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Abstract: In order to improve the design results for the
reconfigurable frequency response masking (FRM) filters, an
improved design method based on second-order cone
programming ( SOCP) is proposed. Unlike traditional methods
that separately design, the proposed method takes all the
desired designing modes into consideration when designing all
the subfilters. First,

separately designing the subfilters, and then the initial solution

an initial solution is obtained by

is updated by iteratively solving a SOCP problem. The
proposed method is evaluated on a design example, and
simulation results demonstrate that jointly designing all the
subfilters can obtain significantly lower minimax approximation
errors compared to the conventional design method.
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ecently, a new reconfigurable filter bank architecture
based on frequency response masking (FRM) tech-
nique was proposed''!. The FRM technique is well known
for its low complexity in designing sharp transition-band

finite impulse response (FIR) filters'

. When incorpora-
ting reconfigurability into the FRM filters, low complexi-
ty and reconfigurability, which are the two key require-
ments of the filters used for multi-standard communica-
tion, can be satisfied. Hence, the reconfigurable FRM
filters have been extensively used in software defined ra-
dio (SDR) channelization'"*™ cognitive radio handsets
channel adaptation”’, and cognitive radio spectrum sens-
ing"'.

Previous work on reconfigurable FRM filters mainly fo-
cused on its applications and implementations. Their de-

signing procedure generally involves two steps: First, ob-
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taining the specifications of all the subfilters, and second-
ly, designing all the subfilters with precalculated specifi-
cations using the Parks-McClellan algorithm'” .
er, designing all the subfilters separately is an indirect
method, which produces suboptimal solutions.

Howev-

For the optimal design of reconfigurable FRM filters,
all the subfilters are expected to be designed directly ac-
cording to the desired multi-mode. It has been demonstra-
ted that, for the design of reconfigurable coefficient deci-
mation FIR filters, taking all configuration modes into
However, as the
cascade structure of the FRM filters, linear programming
(LP) used in Ref. [8] will not be appropriate for the opti-
mal design of reconfigurable FRM filters.
work, the second-order cone programming ( SOCP)
was employed for the optimal design of a basic single

. . . 8
consideration can give better results'™' .

In earlier
]

mode FRM filter'*"". So, in this paper, we propose an
improved design method, which takes all the desired
modes into consideration. The optimal design of reconfig-
urable FRM filters can be formulated as the SOCP prob-
lem. Given a reasonable initial design solution, an im-
proved design can be obtained by iteratively solving the
SOCP problem.

1 Review of Reconfigurable FRM Filters
1.1 Basic FRM filter

FRM filters have been widely used for the synthesis of
sharp transition-band filters with low complexity. The
basic FRM filter structure is illustrated in Fig. 1, which
includes a modal filter H,(z) upsampled by M, a pair of
masking filters H_(z) and H,_ (z), and a delay line'.
Since the desired sharp transition-band filter is composed
of several wide transition-band subfilters, the overall
complexity can be reduced. The transfer function of the

entire basic FRM filter is given by

H(z) =H,(Z")H,(2) + [z ~H (") 1H,.(2)
(1)

Input

H, (z") - H,, (z)

Output

405 OM Hoe(2)

Fig.1 Basic FRM filter structure
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where

N,-1 Ny,
H(z) = Y h(m)z", H,(2) = Y h,(n)z",
n=0 n=0

Nu\r -1

H,(2) = 3 hy(mz” (2)

If the length of the two masking filters are both even or
both odd and (N, — 1) M is even, the FRM filter will
have a linear phase response. Without loss of generality,
the FRM filter can be treated as a zero-phase FIR filter,
which can be expressed as

H(w, x) =[a,c,(w)][a..c, (o) —a.c (w)] +

mc ™ me

0.€ () (3)
where
[h,((N,-1)/2), h,((N, +1)/2), ...,
a, = h,(N,-1)]" N, is odd
[h,(N,/2), ..., h (N, - INE N, is even
[1,2cos(Mw), ...
2cos((N, - DMw/2)]" N, is odd
¢ (w) =
2[cos(Mw/2), ...,
cos((N, -1)Mw/2)]" N, is even

[h, ((N,, -1)/2),h, ((N, +1)/2), ..,

hma(Nma_l)]T Na iS Odd
a =
"™ \[h,(N,/2), ...
hy (N, -1D1", N, is even

[1,2cos(Mw), ...,
2cos((N,, —1)Mw/2)1" N, is odd
2[cos(Mw/2), ...,
cos((N,, - 1)Mw/2)]1"

[A, . ((N,,-1)/2),h ((N, +1)/2), ..,

¢ (w) =

N, is even

a, = h, (N, -1)]1" N, is odd
[h,(N,/2), ... h,.(N,.—1)]1" N, is even
[1, 2cos(Mw), ...,
2cos((N,, - 1)Mw/2)]" N, is odd
cmc(w) =
2[cos(Mw/2), ...,
cos((N,, —1)Mw/2)]" N, is even

Given a up-sampling factor M, normalized passband
edge w, and stopband edge w, of the desired filter, the
passband and stopband edges of all the subfilters can be

determined as follows!'™:

M
me| 22| (4a)
2

w, =w,M-2mn, v,=0M-2mm (4b)

2(m+ 1) 7w - w,
wmap :wp7 W s = M (40)

2mm - w,

wmcp = M p’ W nes (N (4d)

where m denotes the largest integer less than w M/ (21);
w,, and o, are the passband and stopband edges of the
modal filter H,(2);
and w

and w

map mep

are the passband edges

and w,,, are the stopband edges of the two mask-

mas

ing filters H  (z) and H_.(z), respectively.
The length of each of the subfilter can be obtained by

mcs

_ _41-rlog10(105p35) 1 (5)
3o, ~w,)
where §, is the peak passband ripple; §, is the peak stop-
band ripple and w, - w, is the normalized transition
width!"?!,

1.2 Reconfigurable FRM filter

For reconfigurable FRM filters, reconfigurability is
achieved by reusing the same coefficients of the modal fil-
ter with different up-sampling factors. When combining
the FRM structure with reconfigurable architecture, low
complexity and reconfigurability requirements can be sat-
isfied simultaneously. Generally, there are two architec-
tures of reconfigurable FRM filters, which are shown in
Fig. 2. The architecture shown in Fig.2(a) can realize a
single filter at a given time with the model selector,
which is mainly used in SDR handset applications'"”'.
Multiple output architecture is shown in Fig.2(b), which
can simultaneously realize multiple channel filters for

2,4,6
249 However,

multimode communication applications
the coefficients of all subfilters of the two architectures
are calculated in the same way. The proposed method can
be used for the design of both reconfigurable FRM filters.

For reconfigurable FRM filters, the passband edge w,,

Input

H, (z™)

Mode|selector Output
7 =0.5(Na-1)M H,(z) 2:1 Mux
(a)
H,(z)
- Mode B (=)
H,(z")
H,.(2)
H,(2)
Hmc(z)
2 -0.5(Ng=DM [ % :
~
4’65_> H,(z)

(b)
Fig.2  Architecture of reconfigurable FRM filter. (a) Single
output; (b) Multiple output
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and the stopband edge w,, of the modal filter H, (z) re-
main unchanged. Suppose that there are n desired output
pls s @y, and stopband ed-
respectively. Then all the desired output

modes with passband edges w
8es wy,
modes can be achieved by using different up-sampling

e @

sn?

factors M;, which can be obtained by

0, =w,M, —an'twlel/(an')Jz =

w,M, 27| w,M,/(2m) ] (6a)
w, =w M, -2w| w,M,/(2m) |=...=
w,M, =27 | 0,M,/(2T) ] (6b)

After obtaining the different up-sampling factors M, by sl-
oving Egs. (6), the complementary delays of different
output modes can be obtained by (N, — 1) M,/2, and the
passband and stopband edges of the two masking filters
for different modes can be obtained using Eqs. (4c) and
(4d). Then the length of all the subfilters can be calculat-
ed via Eq. (5). As all the subfilters involved in the
reconfigurable FRM filters have a wide transition-band,
the overall filter lengths can be short and consequently,
the complexity can be reduced. Finally, the subfilters are
designed using the conventional Parks-McClellan algo-
rithm'” after all their specifications have been obtained
from previous work.

2 Proposed Method

Although previous designing methods can provide ac-
ceptable results in multi-mode communication applica-

[1-2,4-6]

tions , designing all the subfilters separately is an

indirect method, which leads to the solutions being sub-
optimal'"”’
results by directly taking all the desired output modes into
account. This basic idea is motivated by Ref. [ 8] that

taking all the desired modes into consideration can pro-

. We therefore consider improving the design

vide better results for the design of reconfigurable coeffi-
cient decimation FIR filters. However, due to the cascade
structure of the FRM filters, the linear programming
(LP) used in Ref. [8] will not be appropriate for the opti-
mal design of reconfigurable FRM filters. Alternatively,
we formulate the optimal design of reconfigurable FRM
filters as a SOCP problem. Given a reasonable initial de-
sign solution, an improved design can be obtained by it-
eratively solving the SOCP problem.

The problem of optimal designing of reconfigurable
FRM filters taking all desired output modes into consider-
ation with the weighted minimax error criterion can be
formulated as follows:

min 7 (7a)
s.t. W) |H(w,x) ~Hy(w) | <n 0, Vi
(7b)

where 7 is an upper bound of the error of all modes; x =

T T T

T T : .
mat> @mers -+-» ans @} 1S @ vector that contains the

{a.a
coefficients of all subfiltes defined in Eq. (3); (2, is a set
of dense grid points in the i-th desired frequency bands of
interest; H,(w, x) 1is the frequency response of the i-th
FRM filter defined in Eq. (3a); H,(w) is the desired fre-

quency response of the i-th desired output mode, which is

defined as
1 I=sw<o,
Hy(w) ={ (8)
0 W SOST
and W,(w) is the weighting function defined as
8,/9, I=sw=sw,
Wi ={ " (9)
1 W, SOSET

For solving the problem (7), we use an iterative meth-
od with each iteration carried out by a SOCP solver. Sup-
pose that there is a reasonable solution x,, to start, and we
are now in the k-th iteration. For a smooth H,(w, x) in a
vicinity of x,, we can write

H,.(a), X, +5) =Hi(wsxk) +giT(w»xk)5 +0( “ o H )
(10)
where g.(w, x,) is the gradient of H,(w, x) with respect to
x after evaluating at x, and it is defined as
gi(w’xk) = {{[a:naicma[(w) _a’:\cicmc[(w)]ca(w) }T’
0,0, ... {[a,c,(w)]c, ()},
{[1-a;c(0)]c, (@)}, ....0,0}" (1)
Hence, provided the | & || is small and the filter is in
linear phase, with x =x, +8 we obtain
W) [H(w,x) -H(0) | = [g(0)d+e,w) |(12)
where g,(w) =W, (w) g,(w, x;) and ¢, (w) = W,(w) -
[H,'(w,xk) _Hdi(w)]-

From (10) and (12), it follows that an approximation so-
lution of (7) in the k-th iteration can be obtained by sol-
ving the following SOCP problem:

min ch, (13a)
s.t. | Gulo)pu +e,(w) | <c'm wef, Vi (13b)
| Bu || <b (13¢)

where u =7 8"1" ¢c=[1 0 01%; b is a pre-
scribed bound to control the magnitude of §; G, (w) =
[0 G,Tk(w)T]T; and B =[0 I], and I is an identity
matrix.

Once the problem of (13) is solved with a minimizer
6,"1", x, is updated iteratively by x,,, =x,

s

=l
+8, . The iteration continues until || &, | becomes in-
significant compared to a prescribed tolerance.

The general procedure of the proposed design method is
listed as follows:

1) Choose an appropriate mode filter with specifica-
tions of w,, and w,.

2) Solve Eq. (6) to obtain the up-sampling factor M, of
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the i-th desired mode, and then obtain the specifications
of each pair of masking filters using Eq. (4).

3) Obtain the length of all the subfilters using Eq. (5).

4) Design all the subfilters with precalculated specifica-
tions using the Parks-McClellan algorithm'” for the initial
solution x,,, k=0.

5) Solve (13) with x, to obtain a minimizer g, =
{n: 75;T [ X =X +8, .

6) If || 8, || is less than the tolerance, stop; otherwise
k=k+1, goto5).

3 Design Example

The design example selected for this paper was adopted
from Ref. [1], which is used for the SDR channelizer.
The specifications of the modal filter are w,, =0.4mw, w,
=0.57 and N, =39. The specifications of all masking
filters and the desired filters are shown in Tab. 1. The
weighting factors are selected as unity weights in both the
passband and stopband. For each mode, 512 points in to-
tal are uniformly placed in the desired frequency bands of
interest. The value of bound b in constraint (13¢) should
be proportional to the dimension of vector x''”. In this
paper, we set b to be 0.5 and the tolerance value to be 0.
000 5. We use the SeDuMi toolbox'""! to solve the SOCP
problem (13).

Tab.1 Specifications of subfilters and the desired filters

Iy H,(2) H,.,(2) H,.(2)

w, W, @ pap ®mas N, @pnep Omes Nime
2 02w 0.25w 0.2w 0.75%« 6
3 0.8m 0.834w 0.8w s 12 0.5337w 0.834w 12
4 0.6m 0.625%w 0.6m 0.875w 16 0.4m 0.625w 16
5 0.48w 0.5w 0.48w 0.7w 21 0.32%w  0.5m 21

The magnitude responses and the passband ripples of
both the proposed design method as well as the conven-
tional method used in previous work are shown in Fig. 3
and Fig. 4, respectively. As can be clearly seen, the pro-
posed method can produce filters with lower minimax ap-
proximation errors. The maximum passband ripples and
the minimum stopband attenuation of the two design
methods for each mode are shown in Tab. 2. It is ob-
served that the proposed method significantly outperforms
the previous design method. Hence, as can be expected,
the proposed method can give improved performance in
multi-mode communication applications.

Tab.2 Maximum passband ripples and minimum stopband at-
tenuation dB

Minimum stopband attenuation

Maximum passband ripples

M Conventional

Proposed Conventional Proposed

method method method method
2 0.368 3 0.093 6 -29.775 17 -39.3953
3 0.2316 0.091 8 -30.897 4 -39.417 1
4 0.171 4 0.093 6 -30.6133 -39.3953
5 0.140 6 0.093 4 -31.696 1 —-39.409 7
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Fig.3 Magnitude responses of our proposed method and con-
ventional method. (a) M=2; (b) M=3; (¢) M=4; (d) M=5
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0.4
Proposed 4 Conclusion
0.3F SN e Conventional
An optimal approach for the design of reconfigurable
% frequency response filters is proposed, which takes all de-
—§ sired designing modes into consideration. The proposed
E, method mainly involves two steps: first an initial solution
= by separately designing the subfilters is obtained from
previous work, and then the initial solutions are improved
by iteratively solving a second-order cone programming
(SOCP) problem. The simulation results demonstrate that
-0.4 : : : : )
0 004 0.08 0.12 0.16 0.20 the proposed method can obtain significantly lower min-
Normalized frequency . . . .
imax approximation errors compared to the conventional
(2) design method. The proposed method is expected to im-
—— Proposed prove the performance of reconfigurable FRM filters in
.25~ Conventional multi-mode communication applications.
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