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In order to obtain better target identification performance, an efficient waveform

design method with high range resolution and low sidelobe level for orthogonal

frequency division multiplexing (OFDM) multiple‐input multiple‐output (MIMO)

radar is proposed in this paper. First, the wideband CP‐based OFDM signal is

transmitted on each antenna to guarantee large bandwidth and high range resolu-

tion. Next, a complex orthogonal design (COD) is utilized to achieve code

domain orthogonality among antennas, so that the spatial diversity can be

obtained in MIMO radar, and only the range sidelobe on the first antenna needs

suppressing. Furthermore, sidelobe suppression is expressed as an optimization

problem. The integrated sidelobe level (ISL) is adopted to construct the objective

function, which is solved using the Broyden‐Fletcher‐Goldfarb‐Shanno (BFGS)

algorithm. The numerical results demonstrate the superiority in performance (high

resolution, strict orthogonality, and low sidelobe level) of the proposed method

compared to existing algorithms.
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1 | INTRODUCTION

With the continual improvement of range resolution, adja-
cent target identification (for example a fleet of aircraft) has
become a significant problem in radar target detection.
Range resolution and sidelobe level are the main factors
affecting adjacent target identification. However, the current
working conditions for radar are becoming increasingly
complex, where strong clutter, interference, multipath, and
other factors will inevitably produce high sidelobes in the
range profile, resulting in weak target submergence and
echo aliasing. In order to better detect adjacent targets, a
multiple‐input multiple‐output (MIMO) radar system is
employed, which can achieve better detection performance
[1], enhanced parameter identifiability [2], and precise reso-
lution [3]. Thus, MIMO radar has great potential in terms of
distinguishing neighboring targets. Generally, an orthogonal
transmitted waveform is adopted to separate received

signals and obtain spatial diversity. In this case, designing a
waveform with high range resolution, strict orthogonality,
and low sidelobe level is the key issue to be solved.

The range resolution depends on transmission band-
width. The wider the bandwidth, the higher the range reso-
lution. Thus, a wideband transmission waveform is adopted
to achieve high range resolution. However, a technical
issue related to wider band transmission is the increased
corruption of the transmitted signal due to time dispersion
on the radio channel [4]. This frequency selective fading
will decrease the signal‐to‐noise ratio (SNR) and conse-
quently affect target identification. Therefore, an orthogonal
frequency division multiplexing (OFDM) signal with a cyc-
lic prefix (CP) is utilized to overcome frequency selective
fading, instead of transmitting a single wider band signal.
In this way, the impact of SNR decrease depends on the
bandwidth of each subcarrier, and the impact is the same
as that for a more narrowband transmission scheme.
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An orthogonal transmitted waveform for MIMO radar
can be obtained based on the following methods [5]: 1)
Transmitting frequency division waveform [6,7]: the fre-
quency bands of transmitted signals do not overlap with
each other, so the signals of different transceivers can be
processed independently and the ideal orthogonality can be
acquired. However, it is frequency inefficient, and the dis-
continuity of the spectrum will lead to the increase in the
sidelobe level. 2) Emitting frequency‐band shared wave-
form: this method can avoid the spectrum discontinuity
with two submethods. First, utilizing different sequences
with a low cross‐correlation function between antennas.
Cao and Xia [8] employed circularly shifted Zadoff‐Chu
sequences to achieve orthogonality. In [9–11], polyphase
sequences, unimodular sequence sets, and chaotic phase
codes were also used to mitigate the cross‐correlation side-
lobe level among antennas. The disadvantage of this
method is relaxed orthogonality.

As for range sidelobe suppression (RSS), Dai and others
[6] analyzed the ambiguity function of the FD‐LFM MIMO
radar and utilized windowing and mismatch filtering to
suppress sidelobe; however, this process may deteriorate
SNR. The causes of range sidelobe for spatial synthesized
signals were pointed out in [12], and an optimization
method based on the genetic algorithm (GA) and sequential
quadratic programming (SQP) algorithm, which needs mul-
tiple iterations, was proposed to suppress sidelobe, resulting
in low computational efficiency. The authors in [13] and
[14] proposed two effective methods for RSS. Stoica and
others [13] presented cyclic algorithm new (CAN) and
weighted CAN (WeCAN) for traditional radar, and then He
and others [14] extended these algorithms to MIMO radar.
However, these methods cannot achieve a balance between
computational complexity and the suppression effect for
MIMO radar. Therefore, the existing methods fail to con-
sider all the three following elements: range resolution,
orthogonality, and sidelobe level.

Motivated by these facts, an OFDM MIMO radar
waveform design method based on complex orthogonal
design (COD) and the Broyden‐Fletcher‐Goldfarb‐Shanno
(BFGS) algorithm to obtain high range resolution, strict
orthogonality, and low sidelobe level is proposed in this
paper. First, a CP‐based OFDM wideband signal is uti-
lized to obtain a high resolution. Next, COD is employed
to obtain an orthogonal waveform in the code domain,
based on the space‐time coding method in communica-
tion. By these means, arbitrary time delays between dif-
ferent antennas will not lead to the loss of orthogonality;
thus, the advantage of spatial diversity can still be
obtained. Moreover, we consider the RSS to be an opti-
mization problem, and only one antenna needs to be opti-
mized because of COD. The objective function is
established with the integrated sidelobe level (ISL) and

solved by BFGS algorithm, which can guarantee a lower
computational complexity while achieving extremely low
sidelobe level. The remainder of this paper is organized
as follows. The signal model is formulated in Section 2.
In Section 3, we propose the waveform design criteria
and design approach. Section 4 provides the numerical
results of this paper. Finally, a brief conclusion is given
in Section 5.

2 | SIGNAL MODEL

Consider an OFDM MIMO radar system with M transmit
antennas and V receive antennas. Each antenna sequentially
transmits Q coherent pulses in a radar coherent processing
interval (CPI). The CPI is defined as the time duration over
which the radar returns are coherently integrated [15],
which means that a CPI is a group of multiple pulses, usu-
ally with the same pulse repetition frequency (PRF) and
carrier frequency. An OFDM symbol with N subcarriers
and a bandwidth of B is transmitted by every pulse, so that
a high range resolution can be obtained. Let
S qð Þ
m ¼ S qð Þ

m;1; S
qð Þ
m;2; . . . ; S

qð Þ
m;r; . . . ; S

qð Þ
m;N

h iT
denote the code

sequence of the qth OFDM pulse on the mth antenna with
N subcarriers m ¼ 1; . . . ;M; q ¼ 1; . . . ;Q; r ¼ 1; . . . ;Nð Þ:
The corresponding time domain signal of this pulse is thus

s qð Þ
m tð Þ ¼ ∑

N

r¼1
S qð Þ
m;r e

j2πrΔft; t∈ qTr; qTr þ T½ �; (1)

with Δf = 1/T = B/N denoting the subcarrier spacing. T is
the length of OFDM signal, and Tr expresses the adjacent
pulse interval within a CPI. The transmitter and receiver
diagrams are shown in Figures 1 and 2, respectively.

Low‐complexity application of the OFDM signal can be
accomplished through inverse fast Fourier transform
(IFFT), based on the peculiar structure and subcarrier spac-
ing. Then, the OFDM sequence can be presented as

( ) ( )
1,1 1,, ,q q

NS  SK
N-point

IFFT
Insert Cyclic

prefix D/A

cf Transmit
antenna 1

( ) ( ), ,q   q
NS  SK

N-point
IFFT

Insert Cyclic
prefix D/A

cf Transmit
antenna 2

( ) ( ), ,q   q
M M NS  SK

N-point
IFFT

Insert Cyclic
prefix D/A

cf Transmit
antenna M

... ... ... ...

...

COD construction
for q = 1, , QK

,1 ,

2,1 2,

Insert cyclic

Insert cyclic

Insert cyclic

FIGURE 1 Transmitter diagram
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s qð Þ
m nð Þ ¼ s qð Þ

m nTsð Þ ¼ ∑
N

r¼1
S qð Þ
m;r ej2πrΔfnTs

¼ ∑
N

r¼1
S qð Þ
m;r e

j2πrn=N ; (2)

where N represents IFFT points, which is the same as the
number of subcarriers. Cyclic‐prefix insertion then implies
that the last NCP samples of the IFFT output pulse of
length N are copied and inserted at the beginning of the
pulse. The corresponding samples are discarded before
OFDM demodulation. Consequently, the waveform
sequence to be optimized for each pulse can be indicated
as S qð Þ ¼ S qð Þ

1 ; S qð Þ
2 ; . . . ; S qð Þ

N

h iT
; which adopts phase coded

modulation (PCM) and satisfies S qð Þ
r ¼ exp jϕ qð Þ

r

� �
.

Φ qð Þ ¼ ϕ qð Þ
1 ;ϕ qð Þ

2 ; . . . ;ϕ qð Þ
N

h iT
represents the phase

parameter.

3 | WAVEFORM DESIGN

This section focuses on the proposed OFDM MIMO radar
waveform design method based on the above signal model,
including the joint processing of orthogonality and low
range sidelobe design. The design criteria are as follows:
1) code sequence orthogonality among antennas and 2)
low range sidelobe level of each pulse. The foremost prin-
ciple of the following designs is to satisfy the above two
criteria.

3.1 | Orthogonality design

Multiple‐input multiple‐output radar generally utilizes an
orthogonal waveform to suppress the interference between
echoes transmitted from different antennas. Different sub-
carriers at the same pulse can be separated because of the
orthogonality between subcarriers based on the specific
structure of the OFDM signal. However, the same fre-
quency subcarriers among different antennas cannot be iso-
lated, which can be expressed as

Sr ¼ S 1ð Þ
r ; S 2ð Þ

r ; . . . ; S Qð Þ
r

h i

¼

S 1ð Þ
1;r S 2ð Þ

1;r � � � S Qð Þ
1;r

S 1ð Þ
2;r S 2ð Þ

2;r � � � S Qð Þ
2;r

..

. ..
. . .

. ..
.

S 1ð Þ
M;r S 2ð Þ

M;r � � � S Qð Þ
M;r

2
6666664

3
7777775
M�Q

¼

ejϕ
1ð Þ
1;r ejϕ

2ð Þ
1;r � � � ejϕ

Qð Þ
1;r

ejϕ
1ð Þ
2;r ejϕ

2ð Þ
2;r � � � ejϕ

Qð Þ
2;r

..

. ..
. . .

. ..
.

ejϕ
1ð Þ
M;r ejϕ

2ð Þ
M;r � � � ejϕ

Qð Þ
M;r

2
666664

3
777775
M�Q:

(3)

Therefore, the purpose of this study is to make
sequences Sm,r and Sm0;r orthogonal for different antennas
m ≠ m0 and 1 ≤ m, m0 ≤ M, where Sm,r is the mth row of
Sr. Note that we adopt code domain orthogonality rather
than that in the time domain, which can fully leverage the
special subcarrier arrangement of the OFDM signal and is
not effected by an arbitrary time delay in the time
domain.

Complex orthogonal design is utilized to achieve
orthogonality, which was first used in space‐time block
coding in communication [16]. Assume a set of complex
variables x1, x2, …, xQ; COD exploits the deformation of
these variables (for example the indeterminates ±x1, ±x2,
…, ±xQ, their conjugates ±x1*, ±x2*, …, ±xQ*, and multi-
ples of these indeterminates by �i i ¼ ffiffiffiffiffiffiffi�1

p� �
to

form a M × Q orthogonal matrix X, which satisfies XXH =
(|x1|

2 + … + |xQ|
2)IM so that the rows of X are orthogonal.

We introduce COD into the proposed method to design
code matrix Sr for arbitrary r. For example, supposing that
the code sequences for the first antenna have been obtained
in the case of M = Q = 2, the corresponding two‐square
matrix Sr for the rth subcarrier is

Sr ¼
S1;r
S2;r

� �
¼

S 1ð Þ
1;r S 2ð Þ

1;r

S 1ð Þ
2;r S 2ð Þ

2;r

2
4

3
5

¼
S 1ð Þ
1;r S 2ð Þ

1;r

� S 2ð Þ
1;r

� ��
S 1ð Þ
1;r

� ��

2
4

3
5

¼ ejϕ
1ð Þ
1;r ejϕ

2ð Þ
1;r

�e�jϕ 2ð Þ
1;r e�jϕ 1ð Þ

1;r

" #
; r ¼ 1; 2; . . . ;N

(4)

where (·)*denotes the complex conjugate of the scalars. As
we can see, S1,r is orthogonal to S2,r, and the elements of
S2,r are rearrangements of S1,r. The closed‐form inductive
design of an M × Q orthogonal matrix for any M is given
in [17], and other effective COD construction methods can
also be found in [18–20].

CP removal

Receive
antenna 1 Matched

filter1

Matched
filter M

... Targets
identification

CP removal

Receive
antenna V Matched

filter1

Matched
filter M

... Targets
identification

... Comprehensive
assessment

...

FIGURE 2 Receiver diagram

594 | BAI ET AL.



The orthogonality design for code matrix Sr of each
antenna and subcarrier can be accomplished based on the
above process. The operations of negative sign, complex
conjugates, and/or time‐reversal in the pulse duration have
little influence on the signal power in the frequency
domain and the range ambiguity function because of the
PCM. Accordingly, we only need to design Q pulses
within one CPI of one antenna for low range sidelobe
design; then the COD method will be applied to the
designed pulses to generate pulses on other antennas.

3.2 | Low range sidelobe design

The definition of the range ambiguity function (RAF)
is [21]

χ τ; 0ð Þ ¼
Z T=2

�T=2
s tð Þs� t � τð Þdt: (5)

The sidelobe of RAF should be suppressed to improve
the ability to distinguish neighboring targets. The RAF of
OFDM transmitting sequence s qð Þ nð Þ	 
N;Q

n¼1;q¼1 can be pre-
sented as

χ qð Þ kð Þ ¼ ∑
N

n¼kþ1
s qð Þ nð Þ s qð Þ n� kð Þ

� ��
¼ χ qð Þ �kð Þ
� ��

q ¼ 1; . . . ;Q; k ¼ 0; . . . ;N � 1 :

(6)

Moreover,

ISL qð Þ ¼ ∑
N�1

k¼1
χ qð Þ kð Þ�� ��2 (7)

represents the integrated sidelobe level (ISL) metric, which
indicates the magnitude of RAF sidelobe. To reduce the
RAF sidelobe of the transmitted signal, the ISL metric for
each pulse will be minimized iteratively. The optimization
problem can be expressed as

min
s qð Þ nð Þf gNn¼1

JISL; (8)

where

JISL¼ ∑
N�1

k¼1
χ kð Þj j2¼ ∑

N�1

k¼1
∑
N

n¼kþ1
s nð Þs� n�kð Þ

����
����
2

¼ ∑
N�1

k¼1
∑
N

n¼kþ1
∑
N

r¼1
Srej2πrn=N ∑

N

α¼1
S�αe

�j2πα n�kð Þ=N
� �����

����
2

¼ ∑
N�1

k¼1
∑
N

n¼kþ1
∑
N

r¼1
ejϕr ej2πrn=N ∑

N

α¼1
e�jϕαe�j2πα n�kð Þ=N

� �����
����
2

:

(9)

From (9), it is observed that the phase parameter Φ can
replace code sequence S as the optimization variable. The
above objective function belongs to the quadratic optimiza-
tion problem, so we exploit the BFGS algorithm to solve

FIGURE 3 Outline of customized Broyden‐Fletcher‐Goldfarb‐
Shanno (BFGS) algorithm

TABLE 1 Summary of steps

Step 1 Initialize phase matrix ΦN×M using an existing sequence (i.e., Golomb sequence) or random sequence, and determine a stop criterion
║Φ(i) − Φ(i+1)║ < ε, where Φ(i) is the phase matrix obtained at the ith iteration.

Step 2 Compute JISL and ∇ΦJISL for each pulse of the first antenna

Step 3 Determine whether the sequence length N is <1,500, if so, adopt Broyden‐Fletcher‐Goldfarb‐Shanno (BFGS); else, adopt
limited‐memory BFGS

Step 4 Terminate Step 3 until all pulses of the first antenna satisfy the prespecified stop criterion, and compute code matrix
S1 = [S1

(1), …, S1
(Q)] for the first antenna

Step 5 Construct code matrices S2, …, SM using S1 based on the complex orthogonal design method, then compute orthogonal frequency division
multiplexing transmitted sequence sm

(q)(n)
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it. The BFGS algorithm, one of the most efficient quasi‐
Newton iterative algorithms, uses the approximate Hessian
matrix to substitute the real one in order to guarantee the
convergence rate and enhance computational efficiency.
Also in widespread use is the limited‐memory BFGS
(LBFGS) algorithm, which simplifies the calculation of
the approximate Hessian matrix compared with BFGS.
Therefore, LBFGS is particularly suited to problems with
a large number of variables [22]. The resolution and com-
putational cost are related to the length of the code
sequence. The higher the resolution required, the longer
the code sequence, and the more complex the problem.
Therefore, the BFGS algorithm is adopted to ensure a
suppression effect when the sequence is shorter, and the
LBFGS algorithm is applied to decrease algorithm com-
plexity as the sequence becomes longer. Figure 3 presents
the outline of the BFGS and LBFGS algorithm. Further-
more, according to (9), we can derive the gradient expres-
sion ∇ΦJISL as

rΦJISL ¼ 2 ∑
N�1

k¼1
Re r� kð Þ @r kð Þ

@Φ

� 
; (10)

where

@r kð Þ
@Φ

¼ @r kð Þ
@ϕ 1ð Þ

@r kð Þ
@ϕ 2ð Þ � � � @r kð Þ

@ϕ Nð Þ
� �T

;

k ¼ 1; . . . ;N � 1;

(11)

@r kð Þ
@ϕ ið Þ ¼ ∑

N

n¼kþ1
j ejϕi ej2πin=Ns� n� kð Þ � e�jϕi e�j2πi n�kð Þ=Ns nð Þ
� �

:

(12)

3.3 | Summary of the steps

From the above analysis, we explain the implementation
procedures of the proposed method in Table 1.

3.4 | Computational complexity analysis

It is worth noting that the amount of calculation required
for the proposed method is mainly reflected in the iterative
operation. The computational complexity of obtaining JISL,
∇ΦJISL, and updating the Hessian matrix in BFGS

algorithm are O((N + 2)(N − 1)/2), O(N(N − 1)/2), and O
(N2), respectively. Therefore, the total computational com-
plexity of the proposed method is O(MQ((N + 2)(N − 1)/
2 + N(N − 1)/2 + N2)), which can be simplified as O
(MQN2). Li and others [12] use the GA and SQP to design
the waveform, and the computation cost of the GA is
related to population size, generations, etc.; thus, it is
meaningless to calculate the complexity through theoretical
analysis and we will focus on the simulation elapsed time,
which can reflect the computational complexity to a certain
extent. The computational complexity of the CAN algo-
rithm in [13] is O(MQNlog2N). Reference [14] requires
2MN computations of 2N-point (I)FFT's and 2N computa-
tions of the SVD of an M × N matrix; the total computa-
tional complexity is O(MQN2log2N + QM2N). The
complexity comparison between the proposed method,
CAN algorithm, and WeCAN algorithm is shown in Fig-
ure 4. Accordingly, compared with current literature, the
computational complexity of the proposed method is not
the minimum; however, it is not much of an increase. A
detailed comparison of the elapsed time between these
algorithms is presented in the next section.

4 | NUMERICAL EXAMPLES

This section presents four sets of simulations to verify the
performance of our proposed method. Consider an S band
radar (center frequency fc = 3 GHz), and assume that there
are M = 4 transmit antennas. Without special instructions,
the bandwidth is B = 30 MHz, and the length of the CP is
NCP = N − 1. Table 2 lists other parameters of this radar

105

4

5

6

3

2

1

0

T(
N

)

0 50 100 150
N

200 250 300

Proposed method
CAN
WeCAN

FIGURE 4 Complexity comparison between BFGS, CAN, and
WeCAN

TABLE 2 Simulation parameters

Symbol Quantity Value

T Pulse duration 10 μs

Q Number of pulses of each antenna 4

Δf Subcarrier spacing 0.1 MHz

N Number of subcarriers 300
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system. Pseudo‐random sequences are applied as the initial
sequences. One of the corresponding code matrices
obtained through COD can be written as

Sr ¼

S1;r
S2;r
S3;r
S4;r

2
6664

3
7775 ¼

S 1ð Þ
1;r S 2ð Þ

1;r S 3ð Þ
1;r S 4ð Þ

1;r

S 1ð Þ
2;r S 2ð Þ

2;r S 3ð Þ
2;r S 4ð Þ

2;r

S 1ð Þ
3;r S 2ð Þ

3;r S 3ð Þ
3;r S 4ð Þ

3;r

S 1ð Þ
4;r S 2ð Þ

4;r S 3ð Þ
4;r S 4ð Þ

4;r

2
6666664

3
7777775

¼

S 1ð Þ
1;r S 2ð Þ

1;r S 3ð Þ
1;r 0

� S 2ð Þ
1;r

� ��
S 1ð Þ
1;r

� ��
0 S 3ð Þ

1;r

� S 3ð Þ
1;r

� ��
0 S 1ð Þ

1;r

� ��
�S 2ð Þ

1;r

0 � S 3ð Þ
1;r

� ��
S 2ð Þ
1;r

� ��
S 1ð Þ
1;r

2
666666664

3
777777775

r ¼ 1; 2; . . . ;N:

(13)

First, subsection 4.1 presents the convergence verifica-
tion of the proposed method. Then, subsection 4.2 evalu-
ates the performance of the proposed method by comparing
the consequent sidelobe suppression with other algorithms.
Furthermore, the analysis of the ambiguity function is pre-
sented in subsection 4.3. Next, the sidelobe suppression
effects of different types of initial sequences and different
bandwidths are illustrated in subsection 4.4 and 4.5, respec-
tively. Finally, the target identification application is simu-
lated in subsection 4.6.

4.1 | Convergence verification

This section aims to verify the convergence of the pro-
posed method. Convergence performance is a fundamental

requirement for an iterative algorithm, and the local con-
vergence rate is often used as an important indicator to
evaluate an algorithm. In theory, the BFGS algorithm
inherits the rapid convergence of the Newton method [23].
As can be seen from Figure 5, the BFGS algorithm
remains stable after 20 iterations, which indicates satisfac-
tory convergence performance. Moreover, the comparison
with existing algorithms is also presented in Figure 5,
which indicates that the proposed method can converge
quickly and achieve the minimum value of the objective
function.

4.2 | Range sidelobe suppression effect

This section covers the RSS performance of the proposed
method. Figure 6 illustrates the RSS results of non‐zero
pulses for each antenna. As can be seen, the proposed
method provides an extraordinarily low range sidelobe
level for all antennas (around −50 dB), indicating the out-
standing performance of the proposed method. Meanwhile,
it also demonstrates that COD does not influence the RSS
performance. Figure 7 shows the comparison between the
proposed method and the four aforementioned RSS algo-
rithms, that is, WeCAN, CAN, GA, and windowing pro-
cessing. The range sidelobe of the proposed method is
mainly within the range of −70 dB to −50 dB, while
others are in the range of −50 dB to −20 dB, which shows
the superior performance of the proposed method, particu-
larly in the area near the mainlobe. Note that windowing
processing performs better in the area far from the main-
lobe, but worse near the mainlobe due to spectrum leakage.
The GA performs the worst because it is easily trapped in
the local optimum. A detailed comparison between algo-
rithms that require optimization is shown in Table 3.

As shown in the table, the average sidelobe level of the
proposed method (−55.34 dB) is much better than that of
the others; so is the iteration number. In addition, its
elapsed time is much less than the WeCAN algorithm and
GA, but is slightly more than CAN. Therefore, the experi-
mental results are in agreement with the theoretical analy-
sis, and the proposed method has advantages in range
sidelobe suppression.

TABLE 3 Comparison of range sidelobe suppression level
between BFGS, CAN, and GA method

Method
Proposed
method WeCAN CAN GA

Elapsed time (s) 349.10 353.48 163.85 2,273.98

Iteration number 72 19,689 41,833 3,003

Average sidelobe
level (dB)

–58.05 –43.25 –35.63 –38.72

–15

–10

–5

–20

–25

–30

–35

J I
SL

(d
B

)

0
Iteration number

Proposed method

10 20 30 40 50 60 70 80 90 100

WeCAN
CAN
GA

FIGURE 5 Comparison of iteration convergence between BFGS,
WeCAN, CAN, and GA algorithm
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FIGURE 8 Ambiguity function: (A) before optimization and (B)
after optimization
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4.3 | Ambiguity function

This section primarily focuses on the ambiguity function of
the proposed method. Figure 8 expresses the ambiguity
function before and after optimization with the proposed
method. Figures 9 and 10 illustrate the profiles. As can be
seen from Figure 9, the sidelobe of the range ambiguity
function is dramatically reduced from −33.47 dB to
−55.34 dB. In addition, Figure 10 shows that the main
lobe of the Doppler ambiguity function is wider after opti-
mization, which proves that the proposed method is benefi-
cial for the improvement of Doppler tolerance.

4.4 | Comparison between different initial
sequences

In this section, two types of phase coded sequences are
selected as initial sequences for comparison. The first type

is a multiphase coding sequence based on chirp signal,
including the Golomb sequence, Frank sequence, and Chu
sequence [1]. The other is a pseudo‐stochastic code. Fig-
ure 11 shows the range sidelobe level of these sequences
after optimization, and the average sidelobe level is indi-
cated in Table 4. As can be seen, the selection of initial
sequences has little effect on sidelobe suppression because
all the sequences can reach −50 dB. Moreover, the
Golomb sequence has the lowest sidelobe level
(−74.37 dB) after optimization, and the performance of
other sequences are similar to each other (note that the
Golomb sequence before optimization already has the best
range sidelobe level because of the structure, and its
change in average sidelobe level is approximately the same
as the others). Therefore, the initial sequences have little
influence on the proposed method, whereas they should be
properly selected in case of an extremely high sidelobe
requirement.

A
m

pl
itu

de
( d

B
)

(A)

0

0.6 0.8 1.0
×10–6f (Hz)

–5

0.2 0.4–0.4 –0.2 0–0.8 –0.6–1.0

–10

–15

–20

–25

–30

–35

A
m

pl
itu

de
(d

B
)

(B)

0

0.6 0.8 1.0

×10–6f (Hz)

–5

0.2 0.4–0.4 –0.2 0–0.8 –0.6–1.0

–10

–15

–20

–25

–30

–35

FIGURE 10 Doppler ambiguity function: (A) before
optimization and (B) after optimization

A
m

pl
itu

de
( d

B
)

(A) 

0

0.6 0.8 1.0
×10–5τ (s)

–10

0.2 0.4–0.4 –0.2 0–0.8 –0.6–1.0

–20

–30

–40

–50

–60

–70

A
m

pl
itu

de
(d

B
)

(B)

0

0.6 0.8 1.0
×10–5τ (s)

–10

0.2 0.4–0.4 –0.2 0–0.8 –0.6–1.0

–20

–30

–40

–50

–70

–100

–60

–80

–90

FIGURE 9 Range ambiguity function: (A) before optimization
and (B) after optimization

BAI ET AL. | 599



4.5 | Effect of different bandwidths

This section examines the effect of bandwidth on sidelobe
suppression. The initial sequence is the same as before, a
pseudo‐stochastic sequence. Let bandwidth B = 10 MHz,
30 MHz, 50 MHz, 100 MHz, 150 MHz, and 200 MHz,

then the corresponding subcarrier number N = B/Δf = 100,
300, 500, 1,000, 1,500, and 2,000. Figure 12 indicates that
the change in bandwidth does not affect the sidelobe sup-
pression performance and all the sidelobe levels can reach
below −50 dB. Figure 13 shows the average sidelobe level
of the proposed method, and the elapsed time of BFGS
and LBFGS algorithm at different bandwidths. As shown
in Table 5 and Figure 13, with the increase in bandwidth,
the average sidelobe depth falls slowly, whereas the
elapsed time rises steadily and the iteration number remains
stable. It is indicated that the larger bandwidth would lead
to higher range resolution and more computational com-
plexity. In addition, the elapsed time of the BFGS algo-
rithm grows faster than LBFGS when N is g1,500, which
verifies the choice of the threshold of N. Consequently, the
relationship between range resolution and computational
complexity should be balanced, in practice.

4.6 | Target identification application

Radar search, tracking, and other operations are usually
carried out in a specified distance window, called the
receiving window. All targets’ echoes in this window are
received and transferred to the matched filter for pulse
compression. The receiving signal on each antenna is used
to identify the targets in MIMO radar, and the results are
integrated to increase the accuracy of the decision. The
parameter settings are shown in Table 2; thus, the maxi-
mum unambiguous range is cT/2 = 1,500 m. The length of
the receiving window in this section is taken as 150 m, to
prevent the simulation diagram from being too large. There
are two targets in the receiving window. The relative posi-
tions of the strong target and weak target are 7 m and 23 m,
respectively, and their echo power ratio is 20 dB. Fig-
ure 14A shows the compressed echo before optimization. It
can be seen that the targets cannot be identified. The

TABLE 5 Comparison between different bandwidths

Bandwidth
(MHz) Algorithm

Number of
subcarriers

Range
resolution (m)

Average sidelobe
depth (dB) Elapsed time (s)

Iteration
number

10

BFGS

100 15 –58.91 18.617 73

30 300 5 –55.34 347.27 63

50 500 3 –60.16 1,403.35 72

100 BFGS

1,000 1.5

–60.60 10,386.00 70

LBFGS –60.04 9,014.23 69

150 BFGS

1,500 1

–80.93 34,481.66 78

LBFGS –78.27 31,642.86 80

200 BFGS

2,000 0.75

–92.62 113,079.87 91

LBFGS –86.18 81,137.07 94

BFGS, Broyden‐Fletcher‐Goldfarb‐Shanno; LBFGS, limited‐memory BFGS.
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TABLE 4 Range sidelobe level comparison between different
initial sequences

Sequence type Average sidelobe depth (dB)

Pseudo‐stochastic –55.35

Golomb –74.37

Frank –52.73

Chu –55.90
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compressed echo of the proposed method is presented in
Figure 14B. The targets can be identified clearly, and the
main peak of the weak target is 9.81 dB higher than the
peak of the sidelobe, which verifies the effectiveness of the
proposed method. Figures 14C and D are the compressed
echoes optimized by the WeCAN and CAN algorithm. As
can be seen, the strong target can be distinguished, but the
weak target is covered by the sidelobe of the strong target.
Therefore, the proposed method is superior in the situation
of weak target submergence and echo aliasing.

5 | CONCLUSION

In this paper, we have presented a novel OFDM MIMO
radar waveform design method to achieve high range res-
olution and low radar sidelobe level. First, a high range
resolution is obtained by transmitting all subcarriers of
the OFDM signal on each antenna with a cyclic prefix.
Then, COD is utilized to achieve orthogonality across
multiple antennas in the code domain, whereby only
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pulses on the first antenna need to be designed for a low
sidelobe level. Moreover, to suppress the range sidelobe
level, an optimization problem is proposed, wherein the
objective function is based on ISL minimization, and the
customized BFGS algorithm is utilized to solve it. Finally,
the superiority of our proposed method in resolution,
orthogonality, and range sidelobe level is extensively vali-
dated with several numerical examples. In addition, the
proposed method is applicable to the case of different
bandwidth, and does not rely on the selection of the ini-
tial sequence.
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