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In this paper, a cooperative multiple-input multiple-output (MIMO) radar and communication systems is
studied, where the two systems work cooperatively on the basis of coexistence. The knowledge of com-
munication system is shared with the radar system, so that the communication signals can be accurately
decoded at radar receivers. Then target returns contributed from both the radar transmitters and commu-
nication transmitters are employed to complete the radar task. The cooperative systems can be equivalent to
a hybrid active-passive MIMO radar network, which helps to improve the radar performance. With the
information shared by the radar system, the communication system can estimate the parameters of the radar
target. Thus, the communication signals bounced off from the target are exploited to complete the com-
munication task on the basis of the traditional communication, which helps to improve the communication
performance. The target detection probability and mutual information are derived for the ra-
dar-communication systems respectively. It is shown that there is a performance gain due to the cooperation

between the radar and communication systems.
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1. INTRODUCTION

With the development of electronic technology,
the integration of radar communication will be an
inevitable trend in both military and civil fields".

In an integrated system, it is difficult for a single
antenna to meet the requirements because of the
complex environment to be monitored and the heavy
communication task. MIMO technology has shown
advantages in both radar system and communication
system, and has also attracted the attention of re-
searchers in the research of integration®.This paper
studies the performance of MIMO radar and MIMO
communication integrated system.

The cooperation between the two systems mainly
refers to information sharing®. For example, the
antenna positions of the two systems are shared with
the other system, and the radar transmitting signals
are shared with the communication system. Using the
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information shared by the communication system,
the radar receiver can accurately decode and recon-
struct the communication signals®.The cooperative
integrated system can not only use the target echoes
of traditional radar, but also use the target echoes
carried by communication signals to accomplish
radar tasks.Therefore, thanks to information sharing,
the cooperative integrated system can be equivalent
to a hybrid system of active and passive MIMO ra-
dar, referred to as active and passive hybrid MIMO
radar system. On the other hand, because the trans-
mitting signal and antenna position of the coopera-
tive integrated system are shared with the commu-
nication terminal, the use of shared information,
communication receiver can get radar target param-
eters accurately, and then on the basis of the tradi-
tional communication information extraction, use
after radar target reflecting signal to further improve
the quality of communication.
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Fig.1 Cooperative MIMO radar-communication systems

In this paper, target detection is considered in the
radar task”, and the radar target detection probability
of cooperative MIMO integrated system is derived as
a performance measurement criterion. Taking mutual
information as a criterion to measure communication
performance®, the communication mutual infor-
mation expression of cooperative MIMO integrated
system is derived. The analysis shows that the radar
target detection probability and communication
mutual information of the integrated system can be
improved by the cooperation between the radar ter-
minal and the communication terminal.

2. SIGNAL MODEL

Assumed the radar terminal has M R transmitters
and N X receivers, and the communication terminal

has M c transmitters and N B receivers. All trans-
mitters and receivers are defined as single antennas.
The transmitting signals of the m(m=1,...,M )

radar transmitter and the m'(m'=1,..,M ) com-

munication transmitter respectively

\/ ER,m SR,m (kT\‘) H \/ EC,m' SC,m' (kTv) Among them’

Eg, and E . denotes that the transmitted power,

Ts denotes sampling period, T denotes the observa-
tion time, k(k=1,...,K) denotes the time serial num-

ber, K = 7/ ]TS| ,[ - | means round up. The detec-

tion unit determining whether the target exists is lo-
cated at (X,») in the coordinates. The schematic
diagram of the cooperative MIMO ra-
dar-communication integrated system is shown in
Figure 1.

(1) Radar receiving signal model
The received signal of the radar receiver
n(n=1,..,N )at the moment kT, is modeled as:

Decoding
communication signals
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Mp
rR,n [k] = Z ‘\' ER,m é/Rl,nmSR,m (kT: - TRl,nm )+
m=1

My

Ep o Spm kT, =74 ,,)+

R,nm
m=1

Mc
Z \l EC,m' Ct,nm'SC,m' (kT: - TC[,}’IVM' )+
m'=1

Mc

(1)

EC,m'SC,m' (k7; - TC,nm') + a)R,n [k]
m'=1
The first four items respectively represent the
target reflection path and direct path corresponding
to the radar transmitting signal, the target reflection
path and direct path corresponding to the commu-

nication transmitting signal. 7, .7,...7 T

am " Ct,nm'® 7 Ct,nm '

resents the delay of the corresponding path, and
S renm>S i denotes the corresponding target re-

flection coefficient, @, [k]denotes clutter and noise

component at time k. Total radar received signal
vector can be written as:
_r.T T 17

IR = [VR,la"'arR,NR]

=UpSi TUS, +U S, U S + o,
Uy = Diag{ug, [11,up, ,[2],--- ug, 5 [K 1}

Z’lRt,n [k] = (uRt,nl [k]’ T uRt,nMR [k])T

uRt,nMR [k] = é/Rt,nm \j ER,m

The vector U,,U,,U. in equation (2) are de-

2)

)

fined in a similar way to U, .and signal vector:
SR: = (SRt,l [I]T PR SR[,NR [K]T)T
SRt,n [k]= [SR,I (kTs'TRz,nl)’ Y SR,MR (kTs “Trea, )]T

The other signal vector S,,S.,,S. in equation

4)

(2) are defined in a similar way to S, . Clutter and
)",

assume that @, obeys a Gaussian distribution with

T

(0]

. T
noise component denotes @, =(60R,1,"', RN,

zero mean covariance matrix Q.

(2) Communication receiving signal model
From the analogy of the radar terminal receiving
signal model (1), The received signal of the

n'(n'=1,..,N.) communication receiver at time ijs

is modeled as equation (5). Among them, the first
four terms respectively represent the target reflection
path and direct path corresponding to the commu-
nication transmitting signal, and the target reflection
path and direct path corresponding to the radar
transmitting signal.



M. .
rC,n'[k] = Z \j EC,m' Ct,n'm'SC,m'(k]; - 7'-Ct,n'm') +
m'=1
Mc
z EC,m'SC,m'(kT:v - z~-C,n'm') +
m'=1
My -
Z ‘\’ ER,m Rt,n'mSR,m (k]; - th,n'm) +
m=1
Mp
Z \' ER,m SR,m (k]; - 2’:R,n'm) + a)C,n'[k]

m=1

()

S conm aNdC ., is the corresponding target reflec-
tion coefficient, @, [k] denotes clutter and noise

component at time k. Let r. =(r. [1],--~ 7. [K])',

Then the total communication received signal vector
be written as:
1.7 ..., qT
rc—[’:“a~ arc,ivc]~ o B ©6)
=U,Sq, +US.+U,S,, +US; + o,

The vector U o U U z In equation (6) are de-
fined in a similar way to U - Signal vector in (6):
Se = (SCU[I]T, SN, [K]")" (7

SCt,n'[k 1= [SC,I (KT, 'fa,n'l)o"': SC,MC (kTv-fCt,n'MC )]T

Assuming that clutter and noise vector

T T 7 . . .
Oy = (a)cyl,---, ., Nc) at communication terminal
obeys Gaussian distribution with zero mean covari-

ance matrix Q.. , @, = (@, [, o, [K])'.

3. RADAR TARGET DETECTION
IN COOPERATIVE
MIMO INTEGRATED SYSTEM

In this section, the problem of target detection in
cooperative MIMO radar communication integrated
system is considered. Using the information shared
by the communication system, it is assumed that the
radar receiver can decode and reconstruct the com-
munication signal more accurately. Through coop-
eration, the radar system no longer regards the
communication signal as interference, but uses the
target echo from the communication end to complete
the radar target detection. Therefore, the cooperative
integrated system can not only use the target echo of
the traditional radar, but also use the target echo
carried by the communication signal to complete the
radar task, The echo formed when the communica-
tion signal is reflected by the target and reaches the
radar receiver is used to complete the radar task,
rather than being suppressed as interference, which

201

is equivalent to a passive radar system. Thanks to
information sharing, the cooperative integrated sys-
tem can be equivalent to an active passive hybrid
MIMO radar system.

It is assumed that the radar task is to detect the
existence of a target in the detection unit of interest.
According to the radar received signal model of
equation (2), the assumption that the target exists in

the detection unit is /7, , and the assumption that the

target does not exist is M, then the detection
problem can be described as:
H,:r,=U,S,+U_.S.+ o,
H :r,=U,S, +US,+U.S., +U.S. + o,
In order to simplify the analysis, considering the
communication signals has been decoded and re-

factoring, and can be accessed by assuming that
pretreatment methods such as making them reflec-

(®)

tion coefficient g, ,, and &g ., known, in equa-

tion(8), all the other terms except the noise @, term

are ascertained, Therefore, under the two assump-
tions, the received signal r, is Gaussian distribution,
and the probability density function is respectively:

p(r,|H) = ———
P det(Q,) ©9)
exp{~(r, -U,S, -US)" 0, (r,-U,S, -U_S,)}
1
p(r|H) =

p"" det(Q,)
exp{—(rR _URSR _URtSR/ _UCSC _UCtSC/)H (10)
XQ; (rR - URSR - URtSRt _UCSC - UCtSCr)}

The logarithm likelihood ratio function can be
deduced as:

p(re|H,) .
ln¢ = r]leRl(URtSRt + UCtSCt)
p(re|H,)
+rRQ1;1(URzSRt + UCtSCt)H -
(URSR + UCSC)H ngl (URtSRt + UCISCt) - (1 1)
(URISRI + UCtSCt)H Q; (URSR + UCSC) -
(URI SRI + UCtSCt )H QI;1 (URtSRt + UCISCI)
The detection statistic can be obtained as:
7-;2 = ;’R”QI: (UR/SRI + UCrSCr) + r;? Ql;l (URISRI + UCISCI )” (12)
Since Rg is Gaussian distribution under both the
H,, hypothesis and the 1, hypothesis, it is easy to

know that the distribution of 7, under the two as-
sumptions is respectively:
T, ‘HO ~N(yy,0> 5 T, ‘Hl ~ N(y,0” (13)



u, =2Re{(U,S,+U.S)"0,'U,S, +U,S.)}
u =2Re{(U,S, +US.+U,S, +U.S.)"

“a (14)
0,(U,S, +U,S,)}
o’ =2U,S, +U,S.)' 0, U,S, +U,S.)
The definition of false alarm probability P.,,We
can get detection threshold is /3 :
p=0Q (P )+ 1, (15)

On formula of Q(¢) said complementary standard
gaussian distribution function, expression for:

o ]
0x)=| —=
.[x 2p
The radar target detection probability of the inte-
grated MIMO system can be calculated as follows:
B-u

o

e 2dt (16)

1 )=Q(Q7I(P[4)+M) (17)

(o2

P=P(T > B|H)=0(

4. COMMUNICATION MUTUAL
INFORMATION IN COOPERATIVE
MIMO INTEGRATED SYSTEM

The cooperative radar system can share its trans-
mitted signals and antenna positions with the com-
munication system, with the help of which the un-
known target position 0 can be estimated at the
communication receive end. Utilizing the estimation
results, target returns due to radar transmission can
be eliminated. Further, the communication system
can extract information not merely from the directly
received communication signals, but also those re-
flected from the target.

Assuming the communication transmitting signal
is a Gaussian signal with known distribution, the

probability density function of 7. can be obtained :

p(r. H)ZKV—eX
| " det(A4) (18)
~.-0S8,-0S) 4. -0S,-0,8,)}
The covariance matrix of 7, is:
A=E{r.-US -US )r.-U0S8 -U 8 )" =
{(}" Rt R/)(V Rt f) } (19)

05U +035U0"+0 5"0,+0 5. U+ Q.
Among § =E{S S, }S = E{S S, }S —E{SSU}

E{s} denotes solving mathematical expectations.
Thus, the maximum likelihood estimate of the target
position is:

HAC, =X,y )=arg max Inp(r, |0) (20)
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The estimated time delay of the communication
signal reflected by the target and the estimated time
delay of the radar signal can be expressed as:

1 X ~ X ~ 2
z-Ct,n'm' =— {[(‘xg,m' _xC)2 + (yg,m' _.yC)z]2 +

¢ 21

1

[(ngn' _Jec)2 + (ygfn' _J;c)z]z}

(- !
TRen'm :_{[(x; _xc) +(yRm _yc) 12

¢ (22)

1
+H(xE =3 + (e = D))

(‘me ’yCm ) ( Rm’yRm) (‘an ’nd ) stands for
the position of the m',, transmitting station, the m,,

radar transmitting station and the n', communica-

tion receiving station respectively, The delay esti-
mation result can be further written as:

TCt,n'm' - z-Ct,n'm' +n n'm + nRt,n'm

Ct,n'm'? le,n'm = Z,:Rt (23)

Ny and Ry . denote the estimation error.

Before eliminating the radar signal, the following
approximation is obtained by using the method in
reference”:

e (KT, =T

Reun
sy (kT —

ck

Among them s\ () =0sp , (£)/ Ot denotes the

m R m (kT - TRI n'm nRr,n'm )

Rt n m) (24)
Rt,n'm

~

derivatives of s, (¢) with respect to ¢. Therefore,

according to formula (24), the interference of radar
signal in formula (6) is eliminated, the communica-
tion received signal vector can be obtained as:

c =T~ URISRI - URSR = UCISCI + U(TS(T + VRanz + o, (25)

From equation (25), it can be found that both s,

V'

and 5, in observation vector r'. contain useful
information of communication signal, so the mutual
information of communication of integrated system

can be calculated as:
MI=[(t,,5,.,5,) = H(r.\ = H (. '[3.,5,,)
= logdet{I +(V 0,V +QC) "0, 5.0 (26)
+0,5,0%+0,5.0.+0,.5, 0"

CYCt Ct™ Ct
H () denotes differential entrpy, O, = E{7i, iy } .

5. PERFORMANCE ANALYSIS

This section analyzes radar target detection and
communication mutual information of cooperative
MIMO integrated system through numerical simula-



tion. For the convenience of analysis, it is assumed
that the communication system has M. =2 trans-

mitting antenna and N, =3 receiving antenna, the

positions of transmitting station are (70,0) km and
(-70,0) km, and the positions of receiving station are
(65,24) km, (-54,50) km and (-12,-69) km respec-
tively. The number of transmitting antenna and re-
ceiving antenna of MIMO radar system are M, =2

and N, =3, the positions of transmitting station are
(0,70) km and (0,-70) km, and the positions of re-
ceiving station are (-41,57) km, (-28,-64) km and
(69,7) km respectively. Suppose the radar target
detection is located at (0.5,0.3) km. The orthogonal
frequency division multiplexing (OFDM) signal
transmitted by communication system can express
as:

N, /2-1

SCm‘(Z) — z am‘[n]ejzpanp7,,(t)

Let Af =125Hz,N, =6,T'=0.01s | It is as-

sumed that the transmission power of each commu-
nication transmission signal is the same, the covar-
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. . 2
iance matrix is expressed as . = o,/ .Radar system

transmits frequency spread Gaussian monopulse
signal, which is expressed as:

s, (1)=(2/T*)"* exp(—pt* | T*)e”*""™ (28)

Let Af =125Hz,T =0.0ls | The transmitting
power of each radar transmitting signal is the same.
The covariance matrix is expressed as Q, = o1 .The

total transmit power of cooperative MIMO radar
communication integrated system is expressed as F,
ratio assigned to the radar is set to
a ME,=Ea ,M_.E.=E(l-«a) .The ratio of
signal to clutter plus noise is defined as
SCNR =10log(E /o) .Let E =10*, SCNR = 5dB .

(1) Performance gain of radar target detection in
cooperative MIMO integrated system

Figure 2 shows the curve of radar target detection
probability changing with in two scenarios. The first
scenario (cooperation) considers the cooperation
between radar and communication system. The
second scenario (non-cooperative) considers the
situation that the radar in the integrated MIMO sys-
tem detects the target in the traditional way but does
not cooperate with the communication system. It can
be seen from the figure that the target detection

probability P, of cooperative integrated system is

always higher than that of non-cooperative inte-
grated system, which indicates that cooperation is
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helpful to improve the target detection performance
of radar. It can also be seen from the figure that with

the increase of the detection probability P, of the

two integrated systems will increase, but the detec-
tion performance gain brought by cooperation will be
smaller and smaller, which indicates that there is a
tradeoff between detection probability and perfor-
mance gain.
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Fig.2 Target detection probability PD versus o for cooperative

MIMO radar-communication systems

(2) Mutual information gain in cooperative
MIMO integrated system
Considering the above-mentioned integrated
MIMO system, the parameter setting is consistent
with the previous example. In addition, it is assumed
that the communication signal is a white Gaussian
distribution with correlation matrix

E{S.,.(KT)S, . (k'T)} = 09" Figure 3 shows the

curve of mutual information of communication
changing with in two scenarios. The first scenario
(cooperation) considers the cooperation between
MIMO communication and MIMO radar system in
the integrated system. The communication system
estimates the target parameters and makes use of the
echo of the communication target. The second sce-
nario (non-cooperative) considers that the MIMO
communication system in the integrated system does
not cooperate with the MIMO radar, but uses the
traditional way of communication. It can be seen
from the figure 3 that the mutual information of
cooperative situation is always larger than that of
non-cooperative situation, which indicates that co-
operation with radar system is helpful to improve
communication mutual information. At the same
time, it can be seen from the figure that with the
increase of @ mutual information and performance
gain gradually decrease.

Based on the comprehensive analysis of Fig.2 and
Fig.3, the cooperation between radar and commu-
nication in the integrated MIMO system can make



both radar and communication gain performance, but
there is a tradeoff between radar performance gain
and communication performance gain.

MI/bit

—%g— Cooperation
=—©— Non-Cooperation
|

0 0.2 0.4 0.6 0.8 1
«

Fig.3 MI versus o for cooperative MIMO radar-communication
systems

6. CONCLUSION

In this paper, the signal model of cooperative MIMO
radar communication integrated system is given, that is,
the target echo and direct wave from radar and commu-
nication transmission are considered at the receiving end.
On the radar side, the Cooperative integrated system is
equivalent to an active passive hybrid MIMO radar. The
target detection probability of the hybrid MIMO radar is
analyzed. In the communication end, using the shared
radar information, the communication echo can also be
used to extract useful communication information. This
paper deduces the mutual information to measure the
effectiveness of communication. In the numerical analy-
sis, the OFDM communication signal and frequency
extended Gaussian monopulse radar signal are consid-
ered. The simulation results show that the cooperation of
radar and communication in the integrated system can
significantly improve the performance of radar and
communication, and the analysis shows that there is a
tradeoff between the performance of radar and commu-
nication in the cooperative integrated system, which will
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shed light on future research on system-level optimiza-
tion strategies.
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