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Abstract—This paper describes Versat, a reconfigurable hard-
ware accelerator for embedded systems, for which this work
substantially contributed. Versat is a small and low power
Coarse Grained Reconfigurable Array architecture (CGRA),
which implements self and partial reconfiguration by using a
simple controller unit. This approach targets ultra-low energy
applications such as those found in Wireless Sensor Networks
(WSNs), where using a GPU or FPGA accelerator is out of
the question. Compared to other CGRAs, Versat has a smaller
number of functional units interconnected in a full graph
topology for maximum flexibility. The lower number of functional
units is compensated by the ease of configuration and runtime
reconfiguration. Unlike other CGRAs, Versat can map sequences
of nested program loops instead of a single program loop at a
time; self and partial reconfiguration happens between the nested
loops. Versat can be programmed in assembly language and using
a C++ dialect. Assembly programmability is a novel and useful
feature for program optimization and working around compiler
or architectural issues. This work contributed to the design of the
whole system, with special emphasis on verification, debug, timing
closure, multi-threading at the datapath level, boot loader coding,
DMA, AXI interfaces, benchmark coding and regression testing.
Results on a set of benchmarks show that Versat can accelerate
single configuration kernels by 4x with one order of magnitude
energy consumption improvement compared to a state-of-the-art
processor. For multiple configuration kernels the improvements
are even better: 20x acceleration with up to 2 orders of magnitude
better energy efficiency.

Index Terms—Reconfigurable Computing, Coarse Grained
Reconfigurable Arrays, Embedded Systems, Low Power Systems

I. INTRODUCTION

CLOUD COMPUTING is a fashionable but well known
topic, which has been studied since at least 1971 [1].

However, it can be argued that it is better to have distributed
computing, storage and networking resources than to concen-
trate everything in a single node [2].

Edge Computing is the logic response to cloud computing;
the data is processed on the edge of the network, near its
source [3]. This considerably reduces the bandwidth needed
to transfer the data between the nodes and the data center.
Edge Computing can benefit many applications and devices. In
particular it is extremely useful in Wireless Sensor Networks
(WSNs) [4].

A crucial problem of deploying computational resources on
WSN nodes is power consumption. WSN nodes are normally
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battery operated and very price sensitive. Therefore, if one can
deliver the same functionality with a smaller and more power
efficient device, a more competitive product will be released.

Since WSN nodes are extremely constrained in terms of
energy efficiency and price, they often employ inexpensive
and low performance embedded processors. To attend the
computational demands of certain applications, it is common
to place dedicated hardware accelerators in the chip, used
by these applications. However, the fact that these hardware
blocks are not programmable increases the risk of design
errors and prevents future updates. Ideally a programmable
accelerator should be employed such as a Graphics Processing
Unit (GPU) or a Field Programmable Gate Array (FPGA).
However, these accelerators are much larger than the embed-
ded processor cannot viably be used. A possible solution is to
use a Coarse Grained Reconfigurable Array (CGRA), which
is also a programmable accelerator but it is much smaller and
power efficient than GPUs or FPGAs.

A critical aspect for achieving CGRA programmability is
the dynamic reconfiguration of the array. Static reconfigura-
tion, where the array is configured once to run a complete
kernel, has poor flexibility [5]. Some arrays are dynamically
reconfigurable but they only iterate over a fixed sequence
of configurations [6], [7], [8]. These configurations must be
moved to the CGRA from an external memory and stored
inside the CGRA, which costs memory bandwidth and internal
storage space. Following a fixed sequence of configurations
means that it is impossible to conditionally choose the next
configuration. Furthermore, in many cases, it is the host
system that manages the reconfiguration [8], [7], [9]. This is
innefficient as the host could be doing more useful tasks. It also
makes programming and integrating CGRAs in an embedded
system difficult.

In order to make the reconfiguration process efficient, full
reconfiguration of the array should be avoided. In this work
we exploit the similarity of different CGRA configurations
by using partial reconfiguration. Most CGRAs are only fully
reconfigurable [7], [8], [9] and do not support partial reconfig-
uration. The disadvantage of performing full reconfiguration
is the amount of configuration data that must be kept and/or
fetched from external memory. Previous CGRA architectures
with support for partial reconfiguration include RaPiD [10],
PACT [11] and RPU [12]. RaPiD supports dynamic (cycle by
cycle) partial reconfiguration for a subset of the configuration
bitstream, which implies that the loop body may take several
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cycles to execute. The partial reconfiguration process in PACT
is reportedly slow and users are recommended to avoid it and
resort to full reconfiguration whenever possible. In RPU, a
kind of partial reconfiguration called Hierarchical Configura-
tion Context is proposed to mitigate these problems. Data to
make performance comparisons with these approaches have
not been found but, compared to [10], the partial reconfigura-
tion in this work happens between program loops instead of
every clock cycle, and the whole loop body executes in only
one cycle. Compared to [11], this partial reconfiguration is fast
and used more frequently.

Normally, the reconfigurable array is used only to accelerate
program loops and the non-loop code is run on an a CPU. For
this reason, CGRAs normally include a conventional proces-
sor. For example, the Morphosys architecture [8] integrates
a small Reduced Instruction Set Computer (RISC) and the
ADRES architecture [7] integrates a Very Large Instruction
Word (VLIW) processor. Existing CGRAs are big, limited
in terms of reconfiguration control and difficult to program.
Therefore, we propose some architectural improvements to
address these problems which follow three basic ideas.

The first idea is to use a low number of Functional Units
(FUs) which form a fully connected graph topology. This
simultaneously tackles the size and programmability prob-
lems (programmability increases with connectivity). Normally,
graphs with constrained connectivity are employed in CGRAs
to allow spatial compactness and a high frequency of oper-
ation. However, with a low number of FUs the full mesh
topology becomes affordable. The reconfiguration process is
quasi-static, i.e., it is more frequently reconfigured compared
to static arrays such as [9], but much less frequently compared
to dynamic arrays such as [7]. Another interesting feature is
the fact that a full mesh is such an easy to apprehend structure
that assembly language programming is enabled, which is
invaluable for optimizations and compiler or hardware bug
workarounds.

The second idea is to make the configuration register
addressable at the word level and therefore enable fine par-
tial reconfiguration. The CGRA configuration is divided in
spaces which correspond to FUs. The configuration spaces are
further divided in configuration fields which are individually
addressable. Partial reconfiguration is useful to reduce the
reconfiguration time to a minimum, sometimes exploiting
the similarity between successive configurations. Reducing
reconfiguration time has a dramatic influence on improving
the performance, which can compensate a lower frequency of
operation.

The third idea is to integrate a small programmable con-
troller in the CGRA to manage reconfigurations and data
transfers to/from external memory. The controller is in charge
of the main program flow of the accelerator, sequencing the
configurations and using partial reconfiguration whenever pos-
sible. The controller can spawn data stream compute threads in
the CGRA and data movement threads using a Direct Memory
Access (DMA) unit. While these threads are running, the
controller can prepare the next configurations.

In this paper we present Versat, a new reconfigurable hard-
ware accelerator which is suitable for low cost and low power

devices. Its architecture uses a small number of functional
units and a simple controller. A smaller array limits the size of
the data expressions that can be mapped to the CGRA, forcing
large expressions to be broken into smaller ones which can be
executed sequentially in the CGRA. Therefore, Versat requires
mechanisms for handling large numbers of configurations and
frequent reconfiguration. It is meant to be used as a co-
processor used by means of an Application Programming
Interface (API) containing a set of useful kernels. A new
compiler for Versat has been developed [13]. The compiler is
not described in this paper whose main thrust is the description
of the architecture and its Very-Large-Scale Integration (VLSI)
implementation.

II. ARCHITECTURE

Versat is designed for fixed-point signal processing and its
architecture is shown in figure 1. It can be used by host
processors in the same chip, as some procedures can run faster
and at lower energy on Versat.

In order to reduce the dependency on the host CPU, Versat
features a simple Controller used for algorithmic control, self-
reconfiguration and data movement. This frees the host for
more useful tasks. The controller is programmable and has an
instruction memory where Versat programs (aka kernels) are
stored. Control over the different modules is exerted using a
Control Bus. Though not shown, there is also a serial divider
accessible from the Control Bus.

Versat has a special unit that performs data computation,
the Data Engine (DE). This unit is composed of FUs inter-
connected by a full mesh. Hence, there is more than one way
to make a given datapath, which is useful for simplifying the
compiler.

The Configuration Module (CM) holds the configuration
of the DE, i.e., it specifies the current datapath, and has
another register where the next configuration of the DE
can be prepared; it can also temporarily store tens of other
complete configurations, which can be switched at runtime.
The Controller can write partial configurations to the CM,
and can also save and restore entire configurations from the
configuration memory.
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Fig. 1. Versat top-level entity.

Versat has a DMA module so it can independently and
efficiently transfer data, programs and configurations in and
out of the device. The DMA drives a master Advanced
Extensible Interface – AXI4. It is an interface designed by
ARM, which derives from the Advanced Microcontroller Bus
Architecture (AMBA).
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To communicate with the host processor, Versat has a shared
Control Register File (CRF). The CRF has two host interfaces
that can be selected at compile time: a Serial Peripheral
Interface (SPI) and a parallel bus interface. The SPI slave
interface is used when the host system is an off-chip master
device. The SPI interface is mainly used for debug and testing
purposes. The parallel bus interface is used when the host is
some embedded processor and may be supplied in the AXI4
Lite format.

A. Data Engine

The Data Engine (DE) has a fixed topology comprising 15
Functional Units (FUs) as shown in figure 2. The DE is a 32-
bit architecture and contains the following configurable FUs:
4 dual-port embedded memories (8kB each), 6 Arithmetic
and Logic Units (ALUs), 4 multipliers and 1 barrel shifter.
The output register of the FUs and the embedded memories
are accessible by the Controller for reading and writing. (The
embedded memory blocks are treated like any other FU by
the Versat tools.)

FU1FU1 FU2FU2 FU14FU14 FU15FU15

Config Bus

Data Bus

Control Bus

Fig. 2. Data engine.

1) DE Structure: In the DE, the FUs are interconnected by
a wide bus called the Data Bus. The Data Bus is simply the
concatenation of all FU outputs. Each FU output contributes a
32-bit section to the Data Bus, except the embedded memories
that contribute 2 sections with their 2 ports. According to the
number of FUs of each type given before, the Data Bus has
2 × 4 + 6 + 4 + 1 = 19 sections of 32 bits. In addition to
FU outputs, the Data Bus has 2 fixed sections containing the
constants 0 and 1, which have been added because they are
commonly used in datapaths. Each FU input can select any
of these sections and there is also a selection that ignores the
input value so that FU can be used as a Controller shared
register. The FUs take their configurations from the respective
configuration registers in the CM, whose outputs are concate-
nated in another wide bus denoted the Config Bus. There
is a fixed set of high-level operations available in each FU.
For example, an ALU can be configured to perform addition,
subtraction, several logical functions, maximum, minimum,
among others.

In figure 3, it is shown in detail how a particular FU is
connected to the control, data and configuration buses. The
FU, of type ALU, is labeled FU5 and has 2 pipeline stages.
The last pipeline stage, denoted pipeline register 1,
stores the output of the ALU, drives one section of the Data
Bus and can be read or written by the Controller using the
Control Bus (as shown in the figure). This feature enables the
FUs to be used as Controller/DE shared registers. Each FU5
input has a programmable multiplexer to select one of the 19
sections of the Data Bus. Although the Config Bus is shown

going to all FUs, in fact only the configuration bits of each
FU are routed to it. These bits are called the configuration
space of the FU. The configuration space is further divided
in several configuration fields, which are 3 in this example:
the selection of input A (5 bits), the selection of input B (5
bits) and the selection of the function (4 bits). The partial
reconfiguration scheme works at the field level, so it is only
possible to reconfigure these fields individually.

Op AOp A

...

Configure Function

Op BOp B

...

ALUALU

Configure input A

...

...

...

...

FU5

data_bus[0][31:0]

Control BUS
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data_bus[0][31:0]
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Configure input B

Fig. 3. Functional unit detail.

Since any FU can select any FU output as one of its
inputs, then the DE has a full mesh topology. This may seem
exaggerated and unnecessary but this topology accomplishes
2 major goals: (1) an intuitive assembly programmer’s model
is achieved; (2) the compiler design is greatly simplified. In
fact, assembly programmers need not remember or check
what is connected to what since everything is connected to
everything. Hardware datapaths can be manually built using
store instructions that write to the configuration fields of the
used FUs. A compiler can be developed with less effort
as complex place and route algorithms, commonly used in
CGRAs, become unnecessary with a fully connected topology.

Assembly programmability is a powerful feature. It may be
used to optimize critical program sections or to work around
bugs. In fact, hardware bugs, defects or failures may eventually
be circumvented at post-silicon time using assembly code to
avoid using the troubled parts of the architecture. Compiler
problems can also be fixed by replacing the failing high-level
code with assembly code.

In other approaches, such as in [7], a full mesh topology
would be problematic because of the cycle by cycle reconfigu-
ration. It causes frequent switching of the interconnect network
and consequent power dissipation. However, in Versat, recon-
figuration does not happen every clock cycle. The interconnect
consumes very little power since Versat is reconfigured only
after a complete program loop or two levels of nested loops
are executed in the DE. It may also be argued that a full
mesh topology is large and limits the frequency of operation.
However, our Integrated Circuit (IC) implementation results
indicate that only 4.04% of the core area is occupied by the
full mesh interconnect, while the core can work at a maximum
frequency of 170MHz in a 130nm process. This is sufficient
for many target applications. For example, in the multimedia
space, some applications are required to work at an even lower
frequency because of power and energy constraints.
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Each configuration of the DE can implement one or more
hardware datapaths. Multiple datapaths operating in paral-
lel realize Thread-Level Parallelism (TLP). Datapaths hav-
ing identical parallel paths implement Data-Level Parallelism
(DLP). Finally, datapaths having long FU pipelines exploit
Instruction-Level Parallelism (ILP).

In figure 4, three example hardware datapaths are illustrated.
Datapath (a) implements a pipelined vector addition. Despite
the fact that a single ALU is used, ILP is being exploited as the
memory reads, addition operation and memory write are being
executed in parallel for consecutive elements of the vector.
Datapath (b) implements a vectorized version of datapath (a) to
illustrate DLP combined with the ILP. The vectors to be added
spread over memories M0 and M2, so that 2 additions can be
performed in parallel. ILP and DLP can be further exploited
as in datapath (c), whose function is to compute the inner
product of two vectors: four elements are multiplied in parallel
and the results enter an adder tree with an accumulator at the
root. When an ALU is used as an accumulator the unused
data input is used as a control input. As seen in the figure, this
input is kept with the value 0, which specifies the accumulator
function. Any positive value specifies this function while a
negative value specifies that the ALU simply registers the data
input.
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Fig. 4. Data engine datapaths.

2) Address Generation Unit: Versat has 4 dual-port Ran-
dom Access Memories (RAMs) of size 2048 words by 32
bits, which work normally as vector registers. Each port has
an input, an output and an address input equipped with an
Address Generation Unit (AGU), as shown in figure 5. The
AGUs can be programmed to generate an address sequence
for accessing data from the memory port during the execution
of a program loop. Our AGU scheme is similar to the one
described in [14], in the sense that both schemes use parallel
and distributed AGUs. The AGUs support two levels of nested
loops, with the restriction that the inner loop has a maximum
of 32 iterations and the outer loop has a maximum of 2048
iterations. To compute longer loops reconfiguration is needed.
AGUs can start execution with a programmable delay, so
that circuit paths with different accumulated latencies can be
synchronized. Each AGU can be operated independently from
the other AGUs, which allows TLP in the DE.

Datapath (b) in figure 4, previously used to explain DLP,
can also be used to explain TLP as follows. Suppose one
block of vector elements to be added is placed in memory

Dual-Port
Embedded

RAM

Dual-Port
Embedded

RAM

Input A Input B

Output A Output B

AGU
A

AGU
B

Fig. 5. Dual-port embedded memory with AGUs.

M0, and that its address generators M0-A, M0-B and M1-
A are started (Thread 1). In parallel, one can move the next
block to memory M2 and start AGUs M2-A, M2-B and M1-
B (Thread 2). The user program can monitor the completion
of these threads and restart them with new vector blocks. In
this way, vectors that largely exceed the capacity of the DE
memories can be processed in a continuous fashion.

The AGU parameters control the generation of address
sequences and are described in [15]. An example address
sequence is shown in figure 6. Note that the AGU is enabled
with a Delay of 2 clock cycles. It is enabled periodically for
Duty = 3 cycles after every Per = 5 cycles. The initial value
of the sequence is given by Start = 10 (in decimal notation).
Every enabled cycle it is incremented by Incr = 2; in the last
cycle of a period it is incremented by Incr + Shift = −3.
This pattern repeats for Iter iterations, though this parameter
is not illustrated in the figure.

Fig. 6. AGU output for Delay = 2, Per = 5, Duty = 3, Start = 10,
Incr = 2, and Shift = −5.

The embedded memory ports have their own configuration
fields: one for selecting/disabling the input or outputting the
generated sequence (sel) and another for bypassing the AGU
(Ext). If the input is disabled then the port is enabled for
reading. If it is selecting a data source, then it is enabled
for writing but also reads the word previously stored at that
address. Normally an AGU is used for generating an address
sequence for the memory port. However, the port can also
be configured to output the generated sequence to the DE,
where it can be used for general purposes. With this feature,
data patterns, synchronization and control signals can be
generated for the FUs. The configuration for bypassing the
AGU (Ext = 1) enables the port to use as address values
computed by datapath. In this case the port address is input
by the other port of the same memory. This feature provides
Versat with the capability of working with pointers.

In summary, the two memory ports can be independently
configured to read and/or write the memory, each memory
port can be read/written with an address sequence computed
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by the AGU or by some datapath in the DE, and a memory
configured for writing also reads the previously stored word
from the same address with one clock cycle of latency.

3) Arithmetic and Logic Unit: There are two types of
Arithmetic and Logic Units (ALUs), denoted Type I and Type
II: 2 Type I and 4 Type II. Both types have two inputs, A
and B, and an output Y. The ALUs have 4 configuration
bits for the operation field and thus can support 16 different
operations [15].

Type II ALUs use one of the configuration bits to create an
internal feedback loop from the output to input A. With the
other 3 bits, Type II ALUs can support 8 operations. If the
feedback bit is set to ’0’, these operations are the same as for
Type I ALUs. If the feedback bit is set to ’1’, the operation has
input B and the current output as operands. In this case, input
A becomes available for runtime control of the ALU, which
is used for implementing conditional statements in operations
ADD, SUB, MUX, MIN and MAX. For instance, the addition
operation (ADD) can be turned into a conditional accumulate
operation: the ALU accumulates the values coming to input B,
if input A is not negative or simply registers input B otherwise.
In another example, the signed minimum operation can be used
to detect and register the minimum value among only certain
elements of a sequence coming to input B, by using input A
as a data qualifier. Often, an AGU is used to generate control
sequences for the control input A of an ALU. The type II ALU
is an original way to enable conditional execution in the DE.

4) Multiplier and Barrel Shifter: The multiplier produces
a 64-bit result from two 32-bit operands and has two config-
uration parameters. One parameter allows selecting the lower
or higher 32 bits of the result. The other parameter forces the
multiply result to be left shifted by 1 bit. This configuration
is useful when operands are in the Q1.31 fixed-point format,
which is used in many DSP algorithms. By setting the first
parameter to select the high part of the result and the second
parameter to left shift it by 1, the multiplication of two Q1.31
operands also yields a Q1.31 result.

The barrel shifter can perform left and right shifts. Right
shifts can be configured as logical (no sign extension, feed ’0’
to the left) or arithmetic (with sign extension). One configu-
ration parameter determines the shift direction (left or right)
and another parameter sets the right shift type (arithmetic or
logic). In one input of the barrel shifter is the value to be
shifted and in the other input is the shift size (0 to 31).

5) Functional Unit Latencies: Each FU has a latency due to
pipelining: 2 clock cycles for the ALUs, 3 for the multipliers
and 1 for the barrel shifter and embedded memories. When
configuring a datapath in the DE, it is necessary to take into
account the latency of each branch, and compensate for any
mismatches when branches with different latencies converge.
To do this, the AGUs have the Delay parameter explained
in [15]. The branch latency is the sum of its FU latencies.

6) Data Engine Control: The DE is controlled using its
Control and Status registers. The Control register structure is
the following: bit 0 (init) resets the selected memory ports
and bit 1 (run) enables the selected ports, resets the selected
FUs and starts the DE; bits 2 - 20 select the memory ports
and FUs to reset or enable. Recall there are 8 memory ports

and 11 other FUs in a total of 19 FUs to control. The Status
register structure is the following: bits 0 - 7 indicate which
AGUs are running (logic ’0’) or idle (logic ’1’).

B. Configuration Module
The Configuration Module (CM) is composed of a Configu-

ration Register File used to prepare the next configuration, the
Configuration Shadow Register which holds the configuration
being executed by the DE, and the Configuration Memory
where frequently used configurations are stored (figure 7).
Configurations stored in the configuration memory can later
be used without modifications or they can be partially recon-
figured before used.

The configuration register file is divided in configuration
spaces which in turn are divided in configuration fields.
Different configuration spaces differ on the number of fields
and configuration fields differ on the number of bits. A full
DE configuration is 672 bits. The configuration register file
is addressable at the configuration field level and there are
118 configuration fields. This feature takes advantage of the
fact that in most applications there is a high likelihood that
a certain configuration or a similar one will be reused (time
locality) to make partial reconfiguration effective.

The configuration shadow register holds an active configura-
tion word for the DE, which is copied from the configuration
register file whenever the Update signal is asserted by the
Controller. Thus, the contents of the configuration register file
can be changed while the configuration shadow register keeps
the DE configured and running.
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Fig. 7. Configuration Module.

The configuration memory is a dual-port 64-position mem-
ory, where each position can store a full configuration and
is, hence, 672 bits wide. Configurations can be loaded/stored
from/to the configuration register file in just 1 clock cycle
using one the memory ports. The other port is 32-bit wide and
used to load and store configurations in the external memory
using the DMA. This way, the configuration memory can
be extended beyond the 64 configurations. This scheme is
designed so that one can study the difference between working
with pre-built configurations stored in external memory and
generating configurations using the Versat controller.
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C. Controller

The Versat Controller has a minimal architecture (figure 8)
to support reconfiguration, data movement, algorithm control
and host interaction. It contains 3 main registers: the Program
Counter (PC), the Accumulator Register (RA) and the Address
Register (RB). The PC contains the address of the next
instruction as usual. Register RA is the destination of all
operations that the controller performs, and is also often one
of the operands (accumulator architecture). Register RB is
addressable by the Controller and is used to store addresses
for implementing indirect loads and stores.
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Fig. 8. Controller.

The controller has an instruction set of only 16 instructions
(opcode of 4 bits and Immediate value of 16 bits) [15].
These allow the controller to perform the following actions:
loads/stores to/from the accumulator, arithmetic/logic opera-
tions and branches. There are three types of load instructions:
of immediate constants, direct (from an immediate address)
and indirect from an address stored in register RB. Store
instructions can be direct or indirect.

In order to reduce the critical path and increase the clock
frequency, a pipeline register has been added between the
instruction memory and the instruction decoder. The controller
then takes 2 clock cycles to fetch an instruction, one from
the memory itself and the other from the instruction register
shown in figure 8. For simplicity, it executes every instruction
fetched and thus branch instructions have 2 delay slots. The
delay slots can be filled with useful instructions or with no
operation (NOP) instructions. For instance, in a for loop, the
delay slots can be used to increment the iteration count.

The boot loader software handles host procedure calls. The
host writes the procedure parameters to the CRF and writes the
program address to R0 which triggers a jump to the program
address. During the execution of a typical program, the DMA
and the DE are used multiple times. DMA and DE threads
are spawned, hiding part of the controller execution time,
as shown later. This architecture allows programs to execute
precise time delays using a for loop with a variable number
of instructions in its body. These instructions may be useful
ones (reconfiguration instructions, for instance) or just NOP
instructions.

D. DMA

One of the crucial factors to guarantee acceleration is the
rapidity at which data is moved in and out of Versat. Accessing
data words from the external memory using load instructions
is out of the question. Data must be moved in large blocks

using a DMA engine to amortize the latency of the external
memory device. The DMA engine is operated by the Versat
controller and transfers a data burst from external memory
into one of the Versat’s memories (instruction, configuration,
or data engine memory) or vice versa.

From a Versat program point of view, the DMA is memory
mapped and the following DMA registers can be accessed:
the external address register, the internal address register, the
size register, the direction register, the status register and
the start register. All registers, except the status register, are
duplicated allowing the configuration of a new transaction
while a previous one is running. The external address register
holds the transfer start address in the external memory (32
bits), and the internal address register holds the transfer start
address in Versat (14 bits written to a 32-bit register). The
size register (8 bits) specifies the number of words to be
transferred (256 words maximum, as per the AXI4 interface).
The direction register indicates if the transfer is from Versat to
external memory or vice-versa. After these registers have been
configured, the program writes anything to the start register
and the transfer begins. The contents of the status register
tells the program whether the DMA is still busy, done or if an
error has occurred.

E. Program memory

The Program Memory is divided in two parts: the boot ROM
(256x32, 1kB) and the instruction memory RAM (2048x32,
8kB). They are addressable as a single memory: the first 256
addresses are used to address the boot ROM, while the others
are used to address the instruction memory.

The boot ROM holds the code that allows Versat to
communicate with the host processor. Basically, it is used
for the host to call Versat kernels and to load/store values
in any addressable memory position within Versat without
using the DMA. This includes loading programs issuing store
instructions to the Program Memory. However, the Program
Memory can not be read with load instructions. Its contents
can only be executed.

F. Control Register File

The 16x32 Control Register File (CRF) is implemented with
a dual-port register file (one port for the host and another for
Versat). These registers are shared between the host processor
and Versat, which are allowed to asynchronously read or write
them.

III. PROGRAMMING

Versat can be programmed using a C/C++ subset, and the
code can be compiled using the Versat compiler [13]. Versat
can also be programmed in assembly language, given its easy
to apprehend structure. To the best of our knowledge, Versat
is the only CGRA that can be programmed in assembly.

The user also needs a driver for the host system in order to
be able to call Versat procedures. The driver consists of only a
few functions for managing Versat. The driver and a program
that uses is are explained in detail in [15]. The reduced number
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of functions present in the driver makes Versat very easy
to use by host processors. This is mainly because Versat
is independent, can reconfigure itself, access data from the
external memory and run simple control algorithms. However,
Versat needs to be programmed separately.

IV. RESULTS

In this section, experimental results for the Versat archi-
tecture are presented and discussed. First, the implementation
results for Versat in ASIC technology are presented. Then,
performance and energy consumption results, both for simple
and more complex computational kernels, are given.

A. ASIC implementation results

Versat has been designed using a UMC 130nm process.
Here, Versat is compared with a state-of the-art embedded
processor (ARM Cortex A9) and two other CGRA imple-
mentations (Morphosys [8] and ADRES [7]). The cores are
compared in terms of silicon area (Area in mm2), embedded
memory (RAM in kB), frequency of operation (Freq. in MHz)
and power consumption (Power in mW). The Versat frequency
and power results have been obtained using the Cadence IC
design tools, and the node activity rate extracted from simulat-
ing an FFT kernel. Because the different designs use different
technology nodes, in order to facilitate the comparisons, the
results are scaled to the 40nm technology node and presented
in Table I. The scaling is performed as explained in [16].

Core Area RAM Freq. Power
ARM Cortex A9 [17] 4.6 65.54 800 500
Morphosys [8] 2.19 6.14 875 800
ADRES [7] 0.79 65.54 675 40
Versat 0.49 46.34 553 41

TABLE I
ASIC IMPLEMENTATION RESULTS SCALED TO 40nm.

The results show that Versat is the smallest core, and
compared with the ARM processor it is 9× smaller. The
ADRES architecture is about twice the size of Versat and
Morphosys is much larger, about half the size of the ARM
processor. These differences can be explained by the different
capabilities of these cores. While Versat has a 16-instruction
controller and 11 FUs (excluding the memory units), ADRES
has a VLIW processor and a 4x4 FU array, and Morphosys
has a RISC processor and an 8x8 FU array.

In terms of embedded memory, Versat uses somewhat less
memory than the ARM Cortex A9 or ADRES cores, but
its memory size (46kB) can be considered typical for an
embedded processor. Morphosys uses a lot less memory, as
it is designed to focus more on processing power and less on
storage capabilities.

The ARM core operation frequency can be considered low
as this is a power optimized version. Other versions of this core
operating at higher frequencies exist, but the area footprint is
larger and the power consumption is higher. Those versions
are optimized for performance rather than power. Among the
three CGRAs, Versat is the least optimized in terms of the
working frequency. In fact, not too much effort has been

put into achieving timing closure for a higher frequency.
Notwithstanding, after analyzing the critical paths, it became
clear that there is plenty of room for optimization, so its
frequency can be considered comparable to the other CGRAs.

As far as power is concerned, Morphosys consumes more
than the ARM core. Again, this is the result of focusing in
performance with a large array of FUs. The ADRES architec-
ture seems well optimized for power, in spite of its cycle by
cycle and progressive reconfiguration scheme. However, the
acceleration that can be achieved with ADRES is not clearly
documented in its publications [7]. Versat consumes about the
same power as the ADRES core, but there is also room for
improvement, given the little effort spent so far in low-level
power optimization.

B. Execution results

In this subsection, Versat is compared with a state-of the-
art embedded processor in terms of performance and energy
comsumption by running a set of example kernels on Versat
and on the embedded processor. The results are divided in
two parts: simple and complex kernels. In the simple kernels
part, all tests operate on vector sizes of 1024, while in the
complex kernels part, larger data sets are used. All data is in
32-bit fixed-point format. A hardware timer has been used to
measure the time in elapsed clock cycles.

In order to assess the performance of the Versat architecture,
the Zybo Zynq-7000 ARM/FPGA SoC development board,
featuring a Xilinx Zynq 7010 FPGA and a dual-core embedded
ARM Cortex A9 system, has been used. Versat is connected
as a peripheral to the ARM system using its AXI4 slave
interface. The ARM system comprises a memory controller
for accessing an external DDR3 module. Versat can also
access this memory controller by connecting its AXI4 master
interface to an appropriate AXI4 slave interface on the ARM
system. The Zybo development board has been used only to
measure the number of clock cycles for executing each kernel.
The speedup was estimated using the following equation:

Speedup =
tARM × fV ersat

tV ersat × fARM
, (1)

where tARM and tV ersat are the execution cycle count for the
ARM and Versat, repectively, and fARM and fV ersat are their
clock frequency in the 40nm process, according to table I.
The energy ratio was estimated by multiplying their execution
time by their respective power consumption figure also given
in table I:

Energy Ratio =
PARM

PV ersat
× Speedup. (2)

1) Performance and energy consumption results for simple
kernels: Results for the set of simple kernels are summarized
in Table II. These kernels use a single Versat configuration (no
reconfiguration or reuse of data already in the accelerator),
in order to get base values for performance and energy
consumption. In the next subsubsection, it will be shown that
with massive reconfigurations and data reuse, performance and
energy use improve significantly.
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The results compare the performance of the Versat core with
the performance of the ARM Cortex A9 core. The kernels are
the following: vadd is a vector addition, iir1 and iir2
are 1st and 2nd order IIR filters and cdp is a dot (inner)
product of two complex vectors. All kernels operate on Q1.31
fixed-point data with vector sizes of 1024.

For both systems, the program has been placed in on-chip
memory and the data in the external DDR3 memory device.
The ARM column denotes the execution cycle count for the
ARM core. The Versat column gives the total cycle count for
the Versat core, including data transfer, processing, control
and reconfiguration. The Control column gives the unhidden
control and reconfiguration cycles, that is, the number of these
cycles that do not occur in parallel with the execution of
the DE or DMA. The number of FUs used (column #FUs)
and the code size in bytes (column Code) are also given
for each kernel. The speedup and energy ratio have been
obtained assuming the ARM and the Versat cores are running
at the frequencies and power figures given in Table I for the
40nm technology node (equations 1 and 2). The speedup
(column SU) is the ARM/Versat ratio of execution times.
(The execution time is given by the cycle count divided by
the frequency of operation.) The energy ratio (column ER)
is the energy spent by the ARM processor divided by the
energy spent by the Versat core. The consumed energy is
given by the execution time multiplied by the respective power
consumption figure.

Kernel ARM Versat Control #FUs Code SU ER
vadd 14726 4517 36 4 152 2.25 27.44
iir1 18890 7487 26 5 220 1.74 21.22
iir2 24488 10567 26 11 332 1.60 19.51
cdp 25024 6673 26 14 408 2.59 31.59

TABLE II
SIMPLE KERNEL RESULTS.

From these results the main conclusion is that while the
achievable speedups are modest, the energy gains are very
significant for these single configuration kernels. This makes
Versat a very attractive accelerator for high performance
battery operated devices. The only requisite is that the vectors
are long enough to justify the transfer of data in and/or
out of Versat. Although not shown by the above results, the
data transfer time dominates. For example, the vadd kernel
processing time is only 1090 cycles and the remaining 3427
cycles account for data transfer and control.

The number of FUs used is low for the vadd and iir1
kernels. The vadd kernel could perform multiple additions in
parallel but it is not necessary as a single ALU is enough to
hide the data transfer time if streaming the vectors. If the data
were already in the DE then multiple ALUs in parallel would
accelerate the processing time. The iir2 and cdp kernels
use more FUs as they require more computations per vector
element.

The Control number of cycles is low for all examples, which
shows that the configuration of the DE can be accomplished
almost completely while the DMA is running. Configuration
can also be done while the DE is running, as will be shown

in the next subsubsection where runtime reconfiguration is
considered. In any case, the configuration overhead is low.

Given the simplicity of the examples, their code size, in
the order of hundreds of bytes, is small. Many of these
simple kernels can be placed in the 8kB program memory
and invoked when necessary.

2) Performance and energy consumption results for com-
plex kernels: In this subsubsection, three more complex
kernels, that demand self and partial reconfiguration, are
presented. The number of reconfigurations is high and the
kernels operate for a long time on the data fetched from
the external memory and/or produced by themselves. In these
examples the data transfer time is less significant. The chosen
examples are the following (see [15]):

• 1D-Convolution (conv-1D): very popular in applications
such as Convolutional Neural Networks;

• Fast Fourier Transform (FFT): very common in digital
signal processing;

• K-Means Clustering algorithm (K-Means): widely used
in Big Data applications.

These examples are parameterizable and the parameters are
passed by the host processor using the CRF. The algorithm
that runs on Versat processes the parameters and generates
configurations accordingly. This would be hard to achieve
with statically compiled configurations and demonstrates the
strength of self-generated configurations. Partial reconfigura-
tions are equally important since they reduce considerably the
reconfiguration time.

Results for 3 particular instances of the conv-1D, FFT and
K-Means algorithms are detailed in Table III. The conv-1D
result was obtained by running the kernel on a dataset of
106 points applying 1-D convolution on a 256-point sliding
window. The FFT result pertains a 16384-point window size
with a 50% overlap over a dataset of 106 complex points.
The K-Means result has been obtained for one iteration over a
dataset of 1.36×106 points of 30 dimensions and 34 centroids.

Kernel ARM Versat #FUs Code SU ER
conv-1D 2.26G 104.51M 13 668 14.95 182.32
FFT 1.28G 34.50M 12 3492 25.65 312.80
K-Means 9.02G 1.64G 12.5 2764 3.8 46.28

TABLE III
COMPLEX KERNEL RESULTS.

These results show that the speedup and energy efficiency
improve with the complexity of the kernels when compared
to the simpler kernels in the previous subsubsection. This
has to do with the number of operations done in parallel
in the DE, but also with the number of DE configurations
that can be executed without fetching or saving new data
in the external memory. The K-Means algorithm fetches a
new datapoint chunk and applies 2 DE configurations: one
for performing datapoint classification and the other to update
the centroid positions. As for the FFT and conv-1D, after
fetching a datapoint chunk, several configurations are applied
corresponding to the several FFT stages, in case of the FFT
and a window computation, in case of conv-1D. The datapaths
for these kernels also expose a higher ILP and DLP in its
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computations. Hence, the speedup and energy efficiency of
the FFT and conv-1D are much higher when compared to the
K-Means algorithm. All these algorithms illustrate the power
of using the Versat CGRA compared to the ARM processor.

In the conv-1D kernel, the only parameterizable parameter
is the window size. Versat/ARM speedup results are shown in
figure 9. The window size is varied from 32 to 1024 and is
increased by powers of 2. All datapoints, from the first data
chunk, are multiplied by the sliding window coefficients and
accumulated. Then Versat reconfigures itself to advance to the
next window and the process repeats until the window is slid
over all datapoints.
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Fig. 9. Conv-1D: speedup vs. window size.

As the sliding window size increases, the ARM core can
better hide the time needed to store the computed values while
the Versat core keeps its execution time linear on the window
size. This causes a slight speedup drop, from 16.3 to 15.2, as
shown in the figure. Due to the small size of the data chunks,
the size of the internal memories is adequate for both cores.

The FFT kernel can be parameterized with the following
parameters: the number of datapoints, window size (must
be a power of 2) and window overlap size. The algorithm
computes the FFT successively, for the points in the sliding
window, advancing the window for a number of points given
by the window size minus the overlap size. In figure 10, the
Versat/ARM speedup is shown as a function of the window
size for 1 million datapoints and a half window (50%) overlap.
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Fig. 10. FFT: speedup vs. window size.

Initially, as the sliding window size reaches the capacity
of the Versat memories, the speedup drops, while the ARM
core uses its data cache and pre-fetch mechanism to sustain its
performance. However, as the window size further increases,
the ARM core reaches its own internal memory limitations for
streaming data, and the speedup increases steadily again after
that.

The parameters that can be passed to the K-Means Cluster-
ing kernel are the following: the number of datapoints, number
of dimensions and number of centroids. In figure 11, it is
shown how the time for one iteration varies with the number
of datapoints for a fixed number of dimensions and centroids.
The results are given for both cores using logarithmic scales.
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Fig. 11. K-Means: iteration time vs. number of datapoints, for 30 dimensions
and 34 centroids.

These results show that for both systems the execution time
scales linearly with the number of datapoints. The Versat/ARM
average speedup is 3.8, taking into account the number of
clock cycles and the working frequencies of the cores (Ta-
ble I). Despite the modest speedup achieved in the K-Means
Clustering algorithm, a considerable amount of energy can be
saved.

Each point requires the DE to be reconfigured twice to
apply the Assignment and Update steps. Since this algorithm
is applied to millions of points then Versat is reconfigured
millions of times at runtime. There is no reconfiguration
overhead, as all reconfigurations are done while the DE or
DMA is running.

3) Generated versus stored configurations: To show that
using self-generated configurations has advantage compared
to storing all configurations in the external memory, consider
the K-Means Clustering kernel for instance.

This algorithm is especially useful when applied to large
data sets. In the implementation above it has been chosen to
apply it to millions of datapoints. Since for this algorithm
Versat self-reconfigures for each point, then millions of con-
figurations are needed. Since one configuration uses 672 bits
then 672Mbits are needed only for configurations, much more
than needed to store the program itself which generates the
configurations.

For algorithms that require a number of configurations tied
to the dataset size, pre-compiling and storing all configura-
tions becomes simply not practical. Even for the FFT kernel
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that only requires 43 configurations, it can be proved that
the self-generated version is marginally more efficient and
has smaller memory footprint than the stored configurations
version. Therefore, self-generated configurations is a good
technique for CGRAs.

V. CONCLUSION

In this paper we have described a new Coarse Grained
Reconfigurable Array (CGRA) architecture, named Versat, and
we have compared it with some other CGRA architectures.
The main difference is that Versat uses self-generated and
partial reconfiguration. These configurations are generated by
an internal controller. The controller also takes care of data
transfers to/from the external memory and simple algorithmic
control. This allows Versat to independently run complex
kernels such as the FFT and K-Means Clustering kernels.

Versat is a minimal fixed-point CGRA with 4 dual-port
embedded memories, 11 FUs, and a basic 16-instruction con-
troller. Compared with other CGRAs with larger arrays, Versat
requires a more sophisticated reconfiguration mechanism: the
Versat controller can generate partial configurations and writes
them field by field to a fully addressable configuration register
file. The controller is also in charge of data transfers and basic
algorithmic flows. This new architecture has several novel
features: (1) one address generation unit per memory port,
tightly coupled to it; (2) pointer support as values computed
in the data engine can be used as memory addresses; (3) the
address sequences produced by the address generators can be
output and used in the data engine for any other purposes (data
generators); (4) the ALUs support conditional and cumulative
functions such as the accumulate and minimum functions,
computed only if a condition is true. Feature (3) is especially
useful for generating synchronization signals for the functional
units in the data engine and feature (4) enables the execution
of loops that contain if statements in their bodies.

Versat can be programmed in two different ways: in assem-
bly language and using a C/C++ subset. To the best of our
knowledge, Versat is the only CGRA architecture that can be
programmed in assembly language. Assembling programma-
bility provides ultimate control over all architecture details
and is invaluable in software optimization, debug and system
repair. Versat is designed to be a programmable alternative to
dedicated hardware accelerators, eliminating the risk of design
errors. A software driver for host processors to use Versat has
been developed.

Versat is 9.4× smaller than an ARM Cortex A9 processor
and can achieve a 553MHz clock frequency, while the ARM
core can run at 800MHz in the same 40nm technology node.
Performance results on running an FFT kernel show that the
Versat core can be 18× faster and 220× more energy efficient
than the embedded processor. Running a K-Means Clustering
kernel, it is 3.8× faster and consumes 46.3× less energy. It
should be clear from these numbers that GPUs and FPGAs
cannot compete in this arena, and that the presented solution
is useful in applications where cost and energy consumption
are crucial.
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