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Abstract. To perform both radar and communication functions for
multiuser and improve the effectiveness of power resources, a novel inte-
grated system based on a constant envelope waveform is proposed. In this
system, first, the integrated waveform combining discrete Fourier trans-
form spread orthogonal frequency-division multiplexing (DFT-s OFDM)
and continuous phase modulation (CPM), referred as DFT-s OFDM-
CPM, is generated to achieve 0 dB peak to average power ratio (PAPR).
Second, the detailed communication receiver and radar processing is pro-
vided. Finally, the experiment verifies the effectiveness of the proposed
integrated system and its superiority to the widely used constant enve-
lope OFDM (CE-OFDM) integrated waveform.

Keywords: Radar-communication integration - Waveform design -
Continuous phase modulation - Orthogonal frequency division
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1 Introduction

The rapid increment of user’s quantity and quality put forward a demand-
ing requirement for the radio frequency spectrum. The concept of radar-
communication integration has been seen as a promising solution to this radio
frequency congestion by allowing radar and communication to share the same
resources and operate in a single platform [1,2]. Among various radar and com-
munication co-existence schemes, incorporating information bearing symbols
into radar emission to form an integrated waveform is an effective approach.
It can perform radar and communication functions at the same time without
interference [3,4].

Currently, with more degrees of freedom in waveform synthesis and flexibility
inherent to orthogonal multiple access, multicarrier waveform design represented

© ICST Institute for Computer Sciences, Social Informatics and Telecommunications Engineering 2022
Published by Springer Nature Switzerland AG 2022. All Rights Reserved

Q. Guo et al. (Eds.): WiSATS 2021, LNICST 410, pp. 780-789, 2022.
https://doi.org/10.1007/978-3-030-93398-2_68


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-93398-2_68&domain=pdf
https://doi.org/10.1007/978-3-030-93398-2_68

Integrated Radar and Communication System Design 781

by orthogonal frequency division multiplexing (OFDM) is gaining interest. Mul-
tiobjective optimal waveform design for OFDM integrated radar and communi-
cation systems is presented in [5]. The optimization of radar performance within
the structure imposed by a coded OFDM format required to achieve an accept-
able communication link is considered in [6]. Power minimization-based robust
OFDM radar waveform design for radar and communication systems in coexis-
tence is considered in [7]. An adaptive orthogonal frequency division multiplexing
integrated radar and communications waveform design method is proposed in
[8].

The above research has greatly promoted the development of joint radar-
communication systems based on OFDM, but further study is still needed.
Since OFDM signal is the sum of many subcarriers component via inverse
discrete Fourier transform (IDFT), it has a high peak to average power ratio
(PAPR) problem. This may result in the signal distortion and spectrum expan-
sion. Besides, high power amplifier in radar transmitter may not be driven into
saturation and then the power efficiency will be reduced [9]. Therefore, con-
stant envelope OFDM (CE-OFDM) is proposed in [10] using OFDM signal to
modulate phase. Nevertheless, this can not maintain the usage of subcarriers’
orthogonality which means that some advantages of OFDM such as low com-
plexity frequency equalization, frequency multiplexing and so on cannot be used.

In this letter, to address the high PAPR problem, a novel radar-
communication integrated system is proposed. Advantages of this system include
three points. First, discrete Fourier transform spread orthogonal frequency-
division multiplexing (DFT-s OFDM) and continuous phase modulation (CPM)
are combined to generate an integrated waveform, DFT-s OFDM-CPM, with
constant envelope. This operation allows the power amplifier in radar transmit-
ter working in a saturated region, gaining farther effective working distance and
better performance. Second, the spread spectrum and interleaved frequency divi-
sion multiple access (I-FDMA) subcarrier mapping methods enable the proposed
system to allow multiple users to work simultaneously and due to the orthogonal-
ity between the subcarriers, there will be no interference between users. Third,
to eliminate the dependence of radar detection performance on the transmitted
symbol, radar processor in frequency domain is carried out. Simulation results
show that the proposed system can realize the superior performance both in
radar and communication.

This paper is organized as follows. System framework and workflow are intro-
duced in Sect. 2. Simulation results are given in Sect. 3 and Sect. 4 concludes this
letter.

2 System Model

2.1 Basic Framework of Integrated System

Considering a traffic controlling scenario (Fig. 1), there is a control center con-
taining U controllers and each controller manages one or more ship targets.
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Fig. 1. Typical operational scenario.

U managers need to send commands to the targets and keep track of the tar-
gets’ states including their position and speed. Each target, i.e., communica-
tion receiver is asked to decode commands and preform related operations after
receiving the signal.

Firstly, the controller u sends integrated signal z,(¢) to realize information
transmission and targets tracking,

N.—1K-1
Xy (t) = exp(j2m fet) Z Z Stu(p,n) exp(§2m frt)
u=0 n=0 (1)
t— uTs

- rect( T )

where f, is the carrier frequency; N is the number of OFDM symbols contained
in each pulse; K is the subcarriers number contained in one time block; T is
the OFDM symbol duration; f,, = nAf, Af = % is the frequency interval
between subcarrier. St (i, n) denotes the code in the n'* subcarrier of the ‘"
symbol. We consider that a constant envelope waveform may be achieved through
replacing these conventional data symbols with samples from a CPM waveform

in time domain. The specific operations is given in the next subsection.

2.2 Generation of Data Symbols

NJT
B CPM < JN-point . UJN-point xu(t)
| Modulation prr | | Mapping 1 Tppr cp

Fig. 2. Signal model.

For convenience, we discuss the generation of data symbols of user u in one
time block. The signal model is shown in Fig. 2. Firstly, we give the CPM signal
definition [11],
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s(t, 8) = exp(jo(t; B)). (2)
o(t; B) is the signal phase,

o(t; B) = 2mh Z Biq(t — iT), (3)

where h is the modulation index, information symbols §; € {£1,--- ,£(M —1)}
and M is modulation order. ¢(t) is the phase shaping function. The derivative of
q(t) is called the frequency shaping function and is denoted by g(¢). The function
g(t) has a support of L symbol intervals and an underlying area of 1/2. This
paper considers the full response CPM with L = 1.

We observe s(t; 3) over JT seconds (J is an integer) and sample at rate
fsa = N/T to generate the vector of signal samples s = [sg---syn_1]T = [s(t =
%; )-8t = M; B3)]T. Then, we pass the sampled output into JN-point
DFT,

JN—1 o
—j2min

S; = z_jo S exp( N7 )s (4)

where ¢ = 1,--- ,JN — 1 denotes the discrete frequency index. The DFT out-
puts will be treated as the data symbols in each subcarrier of OFDM. The key
observation is this, if the time domain symbols at DFT input are constant mod-
ulus, then the time-domain symbols at the IDFT output will also be constant
modulus.

Each user obtains the data symbols according to the above steps and maps
them into subcarriers of IDFT using I-FDMA approach [12], where the subcar-
riers are equally spaced over the entire system bandwidth,

_fSi,n=u+iU
Stu(l,n) = { 0, otherwise (5)

where n = 1,--- K, K = UJN. I-.FDMA mapping maintains the input time
symbols in each sample and has lower PAPR, [13]. Besides, due to the orthogonal-
ity between subcarriers, the interference between different users can be avoided.
Therefor, the transmitted waveform (1) is expected to own constant envelope in
each time block and be friendly toward the use of nonlinear radar transmitter.
We refer this waveform as DFT-s OFDM-CPM.

2.3 Communication Receiver

() . - -
5 synchronization [— Remore DFT Stb camer | Channel IDFT V1terb1.
i P Demapping Equalization Demodulation

Fig. 3. Communication receiver.
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Each target is seen as a communication receiver to receive and decode the con-
troller’s commands. As shown in Fig. 3, they receive the integrated signal

ru(t) = h(t) % 2, (t) exp(j2met) + w(t), (6)

where p and e represent time and frequency offset, respectively. h(t) represents
the channel impulse response and w(t) is awgn. The receiving end first per-
forms symbol positioning and frequency compensation through the CP-based
ML maximum likelihood synchronization algorithm. Then remove the CP and
perform DFT and inverse mapping to obtain the symbol of user u in the fre-
quency domain. If the frequency selection channel is used, the receiver needs to
equalize the received signal. Here, the receiver can use MMSE frequency domain
equalization with lower complexity. The equalized signal is transformed into the
time domain by IDFT, and finally the famous VA algorithm [11] is used to obtain
the transmitted CPM symbol.

2.4 Radar Processing in Frequency Domain

Assuming a moving target managed by user u is at the range R with relative
velocity v, the user u receives the target echo is,

N;,—1K-1

. t— Ts
bul®) = D2 D7 Srulu,n) exp(j2n futrect(—E—)
pn=0 n=0 s
Ns—1 K—-1
= > 3 Srulun) exp(i2nnfaly) 0
pn=0 n=0
2 t—pul — 28
exp(—2mf ) exp(j2m futrect(— ),

where c is the speed of light and f; denotes the Doppler frequency shift caused
by the targets movement.

Since the information code on some subcarriers in each user’s transmitted
waveform is 0, the traditional radar detection method that relies on symbol
correlation is no longer applicable. To eliminate the dependence of radar pro-
cessing on the correlation of the transmitted information, we can compare the
transmitted information St (1, n) and the received information Sg, (y, n) at the
output of the y(t) de-multiplexer to obtain targets’ states. The frequency domain
channel transfer function is given by calculating an element-wise division,

SRu (/La ’Il)

D( 7”) =
a STu(:“/v n) (8)

. . 2R
= exp(j2mufals) exp(—j2m fn=—).
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It is evident that the range and Doppler influences are orthogonal. We denote
kr(n) = exp(j2m f,28) and kp(p) = exp(j2mpfsTs). Note that we only operate
on DFT-s OFDM-CPM subcarriers that contain data information. Assuming
U = 2, range of target can be calculated through IDFT of kg(n),

JN-1

r(p) = IDFT(kr(n Z kr(2n)exp j2ﬂﬁp) (9)

withp=0,---,JN —1. A peak of r(p) will occur at p = LM#J. The relative

velocity can be solved in a similar method to k,(¢) and a peak will occur in the
|22l .

3 Simulation Results

In this section, the performance of the integrated system in communication and
detection is illustrated with the spectral efficiency (SE), bit error rate (BER) as
well as radar range and velocity profile. Without loss of generality, we consider an
integrated system operating with the parameter setting: carrier frequency f. =
24 GHz; frequency interval Af = 400kHz; user number U = 2; symbols of each
user J = 40; symbol number N, = 5; sample number N, = 2; CP length N, =
20; frequency offset ¢ = 0.25; the modulation order M = 4; modulation index
h = 1/4. We consider AWGN channel. For reference, performance of conventional
OFDM modulated by 8PSK and the well known constant envelope OFDM (CE-
OFDM) [10] by phase modulating OFDM are also assessed.

Firstly, We give the signal normalized amplitude comparison in Fig.4. We
can see that the DFT-s OFDM-CPM maintains the constant envelope as that
of CE-OFDM while OFDM has a large amplitude variation.

Normalized Amplitude

“V\A

0.2 [{-e~DFT-s OFDM-CPM
—Conventional OFDM
—CE-OFDM

T

)

0 10 20 30 40 50 60
Sample

Fig. 4. Signal normalized amplitude comparison.
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3.1 Spectral Efficiency

SE is defined as SE = %, where R, is the bit rate and W is the signal occupied
bandwidth. For one thing, we consider the bit rate of the three modulations. The
bit rate of OFDM is Ry, = N.log, M/T(b/s). Since DFT-s OFDM-CPM needs
to sample symbol of the original CPM signal with two points, the signal rate
is Rp/2. In addition, in order to ensure that the input of the phase modulator
is a real number, the input to the IDFT is a conjugate symmetric, zero-padded
data vector, so its bit rate is less than Ry/2. For another, the bandwidth occu-
pied by DFT-s OFDM-CPM and traditional OFDM is W = N, x Af. Because
CE-OFDM requires phase modulation of the OFDM signal. Its bandwidth is
B = max(2wh, W)Hz. Therefore, when h = 1/4, the highest spectral efficiency
is OFDM, DFT-s OFDM -CPM is higher than CE-OFDM. According to the
parameter settings, the spectral efficiency of the three modulation methods is
shown in Table 1.

Table 1. Spectral efficiency of the three modulations

Modulations SE (bits/s/Hz)
DFT-s OFDM-CPM | 1
Conventional OFDM | 2

CE-OFDM 0.637

3.2 BER Performance Comparison

Here, BER performance comparison between the three modulation methods is
provided in Fig. 5. First, under the premise of perfect frequency synchronization,
we can see that the DFT-s OFDM-CPM has the best BER performance. The
demodulation process depends on the demodulation of symbol in each subcarrier
after a series of operations opposite to the transmitter. Thus, due to the sym-
bol memory inherent in CPM, the BER performance of DFT-s OFDM-CPM
is outstanding. Then, considering frequency shift synchronization. To maintain
the constant envelope of DFT-s OFDM-CPM, CP-based ML synchronization [14]
without additional training sequences is introduced here. The Gaussian weighted
average of the estimated frequency shift value of each symbol is used as the final
frequency shift estimation. Among the three methods, CE-OFDM is least sen-
sitive to imperfect frequency synchronization due to its phase modulation and
unwrapping operations. Both DFT-s OFDM-CPM and traditional OFDM are
sensitive to carrier frequency offset (CFO).

3.3 Radar Detection Performance

Considering one controller manages two targets with distance 28 m, velocity
650 m/s and distance 33 m, velocity 350 m/s, respectively. The radar range profile
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Fig. 5. BER comparison under AWGN channel.

comparison is given in Fig. 6. Assuming the same amount of transmitted data
symbols, we can see that only the two main peaks in 28m and 33m of the DFT-s
OFDM-CPM are prominent, the middle depression is about 20dB, and the side
lobe is the lowest. It can well distinguish targets 5m apart. The range resolution
of the radar is inversely related to the number of subcarriers. Considering the
number of transmitted data symbols is J, the number of subcarriers of DFT-s
OFDM-CPM is UJN, CE-OFDM is 2J + 2, and OFDM is J. Therefore, the
radar range resolution of DFT-s OFDM-CPM is optimal.

Finally, the velocity profile comparison is given in Fig. 7. The proposed sys-
tem exhibits the similar velocity resolution performance to that of conventional
OFDM with about 13dB drop between two targets. This paper focuses on dis-
tance resolution. Different application scenarios can adjust parameters according
to their own needs to obtain the required resolution.

—&-DFT-s OFDM-CPM
-©-CE-OFDM |
—*—Conventional OFDM

Normalized Amplitude
& ! .
o

0 10 20 30 40 50 60 70 80
Distance(m)

Fig. 6. Radar range profile.
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Fig. 7. Radar velocity profile.

4 Conclusion

In this letter, a DFT-s OFDM-CPM scheme for an joint radar-communication
system is studied to solve the high PAPR problem. The detailed communication
and radar processing are provided. The proposed system exhibits competitive
communication and radar performance. We believe that our design may con-
tribute to improving radar and communication integration performance. Future
work will entail refining our model by considering different kinds of channel and
enhancing the robustness to the frequency shift.
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