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Abstract This paper proposes a new window based approach for the design of M-channel maximally decimated
Near-Perfect Reconstruction (NPR) type transmultiplexer. Cosine modulation is used to design the synthesis and analysis
sections of the transmultiplexer. The prototype filter is designed with high Side-Lobe-Fall-Off-Rate (SLFOR) combinational
window functions. A gradient based optimization algorithm has been applied to minimize the interference parameters like
Inter-Channel Interference (ICI) and Inter-Sy mbol Interference (ISI).The proposed method of design of transmultiple xers are

showing the improvements in terms ICI and ISI.
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1. Introduction

Digital filter banks are used in a number of
communication applications such as sub-band coders for
speech signals, frequency domain speech scramblers and
image coding. The theory and design of Quadrature Mirror
Filter (QMF) bank was first introduced by Johnston [1].
These filter banks find wide applications in many signal
processing fields such as trans-multiplexers[2], equalization
of wireless communication channel [3], sub-band coding of
speech and image signals[4-5], sub-band acoustic echo
cancellation[6-7]. Trans-multiplexer (T-M UX) systems are
traditionally used for inter conversion between the
Time-Division Multiplexing (TDM) format and the
Frequency-Division Multiplexing (FDM) format, and have
been successfully utilized to describe several popular
communication applications such as Code Division Multiple
Access (CDMA), Discrete Multi-Tone (DMT) or Orthogonal
Frequency-Division Multiplexing (OFDM) [2]. This study
focuses on a uniform-band structure in which all the
incoming data signals are interpolated at the sampling rate M
and the received signal is splitted and up sampled at the same
integer factor (M). Within the different families of TM UX,
modulated filter bank-based systems are emphasized
because all the sub-channel filters can be obtained from a
single prototype filter. Cosine-modulated filter banks will be
used in designing the NPR Trans-multiplexer systems.

2. Synthesis of Window Function
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The impulse response of the ideal low pass filter with
cut-off frequency w, is given as-
hid(n):M, —0<n<m (D

n
hiz (n) is doubly infinite not absolutely summable and
therefore unrealizable [8]. Hence shifted impulse response of

hig(n) will be-

sin(@,. (n—0.5N))

Fia (n) = z(n—0.5N)

where, N is the length of rectangular window function. For
making a causal filter, direct truncation of infinite-duration
impulse response of a filter results in large pass band and
stop band ripples near transition band. These undesired
effects are well known Gibbs phenomenon. However, these
effects can be significantly reduced by appropriate choice of
window function w (n). Hence, a filter p (n) oforder N is of
the form [8-9]-

,  0<n<N-1 2)

p(n) =ty (n)w(n) (3)
where, w (n) is the time domain weighting function or
window function. Window functions are of limited duration
in time domain, while approximates band limited function in
frequency domain.

3. Proposed Window Function

Window functions are broadly categorized as fixed and
variable windows. In fixed window, the window length N
governs main-lobe width. On the other hand, variable
window has two or more independent parameters that control
the window’s frequency response characteristics [10]. The
data window functions used in the design of combinational
window family are given in Table 1. This table clearly
indicates that the data window function at last but one row of
Table 1 with ap=0.4, a;=0.5 and a,=0.1gives the best
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Maximum Side-Lobe Level (MSSL) and SLFOR. The where,
proposed window family is developed by taking the I )_l
combination o f Papoulis (Lag-Window) [11] and three term "=
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Figure 1. Time & frequency response of proposed window
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Table 1. Comparative study of three term cosine window functions D=aj +b (ATT)+c1 (ATT2)+d1 (ATT3) (9)
nr 2nm
k(n)= Ll i .
(1)=ay+, “’s[ N]*”’Z“’s[ N j Parameter of window a;=255.1;b1 = -13.531; ¢; = 0.23899; d; = -0013889, for
functions 49<ATT<62.8
MSSL | SLFOR D=a, +b (ATT)+c (ATT2)+d (ATT3)+e (ATT4)+f (ATT5)(10)
b a o (dB) | (-dB/Octave) 1+ (47T)+¢ I I I
a1 =257450; b1 =-18972; ¢c; = 558.74; d; = -8.2203;
03 0.3 02 | -3500 18 e;=0.060417; f; = -0.00017747, for 62.8< ATT<74
The variable window functions used in designing the
035 0.5 0.15 -41.46 24 prototype FIR filter for the QMF banks are given. It has been
observed that the resultant window function with 6 = 0.207
037 05 013 4557 30 gives thg best chgractenstlcs. The filter designed using the
window is specified by three parameters—cut-off frequency
(w.), filter order (IV), and window shape parameter (§). For
0375 05 0.125 -46.8 36 desired stop band attenuation (ATT) and transition
bandwidth, the order of the filter (V) can be estimated by
038 05 012 | -50.13 18
N = [ D } L (1D
A}7:5'
039 05 0.11 -51.50 18
4. Transmultiplexer Systems
04 0.5 0.1 -56.71 18
Transmultiplexers have been used as key building blocks
048 05 002 4657 24 in multicarrier trans mission for several years now. A typical
filter bank based transmultiplexer structure is as shown in

The data window k(n)[12] is chosen by performing studies
on different combinations of various window functions and
their respective parameters. The Table 1shows the different
parametric values for different combinations. The design
equations for prototype FIR low pass filter with proposed
window function used in this study is given below-

(i)Relationship between window shape parameter (8) and
desired minimum stop band attenuation (ATT)

8=a+b(ATT)+ e[ ATT? |+ d (4113 e[ aTT* (5

where,a = 47.551; b =-2.3814; ¢ = 0.04524;
=-0.00038411; e =0.0000012265, for 22 <ATT <74
(i))Relationship between normalized window width
parameter (D) and (ATT)

D:cl(ATT2)+dl (ATT3)+e1 (ATT4)+f1(ATT5) (6)

where,
¢1=-0.48548; d;=0.057101; ¢; = -0.0022059;
f1=0.000028274, for 22< ATT< 26

D=a(ATT)+ b (ATT )+ (ATT®) 4.4, (ATT') 4 (41T12)  (7)

2,=-0.0000058038; b1=0.00000073426;
¢1=-10.00000003459; d,=0.00000000073426;
€,=0.0000000000055982, for 26< ATT<37
2 3 4
D=ay+by (ATT) ¢ (ATT? ) ) (ATT |+ (a174)  (8)

1 1

a;=3607.3;b;=-335.13;¢c; = 11.662; d; = -0.18009;
€1=0.0010417, for 37< ATT<49

Fig.3. The signals x, (n) are symbol streams such as PAM or
QAM signals. These are passed through the transmitter
filters Fy (z) and the sum x(n) is passed through the channel
C(z). At the receiver the analysis filters Hy (z) separate the
signals and reduce them to their original rates by M fold
decimation.

A filter bank structure consists of an analysis filter bank
that provides modulation of the input signal and at the
receiver the synthesis filter bank produces demodulation.
Filter banks where the filters in the sub channels are
modulated versions of the prototype filters are called
modulated filter banks. If the M analysis filters of the
M-channel filter bank are derived from the prototype filter
by the process of cosine modulation then the filter bank is
said to be a cosine modulated filter bank. The filter bank is
said to be perfect reconstruction, if the output signals are
equal to the input or a delayed version of the input. In the
case of the critically sampled filter bank the number of sub
bands N is equal to the up sampling/down sampling factor M.
Basically, it is a TDM-FDM-TDM converter [ 13]. It consists
of synthesis block at transmitter end and precedes the
analysis block at receiver end. At the transmitter end,
M-input signals are first interpolated by the factor of M and
synthesized into one composite signal using synthesis
filter-bank Fy (z) fork=0, 1,...,M — 1. Conversely, at the
receiver end, the composite signal is split out into M-output
signals with the help of the analysis filter bank Hi (z) and
then decimated by a factor of M. The Z-transform of the
output at particular 1, sub channelis given by (12), in terms
of Z-transform of the M-input signals [14]:

Multicarrier systems can be analyzed by using an M
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channel critically sampled TMUX system as shown in
Fig.3.The Z-transform of the output signal of the I, channel,
denoted by X"(z), is expressible in terms of the Z-transforms
of'the input signals, denoted by X (z) for k=0, 1, M—1, as

A/[Wm A/[Wm Fk A/[Wm (12)

A _
X H
l(z) kEO m Z Iz

m=0

where, W™=e4*™™M and C (z) represents the transmission
characteristics of the transmission channel. Equation (12)
can also be expressed in transfer function formas:

A M-1
Z Ti(2)X(2)
! k=0
Where, T (z) is the transfer function between the output
of the ly, sub channel and the input of the kg, sub channel,
which is defined as

i

In case of PR-type transmultiple xer with the ideal channel,
Tik (z) should be zero for £k and one for 1=k, ie., the total
error and interference are vanished.
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Figure 3. M-Channel maximally decimated transmultiplexer
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(b)
Figure 4. Magnitude responses of 8-band CMFB using proposed window at ATT =35.8 dB. (a) Prototype low pass filter; (b) Filter bank
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Figure 5. Magnitude responses of 16-band CMFB using proposed window at ATT =45 dB. (a) Prototype low pass filter; (b) Filter bank

4.1. Cosine Modul ation

Cosine modulation is one of the efficient techniques which
provide minimum computational cost in the design of filter
bank. All filters of synthesis and analysis sections are
obtained by cosine modulation of a linear phase low pass
prototype filter [2, 15].

ny (n) =2p(n)cos‘:(2k+1)£(n_ﬁ)+(_l)k %}

2

£ () = zp(n)cos[(z;c+1)£(,,_%)_(_l)k ﬂ

for0<k<M-1,and 0 <k<N (15)

where, M is the number of bands and 4xn) and fi(n) are the
impulse responses of the analysis and synthesis sections,
respectively.

4.2. Performance Measuring Par ameters

The output at the receiver end is not a perfect rep lica of the
input signal. These signals have distorted due to mixing of
undesired interference during the processing and
transmission. The amplitude of these interference signals is
considered as performance measure of the designed system.
The following are the performance measure parameters in
the transnultiplexer system. The ICI is the leakage of signal
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from the remaining (M-1) sub channels to given particular
sub channel. This occurs due to interference of the filters in
their stop band. The ICI in the l; sub channel can be
conveniently measured as [14]:

17 M- 2
Ejop()==T] X [Tg(e!™] ||dw
I 70 [k:O,k;tl ( ) (16)

where, Ty (¢/*) can be obtained from (14). On the other hand,
the ISI is caused by the interference of other symbols in the
same sub channel. This occurs due to the non-ideal nature of
the filters within their pass band and the fact that channel
frequency response is not uniform for all sub channel. The
IST

Epg (1) = ;z[m(efw)—lzj dw (a7

where, Tj; (¢/®) can be obtained from (14).

4.3. Optimization Technique

Different authors used different objective function and
obtained the minimum possible value of reconstruction error
in a filter bank. Since transmultiplexer is dual of filter
bank[13], therefore similar optimization techniques can be
applied to transmultip lexer with different objective functions
[16]. In this proposed work, a single-variable optimization
technique is used with ICI given in (4) as an objective
function,i.e., [g(w.) =|Eici(1)|]. The cut-off frequency (w.) of
the prototype filter is selected as a variable parameter. The
proposed optimization technique is independent of the
window function. Initially, the supplied input parameters, i.e.,
sampling rate, pass band and stop band frequencies, number
of bands, pass band ripple and stop band attenuation are
specified. Based on these inputs, the filter order and initial
value of cut-off frequency will be calculated, then the
window coefficients of the selected window function are
determined and they remain fixed. The filter coefficients of
the prototype low pass filter and filters of synthesis and
analysis section are determined using cosine modulation.
The ICI in a particular sub channel for current value of
cut-off frequency is calculated. The absolute value of ICI is
selected as an objective function. In the optimization routine
cut-off frequency of the prototype filter is continuously
iterates as per the search direction and calculate the
corresponding value of these parameters. The algorithm
terminates the loop as it attains the optimum value of the
objective function. The desired steps required to be
undertaken for designing the prototype filter using the
proposed method are recorded chronologically :

i. Specify sampling frequency, number of bands, stop
band attenuation, and pass band ripple.

ii. Initialize pass band and stop band frequency. Calculate
the cut-off frequency, transition band, filter length and
window coefficients of selected window function.

Initialize step size (step), search direction (dir), flag,
minimum value of ISI error (k_err) and initial value of ISI
(n_err).

Design of prototype filter and obtain filters for synthesis
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and analysis sections using Cosine modulation scheme.

Calculation of IS and absolute value of objective function
(tnt).

Check whether tnt >n_err. If yes, step=step/2, dir=-dir. If
no, follow the next step.

iii. Check tnt <k err If yes, flags comes out of loop and
optimized value of reconstruction error. If no, follow the
next step.

iv. Check tmt =n_err If yes, flags comes out of loop and
optimized value of reconstruction error. If yes, compute the
new cut off frequency we*=wc +dir*step and follow the step
(iv).Program halts when n_err = tnt.

These steps are supported by a flow chart shown in
Annexure (1).

Table 2. The performance comparison with earlier work

Window function ATT | N | ICI(dB) [ ISI(dB)
Modified Blackman 50 48 -49.81 -46.06
Kaiser 50 48 | -108.58 -7224

P4 50 48 -99.97 -7223

PCo 50 48 | -100.17 -72.24
Proposed 50 48 | -103.50 -77.52

5. Results and Discussion

In NPR system, the PR conditions are certainly relaxed by
allowing a small amount of error and interferences. These
interferences can be minimized by applying suitable
optimization techniques. Much work has been done in this
field [10, 17].

Initially, Johnston [1] developed a nonlinear optimization
technique for the design of filter banks. Later on, many
prominent authors such as Creusere etal. [8] and Lee etal.[9]
and others[10, 18 and 19] have simplified it and developed
single-variable linear optimization techniques. In these
algorithms, a single-variable parameter is varying as per
search direction and calculates the corresponding values of
the objective function.

Table 3. The performance comparison for stop band attenuation

Window function | ATT [ N | ICI(dB) | ISI(dB)
Kaiser 56 54 -92.59 -7222

PC4 56 102 [ -97.99 -7223

PCo 56 82 [ -102.05 | -72.24
Proposed 56 56 | -107.33 | -78.16




349

Table 4. The performance comparison for filter order (N=92)

Window | yor | N | 1ciaB) | 18i(dB)
function
Kaiser 90 | 92 | -9878 | -7222
PC4 51| 92 | -10267 | -1223
PC6 59 | 92 | -9890 | -7224
Proposed 54 | 92 | -102.86 | -78.18

The evaluation of the optimization technique is done with
the help of the examples of different window functions. The
first two examples compare the performance with the earlier
reported work [14, 15 and 20]. The third one shows the
optimal performance and the comparison with widely used
Kaiser window function. In the first example, the input
parameters such as stop band attenuation and filter order are
taken like in reported work [6], and correspondingly, the
initial value of the cutoff frequency is calculated for the
chosen values of pass band and stop band frequencies. These
input parameters are fixed before calling the optimization
algorithm. Only one parameter, i.e., cut-off frequency, is
variable during optimization and attains the minimum value
of the objective function. The obtained values of different
parameters are given in Table 2. The magnitude responses of
8-channel and 16-channel transmultiplexer are shown in Fig.
4a,b and 5a, b. The obtained values of ICI and IST are given
in Table 2.

In the last half decade, Martin et al. [S-11] have done
excellent work in this field. They used cosine-based fixed
window functions for the design of the prototype filter of
transmultiplexers. A specific four-variable optimization
technique is used in their design, which optimizes the weight
terms of the window function. As per [6], this technique
requires a good starting point for obtaining the optimum
results. However, in the proposed work, a single variable
generalized optimization technique is applied. Variable
combinational window functions with high SLFOR are used
for the design of prototype filter. These window functions
provide more flexibility and better performance than fixed
window functions. As it is clear from the Fig. 4a that these
window functions have better far end attenuation than widely
used Kaiser window function. This property provides better
suppression of ICI when compared to Kaiser window
function. It is evident fromthe results ofthe quoted examples
that the obtained values of interferences parameters are much
better than earlier reported work. It is clear from Table 3 that
the proposed window provides better results as compared to
other combinational window by using proposed optimization
technique.

6. Conclusions

A simple and an efficient design for CMTs are presented.
The proposed window provides better result as compared to
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other combinational window functions. It provides very
small and stable interference levels against variation in the
input parameters, i.e., stop-band attenuation and filter order.
Also, the interference level in all sub channels is almost
equal. Therefore, there is no burden of selecting a particular
sub channel for a given particular application. This wide
range stability makes it useful for a variety of applications of
audio and video fields.
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