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Abstract

wireless communication simultaneously.

A joint radar and wireless communication (RadCom) fusion system is an important trend for future intelligent
transportation, such as the Internet of Vehicles (I0V). However, traditional joint orthogonal frequency division
multiplexing (OFDM)-based RadCom fusion system suffers from the problem of high peak-to-average power ratio
(PAPR) of transmission signals, leading to nonlinear distortion in high power amplifiers (HPAs). To solve this problem, a
new constant envelope OFDM RadCom approach is proposed in this paper. Taking phase modulation into consideration,
the constant envelope OFDM RadCom system obtains O dB PAPR value, which results in linear high power amplifier
being feasible. In the receiver side, both communication transmission and target detection are guaranteed by a phase
demodulator and frequency-domain signal processing algorithm, respectively. Simulation results demonstrate that the
constant envelope OFDM RadCom system is a feasible solution for future IOV with the capability of target detection and

Keywords: Constant envelope, Radar, Wireless communication, OFDM

1 Introduction
For future Internet of Vehicles (IOV) systems, all vehi-
cles adopt both wireless communication and radar
equipment in order to improve the safety of its drivers
[1]. In a modern vehicle, the communication equipment
is used to receive radio signals and the radar equipment
is used for the short-distance warning. To avoid interfer-
ence between the communication system and radar sys-
tem, the spectrum has to be different. Therefore, it
results in wasting frequency spectrum resources. Conse-
quently, it is necessary to complete joint communication
and radar function in a fusion system within the same
frequency spectrum [2]. Such fusion systems, providing
radar and communication functions on a single hard-
ware platform with a single waveform, will be denoted in
the following with the acronym “RadCom” [1, 2].
Recalling from traditional wireless communication and
radar systems, typical radar signals are immovable,
whereas traditional wireless communication signal is
random due to data-driving transmitting signals. Taking
spectrum efficiency and hardware cost into consider-
ation, a unique fusion system consists of wireless
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communication and radar application, which accom-
plishes the essential tasks of environmental sensing and
information transmission. Till now, RadCom fusion sys-
tems become recently an important trend for communi-
cation and radar technique development [3]. With such
a suitable RadCom system, all vehicles on the road could
interact in a cooperative communication and radar fu-
sion network. In Fig. 1, the vehicle with RadCom system
could finish information transmission and target detec-
tion simultaneously to promote the transportation safety.
In addition, RadCom system can be applied in other sce-
narios like aeronautics and military.

Single-carrier RadCom signals, in combination with
spread-spectrum techniques, can be used for multiple-
user communication [4—6], whereas its dynamic range
remains limited for radar measurements [1]. For multicar-
rier RadCom waveforms, an additional multiple-access
technique is required for multiple-user communication
operation [7], and dedicated frequency-domain processing
techniques can be exploited to improve the performance
of the radar application. In terms of broadband continu-
ous waveform, orthogonal frequency division multiplexing
(OFDM) is the key technology of Long-Term Evolution
(LTE) and its performance can be promoted by encoding,
e.g., the turbo code [8, 9].
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Channel estimation is the key process of multicarrier
systems [10]. For the application of multicarrier wave-
forms and frequency-domain modulation, frequency-
domain equalization (FDE) can be used in multicarrier
systems, and the complexity of channel estimation is re-
duced effectively. However, the peak-to-average power
ratio (PAPR) of traditional OFDM signals can be bigger
than 7 dB, which is a rough index for the high power
amplifier (HPA). In radio frequency front end, the effi-
ciency of HPA is degenerated with increasing PAPR of
input signals [11-13]. The high PAPR value of OFDM
signals will lead to the serious nonlinear distortion of
HPAs [14-16]. As a consequence, it is significant to de-
crease PAPR of OFDM transmitting signals for engineer-
ing practical applications.

In this paper, a new constant envelope OFDM
(CE-OFDM) RadCom system is proposed. This system
can provide radar and wireless communication functions
simultaneously. The PAPR of CE-OFDM is 0 dB. In this
article, both the phase modulator and the phase unwrap
demodulator guarantee constant envelope communica-
tion signals [17, 18]. A unique frequency-domain pro-
cessing algorithm ensures target information is obtained
[19-21]. The constant amplitude of CE-OFDM RadCom
signals means that the common HPAs can satisfy the re-
quirement for transmitting signals, and the OFDM high
PAPR problem can be perfectly solved.

Ambiguity function is an evaluation standard for
RadCom system, which is a cross field of communica-
tion and radar. The characteristic of signal energy con-
centration in time-frequency domain can be obtained by
its ambiguity function. The characteristic of signal en-
ergy concentration has an effect on inter-symbol

interference (ISI) and inter-carrier interference (ICI) in
communication systems. The ambiguity function is also
useful for investigating different radar waveforms and
determining the range and Doppler resolution of the
special waveform [22]. Observing the ambiguity function
of signals, the signal characteristic, which not only in-
cludes the orthogonality and energy distribution of com-
munication signals but also contains delay ambiguity
and Doppler ambiguity of radar signals, can be obtained.
In this paper, ambiguity function analysis of CE-OFDM
RadCom signals is provided.

This paper is organized as follows: Section 2 presents
the CE-OFDM RadCom fusion approach. Section 3 and
Section 4 describe the CE-OFDM RadCom communica-
tion analysis and the frequency-domain detection algo-
rithm, respectively. The simulation method is introduced
in Section 5. In Section 6 and Section 7, comprehensive
simulation and analysis are presented, including bit error
rate (BER) performance, ambiguity analysis, multiple tar-
get detection, detection threshold, and detection prob-
ability. Conclusions are presented in Section 8.

2 CE-OFDM multi-carrier RadCom systems

With the capability of wireless communication and target
detection, some applications can benefit from the Rad-
Com fusion systems, such as intelligent transportation ap-
plications. With a suitable RadCom system, all vehicles on
the road could interact in an integrated radar and commu-
nication sensor network, which promotes transportation
security. Therefore, the key of RadCom development is to
design waveforms that are suitable for both wireless com-
munications and radar functions [1, 2].
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Compared with traditional OFDM system, the key of
CE-OFDM system is to solve OFDM high PAPR prob-
lem effectively. This section principally introduces a new
CE-OFDM multi-carrier RadCom fusion approach. The
constant envelope RadCom fusion approach is based on
the CE-OFDM system, in which the real-valued OFDM
signals are modulated by a phase modulator to obtain
constant amplitude signals. For promoting spectral ef-
fectiveness, the frequency-domain detection algorithm is
combined in this fusion approach to ensure the real-
time environment sensing detection. The CE-OFDM
RadCom fusion approach is able to accomplish environ-
ment detection and wireless communication simultan-
eously with the same CE-OFDM transmitted signals.
Straightforward, this fusion approach makes the con-
tinuous CE-OFDM system append detection function
within the same time-frequency resources. What is
more, CE-OFDM RadCom fusion approach can be im-
plemented by common HPA, and this is helpful for sav-
ing hardware cost.

Figure 2 represents CE-OFDM RadCom system archi-
tecture. During each T-second elementary symbol inter-
val, after a quadrature amplitude modulation (QAM)
modulator, the bit information is modulated into M-
ary QAM symbols. And then, to make the output of in-
verse discrete Fourier transform (IDFT) real-valued,
QAM symbols are rearranged. For obtaining real-valued
OFDM signals {x[n]}, the input of Nprr-point IDFT is a
special data vector [23], which is conjugate symmetric
and zero-padded

{0.X[1], X[2], ..., X [Ngam] (1)
01,0, X" [Noam], ... X*[2], X*[1]}

where {X[k] Qlfiw are Maoap-ary QAM symbols and
014N, is a row vector composed of Nzp zeros. Npgr=
2Ngaa + Nzp + 2 is the IDFT size. J = Nppy/(Nprr — Nizp)
is the oversampling multiple. The two zeros at index k =
0 and k=Ngaar+ Nzp+ 1 are used to ensure implemen-
tation for conjugate symmetry, and the remaining zeros
guarantee the result of oversampling the time-domain
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sequence. Therefore, the output of the IDFT can be rep-
resented as

Nprr-1

x[n) = Z X[k]e/2n/Noer
k=0
=23 Do) con( 222 sy s (2227) ),

(2)

n=0, 1, ..., Nppr— 1, where j = +/-1. For analysis, the
continuous time form of x[#] can be expressed as

Noam

x(t) =2 ; {m{x[k]} cos (Z”Tkt> -J{X[k]} sin (ZLTM> }

2N gam

=2 1K (2),

7 3)

~Tcpst<T. Where Tcp is the cyclic prefix duration. It
is clear that the OFDM signal is comprised of N=
2Nqan subcarriers. And the symbols on subcarriers are
M = \/Moam -pulse amplitude modulation (PAM) data

symbols. Therefore,

1K = R{X[k]},
| -S{X[k-Noaml}.

k=1,2,....Noam
k=Noam +1,...N’
(4)

I[k] €{£1,+3,...,+(M - 1)}, and the subcarrier can be

written as
2kt
COS(HT), k= 1,2,...,NQAM
qi(t) = .
2|k-N t
sm@i—%%ﬂ% k= Now +1,0s N

(5)

So, the subcarrier orthogonality condition holds:

Fig. 2 CE-OFDM RadCOM system structure
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/(H'l)T (t T) (t T)dt T/Z, k1 = ko
—i -1 = .
iT qkl qkz 0, k1¢k2

(6)

Next, a phase modulator transforms the high PAPR
real-valued OFDM sequence {x[n]} into the constant en-
velope sequence {s[#] = exp(jCx[n])}, where C is a scaling
constant. Then, to avoid ISI, an N¢p points cyclic prefix
(CP) is needed to obtain {s[n]}\>" !, where s[n]=

n=-Ncp

S[Nppr+mn], n=-Ncp ...,—2,—1. The discrete-time
constant envelope samples are then passed through a
digital-to-analog converter to obtain the continuous sig-
nal. Last, the continuous signal is amplified by HPA and
transmitted into the channel.

The modulation index is h. The phase of CE-OFDM
signal is defined as ¢[n] = 2mhC,,,,,x[1n], where C,,,, is
a constant. To make the variance of phases of CE-

OFDM signals aé = (211h)* , Cpomn should be set as

2/(No?,,,), where 02,,, = (M*>-1)/3 is the variance
of the independent and identically distributed M-PAM
symbols. Therefore, the low-pass equivalent representa-
tion of the discrete transmitted CE-OFDM signal can be
written as

sin] = A exp{g[n] + 6}

‘ @)
=A eXp{][zﬂhCnormx[n] + 6]}7

—Ncp<n< Nprp where A is the signal amplitude and 6
is an arbitrary phase offset (PO), and it could be used to
achieve continuous phase modulation (CPM) [24].
Figure 3 represents the constellation maps of CE-
OFDM and OFDM random time-domain signals. The

+ OFDM PAPR=8.5dB x  CE-OFDM PAPR=0dB

1] Ty {

Imaginary

Fig. 3 Constellation diagram of OFDM and CE-OFDM random signals.
Detailed legends: the plus sign represents the OFDM signals with 8.5 dB
PAPR, and the cross represents the CE-OFDM signals

Page 4 of 15

constellation points of OFDM with 8.5 dB PAPR (the plus
sign) distribute randomly in its constellation map. Mean-
while, the distance from the constellation points of
CE-OFDM (the cross) to zero is constant one, and the
CE-OFDM constellation points seem to form a unit circle.

Figure 4 represents amplitude comparison between
CE-OFDM time-domain signals and OFDM time-
domain signals. The OFDM amplitude distribution is
chaotic with 8.5 dB PAPR, and it approximately follows
independent random distribution. However, the nonlin-
ear distortion of HPAs, which is caused by high PAPR,
could reduce the HPA efficiency [14, 25]. Figure 2 pre-
sents that the CE-OFDM amplitude is constant, which
means that the requirement of transmitting information
can be satisfied by using common HPAs, and the high
PAPR problem of traditional OFDM can also be solved
[26, 27]. Furthermore, the constant envelope enhances
transmission range. Therefore, taking the PAPR problem
into consideration, CE-OFDM waveform is one applic-
able RadCom system candidate.

The envelope of CE-OFDM RadCom transmitted sig-
nals is constant, and the nonlinear distortion of HPAs
will be eliminated. Consequently, the problem of high
PAPR problem of OFDM is saved. The information de-
modulation and environment sensing are accomplished
in the CE-OFDM RadCom receiver. Later on, the infor-
mation demodulation and performance analysis for wire-
less communication is represented in Section 3 and the
frequency-domain detection process is introduced in
Section 4.

3 The CE-OFDM RadCom analysis in communication
Since the constant envelope transmitted signals are the
result of phase modulation, the bandwidth of s(¢), which
is the continuous signal of s[x], is a function of the
modulation index. Since the baseband subcarrier signals

2.5 T T T
— OFDM PAPR=8.5dB
—&— CE-OFDM PAPR=0dB
2 .
815 ¢
2
=
£
< 1
0.5
O 1 1 1 1 1 1
0 20 40 60 80 100 120
N
Fig. 4 Amplitude diagram of random signals of OFDM and CE-OFDM.
Detailed legend: the line represents the OFDM signals with 8.5 dB
PAPR and the line with a circle represents the CE-OFDM signals

.
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are centered at the frequencies +nT Hz, n=1, ..., N/2,
the double-sided bandwidth is defined as W=N/T Hz.
The root mean square (RMS) bandwidth of CE-OFDM
signals can be defined as [28]

B = max(2mh,1)W Hz, (8)

and the bit rate is R = Nqay log,v/M/T bps.

The received communication signal is r(t) = [;™ h(7)
s(t - 7)dr + w(t), where h(z) is the channel impulse re-
Sponse, T,y IS maximum propagation delay, and w(f) is
complex-valued additive white Gaussian noise (AWGN)
with a power density spectrum @, (f) = No. Provided that
the channel with L paths is static in 7 seconds, the re-
ceived samples are represented as

L-1

=2,

hll]sin-1] + w[n],n = -N¢p, ..., Nprr—1,
©)

where h[l],s[n], and w[n] represent the discrete time
samples of channel impulse response, CE-OFDM signals,
and AWGN, respectively. The CP duration is fixed ac-
cording to Ncp = L. Therefore, r[n] could be rewritten as

s[n] x h[n] + w[n],

s[n]Oh[n] + w[n],
IDET(S[KH[K]) + o[,

n= —Ncp, ...,NDFT—I
ﬂ=0,...7NDpT—1 )

n= 07 ...,NDFT—].

rln] =

(10)

where (x) represents the linear convolution, (®) denotes
the circular convolution, and IDFT(-) means IDFT oper-
ation. S[k] and H[k] k=0, ..., Nprr—1 are the discrete
Fourier transform (DFT) of time-domain transmitted
signals and channel impulse response, respectively.
Therefore, provided that Ncp > L, the linear and circular
convolutions are equivalent for the receive samples at
the indexes n=0, ..., Nppr— 1.

Furthermore, the circular convolution in time-domain
means the multiplication in frequency-domain. It makes
the frequency-domain equalizer (FDE) work in CE-
OFDM fusion system. After CP samples are removed,
FDE can be used to eliminate the channel distortion.
Then, the following operations, which are inverse to
those performed at the transmitter, are performed: a
phase unwrap demodulator, followed by a DFT oper-
ation, then followed by a QAM demodulator.

For the simple AWGN case, the received signal is r[#]
= s[n]e/? + wln], where ¢, is a phase offset of channel.
The output of the phase demodulator is ¢[n] = ¢[n] + 6

+ @0 + &[n], where {[n] = arctan] Aj:;[:][n?izi[:[‘;[:[];ﬁz%;}{iz‘io]]

is the nonlinear noise component and the envelope and
phase of AWGN is A,[n]=|w[x]| and ¢,[n]=
arctan[w[n]].

The output of DFT following the phase demodulator is
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Nprr-1 R )
QK= Y glnle ™ Norr = S[k] + ©[k] + N[K],
n=0
(11)
k=0, ..., Nppr— 1. The signal component is
Nprr-1 ) Nprr-1 )
S[k} _ Z (P[l’l]e_ﬂﬂkn/NDFT — 27Thcnorm Z x[n]e—Ierkn/Nan’
n=0 (12) n=0

= 2mh\/2/ (N2, X[K]

where C,,,,, is a constant, which is defined previously.
The phase offset component is

Nprr-1

O] = Y (6+ ) PH/No =, (13)
n=0
k=1, ..., Nppr— 1. The noise component is
Nprr-1
NIk] = &[n)emn/Norr (14)

n=0

Assuming a high carrier-to-noise ratio (CNR), A >
A,ln], and &[n] is well approximated as zero-mean
Gaussian noise [17]. For the zero-mean Gaussian noise
&[n], N[k] can also be approximated as zero-mean
Gaussian random variable [17].

The output of DFT in receiver includes the signal
component and AWGN in high CNR. The symbol error
rate (SER) for the CE-OFDM system can be simplified
to the problem of determining the SER for conventional
PAM [29]. Therefore, the SER and BER are straightfor-
ward to express that [18]

M-1 16 log,M ¢
ER = 2| —— 2 — 1
SER < i >Q< th Yo No> (15)
and
pER ~ SER 22( M-1 )Q - 6102g2Ms_b ’
log,M M log,M M=-1 Ny
(16)

where Q(x) = [ e /%dy/\/2 is the Gaussian Q func-
tion and g, = A*T/ (2Nlog,M) is the energy per bit of the
CE-OFDM signal. The basic information demodulation
and performance analysis of CE-OFDM communication
is presented. For promoting RadCom performance, an
additional multiple-access technique is required for

multiple-user communication operation [30—32].

4 CE-OFDM radar processing in frequency domain
The key issue of CE-OFDM RadCom system is that the
implementation of wireless communication and environ-
ment sensing depends on same constant envelope
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transmitted waveform. Meanwhile, the frequency-
domain radar process is also an important part of CE-
OFDM RadCom fusion approach. The radar process is
based on the CE-OFDM signals which contain transmit-
ted information of users. Therefore, the CE-OFDM fu-
sion approach is able to complete communication and
detection within the same spectrum simultaneously.
This section will reveal an algorithm that allows for
completing the radar detection only with the condition
of the frequency-domain signal, instead of the baseband
signals.

To make radar processing easier, the time-domain
CE-OFDM multi-carrier transmitted signal can be
expressed as [7-9].

meme 1N-

xce-orpm(t) = Z ZSTx Y, n

rect[(t ptTopDM) /T orpm]

) exp(j2nf ,t)%

(17)

where Sp.(u, n) is the DFT of s[n] without oversampling.
n represents the individual subcarrier index and g de-
notes the individual CE-OFDM symbol index. N, de-
notes the number of symbols. f, is the individual
subcarrier frequency, Torpyr=T+ Tcp is the total
OFDM symbol duration, and rect(-) describes a rect-
angular window of duration Togpyys.

CE-OFDM RadCom signals are reflected by targets in
the environment. Firstly, the CP of received signals is re-
moved at the receiver. The time-domain signals without
CP will be simultaneously sent to the communication
processor and radar processor. The CE-OFDM received
signal can also be expressed as the similar form

meme 1N-1

Z Z SRx(/’l7

rect[(t ﬂTOFDM) /T orpm]

Yce-orpm(t exp(j2nf ,t) %

(18)

where Sg,.(u, n) is the DFT of the received signals with-
out CP.

With the orthogonality between individual subcarriers,
the following relation must hold [8]:

fo=nxAf=n/T, n=0,...,N-1, (19)
where Af expresses the orthogonality between subcar-
riers, which is the reciprocal of the elementary OFDM
symbol duration.

For the ground transportation application, it is ex-
pected that the received signal is shifted in frequency
due to a relative velocity between the radar platform and
reflecting objects. In the case of the radar application
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between radar and target moving with relative velocity
Ve, the Doppler frequency shift f5 at the receiver is [1]

fD = 2Vrel//1 = 2Vrelfc/ca

where 1 is the wavelength, f. is the carrier frequency,
and c is speed of light.

If a CE-OFDM signal is reflected at an object in the
range R with a Doppler shift f5 due to a relative move-
ment between the transmitter and the reflecting object,
the received signal can be expressed as

(20)

meme_l N-1

Z Z:A(/'{’ n)STx(lM’ }1)

u=0

< ol (1-2)] et 2

2R
xrect [ (t—//tTOFDM— 7) / TOFDM:|

Yce-orpm(t) =

with A(y, n) being the signal amplitude. In order to make
the different influence between Doppler and range more
obvious, the received signal can be rearranged into

Nrame—1 N-1
Yee-orpm(t) = Z exp(j271f pt) ZA(% n)
u=0 n=0

) 2R )
xStx(p, 1) exp (—/2ﬂf p C) exp(j2nf ,t).

2R
x rect [ <t—,u T orpm— T) / TOFDM:|
(22)

The receiver observes the received signal only in the
elementary OFDM symbol duration to recover one CE-
OFDM symbol. When the appropriate CP duration has
been chosen, the receiver will still cut the observed sam-
ples from the same CE-OFDM symbol. Therefore, the
time shift of the rect-function in the above two formulas
can be omitted. When the CE-OFDM signal bandwidth is
much smaller than the carrier frequency, Doppler fre-
quency results in a uniform phase shift on every sub-
carrier [1]. Besides, for a fixed subcarrier index #, the
Doppler effect introduces a linear phase shift, 215 Torpas
between the consecutive frequency symbols. Furthermore,
the phase change of the range is the same on one sub-
carrier in one frame time. When A(y, n) is constant and
ignored, the received signals can also be rewritten as:

Nfpame—1 N-1

Z Zsrx Hin

=0 n=0

Yee-orpm (t ) exp(j2muf p T orpm)

(23)
< exp( 721, %) explons,0)

And it is clear that the received frequency-domain
symbols can be quantified as
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. 2R
Sre(psn) = Stx(p, 1) exp(—ﬂﬂfn 7)
x exp(j2mpuf T orpm)
2
= Stu(u,n) exp <—j27mAfCR) ’

2
X exp ( 72nuT orpm V%lfc>

(24)

It is clear that, the influence of range and the Doppler
frequency from relative velocity is completely orthogonal
in frequency domain. While the Doppler introduces a
linear phase shift only along the time axle, the range also
introduces a linear phase shift along the frequency axle.
If the observation duration is short enough, the reflect-
ing object remains within one range resolution cell. As a
result, this orthogonality can be satisfied. Therefore, it
must search for a suitable processing algorithm to re-
cover range and Doppler independently.

In order to make the target detection process arrive at
a more descriptive representation, a matrix is applied to
denote the frequency-domain symbol frame in (25). In
the matrix, every row represents a vector composed of
time-domain samples in one subcarrier, whereas each
column represents one CE-OFDM symbol consisting of
different subcarrier samples. That is, vertical axle is the
frequency axle and abscissa axle is the time axle, which
makes the frequency-domain symbols arranged in time-
frequency space. This rearrangement can be used to rep-
resent both the transmitted and the received frequency-
domain symbols.

S(0,0) 5(170) Sngmme_lvog
p_| s@U sy o SNpane11
S(0,N-1) S(1,N-1) S(Nfpame—1,N-1)
(25)
It makes the row vector
_) .
kr =0, exp(-j2mAf2R/c), ..., (26)
exp(-j2m(N,~1)Af2R/c)]
and another row vector
- .
kp =10, exp(j2rnT orpm2Vreif . /€); -, (27)
exp (}2” (Nﬁame_l) TOFDszrelfc/C)]
where kgz(n) = exp(-j2mnAf2R/c), n=0, .., N-1, and

kp(p) :g)(p(jZﬂ/,tTopDMbeL/)c), #=0, ..., Njspe— 1. The
vector k p and the vector k p describe the influence of
range and the Doppler introduced by the reflecting ob-
ject on the received frequency-domain symbols.

To obtain the range and relative velocity of the reflect-
ing object, it first achieves an element-wise multiplica-
tion between the transmitted and received frequency-
domain symbol matrices. With the same matrix

Page 7 of 15

representation, the quotient matrix of the frequency-
domain symbols is provided

T

(D) = (Dre)yn/ (D) = kg - K> (28)

with (-)” being the matrix transpose operation and (-)
being the matrix multiplication operation. It shows
clearly that influence of range and the Doppler of the
reflecting object is orthogonal. To observe the relation
of range and Doppler in element level, the above
equation can be rewritten in terms of the range factor
kz(n) and the Doppler factor kp(y) as

Ska (/’{7 Vl)

STx(ﬂ7 }’l) = kR(n) X kD(/’l)

2R 2
= exp (—jZnnAf 7) exp (j27r/4TopDM Vr%lf”) .

(29)

In one CE-OFDM symbol, the range R is translated
into a linear phase shift between subcarriers on one
frequency-domain symbol. Computing the IDFT of kz(n)
is the most convenient way to obtain the range to the
target

1 N1 o

r(p) = IDFT(ke(n)) = - ; k(n) exp (;2nﬁ p)
13 ‘ 2R N

=N ; exp <—]27mAfc) exp (]27Tﬁp> ,

(30)

with p=0, ..., N-1. It can be seen that, the two expo-
nential terms in the above equation cancel each other
out and result in unity, under the condition
2RAN
p:L—Ja p:07“'

,N-1 (31)

c
where | - | represents round-down operation. This means
that a peak will occur at this index of p in the IDFT re-
sult within a target in the environment.

In a similar way, the relative velocity v, is translated
into a linear phase shift between the frequency-domain
symbols on the time axle. The relative velocity v,.; can
be easily solved by applying a DFT

Npame—1
) = DETho(u) = 3 kol exp - 1)
u=0 frame
Npame—1
’ 2
= Z exp<j2n/4TopDM Vrelf”) exp(—jZn £ l)
u=0 ¢ meme

(32)

with /=0, ..., Nj4e — 1. When the condition has been
satisfied,
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I = f”’elf cTosDMNﬁﬂmeJ, [=0,...Npame-1  (33)

It can be seen that the two exponential terms in the
above equation cancel each other out, and a peak will
occur at this index of [ in the DFT result within a target
in environment. Hence, the array process for range is to
compute the IDFT of D, along the time axle. And
then, along the spectrum axle, the DFT of the gotten
matrix is a result of the array process.

The processing methods of range and relative velocity
are completely independent from the transmitted infor-
mation. The typical Fourier side lobes ensure a high dy-
namic range performance. All processing operations are
linear, and it guarantees that this processing approach
will operate for an unlimited number of targets with dif-
ferent ranges and Doppler frequency.

In summary, the received frequency-domain symbol
matrix Dy, is indispensable for the detection processing
algorithm and the key of the algorithm is the previous
element-wise complex division. At last, the matrix result
is a two-dimensional radar image in range and relative
velocity.

On account of the unique radar processing, peak value
in the radar image cannot represent the processing gain
of CE-OFDM RadCom system. Specifically, the RadCom
signals obtain a total power gain of N> after a Fourier
transform, which is a coherent deterministic process.
However, after a Fourier transform, only a power gain of
N is added for the noise, which is a random quantity.
Therefore, for CE-OFDM RadCom fusion system, the
radar processing gain is expressed as

Gp = NNfame- (34)

The radar function of CEOFDM RadCom fusion sys-
tem is based on radar processing in frequency domain.
And the main frequency domain processing lies on the
computation of DFT, which is a standard procedure that
can be efficiently implemented at present.

5 Simulation and analysis methods
The simulation of this article is based on the Matlab
software and the Windows 7 desktop system. The pa-
rameters in Table 1 are satisfied. Following the structure
of CE-OFDM RadCom fusion system, the BER simula-
tion results with turbo code (code length =1008 and
code rate = 1/3) have been obtained in AWGN channel
and multipath channel. The ambiguity function simula-
tion and multiple target detection of the CE-OFDM
RadCom system are also completed.

The Neyman-Pearson criterion states that P, is the
biggest detection probability when a specific false alarm
probability is satisfied with a given SNR. According to
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this criterion, the output maximum of the array proces-
sor is measured to obtain the detection threshold of 0.
001 false alarm probability, when only 0 dB SNR AWGN
is received. Since the special radar process algorithm re-
quires the known transmitted signals, the detection
threshold with different symbol modulation order and
modulation index is simulated in Fig. 11. With the fixed
false alarm probability, the detection threshold with any
SNR is linearly correlated with the detection threshold
with 0 dB SNR. The detection probability, with different
detection threshold data in Fig. 11, is simulated within
different SNR in Fig. 12 to verify the effectiveness of ob-
tained detection threshold.

6 Simulation and analysis results for
communication

The RadCom fusion system is able to exchange real-
time mutual information and remove the external inter-
ference between wireless communication and radar sys-
tems. Specifically for the road safety, the CE-OFDM
RadCom system contributes the cars in not only infor-
mation sharing, but also completing the range and rela-
tive velocity information detecting by other cars.
Normally, the industrial, scientific, and medical (ISM)
bands can be used for any device without requiring a li-
cense. The radar application requires at least 100 MHz
bandwidth for sufficient detection resolution. The 24-
GHz ISM band is the lowest worldwide available ISM
band that satisfies this requirement [1]. However, the
achievable range for communications decreases with in-
creasing carrier frequency due to the influence of free
space attenuation and diffraction. Therefore, in this
paper, the 24-GHz ISM band is considered as a suitable
frequency band for integrated RadCom fusion systems.
In Table 1, a complete set of OFDM system parameters

Table 1 CE-OFDM system parameters for vehicle network

Symbol Parameter Value

fe Carrier frequency 24 GHz

N Number of subcarrier 1024

J Oversampling factor 8

Af Subcarrier spacing 90.909 kHz
T Elementary OFDM symbol duration 11 us

Tep Cyclic prefix length 1.375 us
Torom Total OFDM symbol duration 12.375 us
B Signal bandwidth 93.1 MHz
AR Radar range resolution 1617 m
Rnax Maximum detection range 1650 m
Av Radar velocity resolution 197 m/s
Vinax Maximum detection velocity 2523 m/s
Neame Number of evaluated symbols 256
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is provided, which satisfies general conditions for vehi-
cles. The maximum absolute value of the Doppler shift
fp is limited by the OFDM symbol duration. The max-
imum absolute Doppler shift can be measured as 1/
(2Torpa). Notice that, in this paper, performances of
wireless communication and radar detection are separ-
ately discussed in two different sections. In this section,
performances of wireless communications are presented.

Figure 5 presents the BER performance of CE-OFDM
with the rise of the energy per bit to noise power
spectral density ratio (E;/Np) in the presence of AWGN
channels. According to [18], phase offset (PO) is a key
factor for phase modulated signals. When Mqaa = 4, Fig.
5 presents BER performance of CE-OFDM RadCom
with and without PO in AWGN channel. The turbo
code (code length =1008 and code rate =1/3) is applied
for improving BER performance.

It is clear that BER performance becomes worse when
choosing a lower modulation index, i.e., 277k = 0.5. With
2mh =1, the best BER performance with turbo encoding
is achieved, which is about 0.00001 with 4 dB E,/N,.
The BER performance curves with and without PO al-
most coincide. It proves that the phase unwrap demodu-
lator can remove the phase offset in channel.

Since the inherent property of CE-OFDM, 2mh=1
means real value OFDM time-domain signals mapping
into the phase space. When 2mh is bigger than 1,
CE-OFDM system performance also degenerates, be-
cause some phase value is over (-, ), which cannot be
recovered. As a result, these simulation results prove
that the phase unwrap receiver could remove the phase
offset and recover phase information.

In this paper, frequency-domain equalization is simpli-
fied with the conventional transmission used in OFDM

10 ¢ - E
Q. E
2
107 ¢ \ E
o N ]
\ o]
2 10°} R e
Without PO \ Q
4 O  WithPO \\
oy 2mh=0.5 N
- 21th=0.7 \
165k —  2mh=10 v
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Eb/NO(dB)
Fig. 5 BER performance of CE-OFDM with and without phase offset.
Detailed legend: the cross represents simulation without phase offset
and the circle represents simulation with phase offset. The dotted line,
the broken line, and the full line represents 2rmh = 0.5, 0.7, and
1.0, respectively
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systems. The circular convolution in time-domain leads
to the vector multiplication in frequency-domain. There-
fore, the channel distortion can be disported in a simple
way. The frequency-domain minimum mean-squared
error (MMSE) equalizer definition is [33].

H*[k]
|HIK][* + (e/No) ™

Clk] = k=0,...Nprr-1 (35)

where ()" represents the conjugate operation. The
output of the equalizer can be simplified as $[n] = IDFT
{RIk|C[k]}, n=0, ..., Nppr— 1.

With the turbo encoding (code length =1008 and code
rate =1/3) and Mqaar =4, Fig. 6 shows the CE-OFDM
BER performance with MMSE equalizer in the presence
of multipath fading channels with different numbers of
multipath, such as 5 paths, 10 paths, and 64 paths. The
CE-OFDM BER performance with 5 paths about 1 dB is
worse than that with 10 paths OFDM at 12 dB E,/N,.
Compared with 64 paths, channel response with 5 or 10
paths has greater influence on CE-OFDM BER perform-
ance. When the number of channel multipath is 64, the
CE-OFDM BER performance is almost the same as 5 or
10 paths CE-OFDM BER at E,/Ny =5 dB and then it de-
clines rapidly. When E,/Nj is 13 dB, the CE-OFDM BER
with 64 paths is around 0.0001. It proves that the BER
performance of CE-OFDM RadCom systems is im-
proved with the increasing number of path, which
means it is able to achieve multipath diversity. As the in-
put of the phase modulator is real-valued OFDM signals,
every CE-OFDM symbol data is extended into the multi-
path frequency point. Hence, CE-OFDM RadCom sys-
tem exploits multipath gain.

The fact that CE-OFDM exploits multipath diversity is
interesting since traditional OFDM does not [34]. The
diversity gain in CE-OFDM is explained by viewing
the Taylor series expansion of the CE-OFDM trans-
mitted signal

10°F
10°F
o
2
—4&— 5 Paths
e —<#— 10 Paths
—O©— 64 Paths
10° \ . ‘ . . . . . D
4 5 6 7 8 9 10 11 12 13
Eb/NO(dB)
Fig. 6 BER Performance of CE-OFDM in multipath channel
.
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T O
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s() (36)

The higher-order terms of ¢(f) lead to an n-fold
frequency-domain convolution and the frequency-
domain spreading of the data symbols. Therefore, the
promotion of performance in multipath channels results
from the frequency-domain spreading.

7 Simulation and analysis results for detection
7.1 The ambiguity function graph
The ambiguity function is defined as [22]

‘/ )s*(t-T) eﬂ”fdtdt (37)

The three-dimension graph, which is obtained by
lx(z, f)|? is called the ambiguity graph. Meanwhile, the
ambiguity graph displays the delay ambiguity and
Doppler ambiguity caused by the neighbor target with a
single peak lying in the center of the ambiguity graph. In
engineering application, the sectional view of given height,
like - 3 dB, is often used to denote the ambiguity graph.

The ambiguity function of radar signals should be fo-
cused on a single peak, and other energy is distributed
on delay-Doppler plane averagely. The radar ambiguity
function is always used as a tool to investigate different
waveforms and to determine the range resolution and
the Doppler resolution of the special waveform. Ambi-
guity function can estimate parameters about accuracy
and resolution of range and relative velocity of single
target. Multiple targets can be distinguished according
to these parameters.

For wireless communication systems, ambiguity func-
tion is defined the same as the radar ambiguity function.
For avoiding ISI and ICI, it requires signals to satisfy or-
thogonality, and the shaping pulse function needs the
characteristic of time-frequency localization. Therefore,
wireless communication ambiguity function are often
used to observe the orthogonality and the time-
frequency localization property of signals.

Assuming that various wireless signals are utilized in
detection procedure, the detection performance value
can be derived from its ambiguity graph. With the pa-
rameters in Table 1 being fulfilled, Fig. 7 represents the
simulation result from a server and the MATLAB soft-
ware, in which the 1152x256=294,912 length CE-OFDM
RadCom time-domain transmitted signals are calculated
by ambiguity function. Figure 7 demonstrates that there
is only one peak in the center of the ambiguity graph of
CE-OFDM RadCom transmitted signals. The range reso-
lution and the Doppler resolution are small enough. This
proves the CE-OFDM RadCom signal fits common re-
quirements of radar detection.
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Fig. 7 The ambiguity graph of CE-OFDM RadCom time-domain
transmitted signals

7.2 Detection in multiple target scenario

The process methods of range and relative velocity for
CE-OFDM RadCom system are completely independent
from the transmitted information. Furthermore, all pro-
cessing operations are linear, and it can operate for an
unlimited number of targets with different ranges and
Doppler frequency. In this section, three targets with dif-
ferent ranges and Doppler frequency are assumed in
environment.

Table 2 defines three targets in environment with dif-
ferent range and relative velocity information: target 1
and target 2 with the same range and target 2 and target
3 with the same relative velocity. Figure 8 presents the
radar display graph of detection with the three targets.

In 24-GHz ISM band, with the parameters in Table 1
being fulfilled, the radar detection is simulated in Fig. 8
when signal-to-noise ratio (SNR) is 1 dB. Three peaks
that represent three targets can be explicitly found in
the graph.

With three rhombus points, the — 6-dB sectional view,
in which the central coordinate point means the infor-
mation of relative velocity and range, is demonstrated in
Fig. 9. Three points can be acquired from the view. The
estimated values in the figure are almost the same as the
target parameters. This proves that the targets with the
same range or relative velocity can be separated by the
frequency-domain process. Hence, the frequency-
domain radar process is able to operate for multiple tar-
get scenarios within appropriate resolution.

Table 2 Range and relative velocity parameters for three targets

Target Range/m Relative velocity/m/s
1 500 —200
2 500 —-150
3 400 - 150
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Relative Velocity /m/s

Fig. 8 The radar graph of CE-OFDM RadCom system for
three targets

In dynamic range, the reflecting targets are denoted as
peaks in radar display graph, which means fine detection
performance of the CE-OFDM RadCom system. The
simulation environment is multipath fading channel with
1 dB SNR, and the side-lobe peak value is 0.1, which is
not able to affect target detection due to the unique
process property of CE-OFDM RadCom system. Fur-
thermore, the radar processing approach can achieve the
target information without amplifying noise.

7.3 Detection threshold

Radar detection is a very complex process. When there
is a target in environment, the probability that the target
is successfully detected by the radar system is defined as
the detection probability [35], P,. When there is no tar-
get in environment, the probability of false alarm for
radar is the false alarm probability, Ps. The detection
probability is an important parameter for radar systems.

520

480} 1 2 ]
£ 460} 1
é;n Target:

& 440} ]
420} 3 ]
B0 w0 170 50 <130

Relative Velocity /m/s

Fig. 9 — 6 dB sectional view of CE-OFDM RadCom system for
three targets
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However, the detection probability is not fixed. In a real
detection system, the detection probability depends on a
detection threshold, which lies on the requirements for
false alarm probability and SNR.

The Neyman-Pearson criterion is widely applied in
radar signal detection. This criterion states that P, is the
biggest detection probability when a specific false alarm
probability is satisfied with a given SNR [35]. Therefore,
the confirmation of detection probability for a radar sys-
tem is complicated. The detection threshold is the basis
of achieving detection probability. Following the
Neyman-Pearson criterion, the detection threshold de-
pends on one specific false alarm probability with a
given SNR. The signals of common radar system are def-
inite while the signals of CE-OFDM RadCom system are
random for the signal phase.

Figure 10 shows structure of the frequency-domain de-
tection processor in the CE-OFDM RadCom fusion sys-
tem. In this detection algorithm, the reference signal is
the CE-OFDM transmitted signal s(f), which contains
user random data in its phase. Reference signals and re-
ceived signals are mapped into frequency symbols by
DFT. After the element-wise division, the matrix will be
passed an array processor, including range and velocity
extraction. And the gotten matrix result could form the
three-dimension radar image. Then, the target detector
will make a decision according to the detection thresh-
old. If one peak is bigger than the detection threshold,
the target detector outputs the range and velocity infor-
mation about the peak, which means one target has been
detected.

Since the user random data is transmitted, the refer-
ence signal varies with different data and modulation in
the CE-OFDM RadCom fusion system. For the unique
radar process in frequency domain, the user data has no
influence on detection. However, detection threshold is
obtained when only AWGN is received. And the array
processing is a linear procedure, so it has no effect on
the detection threshold confirmation. In another word,
the detection threshold only depends on reference sig-
nals with a specific Py, and a given SNR. The given SNR
is denoted as a = E;/Ny, where E; is symbol energy and
N, is power spectral density (PSD) of AWGN. When in-
put of detection receiver is AWGN, the output matrix of
array processor can be expressed as

Qq
r, = IDFT(DFT(Dy;,)) = IDFT | DFT <s>>

orr(per(2E2eY)

where D, Q,, and Sy, are the result matrix of elemen-
tary division, DFT of AWGN ,and DFT of reference

(38)
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Fig. 10 Structure of frequency-domain detection processor

signals, respectively. @, is the AWGN matrix. IDFT(-)
and DFT(-) are IDFT operation and DFT operation. The
output value of array processor is rer,; the cumulative
distribution function (CDF) of r can be expressed as

Fw) = P(rsx) = [ (0, (39)
where f,(f) is probability density function (PDF) of r. The
CDF of r is the probability that r is lower than the fixed

value x. When the detection threshold is defined as Dr,
« the false alarm probability can be represented as

Phg = /D ) S (£)dt =1-F,(Dr4). (40)

The detection threshold of a given false alarm prob-
ability can be obtained in the CDF results of output
value of array processor. When received signals are
AWGN, the output of elementary division can be
expressed as

Q, DFT (@4
Ddiv =< ( )

S1x a DFT(( eXp(jzﬂhCnarmx[i]))?i_()l) .

(41)

For the CE-OFDM fusion system, the denominator of
the equation defines the DFT of CE-OFDM reference
signal, which varies with modulation index 4,
normalization constant C,,,,,, and real-valued OFDM
signal x[i]. Since user random data is necessary, C,o,
and x[{] depend on the symbol modulation order M.
As a consequence, D, relates with modulation index #,
symbol modulation order Mgaas

In the frequency-domain detection algorithm, the out-
put of array processor is influenced by user random
data. The detection threshold not only depends on the
false alarm probability Py, and SNR, but also depends on
the symbol modulation order M4, and phase modula-
tion index /. Although the confirmation of detection

threshold is complicated, detection threshold is a neces-
sity for detection probability, which is an important
radar parameter. With a given false alarm probability
and SNR, the detection threshold D7 , can be obtained
by simulating the CDFs of output value of array proces-
sor for CE-OFDM fusion approach. Especially the
modulation of 4QAM is the same as quadrature phase
shift keying (QPSK). Therefore, QPSK represents the
modulation with Mgaar = 4.

Provided that the false alarm probability is 0.001 and
SNR is 0 dB, the input of detection receiver is only
AWGN and the parameters in Table 1 have been ful-
filled. Figure 11 displays the simulation result about the
detection threshold with a different symbol modulation
order Mqay and modulation index # for CE-OFDM
RadCom fusion systems. Since all envelopes of reference
signals are constant and the detection process is

30
2QAM
—— QPSK
25y —O— 16QAM —Reference Signals

Threshold /dB

02 04 06 08 1 12 14 16 1.8 2
2nh

Fig. 11 The detection threshold of CE-OFDM RadCom system for
different MQAM and 2mth. Detailed legend: the lines with the plus
sign, cross, circle, and square represent 2QAM, QPSK, 16QAM, and
64QAM being used to produce reference signals, respectively. The
dotted line represents the AWGN used for producing reference sig-
nals. In Fig. 11, the threshold value means the setting threshold for

0.001 false alarm probability and 0 dB SNR
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complex, the detection processing result is not normal-
ized. Therefore, when the detection threshold is smaller,
the detection probability will be higher with a given SNR
and a given false alarm probability.

These five curves represent the threshold results of
different reference signals in Fig. 11, which are generated
from the transmitter with different input symbols. The
modulation index / is a parameter, which relates with
the stochastic distribution of phase of constant envelope
signals in (-7, 7z]. When the phase modulation index is
big enough, 2774 > 1.2, the phase distribution of reference
signals is almost random and the curves trend to be flat
and the detection threshold trends to be a constant,
about 13.8 dB. When modulation order is big, Mqgaar =
16 or 64, and phase modulation index is small, 277/ < 0.3,
the phase value of reference signals is very small, which
results in the high detection threshold.

It is unexpected that the threshold curves of QPSK
reference signals and 2QAM reference signals at first de-
clines with 27741 and then rises to about 14 dB. The smal-
lest threshold value of QPSK reference signals is about
10 dB with 27/ = 0.5, and the smallest threshold value of
2QAM is around 7 dB with 27/ =0.7. The low modula-
tion order, Mqgaar =2 or 4, and appropriate phase modu-
lation index, 0.3<2mh<0.9, result that the phase
distribution of reference signals is more nonrandom.
And the nonrandom phase distribution affects the vari-
ance of 1/S,, which is a part of D;,. As a result, symbol
modulation order Mg and modulation index / are
important parameters for the detection threshold of the
CE-OFDM RadCom fusion system.

7.4 Detection probability

When input of detection receiver is AWGN with a given
«, provided that Mqay and 27k are fixed, the output
matrix of array processor can be expressed as

t, = IDET (DFT (DF:("’”)> ) — IDFT (DFT <M> )

Tx S Tx

— ¢ IDFT (DFT (%)) — ¢ ra,

Tx

(42)

where ¢ is proportion coefficient of input noise amplitude
and o, = cw, - ;. Since IDFT operation and DFT operation
are both linear operations, the change of « leads to the lin-
ear change of r,. With 0 dB SNR, a =1 and Ny - is the
PSD of AWGN. Since a = E,/ (czNo, w-1) = 1/¢% it is visible
that D7, =cDr1=Dri/v/a, where Dy ; can be
obtained according to Fig. 11. It is clearly visible that the
detection threshold with 0 dB SNR has a linear correlation
with the threshold with other SNR. When the input of
detection processor is the reflected CE-OFDM signal and
AWGN, detection probability for the CE-OFDM RadCom
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system is defined as the probability that the maximum
output value of detection processor is higher than Dy, ,.
Therefore, detection probability for the CE-OFDM Rad-
Com system could be expressed according to Dz, , and
the PDF of rer,:

£,(e)dt. (43)

+oo oo
mwzl)ﬁmmzé/f

With P, =0.001 and the detection threshold D7, ; in
Fig. 11, the Fig. 12 represents the detection probability
of the CE-OFDM RadCom system for a different symbol
modulation order Mga,r and different modulation index
h. The detection probability curves rise with the increas-
ing SNR for CE-OFDM RadCom system. When 99% de-
tection probability is obtained, the smaller required SNR
is better. When 25k = 0.3, required SNR of 99% detec-
tion probability rises with M4, When 274 = 0.7 or 1.0,
required SNR of 99% detection probability is smallest
with 2QAM and the required SNR with 16/64QAM are
almost the same and biggest. When 2/ = 1.4, required
SNR of 99% detection probability rises with QPSK/
16QAM/64QAM are nearly the same, but the required
SNR with 2QAM is biggest.

With a different modulation index and different
symbol modulation order, the results of detection prob-
ability for CE-OFDM RadCom system confirm the valid-
ity of corresponding detection threshold of Pg, =0.001
and 0 dB SNR in Fig. 11. The smallest required SNR of
99% detection probability, — 17 dB, is obtained under the
condition 2QAM and 27k = 0.7.

The CE-OFDM RadCom system exploits CE-OFDM
signals with user information to complete environment
sensing. The achievement of detection probability in this
system is more complex than traditional radar system.
The variation of reference signals must be taken into
consideration, and it is significant to investigate RadCom
system with a single waveform.

8 Conclusions

A joint radar and wireless communication fusion system
is the technology development tendency of future
intelligence wireless system. Focusing on high PAPR
problem of traditional broadband multicarrier waveform,
a new CE-OFDM RadCom fusion approach is intro-
duced in this paper. This RadCom fusion system is com-
posed of CE-OFDM wireless communication system and
the frequency-domain radar processing. The PAPR of
CE-OFDM RadCom signals is constant 0 dB. The high
PAPR problem of traditional broadband multicarrier
waveform is solved effectively. The constant envelope
process and information demodulation are described
and analyzed. And the frequency-domain radar process-
ing is introduced. Then, the CE-OFDM RadCom fusion
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Fig. 12 The detection probability of CE-OFDM RadCom system for different MQAM and 2mh. Detailed legend: with 0.001 false alarm probability,
the threshold data in Fig. 11 is used to simulate the detection probability for the CE-OFDM RadCom system. The lines with the plus sign, cross,
circle, and square represent 2QAM, QPSK, 16QAM, and 64QAM being used to produce the CE-OFDM RadCom signals, respectively. The 27th is dif-
ferent.a 2rh=03,b 2rh=0.7, ¢ 2nth=10,d 2nh=14

system is simulated with a series of parameters in a
24-GHz ISM band. Simulation results demonstrate that
CE-OFDM RadCom system is able to communicate with
high data rate and exploit multipath gain in multipath
channel. Meanwhile, the ambiguity image of transmitted
CE-OFDM RadCom signals is achieved with the high
resolution for detection. Finally, the detection threshold
and the detection probability of CE-OFDM RadCom fu-
sion system is simulated and analyzed according to the
Neyman-Pearson criterion. The further work will focus
on enhancing the array detection algorithm and improv-
ing the RadCom technique for satellite traffic recogni-
tion and telemetry.
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