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Fig. 2. The optimum transmit waveform and its companion receiver impulse response for a short rectangular target impulse response in clutter and noise.

and go back to Step 2) withreplaced by , and repeat
until is acceptably small. Then

(58)

The optimum receiver impulse response is computed
accordingly, and

(59)

where as .

1) Explanation: At stage , the iterate is an admissible
transmit pulse of energy which produces the output signal to
interference plus noise ratio

(60)

Evidently

(61)

with equality iff
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Fig. 3. The optimum transmit waveform and its companion receiver impulse response for a given target impulse response, clutter, and noise spectra.

Consequently, the square-root of

(62)

is a meaningful measure of the error at stageand plays a cen-
tral role in the recursion adopted in (57).9 Note that the fixed
energy requirement is maintained by the specific
choice of denominator.

9Predicated on the assumption that convergence to the optimumf(t) will be
realized by forcing the differenceE� � (f ; T f ) to go to zero. A fully
rigorous proof is still lacking.

IV. NUMERICAL RESULTS

With clutter absent and channel noise flat, and
Thus and it follows from (11) that

(63)

Of course, for an ideal stationary point target, , a
real nonzero constant, , , and

(64)

where is the energy of the transmit pulse In this limiting
case, the shape of is theoretically irrelevant and may be
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Fig. 4. The optimum transmit waveforms for various values of energy.

chosen chirp-like to combine the need for increased range and
enhanced resolution made possible by the compressive proper-
ties of the matched receiver impulse response

(65)

On the other hand, when signal-dependent clutter is present and
comparable to channel noise, extensive simulation confirms that
the chirp is almost invariably suboptimal and its use often entails
a drastic reduction in output SINR.

To understand the data presented in Figs. 2 and 3 it is only
necessary to recognize that the output SINR

(66)

computed at stageby the algorithm described in Part C of Sec-
tion III is portrayed in the form depicted in Figs. 2 (f) and 3 (f). In
Fig. 2, the target is selected to have a short rectangular impulse
response and the spectral densities and are both
low-pass dominant (as is common in many radar scenarios).
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The heavy and superimposed dotted curves in Figs. 2 (e), (f)
and 3 (e), (f) are obtained, respectively, by using the chirp
in (c) and the equi-energy signal in (d) as initialization for
the algorithm. The chirp achieves a largest possible output SINR
of 3 dB, the lowest point on the solid curve in (f). Observe
that this is 14.6 dB below the 11.6-dB SINR attainable with
the optimum transmit pulse shown in (g)! Even more
dramatic is the decibel gain over the conventional matched filter
for chirp.

Indeed, if , substitution of

into (7) yields

SINR

(67)
which computes to 20.87 dB and represents a jarring 32.47 dB
deterioration in performance below the optimum. Furthermore,
the output SINR produced by the arbitrarily chosen equi-en-
ergy initial waveform in (d) already exceeds that of the chirp by
6.57 dB. Nevertheless, as seen from (g) and (h), the algorithm
converges to thesameoptimal pair irrespective
of starting point. According to Fig. 3, a change in the shapes of

, , and does not qualitatively alter any of the
main conclusions reached in our examination of Fig. 2.

In Fig. 4(c)–(g), is computed as a function
of transmit pulse energy and respec-
tively. The corresponding maximum output SINR’s are found as
the ordinates of the solid curve in Fig. 4 (h). At , the
latter becomes asymptotic to the theoretical upper limit of 21.3
dB calculated with the help of (47) and (48). However, the lower
dashed curve, which is a plot of the largest possible output SINR
achievable with the scaled chirp ,
appears to reach a point slightly below this saturation value at

This considerably slower rise as a function of
is undoubtedly owed to the shape of and the nonmin-

imum-phase character of 10

V. CONCLUSIONS

Unlike the classical radar case, the choice of transmit pulse
shape can be critically important for the detection of extended
targets in the presence of additive channel noise and signal-de-
pendent clutter. It appears from our analysis and numerical ex-
perience that an optimal transmit–receive pair which
realizes

(68)

exists and is uniquely determined up to a real constant nonzero
multiple of by a specification of target impulse response

, nontrivial spectral densities , , and transmit
signal energy In this regard, the chirp, which has
been designed for other purposes, can perform very poorly, es-
pecially when clutter and noise are comparable. The issue is now
open for further study and the algorithm described in Section III
of this paper should prove to be a valuable research tool.
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10We have verified numerically thatln jF (!)j and� (!) are not Hilbert
transforms.




