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ABSTRACT

Line Spectral Frequencies (LSF) are widely used to quantize
spectral information in most of low-bit-rate linear predictive
speech coders because of their desirable features with regard
to ordering property and spectral sensitivity. Although LSF
vector quantizer uses fewer bits [1][2], scalar quantization of
LSF [3] is still adopted because codebook storage and
computational complexity are the major considerations for
real-time implementation. In this paper, a new set of LSF-
based coefficients is proposed which can be coded efficiently
by increasing the utilization of quantization table. With the
novel table search technique based on vector measure, 10th-
order LPC parameters can be coded at 28 bits/frame with
transparent quantization quality.

1. INTRODUCTION

In the LSF representation, the LPC analysis filter A(z) is
used to construct two polynomials :

P(z) = A(2) +z_(p+l)A(z_l) N

0(z) = A(z) -z 4(z") @
The roots of P(z) and Q(z), which are interlaced with
each other, are known as Line Spectral Frequencies and
denoted as ©; where 1 << p such that

0=0,<0; < <O, <B,, =T 3)
which is also the stability criterion of the all-pole filter
1/A().

There are mainly two types of scalar quantizations for
LSF parameters : direct LSF and Differential LSF
(DLSF). The direct LSF scalar quantizer is trained to
code each frequency »; independently without taking
the advantage of inherent ordering property of LSF. For
DLSEF scalar quantizer, it utilizes, to certain extent, such
ordering property by coding the positive adjacent
differences of LSF (i.e. Aw, =®; —w;_; >0).

However, both quantizers are not able to utilize the
quantization table efficiently. For a given LSF in a
frame, only the table entries giving quantized values in
order are valid. Therefore, there are some entries in the
tables cannot be used for quantizing the parameters. To
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reveal how the bit wastes due to this fact, we define a
measure
Effective bit usage =

logy(Table size - Average entries not valid) bits

Table 1 and Table 2 shows the effective bit usage of 34-
bit LSF and 32-bit DLSF [1] scalar quantizer. The LSF
quantizer and DLSF quantizer waste, on average, about
3.5 bits and 3 bits per frame respectively. To reduce
such waste in bit rate, Bounded LSF parameters are
introduced to increase the effectiveness of table usage.

Table 1 : Direct LSF at 34 bits

LSFi | Table Average Entries Effective

Size Not Used Bit Usage
1 8 1.01 2.806
2 16 3.43 3.652
3 16 3.54 3.639
4 16 4.30 3.548
5 16 5.45 3.400
6 8 2.21 2.533
7 8 1.64 2.669
8 8 1.75 2.644
9 8 1.16 2.774
10 8 0.69 2.870

Total : 30.53 (89.8%)

Table 2 : Differential LSF at 32 bits

DLSFi | Table Average Entries Effective

Size Not Used Bit Usage
1 8 1.01 2.806
2 8 1.70 2.656
3 8 0.78 2.851
4 8 1.92 2.604
5 16 4.34 3.544
6 8 1.95 2.598
7 16 4.65 3.505
8 8 1.09 2.789
9 8 1.15 2.776
10 8 0.05 2.991

Total : 29.12 (91%)

2. THE BOUNDED LSF COEFFICIENTS

To ensure the stability of the all-pole filter, the
quantized version of LSFs {®,} are related by :
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0=0y<d;<..<h,<d n ®
Making use of Equation 4, we define a generalized

Bounded LSF (BLSF) coefficients {A;} as:
Al

p+l =

0;—-0;
Ni=—%—T &)
ATy

where 0< oL <&! <w, <& < so that the values of

{\;} are between 0 and 1. The stability can be
guaranteed when {);} is maintained within this range.
Note that the values @., & and @] are required to be
known when quantizing the ith BLSF coefficient. The
conventional LSF and DLSF parameters can be
perceived as the special cases of Equation 5 by setting

L 6l=o,

Cai=035=0, ®f=n  (unbound) and

o/ =@y, &F =7, respectively.
The quantization of {A;} gives a new set of quantized
BLSF coefficients {71 ;} and the quantization error of ith
LSF is given by

5‘“:':‘5:"‘0::(5%_7%)("3}2“03%) (6)
which should be minimized as much as possible. It is
noteworthy to mention that 6w is smaller than the
average of 50 ” and 5o X when A; - A, is less than 1/2.

The first difference term 7:,- —A; can be minimized by
using nonlinear scalar quantization table trained by LBG
algorithm.

Table 3 : Left and Right Bound of BLSF Quantizer

BLSF(L) | o) oF
. 0 n
= 0 3
» 0 5,
M 0 032
Ay @3 D
As By D
Ay [P T
Ay o B
Ay @ g
7"10 039 n

For a given LS frequency, the optimal choice of X and
®F is, obviously, the right-nearest quantized LSF and
left-nearest quantized LSF, respectively. Following this
statement, it means that &, =&F. The ith quantized
LSF is thus given by &, =A,(6X-&L)+ar. We
adopt a ‘bisection-liked approach to minimize the

overall ten values of ®X —®/. The choice of ®; and

®X for each }\A.,- is suggested in Table 3. It should be
noted that quantization is performed sequentially (from
top to bottom) so that the coded LSFs are available for
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quantizing other LSFs on the bottom. Table 4 shows the
effective bit usage of the new parameters at 30 bits and
the bit waste is less than 2 bits per frame on average.

Table 4 : Effective Bit Usage of BLSF at 30 Bits

BLSFi | Table | Average Entries Effective

Size Not Valid Bit Usage
1 8 0.00 3.000
2 8 1.15 2.776
3 8 1.63 2.671
4 8 0.76 2.856
5 8 0.00 3.000
6 16 4.65 3.505
7 8 0.00 3.000
8 8 0.88 2.832
9 8 1.52 2.696
10 4 0.00 2.000

Total : 28.34 (94.5%)

3. PERFORMANCE OF BLSF QUANTIZER

3.1 Speech Database and LSF Preparation

The speech database consists of 22 minutes speech from
30 speakers and speech signal is first low-pass filtered to
3.4 kHz and then sampled at 8 kHz. The LP coefficients
are calculated by performing a tenth-order
autocorrelation LP analysis in every 20-ms frame using
a 32-ms analysis window without pre-emphasis. To
avoid spectral peaks, the LPC parameters are then
bandwidth-expanded by 10 Hz. Thus, 60,000 vectors
are obtained for codebook training and another set of
8,000 vectors is used for testing.

3.2 Objective Criteria for Performance Evaluation
For the ease of simulation, the spectral distortion (SD) is
usually adopted as an objective criteria for evaluating of
spectral quantizers. We define

1 B(H)Y
SD = FSJ.O [10]0g1075'—(7—)_J df (7)

where Fs (in radian) is used to adjust the spectral range
to be measured, and P,-( f ) and IA’,( f) are the original

and quantized LPC power spectra of ith frame
respectively. Fi is selected to be 3n/4 for all simulation
results. To achieve transparent quantization quality, the
quantizer should achieve an average SD of 1 dB and less
than 2% outliers with SD in the range 2-4 .dB and no
outlier with SD greater than 4 dB [2]. This objective
criterion provides a reasonable subjective performance
evaluation for spectral quantizers.

3.3 Simulation Results

The bit allocation and the performance of BLSF
quantizers as function of bit rate are listed in Table 5.
Table 6 illustrates the performance of some common
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scalar quantizers with the proposed 30-bit BLSF
quantizer.

Table 5 : Performance of BLSF at Different Bit
Rates

BLSF Bit Allocation [Avg. SD| 2-4dB | >4 dB
indB | outlier | outlier
32 Bits | 3,4,4,3,3,4,3,3,3,2 | 0.818 1.02% | 0.00%
31 Bits | 3,3,4,3,3,4,3,3,3,2 | 0.879 1.50% | 0.00%
30 Bits | 3,3,3,3,3,4,3,3,3,2 | 0.957 1.96% | 0.03%
29 Bits | 3,3,3,3,3,4,2,3,3,2 | 1.032 | 2.50% | 0.03%
28 Bits | 3,3,3,3,3,4,2,2,3,2 | 1.137 | 4.64% | 0.05%

Table 6 : Performance of Common Quantization
Schemes with BLSF at 30 Bits
Method Avg. SD 2-4 dB >4 dB
in dB outlier outlier
VSEK-38 0.868 2.56% 0.08%
LSE-34 0.978 1.58% 0.00%
DLSF-32 1.032 2.23% 0.03%
BLSF-30 0.957 1.96% 0.03%
(a) VSEK-38 : 38-bit PARCOR quantizer in VSELP.

(b) LSF-34 : 34-bit LSF quantizer.
(c) DLSF-32 : Differential LSF quantizer at 32 bits.
(d) BLSF-30 : Bounded LSF at 30 bits.

It can be observed that BLSF quantizer can fulfill the
objective criteria of transparent quantization at 30 bits
per frame. BLSF-31 quantizer outperforms the VSEK-
38 quantizer in both mean SD and the number of outlier
frames. The performance of BLSF-29 and BLSF-30 are
similar to DLSF-32 and L.SF-34 respectively. These
results reveal that BLSF coefficients {)A;} can be coded
more efficient than both direct LSF and differential LSF
parameters.

4. JOINT-TABLE SEARCH BASED ON VECTOR
MEASURE METHOD

In scalar quantization of LSF parameters, the parameters
are quantized individually. In this case, the mutual
interaction among the parameters may be ignored. Such
interaction becomes very significant near the formant
regions and they may induce spectral distortion around
the formants. To reduce the effect due to such
parameter interaction, instead of searching the quantized
LSF individually and separately, we now modify the
search by grouping LSFs together to form a vector and
the quantization of parameters is performed jointly by
using some perceptually-meaningful vector measures.

The vector set is generated as follows : The K nearest (in
mean squared error sense) frequencies are selected as
possible candidates for representing each of p
unquantized frequencies. By forming all combinations
of the candidates, we obtain a set of LSF vectors of size
KP. The weighted Euclidean distortion E,; defined in [2]
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is then evaluated to select the best LSF vector from the
set,

Eq= Z[cigi(mi _(‘6:')]2 ®

where ¢; and g; are the fixed and variable weightings
respectively.

With LPC order p=10 and K=2, the vector set consists of
1,024 LSF vectors. However, there are four BLSF
coefficients (indexed by 1, 5, 7 and 10 in Table 3) do
not affect other coefficients on evaluating E.; the
number of candidate vectors is reduced to 64 (i.c. K6)
for K=2. By exploiting the repeated terms among the 64
candidate vectors, only 90 multiply-add and .45 table
search operations are needed to perform the joint-table
search.

Table 7 shows the effect of vector measure method on
DLSF and BLSF scalar quantization methods. Direct
LSF is not considered in the comparison as the vector
measure E,y does not help direct LSF quantization. It is
observed that mean SD is reduced and number of outlier
frames is significantly decreased.

Table 7 : Improvement of Scalar Quantizers with

Vector Measure Method
Method Avg. SD 2-4dB >4 dB
indB outlier outlier
DLSF-32 1.013 1.00% 0.00%
BLSF-30 0.893 0.68% 0.00%

Substantial improvement is observed for the BLSF-30
scheme. It is because the mutual dependence among the
BLSF coefficients is higher than that of DLSF
parameters. To further illustrate the improvement,
Figure 1 shows the SD histogram of BLSF-30. It is
observed that the improvement is in terms of both mean
SD and number of outlier frames. The results of BLSF
quantizer at different bit rates are summarized in Table
8. Note that the BLSF quantizer at 28 bits almost
satisfies the transparent quantization criteria.

Figure 1 : SD Histograms of BLSF-30 with and
without Vector Measure

Spectral Distortion (SD) Histogram

with vector
measure

- — — —without vector
measure

Count
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Table 8 : BLSF Quantizer with Vector Measure E 4

design, a new set of coefficients, denoted as BLSF, is
proposed that can improve the bit utilization efficiency.

at Different Bit Rates Also, we introduce a novel joint-table search approach
Bits | Avg.SDindB | 2-4 dB outlier | >4 dB outlier using vector measure, which can improve the
32 | 0.762(0.818) | 0.30%(1.02%) | 0.00%(0.00%) performance of scalar quantization by exploiting the
30 0.893(0.957) | 0.68%(1.96%) | 0.00%(0.03%) mutual interactions among the scalar entities. Besides,
28 1.011(1.137) 1.43%(4.64%) | 0.00%(0.05%) we adopt a non-linear transformation on BLSF in
26 | 1.093(1.225) | 1.85%(5.92%) | 0.00%(0.06%) codebook training to deal with the spectral sensitivity of

Note : ( ) indicates the results without vector measure method

BLSF coefficients. Consequently, the proposed spectral

quantizer can achieve transparent spectral quantization

using 28 bits per frame.
5. NON-LINEAR TRANSFORMATION ON

CODEBOOK TRAINING At the end of this paper, the effect of BLSF scalar

quantizers on the quality of synthesized speech from a
given coder is studied. The 4.8 kbit/s half-rate VSELP
coder [4] is used as a testing platform. The coder
configuration remains unchanged except the LPC
parameters quantization and the interframe interpolation
of the synthesis filter. Now, BLSF quantizer using
weighted Euclidean distortion with {1 = 32.0 is adopted.
The interframe interpolation is performed using LSF
instead of using a-parameters as in the original VSELP
coder.

Direct training of A; using mean squared error (MSE)
measure is rather ineffective as spectral sensitivity is
large when A, is close to O or 1 (i.e. LSFs are close to
each other). @ We propose to adopt a sigmoid
transformation given by
1
7Li=7,'u(®1)=m ©

where Tu(®i) acts as a compressor and we use its

inverse (i.c. an expander) to transform A; to @, in order
to reduce the sensitivity. The coefficient 1L can be used

to adjust the degree of expansion of the function Tu'l. Speech database of about 1,700 frames from 4 male and

4 female speakers are used for performance analysis.
Signal-to-noise ratio (SNR) and segmental SNR of the
reconstructed speech are computed. Results are shown
in Table 10 for VSEK-38 used in the half-rate VSELP
coder and BLSF at different bit rates. By means of
informal listening test, the subjective evaluations also
agrees with the simulation results.

Then the training is performed by using simple MSE on
the transformed ®; to produce the nonlinear
quantization tables. Table 9 illustrates the effect of 1 on
BLSF quantization at 28 bits. It is noteworthy that
compromise can be made between the mean SD and the
number of outlier frames by adjusting LL.

Table 10 : Signal-to-Noise Ratio of VSELP Coder

Table 9 : BLSF-28 with Different |L with Different Spectral Quantizers

Methods | Avg. SD 2-4dB >4 dB Quantizer | VSEK-38 | BLSF-26 | BLSF-28
in dB outlier outlier SNR 8.56 8.47 8.54
w/ioT 1.011 1.43% 0.00% SEGSNR 10.93 11.03 11.15
p=10 1.029 0.80% 0.00%
p=20 1.024 0.81% 0.00%
=40 1.020 0.98% | 0.00% 7. REFERENCES
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