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Abstract. In this letter, we propose a novel radar-communication inte-
gration signal, which employs the linear frequency modulation (LFM)
signal modulated by digital symbols is divided from time and frequency
domain to achieve radar detection and data communication. By ana-
lyzing its ambiguity function, we confirm its feasibility of applying in
radar-communication integration system.
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1 Introduction

The more and more complex electronic environment and scenarios require the
electronic system smaller size, more function, lower consumption and greater
capacity. Hence, the concept of the integrated electronic systems is proposed to
meet a variety of applications, especially the integrated radar-communication
system. The concept of the radar-communication integration is proposed in
recent few decades, whose existing researches mainly focus on the waveform
design. Now it is a research hot-spot to employ multiple resources and tech-
nologies to form a integrated waveform for high data rate, long distance, reliable
communication and high measurement accuracy, high resolution radar detection.

Over the last few decades, several design approaches have been proposed to
design integrated radar-communication signal [1]. The key difference between
these approaches is how the radar signal and communication data are combined.
These methods can be summarized as resource reuse method, waveform multi-
plexing method and technologies fusion method. The integrated signal design
is mainly supported by the spread spectrum (SS) technology [2,3], linear fre-
quency modulation (LFM) [4-6], and the orthogonal frequency division multi-
plexing (OFDM) [7-9]. In the existing SS-based [2, 3] and LFM-based [4-6] design
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schemes, particular technology carriers modulated by digital symbols are used
for radar and communication pulses, the envelop of integrated signal and digital
symbols presenting radar waveform and information data respectively. However,
SS-based and LFM-based approaches cannot meet the demand of transmitting
a large number of data, because the SS-technology makes equivalent available
bandwidth of radar and communication great decrease under the condition of the
same system bandwidth. In recent years, OFDM waveform also has been intro-
duced to design integrated waveforms for higher transmission rate due to its
frequency orthogonality and high order number of modulation symbols. While,
peak-to-average ratio, frequency deviation and easily broken orthogonality limit
its application in the design of integrated signals.

Considering the above issues, this paper proposes a novel design scheme
of radar-communication integrated waveform. In the design scheme, the key
parameters of LFM carrier are modulated by communication sequences, the
time division factor L and frequency selection sequences.

The rest of the manuscript is organized as follows. In Sect. 2, we introduce
the basic principles of the LFM signal. In Sect. 3, we first describe the design
scheme and mathematical expression of the integrated signal, and then analyze
its ambiguity function performance. Section 4 presents the simulation results of
the proposed integrated waveform. Finally, Sect.5 ends up with conclusion.

Notation: (-)* is the conjugate of a complex number; |a| is the modulus value of
the variable a.

2 A Novel Integrated Signal

2.1 Waveform Generation

In the radar-communication integration system, we suppose that the bandwidth,
the time period and the pulse width are represented by B, T and T, respectively.
To describe the design scheme of the integrated signal, we propose two key
parameters, time division factor N and frequency division factor L. The signal
bandwidth is divided into N sub-bands, and the signal pulse width T is divided
into L sub-signal periods. Hence, the bandwidth and time period of the sub-
signals are B=B /N and Ty = T,/ L, respectively.
The proposed integrated waveform is a special sub-signal sequence, i.e.,

L-1

s(t) = {s1(t), s2(t), - s (D)} = D sult), (1)

k=0

where the k' sub-signal is

t —
sp(t) = sy exp[j2m fi(t — kTy) + jmu(t — ETy)*]rect(
t
¢ T, (2)
T

= Py exp|j2n(fr — pkTy)t + jmpt®]rect(
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where the variable Py, = sy exp|—j27 fikT; + jmpu(kT;)?]. In the expression of the
sub-signal sk (t), the function rect(z) is

1,0<z < 1;
0, else.

rect(x) = { (3)
Moreover, the variables s; and fi are respectively on behalf of the transmitted
symbol and initial frequency of the LFM carrier, which are decided by the cur-
rent communication information. The communication information bit-stream is

divided into blocks with log, (V) + log, (M) bits, i.e.,

Xk: = {xlux27 e 7xlog2(M)7y1uy27 e 7y10g2(N)}' (4)

dk Pk

Thereinto, the first log, (M) bits are used to select the transmitted symbol s
from M-ary modulation signal set, i.e., s = Ay exp(jby, ). The second log,(N)
bits are used to select one sub-carrier fr = f(pg) from the initial frequency set.
L blocks are spliced together to constitute the integrated signal waveform. In
Fig. 1, we illustrate the modulator diagram of the integrated waveform for the
integrated radar-communication system.

LKFM Carrier

j Q)
| ¥ exp| 27 f, (t—kn)+zu(t —kn)’
A Q Zl/ p[ 22 £, (1= k) + mu(t ~)’ |
Selection | g
LFM Carrier .
b, S/P a % lntegr:ated
% Waveform
q [ ] cos(6, )+ jsin(6,)
L 5 Modulation Symbols )+ jein(6,

Fig. 1. Modulator

2.2 Spectrum of Waveform

The frequency spectrum of the integrated signal can be calculate as

+oo
/ s(t) exp(—j2m ft)dt

— 00
L-1 (k+1)T:
= Z Pk/ explj2n(fr — f — pkTy)t + jrut?]dt (5)
k=0 kT
L—1

(k+1)T;
= Z Py exp (—jmug?) /kT exp [jru(t + €)?] dt,
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where the variable £ = (fy — f — kun)/p. To acquire an accurate theory result,
Fresnel integral can be applied,

(k+1)T
/ exp [jrp(t + &)%) dt
kT,

V2[(k41) Ty +€) -
:/ exp <]) dt
VIR(KT,+€) 2

VER[(k+1) T, +€] 2 VEl(k+1) T €] 2
/ cos ()dt —|—j/ sin ()dt
V(KT +€) 2 VIR(KT +£) 2

=[C(n) = C()] +7[S(1) — S(1a)]

where the variable z = /2u(t+£), 11 = V2u[(k+1)Ti+&] and vo = 2u (kT3 +E),
and the Fresnel integral function is

C(I/)/Oucos (“f)dt, S(V)/Oysm (W;Uz)dt. (7)

3 Ambiguity Function

(6)

In this subsection, we analyze the performance of the integrated signal from its
ambiguity function.
The ambiguity function of the integrated signal is

2

x(T, fa) = ’/_00 s(t) [s(t — 7)]" exp (j27 fat)dt| . (8)

According to Sect. 2, we can know that the mathematical expression of the inte-
grated waveform can be presented as follows,

L-1

s(t) = Z Py explj2m(fi, — pkTy)t + jmut?]rect(
k=0

t— kT
T

)- 9)

To calculate the ambiguity function in (8), we first simply the integral function,

L-1

s(t—71) = Z PQp exp[j2r(fr — pkTy — pr)t + jmut?] (10)
k=0

where Qy = exp [—j2m(fr — pkT;)T + jmpT?]. Hence, the equation in (8) can be
written as

2
0o L—1L-1

X(T,fd)—‘ [ XS ssie - r)exp ti2nsat) (1)

T k=0 1=0
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In the following, we discuss the values of the delay 7 and the Doppler frequency
shift f; to calculate the ambiguity function of integrated waveform.

Cl,7=0,f;=0;
0277:07fd7é0;

M d) =9 37 40,7~ 0; 12)
C47T 7& 07fd #0
C1:
(k+1)T 2 L1
skl?dt] = (T1)* > |skl*. (13)
k=0
C2:
L-1 (k+1)T} 2
NGRS / exp (j2r fat)dt
kT
sin(r faT;) 2 [L—1 2 (14)
sin(7 )
LS el exp [ fa(2k + 1)T)
mfa k=0
C3:
0, |7[>Ts
X(Tv fd) = C.Zlh _TS <7< 0) |T‘ = KTt + Atv (15)
C3,0< 7 <Ts|7| = KT; + At.
Ci:
L-K—1 (k+1)Ty—A L-K-2 (k+1)T, 2
X fa) = / D+ Y / Lt . (16)
i—o /KT i—o J(k+1)T—At
where the integral functions fi(¢) and f5(¢) have the following expressions,
f1(®) =si(t) [sk+ 1 (t = 7)]", an
fa(t) =si(t) [sharcr2(t — 7).
Thus, we can know that
(k+1)T,— At
/ fi(t)dt
kT
(k+1)T,— At L (18)
=P Py g 1@ k1 /k exp(j2m fi t)dt
T,
=PuPy 1@k i1 Yoo sin [mfi (T — A1)/ (n i),
where the variables f} and Y}l are
I = fr = frrrr + (K + )T, + pr, (19)

Y, = exp{jmfi(2k + )T} — At]};
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and
(k+1)T,
/ fa(t)dt
(k+1)T,—A

] * (k1) T, o (20)
:Pkpk+K+2Qk+K+2/ exp(j2r fit)dt
(k+1)T,— At

=PuPpy iy 20Qiy koY sin(m fL AL /(7 f7),

where the variables f,? and Y,f are

2= fr— forrte + p(K +2)T; + pr,
Y2 = exp{jmf{[(2k + 2)T; — At]}.

Thus, the ambiguity function under the above conditions in C3} is

X(7, fa)

L-K-1

=| Z PkP1:+K+1QZ+K+1Yk sin ["Tfli (Ty — At)]/(ﬂfli)
k=0 (22)

L-K—-2
+ Z PP g 0Qhyk+2Zk Sin(ﬂflgAt)/<7Tflg)|2~
k=0
C%:
2

X(7, fa) =

L-K-1 (k+1)Ty—A L—K-2 (k+1)T:
(23)
I

t)dt + Falt)dt
> S

(k+1)T,— At

k=0 kT

where the integral functions f3(¢t) and f4(¢) have the following expressions,

fa(t) =spyre1(t) [sk(t — 1),

fa(t) =sprraa(t) skt —7)]". (24)

Thus, we can know that

(k+1)T)— At
/ fa(t)dt
k

T
(k+1)Ty— At (25)

~Prrscn QL [ exp(j2m ft)dt
kT

=P i1 PLQLY) sin[1 [ (T, — A1)/ (x fi),
where the variables f7 and Y}? are

fi = frvkr — fo — (K + 1)T; —
Y = exp{jm fi[(2k + )T, — At]};
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(k+1)T,
/ Fa(t)dt
(k+1)T,— At

(k+2)T— At (27)

Sy exp(j2m fit)dt
kT

=Piy k12 Pr QLY sin [w fil(Ty — AV /(= ),

where the variables f! and Y}! are

and

fe = fosrse — fr — u(K +2)T; —

4 4 (28)
Yy, = exp{jm fi[(2k +2)T; — At]};
Thus, the ambiguity function under the above conditions in C3 is
xX(7, fa)
L-K-1
= Z PkPI:+K+1QZ+K+1Yk3 sin [Wflg(Tt - At)]/(ﬂflg)
k=0 (29)
L—K—2
+ Z PkPI:+K+2QZ+K+2Yk4 Sin(ﬁngt)/(WfI?)F-
k=0
C4:
0, |7[>Ts
X(1, fa) = § C§, =T <7 <0,|7| = KTy + At; (30)
C2,0<7<Ts,|7| = KT, + At.
Ci:
L-K-1 ,(k+1)T:—A L-K=2 [ (k+1)Ty 2
X(7, fa) = / Hdt+ / ha(t)dt
k=0 kT o (k1T —At
where the integral functions hi(t) and ho(t) have the following expressions,
hi(t) =sk(t) [sksr+1(t — 7)]" exp(j27 fat), (31)
ha(t) =sk(t) [sk+r+2(t — 7)]" exp(j27 fat).
Thus, we can know that
(k+1)T,— At
/ ho (£)dt
%
(k+1)Ty— At (32)

=PiPy g 11Qhs 41 /kT exp(j27 fit)dt

:PkPI:+K+1QI*c+K+1Z11 sin [Wfli(Tt - At)]/(”fé)v
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where the variables f,i and Z} are

f}% = fr = forr1 + (K + DTy + p7 + fa,
Zy = exp{jm fi[(2k + )T, — At]};

(k+1)T;
/ ho(£)dt
(

k+1)T,— At

(33)

and

(k4+1)Ty ) P (34)
:PkPI:+K+2QZ+K+2/ exp(j2m fiit)dt

(k4+1)T,— At
:PkP:+K+2QZ+K+2ZI% sin(wf,fAt)/(wf,f),

where the variables f,f and Z,f are

fE = fo — frrrie + (K +2)T; + p + fa,
Z} = exp{jr f2[(2k + 2)T} — At]}.

Thus, the ambiguity function under the above conditions in C} is

X(7, fa)
L—-K-1 ) }
= Z Pkp;+K+1QZ+K+1Zé sin 7 fi (T, — At)] /(7 f,)
k=0 (36)
L—K—2 ) )
+ Z Py i 2Qhs 2 Zk sin(m fR AL [ (m /)],
k=0

CcZ:

L-K-1

X(Ta fd) = (37)

(k+1)Ty—A (k+1)T,
/ t)dt + Z / ha(t)dt
k

T, 0 k+1)T, — At

k=0

where the integral functions h3(t) and hy(t) have the following expressions,

h(t) =skir41(t) [se(t — 7)]" exp(j2m fat),

* . 38
ha(t) =sp+r+2(t) [sk(t — 7)] exp(j2m fqt). (38)

Thus, we can know that

(k+1)Ty— At
/ hs(t)dt

KT,

(k+1)Ty— At 5 (39)
~Prrscn BGE [ exp(j2m fit)dt
kT,

=Por k1 PEQZE sin [n fi(Ty — At)) /().
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where the variables f,? and Z} are

I3 = ferrsr — fo — WK + )T} — pr + fa,
7} = exp{jm fi[(2k + )T, — At]};

(k+1)T,
/ ha(t)dt
(k+1)Ts— At

and

(k+2)T,— At

:Pk+K+2PI:QZ/ exp(j2m fit)dt
KT,

=Piik+2Pr Qr Zisin [n fi (T, — At)]/(x f),

where the variables ffcl and Z,% are

= ferrse — fro — p(K +2)T; — pr + fa,
Zy = exp{jn fil(2k + 2)T, — At]};

Thus, the ambiguity function under the above conditions in C3 is

X(T7 fd)

L-K-1

= Z PuPy g1 Qi s Zisin [w f{ (Ty — A0/ (x )
k=0
L—K-2

+ Z PuPiy g 0Qi e Zi sin( fiEAD) /(m fi)].
k=0

4 Simulation Results and Performance Analysis

301

(40)

(43)

In the simulations, we set the key parameters of the proposed integrated signal
as pulse period T' = 100 ps, pulse width Ty = 10 s, the initial frequency fo =
0 MHz, frequency division factor N = 64, and the sampling rate f; = 4B MHz.

From Figs. 2, 3,4, 5,6, 7, 8,9, 10 and 11, we can know that

1. The ambiguity function of the proposed integrated signal must have the best
performance, when the appropriate time division factor L is used in the sim-

ulations;

2. The proposed integrated-signal with orthogonal f; sequence has better
ambiguity function compare to the integrated-signal with no orthogonal f

sequence;

3. The proposed integrated-signal with orthogonal fi sequence requires larger
bandwidth compared with the integrated-signal with no orthogonal fy

sequence.
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Doppler -40 -5 Delay

Fig. 2. Ambiguity function of integrated signal with orthogonal fj sequence time divi-
sion factor L =5
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Fig. 3. Ambiguity function of integrated signal with orthogonal fj sequence time divi-
sion factor L = 10
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Fig. 4. Ambiguity function of integrated signal with orthogonal fj sequence time divi-
sion factor L = 20
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Fig. 5. Ambiguity function of integrated signal with orthogonal fi sequence time divi-
sion factor L = 50
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Fig. 6. Ambiguity function of integrated signal with orthogonal fj sequence time divi-
sion factor L = 80
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Fig. 7. Ambiguity function of integrated signal with no orthogonal fj sequence time
division factor L =5
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Doppler -100 -5 Delay

Fig. 8. Ambiguity function of integrated signal with no orthogonal fi sequence time
division factor L = 10
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Fig. 9. Ambiguity function of integrated signal with no orthogonal fj sequence time
division factor L = 20
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Doppler -400 -5 Delay

Fig. 10. Ambiguity function of integrated signal with no orthogonal f sequence time
division factor L = 50
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Fig. 11. Ambiguity function of integrated signal with no orthogonal fi sequence time
division factor L = 80

5 Summary

In this paper, we first extrapolate the key characteristics of LFM signal when
it is employed in the radar system. Then a novel radar-communication integra-
tion waveform is proposed to realize the detection and communication at the
same time. Moreover, its important performance, ambiguity function, is derived,
which shows its feasibility of application in the radar-communication integrated
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system. Given the length of this journal, other important performance, including
detection performance and bits error rate, will not be described in this paper.
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