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Abstract— In this paper, the design of a FPGA-based rapid
prototype for Short-Time Fourier Transform (STFT) based
spectral subtraction for hands-free speech applications using
Xilinx System Generator (XSG) tools without traditional HDL
hand coding is presented. Initially, the concept of a dual-channel
short-time spectral subtraction algorithm for removing the
wideband background noise in a speech signal is introduced. The
studied algorithm is developed in the system-level modeling
simulator using MATLAB Simulink environment. For the digital
hardware design, simple hardware architectures for data
framing and overlapping algorithms are proposed by utilizing
the basic DSP blocksets of the XSG library, and replaced in the
simulation model. Finally, a complete simulation model of the
FPGA-based short-time spectral subtraction algorithm using
XSG is presented. The comparative performance evaluation
based on simulation results and the summary of resource
utilization are confirmed the implementation feasibility of the
real-time FPGA-based short-time spectral subtraction algorithm
for hands-free speech applications.

I. INTRODUCTION

For the application domain in the area of audio and acoustic
signal processing, it is inevitable that the input speech signal
captured by the microphone sensor is always mixed with the
background noise in real-world environments. Depending on
the level of the ambient noise, it can significantly degrade the
desired speech signal in term of the speech quality and
intelligibility. However, the presence of additive acoustic
noise in the interested speech can be reduced and alleviated
by using a broad range of many existing speech enhancement
techniques, such as spectral subtraction [1,4], signal-subspace
embedding [2], time-domain iterative approaches [3]. The
main objective of these speech enhancements is to remove the
background noise while maintain the perceptual aspects near
the level of the noise-free input speech.

Spectral subtraction is a simple and efficient single-channel
speech enhancement technique, which was originally
proposed in the STFT domain by [1]. Later, the spectral
subtraction approach with a broad class of estimators
including the magnitude and the power subtraction has been
studied in [4]. The concept of this method is to suppress the
additive acoustic noise from the noisy speech by subtracting
either the magnitude or the power spectrum between the
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observed signal and the estimated noise spectrum. For the
hands-free speech applications, multiple input microphones of
the multi-channel speech system can be placed far away from
the speaker of interest [5]. In this paper, the system is
considered as a dual-channel speech enhancement, where two
signal inputs are available making the system possible to use
the auxiliary channel as the noise reference as shown in Fig. 1.
In addition, it is assumed that the background noise source is
located far from these two microphone sensors so that the
non-stationary noise variance of two channels can be
considered in equal except the noise waveform in time
domain. By this way, adaptive noise cancellation can be
easily achieved only by placing the reference microphone far
away from the speaker of interest.

Nowadays, the hardware-based FPGA platform has been
recognized as a promising technology for the high
performance real-time digital signal processing system.
FPGAs offer promising features over than the traditional
DSPs including, fast computation time due to the highly
internal parallel processing, customizable platform with
design flexibility, and high reliability. By using hardware
description languages, such as VHDL and Verilog HDL,
complete digital logic systems can be simply designed in
hierarchical modules and synthesized into the FPGA. Xilinx
System Generator (XSG) is a high-level graphical
programming tool used for designing a high performance DSP
system with MATLAB Simulink targeting for the FPGA.
XSG tool allows the hardware designer to build a system-
level model in Simulink for algorithm verification, such as
adaptive noise canceling [6,7], STFT based pattern
recognition [8], spectral subtraction [9-12]. In addition, the
XSG code generator also enables the user to automatically
generate the synthesizable HDL code mapping into the highly
pre-optimized IP cores, which dramatically reduced the
design time and quickly evaluate new algorithms in hardware
comparing with traditional HDL hand coding.

According to the literature, although the power spectral
subtraction architecture using high-level XSG tool has been
presented in [9], the absence of hardware design for the DFT
framing-windowing algorithm as well as the inverse DFT
overlap-add algorithm leads to the algorithm limitation for the
real FPGA hardware implementation. In [10,11], a complete
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Fig. 1 Opverall system of dual-channel short-time spectral subtraction for
hands-free speech applications.

FPGA-based system of the magnitude spectral subtraction
with the XSG design approach has been successfully
implemented. However, the use of only initial data frames for
estimating the entire noise magnitude spectrum make the
system less attractive for hands-free speech applications,
which often involves the non-stationary noise in the real
environment. The initial frame must be contained only the
noise component in order to estimate the average constant
noise floor. Although the data framing and the overlap-add
operations were implemented with the basic Xilinx
addressable shift register block, this design is limited with the
maximum memory depth of 1024 resulting in the limitation
for the large data buffer size. A FPGA-based magnitude
spectral subtraction using the traditional HDL coder-based
approach has been developed in [12]. However, this approach
is not suitable for the rapid prototype development due to
large time consuming during the design process.

Thus, the aim of this paper is to present the design of a
FPGA-based rapid prototype short-time spectral subtraction
for hands-free speech applications using XSG tools and also
propose simple hardware architectures for FPGA
implementation of the data framing and overlapping
algorithms, which can be expandable for the large data buffer
size. The outline of this paper is organized as follows. The
introduction is briefly discussed in Section 1. In Section 2, the
concept of short-time spectral subtraction for reducing the
ambient acoustic noise is described. In Section 3, the system-
level simulation model and the XSG-based architecture model
of the studied algorithm is developed and presented. In
Section 4, simple hardware architectures utilizing the basic
XSG blocksets for data framing and overlapping algorithms is
proposed. Finally, simulation results and conclusions are
covered in Section 5 and Section 6, respectively.

II.  THE CONCEPT OF SHORT-TIME SPECTRAL SUBTRACTION

The principles of short-time spectral subtraction is
considered based on the transform domain approach, which
consists of the short-time analysis-modify-synthesis steps in
the frame-based processing. Based on the assumption that the
noise is an additive zero-mean and uncorrelated with the clean
speech in the wide-sense stationary random process. Thus, the
observed noisy signal x(#) is a sum of the clean speech signal
s(¢) and the additive white noise d(¢), which commonly given
as:

x()=s(0)+d(t) (D

A.  Short-time Fourier Transform

The short-time Fourier transform (STFT) is two-
dimensional representation in the meaningful time and
frequency domains. The STFT of a signal x(#), evaluated at
time index m and frequency index 7 is defined as [13]:

mR+N-1 )
Xmmy= Y, wi-mR)x(ne />N @
t=mR

whereas the inverse STFT of the processed signal Y(m,n) is:

- 1 & 27(t-mR)n/ N
y(O)= Y w(t—mR) WZY(m,n)e (3)

m=—co n=0

where N is the size of frame length, R is the frame shift factor,
w(?) is the windowing function. For perfect reconstruction,

> w(t—mR)* =1 4)

should be satisfied.

B.  Short-time Power Spectral Subtraction

By considering the stereo-channel speech enhancement
system, let us denote X;(m,n) as the STFT representation of
the first channel containing the target speech and the
background noise, while X;(m,n) is the STFT representation
of channel two containing only the background noise. By
using the STFT analysis into (1), the mathematical expression
of mixed model in STFT domain can be written as:

X, (m,n)=S(m,n)+D(m,n) ®)]

Thus, the STFT magnitude squared for power spectral
subtraction method can be expressed as [4]:

‘Xl (m, n)‘2 = ‘S(m,n)‘2 +‘D(m, n)‘2 +S(m,n)D" (m,n) ©)
+ 8 (m,n)D(m,n)

Due to the uncorrelated noise with the clean speech signal, the
cross term between these two signals can be statistically set to
zero, which can be simplified and rearranged as:

‘S’(m,n)‘z =‘X1(m,n)‘2 —‘D(m,n)‘2 @)

. 2
where ‘S(m,n)‘ and |D(m,n)| are the estimated speech and noise
power spectrum, respectively. In [13], the real positive gain
G(m,n) is defined as:

‘SA'(m,n)‘
X((m,n)

G(m,n) = (®)

By substituting in (7), the defined gain (0 < G(m,n) < 1) can be
rewritten as:

\/‘Xl(m,n)‘z —‘D(m,n)‘2
Xi(m,n)
1

O(m,n)

G(m,n) =

(€)



where the relative signal level Q(m,n) can be defined as:

_|Xaomm)?

O(m.n) 2
‘D(m, n)‘

(10)

For avoiding the spectral subtraction estimates negative spectral
magnitudes, the value of Q(m,n) is replaced by one if it is less
than one. Finally, the processed signal Y(m,n) can be expressed
as a function of the real positive gain G(m,n) and obtained as:

Y(m,n)=G(m,n)- X(m,n) (11)

C. Noise Estimation

In general, the noise estimation can be determined by either
the assumed known properties of the background noise or the
actual measurement during the intervals of the input speech
absence [4]. In this paper, for the simplicity it is assumed that
the acoustic ambient noise is accessible on a separate
microphone channel such as in hands-free speech applications.
Thus, the effect of additive background noise on the signal
spectrum can be easily estimated by taking the data from the
accessible auxiliary microphone. For estimating noise power
spectrum \D(m,n)\z, we can use the other observation channel.
Let X,(m,n) be the STFT representation of the other channel.
If we can assume that this channel captures only noise, we can
estimate as:

‘D(m,n)‘2 :ﬂ‘Xz(m,n)‘z (12)

where f is a control parameter to compensate the sensitivity
mismatch between two channels. By this way, the actual noise
variance with different variations can be evaluated accurately
and adaptively suppressed in the real-time processing. Fig. 2
shows the basic structure of dual-channel short-time spectral
subtraction for hands-free speech applications.
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Fig. 2 Basic structure of dual-channel short-time spectral subtraction.
III. SIMULATION MODEL OF SHORT-TIME SPECTRAL
SUBTRACTION

A.  System-level MATLAB-based Model

Initially, for algorithm verification the short-time spectral
subtraction algorithm is design and simulated at the system-
level model with the floating-point MATLAB implementation
in Simulink environment. The MATLAB-based model mainly
consists of block diagrams of the STFT, the gain estimator,
and the inverse STFT as shown in Fig. 3, which developed
based on the mathematical equations from (1) to (12).

B.  System-level XSG-based Model

As mentioned in the previous section, the XSG toolbox
does not only offer a high-level graphical programming tool
that can be simulated and then configured to the FPGA target
but also an efficient solution for FPGA-based rapid prototype
development. In contrast to HDL coder approach, the system
verification can be easily made and explored in several
algorithm variations with XSG model-based approach.
However, the one-to-one conversion between the Simulink
functional blocks and the XSG blocksets has to be made
manually. In this paper, the basic XSG blocksets for DSP are
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Fig. 3 Top-level simulation diagram showing a MATLAB-based model and a XSG-based model of short-time spectral subtraction.
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Fig. 4 XSG-based hardware architecture of dual-channel short-time spectral subtraction.



used for the hardware design and replaced in the MATLAB-
based simulation model. Several XSG library blocksets,
including a wide range of primitive basic blocksets, Xilinx
FFT block, CORDIC divider, and CORDIC SQRT, are
utilized for the XSG-based fixed-point implementation model
for a high performance DSP system of the short-time spectral
subtraction algorithm as shown in Fig. 4.

IV. XSG DESIGN AND FPGA IMPLEMENTATION

A.  Short-time Fourier Transform Module

The STFT module consists of Hamming window, buffer
with overlap, and FFT subsystem. The Hamming window is
implemented with the Xilinx single port ROM with 512
depths and an address count-limited counter. Since the
provided XSG library is still limited to some basic functional
blocksets, which cannot be achieved for the sophisticated
signal processing functions and complex operations, such as
framing and overlap-add functions. In this paper, the data
framing is implemented with the proposed architecture
including a selected multiplexer, 8 identical delay lines (a
cascaded multiplexer with unit delays), and a control logic
circuit as shown in Fig. 5. The buffer size and overlap are set
to 512 and 256, respectively. The Xilinx FFT block is used to
perform the FFT function with 512 transform length, which
provides two output signals of the real and imaginary parts.
For continuously computation of STFT, the FFT pipelined
streaming I/O option is selected for hardware implementation.

B.  Gain Estimator Module

In the short-time Fourier transform domain, the gain is
determined individually at each frequency region and apply to
each frequency bin of the input noisy speech. In this paper,
the gain estimator module consists of the power spectral
calculation and the amplitude limiter, which can be easily
implemented with the pre-optimized IP cores. Fig. 6 shows
the XSG-based hardware architecture of gain estimator.

C. Inverse Short-time Fourier Transform Module

The inverse ISTFT module consists of inverse FFT, overlap
and add, and normalization subsystem. The inverse FFT is
implemented with the Xilinx FFT block with the setting of
512 transform length. However, the two input signals of the
inverse FFT block (the real and imaginary parts) have to be
converted carefully to the unity scale due to the input
normalize requirements. In this paper, the FFT and the inverse
FFT are implemented with the 3-multiplier structures for the
complex number multiplication for the purpose of resource
optimization. Since the overlap-add algorithm utilizes a
matrix concatenate block and a submatrix block from the
Simulink blocksets, this paper presents simple hardware
architectures having two delay chains and a control unit for
the matrix concatenate and the submatrix as shown in Fig. 7
and Fig. 8, respectively. By this way, the proposed hardware
architecture, which can be expandable for the large buffer size
and comprising of only multiple cascaded units of the delay
line, can be easily achieved by utilizing simple DSP blocksets
of the provided XSG library. The long delay with large data
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bus widths are implemented with a dual port RAM associated
with two address counters instead of using a simple delay
block provided by the XSG library for minimizing the usage
of FPGA hardware resources.

V. SIMULATION RESULTS

In this section, the simulation parameters of the MATLAB-
based model and the XSG-based model of dual-channel short-
time spectral subtraction in Simulink environment are
summarized in the Table I. In order to verify the validity of
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Fig. 9 Simulated speech waveforms: (a) Original speech; (b) Noisy speech;
(c) Enhanced speech with MATLAB implementation; (d) Enhanced speech
with XSG implementation.

Fig. 10 Spectrograms: (a) Original speech; (b) Noisy speech; (c) Enhanced
speech with MATLAB implementation; (d) Enhanced speech with XSG
implementation.



TABLE 11
FPGA RESOURCE UTILIZATION FOR SHORT-TIME SPECTRAL SUBTRACTION
ON XILINX VIRTEX-5 XC5VLX110T CHIP.

Resource Type Available Used Utilization
Number of Flip Flops 69,120 40,703 58%
Number of LUTs 69,120 33,224 48%
Number of Occupied Slices 17,280 13,442 T7%
Number of Bonded IOBs 640 39 6%
Number of Block RAM/FIFO 148 20 13%
Number of DSP48Es 64 57 89%

Maximum Operating Freq. 100.806 MHz
spectral subtraction algorithm for hands-free speech

applications, the simulation results are obtained with three
different noisy environments starting from the condition
(t=0s) with the speech signal containing the additive white
Gaussian noise (variance of 0.03). After = 0.5 s, the power
spectrum noise is increased with the variance of 0.07. At
t=1.5 s, the noise variance is decreased to 0.05. It should be
noted that the additive white noise for each microphone
channel is generated separately from different noise sources
except the same setting value of the noise variance. It can be
observed that the short-time spectral subtraction algorithm has
effectively attenuated the acoustic ambient noise and hence
significantly enhanced the intelligibility of the target speech.
The enhanced speech is adaptively reduced varying additive
background noise levels while contains the information very
similar to the original speech. In addition, in order to verify
the algorithm correctness of the hardware design
incorporating with proposed architectures for the FPGA
implementation, the simulation results have been compared
between the floating-point MATLAB implementation and the
fixed-point XSG implementation. It can be concluded that the
fixed-point XSG implementation agrees with the floating-
point MATLAB implementation and performs consistently
the same performance in term of calculation accuracy with the
maximum error less than 0.90625 %. Fig 9 and Fig. 10 show
the simulated speech waveforms and spectrograms comparing
among the original speech, noisy speech, enhanced speech
(MATLAB and XSG implementation), respectively.
Furthermore, the entire system design of dual-channel short-
time spectral subtraction algorithm has been realized and fully
integrated into a single target FPGA chip. The fixed-point
XSG-based hardware design utilizes approximately with 58%
of flip-flops, 48% of LUTs, and 77% of occupied slices
available in total of FPGA resources with the maximum
operating frequency of 100.806 MHz on the Virtex-5
XCSVLXI110T FPGA chip (see Table II), while the design in
[9] achieved with the maximum operating frequency of
16.560 MHz on the Virtex-6 XC6VLX240T FPGA platform.
The summary of total FPGA resource utilizations confirms
that the entire complete system incorporating with proposed
architectures is perfectly fitted and possible configured into
the target FPGA, which made it is suitable for the rapid
prototype development system.

VI. CONCLUSIONS

In this paper, the design of a FPGA-based rapid prototype
short-time spectral subtraction algorithm using the XSG tool
has been presented. A dual-channel speech enhancement
based on the power spectral subtraction for hands-free speech
applications was designed in a system-level simulation model
using MATLAB Simulink. The XSG-based system model
was developed for the FPGA hardware implementation. The
hardware architectures for data framing and overlapping
algorithms were designed and proposed, which do not provide
by the XSG library. The fixed-point algorithm design was
verified by comparing results with the floating-point
MATLAB implementation, and was successfully realized into
a Xilinx Virtex-5 FPGA. This design achievement confirms
the implementation feasibility with less design time of the
FPGA-based dual channel spectral subtraction algorithm in
real-time processing for hands-free speech applications.
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