port-
ing a design from an ASIC to an FPGA implementation
can be minimized by modifying the modules in this design
to leverage the FPGA architecture (e.g., deeper pipelining).
Nonetheless, in spite of the performance degradation when
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Table 2. Reconfiguration performance.

Reconfiguration Time
Bit-stream | w/TestRig | raw design
User Logic Size | (measured) | (calculated)
PRR 465 KB 550.4 ms 9.5 ms
Full FPGA 1414 KB n/a 29.0 ms

Table 3. CSC engine performance.

Number Processing Time

of CSC | wi/TestRig | raw design
Action Cycles | (measured) | (calculated)
Load CLUTs 6.8 K 7.9 ms 0.14 ms
160x120 image 192K 22.2 ms 0.38 ms
8.5”x11” image | 33.7M n/a 0.67 sec

compared to the original ASIC implementation, the proto-
type system could still be used in some of the commercial
printers, namely low-end printers, in which the CSC engine
is not driven at full speed. In this context, a realistic goal
for the prototype system is to reconfigure the PRR, load
the CLUT values and process an 8.5 inch by 11 inch im-
age within one second.

Table 2 shows both the measured and the calculated re-
configuration times of the entire FPGA design and that of
the PRR. Table 3 reports the measured and the calculated
processing times for loading CLUT values and converting
different image sizes in the prototype system. The calcu-
lated reconfiguration times have been obtained based on the
maximum speed of the ICAP of the Virtex II-Pro FPGA,
which is S0MHz [19]. The calculated processing times have
been obtained based on Xilinx’s post-place-and-route static
timing analysis of the PR CSC design, which reports a max-
imum speed of 5S0MHz also. This match in maximum fre-
quency of operations is optimal for reusing an existing in-
terconnect to send the PR data to the design. According to
the calculated values, reconfiguring the PRR, loading the
CLUT, and processing a full page takes 683ms. This is well
within the target of one second.

Note that the reconfiguration and processing times mea-
sured are about 60 times slower than that of the calculated
speed of the prototype. This is due to the hardware used to
emulate the actual components that drive the CSC engine in
a printer. Nevertheless, the times measured are faster than
many of the results obtained by other methodologies pro-
posed in the literature [8, 12].

5. Conclusions

We have presented a methodology that enables self-
partial reconfiguration in mature MC systems through addi-
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tional yet negligible logic and firmware modifications inside
and outside the FPGA of these systems respectively. The
main contribution of the proposed methodology is that the
connections amongst the integrated circuits (ICs) of these
systems do not need to be modified to enable partial re-
configuration, and therefore the optimal use of FPGA re-
sources in these systems. This allows new hardware-based
algorithms to be devised in MC systems where the array
resources are scarce and BOM modifications not possible.

Furthermore, this paper presents a prototype that has two
main purposes. First, it demonstrates the successful appli-
cation of the proposed methodology where the interface of
the FPGA-based design does not change for partial recon-
figuration features to be incorporated in the MC system.
Second, this prototype has also shown that it is feasible to
replace ASIC designs with FPGA-based implementations
provided that there is some tolerance in terms of circuit per-
formance and that the design has some mutually exclusive
modules. The flexibility of programmable logic like FPGAs
opens the possibility of rapid time-to-market development
projects in these applications.

Future work will explore FPGA-oriented optimizations
such as deeper pipelining and partial evaluation [5, 17],
within the context of the CSC application. Such optimiza-
tions may narrow the gap in throughput between the FPGA-
based implementation and the original ASIC.
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