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Abstract: A high-accuracy baseband signal processing system of digital

phosphor technology for real-time spectrum analysis is proposed based on

fast filter bank (FFB). The modular instruments based platform is utilized to

verify the performance of the proposed scheme implemented with field-

programmable gate array (FPGA) module. With the single-tone signal as a

test signal, the experimental results show that the proposed scheme can

improve the accuracy of the real-time spectrum analysis at the cost of slightly

higher complexity than that of fast Fourier transform (FFT) based scheme.
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1 Introduction

In modern spectrum analyzers, digital phosphor technology (DPX) is a promising

technology and plays an important role, which illustrates spectrum with a spectrum

image indicating the frequency, amplitude, and “hit count” [1, 2, 3, 4, 5, 6]. In most

of implementations, the baseband signal processing is achieved on the basis of fast

Fourier transform (FFT) due to direct conversion between the time and frequency

domains with low complexity of one complex multiplication per channel per

sample [3, 4, 5, 6, 7]. However, the poor passband response of FFT leads to

spectral leakage with about −13 dB of the peak of the first side-lobe. As the most

important component of DPX system for real-time spectrum analyzer in [3, 4, 5, 6],

FFT will affect the accuracy of the spectrum analysis. To alleviate the problem, a

fast filter bank (FFB) based baseband signal processing system is proposed for real-

time spectrum analyzer, and the FPGA-implementation of the proposed scheme on

the modular instruments platform is utilized to compare the performance between

the proposed scheme and the FFT based scheme.

2 Fast filter bank (FFB)

FFB was first introduced in [7] as a generalized sliding FFT to improve the

frequency response performance with a cascaded structure. This class of filter bank

has better frequency response such as high attenuation, narrow transition bandwidth

at the cost of slightly higher complexity than that of FFT. Due to these advantages,

it is widely used in music signal processing, cognitive radio, multi-standard

receiver, and so on [8, 9, 10]. For a L-stage FFB, it can realize N ¼ 2L channels.

The typical cascaded structure is shown in Fig. 1, where N ¼ 8 and L ¼ 3.

At the kth stage, each subfilter is the modulated version of the prototype filter

Hk
aðzÞ with two outputs. The upper-path output is term as the primary output with

the transfer function Hk;m
a ðzÞ ¼ Hk

aðWm
N z

L�1�kÞ, where m is the bit reversed version

of m in L � 1 bits and WN ¼ e�j2�=N . The lower-path output is termed as the

complementary output with the transfer function Hk;m
c ðzÞ ¼ 2 � Hk;m

a ðzÞ.

Fig. 1. Structure of FFB
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3 Proposed baseband signal processing system

3.1 Proposed system

The proposed block diagram of DPX system based on modular instruments is

shown in Fig. 2.

The radio signals are converted into complex-valued baseband signals with in-

phase (I) and quadrature (Q) components by vector signal analyzer (VSA) on the

modular instruments. In the following, I/Q components are processed by the

proposed baseband signal processing unit, and the spectrum image data of DPX

system generated by the baseband signal processing unit are transferred to the

embedded controller to display the spectrum image through peripheral component

interconnection extensions for instrumentation (PXIe) bus.

This paper focuses on the design of the baseband signal processing unit in

Fig. 2 and the FPGA-implementation. The unit is composed of four blocks marked

by A, B, C, and D. Block A is the cascaded-structured FFB, which decomposes the

baseband signals from VSA into N channels in the frequency domain uniformly.

Block B transfers the complex values with channel numbers to the next block

alternatively. Block C is composed of two identical statistics units, which can

generate the spectrum image data by analyzing the input complex values and

transfer the spectrum image data to the embedded system. Two identical statistics

units perform different functions, that is, one generates the spectrum image data,

while the other transfers the image data to the embedded controller through PXIe

bus in the block D. In such manner, the input complex values could not be ignored

during the data transmission to the embedded controller so that the short-time

signals can be detected. In the embedded controller, the image data from the

baseband signal processing unit is displayed and one can observe the real-time

spectrum intuitively.

In the subsequent subsections, the FPGA-implementations of subfilters within

FFB in the block A and a statistics unit in the block C are discussed in detail.

3.2 Structure of subfilters

In the block A, the subfilters of FFB have similar structures with one input and two

outputs. Considering the relationship of the transfer functions of two outputs with

Hk;m
a ðzÞ þ Hk;m

c ðzÞ ¼ 2, we design the subfilters with the complementary structure

shown in Fig. 3. In this manner, the number of multiplications of each subfilter can

be reduced about 50%. When the subfilters are designed with halfband method, the

Fig. 2. Block diagram of DPX system based on FFB
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required multiplications can be reduced further. The factor p is the time delay

factor. For the kth stage, p equals 2L�1�k, where k ¼ 0; 1; . . . ; L � 1. The ports

“Dout a” and “Dout c” represent the primary output in the upper path and the

complementary output in the lower path referring to Fig. 1.

3.3 Structure of statistics unit

A statistics unit in the block C performs two different functions, that is, generating

the spectrum image data by analyzing the input complex values with channel

numbers and transferring the image data to the embedded controller. To do this, the

proposed structure of the statistics unit is shown in Fig. 4.

The structure is implemented based on dual-port random-access memory

(RAMs). The RAM labeled by q (q ¼ 0; . . . ; N � 1) represents the qth column of

Fig. 3. Structure of subfilters

Fig. 4. Structure of the statistics unit
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the spectrum image, which can be chosen by the decoder of the channel number

related to the frequency of the input signals. The quantized value of the amplitude

of the input complex values (Din r and Din i) is treated as the address of the

corresponding RAM so that the chosen cell in the RAM according to the desired

address can perform add-one operation and the “hit count” of the chosen cell can be

determined with the frequency and amplitude accordingly. Two different functions

of the statistics unit can be determined by the status of the port “R/W”. Specifically,

the statistics unit performs the function of generating spectrum image data when

the port keeps “W” status, otherwise the unit performs the different function of

transferring the image data to the embedded controller.

4 Experimental results

In this section, an experiment is conducted to compare the performances between

the proposed scheme and the FFT based scheme. For a fair comparison, the FFT

based scheme is slightly modified the proposed structure in Fig. 2 by replacing FFB

in the block A with FFT. In the experiment, we design the number of the channels

in the DPX system N ¼ 128 and the test signal is the single-tone signal.

4.1 Experimental platform

The platform is based on the modular instruments provided by National Instru-

ments (NI) shown in Fig. 5, which consists of embedded controller (PXIe8133),

FPGA module (PXIe7966R), vector signal generator (VSG) (PXIe5673) and VSA

(PXIe5663) [11]. The test signal is transmitted from VSG, which up-converts the

test signal into the radio signal with the carrier frequency 2.412GHz, and the radio

signal is connected to the input of VSA directly, whose carrier frequency is also set

to 2.412GHz. After the down-conversion of the radio signal by VSA, the baseband

signal is processed with FPGA implementation of the proposed scheme. The

generated spectrum image data are transferred to embedded controller. At the

receiver side, the data process is in accordance with that in Fig. 2.

4.2 Design of prototype filters

The overall specifications for FFB in the block A are given as follows: the passband

edge frequency 0:4�=N, the passband ripple 0.1 dB, the stopband edge frequency

0:6�=N, and the stopband ripple −40 dB. In order to reduce the complexity of FFB,

Fig. 5. Experimental platform of the proposed scheme
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the halfband method is utilized to design the prototype filters. With the original

method [12], nonzero impulse response coefficients of the prototype filters are

listed in Table I. The number of multiplications per channel per sample can be

computed in Eq. (1), that is, the number of multiplications required by FFB is about

1.07 times of that of FFT.

M ¼ ð5 � 1 þ 2 � 2 þ 2 � 4 þ 1 � 8 þ 1 � 16 þ 1 � 32 þ 1 � 64Þ=128 ¼ 1:07 ð1Þ

4.3 Performance comparison

For the purpose of the performance comparison for the real-time spectrum analysis,

a real single-tone signal is chosen as the test signal. It is known that the spectrum is

a symmetrical Dirac’s delta function analyzed by FFT when the input signal is a

real single-tone signal and the sampling points for FFT contain an integer number

of periods. When the sampling points for FFT do not contain an integer number of

periods or the frequency of the test signal lies between frequency bins, spectral

leakage occurs, which results in false frequency components. Specifically, when

the normalized frequency of the test signal f0 ¼ ðq þ �qÞ � 2�=N for �q ≠ 0 and

q ¼ 0;�1;�2; . . ., the spectral leakage arises using FFT in the real-time spectrum

analysis leading to spectrum accuracy-decreasing. In this condition, the proposed

scheme can alleviate the problem efficiently due to the above advantages of FFB.

In this experiment, the real single-tone signal xðnÞ is defined as:

xðnÞ ¼ cosð2� � f0 � nÞ þ wðnÞ ð2Þ
where the normalized frequency of the test signal f0 is chosen as f0 ¼ 30:3=N in

the experiment, and wðnÞ is additive white Gaussian noise (AWGN) with signal-

noise ratio (SNR) 30 dB.

The spectrum images of DPX system analyzed with the proposed scheme and

FFT based scheme are illustrated in Fig. 6(a) and (b). From Fig. 6(a), it can be seen

that the spectrum image obtained by the proposed scheme is accordance with the

spectrum in theory, that is, for a real single-tone signal, the spectrum is the Dirac’s

delta function and symmetrical about the normalized frequency 0. As a comparison,

from Fig. 6(b), it can be observed that the false spectrum components appear due to

the inherent disadvantages of FFT, which decrease the accuracy of the real-time

spectrum analysis.

Table I. Impulse response of prototype filters for hkaðnÞ
n h0aðnÞ h1aðnÞ h2aðnÞ h3aðnÞ h4aðnÞ h5aðnÞ h6aðnÞ
0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
�1 0.6267 0.5820 0.5717 0.5012 0.5008 0.5006 0.5001
�3 −0.1839 −0.0870 −0.0727
�5 0.0844
�7 −0.0388
�9 0.0166
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5 Conclusions

A FFB based baseband signal processing system of DPX system is proposed in this

paper. The system is composed of four blocks, that is, FFB based spectrum analysis

block, data decimation block, statistics units block and spectrum image data

transmission block. The experimental platform based on modular instruments is

utilized to verify the performance of the proposed scheme implemented with FPGA

module. The single-tone signal, whose normalized frequency lies between fre-

quency bins, as a test signal passes through the proposed DPX system and

generates the spectrum image. The comparison of spectrum image analyzed by

the proposed scheme and the FFT based scheme shows that the proposed scheme

can obtain more accurate spectrum image at the cost of slightly higher complexity

due to its better frequency response such as high attenuation, narrow transition

bandwidth, low complexity, and so on.
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Fig. 6. Performance comparison
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