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Dear editor,
The performance of radar target detection and
tracking is greatly influenced by waveform band-
width. Ref. [1] proposes that very narrowband
waveforms are usually employed for search, nar-
rowband waveforms are used for tracking, and
wideband waveforms are used for classification.
Ref. [2] considers that ballistic missiles may im-
pose the challenge of closely space objects (CSO),
and tracking in a CSO environment may mo-
tivate high-resolution tracking waveforms to en-
sure firm tracks on individual objects. Thus, ac-
cording to practical requirements, narrowband
and wideband waveforms are employed for tar-
get cued search/acquisition and stable tracking,
respectively [3].

A key problem evolves, namely, when and how
to switch from narrowband acquisition to wide-
band tracking. Because the range measurement
accuracy is not high for target acquisition, the
narrowband range gate is relatively large. At this
point, switching to wideband waveforms directly,
increasing range resolution cells and false alarm
numbers will decrease the track filtering accuracy
or even lose the track. Ref. [4] studied the problem
of adaptive waveform selection for target tracking
by a multistatic radar system based on minimizing
the tracking mean square error. The waveform se-

lection for maneuvering targets within an interact-
ing multiple model (IMM) framework was studied
in [5]. However, neither waveform selection criteria
discussed the bandwidth transition from narrow-
band to wideband.

In this study, we focus on the analyses of wave-
form bandwidth selection strategy for transition
from target narrowband acquisition to wideband
stable tracking. A novel waveform design method
is proposed to gradually increase the signal band-
width on the premise of the constant tracking er-
ror caused by a false alarm so that the system can
quickly and smoothly switch from the narrowband
acquisition to the stable wideband tracking state.

Bandwidth gradual-transition waveform design

method. Generally, it is assumed that the Kalman
filtering [6] algorithm is adopted in radar. If the
target state prediction vector and state prediction
covariance matrix of the k-th time are X̂(k|k − 1)
and P (k|k − 1), respectively, then the updated
state vector and state covariance matrix of the k-
th time are shown in (1) and (2):

X̂(k|k) = X̂(k|k − 1) +K(k)v(k), (1)

P (k|k) = P (k|k − 1)−K(k)S(k)KT(k), (2)

where K(k) is the filter gain matrix, v(k) is the
measurement residual and S(k) is the measure-
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ment prediction covariance matrix. The area (vol-
ume) of an nz-dimension elliptical (ellipsoidal)

tracking range gate [7] is V (nz) = cnz
γ

nz

2 |S(k)|
1

2 .
γ is the tracking range gate parameter which sat-
isfies v

T(k)S−1(k)v(k) 6 γ. The cnz
is 2 for

radar measurement range tracking gate (1 dimen-
sion). Thus, the area of a radar measurement

range tracking gate is V1(k) = 2γ
1

2S11(k)
1

2 in the
k-th time. S11(k) is the first element on the diag-
onal of matrix S(k).

If n pulses are accumulated, the average false
alarm number in tracking range gate is N(k) =

8γ
1

2S11(k)
1

2nBPfa/c for the k-th time, where c
is the speed of light, B is the signal bandwidth,
Pfa is the probability of false alarm. Obviously,
a larger bandwidth will increase the false alarm
numbers in the tracking range gate. On the other
hand, measurement prediction is also related to
the signal bandwidth. Assume that the radar
adopts linear frequency modulation (LFM) rang-
ing and employs monopulse techniques to measure
the angles (targets near the axis); the root mean
square error (RMSE) of range and angle mea-
surement [8, 9] are er =

√
3c/(2πB

√
2SNR) and

eθ ≈ θ3 dB/(Kθ

√
2nSNR), respectively, where Kθ

is the monopulse slope (Kθ = 1.4 in this study). n
is number of independent measurements smoothed
by the tracking filter and θ3 dB is 3 dB beamwidth
of radar. The SNR is the echo signal-to-noise ra-
tio. If there is a false alarm in range gate, then the
target state estimate vector can be updated as

X̂(k|k)
= X̂(k|k−1)+K(k)(αv(k)+(1−α)vf (k)), (3)

where vf (k) is the measurement residual corre-
sponding to a false alarm and α is the observation
weight of real target. Because the false alarm is
uniformly distributed in the tracking range gate,
thus, E[vf (k)v

T
f (k)] = µS(k), where E[·] is statis-

tical average calculation function and µ is a con-
stant.

According to (3) and [7], the state covariance
matrix can be updated as

P
′(k|k)

=E
{

[

X̂(k|k)−X(k)
][

X̂(k|k)−X(k)
]T

}

=P (k|k − 1)− (2α− α2)K(k)S(k)KT(k)

+ (1− α)2µK(k)S(k)KT(k)

=P (k|k−1)−K(k)S(k)KT(k)+[1−(2α−α2)

+ (1− α)2µ]K(k)S(k)KT(k), (4)

where X(k) is the real motion state of target. If
1 − y = 1 − (2α − α2) + (1 − α)2µ, then 1 − y

represents the effect of a false alarm on tracking
performance under the normalized measurement
prediction covariance and gain condition. And the
value of y is between 0 and 1. Considering that
there may be more than one false alarm number,
(4) can be rewritten as

P
′(k|k) =P (k|k − 1)−K(k)S(k)KT(k)

+ (1 − y)N(k)K(k)S(k)KT(k). (5)

Because the false alarm number in normal work-
ing scenarios of tracking radar is suppressed very
low, N(k) is usually much less than 1. Obviously,
a false alarm has no effect on the P (k|k − 1), but
will change the influence of K(k)S(k)KT(k) to
P

′(k|k).
According to (5), the effect of false alarm

on tracking performance is related to 1 − y,
K(k)S(k)KT(k) and N(k). 1 − y is a constant,
K(k)S(k)KT(k) will change over time; thus, the
effect of false alarm evolves at different times. The
increase in the tracking error caused by the unit
false alarm can be defined as

β = (1 − y)trace
(

MK(k)S(k)KT(k)MT
)

= (1 − y)β′, (6)

whereM is the weighted matrix used to adjust the
weighted value of the different dimensional track-
ing error. Generally, M can be taken as

M =







1 0 0 0 0 0

0 0 1 0 0 0

0 0 0 0 1 0






. (7)

According to (5) and (6), the tracking error
caused by false alarm can be constant if U(k) =
β′N(k) = trace(MK(k)S(k)KT(k)MT)N(k) re-
mains consistent during tracking. Therefore,
the bandwidth gradual-transition waveform design
method can be demonstrated as follows.

(1) Initialize the track vector and matrix (k =

0). Predict the motion state vector X̂(1|0), state
prediction covariance P (1|0), measurement pre-
diction covariance S(1) and gain matrix K(1) of
the next moment k = 1.

(2) Calculate the average false alarm num-

ber N(1) = 8γ
1

2S11(1)
1

2nBPfa/c and U(1) =
trace(MK(1)S(1)KT(1)MT)N(1).

(3) Update the state estimate vector X̂(k|k)
and state covariance matrix P (k|k) of k-th time.

(4) Predict the state vector X̂(k + 1|k), state
prediction covariance P (k + 1|k), measurement
prediction covariance S(k + 1) and gain matrix
K(k + 1) of next moment k + 1.

(5) Take the U(k) = U(1) and calculate
false alarm number N(k) = U(k)/trace(MK(k)
S(k)KT(k)MT) for k-th time.
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Figure 1 (Color online) Bandwidth design results and measurement filtering RMSE for different methods. (a) Bandwidth
design results; (b) radial range filtering RMSE; (c) radial velocity filtering RMSE.

(6) According to N(k), design the wave-
form bandwidth of the k-th time as B(k) =

N(k)c/8γ
1

2S11(k)
1

2nPfa.

(7) k = k + 1 and return to (3).

Simulation and analysis. We present a simula-
tion example for the proposed method. In this
example, the tracking data rate is set to 0.5 s.
The SNR is 20 dB, and the radar beamwidth
is 0.08◦. Pfa is 1 × 10−7, and γ is 16. The
pulse accumulation number n is 1. The initial-
ized tracking bandwidth is 2 MHz, and the final
ideal bandwidth is 1 GHz. The target motion state
is X̂(0|0) = [x vx y vy z vz ], where [x y z] =
[−1.2398 × 106 − 9.9801 × 105 1.6614 × 106] m
is the position of the target in rectangular coordi-
nate system and [vx vy vz] = [2.1261×103 4.0840×
103 − 2.7719 × 103] m/s is the target velocity in
the corresponding direction.

To demonstrate the superiority of the pro-
posed method, the comparison results of an-
other gradual-transition bandwidth (keep average
false alarm number constant) and fixed-transition
bandwidth method are presented in the simula-
tion. The order of the fixed-transition bandwidth
is 2, 5, 10, 100, 500 MHz, and 1 GHz. And the
filtering time of each fixed bandwidth frequency
is set as 10 steps. Figure 1 shows the bandwidth
design result, radial range and velocity measure-
ment filtering RMSE for three methods. The fi-
nal convergent result of gradual-transition band-
width (keep average false alarm number constant)
is stable at 5 MHz. It is observed that the method
we proposed, gradual-transition bandwidth (keep
tracking error caused by false alarm constant), can
make the bandwidth transition more rapidly and
smoothly compared with the other two methods.
On the other hand, the tracking accuracy can also
be rapidly improved.

Conclusion. A radar waveform bandwidth selec-

tion strategy for wideband tracking is presented in
this study. A theoretical analysis shows that the
bandwidth gradual-transition waveform selection
method can restrain the effect of the false alarm
number with increasing waveform bandwidth and
keep the tracking error caused by false alarm con-
stant to ensure that the track is not lost. More-
over, the radar system can rapidly and smoothly
transit from the narrowband acquisition scenarios
to the wideband stable tracking scenarios, which
is beneficial to target recognition. The simulation
results also demonstrate the effectiveness and su-
periority of the proposed method.
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