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Abstract: Two novel schemes are proposed to synthesize high-
resolution range profile (HRRP) based on co-located multiple-input
multiple-output (MIMO) system in the context of the joint radar and
communication system. The difference between two schemes is
the pattern of selecting pulses, which depends on the demand for
the velocity information. The system, a type of frequency diverse
array (FDA), takes full advantage of the phase-coded orthogonal
frequency division multiplexing (OFDM) signal. Furthermore, the
complete discrete form of the phase-coded OFDM echoes is uti-
lized to derive the HRRP processing. The velocity estimation in
the second scheme aims to eliminate velocity ambiguity, and high
velocity can be retrieved exactly. Meanwhile, the imaging method
is investigated with random frequency coding applied to an array.
The desired performance of resolving velocity ambiguity and sup-
pressing noise is shown by means of comparisons with previous
work. The advantages in the radar imaging and the significance of
the work are concluded in the end.
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1. Introduction

The idea of combining a radar and a communication sys-
tem on the same platform was studied in [1]. Incipiently
the most evident hurdle is that radars and communica-
tion systems are separated because of different frequency
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ranges. With the devel opment of the radio frequency front-
end systems, the differences between hardware require-
ments for the radar and communication systems are di-
minishing. Simultaneously the orthogonal frequency divi-
sion multiplexing (OFDM) signal becomes the most popu-
lar choice in the area where the radar and communication
functionalities are combined [2].

High-resolution range profile (HRRP) can be obtained
by using a waveform with large enough time-bandwidth
products, which is widely applied in the fields of tar-
get recognition and air traffic control, etc. [3]. However,
the generation of the signal with large time-bandwidth
products is difficult for hardware implementation. To im-
prove the total bandwidth and range resolution, a stepped-
frequency mode was implemented by maintaining a fixed
frequency spacing of 100 MHz in a burst in [4], and the
instantaneous bandwidth and required sampling rate are
limited. Some methods using several pulses to synthe-
size a chirp with large bandwidth were known as stepped-
frequency chirp and frequency-jumped burst in [5]. Based
on the above work, a method which achieves large band-
width with a synthetic chirp waveform adequate for short
transmitted pul ses was presented in [6]. The instantaneous
wideband waveform can be also synthesized by develo-
ping the potential advantages of the multiple-input
multiple-output (MIMO) systems based on frequency di-
versity. In this regard, a novel system, OFDM-MIMO
phased radar system, was proposed to improve the detec-
tion performance of a high speed moving target in [7,8],
which also weakens the effect of the high velocity, reap-
ing the benefit of the parallel incoherent processing of the
spatial diversity multi-channel data in a short time. And
the individual phased array element transmits chirp sig-
nals modulated by a carrier frequency equivalent to one
of the subcarriers in an OFDM symbol. A scheme of a
large time-bandwidth product waveform diversity based on
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chirp rate diversity has been put forward for MIMO radar
in [9]. However, the chirp signal has the disadvantage of
range-Doppler coupling inherently and its applications in
the communi cation systems are fewer than those of OFDM
signals.

Compared with chirp signals, the OFDM waveform has
shown its superiority in terms of the spectrum efficiency,
the scalability of bandwidth, transmission rate and the ca-
pability of anti-multipath [10,11]. Overall, the OFDM sig-
nal is highly appropriate in applications which radar and
communication joint functionalities are available for. In
[12], a technique which exploits the multicarrier struc-
ture of OFDM waveform and the random phase modula-
tion on the carriers was suggested to estimate the range
and Doppler of amoving target unambiguously. In another
paper [13], a range-Doppler estimation scheme for con-
tinuous OFDM signals is proposed for automotive appli-
cations. One of their common characteristics is that the
above schemes are performed under the background of
single-input and single-output (SISO) radar systems, an-
other is the form of the OFDM pulse which combines
intra-pul se frequency weighting and complementary cod-
ing sequences. The quantity of literature available con-
cerned with the OFDM pulsed radar is not large.

Asaresult of the complex electromagnetic environment
and the development of el ectronic countermeasure techno-
logy, the phase-coded OFDM waveform has attracted the
attention of researchers as a result of its outstanding anti-
jamming potential, smple realization and their inheritance
of low-probability of intercept (LPI) performance from
OFDM signals. A novel signal processing schemewas exa-
mined in [14], which achieves the estimation of range and
radial velocity based on phase-coded OFDM signals. Ac-
cording to this idea, a new signal structure, frequency-
agile phase-coded OFDM waveform, which enables the
Doppler to be solved in spite of the existence of frequency
agility was proposed in [15]. Thus, thewidebandis synthe-
sized by afew pulseswith different carrier frequencies. Be-
nefitting from the aforementioned signal structure, HRRP
is synthesized in dlow time after a matched filter is ap-
plied to the individual pulse in [16]. The pulse compres-
sion provides a coarse range resolution determined by the
bandwidth of single OFDM pulses. However, the influ-
ence of Doppler shift was not taken into consideration.
Since then, in [17] and [18], the ambiguity function of
phase-coded OFDM signals and the expression of HRRP
were analyzed, presenting the influence of the target ve-
locity and investigating the parameterization and the ve-
locity compensation. Nevertheless, the anti-jamming ca
pability is not strong enough in comparison with the ap-
proach mentioned as follows. A new framework for the
OFDM phase-coded stepped-frequency waveform based

on the inter-pul se Costas frequency coding was developed
to produce HRRP in[19]. However, thereis no comparison
between the proposed method and other available schemes,
and its scheme is only based on Costas frequency coding
without universal explanation. One of the most obvious
flaws is that the wideband OFDM phase-coded stepped-
frequency waveform is difficult to be generated for the
hardware. Another is that the communication speed is re-
stricted in the SISO system.

MIMO is usualy utilized in wireless communication
and radio frequency detection. The combination of co-
located MIMO radar and the structural sparsity Bayesian
learning was used in direction-of-arrival (DOA) estima-
tion in [20]. Under the background of the MIMO radar
with arbitrary array shape, the multi-compressive sensing
achieved the 2-dimension DOA estimation in [21]. Detec-
tionisone of the most important abilitiesfor radar systems.
The concept of MIMO high-resolution radar system is de-
rived from the fact that the MIMO isintroduced to achieve
the detection and imaging of moving targets. For moving
targets, not only can the long-time integration be avoided,
but also the velocity compensation processing may be left
out. An arrangement mode of array elements was pre-
sented for MIMO radar imaging of airborne moving tar-
gets in [22]. Then a lot of research achievements have
been made recently. Some approaches of high-resolution
imaging based on co-located and distributed MIMO sys-
tems were proposed in [23] and [24] respectively. Mean-
while, a method of imaging with the high azimuth resolu-
tion using the MIMO radar array was given by anayzing
the spatial spectral domain in [25]. The transmitted signal
of each element in the MIMO systems mentioned above
is awaveform with arbitrary single frequency. As aresult,
the different carriers and sidebands may interferewith each
other and the spectrum utilization may be inefficient. A
scheme of using a reciprocal spectrum filter to suppress
the high-level sidelobes near and far from the mainlobe
and the interferences between the harmonic components
was proposed in [26]. However, the problem can be solved
by OFDM technique easily, and the spectrum efficiency is
ableto beincreased to alarge extent. With the devel opment
of the OFDM radar [27], the imaging method based on the
OFDM-MIMO system was presented in [28]. The OFDM
signal provides superior control over the spectrum because
the modul ation technique dominates the amplitude and the
initial phase of each harmonic component which composes
the signal. And a new waveform, the orthogonal frequency
division linear frequency modulation (OFD-LFM) signal,
is the combination of the OFDM technology and the linear
frequency modulated (LFM) signal [29]. The OFD-LFM
applied in MIMO radar imaging possesses good orthogo-
nality, the large synthetic bandwidth and the insensitivity
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to velocity [30,31]. However the LFM signal has the prob-
lem of range-Doppler coupling.

Considering the aforementioned drawbacks of existing
work, we propose two schemes based on the MIMO sys-
tem to obtain the HRRP of a moving target. The velo-
city estimation can be conducted without vel ocity ambigu-
ity. The performance of suppressing noiseis also discussed
in simulation experiments. Meanwhile, the range extent of
the proposed schemes will be larger than that of the OFD-
LFM system if both systems are performed using the ex-
actly similar parameters. Furthermore, our work conforms
to the devel opment tendency of the joint radar and commu-
nication system.

2. Synthesizing HRRP with extended
OFDM-MIMO

2.1 Model of radar system

In MIMO system, each receiving antenna may accept the
signal transmitted by every array element. Therefore, all
the transmitted signals should be orthogonal to each other
totell each signal apart from the echoesin reception. Gene-
rally, the carrier frequencies are equally spaced by the fre-
guency spacing. The patternis called frequency diverse ar-
ray (FDA). As shown in Fig. 1(a), Ry is the distance be-
tween the reference element and the target with d denoting
the element spacing. Then Ry + (m — 1)d sin§ isthe slant
range for the mth element. The FDA lookslike an OFDM-
MIMO radar mentioned in [32] where the OFDM signal
has been transmitted by the antennaarray. And Fig. 1(b) il-
lustratesthe rel ation between the array elements mentioned
inFig. 1(a) and the spectra of their transmitted waveforms.
Assumethat thevariables f1, fs, ..., far arethecenter fre-
guencies of the radio-frequency signal transmitted by the
corresponding elements, and the bandwidth of the narrow-
band signal B; is equa to the frequency spacing of the
carriers. The transmitted signal of each element can be ex-
tended to the phase-coded OFDM waveform. Therefore,
the system is called extended OFDM-MIMO in this paper.
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Fig.1 Signal model of FDA

For convenience, the co-located MIMO is taken as an
example in this paper, and the signal pattern refers to the
FDA shown in Fig. 1(b) similar to OFDM-MIMO. Two
schemes based on the pattern described above are able to
resist the influence of vel ocity. Both proposed schemes are
shown in Fig. 2. In detail, Scheme | in Fig. 2(a) may be
performed to image in the case that the velocity estima
tion is not required since the echoes come from the pulses
transmitted by all array elements simultaneously. On the
contrary, Scheme Il in Fig. 2(b) is capable of realizing the
estimation of range and radial velocity simultaneously be-
cause the echoes are received from pulses with different
emission time. It is worth mentioning that the beam form-
ing technique makesthe signal transmitted and received by
the reference element equivalently. Therefore, the follow-
ing analyses are supposed to be performed after the beam
forming processing. The carrier frequenciesof all elements
aredescribed in Fig. 2(c). The order of their frequenciesis
determined by the sequence of frequency codes.
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Fig. 2 Signal model of the proposed OFDM-MIMO

2.2 Transmitted signal

Assume that the array manifold complies by the uniform
linear array with M array elements. The phase-coded
OFDM complex envelope of the mth element can be ex-
pressed as

N—1K-1
t— tb/Q — ktp
exp(j2nnAft) (1)

where N is the number of subcarriers, K is the num-
ber of chips, w,, isthe complex modulation coefficient of
the nth subcarrier and ¢, is the duration of a chip. And
akn,m 1S the phase code of the kth chip, the nth sub-
carrier and the transmitted waveform of the mth element.
The subcarrier spacing denoted by Af is equal to 1/¢.
rect (i) _ {1’ ~T2<EST/2 And the band-
T 0, otherwise

width of asingle pulse B, = NAf is equd to the fre-
guency spacing of the carrier frequencies. The symbol A ,,,
is introduced to normalize the power of a single pulse.
Then the expression for the transmitted pulse of the mth
element isgiven as

St.m(t) = Um (t — iTint) exp(j27 fint),

i=0,1,2,... )

where the expression u,, (t — i7iy:) denotesthe (i 4 1)th
phase-coded OFDM pulse whose pulse repetition interval
(PRI) is equal to Ti,¢. And the variable f,,, expressed by
fm = fo+ (w(m) — 1) B, isthe carrier frequency of the
mth element and f, is the lowest carrier frequency. The
vector w isaset of carrier frequency codes.

The ambiguity function of phase-coded OFDM signals
is depicted in Fig. 3(a). As shown in Fig. 3(b), the cross
sections of ambiguity function indicate that the range and
velocity resolution of a phase-coded OFDM waveform
should be ¢/2B, and 1/ K, respectively, and the symbol
¢ denotes the speed of light.
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Fig. 3 Ambiguity function of phase-coded OFDM signal

2.3 Received signal

Itisacritical step for the design of processing techniqueto
model the echoesin the receiver. With phase-coded OFDM
pulsed radar, the multicarrier nature of the OFDM struc-
ture encourages accurate modeling of the range migra-
tion because of the sensitivity of the subcarriers with re-
spect to variations in the phase. For co-located extended
OFDM-MIMO radar, the selection of pulses may influ-
ence the processing approach. Both schemes of selecting
the pulses from each transmitting element are illuminated
in Fig. 2(a) and Fig. 2(b) respectively. In Scheme |, the
echoes of the signa emitted simultaneoudly are accumu-
lated in the receiving terminal, which can avert the impact
of the relative displacement in a coherent processing inter-
va (CPl). Considering the estimation of the radial velocity,
Scheme Il is supposed to be performed because the velo-
city information embedded in a group of the selected
pulses which come from all elements and are staggered
successively in the time domain. For the above two
schemes, the echoes of the selected pulses compose the
original data utilized for imaging. In addition, the carrier
frequency configuration for the proposed OFDM-MIMO is
described in Fig. 2(c). Without loss of generality, Scheme
Il is discussed in this section. The Scheme | can be ana
lyzed analogously.

Assume that the target consists of L scattering centers
and the motion of the whole scatter with radial velocity v
isdescribed by R(t) = Ro + vt, where R, denotestheini-
tial radia distance between the target and the radar. Then
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the received echo of the signal transmitted by the mth ele-
ment is given by

L
Sr,m(t) = Zplst,m(t - 7_m,l) (3)

where p; is the complex reflectivity coefficient of the ith
scattering center. As a matter of convenience, the term
Tm,i = 2(Ro; + vt)/c stands for the two-way time delay
from the reference point of the transmitting array to that of
the receiving array, the signal reflecting from the /th scat-
tering point. And R; denotestheinitial distance of the ith
scattering point. The expression exp(j2mf,,t) is used to
model the mixing process in the receiver, which is multi-
plied by the received echo of the signal transmitted by the
mth element. The baseband signal of the mth element in
reception is expressed as

sb,’m(

L
t) = Z Pl eXp(—jQTEfme,l)'

=1

exp[j27f Drm ittt (¢ — T, 1) (4)

where fpm.nt = 2v(fm + nAf)/cis the Doppler fre-
guency. In the context of extended OFDM-MIMO, the
Doppler shift may differ from one element to another be-
cause of the different carrier frequencies.
Thediscreteform of baseband signalsis derived by sam-
pling the signal in the time domain according to Nyquist
theorem. The sampling frequency is assumed to be f, =
N/t, = NAf, and the sampling time axis is shown as

(po+kty+ny/N -tp), wheren,; = 0,1,..., N —1. There-
fore, the discrete form is expressed as
Sm,k,p(nt) =
L N-1
Z Z PIWn Ak n m eXp[—jQJT(fm + nAf)n]
=1 n=0

exp [ﬂnnAf (po o+ Kty + Nt,, - nﬂ

exp {jmemJ (p() + kty, + %tb - n)} ©)

where
’I’LtZO,l,...,N—l

po = [[2Rofs/c] + 1]/ fs = qts/N
Tm,l = 2(RO + meThﬁ)/C.

The operator || returns the greatest integer equal to or
less than its numerical argument, and T, is equal to PRI.
An N-element vector which denotes the kth chip of the
complex baseband echo made by the mth transmitting ele-

ment and returning from the /th scattering point is given
by
Sdm,kl = P11 Vinn ke AL m n ki Dm 82 (6)
All the termsin (6) can be expressed as follows:
1 = exXP(—i27 frn T, 1)- @

Thematrix V,, k. includes the Doppler shift informa-
tion asfollows:

v
Vm,n,l = eXp |:J2n_fm(p0 + ktb - 7_m,l):| ‘

exp (ﬂﬂ fm >

2
exp {ﬂﬂ%}nﬁf(po + kty — Tm,l):| :
exp (j2n2—vnAfEtb) =
exp |:‘]2ﬂ: fm(pO + ktb T7rz,l>:| ‘/1‘/2‘/3 (8)

Vi :diag(l,vl,vl,.. v{vfl) 9)

v1 = exp (ﬂn fn— )

‘/2 :diag(l,vg,%,...,vé\[_l) (10)

2
Vg = exp (j?n?vAf(Po + kty — Tm,l))

1 1 1 1
1 V3 v% . véj\fl :
2(N-1
Vi= |1 3 vs vy (12)
A v3( HoL v§N71)2

o 20 t
V3 = exp (‘]QJT?Abe> .

Note that the operator diag(-) is a diagonal matrix
formed by componentsof the vector argument in the paren-
theses. Since the condition of the narrow-band transmitted
signal issatisfied, i.e., f,,, > NAf, bothterms, V5 and V3,
can be neglected. The mentioned relationship ¢, - Af = 1
will beimmensely helpful to the following analysis. Other
variables are given as

11 U |
1o o oy
A=|1 8 oo w4
1 név‘_l 77:»2,(&_1) n:(»,N._lf
7 = exp (jQJtAft—b> (13)
N

Fm,n,k,l = dlag(L e 727 e 7’YN71) (14)
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v = exp[j2nA f(po + kto — Tim,1)] =

exp[j2nA f(po — Tim.1)] (15)
Dk,m = diag(ao,k,nu a1, kmy - - - 7aN—1,k,’m> (16)
2" = [W07W17---awN71]- (17)

The matrix A happensto be the inverse discrete Fourier
transform (IDFT) matrix F —*, with thevariablen reducing
toexp(j2n/N). Thematrix D, i and the vector 2 consist
of the phase codes of the kth chip and the complex modu-
lation coefficients of the subcarriers respectively. Then the
final expression of the chip echo can be expressed by

Sdm,k,l = pla'm,l'%’m,l‘/lF_lF’m,n,k,le,k'Q (18)
where k,,,; = expljdnv fo, (Do + Kty — 1) /c].
2.4 Signal processing of synthesizing HRRP

After the Doppler compensation, V; isreduced to an iden-
tity matrix Iy. Then (11) can be simplified by multiplying
both sides with the discrete Fourier transform (DFT) ma
trix F becauseof FF~! = Iy. Thefrequency expression
Of Sdm, k,p IS EXPressed as

Odk,m,l = plam,lH'rn,lF'rn,n,k,le,kQ- (19)

The components of o 4, x,; contain the information of
al subcarriers from the current chip, e.g. the weights,
phase codes and others caused by the characteristics of
targets. Furthermore, the weighted parameters of the sub-
carriers and the phase codes of the chips carried by the
phase-coded OFDM signal are the useful information for
communication, but the echoes without them are quiteim-
portant for the radar signal processing. Hence, we should
remove the phase codes and the weighted parameters in
order to extract the terms related to the targets. The conju-
gate phase codes of the K chipsin the same pulse can be
written in amatrix C,,.

* * *
a0,0,m ag 1,m Ao, N—1,m
* * *
aio,m a1 1,m a1 N-1,m
C, =
* * *
Ag-1,0m AK—-1,1,m A _1,N-1,m

(20)

The complete data from a pulse of the mth element in

the frequency domain can be stacked in a close matrix ac-
cording to the order of the chips as follows:

Gm,l = [0'(10,’m,l Td1,m,l UdK—l,m,l] . (21)

Thediagonal elementsof the matrix G ., ;C,,, can be ex-
tracted to assembl e the column vector g,,, ; which contains
the target information and the residual terms produced by

weighted parameters and the phase codes. The vector with-
out the residual terms is derived by

gm,l (’I’L)

ma(n) = =T Nt (22

T (n) o by (7) PLOU 1Y (22)
K—-1

Note that b, ;(n) = Z |ak.n.m|? is the autocorrela-
k=0

tion peak for the phase coding sequence on the nth subcar-
rier in the pulse transmitted by the mth element. The term
rm,i(n) is the nth element of the N-dimensional vector
which is given by

Tm,l(n) = Npyexp[—j2n(fo + w(m)BS)Tm,l]’

exp[j2nnAf(po — Tm,1)] =
Nppexp{—=j2n[fo+ (W(m)N + n)Af]Tm,1}-
exp(j2nnA fpo) (23)

where the vector w is the carrier frequency coding se-
guence of M elements. For the last term in (16), the fol-
lowing relation holds:

exp(j2nnA fpg) = exp(j2nw(m)q) exp(j2unA fpy) =
exp [an (w(m)q + nquWtb)] =

exp {j2n(w(m)N + n)Af%} =
exp{j2n(w(m)N + n)Afpo}. (24)
Hence, the vector ., ;(n) only dependson (w(m)N +
n), plugging (24) into (23). The M N samples may be re-
arranged to be a vector according to the order of frequency
values. A variable transform k = m/N + n would enable
the new vector to be represented by

7i1(k) = Npyexp(—j2nfory ;) exp[j2nsA f(po — 7/ )]

(25)
where 7/, = 2[Rjo + vw ™1 (m)Tin] /c denotes the delay
of the pulse where the xth frequency locates. Considering
each element of the temporary vector w e, (m) isthein-
dex which is used to explain where each argument of the
sequence [0,1,2,---, M — 1] is located in the vector w.
Each argument in the inverse frequency coding sequence
w~! isformed by repeating each element of w ¢, for NV
times. For example, the transformation of w can be de-
scribed as

w:[3021]—>wtemp:[1320]—>
w_lz[l-TLN 3-T17N 2-T17N 0~T17N} (26)
whereTy y =1 1 --- 1].
—_—

As can been seen iIr\1[(25), the HRRP information of in-
terest, the delay 7/, ;, can be extracted by applying IDFT to
the vector 7; to reveal the scattering coefficients and posi-
tions of the scattering points. The IDFT result of the vector
7 isexpressed as
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di(l) = Mi_l #1(k) exp (jan”_iv> _

k=0
Nprexp(—j2nfory ;)

o 00 - 1) (5737 1 15|

P l
sin |;]J'I:MN <AfATl + W)}

. [ ’
sin l:_]J'IS (AfATZ + W)]
1=0,1,2...,MN — 1. (27)
where A1; = pg — r,’w and d; is the HRRP of the target.
When AfA7, +I/MN = § (6 is an arbitrary integer),
the vector |d;| comes to its peaks. Furthermore, the peak
position can be described as

c 1 l
Ri==-lpp—-—=0——=]]|- 28
2 |07 Ay MN (28)
. Applying
Pulse emitted by Dowg | 5| DFT on cach '
element 1 conversion chip
Pulse emitted by Down ™ Applying I
element M conversion DFT in each Onbagy
chip g

As can be seen in (28), the range extent of the HRRP is
derived from ¢/(2Af). It is noteworthy that all the peaks
must locate in the same coarse range cell, i.e, R; <
¢/(2NAf) such that the HRRP information can be re-
tained compl etely.

The whole process is described in the flow diagram
Fig. 4. The gain derives from the decoding and the IDFT
processing marked as red boldfacein the diagram. Thefirst
gain comes from the decoder, whichisequal to K. Therest
gain roots in the IDFT processing and is equal to M N,
the number of all arguments in the vector d,. In a word,
the signal-to-noise ratio (SNR) at the output should be
10log(M N K) dB if additive white Gaussian noise adds
up onto the echoes such that the SNR at the input is equal
to0dB.

Rearranging all
elements in order
of the frequency

values

Y

Fig. 4 Block diagram of the signal processing method

3. Velocity compensation for HRRP

In practice, the targets are usually on the move in most
cases. The establishment of HRRP is fragile on account of
motion of targets.

3.1 Scheme |

The scheme | presented in Fig. 2(a) explains that the
echoes come from the pulses transmitted by all array ele-
ments simultaneously. Therefore, the trandlational radial
velocity makes no difference to the pulses. The echo of
the signal transmitted by the mth array element can be ex-
pressed by

L
Sb,m (t) = Z Pl eXp(_anf’mTl)'
=1

exp(jznfD’m,lt)u'm(t - Tl) (29)

where 7, = 2R /¢, Rjo denotestheradial range of the ith
scattering point. The difference between (4) and (29) isthat
the term exp(—j2mn f,,7;) in (4) is not related to the velo-
city of thetarget at all. Assumethat theintra-pulse Doppler
can be neglected in this paper. The (29) can be smplified
as

L
Spm(t) = Zpl exp(—j27 frn 1) um (t — 77). (30)
=1
Asaresult, (25) may be expressed as
#1(k) = Nprexp(—j2nfor, ;) exp(i2nsA fpo).  (31)
Finally, the HRRP can be obtained after IDFT is applied

to (31). For the suppression of the sidelobes, the Hanning
window may be added before IDFT operation.

3.2 Scheme Il

Scheme |1 is described in Fig. 2(b) vividly. The selected
pulse of each array element has a PRI delay relative to the
pulse transmitted by the prior element. The continuous and
discrete forms of the echoes are as same as (4) and (18) re-
spectively. The Doppler shift may induce the coarse range
migration. The motion will further lead to the distortion
of HRRP since the term exp(—j2mt f,,7,;) disperses the
energy of the peaks. Therefore, the terms related to velo-
city, exp(—j2nfory ;) and exp(j2rnxAfr, ), are able to
be compensated by the bank of filters constructed by the
following vector

hc(K/) = exp[jQJ'[wa*l(/{/)’ljint : QU/C]’
exp[i2nrA fw ™ (K) Ting - 20/c]. (32
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From another point of view, thefilters can also act as an
approachto estimate the vel ocity of thetranslational target.

4. Simulation and numerical analysis

In this section, a series of numerical analyses are per-
formed to demonstrate the feasibility of the aforemen-
tioned schemes. Furthermore, the performance of resolv-
ing velocity ambiguity and suppressing noise is discussed.
Scheme |1 is taken for an example to illustrate the su-
periority of the proposed methods here in consideration
that Scheme Il requires the velocity compensation but the
Scheme | does not. To highlight the advantages of the pro-
posed methods better, the simulation results based on the
extended OFDM-MIMO will be compared with those of
the OFD-LFM system discussed in [31]. The above radar
systems with different transmitted waveforms are operated
with the detail parameterslisted in Table 1 and Table 2 re-
spectively. Assume that a moving target has three scatter-
ing points which locatein [1 311 m, 1 314 m, 1 315.5 m],
approaching the radar with trandlation velocity 161 m/s.

Table 1 OFD-LFM radar parameters

Parameter Value
Carrier frequency/GHz 24
Bandwidth/MHz 20
Pulse width/us 20
Pulse repetition interval/us 50
Number of the array elements 50

Table 2 OFDM-MIMO radar parameters

Parameter Value
Carrier frequency/GHz 24
Bandwidth of a single phase-coded OFDM symbol/MHz 20
Pulse width/us 20
Pulse repetition interval/us 50
Number of subcarriers 20
Subcarrier spacing/MHz 1
Number of chips 20
Number of the array elements 50

The performance of resolving velocity ambiguity is exa-
mined firstly. Assume that the SNR of the received echoes
is0dB. For the OFD-LFM radar system, the difference be-
tween the adjacent coarse range cellsis equal to ¢/(2B.s)
and B.; is the frequency spacing. The OFD-LFM radar
system utilizes a bank of FFT filters to estimate the velo-
city of the target while the coarse range cell is determined
by using the stretch processing. The velocity detection
range is from —\/(4 - PRI) to A/(4 - PRI), whereby
the PRI determines the detection range without velocity
ambiguity. As shown in Fig. 5, the velocity has been esti-
mated correctly. In light of the above preparation, the esti-
mated velocity is 161.13 m/s, and the coarse range cell is

1 290 m. The gap between the theoretical and measured
values of the distance is caused by the range-Doppler cou-
pling effect. Therefore, the HRRP can be presented in
Fig. 6 after a necessary process: velocity compensation.
For instance, the interpolation method in the frequency do-
main is a conventional method. However, when the PRI
increases to 500 us and other parameters do not change,
the problem of velocity ambiguity occurs as shown in
Fig. 7. In other words, the Doppler shift is forced to be
folded since its frequency exceeds the measurement range.
The wrong result of the velocity measurement which ig-
nores velocity ambiguity is that the target is moving away
from the radar at a speed of 139 m/s. Then the imaging
must be wrong due to the wrong velocity compensation.
Based on the proposed Scheme Il, it can be seen clearly
from Fig. 8 that the velocity is estimated correctly. The
reason for the different results is that the detection range
and accuracy of the proposed scheme depend on the bank
of filters h.(x) and areirrelevant to the PRI. The compari-
son of velocity measurements illustrates that the proposed
method has an outstanding performance of overcoming ve-
locity ambiguity.
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Next, the performance of suppressing noise is investi-
gated. The imaging experiments without velocity ambi-
guity are operated in the case of different SNRs. The ima-
ging results can be obtained after the velocity compensa-
tion. Let the length of the HRRP be extended to 4 096
by zero-padding in the IDFT processing so as to improve
the sampling resolution of the results. The imaging results
achieved by the OFD-LFM system and extended OFDM -
MIMO are compared in Fig. 9 where SNR is 0 dB. The
pink line is acquired by the OFD-LFM system while the
blue line and the red line are obtained by the proposed
OFDM-MIMO system. As shown in Fig. 9, the maximum
differences between the blue line and the pink line in the
black ellipses are 12.46 dB and 10.62 dB respectively. The
greatest difference value between the red line and the pink
lineis more than 20 dB. Namely, compared with the OFD-
LFM system, the proposed method has a better perfor-
mance of suppressing the correlation noise caused by the
signal processing. This implies that the proposed scheme
is able to make more power of the signal concentrate on

the peaks than the OFD-LFM system, and the power of
sidelobesis reduced. A further simulation has been carried
out and depicted in Fig. 10, with the SNR decreasing to
—20dB. Asshown inthe enlarged view, the imaging result
of the OFD-LFM system can hardly be recognized. How-
ever, both the HRRPs which are achieved by the proposed
methods can be still identified. In detail, the imaging re-
sult in blue has an approximate 6.76 dB peak-to-sidelobe
ratio. According to the red line, the peak-to-sidel obe ratio
increases to around 12.73 dB after the Hanning window is
applied. The performance of suppressing noiseisimproved
by the proposed schemes due to orthogonality of the spec-
tral components constituting the phase-coded OFDM sig-
nal.
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5. Benefits of the technology

Inthissection, the merits of the proposed schemesare sum-
marized in light of the results produced by the proposed
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schemes and the OFD-L FM system. The advantages of the
proposed schemes are listed as follows.

(i) In consideration of the low probability of detection
characteristic, the phase-coded OFDM signal can be ef-
fective because the individual pulse appearslike noise. As
shownin Fig. 11, its power spectral density spreadsin fre-
guency domain, and its amplitude fluctuation is less than
those of ordinary OFDM signals and chirp signals.

u

,60 e e e e e e m - - ’
-2 -1 0 1 2 x107
Frequency/Hz
: Single phase-coded OFDM signal;
: Ordinary OFDM signal;

mwwmmmmwummm

Normalized amplitude/dB

: Chirp signal.
Fig. 11 Spectra of different signals with the same bandwidth

(ii) The velocity measurement scope of the proposed
method overcomesthe limitation of PRI aslong asthe scat-
tering points of the target are located in the same coarse
range cell. Furthermore, the measurement accuracy of ve-
locity can be configured as required.

(iii) The range extent of HRRP produced by the pro-
posed schemesislarger than that of the OFD-LFM system.
Thereasonisthat the range extent of the proposed methods
isc/(2Af) which is determined by the frequency spacing
of subcarriers, but that of the OFD-LFM system is equal
to ¢/(2B) which is related to the bandwidth of the single
LFM pulse.

(iv) From the point of the view of suppressing noise,
the attenuating speed and amplitude of the sidelobe level
derived from the proposed schemes are much larger than
those of the OFD-LFM system by comparison. Namely,
the proposed method provides the mainlobes with more
power than the OFD-LFM system. The orthogonality of
the subcarriers constituting the phase-coded OFDM signal
weakens the interaction effect between the spectral com-
ponents in the signal processing. Therefore, the proposed
schemes are effective in the case of low SNR.

(v) Currently, MIMO systems are gradually applied to
both communication systems and radars. Our work is con-
ducive to the progress of the joint radar and communica-
tion system.

6. Conclusions

In this paper, a new idea which exploits the phase-coded
OFDM signal to generate the HRRP based on extended
OFDM-MIMO is proposed. Our contributions are sum-
marized as follows: (i) The phase-coded OFDM signal is
applied to MIMO innovatively. (ii) The explicit compari-
sons of the velocity measurements and the imaging re-
sults made by the extended OFDM-MIMO and the exis-
ting OFD-LFM system are conducted, and the advantages
of the proposed schemes are pointed out. (iii) The universal
processing is given to obtain HRRP in the case of extended
OFDM-MIMO radar with the random frequency coding.
(iv) The proposed OFDM-MIMO platform can be utilized
asajoint radar and communication platform in the future.

Considering the future study, it is worth mentioning
that finding a set of modulation sequences for subcarriers
to suppress the peak-to-average-power ratio is important.
Moreover, the effect of the phase coding on the phase-
coded OFDM signal should be analyzed. Another future
work ought to concentrate on the performance analysis of
the processing in multiple scattering points with different
radial velocities.
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