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Abstract

The increasing interest on spectrum resources causes various efforts on developing smart and compact solutions as joint radar-
communication (JRC) systems. A JRC system can offer cost-effective solution with concurrent operation, as target sensing via
radar processing and establishing communication links. JRC capability has been proposed over the years for different types of
MIMO radars. However, a JRC capable monostatic coherent MIMO radar system is yet to be developed. These radars offer several
advantages as fully coherent signal processing and coherent transmit beamforming which provides beampatterns to minimize prob-
ability of intercept. In this paper, two new waveform generation techniques suitable for JRC operation without disturbing transmit
beamforming requirements and waveform orthogonality condition in space and time domain are proposed for monostatic coherent
MIMO radars. Then, new communication methods are introduced for phase coded monostatic coherent MIMO radars. First method
uses chirp-wise information encoding inside the radar pulse as intra-pulse communications. Second rotates the phase of a specific
waveform on radiated symbols to a specific direction and the last method applies a small amount of progressive phase shift to
the radar waveforms emitted from the antennas to create relative phase modulation between selected radar waveforms. Then, the
performance of the proposed communication techniques are investigated in terms of bit error rate (BER) and generated waveforms
are examined according to the orthogonality and transmit beamforming requirements.

Keywords: Joint Radar-Communication, Coherent MIMO Radar, Orthogonal Waveform Generation.

1. Introduction

Recently, a huge attention is attracted to the concept of in-
tegrating communication and radar missions within the same
waveform. A JRC system can provide cost-effective platform
solution with simultaneous operation, i.e. environment sensing
via radar processing and establishment of communication links.

Several JRC techniques are proposed over the years for dif-
ferent types of radars with different topologies [1]. The oldest
technique is embedding information into radar chirps which has
been studied in [2, 3]. In these methods, the information sym-
bols can be transmitted to the direction of interest via emitting
one waveform during each radar pulse from a group of predeter-
mined waveforms. However, changing the emitted radar wave-
form from pulse to pulse may affect the primary radar operation
in its coherent processing interval (CPI).

Various JRC methods for phased array radars which ex-
ploits the time modulated arrays (TMA) approach for ampli-
tude modulation (AM), phase-shift-keying (PSK) and quadra-
ture AM (QAM) based information embedding were proposed
and named as Dual-Function Radar-Communication (DFRC).
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Firstly proposed DFRC system is introduced for phased array
radars with AM [4, 5]. To provide variations in the sidelobe
levels (SLLs) towards the communication direction, each phase
of the transmit array of the phased array system is manipulated
from pulse to pulse basis. For each pulse, the receiver only
detects the amplitude of the received signal with comparing to
a threshold and decipher the transmitted bit sequence. Phased
array radar systems are considered to be single-input single-
output (SISO) systems. On the other hand, for multiple-input
multiple-output (MIMO) radars, transmit beamforming vectors
each assigned to a orthogonal waveform can be utilized for
reach more data rate. In this concept, radiated signal towards
communication receiver from the MIMO radar aperture is mod-
ulated in a coherent or non-coherent manner. Information can
be broadcasted or transmitted to a single or multiple direction.

In [6], a sidelobe amplitude shift keying (ASK) based MIMO
DFRC system with dual-level amplitude control was intro-
duced. Each bit is assigned to one orthogonal waveform.
The information is modulated coherent manner, hence the re-
ceiver needs a channel estimation process to specify an effec-
tive threshold. Then, non-coherent sidelobe ASK based MIMO
DFRC system is proposed in [7]. In this work, two orthogonal
waveforms are dedicated to delivering one bits of information.
Then, receiver decides corresponding bit via comparing the ra-
tio of the matched filter outputs of the related orthogonal wave-
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forms. Moreover, a comprehensive overview of the information
embedding techniques for the DFRC methods are given in [8].
One more sidelobe ASK based method proposed in [9]. In this
work, a single dual orthogonal waveform is utilized for non data
aided channel estimation process to form a threshold level un-
der fading channel conditions. However, all of these sidelobe
ASK based MIMO DFRC systems have some limitations that
the communication receivers must be outside the radar main-
lobe, which are not guaranteed in real world applications and
their data rate is low.

Coherent [10, 11] and non-coherent [11, 12] PSK based
MIMO DFRC methods for embedding information into the
radar emission were recently proposed. During each radar
pulse, the PSK based method embeds information using one
phase symbol into the radar emission toward the communica-
tion angle. At the receiver, a phase detector is used to detect the
embedded symbol using the outputs of the matched filters of the
waveforms. Then, the receiver interprets the corresponding bit
sequence. Unlike the sidelobe ASK based methods, PM-based
DFRC methods are well suited for both directional communi-
cations and also broadcasting.

Recently, a sidelobe QAM based DFRC system is introduced
in [13] for multiple antenna sub-arrays. Each sub-array is ca-
pable of transmitting an orthogonal waveform. In this work, if
the communication receiver is in the radar sidelobe, informa-
tion embedding is done with a novel QAM symbol mapping.
However, if the receiver in mainlobe, then, non-coherent PSK
based MIMO DFRC system is utilized. Using this QAM sym-
bol constellation, although radar waveforms with medium pulse
repetition frequency are used, high data rates seem achiev-
able. Higher data rates are also achieved via another technique
called far-field radiated emission design (FFRED) detailed in
[14, 15]. In this technique, the radar beam and the communi-
cation beam are in different directions. Hence, the transmitted
power is smartly shared between radar and communication pur-
poses, hence a loss in transmit power is occurred.

All of these techniques are investigated and evaluated so far
under the main assumption that the transmitting radar wave-
forms are completely orthogonal to each other. None of them
considers waveform design. Besides, perfectly orthogonal
waveforms are hard to achieve. According to the recent re-
search in [16], it is possible to find waveforms which satisfy al-
most orthogonality in time domain and transmit beamforming
constraint in space domain simultaneously for a phase coded
monostatic coherent MIMO radar structure. Monostatic coher-
ent MIMO radars have several advantages over other types of
MIMO radars. Hence, fully coherent signal processing can be
feasible when element spacing comparable with wavelength.
Moreover, coherent transmit beamforming offers beampatterns
with nulls in certain directions to minimize probability of in-
tercepting from reconnaissance receiver and lower the radiation
from an interference or clutter.

In this work, first, MIMO radar waveform coding technique
in [16] is modified for establishing more stable communication
channel. Then, information embedding is realized for coher-
ent MIMO radar without disturbing the orthogonality and trans-
mit beamforming requirements. Three different communication

Table 1: List of major symbols and notations

M Number of MIMO radar antenna element
L Number of sub-pulse in a radar pulse
s M × 1 transmit signal vector
y Received signal at the communication receiver
yb Baseband received signal at the communication receiver
Pt Total transmit power budget
fc Carrier signal frequency
ul 1 × M transmit beamforming vector of the sub-pulse l
wm L × 1 phase-coded orthogonal waveform from m-th antenna element
Φ L × M space-time phase coding matrix

Φ̂(θ) L × M corrected space-time phase coding matrix towards θ
θc Communication receiver direction
θn Null direction towards target or clutter

atr(θ) M × 1 steering vector of the transmit array towards θ
Gl(θ) Radiated signal towards the direction of θ
β(r) Channel coefficient between MIMO array and receiver
Θ Spatial sector where main radar operation takes place
Θ̄ Out-of-sector region of Θ

ε Positive number that specifies maximum null level
ε̂ Positive number that specifies relaxed null level
∆ Positive number that defines communication pre-distortion level

DPS K M-PSK communication symbol dictionary
χk Phase symbol from the dictionary DPS K

(.)∗ Complex conjugate operator
(.)† Complex conjugate transpose operator

methods are proposed. In the first method, information symbols
are embedded into radar waveforms without any decrease on or-
thogonality and they are transmitted only to a direction of inter-
est. This method may provide thousands of bits per radar pulse.
However, radar waveforms emitted from each MIMO antenna
are revised by information, pulse by pulse. Hence, inter-pulse
coherency may be limited using this method. Second method
rotates the phase of a predetermined information vector which
is only visible at communication direction. The phase of the in-
formation vector is modulated for each radar pulse for commu-
nication purposes and information bits are buried into transmit
radiation pattern. Last method exploits the progressive phase
difference between orthogonal waveforms emitted from the first
and the last antenna element caused by a small degrees of steer-
ing on transmit beampattern. Last two methods aim to provide
transparency over radar sensing operations and fully inter-pulse
coherent processing can be applied. For this purpose, all radar
waveforms emitted from antenna elements are preserved over
each coherent processing interval (CPI) and the antenna loca-
tions of the emitting waveforms are remained the same. How-
ever, data rate is limited to a single symbol per pulse. For
each radar pulse, both methods embed only one communica-
tion symbol during the operation and only the second method is
requires coherency between JRC enabled transmitter platform
and the receiver.

The remainder is organized as follows. Firstly, the signal
model is given in Sec. II. Then, the space-time waveform cod-
ing and orthogonality for communication is detailed in Sec. III
and the proposed information embedding methods are intro-
duced in Sec. IV. Sec. V provides the performance evaluation
results. Lastly, conclusions are discussed in Sec. VI. For ease
of exposition, the major notations used throughout this paper
are listed in Table 1.
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2. Signal Model

JRC system is equipped with M MIMO radar antennas
aligned as a uniform linear array (ULA). In the array, each el-
ement has an isotropic radiation pattern with spacing distance
of d in terms of a wavelength as shown in Fig. 1. Also, each
of the antenna element in a MIMO array has a capability trans-
mitting distinct phase coded quasi-orthogonal waveforms at the
same carrier frequency. Although, there are several techniques
for generating orthogonal MIMO radar waveforms, phase cod-
ing is the simplest one to implement. Therefore, phase coding
method is considered for designing orthogonal waveforms in
this work.

M × 1 transmit signal vector during the l-th sub-pulse of the
r-th radar pulse is,

s(t; r; l) = u†l (r)sc(t), l = 1, 2, ..., L, (1)

where r and l are the radar pulse and sub-pulse index, respec-
tively and t is the fast time index, (.)† stands for the com-
plex conjugate transpose and carrier signal can be given as
sc(t) =

√
Pt/Me j2π fct where Pt is the total transmit power bud-

get and fc is the radar carrier signal. Then, ul is the 1 × M
transmit beamforming weight vector of the sub-pulse l as,

ul = [e jϕ1(l), e jϕ2(l), ..., e jϕM (l)], l = 1, 2, ..., L, (2)

where ϕm(l) is the phase of the sub-pulse l from the antenna ele-
ment m. For the simplicity, we can ignore the carrier frequency
component, hence it does not have any affect on the final result.
Then, transmitted phase coded orthogonal waveform from m-th
antenna element for each radar pulse is given as,

wm(t) =

L∑
l=1

Rect
[
t − (l − 0.5)τ

τ

]
wl

m,

m = 1, 2, ...,M,

(3)

where τ is the coded waveform sub-pulse duration, wl
m be the

l-th sub-pulse of the coded waveform for all radar pulses in a
coherent processing interval from the antenna element m, and
Rect(.) is the unit rectangular function as,

Rect(t) =

1, 0 ≤ t ≤ τ
0, otherwise

. (4)

The M×1 transmitted phase coded orthogonal waveform vector
w(t) can be written as,

w(t) = [w1(t),w2(t), ...,wM(t)]T , (5)

from (2), orthogonal phase coded waveform can also be repre-
sented as a vector,

wm = [e jϕm(1), e jϕm(2), ..., e jϕm(L)]T ,m = 1, 2, ...,M. (6)

For each radar pulse, L×M space-time phase coding matrix for
M antennas and L sub-pulses can be given as,

Phase-Match RF Feeding Network

sc(t) =
p

Pt=Mej2πfct

e
j&

Information Embedding Block

e
j'1 e

j'2 e
j'3 e

j'4 e
j'M

......

Communication Receiver

Target

Antenna
Pattern

1
d

2 3 4 M

θn

θc

Fig. 1: JRC enabled Coherent MIMO radar transmitter architecture.

Φ =6 Φ =


6 u1
6 u2

...
6 uL

 =


6 w1
6 w2

...
6 wM


T

=


ϕ1(1) ϕ2(1) ... ϕM(1)
ϕ1(2) ϕ2(2) ... ϕM(2)

...
...

...
...

ϕ1(L) ϕ2(L) ... ϕM(L)

 ,
(7)

where 6 is the phasor angle function. It should be noted that,
there is a relation between wm and ul, as wl

m = um
l . Then, each

phase coded waveform waveform is normalized to have unit
power, i.e.

∫
TPW

|sm(t; r; l)|2dt = 1 for m = 1, ...,M, where TPW =

τL is the radar pulse width.
At the receiver side, a single omni-directional antenna ele-

ment is connected to a communication receiver located in di-
rection θc, which is assumed to be known from the receiver. Be-
sides, JRC enabled communication receiver must be equipped
with a matched filter. The received signal at the communication
receiver for sub-pulse l can be expressed as,

y(t; r; l) = β(r)aT
tr(θc)s(t; r; l) + η(t; r; l), (8)

where atr(θc) is the M × 1 steering vector of the transmit ar-
ray toward the spatial angle θc, β(r) is the channel coefficient
which reflects the propagation gain between the transmit coher-
ent MIMO array and the communication receiver during the rth
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pulse. It is assumed that the channel is same during the radar
pulse. Then, η(t; r; l) is the additive white Gaussian noise with
zero mean and variance σ2

N . The baseband received signal for
sub-pulse l can be written as,

yb(t; r; l) = β(r)
√

Pt/MaT
tr(θc)u†l (r) + η̂(t; r; l), (9)

and,
atr(θ) =

[
1, e− j2πd sin(θ), ..., e− j2π(M−1)d sin(θ)

]T
(10)

where η̂(r) is the noise at the output of the matched filter whose
variance is the same as that of η(t; r) and (.)T stands for the
transpose operations. Pt is selected as M for the rest of the
paper. Then, the baseband signal for radar pulse r can be ex-
pressed as,

yb(t; r) = β(r)
L−1∑
l=0

Rect
[
t − (l + 0.5)τ

τ

]
Gl(θc) + η(t; r), (11)

where Gl(θc) = aT
tr(θc)u†l (r) = u∗l (r)atr(θc) and (.)∗ is the

conjugate operation. Using information embedding strategies
via manipulating transmit signal vector s(t; r), communication
symbols can be buried into the radar signal.

3. Space-Time Waveform Coding and Orthogonality For
Communication

While satisfying the transmit beamforming requirements in
space domain, we must ensure waveform orthogonality be-
tween MIMO antenna elements in time domain. More to these,
for robust communication purposes more requirement must be
added. Then, two different methods are proposed based on the
technique in [16]. In each method, each row of (7) is derived it-
eratively using the phases of the first sub-pulse transmit weight
vector u1. Please note that, these methods must be operated in
offline.

In order to comply communication requirements, first, trans-
mit beamforming vectors, u, must be smartly selected to satisfy
to focus the transmit power within the radar main beam or deep-
est nulls in certain directions, while keeping the sidelobe levels
deviates under a certain value.

3.1. Transmit Beamforming Design
We have considered the most practical transmit beamforming

requirement as one null in an arbitrary direction θn in which a
target, clutter or a another radar could be located. Off-line meth-
ods in the literature generally uses genetic algorithms (GA)
[6, 7]. We have also used GA algorithms to form first sub-pulse
transmit weight vector u1 in off-line solving the following opti-
mization problem using phase-only synthesis,

min
uk

max
θ

1 − |u∗katr(θ)|
 , θ ∈ Θ̄, (12)

s.t.
∥∥∥u∗katr(θn)

∥∥∥ ≤ ε, θn ∈ Θ, (13)

where uk be the 1×M transmit beamforming weight vectors for
first sub-pulse, Θ is the spatial sector for the desired null and θn

1 2 3 M

d

'1(1) '2(1) '3(1) 'M (1)......
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Fig. 2: Space-Time Code Matrix

is the desired null direction. Θ̄ represents out-of-sector region
of the null sector Θ and ε is a positive number that specifies
maximum null level.

In order to avoid nulls at communication direction θc out-
side the null sector, several beam-patterns may be synthe-
sized for effective JRC operation using the GA based off-line
method. Then, according to the required communication direc-
tion, the first sub-pulse transmit weight vector u1 is selected as
maxuk

∥∥∥u∗katr(θc)
∥∥∥. Communication direction is assumed to be

constant in each coherent processing interval, and can change
in the next CPI.

3.2. Null Direction Fixed Waveform Coding

First method aims to fix the radiation signal at null direction
using the technique in [16, 17]. This technique promises no
guarantee that secures higher signal levels for the communica-
tion direction. The technique in [16, 17] fixes the null location
at θn by modifying ul in (2) as,

ul+1 =


e[ϕI1 (l)+2π(1−I1)d sin θn]

e[ϕI2 (l)+2π(2−I2)d sin θn]
...

e[ϕIM (l)+2π(M−IM )d sin θn]


T

for l = 2, 3, ..., L, (14)

where ul+1 be the modified version of transmit beamforming
weight vectors for the lth sub-pulse, {I1, I2, ..., IM} are the in-
dexes of a random permutation sequence of {1, 2, ...,M} and
ϕIm (l) is the new phase component of the m-th antenna element
for the l-th sub-pulse. The radiated signals of ul and ul+1 at θn

can be given as,

Gl(θn) =[e jϕ1(l), e jϕ2(l), ..., e jϕM (l)]

×
[
1, e− j2πd sin(θn), ..., e− j2π(M−1)d sin(θn)

]T

=

M∑
m=1

e j[ϕm−2π(m−1)d sin θn] =

M∑
m=1

e j[ϕm−%(m−1)],

(15)
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Gl+1(θn) =


e j[ϕI1 (l)+2π(1−I1)d sin θn]

...
e j[ϕIM (l)+2π(M−IM )d sin θn]


T

×
[
1, e− j2πd sin(θn), ..., e− j2π(M−1)d sin(θn)

]T

=

M∑
m=1

e j[ϕIm−2π(Im−1)d sin(θn)] =

M∑
m=1

e j[ϕIm−%(Im−1)],

(16)

where % = 2πd sin θn. Hence, the expression
∑M

m=1 e j[ϕm−%(m−1)]

is equal to the
∑M

m=1 e j[ϕIm−%(Im−1)], it is clear that the radiation
at θn is the same for ul and ul+1.

After each permutation on phases of all antenna elements,
in order to avoid nulls or small signal levels at communication
direction, the radiated signal |Gl+1(θc)| is examined that it is in
the ±∆dB neighborhood of |G1(θc)|. This constraint is given as,

|G1(θc)|
∆

≤ |Gl+1(θc)|≤ ∆|G1(θc)|, (17)

where l = 2, ..., L − 1, ∆ is a positive number which is defined
as communication pre-distortion level. Note that, ∆ is equal to
10 log10 ∆. (17) can be rewritten as,

1/∆ ≤
|u∗l+1atr(θc)|
|u∗1atr(θc)|

≤ ∆. (18)

If (18) not satisfied, permutation is repeated. The search is con-
tinued as updating l <= l + 1, until to reach the last sub-pulse,
when (18) is met. Then, L×M space-time phase coding matrix
for M antennas and L sub-pulses in (7) is formed. It should be
noted that, setting a smaller pre-distortion level causes extended
search times for successive transmit beamforming patterns, al-
though it improves the communication performance.

In order to emit communication symbol with fixed phase to
the communication direction via beamforming, also the phase
response must be corrected before information embedding. For
the correction, (7) can be re-written as,

Φ̂(θc) =diag{ς(θc)}Φ

=


1 0 ... 0
0 e jς(2) ... 0
...

...
...

...
0 0 ... e jς(L)



u1
u2
...

uL



=


u1

e jς(2)u2
...

e jς(L)uL

 =


ς � w1
ς � w2

...
ς � wM


T

,

(19)

where � is the Hadamard element-wise product, ς is a correc-
tion vector and diag{ς} is the L× L diagonal matrix whose enti-
ties are the elements of the vector ς. Also the correction vector
ς can be given as,

ς(θc) = [1, e jς(2), ..., e jς(L)]T , ς(l) = 6 G1(θc) − 6 Gl(θc) (20)

for l = 2, ..., L.

3.3. Communication Direction Fixed Waveform Coding

Apart from the first method, second method aims to fix the
radiation signal at communication direction via modifying the
θn to θc in (14) as,

ul+1 =


e[ϕI1 (l)+2π(1−I1)d sin θc]

e[ϕI2 (l)+2π(1−I2)d sin θc]
...

e[ϕIM (l)+2π(1−IM )d sin θc]


T

, (21)

then, after each permutation on phases at antenna elements, re-
sulting beam pattern is examined until the condition below,∥∥∥u∗l+1atr(θn)

∥∥∥ ≤ ε̂, θn ∈ Θ, (22)

where ε̂ is a positive number and named as relaxed null level
constant. If (22) not satisfied, permutation is repeated. This
process is continued as updating l <= l + 1 to reach last, L-th
sub-pulse. Then, L × M space-time phase coding matrix for M
antennas and L sub-pulses in (7) is formed.

However, if ε̂ close to ε in (13), it becomes harder to find
L number of beamforming vector which has deep null at θn as
vector u1. Therefore, we must loose the null requirement to find
more beamforming vector as ε̂ = εδ. δ is a positive number that
specify the difference from the desired null.

4. Proposed Information Embedding Methods

In this section, three different information embedding meth-
ods for JRC enabled coherent MIMO radars are detailed. In the
first communication technique, information symbols are em-
bedded into all orthogonal waveforms as intra-pulse commu-
nications. Thus, radar waveforms are modified by information
vector for each radar pulse, hence inter-pulse coherency will
be limited. Last two methods aim to provide transparency over
radar sensing operations. For this purpose, all radar waveforms
are preserved over each CPI and emitting antenna locations are
remained same. For each radar pulse, both methods embed only
one communication symbol during the operation. Information
bits are buried into radiation pattern for the second method and
buried into dual waveform via M-ary phase-shift keying (M-
PSK) technique.

4.1. Intra-Pulse Directional Communication

The first method exploits the phase stability of the radiation
towards the communication direction θc which is detailed in
Sec. 3.2 and Sec. 3.3. These techniques offer a stable com-
munication channel for a specific direction. Then, using this
channel each sub-pulse can be modulated with differential M-
PSK technique as long as it does not violate the space-time or-
thogonality condition between MIMO radar waveforms.

Let K bits of information is embedded for each radar sub-
pulse l via rotating the phase of the transmit beamforming vec-
tor ul in (2), using the phase symbol χk from the M-PSK com-
munication dictionary DPS K =

{
0, 2π

K , ...,
(K−1)2π

K

}
. Then, the

modulated transmit beamforming vector û can be given as,
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ûr,l =


ul for l = 1
e jγk(r;1)ul for l = 2
e j(γk(r; j−1)+γk(r; j))ul for l = 3, ..., L

, (23)

where j = 1, ..., L − 1 and γk(r; j) is the phase symbol for
the l-th sub-pulse of the r-th radar pulse. After the radiated
signal reached to the communication receiver omni-directional
antenna, the baseband received signal (9) for l-th sub-pulse be-
comes,

yb(t; r; 1) =β(r)û∗r,latr(θc) + η(t; r; 1)

=β(r)u∗l atr(θc) + η(t; r; 1)
=β(r)G1(θc) + η(t; r; 1)

(24)

yb(t; r; 2) = β(r)e jγk(r;1)G2(θc) + η(t; r; 2) (25)

yb(t; r; l) = β(r)e j(γk(r; j−1)+γk(r; j))Gl(θc) + η(t; r; l)
for l = 3, ..., L,

(26)

and Gl(θc) is equal to G1(θc) for the null direction fixed wave-
form coding method detailed in Sec. 3.2. The receiver estimates
the phase symbol as,

χ̂k(r, j) =

angle
(

yb(t;r;2)
yb(t;r;1)

)
for j = 1

angle
(

yb(t;r;l)
yb(t;r;l−1)

)
for j = 2, ..., L − 1

, (27)

where l = 3, ..., L. Then, the embedded binary sequence can
be deciphered by comparing yb(t; r; l) signals which is obtained
from (27) to the phase dictionary DPS K . Note that, this com-
munication technique does not require coherency between the
transmit MIMO array and the receiver. It is only assumed that
the channel constant β(r) is constant during the two consecutive
sub-pulse.

4.2. Code-Driven Secure Communication
The second method is using coherent MIMO radiation pat-

tern for communication and encodes it via an information vec-
tor during each radar pulse. Then, the phase of the encoded
vector is rotated pulse by pulse for communication purposes.

After ensuring the orthogonality and communication stabil-
ity at communication direction via space-time waveform coding
techniques in Sec. 3.2 and Sec. 3.3, a pseudo-random coded
communication vector γ embedded into all orthogonal wave-
forms and then this communication waveform is phase modu-
lated and becomes γk via phase rotation of all waveforms wm.
The space-time phase coding matrix is modified with pseudo-
random coded communication vector as,

Φ̂r(θc) = diag{γk(r)}Φ̂(θc), (28)

where γk is the L×1 information encoded communication sym-
bol vector and can be given by,

γk(r) =e jχk(r)γ

=e jχk(r)[γ(1), γ(2), ..., γ(L)]T ,
(29)

where χk is the phase symbol from the M-PSK communication
dictionary DPS K when log2 K bits of information is embedded
for each pulse. Hence, γk is the phase rotated version of com-
munication vector γ. If the modified space-time coding matrix
Φ̂r(θc) is used for radar operation, radiated signal towards com-
munication direction can also be represented as,

ŝr =Φ̂r(θc)atr(θc)

=diag{γk(r)}Φ̂(θc)atr(θc)

=diag{γk(r)}[Ĝ1(θc), Ĝ2(θc), ..., ĜL(θc)]T

=e jχk(r)[Ĝ1(θc)γ(1), Ĝ2(θc)γ(2), ..., ĜL(θc)γ(L)]T

(30)

where Ĝl(θc) is equal to G1(θc) for communication direction
fixed technique and |Gl(θc)|/G1(θc) for null direction fixed tech-
nique. Then, ŝr can be rewritten as,

ŝr = e jχk(r)γG1(θc), (31)

and if the technique in Sec. 3.2 is applied for space-time wave-
form coding, a distorted version of the communication vector γ
is used and it can be given as,

γ =

[
γ(1),

|G2(θc)|
G1(θc)

γ(2), ...,
|GL(θc)|
G1(θc)

γ(L)
]T

. (32)

After the radiated signal reached to the communication receiver,
the baseband received signal for l-th sub-pulse becomes,

yb(t; r; l) = β(r)e jχk(r)γ(l)u∗r,latr(θc) + η(t; r; l), (33)

then, for the r-th radar pulse,

yb(t; r) =β(r)e jχk(r)G1(θc)
L−1∑
l=0

Rect
[
t − (l + 0.5)τ

τ

]
γ(l + 1)

+ η(t; r)

=β(r)e jχk(r)G1(θc)α(t) + η(t; r),
(34)

where α(t) =
L−1∑
l=0

Rect
[

t−(l+0.5)τ
τ

]
γ(l + 1) is the coded commu-

nication waveform during radar pulse. The baseband received
signal is passed through the matched filter of α(t) and the output
is written as,

ŷb(r) = β(r)e jχk(r)G1(θc) + η̂(r), (35)

where η̂(r) is the noise at the output of the matched filter whose
variance is the same as that of η(t; r).

In practice, pilot and training sequences can be periodically
transmitted to revise the estimated channel response. Then, us-
ing this training operation the system can provide phase syn-
chronization between the coherent MIMO array and the com-
munication receiver. Thus, let us assume that the channel is
estimated correctly. In order to detect the embedded communi-
cation symbol χk, the receiver estimates the phase in (35) with
the perfect knowledge about the channel response β and with
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the prior knowledge of G1(θc). Then, χk(r) is estimated via cal-
culating the angle as,

χ̂k(r) = 6 ŷb(r) − 6 β(r) − 6 G1(θc). (36)

Perfect phase synchronization between the JRC enabled radar
platform and the communication receiver is required to reach
accurate deciphering of symbols.

The communication vector appears only for the direction θc

and also the receiver needs to have communication vector be-
fore the matched filtering operation. Therefore, this makes cor-
responding operation is directional and secure. However, this
communication operation requires coherency between JRC en-
abled coherent MIMO platform and the receiver. On the other
hand, θc can be estimated at the communication receiver by cal-
culating the time difference of arrivals (TDoA) of waveforms
emitted from first and M-th antenna. There are several TDoA
techniques in the literature, hence, the details of the TDoA al-
gorithm is out of the scope of this paper.

4.3. Null-Jitter Dual-Waveform Broadcast
Since MIMO radar target sensing is not affected by the

transmitted waveforms and transmit beampatterns with virtual
beamforming at the coherent MIMO radar [16], we can slightly
steer the transmit beampattern even if small increase on the null
level at the target direction θn. The progressive phase difference
between orthogonal waveforms emitted from the first and the
M-th antenna caused by steering can be used for information
embedding similar as in [10].

Let χ∆k (r) is a phase symbol which is used for the rotation
of waveforms emitted from the first and the last antenna ele-
ment, w1 and wM . Phase symbol χ∆k (r) can be selected from
a predefined dictionary D∆ when log2K bits of information is
embedded for each pulse.

Let us steer the space-time phase coding matrix as θ∆k ∈

[−θ∆,+θ∆) which results a progressive phase difference χ∆k (r)
between the orthogonal waveforms from w1 to wM ,

θ∆m
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Fig. 3: Transmit patterns when beam steering for Null-Jitter Dual Waveform
Broadcast is applied.

Φ̂c(r) =ΦΥ(r)
=[w1,w2, ...,wM]diag{υ(r)}

=


w1
w2
...

wM


T 

1 0 ... 0
0 e− j(χ∆k (r)/(M−1)) ... 0
...

...
...

...
0 0 ... e− jχ∆k (r)



=



w1

e− j(χ∆k (r)/(M−1))w2

e− j(2χ∆k (r)/(M−1))w3
...

e− jχ∆k (r)wM



T

=


υ(r) � u1
υ(r) � u2

...
υ(r) � uL

 =


ū1
ū2
...

ūL

 ,

(37)

where υ(r) = [1, e
− j

(
χ∆k

(r)

(M−1)

)
, ..., e− jχ∆k (r)]T , Υ(r) is M×M diagonal

matrix of υ(r) and ūl is the null shifted version of ul. As seen on
(37), all the orthogonal waveforms, wm, are only phase rotated
and all of the transmit beamforming vectors, ul, are affected by
a progressive phase shift vector υ(r).

We try to shift the null of ul as θ∆k via applying the progres-
sive phase shift vector υ(r) to ul. Thus, the radiation of ul to-
wards the θn is equal to the radiation of ūl towards the direction
of θ̄n = θn + θ∆k as in Fig. 3 as,

Gl(θn) = u∗l atr(θn) = Ḡl(θ̄n) = ū∗l atr(θn + θ∆k ) = ε (38)

Gl(θn) =[e jϕ1(l), e jϕ2(l), ..., e jϕM (l)]

×
[
1, e− j2πd sin(θn), ..., e− j2π(M−1)d sin(θn)

]T

=

M∑
m=1

e j[ϕm−2π(m−1)d sin θn] = ε

(39)

Ḡl(θ̄n) =


e jϕ1(l)

e
j
[
ϕ2(l)−

(
χ∆k

(r)

(M−1)

)]
...

e j[ϕM (l)−χ∆k (r)]



T

×
[
1, e− j2πd sin(θ̄n), ..., e− j2π(M−1)d sin(θ̄n)

]T

=

M∑
m=1

e
j
[
ϕm−2π(m−1)d

[
sin θ̄n+

χ∆k
(r)

2π(M−1)d

]]
= ε,

(40)

and the following equation must hold:

sin θn = sin θ̄n +
χ∆k (r)

2π(M − 1)d
. (41)

Then, from (41) the phase symbol χ∆k (r) becomes,

χ∆k (r) = 2π(M − 1)d
[
sin θn − sin θ̄n

]
, where

χ∆k ∈ [µπ [sin θn − sin (θn + θ∆)] ,
µπ [sin θn − sin (θn − θ∆)])

,
(42)
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p ≥
K−1

K

−π +
(2K−1)π

K
−π + π

K

2π
K

0

(K−1)2π
K

π

(a)

pπ−pπ

2pπ

K−1

0

π

p <
K−1

K

2pπ

K−1

(b)

Fig. 4: M-PSK Symbol Constellation when (a) p ≥ K−1
K , (b) p < K−1

K for
Null-Jitter Dual Waveform Broadcast

and θ∆ is a null jitter angle limit which is a positive angle in
radian and µ is a positive constant and equal to 2d(M−1). Then,
the phase symbol χ∆k (r) can be selected from a range as,

χ∆k (r) ∈ [−pπ, pπ),

and p =

1 if f (θn, θ∆m ) ≥ 1
µ

µ f (θn, θ∆) if f (θn, θ∆m ) < 1
µ

(43)

where p is a reducing factor constant in a range (0, 1] and
f (θa, θb) = [sin θa − sin (θa − θb)]. Hence, θ∆m is the maximum
steering angle limit which satisfy the condition,∥∥∥u∗l atr(θ)

∥∥∥ ≤ ε̂ jt, θ ∈ [θn − θ∆m , θn + θ∆m ), (44)

for l = 1, ..., L and where ε̂ jt maximum applicable null level
required for the low probability of intercept by the target recon-
naissance receiver at θn. In practice, for small values of θ∆m , it
is possible to reach closer to the maximum null level ε in (13).

From (43), when p ∈ [ K−1
K , 1], the symbol constellation spans

full scale as [−π, π) and traditional M-PSK symbol mapping can
be applied in Fig. 4(a). However, if θ∆m is smaller than 1/µ, the
communication becomes reduced M-PSK by factor of p simi-
lar to the method in [19]. The reduced symbol constellation is
given in Fig. 4(b). For larger MIMO arrays, larger distance d
or large number of antenna elements M, the symbol constella-
tion can easily span to a full scale. Then, the M-PSK dictionary
becomes,

D∆ =


{
−π + π

K ,−π + 3π
K , ...,−π +

(2K−1)π
K

}
, p ≥ K−1

K{
−pπ,−pπ +

2pπ
K−1 , ..., pπ

}
, p < K−1

K

. (45)

Using (37), the jitter-wise steered rotated set of orthogonal
waveforms can be expressed as,

scom(t; r) = w(t)Υ(r). (46)

When the radiated signal reaches to the communication receiver
at θc which is equipped with omni-directional antenna, the base-
band received signal from (11) for r-th radar pulse becomes,

yb(t; r) =β(r)aT
tr(θc)scom(t; r) + η(t; r)

=β(r)aT
tr(θc)


w1(t)

e− j(χ∆k (r)/(M−1))w2(t)
...

e− jχ∆k (r)wM(t)


T

+ η(t; r).

(47)

At the receiver, yb(t; r) is applied to the matched filters of w1(t)
and wM(t). Then, the output of the matched filters can be given
as,

ŷ1
b(r) =β(r)

1 +

M∑
m=2

e− j(m−1)
χ∆k

(r)

(M−1) e− j2π(m−1)d sin(θc)ξ1
m


+ η̂1(r)

(48)

ŷM
b (r) = β(r)

[
e− jχ∆k (r)e− j2π(M−1)d sin(θc)

]
+ β(r)

M−1∑
m=1

e− j(m−1)
χ∆k

(r)

(M−1) e− j2π(m−1)d sin(θc)ξM
m

 + η̂M(r)
(49)

where η̂m(r) is the noise at the output of the m-th matched
filter whose variance is the same as that of η(t; r) and ξm

q =∫ ∞
−∞

wq(τ)hm(t − τ)dτ is the m-th waveform matched filter out-
put of the q-th waveform.

Since, coding waveforms are pseudonoise like signals, any
two longer coded waveforms emitted from antenna elements are
nearly orthogonal due to their relatively small cross-correlation
residues, hence we can write as ξm

q ≈ 0,when m 6= q. Then, the
output of the matched filters becomes,

ŷ1
b(r) = β(r) + η̂1(r) (50)

ŷM
b (r) = β(r)e− jχ∆k (r)e− j2π(M−1)d sin(θc) + η̂M(r). (51)

To detect the embedded communication symbols, the receiver
estimates the phase difference between the output of the
matched filter of w1(t) in (50) and wM(t) in (51) as,

χ̂k(r) = angle
 ŷ1

b(r)

ŷM
b (r)

 − 2π(M − 1)d sin(θc). (52)

Although this method does not require coherency between the
receiver and transmit MIMO array, the communication receiver
needs to knows its direction θc with respect to the coherent
MIMO radar transmit array and also, it must have a perfect
knowledge of the displacement between first to last element in
the transmit array (M − 1)d. Thus, the communication receiver
is able to remove the phase term 2π(M − 1)d sin(θc) while de-
tecting the embedded phase symbol χ∆k .

4.3.1. Off-line Symbol Constellation Reconstruction
If the radar waveform code length is not long enough, cross-

correlation residues may increase to a significant level which
may affect the symbol constellation. In that case, removing the
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Fig. 5: Transmit beampatterns of space-time phase coding waveform designed with technique in [16] with null at θn = 30◦ during time period of (a) first subpulse;
(b) second subpulse; (c) third subpulse; and (d) fourth subpulse and (e,f,g) whole radar pulse.

phase term 2π(M−1)d sin(θc) in (52) will not suffice to retrieve
symbols correctly. At this point, we have to find a way to cal-
culate new distorted symbol constellation.

Let’s assume that the receiver knows all transmitted MIMO
radar waveforms, communication direction θc and phase sym-
bol dictionary, then the new phase symbol constellation can be
estimated via preprocessing. This preprocessing can be done by
matched filtering the steered modulated signal scom(t), which
is ycr(t), in off-line manner. The resulting signal ycr(t) can be
given as,

ycr(t; χc; θc) =aT
tr(θc)scom(t; r)

=aT
tr(θc)


w1(t)

e− j(χc/(M−1))w2(t)
...

e− jχc wM(t)


T

,
(53)

where χc = {χ1
c , ..., χ

K
c } ∈ D∆. Then, using the matched filter

response of ycr(t) for each symbol in the dictionary, new phase
dictionary D̄∆ for each communication direction can be given
as,

D̄∆(θc) =

{
angle

(
ŷM

cr (χ1
c ; θc)

ŷ1
cr(χ1

c ; θc)

)
, ..., angle

(
ŷM

cr (χK
c ; θc)

ŷ1
cr(χK

c ; θc)

)}
, (54)

where ŷm
cr(χ

k
c; θc) is the output of the m-th waveform matched

filter of the signal ycr(t; χc; θc). Then, the embedded binary se-
quence can be deciphered according to the new phase dictionary
D̄∆(θc).

5. Performance Evaluation

In this section, simulation results are presented evaluating the
space-time waveform coding and orthogonality performance
for proposed methods in Sec. 3. Then, the communication
performance of the proposed methods detailed in Sec. 4 are
investigated in terms of bit error rate (BER).

A uniform linear transmit array with 16 antennas spaced with
0.57 of a wavelength is used at the simulations. During each
radar pulse, information bits are transmitted towards the com-
munication direction θc. For all evaluations, the communication
direction is selected as θc = −22◦, the null direction is selected
as θn = 30◦ and for each test, a sequence of 104 radar pulses
were transmitted to the channel, unless otherwise stated. In or-
der to reach results, a Monte Carlo approach has been used over
100 tests and all simulations are done in MATLAB.

5.1. Space-Time Waveform Coding Performance

We first study the performance of the proposed methods in
terms of level of fulfillment of the requirements about the trans-
mit beampattern, waveform orthogonality and total number of
permutation iteration needed to form all orthogonal waveforms.
Simulations are run for 128 subpulses and 16 antenna elements.

5.1.1. Transmit Beampattern
The proposed waveform design approaches for enabling JRC

are implemented based on a coherent MIMO radar in Fig. 5.
Using the GA based transmit beamforming technique explained
in Sec. 3.1, we reach the first transmit beamforming vector u1,
whose transmit beampattern is given in Fig. 5(a). Fig. 5(a)
shows the transmit beampattern of the designed waveform with
a design requirement of having a null at the broadside angle of
30◦. The null depth at the transmit beampatterns generated by
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Fig. 6: (a,b,c) is the transmit beampatterns of space-time coding waveforms designed with the null direction fixed waveform coding when ∆ = 1dB and (d,e,f) with
the communication direction fixed waveform coding when ε̂ = −40dB at angles θc = −22◦ and θn = 30◦.
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Fig. 7: Average transmit beampattern for null-jitter dual-waveform broadcast
method applied when ε jt = −40dB, θ∆m = 0.5 and θn = 30 degrees

the technique in [16] is about 55dB for each subpulses as in
Fig. 5. Hence, with the designed transmit beamforming vec-
tors MIMO radar antenna radiates almost no power in the null
direction θn.

All 128 transmit beampatterns of the space-time coding
waveforms designed with the technique in [16] is shown in Fig-
ures 5(e) to 5(g). We can easily see that the null requirement is
preserved during the whole radar pulse duration.

With the proposed techniques in Sec. 3.2 and Sec. 3.3, the
space-time coding waveforms are redesigned and their transmit
beampatterns are shown in Fig. 6, when the communication
angle is selected as θc = −22◦. For null direction fixed beam-
forming technique, communication distortion factor is selected

as ∆ = 1dB. Then, it can be noticed from the Fig. 6(b), there
is a small variation on the radiation towards the communication
direction, θc = −22◦. On the other hand, using the communica-
tion direction fixed beamforming technique the radiation level
is exactly preserved during the whole radar pulse in Fig. 6(e).
However, null depth varies below −40dB, when the relaxed null
level ε̂ is selected as −40dB.

Moreover, the average transmit beampattern is shown in Fig.
7 for null-jitter dual-waveform broadcast method is applied
with the parameters ε jt = −40dB, θ∆m is 0.5◦ and θn = 30◦.
From the figure, at least −40dB null level is preserved for the
time average over the radar pulse width TPW .

5.1.2. Waveform Orthogonality
In our work, the effect on the radar processing performance

of the proposed waveform generation techniques detailed in
Sec. 3 is analyzed in this section by inspecting the normalized
virtual beampatterns of generated waveforms using the VAB
technique in [18].

While satisfying a deep null at angle θn = 30◦ towards
broadside angle as a transmit beamforming requirement, emit-
ted waveforms from MIMO antenna elements needs to be or-
thogonal in the time domain. Therefore, the orthogonality level
of the proposed techniques are revealed via three different ways.
First, the auto and cross correlation functions of the designed
waveforms and then their normalized covariances are exam-
ined. Lastly, virtual beampatterns formed with the technique
detailed in [18] using the virtual beamforming filter are investi-
gated.

Auto and cross-correlations between MIMO radar wave-
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Fig. 8: Auto&Cross-Correlations between waveforms emitted from 1st to the other antenna elements (a) for the technique in [16], (b) for the proposed technique in
Sec. 3.2, (c) from 14th to the other antenna elements for the proposed technique in Sec. 3.3. Covariances between waveforms emitted for the technique (d) in [16],
(e) in Sec. 3.2, (f) in Sec. 3.3.
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Fig. 9: Normalized virtual beam formed at MIMO radar receiver using space-
time coding waveforms for different code length when θn = 30

forms emitted from 1-st to the other antenna elements for the
technique in [16] is shown in Fig. 8(a). The sidelobes are
around the level of 1/

√
L which is also typical for the pseudo-

random waveforms. Besides, the two designed waveforms are
almost orthogonal due to their relatively small cross-correlation
residues at any time as in Fig. 8(a) and the cross-correlation
function of the designed waveform pairs for any antenna ele-
ment is also almost under the level of 1/

√
128 which is around

−20dB. For the proposed method in Sec. 3.2, the designed
waveforms show the same correlation behavior as the technique
in [16] in Fig. 8(b), although the proposed method offers al-
most a stable communication channel to a specific direction.

On the other hand, the proposed method in Sec. 3.3 displays a
small degradation by means of orthogonality when inspecting
the cross-correlations between waveforms emitted from 14-th
and 15-th elements as in Fig. 8(c). Besides, these results can be
easily seen on the dB scale images of the covariance matrix of
all waveforms in Figures 8(d) to 8(f).

Lastly, we investigate the orthogonality conditions of the de-
signed waveforms by inspecting the normalized virtual beam-
patterns. The code length is selected 128 and 16 antenna ele-
ments are considered in simulations. The target is expected at
the broadside direction 30◦ which is also the same as the null
direction θn. In each figure, we compare resulted beampatterns
with an ideal pattern which is generated from perfectly orthog-
onal condition. In Fig. 9, waveforms with longer code lengths
exposes lower sidelobes due to smaller effect of their cross-
correlations residues at the matched filters. Moreover, virtual
beampattern for varying pre-distortion level ∆ with the condi-
tion in (18) in null direction fixed technique is shown in Fig.
10(a). Beampatterns synthesized by the waveforms with dif-
ferent pre-distortion levels display almost the same maximum
sidelobe levels. This shows that the condition in (18) does not
ruin the orthogonality between waveforms. Likewise, beampat-
terns with different relaxed null level constant ε̂ with the con-
dition (22) in communication direction fixed technique expose
almost the same maximum sidelobe levels. On the other hand,
bigger sidelobes can be seen from the Fig. 10(c). The con-
dition (44) clearly affects the orthogonality of the waveforms
for higher steering angle θ∆. For the null jitter dual-waveform
broadcast method which is detailed in Sec. 4.3, larger jitter
provides higher information symbol span at the constellation,
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Fig. 10: Normalized virtual beam formed at MIMO radar receiver using space-
time coding waveforms designed (a) for varying pre-distortion level ∆ with
the condition in (18) in null direction fixed technique, (b) for varying relaxed
null level constant ε̂ with the condition (22) in communication direction fixed
technique and (c) for varying steering angle θ∆ with condition (44), when θn =

30.

however the jitter angle has to be small enough not to disturb
radar operation by ruining the waveform orthogonality.

5.1.3. Total Number of Iteration
Although the waveform generation process we have pro-

posed is an offline process, in this part, we investigate the total
permutation iterations needed to form orthogonal radar wave-
forms. In the process, the code length is selected 128 and 16
antenna elements are considered. The target is expected at the
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Fig. 11: Total iterations for the proposed methods for varying (a) communi-
cation pre-distortion level ∆ with the condition in (18) in null direction fixed
technique, (b) relaxed null level constant ε̂ with the condition (22) in commu-
nication direction fixed technique and (c) for varying null jitter angle limit θ∆

with condition (44), when M = 16, L = 128, θc = −22◦ and θn = 30◦.

broadside direction 30◦, i.e. the null direction θn = 30◦, when
the communication angle is selected as θc = −22◦. Using the
first transmit beamforming vector u1, whose transmit beampat-
tern is given in Fig. 5(a), proposed waveform generation tech-
niques are applied with varying constraints.

Number of iterations depend entirely on strictness of the cor-
responding constraints inside the proposed methods. Total iter-
ations for the varying constraints are given in Fig.11. From the
figures, it is clear that iteration count exponentially increased
when the constraint is linearly increased or decreased. Total it-
erations for varying communication pre-distortion level ∆ with
the condition in (18) in null direction fixed technique is in-
vestigated in Fig. 11(a). In order to reach 1dB pre-distortion
level, almost 1000 permutations needed to form all orthogonal
waveforms. In Fig. 11(b), total iterations for varying relaxed
null level constant ε̂ with the condition (22) in communica-
tion direction fixed technique is displayed. A −30dB null level,
which may be acceptable for most practical applications, can
be achieved for almost 70000 permutation iterations. It should
be noted that, −30dB relaxed null level constant secures that
there are no other transmit beampattern above this constraint,
hence the emitted average transmit power towards the target di-
rection must be several dB below. Lastly, total iterations for
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varying null jitter angle limit θ∆ with condition (44) is shown
in Fig. 11(c). Selecting a small null jitter angle limit provides
small sidelobe levels at the normalized virtual beam formed at
MIMO radar receiver from the Fig. 10(c). On the other hand,
higher null jitter angle grants more symbol span for the commu-
nication. Considering all of these issues, a 0.5◦ null jitter angle
limit, which is acceptable by looking in terms of orthogonality
and communication symbol span, can be obtained for almost
1500 iterations from the in Fig. 11(c).

If the number of antennas M is small relative to the code
length, or the constraint is so stringent, it is possible to reach no
solution case or it may take so many iteration to form all radar
waveforms. For no solution case, besides repeating the proce-
dure with relaxed constraints, the base transmit beamforming
vector u1 can also be redesigned using GA algorithm, and, then
the procedure can be repeated with the new u1. If the number
of antennas M is large, that it becomes less and less probable
to reach no solution case. Although it may take long iterations
when stringent constraint is selected, the waveform generation
procedure is an offline process. All calculations should be done
before the JRC operation. Lastly, it is worth mentioning that
the permutation of M number of phase variables, ϕm(l), means
randomly picking a solution from M! different solutions. In
our simulations, M is selected as 16, hence we can apply our
constraints to a huge solution set which contains approximately
2.09 × 1013 number of solutions.

5.2. BER Performance

The performance of the proposed information embedding
techniques are evaluated via Monte-Carlo simulations with 100
trials. Each trial contains 104 radar pulses and totally 106 pulses
are used for investigation by BER. Simulations are run for 128
sub-pulses and 16 antenna elements, unless otherwise stated.

5.2.1. Intra-Pulse Directional Communication
In this communication method, each radar sub-pulse is mod-

ulated via differential M-PSK technique without violating the
space-time orthogonality between MIMO waveforms and trans-
mit beamforming constraints. First, we try to understand the
effect of the pre-distortion level ∆. Then, using the waveforms
which are synthesized under different pre-distortion levels are
used in simulations when 4-DPSK is applied. The results are
given in Fig. 12(a). ∆ = 0dB indicates that the related wave-
forms are produced by communication direction fixed method
in Sec. 3.3. Hence, communication direction fixed method
shows slightly better BER performance as we expected, thus
unexpected signal variations at the receiver results performance
degradation like a fading effect. The curves up to 1dB dis-
play close behavior as 0dB. Besides, 3dB pre-distortion level
curve shows only 2dB SNR degradation which is also accept-
able. However, higher level curves totally break down the BER
performance.

Fig. 12(b) illustrates the BER performance with different
DPSK techniques when communication pre-distortion level is
3dB. Although 64-DPSK method performance requires high
SNR levels, 2 and 4 symbol DPSK show good performance at
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Fig. 12: Bit error rate of Intra-Pulse Directional Communication technique for
different SNR levels, (a) for varying pre-distortion level ∆ when 4-DPSK is
applied, (b) for different DPSK methods when ∆ = 3dB and (c) for varying
broadside angle when θc = −22◦.

lower SNR levels. Moreover, directivity of the proposed com-
munication method is investigated in Fig. 12(c). The results are
displayed for varying receiver angle when the communication is
fixed to −22◦. The communication symbols can be deciphered
only from the specific direction θc = −22◦.
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Fig. 13: Bit error rate of Code-Driven Secure Communication technique, (a)
for different MPSK methods and different SNR levels, (b) for varying commu-
nication direction θc when the code fixed at azimuth angle −22◦ and fixed to θc
angle (SNR = −8dB).

5.2.2. Code-Driven Secure Communication
This method encodes coherent MIMO radiation pattern via

an information vector during each radar pulse. Then, the phase
of the encoded vector is rotated pulse by pulse. For the simula-
tions, 4 level polyphase pseudo-random coded information vec-
tor is selected and it is assumed that this vector is exactly known
by the receiver. First, the performance of the proposed method
for various SNR levels and different phase rotation modulation
techniques are investigated. Proposed method shows outstand-
ing BER performance compared to other proposed method.
Hence, the information is carried via a code length of 128, thus,
this method has a coding gain of almost 20dB. Moreover, the
waveforms are generated with null direction fixed method in
Sec. 3.2 for two pre-distortion level ∆. 1dB and 20dB pre-
distortion levels are compared in terms of BER in Fig. 13(a).
Only 1dB performance improvement is noticed from the figure.
Hence, the reason is that the average power over the whole radar
pulse is almost the same for both pre-distortion levels.

Fig. 13(b) illustrates the directivity of the communication
technique. When the space-time code matrix Φ is synthesized

only for the communication angle −22◦, the communication
becomes invisible for other directions, although the receivers
at different angles perfectly know the information vector. On
the other hand, only exception is that if the communication di-
rection was the same as the null direction, the communication
would not be possible due to the low average power received at
that direction.

5.2.3. Null-Jitter Dual-Waveform Broadcast
Null-Jitter broadcast method uses the progressive phase dif-

ference between orthogonal waveforms radiated from the an-
tenna elements to embed information. This progressive phase
difference results a small jitter on transmit beamforming.

First, BER performance of the different PSK methods with
and without applying off-line correction process detailed in Sec.
4.3.1 are examined in Fig. 14(a), when the code length is fixed
at 512. Corrected 2-PSK outperforms all other methods due
to its larger symbol distance. Off-line correction process pro-
vides significant gain especially for 16-PSK at higher SNR lev-
els. BER performance for different radar waveform code length
is inspected for various SNR levels in Fig. 14(b). Although,
6dB separation is expected between curves from the coding
gain, slightly more separation can be observed. Waveform or-
thogonality can also be enhanced with increasing code length.
Unlike other proposed methods, in null-jitter method two radar
waveforms are used for transmitting information symbols in a
tandem manner. Therefore, the receiver needs to know and use
these two orthogonal radar waveforms in their matched filters.
In this case, waveform orthogonality also affects the commu-
nication performance. Therefore, When 4-PSK method is used
for communication, higher code length displays better perfor-
mance as expected.

Moreover, the effect of the null jitter angle limit θ∆ on com-
munication performance is investigated when the code length is
selected as 512. Fig. 14(c) illustrates the BER under different
θ∆ for various SNR levels. It should be noted that, small null jit-
ter angle presents small information symbol span for communi-
cation. In other words, small null jitter angle prevents informa-
tion symbols span on a full scale phase constellation. Therefore,
small θ∆ angles show poor BER performance. From the equa-
tion in (42), minimum null jitter angle required for full span
symbol constellation becomes 3.4◦ for M = 16 and d = 0.5.
Highest null jitter angle can be selected for best performance on
BER, however, θ∆ angle must be small enough to still maintain
LPI at null direction θn. For this particular example, θ∆ angle
must be 0.5◦ to reach maximum applicable null limit −40dB as
in Fig. 7.

For the ideal case, the approximation ξm
q ≈ 0,m 6= q detailed

in (50) must be hold for longer coded waveforms. However,
small cross correlation residues at the receiver matched filter
output disturb symbol constellation as a function of communi-
cation direction θc as in Fig. 15(a). When null jitter angle limit
is selected as θ∆ = 0.5◦ for 4-PSK communication method, the
ideal minimum symbol span has to be fixed to 2pπ/(K − 1)
which is equal to 15.5◦. On the other hand, in reality, symbol
span fluctuates around the ideal symbol span due to the cross-
correlation residues between radar waveforms. For higher code
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Fig. 14: Bit error rate of Null-Jitter Dual-Waveform Broadcast technique, (a)
for different MPSK methods, different code lengths, (b) for different null jitter
angle limit θ∆ while varying SNR levels. (c) Minimum symbol span in degrees
with different code lengths for varying communication direction θc.

length this fluctuation decreases, however not vanishes. Using
the correction method detailed in Sec. 4.3.1, BER is calculated
for all communication directions as in Fig. 15(b). Also, Fig.
15(b) illustrates the broadcast behaviour of the proposed tech-
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Fig. 15: Minimum symbol span (a) in degrees with different code lengths and
BER (b) for varying communication direction θc when θn = 30◦

nique. Except the null direction at 30◦, almost the same bit
error rate for all directions can be provided with the proposed
technique.

Fig. 16 illustrates normalized symbol constellations of pa-
rameters χ∆k in (42), ŷ1

b in (50), ŷM
b in (51), ŷM

b /ŷ
1
b and χ̂k in

(52) for different cases under 10dB SNR level. First diagram
is the information symbol intended to transmit, χ∆k . Then, sec-
ond and third diagrams show matched filter outputs of the 1-st
and M-th waveforms, ŷ1

b in (50), ŷM
b in (51). Fourth diagram

shows the relative phase and last depicts relative phase of the
dual waveforms, χ̂k in (52), after removing the phase term com-
ing from communication direction, 2π(M − 1)d sin(θc). For the
first and the second cases (rows in figures) at the simulations in
Fig. 16(a) and Fig. 16(b), radar waveforms with code length
1024 are used for communication to angle 60◦ and −55◦, re-
spectively and null jitter angle is selected as 1◦. When the last
symbol diagrams of the first two cases are investigated, two dif-
ferent symbol span can be noticed. Communication at −55◦

spans less angle space. Moreover, the effect of the radar wave-
forms code lengths with 1024 and 128 on the symbol constella-
tion are shown in Fig. 16(c) and Fig. 16(d). Although, both of
the case runs on 10dB SNR level, constellation with lower code
length has more dispersive behaviour.
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Fig. 16: Normalized symbol constellation diagrams for Null-Jitter Broadcast technique when code length is (a,b,c) 1024 and (d) 128 under 10dB SNR. Communi-
cation angle is selected as (a) 60◦, (b) −55◦ and (c,d) −22◦. The null jitter angle limit θ∆ is chosen as (a,b) 1◦ and (c,d) 3.4◦.

6. Conclusions and Future Work

A JRC system can provide cost-effective platform solution
while sensing the environment and allocating the communica-
tion links. In this paper, existing coherent MIMO radar wave-
form generation technique is modified to enable communica-
tion. Generated waveforms with this technique do not disturb
the orthogonality and transmit beamforming requirements for
coherent MIMO radars. Then, using these waveforms three
different communication methods are proposed. The spec-
ifications for these proposed methods are given in Table.2.
Simulations show that the communication performance of the

Code-Driven method outperforms other proposed techniques.
Although, Intra-Pulse Communication method provides high
data rates, good LPI performance, low receiver complexity, the
phase codes of the MIMO radar waveforms are completely de-
pendent on the transmitted information. Thus, pulse to pulse
basis coherent processing is limited. On the other hand, other
methods MIMO radar waveforms completely independent from
information bits and inter-pulse coherent processing can be ap-
plicable. Besides, Null-Jitter and Code-Driven methods can be
specified as a secure communication. If the receiver does not
have the related waveform codes, it can not decipher the infor-
mation. Although Null-Jitter method delivers information to all
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Table 2: Specifications for Proposed Methods

Proposed Methods
Parameters Intra-Pulse Code-Driven Null-Jitter

Radar Waveform & Information Dependent Independent Independent
Communication Type Directional Directional Broadcast

Security None S ecure S ecure
Tx/Rx Coherency None Required None
LPI Performance Good Good Fair

Receiver Complexity Low Fair High
Data Rate (L − 1) × K × PRF K × PRF K × PRF

Required SNR Fair Low Fair

direction except null angle, Code-Driven and Intra-Pulse meth-
ods offer directional communication to a specific broadside an-
gle. This makes Code-Driven method more secure.

In order to reach better performance at lower SNR values,
instead of using single antenna at the receiver, an antenna array
with digital beamforming will improve the performance signif-
icantly. For further investigation, mobile communication cases
as fading channel effects will be analysed.
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