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Abstract. Weak target detection is a great challenging in 
radar field. To detect weak targets via radar communica-
tion integrated signal, a method for constructed step-LFM 
(CStep-LFM) signal is proposed based on quadrature 
amplitude modulation-orthogonal frequency division mul-
tiplexing (QAM-OFDM) echoes. First, a QAM-OFDM and 
CStep-LFM model is established, and then a bandpass 
filters bank is used to transform the QAM-OFDM echo into 
a Step-LFM signal. Finally, compared with several existing 
integrated signals, the analyses and the simulation results 
show that CStep-LFM signal not only improves the detec-
tion performance of weak targets but also has a better 
communication performance. 

Keywords 
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1. Introduction 
With the development of communication technology 

and radar technology, the problem of overlap between 
radar and communication in the frequency band is becom-
ing more and more serious [1–3]. From the perspective of 
spectrum resources, the electromagnetic spectrum from 
1 MHz to 100 GHz is a very precious spectrum resource. 
Some specific frequency bands, such as those below 
5 GHz, have a long history of scarcity of spectrum re-
sources, which has led to the competition between radar 
and telecommunication over spectrum resources. For the 
problem of spectrum competition and electromagnetic 
interference between radar and communication, the most 
promising solution at present is the integration of radar and 
communication (Joint Radar-Communication (RadCom)) 
[4–11], which utilizes the modulated signals transmitting in 
the same frequency band, efficiently utilizes all kinds of 
resources, and completes the two functions of information 

transmission and target detection in the same frequency at 
the same time. 

Radar is widely used for target detection and tracking. 
It is worth noting that there are a large number of weak 
targets with low observability, and these weak targets have 
extremely low signal-to-noise ratios (SNR), which makes 
traditional radar detection algorithms unable to detect these 
weak targets effectively [12], [13]. To improve the detec-
tion performance of weak targets, an available way is long-
time coherent integration. Increasing the integration time 
can effectively improve the SNR [14–16]. 

The radar communication integrated signal should not 
only achieve detection of weak targets and estimation of 
target motion parameters, but also transmission of commu-
nication information. Because the linear frequency modula-
tion (LFM) [17], [18] signal has a large time bandwidth 
product and overcomes the contradiction between pulse 
energy and distance resolution by pulse compression, it has 
been used in the radar field for a long time. Integrated 
waveform design solutions for radar communication based 
on LFM signals have been widely explored. For example, 
by combining minimum frequency shift keying modulation 
(MSK) with LFM, the MSK-LFM [19–22] integrated sig-
nal has better ranging and velocity measurement perfor-
mance. Similarly, QAM can be used instead of MSK to 
obtain QAM-LFM [23], [24] signals. However, the trans-
mitted communication data is limited via MSK-LFM and 
QAM-LFM. So quadrature amplitude modulation-ortho-
gonal frequency division multiplexing (QAM-OFDM) [25–29] 
is proposed to transmit more communication datum 
simultaneously, but has a low target detection performance. 
LFM-OFDM radar signal is mentioned in [30], which 
combines OFDM and LFM, but it does not carry commu-
nication data and the signal is more complex to implement. 

The remainder of this paper is organized as follows. 
In Sec. 2, the QAM-OFDM signal model is established. 
CStep-LFM signal model is introduced in detail in Sec. 3. 
In Sec. 4, some numerical experiments are provided. Con-
clusions are given in Sec. 5. 
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2. QAM-OFDM Signal Model 
Suppose that each pulse transmitted by a pulse Dop-

pler radar is composed of Ns OFDM symbols. Then a sin-
gle transmitted baseband pulse signal s(t) could be ex-
pressed as  

 

( )( )

s c1 1
s

,
0 0 s

0 s

( ) rect

exp j2

N N

n m
n m

t nT
s t d

T

f m f t nTπ

− −

= =

 −
=  

 
× + ∆ −  

∑ ∑
 (1) 

where dn,m denotes the transmitted data, which is modu-
lated by the m-th subcarrier of the n-th OFDM symbol, the 
number of OFDM symbols is Ns, the subcarrier number of 
OFDM symbols is Nc, f0 is the initial subcarrier frequency, 
Δf is the subcarrier interval, the duration of OFDM sym-
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 is a rectangular window.  

To ensure the subcarriers of the received signal can be 
completely separated during waveform construction, the 
subcarrier interval should satisfy the orthogonal condition, 
i.e., 
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where Tp = Ns × Ts is the pulse width, p is a separation fac-
tor which is a positive integer and the minimal value of p is 1. 

The two-dimensional echo signal of the QAM-OFDM 
integration signal can be expressed as: 
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where t̂ is the fast time, tm is the slow time, Ar is the ampli-
tude of the echo, c is the speed of light, fc is the radar car-
rier frequency, r(tm) = R0 + vtm is the distance between 
target and radar, R0 is the initial distance, v is the radial 
velocity. 

3. CStep-LFM Signal Model and 
Method 

3.1 CStep-LFM Model 
Both the stepped frequency signal and the LFM signal 

are broadband radar signals. CStep-LFM signal is a con-
structed step-LFM signal based on OFDM symbol and can 
be divided into several sub-pulses. The duration of each sub- 
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Fig. 1. CStep-LFM signal model. (a) OFDM signal. 
(b) CStep-LFM signal based on OFDM signal. 

pulse is Tp and the frequency of each sub-pulse remains 
unchanged but the frequency between adjacent sub-pulses 
keeps a step increasing, i.e., the step frequency is Δf. 
According to the spectrum, the constructed signal is similar 
to LFM. Thus, CStep-LFM signal can be given as follows: 
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CStep-LFM signal model is given in Fig. 1, where the 
m-axis represents the number of the subcarriers and the n-
axis represents time, i.e., the number of the transmitted 
OFDM symbols, the variables Ns, Nc and Ts have the same 
meaning as in (1), Tp is the pulse width. 

3.2 CStep-LFM Method 
Let the QAM-OFDM echoes, transmitted by a pulse 

Doppler radar, pass through a bandpass filter bank and 
reconstruct the echoes based on the concept of parallel-to-
serial conversion. According to the different subcarriers of 
the QAM-OFDM signal, the phase characteristic of each 
filter of the bandpass filters bank is adjusted to provide 
different output time delays, as shown in Fig. 2(a). 

The frequency response characteristic of the bandpass 
filters bank is: 

 pj ( 1)j(e ) ( ) e n T
n nH H ωω ω − −=  (5) 

where Hn(ω) is the magnitude characteristic which equals 
a constant, –jω(n – 1)Tp is the phase characteristic and the 
range of n is [1,Nc]. 

From (4), the phase characteristics of the filter of the 
bandpass filter bank vary with n. According to the time-
shifting property, the time delay of the first subcarrier com- 
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Fig. 2. Progress of constructing echo. (a) Separation of sub-
carrier via bandpass filters bank. (b) Reconstruction of 
echoes via parallel-to-serial conversion. 

ponent is zero, the delay of the second is Tp, the third is 
2 Tp, and so on. Then, reconstruct the echoes via parallel-
to-serial conversion and the final constructed signal is 
shown in Fig. 2(b), in which it can be seen that the fre-
quency of the echoes after reconstruction is increasing step 
by step and the duration of the constructed signal becomes 
Tcp = Nc × Tp. 

3.3 Radar Performance Analysis 

3.3.1 Ambiguity Function 

Ambiguity function is an important tool for radar 
waveform design and analysis. To show the radar perfor-
mance of the CStep-LFM, the radar ambiguity function is 
analyzed in this section. The ambiguity function is defined 
in various ways and the following definition is adopted in 
this paper: 
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where τ is the time delay, fd is the Doppler shift, s*(t) is the 
conjugate of s(t). 

After a delay τ, Equation (4) can be written as: 
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Substituting (4) and (7) into (6), then: 
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where the variables Ns, Nc, dm,n and Ts have the same mean-
ing as in (1), τ is the time delay, fd is the Doppler shift, Tp is 
the pulse width. 

To analyze conveniently, it is assumed that each sub-
carrier carries only a single communication data, and the 
ambiguity function can be simplified as: 

 [ ]

c

c

1
p

d
0 p

1
p *

0 p

d

( , ) rect exp( j2 )

rect exp j2 ( )

exp( j2 ).

N

m
m

N

p
p

t mT
f d m ft

T

t pT
d p f t

T

f t

χ τ π

π τ

π

−

=

−

=

 −
= ∆  

 
 −

× − ∆ −  
 

×

∑

∑  (9) 

Equation (9) can be discussed by the cases given as follows: 

(1) When |τ| ≥ NcTp, χ(τ, fd) = 0, where |τ| represents 
the absolute value of τ . 

(2) When –NcTp < τ < 0 and τ/Tp = k, x means that 
x is rounded down. The calculation of ambiguity function 
for time delay less than 0 is shown in Fig. 3. In Fig. 3, 
ambiguity function according to the integral range, the 
expression contains two integral terms. Define 
τ′ = τ + (1 + |k|)Tp, τ′′ = τ + |k|Tp, then τ′ = τ′′ + Tp,  
–Tp < τ′′ ≤ 0, 0 < τ′ ≤ Tp, the ambiguity function can be 
expressed as: 
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(3) When –NcTp < τ < 0 and τ/Tp = k the calculation 
of ambiguity function for time delay greater than 0 is 
shown in Fig. 4. Define τ′ = τ – kTp, τ′′ = τ – (|k| +1)Tp, 
then τ′ = τ′′ + Tp, 0 < τ′ ≤ Tp, –Tp < τ′′ ≤ 0, the ambiguity 
function can be expressed as: 

{ }

{ }

c

c

1

d d s d,
0

1

d s d, 1
1

( , ) exp j2 ( ) ( , )

exp j2 ( ) ( , ).

N k

k p p
p

N k

k p p
p

f k p f T f

k p f T f

χ τ π χ τ

π χ τ

− −
+
+

=

− −
−
+ −

=

′= +

′′+ +

∑

∑
(11) 



198 L. XIAO, X. RAO, W. HE, ET AL., WEAK TARGET INTEGRATION DETECTION BASED ON RADAR COMMUNICATION … 

1  1cN −

c pN Tτ
 

t

0

k 1k +

 
Fig. 3. Diagram of the calculation of ambiguity function for 

time delay less than 0. 
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Fig. 4. Diagram of the calculation of ambiguity function for 

time delay greater than 0. 

The χ–
m,p(τ,fd), χ+

m,p(τ,fd) in (10) and (11) denote the 
mutual ambiguity function between the m-th subcarrier and 
the p-th subcarrier when τ satisfies –Tp ≤ τ ≤ 0 and 
0 < τ < Tp, respectively. 

(1) When –Tp ≤ τ ≤ 0, the integration of the mutual 
ambiguity function is (Fig. 5): 
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(2) When 0 < τ < Tp, the integration of the mutual 
ambiguity function is (Fig. 6): 
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Fig. 5. Diagram of the calculation of mutual ambiguity 

function. (a) Case for time delay less than 0. (b) Case 
for time delay greater than 0. 
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Fig. 6. Case for time delay is an integer multiple of Tp. 

Substituting (12) and (13) into (10) and (11), then the 
ambiguity function is: 

(1) When –NcTp < τ < 0 
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(2) When 0 < τ < NcTp  
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From (14) and (15), the ambiguity function χ(τ,fd) of 
the integrated signal is not only affected by the time delay τ 
and Doppler shift fd, but also by the communication infor-
mation, as well as the subcarrier interval Δf. 

A discussion of the above special case is given when τ 
is exactly an integer multiple of Tp (Fig. 6), that is,  
–NcTp < τ = kTp < 0. The ambiguity function can be 
expressed as: 
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The zero delay transversal and zero Doppler 
transversal are given as follows, respectively: 
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As can be seen from (17) and (18), when the subcar-
rier interval Δf is very small, its ambiguity function will be 
approximated towards the LFM ambiguity function. Simi-
larly, this phenomenon happens in the case of 
0 < τ = kTp < NcTp. 

3.3.2 Pulse Compression Gain 

To detect target in low SNR, the gain of CStep-LFM 
signal is analyzed. Define the total gain as Gtotal, then 

 total PC MTDG G G= +  (19) 

where GPC is the pulse compression gain, and GMTD is the 
coherent integration gain of the moving target detection 
(MTD) algorithm. 

The total gain Gtotal is the sum of both the pulse com-
pression gain GPC and the coherent integration gain GMTD. 
The GMTD is fixed when the pulse number of integration is 
given for a target with a constant radial velocity, the only 
improved factor is the GPC after the echoes are recon-
structed according to the method proposed in this paper. 
The GPC will increase with the increasing of the time width 
of the signal, which is given as follows 

 PC 10 c10 log ( )pG N T B= × ×  (20) 

where B is the signal bandwidth. 

3.4 Communication Performance Analysis 

3.4.1 Bit Error Rate (BER) 

Communication performance can be measured by 
BER. The demodulation process of OFDM integrated 
waveform is shown in Fig. 7. 

After down-conversion, the subcarriers are separated 
by DFT, and then the data on each subcarrier is mapped by 
constellation. The modulation method used in this paper is 
16QAM, then the theoretical BER of the QAM-OFDM 
signal can be expressed as: 
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3.4.2 Communications Rate 

In this paper, OFDM technology is adopted, which 
has multiple subcarriers, and the communication rate is Nc 
times higher than that of single-carrier system integrated 
signal. The communication rate can be represented as: 

 c 2
b

s

logN M
R

T
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where M is the modulated number. 

Down-
conversion

echo signal Remove 
cyclic prefix DFT QAM inverse 

mapping Binary data  
Fig. 7. OFDM demodulation process. 

According to (22), the communication rate is related 
to the modulated number M, the number Nc of subcarriers 
and the symbol period Ts of the integrated signal. When the 
communication rate of OFDM is improved, the BER will 
be decreased at the same time. To make the integrated 
signal communication performance better, the communica-
tion rate and BER should keep a good level as far as possi-
ble during the parameter design. 

4. Simulation Results 

4.1 Radar Performance 

4.1.1 Ambiguity Function 

The ambiguity function of QAM-OFDM and CStep-
LFM are obtained through simulation. The OFDM simula-
tion parameters are set as follows: the pulse width is 
Tp = 10 μs, and the signal bandwidth is B = 10 MHz, the 
OFDM symbols Ns = 20. 

Figure 8 shows the ambiguity function, zero Doppler 
section and zero delay section of OFDM and CStep-LFM 
respectively. It can be seen in Fig. 8(a) and Fig. 8(b) that 
the ambiguity functions of OFDM and CStep-LFM signals 
are similar to thumbtack shape and have sidelobes for the 
influence of communication data. From zero Doppler sec-
tion and zero delay section, the sidelobe of OFDM is high-
er than that of CStep-LFM, which indicates that CStep-
LFM has a better Doppler resolution and delay resolution. 

4.1.2 Weak Target Detection 

In the simulation, the proposed method is compared 
with QAM-OFDM, QAM-LFM, LFM-OFDM and MSK-
LFM, where the data modulation of both QAM-LFM, 
LFM-OFDM and QAM-OFDM is 16QAM. In this paper, 
Monte Carlo method is used for simulation to analyze the 
weak target detection performance. The experiment param-
eters are given as follows: R0 = 200 km, v = 10 m/s, 
B = 40 MHz, Tp = 2 μs, PRF = 3000, the integration time is 
Tintegration = 0.1 s, the subcarrier number Nc of OFDM is set 
to 10, the OFDM symbols Ns = 5, the probability of false 
alarm is Pfa = 10–6, the number of Monte Carlo experiments 
is 3000 times. 

When the input SNR varies from –50 to –20 dB, the 
relationship curve between detection probability Pd and the 
input SNR is shown in Fig. 9. From Fig. 9, when SNR = 
–30 dB, the Pd of MSK-LFM and QAM-LFM reaches 1, 
and when SNR = –35 dB and SNR = –40 dB, the Pd of 
QAM-OFDM and CStep-LFM,OFDM-LFM reaches 1 
respectively. It is clear that the CStep-LFM can improve 
the weak target detection performance. According to (20), 
the improved gain can be calculated as 10 log10Nc = 10 dB, 
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Fig. 8. Ambiguity function simulation. (a) OFDM ambiguity function. (b) CStep-LFM ambiguity function. (c) OFDM zero Doppler section. 
(d) CStep-LFM zero Doppler section. (e) OFDM zero delay section. (f) CStep-LFM zero delay section. 

which is consistent with the result of the simulation exper-
iment. The Pd of CStep-LFM and OFDM-LFM reaches 1 at 
the same SNR, but CStep-LFM is easier to implement in 
practice. 

4.2 Communication Performance 
Assume the channel is Gaussian white noise channel, 

the SNR varies from 0 to 25 dB, and the subcarrier number 
Nc of OFDM is set to 10. For MSK-LFM and 16QAM-
LFM, which are single carriers, OFDM can transmit more 

data as described in Sec. 3.4.2. In the simulation, MSK-
LFM and 16QAM-LFM transmit 10 bits of data per pulse 
and then the pulse repetition frequency is PRF = 3000, so 
the capacity of data that can be transferred per second is 
30 kbit. According to (22), it can be seen that the transmis-
sion rate is related to Nc. When Nc = 10, the 16QAM-
OFDM and MFM-OFDM can transmit 300 kbits of data 
per second. In general, OFDM can achieve high-speed, 
high-capacity transmission of data. The BER of MSK-LFM, 
16QAM-LFM, LFM-OFDM and 16QAM-OFDM is shown 
in Fig. 10 and the communication rate is shown in Tab. 1. 



RADIOENGINEERING, VOL. 33, NO. 1, APRIL 2024 201 

 

-50 -45 -40 -35 -30 -25 -20

SNR,dB

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
Pd

QAM-LFM

OFDM

MSK-LFM

LFM-OFDM

proposed method

 
Fig. 9. Detection probability Pd of QAM-OFDM (CStep-

LFM), QAM-OFDM, MSK-LFM, OFDM-LFM and 
QAM-LFM. 

 

Radar communication 
integrated signal Communication rate (kbit/s) 

16QAM-OFDM 300 

LFM-OFDM  300 

MSK-LFM 30 

16QAM-LFM 30 

Tab. 1. Communication rate of 16QAM-OFDM, 16QAM-
LFM, LFM-OFDM and MSK-LFM. 
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Fig. 10. BER of 16QAM-OFDM, MSK-LFM LFM-OFDM and 

16QAM-LFM. 

From Fig. 10, it can be seen that the theoretical BER 
of 16QAM-OFDM and the BER of the simulation experi-
ment basically coincide, and the BER of MSK-LFM is 
better, but its communication rate is low. In Tab. 1, com-
pared with MSK-LFM, QAM-LFM, 16QAM-OFDM and 
LFM-OFDM has better communication rates, but its BER 
decreases. The reason is that a certain amount of BER 
performance is sacrificed in higher-order modulation to 
improve signal bandwidth utilization and the bit rate of the 
signal transmission. In the case of the same SNR, the high-
er the order of QAM is, the worse the BER performance is. 

But the higher the order of QAM is, the higher the spec-
trum will be utilized. 

5. Conclusion 
The CStep-LFM method is proposed to enhance the 

detection performance of radar communication integrated 
signal on weak targets detection. Based on the idea of se-
ries-parallel conversion, the QAM-OFDM pulse signals are 
transmitted, and the echoes are reconstructed as a step-
LFM signal to increase the time width of the echoes, which 
will increase the pulse compression gain and enhance the 
weak target detection performance. According to the simu-
lation results, the CStep-LFM method is effective. Com-
pared to LFM-OFDM, CStep-LFM can achieve the same 
effect. The difference between LFM-OFDM and Cstep-
LFM is that one of the subcarriers is LFM and the other is 
a single-carrier signal, and these subcarriers need to be 
orthogonal to each other. In practical implementation, the 
difficulty of generating orthogonal single-carrier will be 
lower than that of LFM. 
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