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Abstract - Windowing techniques have been widely used for preprocessing of samples before fast Fourier transform
(FFT) in real time spectral analysis to minimize spectral leakage and picket fence effect. Among all popular window
functions, Kaiser-Bessel window is an obvious choice for its better spectral characteristics. In this paper, CORDIC
(CO-ordinate Rotation Digital Computer) based VLSI architecture for implementing Kaiser-Bessel window has
been proposed for real time applications. The parallel pipelined technique has been adopted for the present design to
ensure high throughput. Various architectural design and implementation issues have been discussed. The physical
synthesis for ASIC implementation of proposed architecture using Synopsys design compiler(Design Vision) and
commercially available 0.18 μm CMOS yields the core area of 52 mm2 and worst case dynamic power of 890 mW
at an operating frequency and voltage of 400 MHz and 1.8 V respectively.
Keywords: VLSI architecture, Kaiser-Bessel windowing function, CORDIC

1 Introduction
Windowing plays a key role in signal processing applications such as spectral analysis
[1–4], where it refers to the process of modifying the input samples before utilizing them for
computing discrete Fourier transform (DFT), such that undesired effects in spectral domain due
to data truncation i.e., spectral leakage [5–7] and picket fence effect [8] can be minimized. Thus,
the selection of appropriate window function for desired applications is based on their spectral
characteristics [8–10]. Since windowing is used before the FFT [4, 8] and STFT [10, 11] for
digital spectral analysis system in real time application, and plenty of literatures presenting
flexible [12, 13] and high speed architectures [14, 15] for implementing fast Fourier transform
(FFT) are available. But none of them, to the knowledge of the authors, explicitly described
efficient implementation of the window functions to meet the specification of FFT in terms of
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speed and flexibility in new trend of real time applications, except only recently, attempt has
been made [16] to implement a set of popular window functions in hardware using CORDIC
[17] arithmetic units. Except popular window functions such as Hanning, Hamming and
Blackman, Kaiser-Bessel window [8] is also an obvious choice for better spectral characteristics
and this is widely used in signal processing [5, 18], communication [19] and biomedical signal
processing [20, 21]. Thus it becomes essential to have high throughput hardware realization for
Kaiser-Bessel window functions to match the speed of the FFT architecture in order to develop
an efficacious real time spectral analysis system. Depending on the intended application, the
system designer can choose from a handful of window length and time-bandwidth product to
satisfy the tradeoff between various parameters [8] such as accuracy of amplitude and spectral
purity.
This is needless to mention all real time applications which require variable length FFT
processor e.g. the STFT (Short Term Fourier Transform) is generally computed using variable
length FFT processor which demand the variable length (flexible or adaptive) windowing
architecture for preprocessing of signal before FFT. In this case, flexible windowing architecture
is an obvious choice over ROM based or on chip RAM based implementation to compute
windowing coefficients on the fly. To the knowledge of authors, there is no flexible VLSI/ASIC
architecture for computing Kaiser-Bessel windowing coefficients available in the literature. In
this context, authors in this paper have proposed CORDIC based flexible VLSI architecture for
Kaiser-Bessel windowing to compute the coefficients on the fly and to meet the real time
specifications in terms of throughput with little compromising for power and area compared to
ROM based implementation. However, the optimization of the area and power using different
circuit level techniques can be adopted which is not in the scope of this paper. The proposed
architecture is based on zeroth order Bessel function [22] and expanded hyperbolic CORDIC
[23] which are presented in subsequent section. The ASIC implementation of the proposed
architecture using commercially available 0.18 μm CMOS technology shows that the design can
work at the maximum clock speed of 400 MHz.
Rest of this paper is organized as follows: Section 2 discuss the existing system. Detailed
design of the proposed architecture has been described in Section 3. Section 4 presents the
simulation results of the proposed architecture using Xilinx tools, and Section 5 provides the
concluding remarks highlighting the features of this work.
2. Existing System
The basic digital spectral analysis system based on fast Fourier transform (FFT) is shown
in Fig. 1, Here Kaiser-Bessel window is being used for preprocessing of samples before the FFT.
In Fig. 1, the windowing processor can be represented for real time application relating input(si )
and output(so) as in Eq. 1.
so(r) = wk(n)si(N + r − n)
(1)
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Figure 1 Blocks for spectral analysis system

Here wk represents Kaiser-Bessel window coefficients, r indicates present time variable
and n is discrete index ranging from 0 to N, where N is the windowing or observation length.
2.1 Kaiser-Bessel Window
Here the mathematical details with some useful observation are presented for KaiserBessel window. The mathematical expression for Kaiser-Bessel window is given by the
following equation,

where I0(•) represents zeroth order Bessel function [22] that can be approximated by the
following expression:

As a study, this Kaiser-Bessel window using Bessel function as in Eq. 3 has been simulated in
Xilinx for different values of β (time-bandwidth product) including Blackman window. It is
observed that Blackman window can be realized with Kaiser-Bessel window by setting the value
of β equal to 8.5. i.e. the same architecture can be used for both Kaiser and Blackman window
for different desired applications.
2.2 Expanded Hyperbolic CORDIC Algorithm and Architecture
As presented in previous subsection, the hyperbolic CORDIC is an obvious choice to
compute and implement transcendental functions in Kaiser-Bessel window. Authors have not
presented the details of conventional hyperbolic CORDIC in this paper due to space constraints,
however readers may refer to [17, 24–26] for more details on conventional hyperbolic CORDIC
arithmetic unit. The main limitation of conventional hyperbolic CORDIC is the range of
convergence i.e. for rotation mode of conventional hyperbolic CORDIC, the maximum input
hyperbolic angle |z0|max ~1.182 for m sufficiently large. Similarly for vectoring mode, the
maximum accumulated hyperbolic angle |zm|max ~1. This range of convergence mentioned here
restricts the use of conventional hyperbolic CORDIC to compute transcendental function to
implement Kaiser-Bessel windowing. Hence the expanded hyperbolic [23] is used to meet the
range of convergence for the proposed architecture. The expanded hyperbolic CORDIC has been
optimized for the hardware, timing and appropriate iterations has been chosen for various
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transcendental functions to meet the range of convergence. The more details of expanded
hyperbolic CORDIC with its range of convergence have been presented here.
3. Proposed Architecture for Kaiser-Bessel Window
This section, at the beginning, presents the basic flow for computation of Kaiser-Bessel
window, then describes the proposed architectural design with different constraints for fixed
point hardware implementation and subsequently major blocks are described in detail. The
Kaiser-Bessel window as in Eq. 2 requires the computation of Bessel function kernel in both
numerator and denominator. The argument to the Bessel functions in the numerator of KaiserBessel window. Now
the basic flow of Kaiser-Bessel window computation is as follows: At the beginning,
denominator of Kaiser-Bessel window is computed for given β using Bessel function kernel as in
Eq. 3 and then the same kernel is used to compute Bessel function values for the sequence of
arguments called Bessel function arguments in the numerator of the Kaiser- Bessel window as in
Eq. 2. Each computed sequence is divided by computed Bessel function value of denominator to
yield Kaiser-Bessel window coefficient for given β and N, and further multiplies with input
samples for windowing time domain output sequences which further processed using FFT for
digital spectrum analysis. The block diagram of the proposed architecture is shown in Fig. 2 and
all the blocks are described subsequently. The operation of this proposed architecture is that the
denominator of the Kaiser-Bessel window is computed first through lower path of multiplexer
and demultiplexer, and latch the resultant value of denominator at REG 2 for further processing
with numerator values of this window. Here finite state machine(FSM) is used for switching
from lower to upper path of the mux and demux as in Fig. 2, and load is a control signal used to
initialize for specify value of N and β. The Bessel arguments generator(BAG) block computes
the sequence of arguments for Bessel function in the numerator of Kaiser Bessel window. Now
this is clear that the Kaiser-Bessel window involves the computation of transcendental functions
which requires floating point or high precision fixed point arithmetic units for hardware
implementation. But, in this paper we have emphasized to design the proposed architecture for
VLSI implementation with finite machine precision. Thus the choice of machine precision is
crucial in this case, for example, as previously discussed, the maximum value of arguments to
Bessel function for both numerator and denominator path is the value of β. So exponential
computation of this value is so large that the fixed point hardware implementation restricts the
range of the values to be computed. Here we have presented a generic machine precision(word
length) format for real values. i.e., a format tb, db in twos complement form has been chosen to
represent the machine precision for each blocks used for implementation, here tb and db stand
for total number of bits in a word and number of bits after binary point respectively. The
selection of exact word length precision of each block is discussed in proceeding subsections.
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Figure 2 Proposed Kaiser-Bessel windowing Architecture.

3.1 Bessel Argument Generator(BAG) Architecture

The sequence of Bessel argument
β, N and n, where n ranges from

is computed with given

Now changing index n to another time index variable p, which varies
from 0 to N − 2. Now
generated using the sequence generator equation as follows;

here the sequence m(p) is

(4)
where m(−1) = −β and N1 = N/2 . The architecture to generate A(p) is shown in Fig. 3.Here the
encoder is designed as 2ν = N1 where ν is an integer, and shifter is used to divide the value of β
by N1. Loadable down counter is used to initialize after each sequence of m(p). The N min 2 is
decrement by 2, which is loaded to loadable down counter. In this paper, LHS and RHS are
referred to left hard shift and right hard shift respectively. In Fig. 3, CORDIC EHV is an
expanded hyperbolic CORDIC used in vectoring mode. We have constrained the proposed
design for maximum value of β to 15 and hence the maximum value of A(p) to
be 15. So word length for CORDIC EHV is chosen as 32, 27 because of following reason; The
highest value in this format represented is (15.99999999)10. Thus the exponential output to be
computed in next consecutive block can be accommodated within 32-bits machine precision.
Other than this format is not suitable for our implementation. For example; If we choose 32, 26
format, then the maximum value in this format can be (31.9999999)10 and hence exponential
output of this value cannot be accommodated within 32-bit machine precision, which may
require higher machine precision to compute exponential function. In other end, if we choose
32, 28 format then the range of β has to be restricted to (7.99999999)10. In BAG
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architecture, CORDIC EHV requires ten negative indexed iterations and two repeated iterations,
taking a total of 69 stages to complete iterations with scale factor compensation. Thus BAG
architecture with an additional adder stage as shown in Fig.3 has a total latency of 70 clock
cycles.

Figure 3 BAG architecture.

4. Simulation Results

5. Conclusion
The feature of this proposed architecture is flexibility in terms of varying window
length(N) in the range of 8 to 215 and computing for time bandwidth product(β) up to a
maximum value of 15, which fulfills the required specification for most of the applications.
Although this design restricts the range of β to 15, but in same design spelling, this proposed
architecture can be extended for the computation for higher value of β. Synthesis result shows
that this implementation can be used in today's real time applications to meet up to maximum
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throughput of 400 Msamples/s at the cost of latency of 170 clock cycles. This latency may be
reduced using modified expanded hyperbolic CORDIC [26] at the extra silicon cost. This
proposed architecture is suitable to use before FFT for real time digital spectral analysis system
and also can be used for filtering applications [19] to compute real time Kaiser-Bessel window
filter coefficients. The RTL logic of this proposed architecture is technology J Sign Process Syst
independent and can be implemented on suitable FPGA for real time application as well. The
detail error analysis for this proposed implementation of kaiser-bessel windowing is to be
reported in future communication.
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