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Abstract. Traditional radar signal has only detection function. With the advent
of technologies such as Internet of Vehicles and driverless cars, radar-
communication integrated signal has got more attention, which can realize
communication and radar detection using the same signal. However, the
uncertainty of communication information such as transmitting the same
information continuously can influence radar detection performance. In this
paper, a radar-communication integrated signal of OFDM based on four-phase
code is proposed. This signal combines radar-communication integrated signal
of OFDM with orthogonal four-phase-coded sequences optimized by genetic
algorithm in MIMO radar, these four-phase-coded sequences form a set and the
radar-communication integrated signal of OFDM can carry communication
information by different permutations of these sequences without damaging
radar detection performance. The simulation results show that the four-phase-
coded sequences have good autocorrelation and cross-correlation properties, and
the radar-communication integrated signal of OFDM using these sequences has
good detection performance, which can meet the practical requirements.
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1 Introduction

Radar-communication integrated signal can improve spectrum utilization ratio and
reduce interference between devices, so it is significant to research radar-communication
integrated signal. In the design of radar-communication integrated signal, OFDM which
is widely used in communication system has many advantages [1], for instance, it is easy
to synchronize and equalized and it has high spectral efficiency. As a radar signal,
OFDM has good detection performance [2—4].

As for polyphase code, it is widely used in MIMO radar. To avoid interference
between different signal channels, polyphase code is optimized to be more orthogonal
[5, 6]. However, the polyphase code used in MIMO radar does not carry communi-
cation information generally.
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In this paper, we design a radar-communication signal of OFDM based on four-
phase code. By constructing four-phase-coded sequence set optimized by genetic
algorithm, the radar-communication integrated signal can carry communication infor-
mation and the detection performance can not be affected. The remainder of this paper
is organized as follows. Section 2 introduces radar-communication integrated signal
model and genetic algorithm, and analyzes the ambiguity function. Section 3 intro-
duces four-phase-coded sequence set optimized by genetic algorithm, explains how to
combine the sequence set with radar-communication integrated signal. Section 4 gives
the simulation results and Sect. 5 gets conclusion.

2 Signal Model and Genetic Algorithm

2.1 Signal Model

Traditional OFDM radar emits only one OFDM signal in a pulse, if we use traditional
OFDM radar for communication, it will be processed in multiple pulses and be not
convenient to synchronize. In this paper, a kind of radar-communication integrated
signal is used. In this signal, there are multiple subpulses in a pulse and each subpulse
is an OFDM signal. In this way, communication can be realized in one pulse, and the
receiver is easier to synchronize.

Suppose that each pulse consists of N OFDM symbols, each OFDM symbol has M
subcarriers, the baseband signal can be expressed in the following form:
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In the formula, 7' is an OFDM symbol period, Af = 1/T is the frequency interval of
the carrier, a(m, n) is the communication information modulated on the mth subcarrier
of the nth OFDM symbol, rect is a step function for symbol duration. Figure 1 shows
the time-frequency domain representation of this radar-communication signal.
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Fig. 1. Time-frequency domain representation of radar-communication integrated signal
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2.2 Analysis of Ambiguity Function

The ambiguity function of Radar, which is related to the transmitted waveform, is an
effective tool for radar signal analysis and waveform design. It can reflect the distance
and speed resolution, ambiguity and measurement accuracy. To get high resolution of
distance and Doppler, an ideal ambiguity function should be a shape of pushpin. In
other words, it has a single central peak and the rest of the energy is evenly distributed
across the distance and Doppler plan.

The definition of the ambiguity function is:
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Where s(¢) is the signal function, * is conjugation of the signal, 7 is the time delay of
the echo received by radar after the signal reaches the target and f; is the Doppler
frequency offset generated by the target motion.

Bring Eq. (1) to Eq. (2). Without loss of generality, we simplify the equation in the
condition of —NT<t<0. Let [t/T| =k, v =1t4+1+k|)T, " =1+ k|T, so
v =17"+T, -T<1"<0,0<7 <T. We can get the following [7]:
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Where y, (t.fa) and 7, (c,fa) represent the ambiguity function of the nth OFDM

symbol and gth OFDM symbol, ~ represents —7 <7 <0 and " represents 0 <t <T.
Without loss of generality, let f; = 0, we get:
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When (T + 1")Af /2 can be ignored, we get:
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In order to get high resolution of distance and Doppler, the value of Eq. (4)
sidelobe should be small. As we can see in Eq. (5) and Eq. (6), adjusting a(m, n) can
change the value of Eq.(4). For convenience of expression, we let
a(n) = [a(1,n),...,a(M,n)]". The specific requirements are that the value of aperiodic
cross-correlation function of a(n;) and a(n;) should be small, and the value of sidelobe
of the aperiodic autocorrelation function of a(n) should be small, where n; and n;
represent different OFDM symbol. In other words, the communication information
modulated on different OFDM symbol should have good autocorrelation and cross-
correlation properties for good ambiguity function.

2.3  Genetic Algorithm

Genetic algorithm (GA) is an analogy of biological evolution, it can solve optimization
problem by robust and adaptive searching. The main step of GA is encoding the results
to population and optimizing the results by selection, crossover and mutation. The
specific steps of GA are listed as follows:

Step 1: Code the actual problem, and generate the initial population randomly. The
initial population represents initial solutions.

Step 2: Define the fitness function. Each individual in population has a value of
fitness function. Initialize the probability of crossover and mutation.

Step 3: Select a part of the population to do crossover and mutation, then get new
population.

Step 4: Calculate the fitness function value of the new population, if the new
population meets the requirements, output the results, or else, jump to step 3.

3 Design of Radar-Communication Signal Based on Four-
Phase Code

Through the above analysis, we know the communication information modulated on
different OFDM symbols should have good autocorrelation and cross-correlation
properties for good shape of ambiguity function. For traditional radar, the information
modulated on OFDM is fixed. For radar-communication integrated signal, however, the
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communication information is uncertain, which can damage the radar detection per-
formance. A typical example is transmitting the same information continuously.

In order to ensure the performance of radar detection, we construct polyphase code
sequence set. Four-phase-coded sequence is selected in this paper, the reason is that
random four-phase-coded sequences have good autocorrelation and cross-correlation
properties, then using genetic algorithm to optimize them, the sequences can have
better autocorrelation and cross-correlation properties. Suppose the sequence set has L
sequences, the length of each one is M, the sequence set can be expressed as:

o) :(2) .. (M)
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Where ¢,(m) € {0,7/2,7,31/2}, 1 <I<L. [$p,(1) $,(2) ... ¢;(M)]" is the infor-
mation carried on radar-communication integrated signal, that is to say, it should
replace a(n). The autocorrelation and cross-correlation of four-phase-coded sequences
can be expressed as:
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GA is used to optimize A(¢,, k) and C (qSP, by k). When we use genetic algorithm,
we should define cost function. In order to make different sequences have great
autocorrelation and cross-correlation properties, we define cost function as:
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In order to use GA [8], we should expand out the sequence set. In particular, each
individual of GA can be expressed as ¢,(1) ... ¢;(M)...¢.(1) ... ¢, (M), then we
should initialize crossover probability and mutation probability. Let F = 1/E be the
adaptability function, then go into the loop. After GA processing, more orthogonal
sequence set can be got.
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The processed sequence set does not carry information itself, but we can map
information to the sequences. Different permutations of sequences can map different
information. In this way, the same information can be mapped to different sequences
and the performance of radar detection is guaranteed.

It is worth noting that the permutation of L sequences will be used to transmit
information, which can reduce communication rate compared with transmitting
information directly using the same signal model. For convenience of expression, we
lety = [¢(1), -, ¢p(M)]". For example, When L = 3, the information bit 00 can be
mapped to [, P, V3], and O1 can be mapped to [{; Y5 ,]. Assume that the com-
munication rate in this way is r; and the communication rate by transmitting infor-
mation directly is r,, the ratio of r; and r, is:

Q:logz(Lx(L—l)x--~><(L—M+1)) ()
r 2MN

The actual communication rate r; can be expended by expending the size of the
sequence set S(L, N), the number of subcarrier in an OFDM symbol and the number of
OFDM in a pulse. Reducing the period of OFDM symbol is also a choice.

4 Simulation Results

In the simulation, we set an OFDM symbol period to 0.1 ps, one OFDM symbol has 40
subcarrier and one pulse has 40 OFDM symbol. The size of the four-phase-coded
sequence set is 80 x 40. Two sequences are randomly selected in the set and Fig. 2
shows their aperiodic cross-correlation and aperiodic autocorrelation.
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Fig. 2. (a) Aperiodic autocorrelation (b) Aperiodic cross-correlation
As can be seen from Fig. 2, the four-phase-coded sequences have good autocor-

relation and cross-correlation properties. By the previous analysis, we know these
sequences meet the requirement of radar-communication integrated signal. Then we
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select 40 sequences from the sequences set randomly, Fig. 3 and Fig. 4 show the
ambiguity function.
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Fig. 3. Ambiguity function of radar-communication integrated signal
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Fig. 4. (a) Section of distance of the ambiguity function (b) Section of speed of the ambiguity
function

As can be seen from Fig. 3 and Fig. 4, the ambiguity function has a single central
peak and the rest of the energy is evenly distributed across the distance and Doppler
plan. It shows that the radar-communication integrated signal of OFDM using four-
phase-coded sequences has good detection performance.

In this simulation, we choose 40 subcarriers in an OFDM symbol and 40 OFDM
symbols in a pulse. In actual practice, the size of radar-communication integrated signal
can be changed, such as 16 and 64 subcarriers in an OFDM symbol, which is con-
venient to FFT. And according to the hardware performance, different OFDM periods
can be selected to meet practical requirements.
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Conclusion

this paper, a radar-communication integrated signal of OFDM based on four-phase

code is proposed. The simulation results show that the four-phase-coded sequences
optimized by GA have good autocorrelation and cross-correlation properties, and the
radar-communication integrated signal using these sequences has good radar detection
capability. Although compared with direct transmitting information the rate of com-
munication is lower, it ensures radar performance. And the rate of communication can
be increased by changing the parameters. The radar-communication integrated signal
designed in this paper can be applied to driverless operation system, which requires
good radar detection performance and stable communication rates.
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