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ABSTRACT

Target detection is an important research content in the radar field. At present, efforts are being made to optimize the
precision of detection information. In this paper, we use the high pulse repetition frequency (HPRF) transmission
method and orthogonal biphase coded signals in each pulse to avoid velocity ambiguity and range ambiguity
of radar detection. In addition, We also apply Walsh matrix and genetic algorithm (GA) to generate satisfying
orthogonal biphase coded signals with low auto-correlation sidelobe peak and cross-correlation peak, which make
the results more accurate. In a radar receiver, data rearrangement of echo signals is performed, and then pulse
compression and moving target detection (MTD) are utilized to get the final velocity and range information of a
target without velocity ambiguity and range ambiguity. Besides, a small transmitting pulse time width is adopted to
reduce the working blind area, and two different high pulse repetition frequencies (HPRFs) are adopted to solve the
problem of range eclipse. Simulation results finally prove the effectiveness and feasibility of the proposed method.
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1 Introduction

Digital array radar is a kind of radar whose transmission and reception are operated digitally,
which has many incomparable advantages over traditional phased array radar, such as high amplitude,
phase control accuracy and beamforming flexibility, large dynamic range, strong reliability, and low
loss and sidelobe [1-3]. It has played an essential role in radar field.

Pulse doppler (PD) radar is easily realized on a digital array platform and usually used to detect
long-range targets. In the search stage, PD radar uses the same antenna to transmit and receive.
The advantage by turning on transmission and reception alternatingly is that there will not be any
transmission leakage at the receiving end.
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When the delay time of target echo is greater than the repetition period of transmitted pulses,
range ambiguity will occur [4—6]. In addition, when the Doppler frequency caused by target motion is
greater than half of the repetition frequency of the transmitted pulse, velocity ambiguity will happen
[7]. In order to solve this problem, high pulse repetition frequency (HPRF) working mode is often
adopted [8,9], but it also brings range ambiguity [10—13]. The traditional method of eliminating range
ambiguity is using several different pulse repetition intervals (PRIs) based on the remainder theorem
[14], the one-dimensional set algorithm [15], the look-up table method [16] and so on. However, all
those methods above have their own shortcomings.

The biphase coded signal is a common pulse compression radar signal. It has been widely
researched and adopted for non-ultra-high-velocity targets due to its great noise-like and low proba-
bility of intercept characteristics [1 7]. In this paper, HPRF working mode is adopted to avoid velocity
ambiguity, narrow width of transmitted pulses is applied to reduce the blind zone, and two different
HPRFs are used to solve range eclipse. In addition, multiple orthogonal biphase coded signals, based
on Walsh matrix and performed genetic algorithm (GA) [18,19], are transmitted within the time
corresponding to the maximum range of the radar to mitigate range ambiguity. In radar receiver, data
rearrangement is performed on multiple echoes of transmitted pulses, and then pulse compression and
moving target detection (MTD) are performed, after which the range ambiguity can be eliminated.

The structure of this paper is as follows: The cause of pulse radar ambiguity is analyzed, and the
signal model without blur and eclipse is given in Section 2. The design flow of the transmitting signals
used to resolve ambiguity is given in Section 3. The radar signal processing process is presented in
Section 4, and in which the data rearrangement method is changed compared with the traditional way.
The flexibility of the proposed method through simulation experiments is in Section 5. The conclusion
is in Section 6.

2 Signal Model and Problem Description
2.1 Distance and Velocity Ambiguity and the Solution

For pulse radar, when echo delay of a target is longer than pulse repetition interval (PRI), the
target echo will not fall in the cycle, and the measured target distance is not the real distance but a
distance with range ambiguity. As shown in Fig. 1, s, (¢) is the mth transmitting pulse, r,, (¢) is the
echo of the mth transmitting pulse, 7, is the delay of the target echo, and then the transmitting pulse
can be expressed as Eq. (1).

51 (1) =s(0)
Sy (1) = s (1 — tpr1)

853 () = 5 (t — 2tprr) (D

S (Z) =4S (Z - (m - 1) [PRI)

where s(7) is the pulse compression signal (linear frequency modulation signal or phase coded signal),
and fpg, 1s the time corresponding to one PRI.
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Figure 1: Echo diagram of generating range ambiguity

Pulse radar calculates the distance by measuring the delay t, of the echo r, (¢), and 7, is estimated
by the peak position after pulse compression which is generally achieved by matched filter doing cross-
correlation operation. When 1, is greater than PRI, cross-correlation calculation is performed with the
current transmitted pulse signal s, (¢) using r, (¢), which is as shown in Eq. (2).

Gt =/[_rn@st+r)dr
5 (2
=[5 (T —1)s8(t—ti +1)dt

The peak position is 1 = 1, — tpr;, and the delay reflected by the peak is different from the
real echo delay T,, so the distance ambiguity appears. However, if a group of pulse signals with low
cross-correlation peak value are transmitted, the peak value will appear only when r, (¢) and s, (¢) are
cross-correlated, which can effectively solve the distance ambiguity problem. The relative formula is
as shown in Eq. (3).

G = f,o; r(r)si(t+r1)dr
(3)
= ff:o& (t—1)sj(t+1)dr

The peak position is 1 = t,, from which the distance can be correctly calculated.

2.2 Range Eclipse and the Solution

Radar adopts the transceiver switching mode, which inevitably results in range occlusion, that is,
the echo delay of the target £, = PRI. At this time, the echo of the target happens to be at the moment
of pulse transmission, and the echo diagram is shown in Fig. 2.

Traditional HPRF radar mainly realizes anti-occlusion by using varying PRFs. Therefore, three
different PRFs are adopted in order to have no ambiguity and no occlusion in the traditional method.
But only two different PRFs are needed to realize detection without ambiguity and occlusion if the
transmitted signal with low cross-correlation peak value is adopted to solve the ambiguity.
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Figure 2: Echo diagram of generating range occlusion

3 Design of Transmission Signal

As can be seen from the above section, distance ambiguity can be solved by transmitting multiple
signals with low cross-correlation peak values at time division. This section will take two-phase coded
signals as an example to illustrate the design process of transmitting signals.

In order to obtain the obvious main lobe after pulse compression, not only the peak value of
cross-correlation between signals but also the peak value of auto-correlation side lobe of each signal is
reduced during signal design. For two-phase coded signal set, the ith signal can be expressed as Eq. (4).

1 K—1

u, (1) = iy (t — kT.) 4)
where ¢, 1s the jth element’s phase of the ith signal, and

t I, 0<t=<T.
v (1) = rect (T) = {0’ else %)

is the pulse with the width of 7. and K is the length of the encoded signal. The auto-correlation function
of signals is as Eq. (6).

A (¢, k) =

1
N 2ot XD (B () =y (1 +K)) 0 <k < N

L .
S exP ()~ ¢ (1K), — N <k <0

(¢ (n) =0,7)

The cross-correlation function of two signals is as Eq. (7).

¢ (¢P’ by k) =
1

NZf;kexp(j(%(n)—¢p(n+k))),0<k<N

(7)
[ .
5 2o &P (7 (6, 1) — &, (1 +K))), =N <k <0
P #q4,¢,n)=0,7,¢,(n) =0,7)

¢, (n) represents the nth element’s phase of the mth signal [20].

(6)
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As Section | says, transmitting signal set is optimized by GA. The steps are as follows:
Construct the fitness function of GA as Eq. (8).

M
F=w ) max|A (g, k)l
=1

+ w, Z Z max |C (¢, ¢, k)| (®)

The fitness function is to calculate the auto-correlation sidelobe peak and cross-correlation peak
of signals. The w, and w, are weighting coefficients, satisfying w, + w, = 1.

Generate an N x N walsh matrix and make random exchange, then take the fitness function value
shown in the minimization formula as the criterion and select M waveforms from the matrix. The
selected M x N matrix is as the input of GA.

Use GA to optimize the M x N matrix. The flow chart is shown in Fig. 3 and the specific steps
are as follows:

a) Calculate the fitness function value of the matrix, judge whether it meets the end condition, that
is, whether the number of iterations reach the upper limit, or successive differences of optimum
fitness between adjacent two generations are less than the threshold. If so, stop the iteration,
otherwise, carry out the next selection, crossover, mutation, and recalculate the fitness function
values until the end condition is met.

b) Discard the individual with the largest fitness function value and select the remaining individ-
uals with the smaller values in the population for later crossover and mutation.

c¢) Pair individuals in the population randomly and cross the biphase coded values of paired
individuals randomly to recombine into new ones.

d) According to the mutation probability, the code values, also the biphase coded values, of some
columns in the random mutation population get mutation from 1 to —1 or from —1 to 1.

e) Replace the individuals with the largest fitness function value in the original population with
those that have the smallest fitness function value in the new population, then return to Step a
for the next iteration.
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Figure 3: Flow chart of genetic algorithm

4 Process of Radar Signal
4.1 Process of Transmission

In order to avoid velocity ambiguity, HPRF mode is adopted in this paper. Multiple pulses,
composed of the two-phase coded signal set designed in Section 3, which have low auto-correlation
sidelobe and cross-correlation peak value, are transmit within the time corresponding to the maximum
detection range of radar, which can effectively solve the distance ambiguity. The design process of
emission parameters is as follows:

First, the time duration of pulse 7 is determined according to the radar range blind area R, as
Eq. (9).

2R,
T oc

T )
where ¢ is the velocity of light. Meanwhile, the maximum radar period T, is determined according
to the farthest detection range R, of the radar as Eq. (10).

2Rmax
Tmax =

(10)
C
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Then, the PRI is determined according to the maximum radial velocity v,,, of the target as
Eq. (11).

A
PRI <
o Zﬁlmax o 4vmzlx

(11)

where f; ...« 1s the maximum Doppler frequency caused by maximum radial velocity v,,... The number
m of transmitted pulses in an unambiguous period 7, is determined as Eq. (12).

T
— max 1 2
"= PRI (12)

Then, select a group of signals produced by the above method to transmit in an period T,,,. As
shown in Fig. 4, in one period T, transmit m orthogonal signals a,,a,, ..., a,, which have great
auto-correlation and cross-correlation performance. The radar system usually needs to accumulate to
obtain a better detection on targets, so several periods T, form a coherent processing interval (CPI).
The number of T,,, in a specific CPI can be selected according to actual scenarios.

CPI
- max
' ' '
rul j’:’r.'! rﬂm r al r al r am
al az " Ia‘l a: am Ia‘l a: am al

Figure 4: Schematic diagram of transmitted signal

4.2 Process of Receiver
4.2.1 Data Reshaping

This paper focuses on transceiver switching radar system. Therefore, the receiver cannot receive
signals during transmission time, so the echo data sequence R, collected in the first period is shown as
Eq. (13).

Rl = [Oal Tal 0112 Fop o v Oam ram] (13)

where 0, (m =1,2,...,m) signifies that the receiver is shut off during transmitting the pulses
a,m=1,2,...,m), and r,, is the receive data when the radar switches to receiving mode after
transmitting. All of the above received data is digital signals that have been down-converted to
baseband.

The echo data matrix R is shown in Eq. (14), which is composed by rearranging the echo data of
a CPIL.

TR, T [0 o 0w 7o o Tay ]
R, 0p 1o 04 rgs --- 1,
R=|: |=|: + + + - (13)
R, Oun Fam O l’;l T r;(m—l)
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The schematic diagram of the matrix R arrangement method is shown in Fig. 5. Each row is
corresponding to an unambiguous period T,,,. The beginning time of the first row is the time when
the pulse signal g, starts to be transmitted, and the second row is corresponding to the time when the
pulse signal a, starts to be transmitted, and so on for subsequent rows.

R.Il'l

max

a_ a a a, a a  a

| —

(=)

Figure 5: Data rearrangement diagram

4.2.2 Pulse Compression

Perform matched filtering on each row of the echo data matrix R to implement pulse compression
processing. The first row R, in R is performed matched filtering with A4, constructed by adding 0,
that is to make 4, and R are the time series with same length, after the transmitted signal a,. Use the
frequency domain pulse compression processing method as Eq. (15).

X, = IFFT {FFT (R, [n]} - FFT {(4,[-n])"}} (15)

where FFT is fast Fourier transform and IFFT is inverse fast Fourier transform. 4, [—n] is the reverse
of the sequence 4, and [ ] is conjugate operation. The second row R is matched with R,, and then
perform the same process for the remaining rows. In the end, put the processed data into corresponding
rows in a new matrix X.

4.2.3 Moving Target Detection

FFT is performed on each column in the new matrix X gotten after pulse compression, that is
MTD processing, to achieve coherent accumulation, and the peak value calculated finally in this new
matrix reflects the range and velocity information of the target.

5 Simulation Analysis

Assuming that a certain scene requires the radar’s range blind area R, < 500 m, the maximum
detectable range is R,,, = 100 km, and the maximum detectable speed is v,,, = 2000 m/s. Then
in order to meet the demand of range blind area R,, and according to the calculation formula of
transmitting parameters in radar signal process, the transmitting pulse width is at most as Eq. (16).

T= T =333 s (16)
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If the radar’s radio frequency is frr = 300 MHz, then the wavelength is A = ¢/f = 1 m, and the
pulse repetition interval is met Eq. (17).

PRI < =125 us (17)
vmax
According to R, the radar period T, is at least as Eq. (18).
2Rm'lX
T = =~ = 666.7 us (18)

From the above requirements, the radar transmitting parameters are set as Eq. (19).
T = 2.56 us
PRI = 96 us (19)
Thax = 8 x PRI =768 us

So R, is as Eq. (20).

R, = %C —384m (20)

The maximum unambiguity distance and velocity, according to such way in this paper, are
respectively as Eq. (21).

T .
R =-""% _1152km
2, 1)
y o= =2604m/s
| ™ " 4.f.PRI
By contrast, the outcome of traditional PD radar is as Eq. (22).
f PRI .
R = © — 144km
" ° 2604 m/ @2)
= — = m
| "= 4 PRI °

Obviously, the traditional PD radar cannot meet the requirement of R, in this scenario except
for increasing PRI as Eq. (23).

2R
PRI" = =" = 666.7 s (23)

Then we get the values as Eq. (24).
Tmax -C

"

=115.2km

C
= =375m
Ymax = 47 PRI /s

24

The requirement of v,,,, cannot be met at this time, so the traditional PD radar cannot complete
detection in this scenario, but the method proposed in this paper can deal with this problem. The
simulation results of the traditional radar and of the proposed method are given below to verify the
feasibility and superiority of such way by comparison.
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5.1 Simulation Analysis of Transmitting Signal Designed by GA

In the simulation of transmitting waveform design using genetic algorithm, the length of biphase
code is set to 256. Moreover, at least 8 waveforms need to be designed according to Eq. (19). Therefore,
16 transmitting waveforms are designed in this paper for using (M = 16, N = 256). The two
coefficients in the fitness function are set as w, = 0.5, w, = 0.5, the maximum genetic iteration is
set as 1500 and the maximum stagnation iteration is set as 200. The convergence of the fitness value of
GA isshown in Fig. 6, in which the fitness value converges to 9.564 from the 611th to 811th generation.
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i e
o b
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|
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X611 X811

9.6 T —— Y 9.5644 Y 0.56445
———

0.5 L " '
0 500 1000 1500
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Figure 6: Convergence graph of fitness value
The auto-correlation function of the signal obtained at the end of iteration is shown in Fig. 7a,

and the cross-correlation function is shown in Fig. 7b. It can be seen that the signal has low auto-
correlation sidelobe and low cross-correlation peak value.
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Figure 7: Auto-correlation and cross-correlation
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5.2 Simulation Results 1

Assume that there is only one target, the distance is 20 km, and the speed is 530 m/s. Then the echo
diagram is shown in Fig. &, in which the echo delay of the target #, > PRI, that is, the target distance
is beyond the maximum unambiguity range of traditional radar, but it is within the maximum of the
proposed method in this paper.

Target
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o
o
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o
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I\.lQ
8
g

PRI

CPI
Figure 8: Schematic diagram of the echoes of one target

The signal to noise ratio (SNR) is set to —20 dB in the simulation, and the transmission parameters
are set as Hq. (19). The maximum unblurred distance and maximum unblurred speed of traditional
PD radar are shown in Eq. (22). Traditional PD radar only adopts a two-phase coded transmitting
waveform, and its moving target detection diagram (MTD diagram) is shown in Fig. 9a, in which the
calculated distance is inconsistent with the set distance and it is just equal to the difference between
real distance and the maximum unfuzzy range, so it is difficult for traditional radar to distinguish
whether the target is within the maximum unambiguity range, generating ambiguity. But with the
method in this paper with Eq. (21), and select eight signals, having low auto-correlation sidelobe and
cross-correlation peak, as transmitting set from waveforms designed in Section 5.1, and the MTD
figure is shown in Fig. 9b, in which range ambiguity does not exist.
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Figure 9: MTD diagram comparison of single target
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5.3 Simulation Results 2

Assume that there are two targets, the distance of the first is 10 km and the second is 24.4 km,
and the speed of the first is 240 m/s and the second is 240 m/s too. The echo delay difference between
these two targets is one PRI, which means overlap happens as shown in Fig. 10, in which the dashed
red line is the echo from target 1, and the solid green line is the echo from target 2.

In the same way, the signal to noise ratio (SNR) is set to —20 dB, and the transmission parameters
are set as Eq. (19). As shown in Fig. 11a, in which only one peak value in the figure, that is, the
traditional PD radar cannot distinguish the number of the real targets, which is because the speed
of the two targets is the same, and the distance difference is just equal to the maximum unblurred
distance so that the peak value of the two targets in the MTD figure is at the same position. But with
the method in this paper, the real targets can be found as shown in Fig. 11b, in which the two targets
are detected without ambiguity.
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Figure 10: Schematic diagram of overlapping echoes of two targets
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Figure 11: MTD diagram comparison of two targets
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5.4 Simulation Results 3
Assume that the target’s distance is 14.4 km and the speed is 120 m/s, and set the echo delay
t, = PRI. If the radar adopts transceiver switch mode, range occlusion will be generated as shown

in Fig. 12. In order to solve such problem, we can switch PRF in one T7,,, like in Fig. 12, using
b19b23b37 T

Target

Figure 12: Scheme of echoes with range eclipse
The SNR is still set to —20 dB. If there are 8 transmitting pulses in one T,,,, as shown in Fig. 13a,

the target cannot be detected. But if there are 6 pulses one T, as shown in Fig. 13b, the target can
be found.
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Figure 13: MTD diagram comparison with range eclipse
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6 Conclusion

Range ambiguity and velocity ambiguity of traditional PD radar cannot be eliminated at the same
time, which means increasing maximum unambiguous range also reduces maximum unambiguous
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velocity. Meanwhile, range eclipse is also a problem. The HPRF orthogonal signal transmission mode
and signal processing scheme in this paper make PD Radar implement long-range unambiguous
detection without velocity ambiguity and realize anti-range eclipse. Simulation results prove the
feasibility of this scheme. In future work, we will consider adopting the simultaneous transceiver mode
and reasonably suppressing the transmission leakage to achieve our purpose discussed in this paper
more effectively.
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