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a b s t r a c t

A computationally efficient mismatched filter comprised of a matched filter in cascade

with a multi-stage filter based on sidelobe inversion is proposed. For this approach

to work, the given code has to satisfy certain conditions as derived in this work. For the

proposed filter to be of practical significance, the given autocorrelation must have a

computationally efficient representation including the case of sparse and/or small

integer valued sidelobes such as in Barker codes. When implemented in VLSI,

significantly smaller chip area and less power are required compared to the length-

optimal filters achieving comparable sidelobe suppression.

& 2009 Elsevier B.V. All rights reserved.

1. Introduction

Pulse compression codes are designed such that the
transmitted energy is uniformly spread in time while
the autocorrelation function (ACF) has most of its energy
in the mainlobe. Upon matched filtering of such codes,
the output is their ACF. The peak sidelobe level (PSL) in the
ACF of any good code is required to be as low as possible.
Barker codes have the least PSL (of unity magnitude)
among all biphase codes. In most applications, it is
desirable to reduce the sidelobes further. This is achieved
via mismatched filters.

Mismatched filters for sidelobe suppression based
on both IIR and FIR filters have been investigated in
the literature as discussed in [1]. FIR filters constitute the
main body of research in sidelobe suppression filters. FIR
mismatched filters have been proposed as either direct
design [2–4] or as a sidelobe suppression (SLS) filter in
cascade with a matched filter [5–7]. Among these filters,

the ones proposed in [2,3] are length-optimal filters, i.e.
they produce the best possible sidelobe suppression for a
given filter length. Since all their coefficients are opti-
mized, they require N multipliers and N � 1 adders for a
filter of length N.

In this work, we propose mismatched filters based
on sidelobe inversion and demonstrate their suitability
for very large scale integration (VLSI) implementation.
To achieve the same sidelobe suppression as the length
optimal filters, the filters are considerably longer. How-
ever for codes with certain desirable sidelobe structures,
such as in the cases of odd length Barker codes, the
proposed filters require significantly fewer adders and
multipliers per output. This also translates to significantly
reduced chip-area and lower power consumption. In most
applications, the physical time delay corresponding to the
increased latency is of little significance. Recently, com-
putationally efficient multiplicative mismatched filters
were proposed by two of the authors for Barker [8,9] and
compound Barker [10] codes. A comparative performance
of the proposed filter with that of the length-optimal and
multiplicative filters [9] is presented in Fig. 1. In this plot,
all the three filters achieve comparable sidelobe suppres-
sion for the Barker code of length 13 in the range of
50–60 dB. The minimum PSL optimal filter performs the
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best in terms of suppression per unit length while having
the least suppression per arithmetic operation. On the
other hand, the sidelobe inversion filter produces the best
suppression per arithmetic operation while having the
longest filter length. The multiplicative filter [9] repre-
sents a compromise between the two extremes as shown
in Fig. 1.

2. Description of the filter

Let the incoming code be XðzÞ. Hence the matched filter
transfer function is Xðz�1Þ and the matched filter output is
the ACF given by:

RðzÞ ¼ XðzÞXðz�1Þ (1)

RðzÞ is composed of a mainlobe of height N and
sidelobes of peak height 1. For notational purposes, we
consider the ACF RðzÞ to be symmetric around the origin
and denote the sidelobes as SðzÞ. In practice, the system
should be made causal by adding appropriate delays. RðzÞ

is denoted by:

RðzÞ ¼ N þ SðzÞ (2)

The proposed mismatched filter is based on sign inversion
of the autocorrelation sidelobes. The transfer function of
the first stage of the proposed filter is therefore given by:

H1ðzÞ ¼ N � SðzÞ (3)

The output of the first stage is given by:

Y1ðzÞ ¼ ½N þ SðzÞ� � ½N � SðzÞ� (4)

¼ N2
� ½SðzÞ�2 (5)

If further sidelobe suppression is desired, the sidelobes of
Y1ðzÞ are sign-inverted while keeping the mainlobe as it is.
The transfer function of the second stage of the proposed
filter is therefore given by:

H2ðzÞ ¼ N2
þ ½SðzÞ�2 (6)

This procedure could be repeated successively to obtain
more number of stages of the mismatched filter till the

desired sidelobe suppression is achieved. If k stages are
used, the transfer function of the kth stage is given by:

HkðzÞ ¼ N2k�1

þ ½SðzÞ�2
k�1

(7)

for k ¼ 2;3; . . .. The output of the kth stage is given by:

YkðzÞ ¼ N2k

� ½SðzÞ�2
k

(8)

In order for the proposed filtering technique to work, the
pulse compression code ACF needs to satisfy certain
conditions. These conditions are evaluated next.

2.1. Favorable conditions for the proposed filters

Consider the output of the first stage of the sidelobe
inversion filter given by Eq. (5). In the time domain, the
output is given by:

y1ðnÞ ¼ N2dðnÞ � ½sðnÞ � sðnÞ� (9)

where sðnÞ denotes the sidelobes of the ACF in the time
domain. In order for the first stage of a filter to work, the
mainlobe to peak sidelobe ratio (MSR) at the output
should be higher than the MSR of the ACF. Let the peak
sidelobe magnitude of the ACF be denoted by ŝ. Therefore,
the necessary and sufficient condition for the filter to
work is given by:

N2
�
P
jsðnÞj2

maxðn40ÞjsðnÞ � sðnÞj
4

N

ŝ
(10)

It is straightforward to note that for higher stages of the
filter, the MSR at the output should be higher than the
MSR at the input for that stage.

For Barker codes, since the peak sidelobe magnitude is
unity, the condition for the first stage becomes:

N2
�
P
jsðnÞj2

maxðn40ÞjsðnÞ � sðnÞj
4

N

1
(11)

The condition is satisfied for Barker codes of length 3, 4, 5,
7, 11 and 13 as shown in Table 1.

Therefore, we observe that for Barker codes, the MSR
is improved at the output of the first stage of the sidelobe
inversion filter. Based on this observation, we describe
multi-stage sidelobe inversion filters for Barker codes in
the next section with examples of filters for the important
cases of length 13 and 11.
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Fig. 1. Trade off between latency and computational efficiency of the

proposed filters and length-optimal ones for the Barker code of length 13.

Table 1
MSR at the output of first stage for Barker codes.

Length of Barker

code (N)

P
jsðnÞj2 maxðn40ÞjsðnÞ � sðnÞj MSR at

output

3 2 1 7

4 4 2 6

5 4 2 10.5

7 6 4 10.75

11 10 8 13.875

13 12 10 15.7
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