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Abstract—The E-pulse technique has been applied in the past In those situations where both early- and late-time target
to both the early- and the late-time components of a tran- information is available, the following combined technique
sient radar response. While the late-time E-pulse technique uses .5, he ysed to accelerate the identification process. First, the

aspect-independent waveforms, the early-time E-pulse technique K ¢ t . d usi h of the lat
requires a separate waveform for each target aspect angle and unknown iarget response IS processed Using each of the late-=

thus Significanﬂy more Storage and processing time. This paper time E-pulses from the tal’get data base. If there is little or no
discusses a combination of the two techniques that employsambiguity, the decision process can be completed at this step.

the early-time technique to remove ambiguities generated from |f however, several good candidate targets are produced, the
application of the late-time method. By narrowing the possible g4y time technique is employed to remove the ambiguity and
range of aspect angles of the potential targets, the early-time lete the decisi Si th b f votential
technique can be employed more efficiently. complete the decision process. ince theé number of potentia

targets has been whittled down, application of the early-time
technique is more efficient. However, an additional step can
be used to reduce the early-time processing overhead further.
I. INTRODUCTION If, in addition to the late-time E-pulses, information about the

T has been repeatedly demonstrated [1]-[10] that radglrs_pect dependence of the late-time response _of each target
. e . : : . IS stored, the range of aspect angles over which the early-
target identification is possible using the late-time portioj]

of the transient response of a radar target and the E-pu ime technique must be applied can be narrowed. This can be

e - . .
technique. Recently [11], prompted by the observation aslbne efficiently by storing the amplitudes and phases of the

Hurst [12] and Altes [13], the authors have applied the sa ?aerg'et natural modes, reconstructing .the late-time response a}nd
: . . finding the range of angles over which the response best fits
method to the early-time portion of the target response. E|tkkh

!
technique can be used independently to identify a target or t?Ie u_nknown targgt data. .
. . . . his paper outlines an automated early-time frequency-
two techniques may be combined into a single method. ; . . . -
i . . . . domain E-pulse method and its integration with existing auto-
A serious disadvantage to using the late-time technique IS

that when the target resonant response is available, it is o ﬁ‘ted late-time E-pulse methods [6] to produce a "combined

far below the early-time portion in signal strength (thoug -pulse method" for target discrimination. The effectiveness of

not necessarily in total energy). When the signal-to-noise ra I?e combined scheme is verified using the measured responses
' B-52, B-58, and F-14 aircraft models.

Index Terms—inverse problems, radar target recognition.

(SNR) is low, identification using the late-time technique ofte%

leads to ambiguous results due to overlapping natural reso-

nance content in the band of interest. However, the late-time II. DISCRIMINATION SCHEME

technique has the tremendous advantage of employing aspect-

independent waveforms—only one waveform for each target . ) .

is stored and processed with the unknown target responélepsulgzn}irc'ﬁiiOLIe‘:te'T'me and Early-Time

In contrast, the early-time technique (which is based upon q

target scattering centers) results in less ambiguity. This comesWhen a short-duration pulse interacts with a radar target,

however, at the cost of significantly higher processing tinieproduces a time-domain scattered field waveform consisting

since a separate waveform must be used for each probapfighe effects of two distinct phenomena. As the interrogating

target aspect angle. Thus, the early-time technique should oBljjse passes across the target, specular reflections are returned

be used to bolster the information obtained using late-tinfeom localized scattering centers, producing an impulse-like

information, unless none is available. early-time component along with the partial resonances of
target substructures. It also establishes the target global res-
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response can be written as a sum of the natural resonanderer,, = «a,, — j1,, are called “complex times” and are
modes of the target as associated with the scattering center-impulse responses. Note
that A is the number of exponential terms which is related

N to the number of scattering centers. Howevéf,is not the
r(t) = Z A, et t>1y (1) exact scattering center number since the measurement system
n=—N is bandlimited and more than one exponential term may be

needed to represent one scattering center. The exact value of
wheres,, = o, + jw, is the aspect-independent complex resys is not critical and is determined by the desired accuracy
onant frequency of theth target mode occurring in complex-of the waveform reconstruction in the extraction technique
conjugate pairs (i.es_, = s;), A, is the aspect-dependentused [13]. The physics of the scattering process (reflection
complex amplitude of theth mode,V is the number of modes or diffraction) determines the complexity and amplitude of
excited by the incident pulse, afid designates the beginningeach scattering center contribution in (6). See [21] for a
of the late-time period. For the usual case of backscatteritipprough description of the modeling of scattering centers

measurements, this time is given by using exponential functions. Also, see [15] for a related
technique which uses Prony’s method in the analysis of target
Ty =T, + 2T, + T, ) scattering centers.

There exists an obvious duality between the temporal late-
whereT, is the time when incident wave strikes the leadin {me response (1) and the spectral early-time response (6). This

. . . . duality allows the direct application of the late-time E-pulse
edge of the targefl},. is the maximum one-way transient time ; .
. . . : ._technique to spectral early-time data.
along the line of sight, and}, is the pulse width used in

i ¢ Equati 1 Iso b itten | In summary, both the temporal late-time response and the
measurgmen system. Equation (1) can also be writien in grﬂactral early-time response can be expressed in a general
alternative form as

exponential form

N
+ K
() = ne’n nt n)- 3
7() nzz:la e COS(UJ +¢ ) ( ) f(-T)IE :ckera; X <x<Xp (7)
’ k=1

The aspect-independent nature of the natural resonan
frequencies has prompted the development of several tar . ; ) ;

S ) . ._domain of the signal measurement, andepresents time in
discrimination schemes, including the K-pulse and Iate—tln} . .

: : case of a late-time response or frequency in the case of

E-pulse techniques. Although these techniques use aspect-

; . : an early-time response. An E-pulsér) is a real waveform
independent waveforms, they ignore the early-time componeit. finite duration X, which, when convolved withf ()

of the transient response, which often has a higher signgiinates a preselected component of the exponential series.

e
i}ere cr. and Q. are complex constantsY;, Xr are the

strength. . . In patrticular, the entire series can be eliminated resulting in
Altes [13] has proposed a simple model for the early-time
response .
ofz) =e(x) = f(z) = / f@e(x —2")dx’ =0
M 0
re(t) & Y pt) xhm(t—Tn)  t<To (4 Xp+Xp <z < Xp. 8)

m=1
The conditions for obtaining an extinction pulse are presented
where p(¢) is the incident pulse and,,(¢) is the localized in the context of resonance cancellation as
impulse response originating at tmeth scattering center at
time 7’,,. In the frequency domain, this response becomes Es=Qu)=E(s=Q;)=0 9)

M H
e _ T where E(s) is the Laplace transform of(x). The E-pulse
Rp(w) = Flre(®)] ~ Z Plw)Hp(w)e™ (3)  mode-extraction technique can be used to fitg [16]-[18],
m=1 Qx can then be found from (9) ang, is extracted using the

where H,,,(w) is the transfer function ofi.th scattering center least squares method.

and P(w) is the spectrum ofp(¢). Hurst and Mittra [12] o S

suggest that the transfer function can be approximated asBinQuantification of Radar Target Discrimination

exponential function of frequency. Assuming thafw) is a JUSIng Early-Time E-Pulse Technique

slowly varying function therR can be rewritten as The E-pulses for the spectral early-time response can be

synthesized in a manner similar to that used for the late-time
M responses [16]-[18] except that the spectrum of the early-time
Rp(w) = Z By, e (6) response is used instead of the late-time temporal response.

m=1 Also, the quantification of discrimination for the early-time
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automated scheme is very similar to that for a late-time schetim&se. The aspect angle which minimizes the squared-error
[6]. There are, however, some subtle differences between tliference is taken to be the angle of the target. Note that
late-time methods and the early-time methods that requiteere is also a scaling factor to be determined since the overall
some discussion. amplitude of the measured response will be different from that
For quantification, a definition similar to the late-time Emeasured in the lab. This scaling factor can be computed by
pulse discrimination number (LEDN) is used for the early-timkeast squares at each point in the search for the aspect angle.
E-pulse discrimination number (EEDN) The reconstructed waveform for thHéh target at thejth

Wi aspect angle can be written as
/ le(w) * r(w)| dw

N
EEDN = =*—— (10) Ty = Z ag j.n €76 cos(wy nt + d1 j n) (12)
/ e(w)? dw n=1
0

where a;,; ,,, the amplitude of thexth mode of target at
where c(w) is the early-time frequency domain E-pulse reaspect; and é1. ;. (the phase angle) are stored in a data
sponser(w) is the spectrum of the early-time target responspase, as are the aspect-independent natural frequengies
wio andwy,; are the lower and upper frequency limits of they, ... The squared-error difference between this reconstructed

measurement system, and, is the frequency duration of waveform and the measured data is defined as
e(w). The early-time E-pulse discrimination ratio (EEDR) is

M,
identical to that used for late-time [6] o= Z [m(t:) — Ki i '(t‘)]Q (13)
Ly — i NN
i=1
EEDR(dB)= 10.0 log;, {ﬂ} (11) , , o
min(EEDN) wheret; is the time at sample point M,, is the number of

The early-time E-pulse method is based on the spectr%'htfs'%;Teer:sitﬁ:ém; r;ﬁg?g;?nmﬂéf the scaling factor.
of the early-time response. Thus, care must be exercisedi’ y 2.

when defining a reference in the transient response to avoid M,

shifting the complex frequencies of the exponential sinusoidal Z [t )re, ()]

waveforms that make up the early-time spectrum. This is K, = =t (14)
especially true when using the measured transient data required i My,

for early-time E-pulse synthesis for realistic targets (e.g., ZHQ j(ti)

aircraft, missiles). i=1

This sensitivity to the = 0 reference arises when frequencysince different candidate targets may have different late-time
domain E-pulses for the early-time response are construcigiods, a normalized error quantity—the squared-error per
and subsequently used to process an independently measyggt (SEPP)—is needed. This is defined as
response whoseé = 0 reference point has shifted by an

amountr from the response used to synthesize the E-pulse. M, )

It is found that the effectiveness of the early-time frequency 1 Z [m(ti) — K j(ti)re, ()]

domain E-pulse is reduced. SEPR ; = A =1 7 (15)
To circumvent this problem, a reference feature for each p z 24,

early-time response is needed. This is allowable for early-time Zm (t:)

discrimination since the aspect angle of the target (discussed

in the following section) is assumed to be known. A simplehere the denominator is the energy in the late-time response.

reference is the maximal point in the early-time response.measure of the quality of the smallest error is given by the

Unfortunately, this is not sufficient since there are usualligquared-error ratio” (SER), defined as

some slight shifts associated with each measurement due to SEPR ;

equipment variations or slight changes in aspect angle. To SER, ; (dB) = 10.0 log, {4’} (16)
N o . min(SEPB

overcome this difficulty, the discrimination process is repeated

for slightly different values of-. The value ofr corresponding Thus, the aspect angle and target producing 0-dB SER is the

to the minimal EEDN for one of the E-pulses can then be usetost probable candidate.

The correct target is identified with the E-pulse corresponding

to an EEDR value of zero; the EEDR values of the othen. DEMONSTRATION OF THECOMBINED E-PULSE TECHNIQUE

targets are greater than zero. Two sets of antennas covering adjacent frequency bands

have been used to increase the bandwidth and allow for both
strong early and late-time signals to be measured for a single
The aspect angle of the target identified using the late-tim@craft at various angles of incidence. A data splicing routine
scheme is determined by minimizing the squared differenaeeas developed in an effort to accomplish this [19]. In the case
between the measured late-time response and the responsgf tiie B-52, a 1: 72 scale model was measured over the band
the candidate target reconstructed using the modal amplitu@e$8 GHz, while a 1: 144 scale model was measured over the
and phases extracted from laboratory data and saved in a datad 0.4-4.4 GHz. The orientation and location of the antennas

C. Determination of Aspect Angle
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Fig. 1. Spliced transient response of B-52 aircraft model at°4m@dence. Fig. 2. Late-time E-pulse constructed to cancel late-time B-52 response.

and the targets were maintained throughout the measurements. %6 3 B-52 (45.9%)
The amplitudes of the low-band data were scaled by 2.0 and

the frequency step size by a factor of 0.5 by the application 0.4
of the linearity principle to the measured data because of

the known scale ratio of two between the model targets.
The two data sets were spliced together in the frequency © 02
domain at one preselected frequency for all of the measured =
responses (0—-8%.1at an increment of 27). The resulting
ultrawide-band frequency data, equivalent to 0.2-18.0 GHz
for the larger target, was interpolated down to dc and then .
Fourier transformed into the time domain by weighting the
frequency-domain spectrum with a double Gaussian function,
thus retaining the lower frequency information.

Fig. 1 shows the scattered time domain response of a B-52
target at aspect angle of 45.8om nose on obtained from the
spliced frequency data (0-18 GHz) with the polarization in -0.6 T
the plane of wings. Note the occurrence of a strong late-time ' 50 Tim1eo‘o(ns) 100 200
oscillatory component appearing after the excitation signal
has passed the target (around 6.1 ns), resulting from ffig 3. Convolution of late-time B-52 response measured aP4gederated
low-frequency component of the spliced data. The combin8gn9 Spliced data with late-time E-pulses of B-52, B-58, and F-14.

E-pulse technique can be used to perform radar target dis-
crimination since both early-time and late-time responses agspectively. In this case, the difference is so large that the
strongly present. B-52 can be easily identified. However, if additional noise

As a demonstration of the combined E-pulse techniquig, added to simulate an actual measurement in the field, the
1:72 scale B-52, 1:48 scale B-58 and 1:48 F-14 moddtentification becomes more ambiguous.
have been measured within the band 0-18 GHz and invers@o simulate a more realistic scenario, the B-52 response at
transformed into the time domain, as described above. Eathi® was chosen to be the measured response of an unknown
target has been measured from 0-8@itla 2.7 increment and target. The response was scaled by a factor of 10, white
late-time E-pulses have been constructed using informati@aussian noise was added using the definition of SNR given
from several aspect angles. Fig. 2 shows late-time E-pulseinf[6], and the reconstructed responses of the three potential
the B-52 constructed to cancel its late-time response. Figta3gets were best fit to the noisy waveform. The resulting SER
shows the convolution of the B-52 response measured at 45 9shown in Figs. 4-6. When the B-52 is the anticipated target,
with the late-time E-pulses of the B-52, B-58, and F-14. Thiae SER is minimized for the correct angle 45r@gardless of
beginning of the late-time convolutions of the B-52, B-58&he noise level. However, the rate at which the SER increases
and F-14 are 14.2, 14.1, and 13.9 ns, respectively. Using e the aspect angle moves away from 25d@creases with
definition of LEDR, the B-52 has an LEDR of 0 dB whileincreasing noise; that is, as the noise gets worse, it is harder
the B-58 and F-14 have an LEDR of 20.5 and 29.8 dBo tell with certainty that the aspect angle is 45.%Vhen

clevarirrrabrinnens

ive amp
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(@]
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&
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Fig. 4. SER of B-52 response measured at 2@8pect angle for different Fig. 6. SER of the noisy B-52 response measured at°4aspect angle for
candidate targets, as a function of aspect angle. SNEO dB. different candidate targets, as a function of aspect angle. SNRdB.
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Fig. 5. SER of the noisy B-52 response measured at°4&spect angle for Fig. 7. Early-time discrimination of B-52 measured at #5&spect angle
different candidate targets, as a function of aspect angle. SNIR dB. for different candidate targets as a function of aspect angle. SNR dB.

the B-58 and F-14 are the anticipated targets and the SNRsisshifted by the expected beginning time and the Fourier
low, certain aspect angles neat Produce nearly as goodtransform is applied to the early time portion of the response.
a best fit as the B-52 near 48.9Thus, it is difficult t0 The real or imaginary parts of the spectral early-time response
tell if the target is a B-52 at 45°90r an F-14 or B-58 40 then used to synthesize the E-pulses. All the E-pulses are
near 0. stored in the target library along with information on the two

For low \_/alues of SNR, the B-52 has the largest SER 1E%ay transit time, effective transmitted pulse width, apgfor
the approximate range of aspect angles 40—-Hbwever, it each aspect angle

is barely above the B-58 in the range 022fhd the F-14 in . . . .
the range 0-25 Thus, to verify the that the B-52 is the actual Since partial resonances are presen'; in the early-time tran-
target, the early-time E-pulse scheme may be applied withiif"t résponse of the B-52 (shown in Fig. 2), the early-
each of these aspect angle ranges. time transient response is not optimally useful for early-

The beginning time of the measured responses must Hge _E-pulse discrimination. A purely specu_lar early-time
determined in a manner similar to that explained in [6] befof€ansient response can be obtained by truncating the spectrum
the early-time E-pulse technique is applied. The differenée the band 2-18 GHz, weighting with a Gaussian modulated
between the peak time and the beginning timeis stored in cosine function [20] centered at 10.0 GHz, and then inverse
the target library for all measured aspect angles. The respotremsformed using the FFT.
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angles for each target, the early-time E-pulse method can be
applied more efficiently. The measured responses of scaled B-
52, F-14, and B-58 aircraft have been used to demonstrate the
potential of the method. Extending the technique to a larger

(1]

(2]

Lares v b reereg by b e rerna b g gyt

—40.0 — B-52 E-pulses
ffffff B-—-58 E-pulses
- == F=14 E-pulses
(3]
B N o o o o o B e e
0.0 20.0 40.0 60.0 80.0 100.0

Aspect Angle (Deq) [4]
Fig. 8. Early-time discrimination of B-52 measured at 45&spect angle
for different candidate targets as a function of aspect angle. SNI® dB.

(5]

10.0 B-52 (45.9%

SNR=0 dB

(6]

C.0
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13
Fig. 9. Early-time discrimination of B-52 measured at #5&spect angle [13]
for different candidate targets as a function of aspect angle. SNRdB.

[14]

Early-time E-pulses have been constructed for each tar?et
at each measured aspect angle. Convolution of the®48-5 15]
52 spectrum with each of the E-pulses produces the plots
shown in Figs. 7-9. It can be seen that for all of the noid&¢]
levels, the B-52 E-pulses produce the maximum EDR, and that
EDR occurs near 49°5 Since the aspect angle range has been
narrowed from the use of the late-time data, the E-pulses ndé
only be employed over a small range of the displayed angles
and, thus, the proper target is identified with a minimum dis]
processing effort.

[19]
[V. CONCLUSIONS

A technique has been introduced that combines the 1d£8!
and early-time E-pulse techniques to reduce the early-timg
processing effort. By narrowing down the number of potential
targets, and by determining the most likely range of aspect

number of targets, including targets of similar geometry, will
be left to future study.
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