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[57] ABSTRACT

A digital pulse compression filter for use in a radar or
sonar transmitting and receiving unit to process sam-
pled and digitized signals. The sampling frequency (f;) is
equal to about four times the center frequency (f,) and
greater than about twice the bandwidth (Af) of these
signals. The pulse compression filter (5) comprises a
time correlation circuit (7) supplied on the one hand
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1
DIGITAL PULSE COMPRESSION FILTER

BACKGROUND OF THE INVENTION

The invention relates to a digital pulse compression
filter for a radar or sonar transmitting and receiving unit
arranged for the generation and transmission of fre-
quency-modulated transmitter pulses, the reception of
echo signals, and the conversion of these signals into
sampled and digitised signals,

Various embodiments of digital pulse compression
filters are known. U.S. Pat. No. 3,680,105 describes a
pulse compression filter utilising a frequency correla-
tion circuit, multiplying the complex conjugate of the
discrete Fourier transform of signals representing a
replica of the transmitter pulse by the discrete Fourier
transform of the sampled and digitised echo signals to
obtain the compressed pulse from the obtained product
signal through an inverse discrete Fourier transforma-
tion. The orthogonal components of the echo signal
required for the discrete Fourier transformation are
obtainable by quadrature detection in a conventional
way. The orthogonal components of the signals repre-
senting the replica of the transmitter pulse need be cal-
culated once only. U.S. Pat. No. 4,379,295 describes a
digital pulse compression filter, where the orthogonal
components of the echo signals obtained by quadrature
detection are sampled, digitised and supplied to an FFT
unit; the signals supplied over the various frequency
output channels are each subjected to a specific delay
and combined to form a compressed pulse. These pulse
compression filters are however very complicated,
while the latter pulse compression filter does not admit
of a proper adaptation to the form of the transmitter
pulse. The present invention has for its object to obviate
these disadvantages to 2 high degree.

SUMMARY OF THE INVENTION

According to the invention, the sampling frequency
(f) is equal to about four times the centre frequency (f,)
of the sampled and digitised signals and greater than
about twice the bandwidth (Af) of the signals, and the
pulse compression filter comprises a time correlation
circuit supplied on the one hand with the sampled and
digitised signals and on the other hand with signals
representing a replica of the transmitter pulse, whereby
one of the two types of signals'supplied to the correla-
tion circuit is correlated with the orthogonal compo-
nents of the other type of signals supplied to the correla-
tion circuit to obtain the orthogonal components of the
compressed pulse. Hence, the supplied single, sampled
and digitised echo signals can be correlated with the
orthogonal components of the signals representing the
replica of the transmitter pulse, and the orthogonal
components of the supplied sampled and digitised echo
signals to be obtained in the pulse compression filter
with the single signals representing the transmitter
pulse.

In the latter case, the sampled and digitised echo
signals have to provide the orthogonal components
thereof. To this effect a Hilbert filter forming part of the
pulse compression filter can be used. The Hilbert filter
adds an orthogonal component of these signals to the
sampled and digitised echo signals. The orthogonality
of the thus obtained signals however does not meet the
desired accuracy unless this filter, which is designed as
a non-recursive FIR Finite Impulse Résponse filter,
comprises a delay circuit of an impractical length. Not
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until then the ripple value in the passband and that in the
stop band of the Hilbert filter, which values are coupled
together here, will be sufficiently small, in order that
the added component and the ripple-free component
already present are orthogonal to some extent. It is
better to add the sampled and digitised signals to two
filters forming part of the pulse compression filter.
These two filters can be obtained as follows: From a
non-recursive FIR filter having a low-pass filter charac-
teristic, of which the pulse reponses h(n) are obtained in
accordance with the “Remez Exchange Algorithm”,
see L. R. Rabiner and G. Gold “Theory and Applica-
tion of Digital Signal Processing” (Prentice Hall, Inc.,
1975), § 3.30 and appendix, pp 187-204. Let the pass
band of this filter range from (k — $)f; to (k+ 3)fsand the
stop band from (k-+ Hfsto (k+ Df;, where k= ..., -2,
—1,0,1,2,.... By multiplying the pulse responses by
a factor e¥n7, so that h'(n)=h(n)-e¥n™, the frequency
characteristic is shifted in such a way that the pass band
ranges from kf; to (k+3)f; and the stop band from
(k- Dfto (k+ 1)fs. Of the new pulse responses h'(n) the
values for n is even are orthogonal with those for n is
odd. The even and odd pulse responses then determine
the two filters. The pulse responses of one filter are thus
..., h'(~2),0, 1), 0, h'(2), 0, h'(4), . . . ; and those of
the other filter . . ., h'(—3), 0, h'(—1), 0, h'(1), 0, b'(3),
. . . . A more favourable embodiment is obtained by
integrating the two filters with an orthogonal pulse
response in the correlation circuit. In such a case, the
correlation circuit is formed by two non-recursive FIR
filters, each of which filters receiving the sampled and
digitised signals and correlating these signals with one
of the two orthogonal components of the replica of the
transmitter pulse. The two filters forming the correla-
tion circuit may be combined to form one single non-
recursive FIR filter.

BRIEF DESCRIPTION OF THE DRAWING

The invention will now be explained with reference
to the accompanying figures, of which:

FIG. 1 shows a part of a radar receiving unit having
a digital pulse compression filter;

FIG. 2 illustrates a frequency characteristic of the
IF-transformed and then sampled FM echo signals;

FIGS. 3 and 4 are two embodiments of the digital
pulse compression filter according to the invention;

FIGS. 5A-5F are diagrams useful in explaining the
operation of the embodiments shown in FIGS. 3 and 4;
and

FIGS. 6-8 are three detailed embodiments of the
digital pulse compression filter according to the inven-
tion.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

A part of a radar receiving unit is illustrated in FIG.
1. The frequency-modulated, IF-transformed echo sig-
nals are obtained from the IF amplifier 1 and the band
filter 2 connected thereto. The centre frequency of
these signals will then be f7rand their bandwidth Af. In
circuit 3 the IF signals are sampled at a frequency f;and
then digitised in circuit 4. The sampling frequency is so
chosen that a frequency conversion is performed result-
ing in sampled and digitised signals having a centre
frequency f,=4f;. For bandwidth Af of these signals:
Af= if;. The signals from the analogue-digital converter
4 are supplied to the digital pulse compression filter 5.
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Filter 5 performs the time correlation with signal R,
representing a replica of the transmitter pulse, and
supplies the orthogonal components I and Q of the
compressed pulse. FIG. 2 shows a frequency character-
istic of the sampled and digitised signals; the fundamen-
tal frequencies obtained after the sampling of the inter-
mediate frequency signals lie in the frequency interval
[01 éfS]

FIG. 3 is an embodiment of the pulse compression
filter 5, here comprising a Hilbert filter 6 and a time
correlator 7. The Hilbert filter adds an orthogonal com-
ponent to the input signal of filter 5 to correlate the
obtained components with the replica R of the transmit-
ter pulse. FIG. 4 shows an embodiment of the pulse
compression filter, comprising two non-recursive FIR
filters with a mutual orthogonal pulse response 8 and 9,
and the time correlator 7. The orthogonal components
obtained with the two filters are in turn correlated with
signal R. The results, obtained with the use of a Hilbert
filter on the one side and with the use of two filters with
an orthogonal pulse response on the other side, can be
compared with reference to FIGS. SA-5F.

FIG. 5A shows the ideal amplitude frequency char-
acteristic 10 in the interval [0, fJ] of a digital filter, used
to obtain from a signal f(t) the orthogonal component
g(t) thereof, i.e. the Hilbert transform of f(t), where
2()=f)*(—1/mt). FIG. 5B illustrates the ideal charac-
teristic for the f(t)+ jg(t) signal. The ideal Hilbert filter
is of infinite length; the filter used in practice, however,
is a non-recursive FIR filter having a limited delay
circuit. In such a case, the amplitude-frequency charac-
teristic of the filter is as shown in FIG. 5C, by the nu-
meral 12. In the two intervals [0, if;] and [4f;, f5] the
ripple is equal to and dependent on the length of the
delay circuit applied in the filter. The characteristic for
the f(t)+jg(t) signal is then as shown in FIG. 5D by the
numeral 13. In the pass and stop bands the ripple is the
same. The greater the ripple, the less the orthogonality
of the f(t) and g(t) signals with respect to each other. A
better orthogonality of the f(t) and g(t) can be obtained
by using two filters with orthogonal pulse responses.
FIG. SE illustrates the amplitude-frequency character-
istic 14 and 15, of these filters. Since these filters also
consist of a non-recursive FIR filter, they also show a
ripple depending on the length of the delay circuit; the
ripples are however adapted to eachi other to a high
degree, at any rate around the frequency values if; and
4f; and in such a way that the characteristic of the
f(t) +jg(t) signal, as indicated in FIG. 5E by the numeral
16, shows a practically rippleless stop band, implying a
great mutual orthogonality between the f(t) and g(t)
signals. :

The embodiments of FIGS. 6-8 all represent a pulse
compression filter, where the input signal is correlated
with the two orthogonal components Igr, Qgr of the
replica R of the transmitter pulse. Like the replica itself,
the Iz and Qgr components can be established by one
calculation only, and therefore supplied separately to
the pulse compression filter, as shown in the embodi-
ment of FIG. 6, as well as entered in memory means
forming part of the pulse compression filter, as indi-
cated by the embodiments of FIGS. 7 and 8. Separate
filters for obtaining the orthogonal components of sig-
nal R are not required in these embodiments; the pulse
compression filter here consists only of a time-correla-
tion circuit. Although this circuit may comnsist of two
separate non-recursive FIR filters it is of greater advan-
tage to combine these two filters to form one single
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non-recursive FIR filter and to accomplish the working
of two filters by correct timing. Therefore, in the em-
bodiments depicted in FIGS. 6-8 the pulse compression
filter consists of one single non-recursive FIR filter.

The pulse compression filter of FIG. 6 comprises a
delay circuit consisting of N elements 17. Each of the
N-+1 tappings of this delay circuit is connected to a
corresponding multiplying circuit 18. Each of the multi-
plying circuits 18 is supplied with a certain digital num-
ber through the switch 19. These numbers represent
either the value of the Iz component, or the value of the
Qr component. Switch 19 is operated at a frequency
twice as large as the shifting frequency of the signals
through the delay circuit; i.e the pulse repetition fre-
quency of the radar or sonar transmitting and receiving
unit. This is to achieve that all signals of the tappings are
multiplied both by a series of numbers, representing the
value of the Ir component, and by a series of numbers
representing the value of the Qgr component. In this
way, two series of product values are produced in a
time corresponding with the delay time of one of the
elements 17, i.e. the shift period. From the two series of
product values the adder 20 produces two sum values.
Each of the sum values appearing after a half and after
a full shift period are alternately fed to the registers 21
and 22. The values loaded in these registers represent
the two orthogonal components I and Q of the com-
pressed pulse.

The frequency-modulated signals to be sampled, digi-
tised, and fed to the pulse compression circuit can be
expressed by the relationship:

A=A sin[27 [ (f,— sAF+ AR/ T,

where a linear relation between frequency and time is
assumed and where, exclusive of the values f;, and Af
already defined, A¢is a constant and T the pulse dura-
tion. Since the pulse is sampled at a frequency f;=4/,
and the total number of samples per pulse equals N1,
while B8 =(Af/2/,), t={(g/4f,, and T=(N/4/,), the ampli-
tude of the signal sample A(k) can be expressed by:

A(k)=Ag sin 2 {}k—iBk-(N—Kk/N}
and, hence, that of signal sample A(N=k) by:
AN—-ky=Ag sin 20{iN—1k—1Bk-(N—k/N).

From these two relationships it follows that, provided
N is an even number,

AN—K)=(— 1DIN+k4q(k),
If now N is chosen to be divisible by 4, then:

AN —E)=(—1)kAk).

A similar relationship is obtained when the frequency
modulation is not linear in time; in such a case, the
deviation from the linearity should however be skew-
symmetric with respect to the frequency f,. The latter
relationship offers the possibility to simplify the em-
bodiment of the pulse compression filter in FIG. 6 to the
embodiment shown in FIG. 7. The embodiment of FIG.
7 comprises a delay circuit consisting of N elements.
The tappings k and N—k, where k=0, 1,2,,.,,,i{N—1,
with increasing values of k, are alternately connected to
the inputs of an adder 23 and subtractor 24, respec-
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tively. The outputs of adder 23 and subtractor 24 are
connected to multipliers 25. The tapping N is directly
coupled to a corresponding multiplier. The numbers
forming the Iz and Qg signals to multiply the output
signals of the adder and the subtractor are here already
incorporated permanently in the multipliers, or the
multipliers contain memory means for storing these
numbers. The number of multipliers is then practically
halved with respect to the number in the embodiment of
FIG. 6. The operation of the embodiment of FIG. 7 is
otherwise identical to that in FIG. 6.

A further simplification is provided in the embodi-
ment of FIG. 8. Here the delay circuit is built up of two
simultaneously active parts, comprising delay elements
26 and 27. The number of delay elements in each of the
parts is $N. With circuit 28 it is achieved that the added
series of signal samples is divided into two parallel series
of signal samples to be shifted, viz. a series Ap, A3z, A4,
...and aseries A1, A3, As, ..., where AN —k)=(—1)
A(k). This division into two separate series of signal
samples enables to supply the signals from the tappings
of the two delay circuit parts to adders 29 only, as dis-
tinct from the embodiment of FIG. 7. It is true that this
requires the insertion of an inverter circuit 30 between
the iNth and (4N + 1)th delay elements. Another conse-
quence of the division of the signal sample series into
two separate series is that the frequency at which the I
and Q components are obtained can be halved. The
operation of this embodiment is otherwise the same as
that of the embodiments of FIGS. 6 and 7.

I claim:

1. A digital pulse compression filter for a radar or
sonar transmitting and receiving unit arranged for the
generation and transmission of frequency-modulated
transmitter pulses, the reception of echo signals, and the
conversion of these signals into sampled and digitized
signals, the sampling frequency (fs) thereof being equal
to about four times the center frequency (f,) of the
sampled and digitized signals and greater than about
twice the bandwidth (Af) of said signals, characterized
in that the pulse compression filter comprises a time
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6

correlation circuit supplied with the sampled and digi-
tized signals and with signals representing a replica of
the transmitter pulse, one of the two types of signals
supplied to the correlation circuit being correlated with
the orthogonal components of the other type of signals
supplied to the correlation circuit to obtain the orthogo-
nal components of the compressed pulse.

2. A digital pulse compression filter as in claim 1,
characterized in that the correlation circuit comprises a
non-recursive FIR filter for combining said sampled
and digitized signals with two orthogonal pulses which
represent the replica of the transmitter pulse, said non-
recursive FIR filter including a delay circuit having N
elements and having N-1 tappings coupled to corre-
sponding multipliers for multiplying the supplied sig-
nals alternately with a value determined by one compo-
nent of the replica of the transmitter pulse and a value
determined by the other component of the replica of the
transmitter pulse, the summed output signals of the
multipliers alternately representing one of the orthogo-
nal components of the compressed pulse.

3. A digital pulse compression filter as in claim 2,
characterized in that the tappings k and N -k, where
k=0, 1, 2, ... iN—1, with increasing values of k are
alternately connected to inputs of respective adders and
subtractors, the output of each adder and subtractor
being connected to the input of a corresponding multi-
plier, the tapping iN being directly connected to a
corresponding multiplier.

4. A digital pulse compression filter as in claim 2,
characterized in that the delay circuit comprises first
and second simultaneously active parts, each compris-
ing i/N elements, the second part comprising an in-
verter circuit inserted between the 1Nth and N+ 1)th
element, the tappings k and ({N—k of the two parts,
where k=0, 1,2, ..., N —1, being connected to inputs
of a respective adder, an output of each adder being
coupled to an input of a corresponding multiplier, the
tapping 4N of the first part being directly connected to

a corresponding multiplier.
* * * * *



