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Abstract: With the development of high speed digital processor and solid state power electronics, more flexible 

waveforms become feasible to achieve by modern radar systems. In fact, the choice of waveforms has a significant 

impact on the performance of radar systems. In this paper, we review the conventional radar waveform design as 

well as explore the new generation of waveforms via different theoretical methods, including the most recent 

wavelet based waveforms. It is shown that the waveform design supports the radar advancement for more 

intelligent and divergent applications. In this endeavor, radar waveform design plays an even more important role 

in reaching specific purposes, in addition to range and speed detections, and further improves the performance and 

application scopes of radar systems. 

Key words: Radar waveforms; Pulse compression waveform; Phased waveform; MIMO radar; Wavelets 

CLC index: TN958 

DOI: 10.3724/SP.J.1300.2014.14044 

雷达波形研究发展现况与趋势 
曹思扬    郑元芳 

(俄亥俄州立大学电子与计算机工程系  美国哥伦布  OH43210) 

摘  要：高速数字处理器技术与微波固态功率放大器技术的发展使得现代雷达系统采用更加灵活的波形设计变得

可行。事实上，波形的选择对雷达系统的整体性能有着巨大的影响。该文回顾了传统的雷达波形设计技术，阐述

了包括基于小波波形在内的针对新一代雷达设计的波形，并且分析了新一代雷达波形设计技术如何支持更加灵活

多变的应用。该文尝试展示一个这样的事实，为了改善检测性能，雷达波形设计在针对特殊的用途(包括雷达测距

和测速)中变得更加重要,从而改进雷达系统的性能和应用范围。 
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1  Introduction  

The radar waveform design is for improving 
radar performance, including maximum Signal- 
to-Noise-Ratio (SNR), and optimal extraction of 
target information, such as range, speed, shape, 
and recognition[1,2]. Take Synthetic Aperture 
Radar (SAR) as an example. Fig. 1 shows the 
strip-map SAR simulation results, comparing 
the traditional Linear Frequency Modulated 
(LFM) waveform with a Wavelet-Based radar 
Waveform (WBW). The Peak Signal-to-Noise 
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Ratios (PSNR) of the LFM and the WBW 
waveforms are 19.77 dB and 21.77 dB, respectively. 
These results indicate that different waveforms 
can produce significantly different detection 
results for radar systems. Because of the 
potential improvement on radar performance, 
radar waveform has been a key topic of research 
for a long time and is still active today.   

In this paper, we review the progress in the 
radar waveform designs in recent years. In fact, 
the waveform design has a long history research 
and is still under active investigation for existing 
radar systems. With the advent of Ultra-Wide 
Bandwidth (UWB) electronics, advanced digital 
signal processing, high speed computing, high 
frequency electronics, and solid state power 
amplifier, emerging radar systems (such as UWB  
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Fig. 1  Strip-map SAR simulation using LFM and WBW 

radar, Multiple-Input and Multiple-Output 
(MIMO) radar, cognitive radar, etc. are 
expecting more from their waveforms. These 
new technologies enable the scientists and 
engineers to implement new waveforms, which 
were not possible when these new technologies 
were not available, to achieve significantly 
better performance for conventional radar 
systems, namely target detection including its 
range, speed, and shape.   

The study on the waveform design is also 
pushed by more applications of radar in our 
daily life. Traditional radar has been primarily 
used in military for target detection or for image 
construction. Today radar sensing is being used 
in a wide scope of applications including, for 
example, automotive radar. It is perceived that 
automotive radar will be ubiquitous in the 
future, installed on every vehicle for safety 
consideration, even for fully automated vehicles. 
In addition, microwave radars are also being 
used for human detection on mobile robots, and 
for probing of concealed objects, etc.. Different 
applications naturally demand for different 
waveforms in order to push the performance to 
the limit, for any particular purpose of applica- 
tions. Researchers are therefore continuously 
studying the radar waveform design, from the 
fundamental pulse compression to more advanced 
waveforms for future radar systems.  In the rest 
of this paper, we review the recent developments 
of radar waveform design, which are by no 
means inclusive due to the limit in time to 

generate this report and a massive amount of 
papers published in the literature.   

The structure of the paper is arranged as 
follows. In Section 2, fundamental pulse 
compression waveform as used by most of 
today’s radar systems is discussed.  It is 
particularly mentioned that the sidelobe in pulse 
compression is a significant issue related to the 
resolution of range detection. In Section 3, phase 
coded waveforms are introduced for the purpose 
of reduction of sidelobes. In Section 4, the newly 
developed MIMO radar system and its related 
waveforms are presented. The fundamental 
theories and approaches for resolving target 
parameters by MIMO are discussed. In Section 5, 
the theory and design of WBW are introduced. 
The latter waveform represents one of the most 
recent developments in radar waveform designs. 
Consequently, the theory and the design 
principle of WBW is introduced in more details 
than other waveforms. In Section 6, various 
waveform designs for different purposes of 
applications are discussed. Finally, the paper is 
concluded in Section 7. 

2  Radar Waveform Fundamentals 

Similar to wireless communication systems, 
radar typically transmits a baseband signal 
carried by a high frequency sinusoid signal, i.e.: 

( ) ( ) ( )cexp 2x t s t j f tπ=           (1) 

where ( )s t is the baseband waveform and cf  
the carrier frequency. Because of the properties 
of radiated electromagnetic energy, the ideal 
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received signal reflected by a single point target 
will be: 

( ) ( ) ( )( )c d cexp 2 2y t Ax t j f f t j f tτ π π τ= − + −  (2) 

In the above equation, the time delay τ is caused 
by the range of the target, the Doppler 
frequency fd is determined by the radical 
velocity of the target, and the amplitude A  is 
affected by the cross-section of the target when 
the target range, transmitter and receiver gains 
are given. Apparently, how the three parameters 
A, τ, and fd are alternated can reveal the 
information associated with a target.  

The range resolution is the ability of a radar 
system to resolve targets along the range 
direction. Take the rectangular signal ( )rect /t T  
as the baseband waveform for example, where 
T is the duration of the radar pulse (radar pulse 
width), and the rectangular function is defined 
as below: 

1 1
1,

2 2rect
else

( )
0,

t
x

⎧⎪⎪ − ≤ <⎪⎪= ⎨⎪⎪⎪⎪⎩

         (3) 

The received signal reflected from a single 
static target is: 

c

2
2crect exp 2
c

R
t R

j f t
T

π
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    (4) 

where R is the range of the static target and  
the speed of light. The term 2R/c is equivalent 
to the delay τ in Eq. (2). This is because the 
electromagnetic energy typically travels through 
the space in a straight line at the constant speed 
c. Thus delay τ can be used to measure the range 
 

of the static target. When the rectangular 
waveform is used to detect two static targets, 
the received signal is: 
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where R1 and R2 correspond to the positions of 
the two targets, respectively. If the two targets 
are very close to each other, the two reflected 
signals generated by the two different targets 
mix together (Fig. 2), and are difficult to resolve 
due to the Radar Pulse Width (RPW).  

The range resolution using the rectangular 
waveform can be defined using the bandwidth of 
the waveform B as: 

  r
c

2
S

B
=

                
 (6) 

According to Eq. (6), radar can improve its 

range resolution via different waveforms so long 

as the bandwidth is increased. The challenge is 

how to increase the range resolution, while 

transmitting enough energy for long range 

target detection. According to Eq. (6), one can 

increase the range resolution via a high band- 

width waveform, while the pulse width can be 

maintained large. Therefore, a high time- 

bandwidth product waveform has the potential to 

increase the range resolution without sacrificing 

the transmission power. Scientists call this kind 

of waveform pulse compression waveform. 

 

Fig. 2  Reflected rectangle waveforms from two separable targets and two inseparable targets 
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One of the most widely used pulse 

compression waveforms is LFM waveform[3] or 

the chirp waveform. The frequency of LFM 

linearly increases (up-chirp) or decreases (down- 

chirp) with time. Therefore, the waveform is 

feasible to be achieved by the analog circuits. 

The mathematical equation for LFM is: 

( ) ( )2
crect exp exp 2

t
j kt j f t

T
π π

⎛ ⎞⎟⎜ ⎟⎜ ⎟⎜⎝ ⎠
      

(7) 

where k is the rate of frequency increase or the 

chirp rate. The instantaneous frequency of the 

baseband waveform is a function of time: ( )f t =  

kt ( )rect / .t T In the beginning of the pulse, 

( )/2 ( )/2.f T kT− = −
 
At the end of the pulse, 

( )/2 ( )/2.f T kT=
 
As a result, the bandwidth of 

LFM is kT. The time-bandwidth product of 

LFM is kT 2. According to Eq. (6), the LFM 

waveform can simply increase its chirp rate k in 

order to obtain the high range resolution and 

keep a wide pulse width at the same time.  

The ambiguity function is used to evaluate 

how the returned pulse is distorted due to the 

receiver matched filter: 

( ) ( ) ( ) ( )*
d d, exp 2 df s t s t j f t tχ τ τ π

∞

−∞

= −∫
  

(8) 

When the Doppler frequency is not 

considered, the ambiguity function reduces to 

the autocorrelation of
 
s(t), i.e.  

( ) ( ) ( )*, 0 ds t s t tχ τ τ
∞

−∞

= −∫
        

(9) 

Fig. 3 shows an LFM waveform with a 3 μs 

pulse width and 64 MHz bandwidth. The auto- 

correlation of the waveform produces a sharp 

 

mainlobe with serious sidelobes. The Peak to 
SideLobe Ratio (PSLR) of LFM is 13.2 dB. −  
These sidelobes are highly responsible for 
blocking nearby weak reflections from small 
targets or for blurring SAR images.     

One traditional way to suppress the 

sidelobes is using windowing procedures. Harris[4] 

provides an extensive list of windows and their 
properties. Coming along with the sidelobe 

suppression, the windowing procedure brings a 

side effect of increased mainlobe width, which 
also degrades the range resolution in target 

detection. Compared with LFM, the stepped 

frequency waveform[5] increases (or decreases) its 
frequency discretely by a fixed frequency incre- 

ment (or decrement) each time. The Frequency 

Jump Burst (FJB)[6] divides LFM into multiple 
sub-pulses in the time domain, and transmits 

each separately. Consequently, these discrete 

versions of LFM perform similarly as the 
original LFM waveform in range detection. 

Aiming at suppressing range sidelobes, some 

researchers have selected nonlinear frequency 

modulated waveforms. Griffiths[7] generates 

nonlinear frequency waveform using equation: 

( ) ( ) ( )1 2s t s t s t= +
          

 (10) 

A central linear FM component ( )1s t  and 

the additional higher FM rate portion ( )2s t   

are plotted in Fig. 4. The PSLR of his proposed 

waveform is 50.4 dB − , which is much lower than 

the traditional LFM waveform. Instead of the 

piecewise nonlinear FM waveform, Witte[8] 

further studies a continuous nonlinear FM wave- 

form to suppress the sidelobes to below 70 dB. −   

 

Fig. 3  Baseband LFM waveform and its autocorrelation 
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Fig. 4  Piecewise nonlinear FM waveform 

However, the nonlinear FM waveforms increase 
the width of the mainlobe compared with LFM, 
and thus to lower the range resolution. In 
addition, the nonlinear FM waveforms are 
sensitive to the Doppler effect. That is, the 
range of the target is sensitive to the speed of 
the target. Different speeds can result in 
different range data for an identical target.  
Consequently, the range resolution becomes 
lower when the target is in motion. The details 
of this issue will be further discussed in 
Subsection 5.4 of this paper. 

3  Phased Waveform 

Another approach for designing new radar 
waveform is through phased coding. The phased 
coding approach introduces a set of pulse 
compression waveforms. This approach divides 
the radar pulse into sub-pulses, and then phased 
coding is performed on each sub-pulse. A well- 
known phased coding approach is Barker coding[9], 
which codes each sub-pulse with a phase shift of 
0°  or 180°  accordingly as shown in Fig. 5. 

By employing the phase coding, the sidelobes 
of the autocorrelation of the Barker code have 
an equal magnitude of

 
1/N as shown in Fig. 6, 

where N=7 is the length of the code. However, 
Barker codes cannot be of arbitrary length. The 
maximum possible length is N=13, resulting in 
limited sidelobe suppression. A set of concate- 
nated Barker codes can increase the length of 
the waveform, but the sidelobe suppression is 
still limited by N=13. Therefore, the minimum 
PSLR of the Barker code is 22.28 dB − .  

Another phase coding approach is the 
Golay complementary sequence, which can be 
used to construct bi-phased waveforms as well. 

 

Fig. 5  Barker coded pulse with seven sub-pulses 

 

Fig. 6  Autocorrelation of a Barker coded pulse 

The difference is that the Golay code consists of 
a pair of bi-phased sequences. The summation of 
the autocorrelations of the two sequences 
produces a delta function. As a result, trans- 
mitting the pair of bi-phased sequences of wave- 
forms separately in time can totally remove the 
sidelobes in range. However, the bi-phased code 
is highly sensitive to the Doppler shift. To 
overcome this problem, Pezeshki et al. propose 
using the Prouhet-Thue-Morse (PTM) sequence 
to construct Doppler-resilient sequences of 
Golay pairs[10,11]. However, the PTM sequence 
requires transmitting a long sequence of pulses. 
Galati[12] proposes to nest an up-chirp and down- 
chirp waveform into complementary codes, which 
produces range sidelobes similar to that of LFM. 

In addition to bi-phase coding, polyphase 
codes provide more flexibility than bi-phase 
codes. The Frank code[13] or its modified versions 
i.e. P1, P2, and Px codes[14], are polyphase codes 
that approximate the LFM waveform. Some 
other LFM-like polyphase codes are P3 and P4 
codes[15] as well as Golomb polyphase codes[16].  

There are intensive studies on finding 
Constant-Amplitude Zero-AutoCorrelation 
(CAZAC) waveforms. Early works use different 
names for this kind of waveform[17] including: 
polyphase codes with good periodic[18] or optimum 
correlation properties[19], perfect autocorrelation[20] 
or root-of-unity sequences[21], bi-unimodular 
sequences[22], and bent functions[23]. To identify 
an appropriate CAZAC waveform for the radar 
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is still an interest in the radar community[24]. 
Benedetto and Donatelli[17] propose the periodic 
CAZAC code, which can produce the mainlobe 
without sidelobes. In Ref. [20], a polyphase 
code with the length of 75 is shown as an example. 
When unimodular is not a limitation, 
Soltanalian[25] found virtually perfect phase- 
quantized sequences with extremely small 
sidelobes (PSLR is less than 250 dB). −  Unfortu- 
nately, the magnitude of the sequence is not 
constant, and the dynamic range of the trans- 
mitted waveform is not as good as other 
polyphased waveforms. Chen[26] utilizes a cyclic 
algorithm to synthesize probing sequences with 
good aperiodic autocorrelation properties, and to 
suppress the range sidelobes to a lower than 

30 dB − PSLR via a sequence of length 400. 
Stringer[27] applies Multi-Objective Evolutionary 
Algorithms (MOEAs) to the phase coded 
waveform design, and has achieved a lower than 

30 dB − PSLR via a sequence of length 64. 
Jakabosky[28] applies the Marginal Fisher’s 
information algorithm to suppress the sidelobes 
of a continuous phased waveform to 30 dB −  via 
a sequence of length 64. 

When SNR is not a critical issue for the 

receiver, bi-phase or polyphase codes using 

mismatched filter is a selection. Baden[29] shows 
an orthogonal filtering approach for the 

orthogonal code pairs, and generates filters for 

mismatched pulse compression with low sidelobes 
near the mainlobe. The distribution of the 

sidelobes’ energy can be adjusted by a weight 

function. Griep[30] introduces mismatched poly- 
phase codes with low PSLR for a pulse 

compression system, which has specific temporal 

and frequency characteristics. Polyphase codes’ 
limitation is the sensitivity to the Doppler 

effect[31], and the complexity of waveform 

generation for various purposes of applications.  
To decrease the complexity of radar systems, 

some of today’s radar designs use Pseudo- 
Random-Noise (PRN) code approaches[32,33]. 
The PRN codes are easy to generate, and can 
achieve relatively good sidelobe suppression[34]. 
In recent studies, Axelsson[35] studies random 

bi-phase modulated waveform for improving 
the range resolution, but the waveform 
introduces high sidelobes. Pralon[36] studies 
random phase/frequency modulated waveform 
for effective sidelobe suppression. Another 
recent study on PRN shows that complex PNR 
waveforms are capable of reducing the near- 
sidelobes significantly[37,38]. 

In recent years, UWB radar is studied for 
the high range resolution due to the use of wide 
bandwidth. Compared with traditional sinusoid 
carrier based waveforms, UWB radar transmits 
very short pulses with extremely wide 
bandwidth. In Ref. [39], Gaussian monocycle 
shapes are used for UWB. The pulse 
compression of the UWB radar usually uses a 
train of properly weighted and shifted Gaussian 
pulses based on selected codes[40]. Therefore, the 
waveform design is equivalent to finding a good 
range ambiguity bi-phase code. Nijsure[41] studies a 
bi-phase code based on Walsh-Hadamard code 
matrix for the UWB cognitive radar networks. 

A different approach related to coding 
waveform is the frequency coding waveform. 
Similar to the phase coded waveform, the Costas 
waveform divides a relatively long pulse into N 
equal-duration sub-pulses with each sub-pulse 
centered at a different frequency. Generally, the 
frequencies are spaced equally. When the 
frequencies increase linearly with the sub-pulses, 
a stepped frequency waveform will generate. As 
discussed in Section 1, the stepped frequency 
waveform performs similarly as LFM, whose 
ambiguity function (Eq. (8)) produces sidelobes 
in both the range and Doppler frequency 
directions. The Costas waveform[42] transmits a 
sequence of hopping-frequency waveforms. 

Fig. 7 shows the comparison between the 
stepped frequency waveform and the Costas 
waveform with 10 sub-pulses. The row represents 
the time sequences, and the column denotes the 
frequency. A ‘1’ specifies the frequency asso- 
ciated with the indicated sub-pulse. If the 
ambiguity function of Costas waveform is 
discretely calculated according to the sub-pulse 
duration and unit hopping-frequency, the 
ambiguity function will have an ideal range and 
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Fig. 7  Stepped frequency waveform and Costas waveform 

the Doppler sidelobe behavior, which provides 
unambiguous Doppler and range information. 
However, the continuous ambiguity function still 
shows 13.2 dB − sidelobes in the range and 
Doppler frequency directions. In a recent study, 
Bell[43] attempts to further push away the 
annoying sidelobes using a hopping-frequency 
waveform. However, the near-sidelobes still exist 
due to the property of the autocorrelation of the 
hopping frequency waveform. We will discuss a 
wavelet-based waveform instead of hopping- 
frequency waveform in Section 5. 

4  MIMO Radar Waveform 

Because of the development in the areas of 
Field-Programmable Gate Array (FPGA) and 
Digital Signal Processor (DSP) in recent years, 
pulse compression in the digital domain becomes 
possible. Fig. 8 shows a digital system for in- 
phase and quadrature signals in a single receiver. 
After demodulation and filtering, the received 
analog signals are converted into digital signals. 
The complex baseband signals are then cross- 
correlate with the reference waveform in the 
frequency domain via Fourier transform to 
increase the digital processing speed. The results 
then go through an inverse Fourier transform 
channel to obtain the cross-correlation in the 
digital domain.  

Taking the advantage of digitalization in 
radar applications, MIMO radar systems have 
been studied intensively in recent years. Different 

 

Fig. 8  Digital pulse compression 

from the phased array radar, which transmits an 

identical waveform in all the antenna elements to 

generate a high gain in a specific direction, the 

MIMO radar transmits different waveforms on all 

the antenna elements involved. In Ref. [44], Li 

introduces the MIMO radar waveform in details.  
The technology of MIMO can be briefly 

introduced here. Assume that there are Mt 
transmitting elements, Mr receiving elements, 
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and τi(θ) is the time delay for the signal 
transmitted from the transmitting element 
number i to the point target, or transmitted 
from the point target to the receiving element 
number i. x(n)=[x1(n)  x2(n)  x3(n)   xMt(n)]T 
is the transmitted signal for each transmitting 
element,

 
( ) ( ) ( )c 1 c 2 c 32 2 2( ) j f j f j fe    e    e     π τ θ π τ θ π τ θθ ⎡= ⎢⎣a  

( )c t
T2 Mj fe π τ θ ⎤

⎥⎦ is the phase shift of the baseband 
waveform from the transmitting element to the 
point target. Similarly, y(n)= [y1(n)  y2(n)  
y3(n)   yMr(n)]T is the received signal for each 
received element, ( ) ( )c 1 c 22 2( ) j f j fe   eτπ θ π τ θθ ⎡= ⎢⎣b

 ( ) ( )c 3 c r
T2 2 Mj f j fe     eτ τπ θ π θ ⎤

⎥⎦ is the phase shift of the 
target reflected signals to the receiving element. 
When there are K targets reflecting signals 
back to the radar receivers, the received signal 
will be: 

( ) ( ) ( ) ( )*

1

( )
K

c
k k k

k

n n nβ θ θ
=

= +∑y b a x ε  

where βi is the complex Radar Cross Section 
(RCS) of the target i, ε(n) is the interference- 
noise, ( )c⋅ denotes the complex conjugate, and 

*( )⋅ denotes the conjugate transpose. The MIMO 
radar targets can be detected by resolving 

{ } 1

K
k k

β =
 and { } 1

K
k k
θ =

via ( ){ } 1 : , .N
k k k knn β β θ θ= = =y  

The estimation of the targets parameter can 
be expressed as below: 

( ) ( ) ( ) ( )* *

1 1

K K
c c

k k k k k k
k k

β θ θ β θ θ
= =

=∑ ∑b a b a  

or 

=B Bβ β  

where 

1 1

1 2

[ ( ) ( ) ( ) ( )]

[ ]

c c c c
K K

K

    

       

θ θ θ θ

β β β

= ⊗ ⊗

=

B a b a b

β
 

B and β are the estimation of B and β, 
respectively, and ⊗  denotes the Kronecker 
product operator. Li[44] considers the Cramér- 
Rao bound of { }kθ , and uses the Slepian-Bangs 
formula for estimating the parameters. 

When the transmit array is the same as the 
receive array, the sample covariance matrix of 
the target reflected waveforms can be expressed 
as 

xx
∗AR A 

where 

( ) ( ) ( ) ( )* * * *
1 1 2 2 3 3 t t

*
1

, , , ,

1ˆ ( ) ( )

M M

N
xx n

n n
N

β θ β θ β θ β θ

=

⎡ ⎤= ⎢ ⎥⎣ ⎦

= ∑

A a a a a

R x x
 

When orthogonal waveforms are implemented in 
the transmitter and .t xxN M  > R becomes a scaled 
identity matrix. If the number of targets K is 
less than t

ˆ, xx M ∗A R A  has full rank, and all the 
parameters can be resolved. 

From the above analysis, one can see that 
constructing such a set of orthogonal waveforms 
is a preliminary step for the MIMO radar. 
Various approaches have been developed to 
design new radar waveforms such that the 
advantages of the MIMO radar can be fully 
taken. Kemkemian[45] obtains the orthogonality 
between the transmitted waveforms via Doppler 
Division Multiple Access (DDMA). Rabideau[46] 
discusses the Code Division Multiple Access 
(CDMA), Time Division Multiple Access (TDMA), 
and Frequency Division Multiple Access (FDMA) 
techniques, and further uses these conventional 
techniques to create sets of displaced waveforms 
for the MIMO radar. Cai[47] has designed 
orthogonal binary code waveforms for the 
MIMO radar. Takayama[48] further verifies the 
gold code based MIMO radar in the radar 
platform. Galati[49] proposes to use Costas codes 
and the phase noise signals to generate 
orthogonal waveforms for the MIMO radar. 
Han[50] and Chen[51] use frequency hopping codes. 
Majumder[52] presents a set of waveforms 
generated by Direct Sequence Spread Spectrum 
(DSSS) coding on LFM. Hua[53] utilizes Costas 
Array Coding (CAC) and Quadratic Congruence 
Coding (QCC) in the MIMO radar. Sharma[54] 
uses phased coded waveforms based on the 
Kumar sequences. Yang[55,56] produces chaotic 
phased coded waveforms for the MIMO radar. 

One advantage of the MIMO radar is its 
ability to resolve more targets in different 
directions compared with the traditional phased 
array approach. Consider the situation that the 
transmitter array and the receive array are 
different in number, i.e. rtM M≠ . If the receive 
array is the subset of the transmit array, ( )c θ ⊗a  

( )c θb  has only rt 1M M+ −  distinct elements.  
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However, when there are no sharing elements 
between the transmit and receive arrays, 

( ) ( )c cθ θ⊗a b has rtM M  distinct elements. There- 
fore, the number of maximum possible distinct 
objects to be resolved by the MIMO[44] is maxK ∈  

( )r rt t2)/2,(max /( ,) 2M M M M+ −  which is up to 

tM  times that of its phased array counterpart. 
Another advantage of the MIMO radar is its 

capability to adjust its beamforming via the 
waveform design. Because the power in a 
direction θ is given by: 

( ) ( )*( ) xxP θ θ θ= a R a  

xxR can be optimized to control the spatial 
power distribution via the transmitted waveform.  
Li[44] considers different spatial beam patterns, 
such as the uniform elemental power for target 
searching, and multiple beams with minimized 
sidelobes for multiple targets tracking. 

For applications in reality, the target 
response should be considered as a Finite 
Impulse Response (FIR), which can be a 
Gaussian random vector with zero mean. Based 
on the information theory, Tang[57] proposes the 
MIMO radar waveform design in colored noise to 
maximize mutual information and relative entropy. 
Yang[58] designs waveforms that maximize the 
conditional mutual information between the 
random target impulse response and the 
reflected waveforms, and develop transmitted 
waveforms that minimize the Mean-Square Error 
(MSE) in estimating the target impulse response. 
Naghibi[59] designs the MIMO radar in the 
presence of clutters. 

Waveform design for MIMO is for improving 
the performance of the new radar system to 
meet the orthogonal waveform requirement as 
transmitted by individual radar elements in 
MIMO. Research to discover new radar wave- 
forms for improving the performance in both 
conventional and new structures still continues. 
In the next section, we introduce an emerge 
effort in recent years, which is called wavelet- 
based waveform.  

5  Wavelet-based Waveform 

5.1 Introduction of wavelet 
Wavelets and wavelet transforms have been 

successfully utilized in audio, image and video 

processing in recent years, including the 

JPEG2000 image compression standards[60]. 

However, there are only limited studies using 

wavelets to construct radar waveforms. 

Mohseni[61] generates UWB radar waveforms via 

wavelet packet based on Orthogonal Frequency 

Division Multiplexing (OFDM) radar signals. 

Lester[62] studies periodic continuous wavelets as 

radar waveforms. Yin[63] discusses the 

relationship between wide-band ambiguity 

functions and wavelet transforms. Wang[64] 

proposes transmitting single wavelet functions 

and performing wavelet decomposition at the 

receiver instead of using matched filters. 

Bonneau[65] uses wavelet packets as filter banks 

to decompose the chirp waveform according to 

the target spectral energy. The purpose is to 

improve radar detection success. While the SAR 

platform employs the chirp waveform to 

generate the sinc function in the range and 

azimuth directions, Xu[66] uses wavelet transform 

to improve moving target detections. However, 

none of these works consider using the discrete 

scaling function and wavelets to construct radar 

waveforms except an early work by the current 

authors[67].  

In our pervious paper, a WBW[68] is 

proposed for effective sidelobe suppression on 

target detection. To generate WBW, the discrete 

orthogonal wavelets are used for the waveform 

design. To compare with the conventional LFM 

occupying the same bandwidth, the time- 

frequency diagram of LFM and that of WBW 

are shown in Fig. 9. Both waveforms have the 

same bandwidth of 64 ,F fΔ = Δ  where fΔ is the 

bandwidth of a sub-pulse in WBW. The LFM 

waveform linearly and continuously increases 

the frequency of the waveform, but WBW 

increases the frequency discretely by a subband 

according to the packets used in the waveform. 

One can see time-frequency blocks in WBW 

replacing the single line of LFM. That is because 

in each time duration ,tΔ  there is a wavelet 

packet which spans a subband of the spectrum. 
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Fig. 9  Time-frequency diagram of LFM and wavelet-based waveform 

Within ,tΔ  one can not resolve a particular 

frequency for every point of time, but only a 

subband spanned by the corresponding wavelet. 

WBW is more flexible to adjust the amplitude 

and phase for specific frequency subbands since 

the adjustments can be focused on a particular 

wavelet packet. 

As discussed before, the sinusoid based 

waveforms (such as LFM, stepped frequency 

waveform, Costas waveform) generate sinc 

function based range detection results. The near 

sidelobes can be suppressed by applying the 

window function, or introducing the non-linear 

frequency component. However, these methods 

increase the mainlobe width and reduce the 

resolution. For WBW, it generates small side- 

lobes naturally, and no further suppression 

technique is needed. Take eight Daubechies 

order-4 wavelet packets as an example (Fig. 10), 

the summation of the autocorrelations of 2N  

wavelet packets is the 2 -timesN  compressed 

autocorrelation of the scaling function (Fig. 11). 

The autocorrelation of the D-4 scaling function 

generates a sharp mainlobe with very small 

sidelobes, and its PSLR is 22.69 dB. −  Theoret- 

ical proof of this new radar waveform can be 

found below in the following subsection. 

5.2 Wavelet fundamental 
The basic recursion equation for generating 

the scaling function ( )tϕ  and the wavelet 

function ( )tψ are shown below[68]: 

 

Fig. 10  Waveforms of individual D-4 wavelet packets 

 

Fig. 11  Autocorrelation of eight D-4 wavelet packets 
(behind the front layer) and summation of eight 

autocorrelations (the front layer) 
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where 

( ) ( 1) ( 1), 0,1, , 1ng n h L n    n L= − − − = −  

and L is the length of the coefficients ( ).h n  

According to the wavelet theorem, different 

coefficients ( )h n generate different wavelet 

waveforms. However, the coefficients are not 

arbitrarily selected, but with necessary 

conditions which are listed as below: 

δ

δ

2 2

( ) 2 (0) 2,
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where ( )H w  is the frequency domain of the 

coefficients ( )h n . According to the relationship 

between g(n) and h(n), we have ( ) ( )G w H w π= + , 

where G(w) is the frequency domain of the 

coefficients g(n). H(w) is the low frequency part, 

and G(w) is the high frequency part of the 

spectrum spanned by the scaling function and 

the wavelet, respectively.  

Wavelet packets can further divide the 

scaling function and wavelet into narrower band- 

width signals, called wavelet packets. Take four 

wavelet packets as an example. They are obtained 

by decomposing the scaling function and the 

wavelet each into two narrowed-by-2 bandwidth 

functions: 
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According to the necessary condition of the 

wavelet coefficients, the summation of the auto- 

correlation of 2N wavelet packets is the auto- 

correlation of narrow-by-2N scaling function. 

This fact can be drawn from the equations as 

below: 
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This equation is further confirmed in Fig. 
11, which shows the summation of eight auto- 
correlations of individual wavelet packets. 
5.3 Wavelet based waveform 

The wavelet based waveform is constructed 
by concatenating the wavelet packets in a chosen 
sequence of wavelet packets. Suppose the 
sequence of ordered wavelets is: 

0 1 2 1( ), ( ),  ( ), , ( )Nw t w t w t w t−  

where for any j, wj(t) represents a wavelet packet 
when 0 ;t t≤ ≤ Δ otherwise, wj(t)=0. Note that 
w0(t) is the scaling function. Then the WBW is 
given by: 
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When ,m n=  the above equation becomes the 
autocorrelation function ( ).nnφ τ  

The autocorrelation of WBW is: 
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Note that ( )=0nmφ τ when ,tτ ≤ Δ  since the two 
wavelets are fully separated. Consequently,  

1

0

( )= ( )
N

nn
n

μφ τ φ τ
−

=
∑  

As we discussed in Subsection 5.2, the 
summation of the autocorrelations of the 
wavelet packets equals the autocorrelation of the 
narrowed scaling function. Regardless of the 
sequence of the wavelet packets, the auto- 
correlation of the wavelet sequence has a 
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resolution of / .t NΔ  However, when tτ ≥ Δ the 
autocorrelation of the waveform is completely 
determined by ( ),nnφ τ which is the cross- 
correlation of the wavelet packets. 

WBW generates far-sidelobes because of 
( ).nnφ τ  To suppress far-sidelobes, one strategy 

is to adjust the sequence of the wavelet packets 
similar to the way of the Costas waveform. 
WBW hops its frequency bands so that the far- 
sidelobes can be distributed as one desires[69]. 
Another strategy is to sense the detected area 
using different wavelet packets each time[70], and 
then use pulse integration to generate the com- 
pressed waveform without far-sidelobes. Fig. 12 
shows the comparison between WBW and LFM, 
with the same non-zero duration and bandwidth, 
in the time domain. Because WBW pushes the 
far-sidelobes far away from the mainlobe, the 
sidelobes of WBW are very small compared with 
LFM as shown in Fig. 13, while the mainlobe 
generated by WBW is still narrow.  

While the advantages of WBW is obvious, 
one challenge is that the power amplifier needs a 
larger dynamic range than that for LFM, as 
LFM has a constant amplitude while WBW has 

variable amplitude in its waveform. The advent 
of new solid state technologies in recent years 
alleviates this problem significantly.   

5.4 Moving target detection using different 
waveforms 

The Doppler effect shrinks or spreads radar 

waveforms when a source is moving toward or 

away from the receiver. This change of waveform 

shape is due to the relative motion between the 

source and the receiver. To understand the 

Doppler effect, first assume that the length of a 

transmitted waveform is T. If both the source 

and the receiver of the sensing system are 

stationary, the receiver will receive the waveform 

with the same duration T. Now if either the 

source or the receiver moves toward the other, 

the receiver will receive the complete waveform 

in a time shorter than T. This is because the 

receiver is receiving the waveform in a speed 

that the source is producing plus a relative speed 

between the receiver and the source. In the other 

direction, if the source and the receiver are 

moving apart, the receiver will receive the 

complete waveform in a time longer than T. 

 

Fig. 12  LFM waveform and D-4 wavelet packet waveform with same bandwidth and non-zero duration 

 

Fig. 13  Autocorrelation of LFM waveform and autocorrelation of D-4 wavelet 
packets waveform with same bandwidth and pulse duration 
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In the radar systems, however, the speed of 
the waveform transmission is the speed of light, 
which is much faster than the relative speed 
between the sensing system and the target. 
Shrink or spread of the waveform is very slight, 
and thus difficult to measure. On the other hand, 
the carrier frequency is sensitive to the speed of 
the target. Therefore, speed detection uses the 
variation of carrier frequency to measure the 
speed between the sensing system and the target. 
Assume that the transmitted carrier frequency 
is cf , and the received carrier frequency rf  is: 

  r c
1 / c

1 / c

v
f f

v

+
=

−             
 (11) 

where v is the relative speed between the sensing 
system and the target, and c is the speed of light. 
The Doppler frequency (or “beat frequency”) is: 

c
d r c

2

c

vf
f f f= − ≈

          
(12) 

However, for a wide bandwidth waveform 
the Doppler frequency is applied to not only the 
carrier frequency, but also the other frequency of 
the transmitted waveform via spread (or shrink) 
of the transmitted waveform. This spread (or 
shrink) causes errors when using the Doppler 
frequency to measure the speed of an interested 
target. 

To estimate the target velocity accurately, 
the Doppler radar sacrifices its range detection 
ability to achieve high speed resolution. It 
transmits a beam of electromagnetic radiation 
waves, tuned to a precise frequency, towards an 
interested moving target. The target speed is 
resolved accurately according to Eq. (12).  To 
obtain range information, pulsed Doppler radar 
uses the rectangle pulse for the range detection.  
Unfortunately, the rectangle pulse, utilized by 
the pulse Doppler radar, can not produce enough 
power for the long range detection.  

The Frequency-Modulated, Continuous-Wave 
(FMCW) waveform can be used by the short- 
range measuring radar to determine both speed 
and range of a single target. Similar to the 
Doppler radar, the FMCW radar transmits 
continuous wave, but the FMCW waveform 
utilizes triangular modulation[71], i.e., its frequency 

periodically increases and decreases alternatively 
in a same slope as time increases. The FMCW 
receiver cross-correlates the received signal with 
the transmitted waveform, and generates two 
single frequency signals, which can be used to 
determine the distance and velocity of the 
detected target. The limitation of FMCW is the 
number of detected targets. The advantage of 
the continuous wave radar is its low cost to be 
realized due to the much smaller sample rate 
than the Nyquist sampling rate of the 
transmitted waveform. 

Frequency-Shift Keying (FSK) is another 
continuous radar waveform used in the auto- 
motive radar for estimating range and velocity 
of the moving target with a low cost. The FSK 
radar alternatively transmits two single frequency 
signals. Because the frequency gap between the 
two signals are very small, the two received 
single frequency signals generate almost the 
same Doppler frequency. However, the phases 
of the two received signals are different. This 
difference is directly determined by the range 
of the target. After obtaining the Doppler 
frequency and the phase difference, the FSK 
radar can measure both the range and the 
velocity of the moving target. However, because 
the maximum phase difference is 2π , there is an 
ambiguous maximum range limitation of FSK. 
Rohling[72] proposes an LMFSK waveform 
combined FSK and LFM to overcome the 
ambiguous range. 

Note that all the continuous waveform 
radar does not process the received signal via 
matched filter, or analyzed by an ambiguity 
function. The radar can take the advantage of its 
extreme lower sampling rate compared with the 
Nyquist rate of the transmitted waveform to 
build the low rate analog-to-digital and digital- 
to-analog converters. Consequently, the cost of 
building the continuous radar can be signify- 
cantly reduced. However, without the matched 
filter for increasing SNR, the continuous wave 
radar is not ideal for long range detection.  

LFM is still widely used as the long range 
detection waveform for estimating ranges and 
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velocities of multiple targets simultaneously. 
However, LFM generates the Doppler spread 
term[73] because of its frequency modulation 
mode. This term is highly responsible for both 
range and speed ambiguities. According to Eq. (7), 
the deramped-signal frequency for a moving 
target is ( )c(2 )/ c (4 )/ c ,vf vk t+  where c(2 )/cvf

 is the Doppler frequency used to detect the 
object velocity, ( )(4 )/ cvk t  is the spread term 
of the Doppler frequency. The latter, caused 
by frequency-modulation, degrades the speed 
detection accuracy, and further decreases the 
SAR radar azimuth resolution. There are a few 
studies tackling this issue. Tao[74] analyzes the 
Doppler spread term, and reduces the spread by 
introducing a scaling processing. However, the 
mitigation relies on the estimation of the target 
speed and further post processing. Similarly, 
Liu[75] needs the coarse estimation of the target 
radial velocity and post processing to reduce the 
Doppler effects. 

A prospective solution is to use the 
amplitude modulated waveform to overcome the 
limitation of frequency modulated. Taking WBW 
as an example, suppose the transmitted signal to 
be the baseband signal ( )w t carried by a carry 
frequency cf  such that the modulated WBW 
waveform is ( ) ( ) ( )cexp 2 .s t w t j f tπ= The carrier 
frequency of the received signal is c c(2 )/ c.f vf−  
After removing the carrier frequency, one can 
obtain the Doppler frequency without any 
interference term c(2 )/ cvf . 

On the other hand, the Doppler frequency 
and the Doppler spread term are blended in the 
returned LFM signals, and influence the range 
detection of LFM. However, the amplitude 
modulated waveform is capable of de-coupling 
the envelope and the carrier frequency of its 
returned signal. The envelope has only a 
negligible spread or shrink of the waveform 
shape, which does not affect the cross- 
correlation for range detection. Therefore, the 
amplitude modulated waveform has the 
potential to suppress the distortion of range 
detection caused by the Doppler effect. The 
shortcoming of the amplitude modulated 
waveform is as mentioned earlier. 

6  Other Radar Waveform Designs 

A great deal of research is on the design of 
optimal waveforms for some special purposes 
rather than range and speed detections, and 
very often the studies start from the information 
theory. Bell[76] considers the target ensemble as a 
large number of scattering centers randomly 
distributed in space, and sees the target ensemble 
as Gaussian random process. To optimize the 
design of illumination waveforms, he maximizes 
the mutual information between the received 
signal and the target ensemble in the presence of 
Additive White Gaussian Noise (AWGN). 
Ahmad[77] applies subspace decomposition to the 
matrix consisting of target impulse responses 
and generates optimized waveforms robust to 
the position of the target. Fan[78] optimizes 
waveforms for binary hypothesis testing in the 
presence of Gaussian clutter. 

Other researchers[79] study designing spectral 
disjoint radar waveforms (also known as sparse 
frequency or thinned spectrum radar waveform) 
for avoiding detection of the transmitted signal 
by the enemy or collision with other wireless 
communication mechanisms. Frost[80] studies 
how the phased coded waveform changes its 
sidelobes under spectral disjoint situations. 
Patton[81] designs the phased coded waveforms 
with disjoint spectral support using an auto- 
correlation sequence masking. Liu[82] realizes the 
spectrum disjoint radar waveform via Prolate 
Spheroidal Wave Function (PSWF) based 
orthogonal waveforms. Lindenfeld[83] designs 
equal or almost equal power phased code as 
transmitted sparse frequency waveforms, and 
uses the least square solution for the received 
waveform to minimize the range sidelobes. 
Cook[84] investigates stepped-frequency polyphase 
code for the thinned spectrum waveform design. 
Sego[85] uses random frequency waveform as 
sparse waveforms. Piezzo[86] optimizes the radar 
waveform which is adapted to dynamic spectral 
constraints.  

An emerging signal processing technique for 
reconstructing a signal by using a small amount 
of data is compressed sensing[87]. For sparse targets 
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detection, compressed sensing can be applied in 
radar systems to improve range, speed, and 
spatial resolutions[88－91] by almost totally removing 
the sidelobes without using sufficient sensing 
samples as deemed by the Nyquist-Shannon 
criterion. However, to reconstruct the signal, it 
needs to find the solution of an L1 norm 
problem. The calculation for the latter purpose 
is extremely time-consuming, and the problem 
is sometimes unsolvable. Lellouch[92] proposes 
to use OFDM waveforms for compressive sensing, 
while Shastry[93] uses UWB stochastic waveform 
on the simulation of compressive radar images. 

7  Conclusions 

We have discussed variety radar waveform 
designs in this paper, although not inclusive for 
all the works in the field. While the emphases 
have been on the MIMO radar waveforms and 
WBW, the conclusion is that radar waveform 
design can improve the radar overall sensitivity 
and performance, as well as extract more infor- 
mation from interested targets such as RCS. 
Consequently studies on radar waveform design 
have continued in the entire history of radar 
since it was invented almost seventy-five years 
ago. With the advent of high speed digital 
processor and solid state power amplification, it 
is becoming more feasible to design waveforms 
for extremely high resolution in both range and 
speed detections and for adaptation to features 
of targets and environments. In addition, 
developing highly orthogonal sets of radar 
waveforms becomes more feasible as well. The 
purpose is not only to improve the performance 
in the conventional sense, but also to expand 
radar applications to a wider scope of our daily 
life. For the latter, future waveform studies for 
achieving various goals in an optimal way will 
endure for a long time. 
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