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ABSTRACT In this paper, we develop a novel approach for a joint platform of radar and communication

systems. The previous approaches for dual-function radar-communication systems focused only on the

simultaneous transmission of radar and communications in radar active mode. To increase the throughput

of communications without affecting the radar operation, we enable communication during the whole pulse

repetition interval by using two generalized sidelobe cancellers. We propose two different operational modes

of the dual-function radar-communications system. In active mode, the radar function is achieved through

the mainlobe, and communications are achieved through the sidelobes. In active mode, only one generalized

sidelobe canceller is functional. In rest mode, both the generalized sidelobe cancellers are functional. The

first generalized sidelobe canceller has the mainlobe and sidelobe levels as in active mode, and the second

generalized sidelobe canceller has the same mainlobe level but double the power in the sidelobes. The output

is the difference between the two, inwhich themainlobe is canceled, while the sidelobes have the same power,

as in the case of active mode. The effectiveness of the proposed scheme is investigated in terms of the bit

error rate. Moreover, the proposed system allows communication during the whole pulse repetition interval,

thus, enhancing the throughput tremendously.

INDEX TERMS Radio spectrum management, radar signal processing, array signal processing, transmit-

ters, wireless communication, radar antennas, multiuser detection, linear antenna arrays and multiaccess

communication.

I. INTRODUCTION

The ever-increasing demands for radar and communication

systems to be unified on a single platform has gained great

attention from researchers in the area of spectrum sharing.

This fusion is required to provide the efficient usage of

the shared spectrum to obtain a high-throughput measure-

ment of both services [1]–[4]. The most common techniques

used in this technology are time sharing, frequency sub-

banding, and signal sharing/coding [5]. These approaches

require new methods for waveform diversity manipulation

with less installation, a hardware cost reduction, and radio

frequency (RF) spectrum exploitation [6], [7]. Recent meth-

ods have used the same architecture and same resources

for both systems to be functional simultaneously to fulfill

The associate editor coordinating the review of this manuscript and
approving it for publication was Gerard-Andre Capolino.

the bandwidth demands. Such approaches can be classified

as coexistence or codesign methods [8]. The coexistence

approach has focused on the process of the two systems

being odd functions and sources of interference to each

other [9]. These systems are based on mutual information

exchange and their cooperation [10]. Acodesign approach

entails cooperative control inside the system to enhance the

spectral efficiency of the unified platform as in [11]–[13]

and the references therein. Moreover, in the explicit form

of the codesign method, the information is embedded into

the radar emission by varying the waveform in every radar

pulse [14]–[16]. A tradeoff between the radar and commu-

nication performance by embedding information bits and

keeping the waveform envelope constant with good power

spectral efficiency was introduced in [15]. The concept of

dual-function radar communication (DFRC) using the radar

sidelobe for the communication transmission as a secondary
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function while keeping the radar operation in the main-

lobe as a primary function has been reported in many

papers [6], [17]–[20]. In [17], different amplitude modu-

lation (AM) levels and phased modulation (PM) synthe-

sis were investigated as information-embedding-based time

modulated arrays (TMAs). The radar operation takes place in

the mainlobe, and information embedding takes place in the

sidelobe region. The authors studied two methods. The first

method was based on a sparse timemodulated array (STMA),

in which the antenna elements are switched on and off to

produce a variation in the sidelobe level. The second method

based on phase only synthesized a TMA, which is similar

to an STMA, except that the variation in the sidelobe level

is achieved by adjusting the phases of the transmitting array.

The authors in [19] used convex optimization to allocate the

radar function to the mainlobe and the secondary function

of communications to the sidelobes. This method produced

multiple beamforming weight vectors associated with their

orthogonal waveforms having multiple sidelobe levels. Each

sidelobe represents a distinct communication symbol. These

sidelobe level variations or amplitude shift keying (ASK)

are transmitted towards the communication receivers located

in the sidelobe region of the radar. In [20], the authors

used a linear combination between the principal and asso-

ciated weight vectors to produce different beampatterns to

be sent through the deep null towards a communication

receiver. A robust technique based on quadratic and linear

optimization was proposed to achieve a tradeoff between

the mainlobe and sidelobes in [21]–[23]. More recent con-

tributions to the DFRC system can be found in the litera-

ture [24]–[26]. In [24], the authors used a Butler matrix for

a frequency diverse array to transmit a communication signal

along the null of the radar waveform towards different ranges

and directions. In [25], the authors used a time-modulated fre-

quency diverse multiple-input and multiple-output (MIMO)

array method for the DFRC system, in which the informa-

tion embedding occurred via spread sequences through every

radar pulse. Moreover, different radar communication inte-

gration techniques can be found in [26]. In all papers using

the sidelobe approach, the obtainable communication data

rate remains comparatively low, since the communication

information is embedded in several waveforms only in radar

active mode. Generalized sidelobe cancellers (GSCs) are

an effective approach for spatial-temporal transmission. The

generalized sidelobe canceller has been examined widely in

radar and communication systems in areas where the desired

signal needs to be measured either in time or at the amplitude

level [27].

In this paper, we propose a novel approach for a dual-

function radar-communications system using both radar

modes to transmit communication information in a sidelobe

region. The contribution of this paper can be summarized as

follows:

1- We design two generalized sidelobe cancellers, GSC1

and GSC2. GSC1 works in active mode to generate a

radar function via the mainlobe and a communication

function via the sidelobe. In rest mode, GSC2 is func-

tional in parallel and produces identical power in the

mainlobe at the position of the mainlobe of GSC1

but double power in the sidelobe region. Subtracting

one function from the other function eliminates the

mainlobe, while the sidelobes with proper power are

available for the communication transmission.

2- We achieve increased throughput by using even the rest

mode of the radar for communications.

The rest of this paper is organized as follows. Section II

describes the fundamentals of radar, and Section III intro-

duces the problem formulation and system modeling for

the joint platform. Section IV analyzes the communication

throughput per pulse repetition interval. Section V provides

the simulation results. Section VI concludes the paper and

discusses the future directions.

FIGURE 1. Illustrative diagram of the proposed transmission signaling of
the (PRI).

II. FUNDAMENTALS

In a conventional radar system, the radar transmits energy

for only a small period during each pulse repetition inter-

val (PRI) and then remains silent with no transmission in

radar rest mode, as shown in Fig. 1. Mathematically, this can

be expressed as

Tt = tw + τr (1)

where tw is the radar pulse width, τr is the radar rest mode

time for the transmitted pulse reflection from the target during

one PRI, and Tt is the total time for one pulse repetition

interval. To calculate the time taken by the target echo, one

should know the distance of the target and the time associated

with the pulse width during each PRI. In doing so, two param-

eters need to be considered. The first parameter involves the

relation between the active mode and rest mode time duration

during each PRI according to the following equation:

τr = Tt − tw (2)

The second parameter is the rest mode time based on the

target distance. The target distance corresponds to the two-

way propagation time of the transmitted pulse during each
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PRI from the radar transmitter to the target, which is backscat-

tered and received before the next pulse is transmitted. This

relation is given as

Rmax =
(tw + τr)C

2
(3)

where C is the speed of light and Rmax is the maximum

unambiguous range. Hence, the maximum time given for rest

mode based on the maximum unambiguous range can be

given as

τr =
2Rmax

C
− tw (4)

III. PROBLEM FORMULATION AND SYSTEM MODEL

The communication data rate for information embedding

based on the sidelobe remains unchanged and bounded only

by the sidelobe occurrence in radar active mode. To increase

the communication throughput, we propose a technique that

allows communication transmission during the radar active

and rest modes. In active mode, GSC1 works and tracks the

signal for the radar via the mainlobe and communication

signal via the sidelobe.

The processing time in active mode is tw. In rest mode,

GSC1 and GSC2 work together; having identical amplitude

powers in the mainlobe and different amplitude powers in the

sidelobe region. The subtracted resulting power of both GSCs

(GSC1 and GSC2) is transmitted during the time τr.

In this paper, we consider a uniform linear array ofM trans-

mit antenna elements with a spacing of d. These elements

simultaneously transmit the radar waveform and communi-

cation signal in radar active mode, while they carry out only

the communication process in radar rest mode, i.e., with no

radar transmission. It is worth mentioning that we consider

the case of a single target in this paper.

A. DFRC IN RADAR ACTIVE MODE

The optimization problem for the simultaneous transmission

of the desired radar waveform through the mainlobe (as a

primary function) and the communication waveform through

the sidelobe region (as a secondary function) is given by the

following expressions:

minmax

w1 θ

∣

∣

∣
wH
1 a1 (θ)

∣

∣

∣
5a

s.t wH
1 a1 (θt) = 1, θt ∈ 5b

wH
1 a (θci) = 11,ie

�i for 1 ≤ i ≤ k − 1 5c

In the above expressions, w1 is an M-by-1 weight vector,

(.)H is a Hermitian operator, a1 (θt) is anM-by-1 steering vec-

tor towards the target at θt in radar spatial sector 2, a1 (θci)

is an M-by-1 steering vector towards a predefined ith com-

munication receiver located at angle (θci) and 11,ie
�i is

the desired communication signal strength in the relevant

sidelobe region.

To implement this optimization problem, we use a gener-

alized sidelobe canceller (GSC1) as shown in Fig. 2 for the

FIGURE 2. (a) Block diagram of the generalized sidelobe canceller (GSC).
(b) Is equivalent to (a).

transmission in radar active mode. The parameters for the

proposed GSC1 are given as follows:

The constraint matrix is:

C1 =
[

a (θt) a (θc1) a (θc2) . . . a (θk−1)
]

(6)

The blocking matrix is:

B1 = null
[

CH
1

]

(7)

The gain vector is:

CH
1 w1 = f1 (8)

The quiescent weight vector is:

wq1 = C1(C
H
1 C1)

−1
f 1 (9)

The adjustable weight vector is:

wa1 = (BH1 RxB1)
−1

B1Rwq1 (10)

where k denotes the number of columns in C1, k − 1 rep-

resents the number of communication directions, and C1 is

the M-by-k constraint matrix of the total steering vectors. B1

is the M-by-(M-k) blocking matrix of the space spanned by

the columns of the steering vector contained in the matrix,

and (.)−1 is the inverse operator. f1 is the gain vector for k

constraints (in our scenario, k = 5), and Rx is the correlation

matrix. The transmitted steering vector towards the direction

i can be expressed in general form as

a (θi) = [1 e
−j

(

2πsinθi
c

)

, . . . . . . . . . e
−j

(

2π(M−1)sinθi
c

)

]

T

(11)

where [.]T is the transpose operator. For our approach,

the optimum weight vector that minimizes the mean square

value of the beamformer output is subject to multiple linear

constraints and may be expressed as

f1= CHw1 =













χ

11,1e
�1

11,2e
�2

11,3e
�3

11,4e
�4













(12)
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where

e�i =

{

e0, for � = 0

e1, for � = 1
(13)

Here, χ = 1 represents the unit value gain along θt for the

radar signal power towards the target. 11,ie
�i is the desired

communication signal, where the values of 1 in column rep-

resent the communication power in the sidelobe region and

� ∈ [0, 1] represents binary information bits associated with

each sidelobe level. If the received beampattern has a higher

sidelobe level, then the transmitted bit is one; otherwise, it is

zero.

To find the blockingmatrix, as given in [28], the orthogonal

complement is written as

CH
1 B1 = 0 (14)

where 0 denotes the null matrix. Thus, the gain vector may

be rewritten as

CH
(

wq1

)

=













χ

11,1e
�1

11,2e
�2

11,3e
�3

11,4e
�4













(15)

where wq1 is the quiescent beamformer that guarantees the

communication signal in the desired direction. wq1 is fixed

and is not affected by the lower branch of GSC1. For an

unconstrained optimization problem, we should only adjust

the weight vector available in the lower branch i.e.,wa1. If we

consider the output signal of the first GSC1 given as

WH
q1x(n) − wH

a1B
H
1 x(n) = y1(n) (16)

then its corresponding output power is written as

E |y1(n)|
2 =

(

wq1 − B1wa1

)H
E

[

x∗(n)x(n)
] (

wq1 − B1wa1

)

E |y1(n)|
2 =

(

wq1 − B1wa1

)H
Rx

(

wq1 − B1wa1

)

= PGSC1
(17)

Here, the correlation matrix Rx of the five constraints can be

expressed as

Rx = Rt + Rc1 + Rc2 + Rc3 + Rc4 (18)

where Rt is the radar correlation matrix and (Rc1 + Rc2 +

Rc3 + Rc4) are the communication correlation matrices. The

correlation matrix of these signals is given as

Rx =







σ
2
1 · · · 0

... σ
2
2

...

0 · · · σ
2
i






(19)

{

σ
2
i

}M

i
is the power of each transmitted signal. Rx = σ

2I in

the case of white noise only, where I is the M-by-M identity

matrix and σ
2 is the noise variance. Thus, Eq. (10) may be

rewritten as

wa1 =

(

BH
1 B1

)−1
B1wq1 (20)

FIGURE 3. Beampattern during GSC1 to transmit a radar signal towards
the target and four communication signals.

FIGURE 4. Proposed technique for the joint transmitter system.

B. TRANSMISSION IN RADAR REST MODE

In this mode, no signal should be transmitted in the direction

of the target, while the communication waveforms should

continue through the prescribed sidelobe regions. For this

purpose,GSC2 starts functioning in parallel toGSC1. To can-

cel the signal in the direction of the target, the signal

strengths of both GSCs in the mainlobe are kept identical.

Ideally, the subtraction of the signals of these GSCs shown

in Fig. 4 will result in no signal in the mainlobe region. On the

other hand, the signal strength of GSC2 in the prescribed

sidelobe regions is kept double that of GSC1. Therefore,

the overall signal strength after the subtraction will be the

same as in radar active mode for the sidelobe communication.

To formulate this problem, we design a weight vector w2

that adjusts the GSC2 radiation power to be identical to that

of GSC1 except that the sidelobe power of GSC2 is double

that of GSC1. Such a weight vector can be formulated by the

following optimization problem:

minmax

w2 θ

∣

∣

∣
wH
2 a2(θ )

∣

∣

∣
21a

s.t wH
2 a2 (θt) = 1, θt ∈ 2 21b

wH
2 a2 (θci) = 12,ie

�i for 1 ≤ i ≤ 4 21c

where w2 is the M-by-1 weight vector of GSC2. In our case,

bothGSCs have overlapping main beams and communication

sidelobes. Thus,C1 = C2 and B1 = B2. The blocking matrix
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of the space spanned by the columns of the steering vector

matrix C of GSC2 is identical to that in GSC1; therefore, the

GSC2 parameters can be written as follows.

The constraint matrix is:

C2 = [a (θt) a (θc1) a (θc2) . . . a (θk−1)] (22)

The blocking matrix is:

B2 = null
[

cH2

]

(23)

The gain vector is:

CH
2 w2 = f2 (24)

The quiescent weight vector is:

wq2 = C2

(

CH
2 C2

)−1
f 2 (25)

The adjustable weight vector is:

Wa2 =

(

BH2 RxB2

)−1
B2RxWq2 (26)

wa1 =

(

BH
2 B2

)−1
B2wq2 (27)

The gain vector f2 for the multiple linear constraints of

the second GSC may be expressed as

CH
2 w2 = f2 =













χ

212,1e
�1

212,1e
�2

212,3e
�3

212,4e
�4













(28)

Similar to the previous gain vector in GSC1, in which the

first value in the column represents the normalized radar

power towards the target and the rest of the values are the

communication powers in the sidelobe region. The values of

this communication gain vector are double those in the first

gain vector f1.

For an unconstrained optimization problem, one should

adjust the lower branch, the weight vector wa2. The signal

power of the second GSC2 can be written as

wH
q2x(n) − wH

a2B
H
2 x(n) = y2(n) (29)

By taking the expected value of the above equation, its corre-

sponding output power is written as

E |y2(n)|
2 =

(

wq2 − B2wa2

)H
E

[

x∗(n)x(n)
] (

wq2 − B2wa2

)

E |y2(n)|
2 =

(

wq2 − B1wa2

)H
Rx

(

wq2 − B1wa2

)

= PGSC2
(30)

It is worth mentioning that we have assumed the same power

in the mainlobes for both GSCs, but GSC2 has double the

power in the sidelobe region compared to GSC1. Hence,

the resultant power of both GSCs can be written as

E |y2(n)|
2 − E |y1(n)|

2 = 1 (31)

This 1 represents the net power in the sidelobe region,

i.e., with no power in the mainlobes in radar rest mode,

FIGURE 5. Beampattern in radar rest mode.

TABLE 1. Radar operating modes for different DFRC systems.

as shown in Fig. (5). Note that this power in the sidelobe

region is equal to the power in the sidelobe region of GSC1.

Moreover, a comparison of the proposed technique with the

existing DFRC methods in terms of radar operating modes is

shown in Table 1.

IV. COMMUNICATION THROUGHPUT PER PRI

We consider a radar operating in active mode for tracking

purposes. In our scenario, the radar and communications have

the same waveform. During one PRI, the communication

transmission has two achievable rates: one rate in active mode

denoted by qw and another rate in rest mode represented by qr,

where qw ≤ qr. The ratio of the transmitted communication

to the pulse repetition interval is known as the throughput Q.

The throughput in active mode can be formulated as

Qw =
tw

Tt
(32)

where Tt is the total time of one pulse repetition interval.

In the literature, the throughput for communication has been

taken in active mode only. To increase the communication

throughput, we propose a technique that transmits the com-

munication and inhibits the radar transmission during the

radar rest mode duration τr. The increase in the throughput

in radar rest mode for the communication can be written as

Qincreased =
τr

Tt
(33)

The total throughput for a communication link during one

pulse repetition interval is

Qmax = Qw + Qincreased =
tw

Tt
+

τr

Tt
(34)
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TABLE 2. A comparative summary of the data rates achieved for the previous existing techniques.

The increase in the throughput is given as

(Qmax/Qw) =
tw + τr

tw
= 1 + τr/tw (35)

In addition, we assume L sidelobe levels transmitting

information to R receivers located in the sidelobe region.

According to our optimization problem, log2L bits of infor-

mation can be transmitted to each communication receiver.

The maximum number of bits transmitted during each pulse

repetition interval can be written (RKlog2L in active mode +

RK log2L in radar rest mode), where K is the radar wave-

form. In contrast, for the same setup, the authors in [18]

transmitted only RKlog2L in active mode. The difference

between our proposed scheme and all existing methods is

that the proposed technique has a higher throughput because

the communication transmission is conducted during both

modes of the radar, the active and rest modes. Furthermore,

for the same transmitted beam, each sidelobe has its own

distinct power level. To validate this claim, we investigate

the transmission of the same beampattern towards different

sidelobe directions with different power levels, as shown in

the simulation section. Table 2 shows a comparative summary

of the data rates achieved for the previous existing techniques

and the corresponding enhancement proposed in this paper

with the (GSC-DFRC) method. The abbreviations in this table

are as follows: W is the weight vector, L is the number

of sidelobe levels, B is the bits per pulse, K is the radar

waveform, R is the communication constraints towards each

communication receiver, and P is the distinct phase of every

communication receiver. These parameters are used in the

literature for problem optimizations such as in Eq. (5).

V. SIMULATION RESULTS

In our simulation, we consider a uniform linear array with 16

transmitting antenna elements with an interelement spacing

of d and half a wavelength. We proved that the radar function

during its active mode is not influenced by the communica-

tion transmission in the sidelobe region. The throughput as a

function of time was also calculated. The following examples

explain the simulation results.

Example 1 (GSCs Behavior During the PRI):

In this example, we validate the idea of using two GSCs.

Fig. (6) shows that GSC1 functions in active mode operation

FIGURE 6. First beampattern through GSC1 in radar active mode (red line)
and the second beampattern through (GSC2-GSC1) in radar rest mode
(blue dashed line) (Example 1).

and is represented by a red line. The GSC1 radiation pattern

includes a radar signal towards the target and four communi-

cation signals with the same waveform towards their intended

communication receivers. The radiation pattern transmits a

radar signal for tracking purposes via the mainlobe towards

θt = 0◦ and a communication signal in the sidelobe region

towards θc1 = −60◦, θc2 = −40◦, θc3 = 40◦ and θc4 = 60◦.

The resulting subtraction of both GSCs is represented by the

blue dashed line and functions in rest mode. The commu-

nication transmission that occurs in the sidelobe in active

mode keeps the radiation towards their receivers in rest mode.

The communication signal in rest mode is identical to the

communication signal that occurs in the sidelobe in radar

active mode. It is assumed that both radiation patterns have

the same null position for both GSCs for the main and side-

lobe regions. The sidelobe levels of both beams have equal

power levels.

Example 2 (DFRC Transmission in Active Mode):

During the active radar mode time, we design two beam-

patterns with the same power in the mainlobe towards a

radar target, and in the same time, we allow variable sidelobe

levels of the two beampatterns to represent the communi-

cation information transmitted towards the four communi-

cation directions. In Fig.7(a), the communication sidelobe
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FIGURE 7. (a) First beampattern DFRC carrying the target and four
communications in radar active mode (the red line represents the
bit ‘‘1’’). The second beampattern carrying the communication (the blue
dashed line represents the bit ‘‘0’’) (Example 2). (b) Two beampatterns
with 8 sidelobe levels perform DFRC in different communication
directions in radar active mode; 2nd scenario (SLL = 8).

level associated with the higher beampattern (red line) is con-

strained at (−10 dB) and represents the transmitted bit ‘‘1’’.

The communication sidelobe level associated with the lower

beampattern (blue dashed line) is constrained at (−14 dB) and

represents the transmitted bit ‘‘0’’. Note that each beampat-

tern has one sidelobe level transmitted towards four commu-

nication users. To increase the number of sidelobe levels for

the same beampattern, we propose another scenario to allow

each communication user in each sidelobe to have its own

power level to be transmitted towards its intended commu-

nication receiver. This can be achieved by using Eq. 5(a-c),

as shown in Fig. 7(b). The first beampattern has four side-

lobe levels (from left to right): SLL1 = −6 dB, SLL2 =

−7 dB, SLL3 = −10 dB and SLL4 = −5 dB. Similarly,

the corresponding second beampattern has the sidelobe lev-

els: SLL1 = −11 dB, SLL2 = −9 dB SLL3 = −8 dB and

SLL4 = −12 dB. Note that the behavior of these independent

sidelobe levels in different communication directions enables

multiuser access. In both scenarios, we consider the case of

a narrow beam, and we find that the radar operation in the

mainlobe is not affected by the secondary function (commu-

nication in this scenario). The SLL differences are clearly

separated from each other, which definitely leads to better

detection at the communication receiver ends.

FIGURE 8. (a) Communication transmission via GSC2-GSC1 producing the
same SLLs (example 3); 1st scenario (SLL = 2). (b) Communication
transmission via GSC2-GSC1 SLLs producing different SLLs (example 3);
2nd scenario (SLL = 8).

Example 3 (Communication Transmission in Radar Rest

Mode):With the same setup in example 2, the radar function

is out of active mode, so the main beam radiation at angle

θt = 0◦ towards the target goes to the deep null after every

pulse width transmission. As a result, the mainlobe will not

function in rest mode, while the four communication signals

in the sidelobe regionwill keep the four communication trans-

mission processes towards their intended receivers located at

θc1 = −60◦, θc2 = −40◦,θc3 = 40◦ and θc4 = 60◦. We con-

sider two beampatterns: each radiated beam represents either

‘‘1’’ or ‘‘0’’ using the same information embedding scheme

as explained in example 2. The sidelobe levels associated

with the beam patterns are constrained at SLL = −10 dB

and SLL = −14 dB, as shown in Fig. 8(a). Similar to

Fig. 7(b), the proposed scenario maintains the transmission
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in radar rest mode to allow each communication user in each

sidelobe to have its own power level to be transmitted towards

its intended communication receiver, as shown in Fig. 8(b).

The first beampattern has four sidelobe levels (from left to

right): SLL1 = −6 dB, SLL2 = −7 dB SLL3 = −10 dB

and SLL4 = −5 dB. Similarly, the corresponding second

beampattern has the sidelobe levels: SLL1 = −11 dB,

SLL2 = −9 dB, SLL3 = −8 dB and SLL4 = −12 dB. This

mechanism/approach of using rest mode for the transmis-

sion allows the communication transmission to continue and

exploit the full time of the PRI. This leads to a higher through-

put and enhances the signal-to-noise ratio, as explained in this

paper.

FIGURE 9. RMSEs of the DOA estimation vs the SNR.

FIGURE 10. Probability of the resolution as a function of the SNR.

Example 4 (Radar Performance of the Main Beam):

Suppose that two targets are closely located 3◦ and 5◦.

We assume that the coefficients in every radar pulse are fixed.

These coefficients differ from pulse to pulse. We note that the

radar performance for the proposed method of dual-function

radar communications outperforms the schemes [17] and [19]

in terms of the root mean square error shown in Fig. 9 and

the probability of resolution shown in Fig 10. The method

in [17] used a single waveform in every pulse, while [19]

used two waveforms, one associated with the high sidelobe

beampattern and the other associated with the lower sidelobe.

In our proposed method, we use two orthogonal waveforms

that are transmitted with every radar pulse, which leads to

better performance in terms of the direction of arrival (DOA)

compared to the existing methods, to show that the system

performance is identical to the result investigated in [19].

It is worth mentioning that when we increase the number of

waveforms, we obtain a better result.

Example 5 (Bit Error Rate for throughput analysis):

In this example, we transmit two beamforming and com-

pare their bit error rate with that of the existing techniques

in [17] and [19]. The performance of the information embed-

ding is computed 105 times. The radar mainlobe is at 0◦.

We transmit 2 bits in each communication beampattern to

each communication receiver. The total number of bits trans-

mitted is 8 bits for the four communication users. We design

two weight vectors with two sidelobe levels varying from

−10 dB for a higher sidelobe level to −14 for a low sidelobe

level towards the intended communication users. For the case

of multiwaveform ASK [19], the throughput in active mode

is (2 log2L). In our case, the throughput in active mode

is the same, plus the throughput in radar rest mode. The

total throughput will then be written as 2 log2L+2 log2L =

4 log2L. Similarly, if we use any DRFC existing technique,

our proposed will double the achievable throughput rate by

using the same resources. We produce a higher throughput by

utilizing radar rest mode as the temporal transmission domain

for the sidelobe continuation transmission as calculated in

section IV. We compare our results with the existing method

in [17] and [19] and find that our proposed method outper-

forms these methods, as shown in Fig. 11.

FIGURE 11. The BERs versus the SNR for four methods.

VI. CONCLUSION

In our work, we exploit the spatial and temporal resources

available on the radar transmitter side to achieve a dual-

function radar and communication system. We propose a

technique to combine the spatial and temporal approaches
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as two operational modes. One mode is the active mode,

in which the radar and communication operate simultane-

ously. Radar is implemented via the mainlobe, and communi-

cation is implemented via the sidelobe region, followed by the

secondmode, known as the rest mode, in which only the com-

munication occurs. The information embedding is obtained

by changing the sidelobe levels towards multiple commu-

nication directions. We calculate the increased throughput

of the communication transmission in radar rest mode. Our

future work will focus on designing a robust receiver for this

technique. It is worth noting that our proposed system has

considerable performance in increasing the throughput and

leads to a better signal-to-noise ratio while keeping the radar

transmission intact. The future direction of this work will also

focus on exploiting the proposed techniques with different

digital modulation schemes for further investigations and

enhancement.
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