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Abstract. The increasing demand for spectrum resources 

and the need for reducing the burden of modern electronic 

combat platforms have prompted the development of inte-

grated radar and communication systems. An integrated 

radar and communication waveform scheme based on 

Chirp-rate Hopping Modulation (CrHM) is proposed in 

this paper to realize target detection and information 

transmission simultaneously. The CrHM signal can be 

regarded as the synthesis of multiple sub-pulses, and each 

sub-pulse is a Chirp signal, which is determined by the 

communication information sequence. The performance of 

the CrHM signal is analyzed, including the ambiguity func-

tion, the principle of demodulation, and the robust proper-

ties of demodulation. Subsequently, several simulations are 

provided to testify the high weak target detection perfor-

mance of the CrHM signal and robustness of demodula-

tion. 
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1. Introduction 

With the rapid development of electronic and infor-

mation technology, spectrum resources are increasingly 

scarce, and the loading of various equipment, such as radar 

and communication equipment, is required by modern 

information warfare on a same combat platform [1–5]. 

Although the superposition of various equipment has im-

proved the combat capability, it faces the problems of large 

power consumption and volume, and serious electromag-

netic interference. Therefore, it is important to reduce the 

burden of the platform by integrating the design of radar 

and communication [6–8].  

Current research on integrated waveform of radar and 

communication can be divided into two categories, namely 

coexistence and shared system [9–12]. In the coexistence 

system, radar and communication occupy different re-

sources in the time domain [13], frequency domain [14] 

and spatial domain [15], [16], etc. However, the major 

problems of coexistence system are poor real-time perfor-

mance and low spectrum utilization in radar detection and 

wireless communication. Nevertheless, for the shared sys-

tem, radar detection and wireless communication functions 

are realized simultaneously through a single waveform, 

which can effectively overcome the problem of coexistence 

system. 

Linear frequency modulation (LFM) signal is widely 

used because of its large time-bandwidth product. In [17], 

the communication modulation method of minimum shift 

keying (MSK) is studied to embed the communication 

information into the LFM pulse, but the communication 

rate of this scheme is not high enough. To improve the 

communication rate, high-order quadrature amplitude 

modulation (QAM) has been involved in [18] and [19], 

which cannot maintain a constant envelope due to the 

modulation for the amplitude and phase of the waveform, 

and an increase in the modulation order will lead to a de-

cline in the performance of bit error rate (BER). In [20], 

the integrated waveform of radar and communication is 

designed by using a frequency modulation (FM) scheme 

with orthogonal FM function [21] to transmit communica-

tion information, which operates on the phase term to en-

sure the constant envelope characteristic. In [22], a wave-

form design method using staggered pulse repetition fre-

quency (PRF) is proposed, which improves the Doppler 

tolerance and the detection efficiency, and solves the 

common problem of Doppler sensitivity effectively in 

radar detection of moving target. 

Based on the characteristic that the Fractional Fourier 

Transform (FRFT) has excellent energy aggregation for 

chirp signals, an integrated radar and communication 

waveform based on Chirp-rate Hopping Modulation 

(CrHM) is proposed in this paper, which is a shared wave-

form with constant envelope and some Doppler tolerance. 

The constant envelope makes it satisfy the requirement that 

the power amplifier of modern radar works in the saturated 
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state, and the Doppler tolerance solves the problem of 

Doppler sensitivity in the radar detection of moving target 

and improves the detection performance. The rest of the 

paper is organized as follows: The integrated waveform 

based on CrHM is proposed and the integrated system 

scheme is given in Sec. 2. The performance of the pro-

posed waveform is analyzed in Sec. 3. The accuracy of the 

theoretical analysis is verified by numerical simulation in 

Sec. 4. Finally, the conclusion is given in Sec. 5. 

2. Integrated Waveform Design Based 

on Chirp-rate Hopping Modulation 

Assuming that each pulse of the CrHM signal con-

tains K sub-pulses, each of which is a chirp signal. The 

communication symbol determines the chirp-rate of chirp 

pulse signal, and the position of the symbol in the transmit-

ted communication sequence determines the sub-pulse 

position of the chirp signal corresponding to the symbol. 

The synthesis process of the integrated waveform is shown 

in Fig. 1 and the time-frequency diagram of CrHM signal 

is given in Fig. 2. 

Consider the chirp signal corresponding to the 

communication symbol ak as 
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Fig. 1. CrHM signal synthesis process. 
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Fig. 2. Time-frequency relationship of CrHM signal. 
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Fig. 3. Integrated radar and communication system architecture based on CrHM. 
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; Tp = kTs is the pulse 

duration, Ts represents the symbol duration, K is the num-

ber of transmitted communication symbols; 

ak  {0,1,…,M – 1}, and it represents the communication 

information of M-ary modulation, k = 0,1,…,K – 1; p, q 

together with the communication information sequences 

form the chirp-rate. 

sChirp_ak
(t) is divided into K sub-pulses according to the 

symbol width. If the symbol ak is the k-th symbol in the 

transmitted communication sequence, then the symbol 

waveform can be expressed as 
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Finally, the baseband expression of the CrHM signal 

can be written as 
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The proposed integrated radar and communication 

system architecture based on CrHM is shown in Fig. 3, 

which is mainly divided into three parts, namely, integrated 

waveform synthesis, radar processing and communication 

processing. The corresponding chirp signal is generated 

after the serial-parallel (s/p) conversion of the input com-

munication information sequences, and then the symbol 

waveform is obtained according to the position of the 

communication information. Finally, these symbol wave-

forms are synthesized into the integrated waveform after 

the parallel-serial (p/s) conversion. For target detection, the 

pulse compression technique and the moving target detec-

tion (MTD) within a coherent processing time (CPT) are 

used to raise the signal-to-noise ratio (SNR) to improve the 

radar detection performance. Meanwhile, the communica-

tion receiver receives the integrated signal and demodu-

lates the communication information. 

3. Waveform Performance Analysis 

3.1 Ambiguity Function of the Proposed 

Waveform 

To show the radar performance of the proposed wave-

form, the radar ambiguity function expression is given in 

this section. The ambiguity function of the CrHM signal 

can be defined as 
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Fig. 4. Diagram of the calculation of the ambiguity function 
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where  is the time delay, fd is the Doppler frequency, and 

s*(t) represents the conjugation of s(t). 

Since the ambiguity function has the characteristic of 

symmetry about the origin, only the case that   0 is 

analyzed here. The calculation diagram of the ambiguity 

function is shown in Fig. 4. 

Because the 2ka
pq t  is in the exponential term, it is 

difficult to obtain the closed form expression of the ambi-

guity function. According to (4), (, fd) is the mainlobe m 

when k equals l. Therefore, the m is discussed in this pa-

per, which can be expressed as 
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Obviously, the ambiguity function of the CrHM sig-

nal is affected not only by the time delay and Doppler 

frequency, but also by the communication information 

sequences. In addition, when the transmitted communica-

tion symbol ak is a constant value, the CrHM signal will 

degenerate into a single chirp signal, and the ambiguity 

function of the CrHM signal will degenerate into the ambi-

guity function of the chirp signal. On the contrary, when it 

is non-constant value, the ambiguity function of CrHM 

signal can be regarded as the composition of the ambiguity 

function of multiple sub-chirp signals determined by ak. So 

the combination of sub-chirp signals with the same chirp-

rate will make the oblique blade with a certain angle which 

is relative to the chirp-rate, while sub-chirp signals with 

different chirp-rate will partially cancel each other, so that 

the ambiguity function has a thumbtack shape. 

Especially, when  = 0, the zero-delay cut is a sinc 

function, i.e. 
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while, when fd = 0, the zero-Doppler cut is 
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It can be seen from (7) that the zero-Doppler cut is 

composed of the zero-Doppler cuts of multiple sub-Chirp 

signals with different parameters, which are decided by the 

communication information sequences and the number of 

transmitted communication symbols. 

3.2 Principle of Demodulation 

Based on the modulation scheme that the communica-

tion information carried by chirp-rate, it is desirable to use 

FRFT to complete information demodulation. For a signal 

x(t), the corresponding FRFT is expressed as 
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where P is the fractional order;  is the rotation angle of 

FRFT, and  = P/2; FP[] represents the operator symbol 

of FRFT. 

Given that the implementation of the communication 

demodulation scheme in this paper is completed within the 

symbol width, the effect of the number of modulation sym-

bols on the demodulation performance is analyzed. The 

FRFT of the k-th symbol waveform is calculated as follows 

When   n, the FRFT of (2) can be obtained 
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When cotka
pq   , equation (9) can be simplified as 
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The peak of (10) can be calculated as 
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In (11), it can be seen that when chirp-rate is con-

sistent, the peak of FRFT at the optimal order is related to 

Ts. When Ts = Tp, the peak of FRFT reaches the maximum, 

 

Fig. 5. Attenuation coefficient versus symbol width. 

then the peak attenuation coefficient ϑ caused by Ts can be 

written as 

 
2 22
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Obviously, when Tp is constant, ϑ is only related to Ts, 

and the relationship between ϑ and Ts is shown in Fig. 5. 

With the increasing of Ts, i.e. the number of communica-

tion symbols transmitted within a pulse is reduced, the 

attenuation degree of the peak of FRFT decreases under the 

optimal order, which means that the BER performance of 

communication information demodulation is improved. 

Hence, the ability of a single pulse to transmit multiple bits 

information is limited, resulting in a low communication 

transfer rate. 

3.3 Robust Analysis of Communication 

Demodulation 

Since the relative motion between the radar and the 

target, the Doppler frequency will exist in the echoes, and 

the k-th symbol waveform of the echo should be 

   2s
_ d

s

( ) rect exp j 2 .ka

r k

t kT
s t pq t f t

T


 
  

 

 (13) 

In (13), it is clear that fd will cause the change of the 

center frequency, and the chirp-rate is not affected, while 

the change of the center frequency will cause the change of 

the peak position in the Fractional Fourier Domain 

(FRFD). Therefore, the peak offset will satisfy the follow-

ing expression 

   d sin arccot .ka
u f pq    (14) 

Generally, the ka
pq  is much larger than fd, so the in-

fluence of Δu can be ignored. In the case of   n, the 

FRFT of (13) is given by the following expression 



32 G. ZHANG, X. RAO, J. FU, ET AL., INTEGRATED WAVEFORM DESIGN OF RADAR AND COMMUNICATION BASED ON … 

 

     

  

 

  
  s

s

2

2s
d

s

2

2

1
2

d

1 jcot
( ) exp j cot

2 2

rect exp j 2

exp j cot csc d
2

1 jcot exp j cot

exp j cot j2 d

k

k

a

k T
a

kT

u
S u

t kT
pq t f t

T

t
tu t

u

pq t f t t










 

  

  







 
  

 

 
  

 

  
   

  

 

  





 (15) 

when cotka
pq   , equation (15) can be simplified as 
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The peak of (16) can be calculated as 
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According to (11) and (17), the peak attenuation 

coefficient  caused by fd is 
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According to the discussion given above, it can be 

known that  is only related to fd when Ts is unchanged. 

Thus, the relationship between  and fd can be plotted as 

shown in Fig. 6. It shows that when fd reaches 2 kHz, the 

decrease of  can be neglected, so the Doppler frequency 

does not affect the demodulation performance of the inte-

grated signal, which ensure the robustness of the commu-

nication demodulation. 

3.4 Setting of p  and q  

The parameters p  and q  play very important roles in 

the CrHM signal, which together with the communication 

information sequences are transmitted to constitute the 

chirp-rate of the symbol waveform. The minimum chirp-

rate interval among the communication symbols of the 

CrHM signal is p(q1 – 1). The interval ΔP of the two opti-

mal fractional orders corresponding to the minimum chirp-

rate interval determines the discrimination degree of the 

symbols with different chirp-rate when the FRFT is used 

for communication demodulation. Namely, ΔP determines 

the degree of interference during communication demodu-

lation. To reduce the interference, p and q should be set to 

ensure ΔP is as large as possible. For the setting of p and q 

in the CrHM signal, it is necessary to ensure that ΔP satis-

fies the following expression 

 

Fig. 6. Attenuation coefficient versus Doppler frequency. 
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In addition, since the time-bandwidth product of chirp 

signal is μT2, chirp signal with a large chirp-rate will result 

in a large bandwidth for a fixed symbol width, so the val-

ues of p and q should be limited by the available band-

width. 

4. Analysis of Simulation Results 

In this section, some simulation results are presented 

to evaluate the performance of the CrHM signal respective-

ly. The simulation parameters of CrHM signal and the 

motion parameters of target are shown in Tab. 1. 

4.1 Ambiguity Function 

The simulation of ambiguity function is given to 

prove the radar performance of CrHM signal which is 

compared with MSK-LFM signal. The bandwidth of MSK-

LFM is set to 50 MHz and each pulse of MSK-LFM 

transmits 16 communication symbols, which are consistent 

with those of CrHM signal. 

The simulation results are shown in Fig. 7. It can be 

seen from Fig. 7(a–d) that the ambiguity function of CrHM 

signal is approximately composed of thumbtack shape and 

oblique blade shape. The CrHM signal is less sensitive to 

Doppler frequency than the MSK-LFM signal, therefore, it 

has a higher Doppler tolerance than MSK-LFM signal. 

The zero-Doppler cut of CrHM signal and MSK-LFM 

signal is shown in Fig. 7(e). The reason why the sidelobe 

level of CrHM signal is higher than MSK-LFM signal that 

the randomness of the communication information makes 

the chirp-rate among different communication symbols of 

CrHM signal in a state of hopping. In addition, when the 

transmitted communication symbols are all "0" or all "1", 

the CrHM signal becomes a traditional LFM radar waveform. 
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Parameter Value Parameter Value 

Carrier frequency fc 10 GHz Number of modulation symbols K 16 

Pulse repetition rate PRF 3 kHz False alarm probability Pfa  10–6 

Pulse width Tp 10 μs M-ary modulation M 2 

Coherent processing time CPT 0.1 s Parameter p 1012 

Initial distance R0 200 km Parameter q 5 

Initial radial velocity v 100 m/s Number of targets  1 

Tab. 1. Simulation parameters of CrHM signal and the motion parameters of target. 

 
(a)                                                                                                                     (b) 

 
(c)                                                                                                                    (d) 

 
(e)                                                                                                              (f) 

Fig. 7. Ambiguity function. (a) Ambiguity function of CrHM signal. (b) Ambiguity function of MSK-LFM signal. (c) Contour plot of CrHM 

signal. (d) Contour plot of MSK-LFM signal. (e) zero-Doppler cut. (f) Zero-delay cut. 
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Due to the randomness of the communication data, the 

resolution of the CrHM signal will be between the resolu-

tions when the communication symbols are all “0” and all 

“1”. The zero-delay cut in Fig. 7(f) confirms that the Dop-

pler resolution is decided by the pulse width. 

4.2 Weak Target Detection 

A waveform insensitive to the Doppler frequency will 

be more beneficial for detecting moving target. The MTD 

algorithm is adopted within a CPT to realize the coherent 

integration of the echoes. The relationship between the 

output of MTD and the Doppler frequency is shown in 

Fig. 8. It is clear that when the Doppler frequency is low, 

the output of MTD of the CrHM signal is equivalent to the 

MSK-LFM signal. However, as the Doppler frequency 

increases, its MTD output declines more slowly than the 

MSK-LFM signal, which means that the CrHM signal, 

which is less sensitive to Doppler frequency, is more suita-

ble for the detection of moving target. 

Finally, the comparison of detection probability is 

provided in Fig. 9. Obviously, the detection probability 

increases with the increase of SNR. When SNR = –32 dB, 

the detection probability of CrHM signal reaches 1; when 

SNR = –27 dB, the detection probability of MSK-LFM 

signal reaches 1. There is 5 dB improvement in detection 

performance between the former and the latter. 

 

Fig. 8. Output of MTD versus Doppler frequency. 

 

Fig. 9. Plot of detection probability. 

4.3 Communication Performance 

The FRFT of chirp signal will have energy aggrega-

tion at a specific order, otherwise, it does not form spectral 

peak, as shown in Fig. 10. The FRFT at the optimal order 

will have a peak, while the FRFT at other orders will not, 

which can achieve communication information demodula-

tion. 

The BER of different signals versus SNR is shown in 

Fig. 11. With the increasing of K, the BER performance of 

the CrHM signal decreases. In other words, the influence 

of symbol width on the BER performance is significant. 

When K = 10 and SNR = 9 dB, the value of BER will 

reach 10–5, and its performance is nearly 4 dB higher than 

the theoretical BER performance of MSK, and obviously 

better than the theoretical BER performance of 2ASK and 

16QAM. Another index of communication performance 

evaluation is the communication rate, which depends on 

the PRF and the number of symbols in the communication 

information sequence. If PRF = 30 kHz and K = 10, then 

the corresponding communication transfer rate C is 

300 Kbps. 

 

Fig. 10. FRFT of the chirp signal in different orders. 

 

Fig. 11. BER of different signals versus SNR. 
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5. Conclusion 

In this paper, the proposed integrated waveform that 

can realize radar detection and communication information 

transmission on a single device simultaneously. The design 

scheme of the CrHM signal is implemented by a chirp-rate 

hopping method. The CrHM signal is synthesized through 

the sub-pulses, which are chirp signals determined by the 

communication information sequences, and the embedding 

of communication information is completed by the chirp-

rate of each sub-pulse. The CrHM signal has a constant 

envelope property, and the ambiguity function composed 

of thumbtack shape and oblique blade shape allows it to 

achieve high resolution and Doppler tolerance at the same 

time. Theoretical analysis and simulation results show that 

the CrHM signal has high performance in the detection of 

moving target, and the Doppler robustness in communica-

tion information demodulation. The multiple bits commu-

nication information transmission on single pulse can be 

realized while ensuring the BER performance. 
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