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Abstract—In  the process of designing adaptive wireless
communication systems, the design cycle traditionally requires
re-entering a design at various abstraction levels, constraining
the implementation choices and increasing time-fo-market. An
approach to use a unified design description for algerithm
verification and architecture exploration is presented. The
proposed graphical block-based design entry and re-targetable
design flow provide the ability to track technology features in the
process of architecture selection. Using this appreach, word
length optimization, register retiming, and data-stream
interleaving are applied te square-root algorithm to reduce
power and area. The flow is demonstrated on a complex multi-
antenna signal processing. An example of Sobel edge detection
illustrates the integration of IP macros and hardware emutation.

Index Terms—Integrated circuit design, circuit synthesis, design
methodology, architecture, adaptive signal processing, square-
rooting, matrix decomposition.

I. INTRODUCTION

This paper proposes a system design methodology that
improves communication between algorithm developers and
hardware designers, with the goal of reducing design time,
while encouraging design improvements.  Traditionally,
algorithm designers often work with Matlab or C to validate
their ideas, without feedback about the practical feasibility of
a system. Chip designers then make a best effort to re-enter
the design using Hardware Description Languages (HDLs),
often fundamentally changing the algorithm. The result must
then be validated by the algorithm designer, leading to
multiple re~coding and verification of the design, significantly
increasing the development cycle.

==-The work-by-Davis et: al: [1] demonstrated the feasibility of
Matlab/Simulink [2] as the design environment for dedicated
signal processing systems. The authors of [1] proposed a
corresponding  automated hierarchical ASIC  synthesis
methodology.,  This approach was augmented by FPGA
emulation capability within the same framework {3]. An
algorithm-to-architeciure  optimization methodology for
reduced power and area was later integrated within the flow
and used in [4]. This paper is an overview of the current
design flow.

II. SIMULINK-BASED DESIGN FLOW

A unified Matlab/Simulink design environment, which is
widely adopted by the algorithm designers, is proposed for
hardware design. Using this approach, a design needs to be
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entered only once. The environment enables both algorithm
verification and hardware emulation, and also provides an
abstract view of the design architecture. Finally, it allows
FPGA-based ASIC testing [4], again using the same input
description.

The design methodology is based on a Simulink hardware
library block-set, which has readily available basic arithmetic
operators such as add, multiply, shift, mux, register, and so on.
These blocks have a notion of hardware parameters such as
word length and latency, which are used for initial hardware
emulation on an FPGA based platform [5, 6]. This block-
based representation of an algorithm is an abstraction well-
suited for architectural exploration.

Once bit-true and cycle-accurate behavior is described at
the Simulink level, behavioral HDL is produced which allows
algorithm mapping onto an FPGA for hardware emulation.
The same description is also used for ASIC implementation,
as shown in Fig. 1. The ASIC flow takes block connectivity
from Simulink and generates the ASIC HDL for the blocks,
using an in-house tool [3]. The tool also runs an initial
synthesis and HDL simulation to verify functional equivalency
between the two hardware descriptions. Mapped HDL can
then be synthesized into a GDSI format using a foundry-
provided backend synthesis tool flow.

With some architectural feedback from the underlying
technology such as speed, power, and area of the building
blocks, the architecture can be optimized in Simulink. With
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Fig. 1. Simulink-based design flow.



proper block characterization, no additional iterations through
the design flow are needed. Using the flow shown in Fig, 1, it
is straightforward to map a fixed architecture to a target
technology. Leveraging this flow, architectural trade-offs can
then be explored, allowing the designer to minimize power
and area for a given technology, for a specified throughput
constraint for an algorithm.,

A.  Block Characterization Methodology

The Simulink hardware library Implicitly carries
information only about latency and word length, with a sample
period chosen when the design is mapped to an FPGA, For
the ASIC flow, block characterization must be extended to
include technology features such as speed, power, and area.
The technology parameters often change with the scaling of
technology, so a general and rapid methodology for block
characterization is needed. The results are propagated to
Simulink to provide needed information during the process of
architecture selection.

A design-specific block characterization method is adopted
for reduced complexity. Each new technology can be
characterized for speed by performing transistor-level
simulations of a simple fanout-of-four (FO4) inverter, and
inferring the performance of other blocks based on these
results. The goal is to obtain first-order estimates of the
energy versus delay tradeoff, relative to a reference point,
which is a design operating at the reference supply voltage
Voo™ for the selected technology and operating condition.
The shape of this curve is then used to estimate cycle time and
energy scaling of pipeline stages for ‘building blocks, as
indicated in Fig. 2.

Once the basic energy-delay tradeoff for a pipeline stage is
documented, the next step is to characterize building blocks in
the latency versus cycle-time space, as indicated in Fig. 2.
The goal is to assign a proper amount of pipelining to each
block such that logic depth of all pipelines is batanced. Then,
supply voltage scaling and gate sizing can be equally applied
to the underlying pipelines to further optimize the design.
Since the characterization is carried out at a fixed Vpp™ for a
standard-cell based implementation, circuit-level results are
used to extrapolate the desired cycle time to Vpp™ in order to
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area, which will be described next, is performed under a
throughput constraint for an algorithm.

B, Architecture Transformations

The results obtained from block characterization are used to
guide architectural selection for an algorithm as illustrated in
Fig. 3. This plot shows the energy-delay tradeoff for a simple
pipeline stage, which is a fundamental component in any
design. The goal is to move toward the desired point on the
energy-delay line while minimizing the area of the resulting
implementation.

Parallelism and pipelining relax timing constraints to reduce
energy through voltage scaling at the expense of increased
area, The area penalty for selecting a parallel architecture is
larger than that resulting from a pipelined architecture. Time-
multiplexing does the opposite: datapath logic has to operate
faster to reduce area at the expense of increased energy. The
energy increase comes from increased Vpp or upsizing of the
gates. Finally, interleaving and folding [7], which involve
simultaneous pipelining and up-sampling, map back to
approximately the same point on the energy-delay line while
reducing the area through pipeline logic sharing.

C.  Ferification

The final phase of the destgn flow is verification. Simulink
is used in the entire design cycle: design entry, architecture
optimization, and final ASIC verification.

The verification strategy is illustrated in Fig. 4. Behavioral
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Simulink, and the design is programmed onto the FPGA,
which not only provides input stimulus for the ASIC, but also
records and analyzes output samples in real-time.
Furthermore, input vectors can be programmed into the FPGA
through a serial interface communicating with Matlab on a
host processor., The outputs of both the FPGA and the ASIC
can be conveniently stored in block-RAM memeories on the
FPGA, and read within the controlling Matlab environment.

III. FEATURES OF THE FLOW

In many designs, the basic library blocks may not be
adequate for describing a complete system. The design flow
avoids library limitations by supporting the integration of IP
components for design rewse, and hierarchical synthesis for
improved productivity.

A Integration of IP Components

IP components can be embedded into a design as black-
boxes. Each black-box has an HDL wrapper that makes the
foundry IP look like any other library block. This is shown in
Fig. 5 for the example of SRAM IP represented as black-box.
The black-box primitive reads the HDL to automatically
create a component. Using this approach, the IP components
can be simulated together with the existing blocks, and also
fully synthesized.

Figure 5 illustrates a Simulink diagram of an SRAM-based

delay line. For this example, a foundry-generated SRAM
block is combined with ~control “logic fo implement a”

parameterizable delay line.

B. Hierarchical Synthesis

If a complex block, such as the SRAM-based delay line
described previously, is reused many times in a given design,
the HDL can be reused. Afier generating the HDL for one
occurrence of a design, a black-box primitive referencing the
generated HDL is created, and the resulting primitive can be
replicated efficiently in other designs.

Hierarchical synthesis is illustrated in Fig. 6, where the
sram_delay block in the top diagram represents the design
from Fig. 5. This block is then treated as a black-box
primitive with pre-complied HDL, as shown in the bottom
diagram. Both HDL generation and synthesis tools can be run
bottom-up to reduce design synthesis time.
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IV. FLOW WALKTHROUGH: ITERATIVE 1/SQRT EXAMPLE

The Simulink design flow is illustrated on an iterative
inverse square root algorithm [8], which is based on the
Newton-Rhapson method. In this example, it is assumed that
the algorithm processes multiple interleaved streams of data.

The designer starts by entering the algorithm in graphical
form in Simulink. The formula describing the algorithm
shown in Fig. 7 states that solution x, (k) converges to
1/sqri(Z) when & goes to infinity. Multiply and add operations
are indicated with the m and a blocks, respectively. The
divide by two is realized using the shift operation performed
by block s. Balancing delays b, and b, are required to support
multiple incoming data streams. Parameters m, a, u, 8y, by, 5
also represent the latency of corresponding blecks. The
parameters are resolved after word length optimization.

A, Word length Optimization

Word length reduction is the first step in taking a
functionally validated algorithm to an area-efficient hardware
implementation. This step is carried out using an in-house
tool-for-floating-to-fixed point.conversion (FFC) [9]:-:An FFC
block is inserted at the node of interest, as shown in Fig. 7, to
specify the mean-square error (MSE) due to quarnitization. The
tool does range detection to find integer bits and applies
perturbation theory to resolve fractional bits. The overall goal

X (k+1} = x, (K} 2-(3-Z -x A{k))

e

Fig. 7. Simulink entry of 1/sqrt(} formula,
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Fig. 8. DFG of 1/5qnt() formula.
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is to minimize hardware area subject to user-specified MSE
criterion. The cost of hardware area is quantified in terms of
FPGA resources (slices, LUTs, registers etc.), because the
Simulink hardware library is already characterized for FPGA
targets. The FPGA resource utilization strongly correlates
with an equivalent ASIC gate complexity.

Word length optimization is based on a simulation-based
input-data-dependent approach. For large systems requiring
long simulation times, guard bits can be inserted. Optimal
word lengths for the 1/sqrt(} algorithm, based on a sine wave
input covering a full data range, are shown in Fig. 7.

B.  Block Characterization

After the word lengths have been determined, a mixed-
mode simulation is performed to compare the fixed and
floating point outputs. Following that, blocks with pre-
determined word length are characterized in the latency versus
cycle time space as discussed in Section I and illustrated in
Fig. 2. The characterization results are derived from a full
physical synthesis for each block. Given a small variation in
multiplier word lengths, characterization of a 16-bit multiplier
was sufficient for the 1/sqrt() example.

C. Loop Retiming

Characterization results are also carried over to loop
retiming. The procedure first assigns latency to building
blocks in Simulink using the data-flow graph (DFG)
representation of an algorithm. The DFG for the 1/sqrt(}
algorithm is shown in Fig. 8. Based on the DFG, the
following loop constraints are formulated:

Loop Ly mtu+s+b=N
Loop Ly Im+atutb=N

O

that no registers are pushed around the foops. The retiming
problem is therefore reduced to retiming of simple feed-
forward blocks followed by an incremental compile at the top
level. The design is finally carried through the physical
synthesis steps to obtain final estimates for power and area:
0.18mW and 0.07mm® in 90nm CMOS yielding a
0.5GOPS/mW of power efficiency {op is defined as a 12-bit

add equivalent operation).

IV. DESIGN EXAMPLES

More examples are presented to highlight various features
of the flow including hierarchical synthesis, integration of IP
macros, and FPGA emulation.

A MIMO Signal Processing: Hierarchical Retiming

The first example is a multidimensional signal processing
algorithm for decoupling of multi-input mutlti-output (MIMO)
wireless channels [4, 10]. This example hierarchically extends
the loop retiming procedure over l/sqrt() example from
Section [1I. The DFG for the algorithm is illustrated in Fig. 8§,
where 1/sqrt() and div blocks indicate iterative computations
from the previous level of hierarchy, level 1. At hierarchy
level 2, new loop constraints are included in addition to the
loop constraints from level 1, to formulate the top-level
problem. The loops going over div" and sqrt™ blocks take
into account /O latency of the underlying blocks.

A 4x4 MIMO algorithm that operates over 16 sub-carriers
is realized in an ASIC [4]. The ASIC is optimized for 0.4V
achieving 2GOPS/mW (12-bit add equivalent). The resulting
Vpp differs from that for 1/sqrt(} due te additional top-level
constraints on 1/sqrt(). The resulting energy-delay sensitivity
for in this design is 0.8.

B.  Sobel Edge Detector: IP Macros and FPGA Emulation

The second example, Sobel edge detection algorithm, is
used to illustrate FPGA emulation capabilities. The edge
detection is implemented in Simulink as shown in Fig. 9.
Upon converting an RGB input stream to intensity Y, two row

where m, a, u, s are the latency of the multiplier, adder, mux,
and shifter, respectively; b, and b, are balancing registers; and
N is the number of parallel data streams. In this case, N =64
and target clock rate fo, = 64MHz. Vpp needs to be reduced
to maximize energy-efficiency, so the largest values of m, u, a
that satisfy Eq. (a) are selected. In this example, m =8, a =2,
u =5 = I, resulting in a Vpp™ = (.6V. This operating point
corresponds to energy-delay sensitivity [11] of 1.2 for a
pipeline stage, resulting in a good energy-delay tradeoff. In
case the resulting sensitivity was too small yielding small
returns in energy for large increase in delay, time-multiplexing
of the underfying blocks would have been used in order to
reduce the area.

After fixing the latency of building blocks, register retiming
of the building blocks is subsequently performed during the
logic synthesis step. The latency assignment method ensures
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Fig. 8. DFG of eigen-mode decomposition.



V. CONCLUSION

Graphical block-based design entry restores the missing link
between algorithm and circuit designers. It enables a single
design entry, architecture optimization, and final hardware
verification within Matlab/Simulink environment, which is
widely adopted by the algorithmic designers.

Re-targetable flow enables tracking of technology features

Edges extracte
from source video

Src deo th
overlapped edges

Fig. 10, FPGA emulation of Sobel edge detection algorithm.

filters based on SRAM IP are used for 3x3 convolutions.
Absolute values of the horizontal and vertical edges are added
for a magnitude estimate; the results are scaled and propagated
through threshold circuitry to generate 1-bit edge map.

Figure 10 is a snapshot of real-time video processing that
illustrates edge detection. A high-definition (HD} quality
video source is processed during live view and the extracted
edge map is overlaid on top of the source video (right figure).
Gain, threshold, and video overlay modes are user-specified
parameters.

C. Other Examples

Several other examples were also implemented using the
proposed methodology. Examples range from a multi-
standard FIR filter to a pulsed UWB receiver, While the
MIMO signal processing was a demonstration of concept and
benchmark for energy/arca-efficiency of hardwired macros,
the FIR filter [12, 13] quantifies the cost of flexibility for
multi-standard operability. A pulse-based UWB design was
also synthesized to demonstrate the ability to perform high
data-rate {1GS/s) signal processing at very low voltage (target
0.35V). This is achieved using a parallel-4 architecture of the
pulse-matching filter in an ASIC consisting of 200k gates.
The ASIC is currently being tested.
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Fig. 9 Simulink entry of Sobel edge detection.
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in the process of architecture selection. Characterization of
design-specific blocks with respect to power, speed, and area
greatly reduces design complexity, Datapath logic and block
level characterization provide simple way for guiding the
architecture selection in the area-energy-delay space.

Using the proposed approach, highly energy-efficient ASIC
implementations are possible, as demonstrated on a multi-
channel 4x4 MIMO channel decoupling algorithm achieving a
2GOPS/mW in a 90nm CMOS process.
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