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Abstract. With the development of information technology, the electromag-
netic environment is becoming more and more complex, and the demand for
bringing together electronic devices of different functions is urgently increasing.
Among them, the radar-communication integration is a research hotspot. The
current radar-communication integration research mainly focuses on the inte-
grated signal design. Due to the similarity between OFDM signals and phase-
encoding radars, it is possible to apply OFDM to radar. Aiming at the problem
that the randomness of communication data affects the detection capability of
OFDM radar, this paper proposes an integrated OFDM radar-communication
signal design based on P4 cyclic shift code. And we verified communication
BER and radar range and velocity performance for multi-target of the integrated
system. The transmitting end carries out an integrated signal design that is
consistent with the communication OFDM signal. The degree of system inte-
gration is high, and it achieves communication functions without reducing radar
detection capability. For the high PAPR problem, we introduce CE-OFDM
signals, and derive a radar signal processing algorithm based on FFT demod-
ulation. This paper provides a theoretical basis for applications of OFDM-based
integrated signals and it is an effective integrated scheme.
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1 Introduction

The development of modern science has enriched various electronic devices but has
also caused increasingly complex electromagnetic environment. Electronic equipment
brings serious electromagnetic interference to each other, and the maintenance of
equipment is also more time-consuming and labor-intensive. In this background, the
integrated design of electronic equipment is very necessary. The high degree of sim-
ilarity between the hardware of the radar equipment and the communication equipment
and the sharing of software resources have brought an opportunity to the integrated
design of the radar-communication [1]. Among them, the application of OFDM signals

to radar for integrated shared waveform design is an option.
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Shi et al. proposed three different robust radar waveform design standards based on
power minimization [2, 3]. Sit et al. proposed a MIMO-OFDM joint radar-communication
system and proposed a system-level interference cancellation algorithm [4]. Herschfelt and
Bliss develop and simulate a joint system for a sample multiple access channel [5].
Dokhanchi et al. use phase-modulated continuous wave (PMCW) waveform to modulate a
communication stream and effect of joint radar-communication system (JRC) [6]. And they
design a vehicle JRC system [7]. Xu et al. introduced FBMC technology into the integrated
system, and proposed an m-sequence filter bank multi-carrier (MS-FBMC) integrated
radar-communication signal based on m-sequence precoding [8]. The above references
don’t solve the impact of randomness of communication data on radar detection capability.

Aiming at the influence of randomness of communication data on OFDM detection
capability, this paper designs a OFDM radar-communication integrated signal design
based on P4 cyclic shift code. This paper discusses the ambiguity function, PAPR, and
reception algorithm of the integrated signal. At the same time, it introduced CE-OFDM
to solve the problem of excessive PAPR. Through simulation analysis, we discuss the
velocity resolution and range resolution of the radar system, the bit error rate of the
communication system, and verify the rationality of the integrated signal proposed in
this paper.

2 Analysis of Radar-Communication Integration Based
on OFDM Signal

In this chapter, we combine the waveform design theory of radar signals, and propose the
design criteria of shared waveforms. At the same time, we give a schematic diagram of
the system based on OFDM radar-communication integration, and introduce its working
principle. It provides guidance for theoretical derivation and simulation analysis.

2.1 Radar Waveform Design Guidelines

The guidelines for measuring the detection capability of radar signals are mainly
ambiguity function and interception factors. The output of the radar signal through the
matched filter is given by

y(t; Fp) :/_ Oox(s) exp(2nFps)x* (s — t)ds )

=A(t, Fp)
We consider the output of the matched filter with the waveform x(t) when the input
is a Doppler shift response x(t)exp (j2nFpt). We assume that the filter has unity gain

and is designed to peak at zero. A fuzzy function can be defined as

A(t, FD) =

At Fp)| (2)
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By analyzing the ambiguity function, we can evaluate the detection capabilities of
radar signals, such as resolution, side lobe performance, and Doppler and range
ambiguity. The design should be as close as possible to the ambiguity function, which
is characterized by a single central peak, while other energy is evenly distributed in the
delayed Doppler plane, which can improve the target resolution.

Another important performance parameter of radar is the intercept factor. The
interception factor 7y is defined as the ratio of the maximum range of the radar signal
that can be received by the interceptor to the maximum detected range of the inter-
cepted radar. Obviously, the smaller the v, the better. Moreover, 7y is inversely pro-
portional to the time-width bandwidth product. Therefore, the pulse compression radar
with a large time-width and wide-band product characteristic has a low probability of
interception. When designing a radar signal, the time-width bandwidth product should
be set as large as possible.

2.2 System Schematic Diagram of OFDM Radar

Based on the architecture of the traditional radar-communication integrated system, this
paper gives a schematic diagram of the OFDM radar-communication integrated system.
It can be seen in Fig. 1.
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Radar signal
processing
Fig. 1. The schematic diagram of the OFDM radar-communication integrated system.

The radar-communication integrated system adds a P4 code coding map based on
the original OFDM system, maps the random bit data into a P4 code sequence, and uses
the phase randomness of the P4 code cyclic shift sequence to represent the data
information. The receiving end adds a radar signal processing module, which adopts an
FFT demodulation receiving algorithm, and the communication part adopts a con-
ventional OFDM demodulation algorithm. The whole system uses software radio
technology, so the hardware part before the A/D converter is shared, and the radar
signal processing function will be realized by software, and the degree of integration is
very high.
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3 OFDM Shared Signal Waveform Design

Based on the above system schematic diagram, we derive and simulate the OFDM
shared signal waveform. Based on the derivation of the fuzzy function of OFDM
signal, it introduces the P4 cyclic code to simulate the ambiguity function, and pro-
poses the CE-OFDM method to reduce PAPR, and analyzes its influence on the
ambiguity function.

3.1 Ambiguity Function of OFDM Signal

The signal design of this paper starts from the classical OFDM signal, and its trans-
mitted signal form is given by

=

s(t) = rect(t) Y Crexp{2n(kAf +f.)t} (3)

T
(=}

where rect(t) is a window function, N is the number of subcarriers, Cy is the subcarrier
amplitude, Af is the carrier spacing, f. is the carrier frequency.

When the signal encounters a target with a distance of R and a relative radar radial
velocity of v, the echo signal received by the receiver is given by

N—1

r(t) = rect(ty — 1) Y Crexp{j2n(IAf +1.)(17 = 1)} (4)

=0

where v is the stretching factor, 7 is the delay, and c is the speed of light. The echo
signal is down-converted to obtain the baseband signal and brought into the ambiguity
function formula simplification. Due to the orthogonality of the subcarriers, we take the
main part of the energy to get

N—1
1(t.fa) = exp{2nft} Y exp{j2mkAfT}CiCy
k=0 5
sinc(n(fe — kAF)(1 = 7)T4) ®)
exp{jn(f. — kAf)(y — 1)Tu}

where Td - Tmax - Tmin, Ta - (Tmax - Tmin)/z)a Tmin - max(O, ‘C)a Tmax - min(Tsa Ts/
7+ 7).

When 7 =0, f; =0, ambiguity function reaches the maximum; t # 0, f; =0,
ambiguity function becomes range ambiguity function; 7 =0, f; # 0, ambiguity
function becomes velocity ambiguity function. Range resolution is inversely propor-
tional to bandwidth, and we can obtain the combined high resolution of range and
Doppler by pulse compression.
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3.2 Design of OFDM Shared Signal Based on P4 Complementary Code

Since the signal and echo forms given above cannot carry random information, we
introduce the P4 code commonly used in radar. The P4 code is defined as

(m — 1)@ (6)

_Zn

b=

where M is the number of P4 code bits, and m is the current bit.

A prominent feature of the P4 code is that its cyclic shift can constitute a com-
plementary set. The sum of the autocorrelation functions of the complementary set is a
side lobe of zero and the main lobe is a function of the sum of the peaks. If the
complementary code generated by cyclically shifting the P4 code is combined with the
OFDM signal, the shared signal can have communication capabilities.

To this end, we chose the P4 complementary code for shared signal design. The
sequential shift sequence of the P4 code can form a P4 complementary code set, taking
the 4-bit P4 code as an example, and the complementary code set is given by

5 5 5 5
¢1 = {0,47'[77'5,47'5} ¢2 = {47T77T,47T70}
5 5 5 5
¢3_{nazna0azn} ¢4—{ZTC70717T7TE}

We can make ¢ ¢, ¢3 ¢4 represent different data information respectively, and think
that the probability of occurrence of symbols is the same. Then, when the receiver
performs the coherent integration processing of the pulses, the side lobes cancel each
other due to the complementary code characteristics of the P4 code. Therefore, the side
lobes of the ambiguity function at this time will also be very low, and the more the
cumulative number of pulses, the more obvious the effect. At this point, the expression
of the integrated signal is given by

(7)

M N-1 "
y(n,m) = Z rect(t — (M — 1)Ty) Zexp(/'(pkm) exp{j2nkﬁ}

m=1 k=0

2n (k—=1=N+cn—1) (8)

Dim :ﬁ(k_ l+cn—1)
cm €4{1,2,3..,N}

2

where each OFDM chip signal represents a communication symbol, and c,, is a
sequence number representing a communication symbol obtained by bit mapping of the
data information. The phase modulated on each subcarrier in each chip signal is
determined by the equations of the cm and P4 codes, and cm determines the shift of the
modulated P4 code sequence in each chip. Thus different shifts can represent different
data information.

Use (5) to write the main lobe formula of the ambiguity function
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N—-1 M—

(t.f2) Zexp{ﬂn(fc +kAf)T} ck.,c;m

1=0 m=
Ty sinc(n(fe — kAF)(1 — 9)Ty)
exp{jn(fe — kAf)(y — 1)Ta}

E

O

©)

where Cy;, Ci,, are the Ith symbol and the kth symbol on the kth subcarrier in the
OFDM signal, respectively. P4 code ambiguity function zero Doppler plane simulation
results are shown in Fig. 2.
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Fig. 2. Improved P4 code zero Doppler plane.

Figure 2 is a range ambiguity function obtained by accumulating 1024 pulses using
a 32-bit P4 code. It can be seen that the main lobe is narrow and the side lobes are low.
Therefore, the radar detection capability of the integrated signal designed by this
method is hardly reduced.

3.3 Method for Reducing PAPR of Shared Signals

Too high PAPR is an unavoidable problem for OFDM systems, and integrated systems
are also facing this problem. The traditional clipping method has a small change to the
ambiguity function due to the clipping ratio (CR), but has a great influence on BER. To
this end, we introduce CE-OFDM to solve the problem of excessive PAPR.

The CE-OFDM method combines OFDM technology with angle modulation or
frequency modulation to produce a constant envelope signal that allows the amplifier to
operate in saturation and maximize energy efficiency. The PAPR of the signal can be as
high as 0 dB. For the sake of discussion, let’s take angle modulation as an example. In
the CE-OFDM-PM signal, the angle signal should be proportional to the real part of the
OFDM signal. We construct the real OFDM signal and combine the angle modulation
to obtain the formula of the CE-OFDM-PM signal. It is given by
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y(t) = Aexp (jh,, i {gre[x(n)} cos (jh}%)

— S[X(n)] sin (JQ”;SI) }>

where h,, is the angle modulation index, and T is the OFDM symbol duration, which is
reciprocal with the subcarrier spacing to ensure orthogonality.

In the echo signal of the CE-OFDM-PM signal, the effects of delay and Doppler
shift will all be applied to the angle signal, so the ambiguity function of CE-OFDM is
exactly the same as the ambiguity function of OFDM signal above. The signal
ambiguity function simulation results are shown in Fig. 3.
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Fig. 3. Ambiguity function graph of CE-OFDM signal modulated by P4 code.

It can be seen that the side lobes are undulating, but not very prominent, and the
width of the main lobe is narrow. Therefore, the CE-OFDM signal can be considered as
a suitable radar detection signal, which can be directly subjected to pulse compression
processing. However, the disadvantage of this method is that the angle demodulation
has a threshold effect, which requires that the SNR of the demodulator is greater than
10 dB, which will affect the detection range of the radar.

4 Design and Simulation Analysis of OFDM Integrated
Signal Reception Algorithm

4.1 OFDM Integrated Signal Receiving Algorithm Based on FFT
Demodulation

Taking a single pulse signal as an example, after down-conversion, A/D conversion,
phase demodulation, and Hilbert transform, the expression of the baseband signal
entering the radar processing module is given by
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s(n) = rect (NLAf (1 - %) - f) Ni:l [exp(j@,)

m=0
exp{janAfNLAf (l —%)} )
2
exp{—jancNLAf?v}

exp{—j2n(fc + mAYf) NLAf2_cR}

where n is the number of samples, and the other parameters have the same meaning as

above. If the above formula is rewritten as a matrix, the sampled data before entering
the radar signal processing module is given by

s=yEpla® o) (12)

The meaning of each parameter is as follows

= exp{ 2m L | (13)
@zdiag{ 1 oy 92 ... N } (14)
1 1 1 - 1
1 ﬁ ﬂ2 ﬁNfl
B: 1 ﬁZ 54 ﬂZ(N_l) (15)

a'=[1 a & ... ] (16)

q)T:[exp{j(pO} expljo;} ... exp{ioy_1}] (17)

The derivation of the range output and velocity output of the formula is summarized as
the following algorithm:

Step 1: Each pulse is down-converted, sampled, and demodulated data is stored in a
matrix S, and each column of the matrix represents a pulse.

Step 2: Multiply each column in the matrix S by the Hadamard multiplication by the
corresponding transmission data, and store the result in the original position.

Step 3: Perform an IFFT transformation on each column of the matrix S, and store
the result in the original position, and the result is a range output.

Step 4: Perform FFT transformation on each row of the matrix S, and the result is
the speed output.
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4.2 Integrated System Simulation and Performance Analysis
for Reducing PAPR of Shared Signals

Based on the above shared signal design, we simulated the integrated system, and the
system parameter settings are shown in Table 1.

Table 1. System parameter setting.

Symbol | Parameter Value

B Bandwidth 6.4 MHz
N Number of subcarriers | 16

Af Carrier spacing 400 kHz
T, Symbol duration 2.5 us
M Number of pulse 1024
Trrr Pulse repetition time | 3.125 ps
fe Carrier frequency 10 GHz
OR Range resolution 25 m

ov Velocity resolution 4.7 m/s

Suppose the radar scattering area of two targets is 1 m?, their distance from the
radar is 100 m and 200 m, respectively, and their velocity is 200 m/s and 300 m/s. The
range output and velocity output are shown in Fig. 4.

i3= 70— X:200.4
Y:62.31
am
X: 300
Y:62.26

Amplitude
Amplitude

NP ¢ .
0 50 100 150 200 250 300 350 400 0 500 1000 1500 2000 2500
range(m) velocity(m/s)

Fig. 4. Radar detection capability simulation results. Among them, the left figure shows the
range output of the radar, and the right figure shows the velocity output of the radar.

It can be seen from the figure that the velocity and range of the two targets can be
accurately distinguished, and the amplitude attenuation caused by the Doppler shift
hardly affects the target recognition. The left image also shows the range display of the
radar with two targets separated by 25 m, 50 m and 75 m. It is apparent from the figure
that the two targets are indistinguishable when they are separated by 25 m. In the case
of 50 m and 75 m, it is still distinguishable.

Using the system parameter, to achieve a Doppler shift of Af, the target’s velocity
of motion should be 2500 m/s. We assume that the target position is 100 m and the
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Fig. 5. Simulation results of radar detection capability under large Doppler shift. Among them,
the left figure shows the range output of the radar, and the right figure shows the velocity output
of the radar.

velocity is 2500 m/s, so the range output and velocity output at this time are shown in
Fig. 5.

It can be seen that the range output has a very high secondary peak at 125 m, and
the velocity is completely indistinguishable.

BER of CE-OFDM systems. We assume that the channel is a constant reference
channel and the noise is white Gaussian noise. Considering the frequency offset pro-
duced by the channel, the signal will produce an additional phase after entering the
angle demodulator. Due to the orthogonality and periodicity of the carrier, the problem
of the symbol error rate of the CE-OFDM system can be reduced to the problem of the
symbol error rate of the portion related to the number of bits of P4 cyclic code [11].

Using above analysis, we use the 16-bit P4 code to simulate the system BER based
on the original parameters. The result is shown in Fig. 6.

. — P4
R — 16PSK
- X - - - 8PSK

EbNo(dB)

Fig. 6. BER under 16-bit P4 code white Gaussian noise channel.

As can be seen from the figure, due to the threshold effect of the angle modulation,
the BER is high before the SNR is 10 dB. Under high SNR conditions, the BER of the
design signal is close to the BER of 8PSK, and there is no loss in communication
performance.
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5 Conclusion

Aiming at the difficulty of the influence of communication data correlation on radar
detection capability in radar-communication integrated signal design, this paper con-
structs shared signal with P4 cyclic code and CE-OFDM. And it is based on the basic
theory of ambiguity function of radar signal and the waveform characteristics of
OFDM. In this way, we solved the impact of relevance. At the same time, we deduced
the integrated receiving algorithm based on FFT demodulation and simulated the
corresponding radar range and velocity detection capability and communication BER,
and obtained good results.

The radar-communication integrated system based on OFDM signal not only
reduces the performance of the radar system, but also has the capability of high-speed
communication, and the degree of integration is high, which is an effective and feasible
integrated solution. It is also necessary to improve the clutter filtering and Doppler
processing operations of the radar receiving algorithm in this system, so that the
integrated system has better performance. Moreover, we need to improve the appli-
cation of this radar-communication integrated system in SAR radar in the follow-up
work.
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