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Embedding information messages in radar signals through index modulation is a promising approach 
for dual function radar and communication in automotive systems. In this paper, we optimize the 
index modulation order to maximize the communication performance without compromising the radar 
operation. We derive novel expressions for the number of successfully transmitted bits per symbol and 
the target detection probability as functions of the road layout, traffic conditions and index modulation 
order. Results show that in light traffic conditions, index modulation can achieve up to 12 bits/symbol 
when line of sight is present between the transmit and receive vehicles with up to 140% improvement 
compared to the case with absent line of sight. Finally, we show that the received radar signal can be 
used, at the receive vehicle, to estimate the location of the transmitting vehicle via a maximum-likelihood 
estimator.

 2022 Elsevier Inc. All rights reserved.

1. Introduction

Modern vehicles are equipped with radar sensors to provide 
comfortable safe trips and reduce the number of road accidents. 
The benefits of radar sensors include detecting other vehicles, 
pedestrians, and available parking spaces, measuring inter-vehicle 
distance and warning drivers in case of potential collision, as-
sisting drivers when changing lanes, etc. Even in the presence of 
LiDar/ViLDar systems, conventional radar sensors are still impor-

tant especially in rainy or foggy weather when the propagation of 
optical signals is hindered [1]. In addition, vehicles communicate 
with their neighbors for different purposes including entertain-
ment, traffic information, safety warnings, etc. Traditionally, com-

munication and radar are regarded as two different functions that 
are performed by two different systems on different bands. Albeit, 
recently, the research community has shown growing interest in 
combining the two functions in one system, which is known as 
Dual Function Radar Communication (DFRC). This combining has 
numerous advantages including power saving, cost reduction, and 

✩ This work was supported by the American University of Sharjah under a Faculty 
Research Grant no. FRG20-M-E10. The work of Ahmed S. Ibrahim was supported in 
part by the National Science Foundation under Award CNS-1816112.
* Corresponding author.

E-mail addresses: mai.b.s.ali@eng.cu.edu.eg (M. Kafafy), aibrahim@fiu.edu

(A.S. Ibrahim), mhibrahim@aus.edu (M.H. Ismail).

better utilization of the Radio Frequency (RF) spectrum [2,3]. This 
is particularly important for vehicular systems where increased 
power consumption, interference, and spectrum congestion can be 
problematic especially in urban areas with dense vehicle traffic. 
Besides, providing affordable smart vehicles is essential to estab-
lish intelligent transportation systems.

One approach to DFRC is the coordinated transmission of differ-
ent radar and communication waveforms using time division [4], 
frequency division [5], or antenna division [6]. However, this di-
vision results in an inevitable waste of resources. To overcome 
the aforementioned waste, another interesting DFRC approach sug-
gests using the radar waveform for concurrent radar sensing and 
communication by embedding information in the radar waveform 
using Index Modulation (IM) [3]. This approach does not require 
designing new radar waveforms as IM encodes data symbols in the 
selected indices of transmission parameter(s) such as sub-carriers, 
time slots, etc [7]. Consequently it allows using the radar resources 
for concurrent radar sensing and communication with minimal ef-
fect on the radar operation. This, in turn, facilitates its integration 
in intelligent transportation systems where vehicles continuously 
use their radar systems to sense their surroundings.

IM has different schemes that were considered in a large body 
of communication research. In this paragraph we give a brief 
overview of the topic, however we refer interested readers to the 
recent surveys in [7–10] where different IM schemes are discussed 
and categorized according to their domain(s). IM is a relatively 
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Fig. 1. A typical Tx vehicle uses its radar to detect and communicate with a Rx vehicle ahead of it on a multi-lane road.

new modulation technique that embeds information in the se-
lected indices of one or more transmission parameters in differ-
ent domains. These domains include space, frequency, code, etc. 
An example of IM in space domain is the generalized space shift 
keying which encodes data in the indices of the active transmit an-
tennas. Generalized spatial modulation and Orthogonal Frequency 
Division Multiplexing with Index Modulation (OFDM-IM) are two 
famous early modulation schemes that combine traditional mod-

ulation (e.g. amplitude and phase) with IM in the space domain 
and frequency domain, respectively. In these techniques, part of 
the data is encoded in the indices of the active antennas (or sub-
carriers) and the other part is encoded using traditional modula-

tion over the selected antennas (or sub-carriers) [8]. Afterwards, 
the use of IM extended to include more transmission parame-

ters such as antenna beam patterns, elements of re-configurable 
intelligent surfaces, space-time dispersion matrices, spread codes, 
polarization states, RF mirrors, etc. References [11–13] used IM to 
encode data in the radar waveform. Specifically, [11] encodes data 
in the permutations of multiple orthogonal waveforms over the 
transmit antennas. In [12], only a subset of the transmit antennas 
is active and data is encoded in the indices of the active antennas 
and the permutation of the waveforms over them. Finally, [13], en-
codes the data in the different permutations of hopping codes.

In this paper, we consider an IM-based DFRC scenario where 
data is embedded in the sub-carriers selection of a multi-carrier 
frequency agile radar. Apparently, the number of selected sub-
carriers affects both the communication data rate and the radar 
performance of the vehicle. Consequently, our purpose is optimiz-

ing the modulation order of the index modulated signal to maxi-

mize data transmission without harming the radar operation. This 
approach is different from the other discussed works in literature 
as these works mainly focused on the signal processing between a 
single transmitter and receiver without optimizing the modulation 
order of the transmission or considering interference from other 
transmitters. The novelty of our work is summarized as follows:

• Optimizing the modulation order to maximize the number of 
successfully transmitted bits/symbol between a transmit and 
receive vehicle subject to a constraint on the target detection 
probability at the transmit vehicle. The optimization does not 
require instantaneous CSI at the transmit or receive vehicle.

• Deriving novel expressions for the number of successfully 
transmitted bits/symbol between the transmit and receive ve-
hicles and the target detection probability at the transmit ve-

hicle as functions of the road layout, the traffic conditions, and 
the IM order in the two cases of LoS and Non-LoS (NLoS).

• Showing through analysis that sub-carrier IM and energy de-
tection based demodulation promote an additional use of the 
radar signal such that the receive vehicle can use the Received 
Signal Strength (RSS) of the transmit vehicle radar signal not 
only to decode the embedded data, but also to estimate the 
distance between itself and the transmit vehicle. This addi-
tional use of the transmit vehicle radar signal should save 
more power and spectrum.

Numerical results show that IM can achieve up to 12 bits/symbol 
LoS communication to distances up to 20 m in light traffic condi-
tions without jeopardizing the radar detection. The absence of LoS 
reduces the communication to around 5 bits/symbol.

The rest of this paper is organized as follows: the system model 
and statistical characterization of the transmission signals are pre-
sented in Sections 2 and 3, respectively. The optimization problem 
is formulated and solved in Sections 4 and 5, respectively, and the 
RSS-based distance estimation at the receive vehicle is proposed in 
Section 6. Numerical results are presented in Section 7, and finally 
the paper is concluded in Section 8.

2. System model

We consider vehicles on a multi-lane road as shown in Fig. 1. 
At a taken snapshot of the road, the vehicles positions in any lane 
are modeled as a one dimensional Homogeneous Poisson Point 
Process (HPPP) [14]. Vehicles are equipped with frequency agile 
multi-carrier radars on their front ends and with communication 
receivers on their rear ends. Ptx and � denote, respectively, the 
transmission power and beamwidth of the radar, and � denotes 
the total number of radar sub-carriers. We consider, without loss 
of generality, typical transmit (Tx) and receive (Rx) vehicles in the 
middle lane as shown in Fig. 1. The two vehicles are separated by 
distance R . The Tx vehicle uses its radar signal to detect and com-

municate information to the Rx vehicle.
The considered IM based DFRC consists of two parts: one at the 

Tx vehicle and the other at the Rx vehicle. The Tx vehicle trans-
mits its radar signal over ψ sub-carriers, and it uses the received 
reflected signal over these sub-carriers for ordinary radar opera-
tion. The Tx vehicle also encodes data symbols in the indices of the 
selected sub-carriers, and consequently the number of transmitted 
bits per symbol is determined by ψ . When the Tx vehicle trans-
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Fig. 2. The signal received at Rx vehicle from the Tx vehicle and a general interfering lane l.

mits over a set of ψ sub-carriers out of the total � sub-carriers, 
then the number of symbols in the constellation (i.e., the modula-

tion order) is 
(

�
ψ

)

, where 
(·
·
)

is the combination operator, and the 

Tx vehicle can transmit log2
(

�
ψ

)

bits/symbol. To decode the data 
symbols, the Rx vehicle needs to determine the indices of the sub-
carriers used by the Tx vehicle. This is an energy detection based 
binary hypothesis test per sub-carrier. The Rx vehicle detects the 
received signals over the different sub-carriers and decides which 
sub-carriers were used. The Rx vehicle can also use the RSS over 
the used sub-carriers to estimate the distance between the Tx ve-
hicle and itself.

The benefits of the procedure are summarized as follows:

• The simultaneous use of the same signal for radar sensing and 
data communication should reduce power consumption and 
hardware costs and allow better utilization of the RF spectrum.

• sub-carrier IM requires simple energy detection at the Rx vehi-
cle to decode the data symbols, and consequently cheap com-

munication receivers can be used.
• The procedure does not require instantaneous CSI at the trans-

mit or receive vehicle. This feature significantly reduces the 
required control message exchange between the Tx and Rx ve-
hicle and simplifies its application.

The number of sub-carriers used by the Tx vehicle affects both 
the radar performance of the Tx vehicle and its communication 
data rate with the Rx vehicle. Consequently, in the rest of this pa-
per we optimize the number of the sub-carriers that should be 
used by the Tx vehicle to maximize its successfully transmitted 
bits/symbol to the Rx vehicle without affecting the target detec-
tion probability of its (the Tx vehicle) radar.

3. Statistical characterization of signal transmission between Tx 
and Rx vehicles

In this section, we statistically characterize the radar signal re-
ceived at the Rx vehicle and the received reflected radar signal at 
the Tx vehicle.

3.1. Received radar signal at the Rx vehicle

The signal received at the Rx vehicle consists of the radar sig-
nal from the Tx vehicle, the radar signal from interfering vehicles, 
and a noise component. The set of interfering vehicles in differ-
ent lanes are modeled as different independent HPPP [14]. Fig. 2
shows the middle lane and a general interfering lane (number l up 
the middle lane). From the road geometry in Fig. 2, vehicles in l
(up or down the middle lane) interfere with the Rx vehicle only if 
they lag with distance more than Xl = l × L/ tan (�/2) [14], where 
l × L is the distance between lane number l and the middle lane. 
We assume the interference from other vehicles that come behind 

the Tx vehicle in the middle lane to be insignificant as their inter-
ference is blocked by the body of the Tx vehicle.

The magnitude of the radar signal received by the Rx vehicle 
on sub-carrier k, denoted by rrx,k , is thus given by

rrx,k =
{

|g0,ksrx,k + nrx,k + irx,k|, at Ptx,k �= 0,

|nrx,k + irx,k|, at Ptx,k = 0,
(1)

where srx,k =
√

Ptx,kγkR
−α with Ptx,k being the transmit power 

of the Tx vehicle over sub-carrier k and α the pathloss exponent. 
The case Ptx,k �= 0 means the Tx vehicle transmits over sub-carrier 
k, and vice versa. Also, γk = Gk Ak/4π where Gk and Ak are the 
transmit gain and the receive effective area of the antenna on 
sub-carrier k [15]. In addition, g0,k is the channel gain between 
the Tx and Rx vehicles on sub-carrier k. The term nrx,k represents 
the additive white Gaussian noise (AWGN) at the Rx vehicle on 
sub-carrier k such that nrx,k ∼ CN (0, σ 2

n ), ∀k are independent and 
identically distributed (i.i.d.). Finally, the term irx,k is the interfer-
ence received at Rx vehicle on sub-carrier k given by

irx,k =
∑

lup,down

∑

i∈	l

hi,k

√

P i,kγ d−α
i

. (2)

The first summation in (2) is over the interfering lanes on the road 
and 	l is the set of interfering vehicles in lane l. 	l is assumed 
to follow a HPPP with density ζ and i.i.d. marks P i,k , where P i,k is 
the transmit power of interferer i ∈ 	l on sub-carrier k. Also, hi,k is 
the small scale channel on sub-carrier k between interferer i ∈ 	l

and the Rx vehicle. Finally, di is the distance between interferer 
i ∈ 	l and the Rx vehicle. We assume Rayleigh fading between the 
Rx vehicle and the interfering vehicles such that hi,k ∼ CN (0, 1)
are i.i.d. We also assume orthogonal sub-carriers such that no in-
terference is present between the different sub-carriers.

Now, if sub-carrier k is not used by the Tx vehicle (i.e., P tx,k =
0), then from (1), rrx,k only consists of noise and interference. 
Therefore, rrx,k follows a Rayleigh distribution as follows

frrx,k (r|Ptx,k = 0) = 2r

σ 2
n + σ 2

rx,k

exp

(

− r2

σ 2
n + σ 2

rx,k

)

, (3)

where σ 2
n is the noise power and σ 2

rx,k
is interference power at the 

Rx vehicle on sub-carrier k calculated as follows

σ 2
rx,k =
∑

l

E	l,P

⎡

⎣

∑

i∈	l

P i,kγkd
−α
i

⎤

⎦ ,

a= 2ζE [Pk]
∑

l

∞
∫

x=lL/ tan(�/2)

γkdx
(

(lL)2 + x2
)α/2

, (4)

3
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Fig. 3. The Rx vehicle reflects the radar signal of the Tx vehicle and the radar signal of other interfering vehicles back to the Tx vehicle.

where E [·] is the expectation operator and 
a= follows from the 

road geometry in Figs. 1 and 2, the independence of the inter-
ferers positions and their marks (i.e., di and P i,k), and Campbell’s 
theorem [16]. Also, E [Pk] is the average transmit power over sub-
carrier k and the factor 2 is to account for the two lanes (up and 
down lanes) on same distances from the middle lane.

In our analysis, we assume i.i.d. channel conditions over the 
sub-carriers and the lack of instantaneous CSI at the transmit-

ting/receiving vehicles. We also assume similar antenna per-

formance over the sub-carriers (i.e., equal γk). As a result of 
the preceding assumptions, a typical vehicle i distributes its 
transmit power equally over its used sub-carriers. Hence, P i,k ∈
{

0, Ptx
1

, Ptx
2

, ..., Ptx
�

}

depending on the number of sub-carriers used 
by vehicle i and on whether sub-carrier k is included in its trans-
mission set or not. Assuming that any vehicle i uses sub-carriers 
sets of any size from 1 to � with equal probability 1/�. Then, the 
probability that a typical interferer i uses sub-carrier k with power 
P i,k = Ptx/ j is

P

(

P i,k = Ptx

j

)

= P(selected set size = j)

× P(sub-carrier k ∈ selected set|selected set size = j),

= 1

�
×
((

�

j

)

−
(

� − 1

j

))

/

(

�

j

)

= j

�2
, (5)

where P(sub-carrier k ∈ selected set|selected set size = j) is the 
probability that sub-carrier k is in the selected set of size j. Since 
data symbols are equiprobable, then a vehicle selects different sub-
carrier sets with equal probability. Therefore, the above probability 
is calculated as the number of size j subsets that have sub-carrier 
k divided by the total number of possible size j subsets. The Prob-
ability Mass Function (PMF) of the power that a typical vehicle 
transmits over sub-carrier k is thus

P(Pk) =
{

j/�2, at Pk = Ptx/ j, and j = 1,2, ...�,

(� − 1)/2�, at Pk = 0.
(6)

And E[Pk] in (4) is calculated as follows:

E[Pk] =
�
∑

j=1

Ptx

j
× j

�2
= Ptx

�
. (7)

Solving the integral in (4) and substituting with E[Pk] from (7) re-

sults in σ 2
rx,k

being equal ∀k and having the following closed forms 
in the cases α = 2 and α = 4:

σ 2
rx =

⎧

⎪

⎨

⎪

⎩

Ptxγ ζ�

�L

∑

l

1
l
, at α = 2,

Ptxγ ζ

�L3

[

�
2

− tan(�/2)

tan2(�/2)+1

]

∑

l

1
l3

, at α = 4.
(8)

So far, the analysis shows that the distribution of rrx,k at Ptx,k = 0

does not depend on the presence of a LoS between the Tx and 
Rx vehicles. In the rest of this sub-section, we characterize rrx,k at 
Ptx,k �= 0 for the two cases of a LoS and NLoS between the Tx and 
Rx vehicles.

3.1.1. LoS between Tx and Rx vehicles
In this case, g0,k = 1, and from (1), rrx,k follows a Ricean distri-

bution as follows

frrx,k (r|Ptx,k �= 0)

= 2r

σ 2
n + σ 2

rx

exp

(

−
r2 + s2

rx,k

σ 2
n + σ 2

rx

)

I0

(

2rsrx,k

σ 2
n + σ 2

rx

)

,
(9)

where I0(·) is the zero order modified Bessel function of the first 
kind.

3.1.2. NLoS between Tx and Rx vehicles
In this case, we assume a Rayleigh channel between the Tx and 

Rx vehicles such that g0,k ∼ CN (0, 1) are i.i.d. ∀k. Consequently, 
rrx,k follows a Rayleigh distribution as follows

frrx,k (r|Ptx,k �= 0) = 2r

s2
rx,k

+ σ 2
n + σ 2

rx

exp

(

− r2

s2
rx,k

+ σ 2
n + σ 2

rx

)

.

(10)

3.2. Reflected signal at the Tx vehicle

As shown in Fig. 3, the received reflected signal at the Tx vehi-
cle consists of the radar signal of the Tx vehicle reflected off the 
Rx vehicle besides the radar signals from other interferers reflected 
off the Rx vehicle too. The magnitude of the received reflected sig-
nal at the Tx vehicle over sub-carrier k, denoted by rtx,k , is thus 
given as follows

rtx,k =
∣

∣u0,k

√

�R−α

4π

(

srx,k + irx,k
)

+ ntx,k
∣

∣, (11)

where � is the radar cross section of the Rx vehicle and u0,k

is the channel from the Rx vehicle to the Tx vehicle. The reflec-
tions from other vehicles in neighboring lanes reach the Tx vehicle 
with different delays compared to the signal reflected from the Rx 
vehicle and therefore, are ignored in the analysis. On the other 
hand, since the radar transmission of different vehicles is unsyn-
chronized, there is a chance that other radar signals reach the Rx 
vehicle at the same time as the radar signal of the Tx vehicle and 
hence, their reflections from the Rx vehicle reach the Tx vehicle 
overlapped with its own reflected radar signal. Consequently, the 
reflection of the term irx,k is considered in the analysis. Just like in 
the preceding section, we will characterize the distribution of rtx,k
in the rest of this subsection.

4
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3.2.1. LoS between Tx and Rx vehicles
Following the analysis in the preceding subsection, when a LoS 

is present (i.e., u0,k ≈ 1), rtx,k follows a Ricean distribution as fol-
lows

frtx,k (r|Ptx,k �= 0) = 2r

σ 2
n + σ 2

tx

exp

(

−
r2 + s2

tx,k

σ 2
n + σ 2

tx

)

I0

(

2rstx,k

σ 2
n + σ 2

tx

)

,

(12)

where σ 2
tx = �R−ασ 2

rx/4π and s2
tx,k

= �s2
rx,k

R−α/4π .

3.2.2. NLoS between Tx and Rx vehicles
In this case, we assume a Rayleigh channel such that u0,k ∼

CN (0, 1). The exact Probability Density Function (PDF) of rtx,k in 
the presence of noise does not have a closed form. Therefore, for 
simplicity of analysis, we assume that the noise term is negligible 
compared to the interference term. In this case, the PDF of rtx,k
is the PDF of two multiplied independent (but not identically dis-
tributed) Rayleigh random variables (RVs). Following the analysis 
in [17], the PDF of rtx,k is a function of the Meijer-G function as 
follows

frtx,k (r|Ptx,k �= 0)

= 1

2
√

s2
tx,k

+ σ 2
tx

G
2,0
0,2

⎛

⎝

r2

s2
tx,k

+ σ 2
tx

∣

∣

∣

∣

∣

−

0.5,0.5

⎞

⎠ .
(13)

As discussed in the system model, the Tx vehicle selects ran-
dom sets (each of size ψ ) of sub-carriers to represent different 
data symbols. The selected set size (i.e., modulation order) affects 
the performance of the radar detection at the Tx vehicle and the 
communication between the Tx and Rx vehicles. Consequently, we 
formulate the selection of ψ as an optimization problem in the 
next section.

4. Problem formulation

We define the optimum sub-carrier set size, denoted by ψ∗ , 
as the one that maximizes the number of successfully transmit-

ted bits/symbol between the Tx and Rx vehicles while keeping 
the target detection probability at the Tx vehicle above a specific 
threshold �. The problem is thus formulated as an integer opti-
mization as follows

maximize
ψ

O (ψ) = PSucDec(ψ) × log2

(

�

ψ

)

, (14)

subject to PTarDet(ψ) ≥ �, (15)

ψ ∈ {1,2, ...,�}. (16)

The objective (14) is the number of successfully transmitted 
bits/symbol, which is the number of transmitted bits/symbol 
(log2
(

�
ψ

)

) multiplied by the probability of successful symbol de-
coding (PSucDec). Constraint (15) sets the minimum acceptable 
value (�) for target detection probability at the Tx vehicle (PTarDet) 
while constraint (16) limits the size of the sub-carrier set to an 
integer value between 1 and �. The probability of successful de-
coding, PSucDec , and the target detection probability, PTarDet , are 
the focus of the following two subsections, respectively.

4.1. Probability of successful decoding

When the Tx vehicle uses a sub-carrier set Sψ (of size ψ ) to 
represent some data symbol, the Rx vehicle can successfully de-
code that symbol when it correctly detects the presence of a signal 

on Sψ and no signal on the other � −ψ unused sub-carriers. Con-
sequently, PSucDec is evaluated as

PSucDec =
∏

k∈Sψ

PD,k

∏

j /∈Sψ

(

1− P F A, j

)

, (17)

where PD,k and P F A,k are, respectively, the signal detection and 
false alarm probabilities on sub-carrier k. The Rx vehicle applies a 
simple binary hypothesis test independently on each sub-carrier to 
determine if the sub-carrier is used by the Tx vehicle. Since P F A,k

is the probability that the magnitude of the received signal rrx,k
exceeds a threshold V rx when sub-carrier k is not used by the Tx 
vehicle (i.e., when Ptx,k = 0), thus

P F A,k = P
(

rrx ≥ V rx,k|Ptx,k = 0
)

, (18a)

= exp

(

− V 2
rx

σ 2
n + σ 2

rx

)

, (18b)

where (18b) is by calculating (18a) for the Rayleigh PDF in (3). 
Similarly, PD,k is the probability that rrx,k exceeds the threshold 
V rx but when sub-carrier k is actually used by the Tx vehicle (i.e., 
when Ptx,k �= 0), hence

PD,k = P
(

rrx,k ≥ V rx|Ptx,k �= 0
)

. (19)

Calculating (19) using the PDFs in (9)), (10)) for the LoS/NLoS 
cases, PD,k becomes

PD,k =

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

Q 1

(

√

2s2
rx,k

σ 2
n +σ 2

rx
,

√

2V 2
rx

σ 2
n +σ 2

rx

)

, LoS,

exp

(

− V 2
rx

s2
rx,k

+σ 2
n +σ 2

rx

)

, NLoS,

(20)

where Q 1 (·, ·) is the Marcum-Q function. The threshold V rx is 
chosen to satisfy specific P

req
F A per sub-carrier in order not to 

overwhelm the Rx vehicle with false communication [15]. Hence, 

from (18b), the threshold is V rx =
√

(σ 2
n + σ 2

rx) log(1/P
req
F A ). Using 

the previously discussed assumptions of equal power allocation 
(i.e., Ptx,k = Ptx/ψ ) and i.i.d. sub-carriers assumption, then PSucDec

becomes

PSucDec(ψ) =
(

1 − P
req
F A

)�−ψ

×

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

Q
ψ

1

(

√

2Ŵrx

ψ
,

√

2 log

(

1

P
req
F A

)

)

, LoS,

expψ

(

− log
(

1/P
req
F A

)

1+Ŵrx/ψ

)

, NLoS,

(21)

where Ŵrx = Ptxγ R−α/(σ 2
n +σ 2

rx). By substituting with (21) in (14), 
we get a closed form expression for the number of successfully 
transmitted bits/symbol O (ψ) as follows:

O (ψ) = log2

(

�

ψ

)

(

1− P
req
F A

)�−ψ

×

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

Q
ψ

1

(

√

2Ŵrx

ψ
,

√

2 log

(

1

P
req
F A

)

)

, LoS,

expψ

(

− log
(

1/P
req
F A

)

1+Ŵrx/ψ

)

, NLoS,

(22)

4.2. Probability of target detection

The Tx vehicle determines the presence of a target (i.e., the 
Rx vehicle) if it can detect its reflected signal on any of its used 
sub-carriers (i.e., set Sψ ). Therefore, the probabilities of target de-
tection/false alarm, respectively, are

5
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PTarDet = 1−
∏

k∈Sψ

(

1− P T D,k

) a= 1−
(

1− P T D,k

)ψ
, (23)

PTarFA = 1−
∏

k∈Sψ

(

1− P T F A,k

) a= 1−
(

1− P T F A,k

)ψ
, (24)

where P T D,k and P T F A,k are the probabilities of detection and false 

alarm at the Tx vehicle on sub-carrier k. In both equations, 
a=

follows from the assumption of i.i.d. channels and equal power al-
location over the sub-carriers. Since P T D,k is the probability that 
rtx,k exceeds some threshold V tx , i.e., P T D,k = P

(

rtx,k ≥ V tx

)

then 
using the PDFs in (12) and (13) for the LoS/NLoS cases, one gets

P T D,k =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

Q 1

(
√

2S2tx
ψ(σ 2

n +σ 2
tx)

,

√

2V 2
tx

σ 2
n +σ 2

tx

)

, LoS,

1−
√

V 2
tx

S2tx/ψ+σ 2
tx

G
2,1
1,3

(

V 2
tx

S2tx/ψ+σ 2
tx

∣

∣

∣

0.5

0.5,0.5,−0.5

)

, NLoS,

(25)

where S2tx = �PtxR
−2αγ /4π . The expression of P T D,k in the NLoS 

case is obtained following the derivation of the Cumulative Distri-
bution Function (CDF) of two multiplied independent Rayleigh RVs 
in [17].

If the Rx vehicle is not present, the magnitude of the signal 
received at the Tx vehicle follows a Rayleigh distribution such that 
P T F A,k is

P T F A,k = exp

(

−
V 2
tx,k

σ 2
n + σ 2

c Ptx/ψ

)

, (26)

where σ 2
c is the variance of the radar signal reflected off clutter 

such as the vehicles in other lanes (per unit transmit power) and 
is given by

σ 2
c = �γ

4π

∑

l

E	l

⎡

⎣

∑

i∈	l

d−2α
i

⎤

⎦

a= �γ ζτ

2π

∑

l

∞
∫

x=lL/ tan(�/2)

dx
(

(lL)2 + x2
)α . (27)

Similar to (4), 
a= follows from the geometry of Fig. 1, the HPPP 

assumption, and Campbell’s theorem [16]. The factor τ < 1 is set to 
account for the fact that reflections from different vehicles arrive at 
different times (and therefore the summation is an over estimation 
of the clutter). It is worth noting that σ 2

c has the following closed 
form at α = 2

σ 2
c = �γ ζτ

4�L3

[

�

2
− tan (�/2)

tan2 (�/2) + 1

]

∑

l

1

l3
. (28)

Finally, the detection threshold V tx is chosen to satisfy a spe-
cific false alarm probability PTarFA = P

req
F A [15]. Hence, from (24)

and (26), the value of the threshold is V tx(ψ) ≈
√

(σ 2
n + σ 2

c Ptx/ψ) log(ψ/P
req
F A ), and the probability of target de-

tection can now be written as

PTarDet(ψ)

=

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

1−
(

1− Q 1

(
√

2S2tx
ψ(σ 2

n +σ 2
tx)

,

√

2V 2
tx(ψ)

σ 2
n +σ 2

tx

))ψ

, LoS,

1−
(
√

V 2
tx(ψ)

S2tx/ψ+σ 2
tx

G
2,1
1,3

(

V 2
tx(ψ)

S2tx/ψ+σ 2
tx

∣

∣

∣

0.5

0.5,0.5,−0.5

))ψ

, NLoS

(29)

5. Proposed optimization algorithms

The analysis in the previous section shows that the selection of 
ψ (for LoS and NLoS) is a non-linear integer optimization prob-
lem with a non-concave constraint and non-concave and non-
differentiable objective, and consequently is hard to solve. Fortu-
nately, the problem has a single optimization variable ψ over a 
finite integer set, which makes search algorithms feasible. We use 
in Section 5.1 a Segmented Hill Climbing (SHC) algorithm to find 
the optimum solution for the exact LoS/NLoS problems. We also 
show in Section 5.2 that a real concave relaxed version of the NLoS 
problem can be solved using the Karush Kuhen Tucker (KKT) con-
ditions and a one-off branching.

5.1. Segmented hill climbing solution

Hill climbing is a local search algorithm that starts at some 
point and moves the search in the direction of objective in-
crease [18]. The constraint is handled using a rejection strategy 
where solutions that violate the constraint are rejected during the 
search [19]. To this end, we add the constraint to the objective in 
the form of a boolean function such that the new objective is

Õ (ψ) = O (ψ) × 1(PTarDet(ψ) ≥ �), (30)

where 1(u ≥ Z) is 1 if u ≥ Z and 0 otherwise. We detail the steps 
of the proposed SHC solution in Algorithm 1.

Algorithm 1 Segmented Hill climbing (SHC).

1: Divide the set {1, 2, ..., �} to I non-overlapping segments.

2: For i = 1 : I
3: Define the start and end points of segment i (ψst , ψend)

4: If ψst feasible & ψend infeasible

5: Set initial search point ψ = ψst

6: ElseIf ψst infeasible & ψend feasible

7: Set initial search point ψ = ψend

8: ElseIf ψst infeasible & ψend infeasible

9: Skip segment i
10: Else

11: Set initial search point ψ randomly between ψst and ψend

12: End If
13: If ψ + 1 ≤ ψend & Õ (ψ + 1) ≥ Õ (ψ)

14: ψ = ψ + 1

15: Dir = 1

16: ElseIf ψ − 1 ≥ ψst & Õ (ψ − 1) ≥ Õ (ψ)

17: ψ = ψ − 1

18: Dir = −1

19: Else

20: Skip segment i
21: End If
22: While (1)

23: If Dir == 1 & ψ + 1 ≤ ψend & Õ (ψ + 1) ≥ Õ (ψ)

24: ψ = ψ + 1

25: Dir = 1

26: ElseIf Dir == −1 & ψ − 1 ≥ ψst & Õ (ψ − 1) ≥ Õ (ψ)

27: ψ = ψ − 1

28: Dir = −1

29: Else

30: Break

31: End If
32: End While

33: ψ̃[i] = ψ , O ∗ = Õ (ψ̃)

34: If ψend ≥ �/2 & !isempty(ψ̃ )

35: Break

36: End If
37: End For
38: ψ∗ = ψ̃(argmax(O ∗))

The search domain is first divided into equal sized non-

overlapping segments (step 1). The segmentation helps skip in-
feasible segments (steps 9 and 20) and terminate the search early 
when the optimal solution is found (step 30). In each segment, the 
algorithm defines its initial search point based on the feasibility of 
the segments end points (steps 3-12). The algorithm then searches 
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in the direction of objective increase, updates the search point in 
that direction, and saves this direction (steps 13-21). The algorithm 
keeps moving in the saved direction till no improvement happens 
or the solution becomes infeasible (steps 22-32). After that, the 
optimum solution is obtained by comparing the optimum solu-
tions of the different segments (step 38). A closer inspection of 
the unconstrained objective in (14) shows that ψ∗ ≤ �/2 (since 
(

�
ψ

)

decreases after �/2 and PSucDec decreases with ψ . This obser-
vation allows the early termination of the algorithm if an optimal 
feasible solution is found in the range {1, 2, ...�/2} (steps 34-36). 
It is important to notice that in the limit that segment size is 1 
and no early stopping criterion, the SHC behaves like an exhaus-
tive search algorithm that checks every point in the optimization 
domain {1, 2, ..., �}.

The complexity of SHC is O1 + O2 where O1 is the complex-

ity of steps 2-37 in Algorithm 1 and O2 is the complexity of 

step 38. O1 is O
(

I
∑

i=1

Ni

)

where I is the number of segments 

and 1 ≤ Ni ≤ �/I is the number of searched points in segment i. 
Consequently, O (I) ≤ O1 ≤ O (�). Assuming that Ni has uniform 
distribution over its range, then O1 has an average complexity of 
O (0.5I(�/I + 1)) ≈ O (�). Also, O2 is the complexity of sorting 
an array of I elements. We assume, for simplicity, a selection sort 
with complexity O

(

I2
)

(other sorting algorithms have lower com-

plexities) Combining O1 and O2 shows that SHC has equal average 
and worst complexities of O

(

� + I2
)

and best case complexity of 
O
(

I + I2
)

≈O
(

I2
)

.

5.2. Real concave relaxation for the NLoS case

This section relaxes the NLoS problem to become a real concave 
optimization problem that can be solved by the KKT conditions. 
The NLoS objective is relaxed by taking its logarithm and using the 
approximation log(n!) ≈ n logn − n log e as follows

log O (ψ) ≈ (� − ψ) log(1 − P
req
F A ) −

ψ2 log(1/P
req
F A )

ψ + Ŵrx

− log(log(2)) + log
(

� log(�) − ψ log(ψ)

− (� − ψ) log(� − ψ)
)

. (31)

The approximate log objective is concave as it is the sum of a 
linear term, a concave term, and the log of a concave function, 
which is concave too, from function composition [20]. To simplify 
PTarDet in the NLoS case, we ignore the channel effect on the re-
flected signal from the Rx vehicle to the Tx vehicle. In this case, 
the magnitude of the received reflected signal at the Tx vehicle 
has a Rayleigh PDF and consequently, the probability of target de-
tection is

PTarDet(ψ) ≈ 1−
(

1− exp

(

−
(σ 2

n ψ + σ 2
c ) log(ψ/P

req
F A )

S2tx + ψ(σ 2
n + σ 2

tx)

))ψ

.

(32)

The constraint PTarDet ≥ � can hence be reformulated as

g(ψ) = ψ log (1− exp (− f (ψ))) ≤ log(1− �), (33)

where f (ψ) = ψσ 2
n + σ 2

c

ψ(σ 2
n + σ 2

tx) + S2tx
log(�/P

req
F A ), (34)

where we substituted with � instead of ψ inside the log in f (ψ), 
which is an over estimation of the detection threshold to fur-
ther simplify the constraint. In what follows, we show that the 
simplified constraint in (33) is quasi-convex when σ 2

n ≈ 0 (when 

the clutter dominates the noise), which is considered to be the 
dominant case in vehicular systems where signal reflections and 
interference dominate the noise. We start with the derivative of 
g(ψ) given by

∇g(ψ) = log(1 − exp(− f (ψ))) + ψ∇ f (ψ)

exp( f (ψ)) − 1
, (35)

where ∇ f (ψ) = σ 2
n S2tx − σ 2

c (σ 2
n + σ 2

tx)

(ψ(σ 2
n + σ 2

tx) + S2tx)
2

. (36)

From the equation above, if σ 2
n ≈ 0, ∇ f (ψ) (and consequently 

∇g(ψ)) is negative over all ψ . This means that g(ψ2) < g(ψ1) <
g(ψ0) for any ψ0 < ψ1 < ψ2 and consequently, the quasi-convexity 
condition g(ψ1) < max(g(ψ0), g(ψ2)) is always satisfied.

Based on the above discussion, the log objective in (31) is con-
cave and the simplified constraint in (33) is quasi-convex, hence a 
point ψ∗ satisfying the KKT conditions is a global maximum [21]. 
The KKT conditions are given by [20]

∇ log O (ψ∗) + λ∗∇g(ψ∗) = 0, (37)

λ∗ ≥ 0, (38)

λ∗g(ψ∗) = 0, (39)

where λ∗ is the optimal dual (Lagrange) price. Substituting with 
(37) in (39), then λ∗ = −∇ log O (ψ∗)/∇g(ψ) and −g(ψ∗)∇ ×
log O (ψ∗)/∇g(ψ∗) = 0. Since ∇ log O (ψ) is the first derivative of 
the log objective w.r.t. ψ , it is given by

∇ log O (ψ))

= − log
(

(1− P
req
F A )
)

− log

(

1

P
req
F A

)

(

1− Ŵ2
rx

(Ŵrx + ψ)2

)

−
log
(

ψ
�−ψ

)

� log(�) − ψ log(ψ) − (� − ψ) log(� − ψ)
. (40)

The solution of the KKT conditions is summarized in Algorithm 2. 
The solution ψ∗ is usually real (non-integer), and consequently to 
get an integer solution we use one-off branching where we con-
sider the two solutions ⌊ψ∗⌋ and ⌈ψ∗⌉ and choose the feasible 
one with higher objective.

Algorithm 2 Solving the KKT conditions.

1: Assume a trivial solution with λ∗ = 0 and solve ∇ log O (ψ̃) = 0 for ψ̃
2: If g(ψ̃) ≤ log(1 − �)

3: ψ∗ = ψ̃ and λ∗ = 0

4: Else

5: Find the other roots of g(ψ)∇ log O (ψ) = 0

6: If any root ψ̃ has −∇ log O (ψ̃)/∇g(ψ̃) > 0

7: ψ∗ = ψ̃ and λ∗ = −∇ log O (ψ̃)/∇g(ψ̃)

8: Else

9: The problem is infeasible
10: End If
11: End If

6. RSS-based estimation of inter-vehicle distance at Rx vehicle

As shown in the previous sections, the Rx vehicle detects the 
signal received on different sub-carriers in order to decode the in-
formation message. In this section, we propose that the Rx vehicle 
also uses the RSS on different sub-carriers to estimate R between 
the Tx vehicle and itself. In this case, the estimation of R at Rx 
and the communication between Tx and Rx are two byproducts 
of the radar signal of the Tx vehicle. To this end, we derive the 

7
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Maximum Likelihood based Estimation (MLE), which is the esti-
mate that maximizes the log-likelihood function (LL) of the mag-

nitude of the received signal over the used sub-carriers such that 

LL =
ψ
∑

k=1

log
(

frrx,k (r)
)

in the two following cases [22].

6.1. NLoS between Tx and Rx vehicles

From the PDF of rrx,k in (10), the LL function is

LLNLoS =
ψ
∑

k=1

log(2rk) − ψ log(σ 2
rx + σ 2

n + au) −

ψ
∑

k=1

r2
k

σ 2
rx + σ 2

n + au

(41)

where a = Ptxγ /ψ and u = R−α . Solving ∂LLNLoS/∂u = 0 gives the 
MLE ûML as follows

ûML = ψ

Ptxγ

⎡

⎣

1

ψ

ψ
∑

k=1

r2rx,k − σ 2
rx − σ 2

n

⎤

⎦ . (42)

From the form of (42), it can be deduced that ûML is an efficient 
unbiased estimator [22], which has a Mean Squared Error (MSE) 
that coincides with the Cramer-Rao bound (CRB) defined as

CRB =
(

ψEr

[

(

∂ log( f (r))

∂u

)2
])−1

. (43)

Clearly, since log( f (r)) = log(2r) − log(σ 2
rx + σ 2

n + au) − r2

σ 2
rx+σ 2

n +au
, 

hence

∂ log( f (r))

∂u
= −a

σ 2
rx + σ 2

n + au

[

1− r2

σ 2
rx + σ 2

n + au

]

, (44)

and

Er

[

(

∂ log( f (r))

∂u

)2
]

=
(

a

σ 2
rx + σ 2

n + au

)2

×
[

1−
2Er

[

r2
]

σ 2
rx + σ 2

n + au
+

Er

[

r4
]

(

σ 2
rx + σ 2

n + au
)2

]

,

=
(

a

σ 2
rx + σ 2

n + au

)2

, (45)

and one can conclude that

CRBNLoS = 1

ψ

(

R−α +
ψ
(

σ 2
rx + σ 2

n

)

Ptxγ

)2

. (46)

6.2. LoS between Tx and Rx vehicles

We follow the analysis in the previous subsection for the LoS 
case. From (9), the log-likelihood function is

LLLoS =
ψ
∑

k=1

log

(

2rk

σ 2
rx + σ 2

n

)

−
ψ
∑

k=1

r2
k

+ Ptxγ R−α/ψ

σ 2
rx + σ 2

n

+
ψ
∑

k=1

log

(

I0

(

2rkPtxγ R−α/ψ

σ 2
rx + σ 2

n

))

. (47)

Table 1

Simulation parameters.

Radar cross section, � 30 dB sm

Radar antenna power gain, G 45 dB

Radar transmission power, Ptx 10 dBm

Radar antenna beamwidth, � 15◦

Effective antenna aperture, Ae 0.0387

Pathloss exponent, α 2

Noise power, σ 2
n , 10−14

Tx-Rx distance, R , 20 m

Total number of sub-carriers, �, 16

Lane width, L 4 m

Number of lanes in the road 3

Density of interfering vehicle per lane, ζ 5 km−1

False alarm probability, P
req
F A 10−4

Minimum target detection probability, � 0.9

For mathematical tractability, we use a Gaussian approximation of 
the Ricean PDF in (9) such that rrx,k ∼ N (

√

Ptxγ R−α/ψ, (σ 2
rx +

σ 2
n )/2). This approximation is valid at high Signal to Interfer-

ence plus Noise Ratio (SINR) when the power of the desired 
signal at the Rx vehicle is stronger than the interference and 
noise signals (i.e., Ptxγ R−α/ψ >> σ 2

rx + σ 2
n ))). Using the simpli-

fied distribution, the log-likelihood function can be written as fol-
lows

LLLoS ≈ −ψ log

(
√

π(σ 2
rx + σ 2

n

)

−
ψ
∑

k=1

(rk − bv)2

σ 2
rx + σ 2

n

, (48)

where v = R−α/2 and b = √
Ptxγ /ψ . Solving ∂LLLoS/∂v = 0 gives 

the MLE v̂ML as follows

v̂ML =
√

1

Ptxγ ψ

ψ
∑

k=1

rrx,k. (49)

From the form of (49), it can be observed that the MLE is an ef-
ficient unbiased estimator with its MSE coinciding with the CRB, 
which is obtained using the same definition in (43) after replacing 
u with v in the following steps:

log( f (r)) = − log(

√

π(σ 2
n + σ 2

rx)) − (r − bv)2

(σ 2
n + σ 2

rx)
, (50)

∂ log( f (r))

∂v
= 2b

σ 2
n + σ 2

rx

(r − bv), (51)

and

Er

[

(

∂ log( f (r))

∂v

)2
]

=
4b2
[

b2v2 − 2bvEr[r] + Er[r2]
]

(σ 2
n + σ 2

rx)
2

= 2b2

σ 2
n + σ 2

rx

. (52)

And, consequently,

CRBLoS = (σ 2
n + σ 2

rx)

2Ptxγ
. (53)

7. Numerical results

This section presents the numerical results of the LoS/NLoS 
cases. For simulations, we use Monte-Carlo Matlab simulation. The 
figures are generated using the parameters in Table 1 [14] unless 
stated otherwise.

We start with Fig. 4, which sketches the number of success-
fully transmitted bits/symbol O (ψ) (on the left vertical axis) and 
the target detection probability PTarDet(ψ) (on the right vertical 

8
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Fig. 4. Successfully transmitted bits/symbol and target detection probability versus 
the size of sub-carriers set in the LoS/NLoS cases.

Fig. 5. The maximum number of successfully transmitted bits/symbol and the op-
timum sub-carrier set size versus the density of interfering vehicles per lane (for 
different lane widths).

Fig. 6. The maximum number of successfully transmitted bits/symbol and the op-
timum sub-carrier set size versus the density of interfering vehicles per lane (for 
different number of lanes on road).

axis) versus the size of the sub-carrier set ψ (on the horizontal 
axis). The figure verifies the accuracy of the theoretical analysis 
of the LoS/NLoS cases by comparing the simulation results with 
the formulas derived in (22) and (29). As expected, O (ψ) peaks at 
some optimum ψ∗; the value of O (ψ) decreases at ψ < ψ∗ due to 
under-utilized modulation (i.e., small constellation size) and also at 
ψ > ψ∗ due to reduced successful decoding probability PSucDec(ψ). 
As seen from the figure, the presence of LoS allows the successful 
transmission of more bits/symbol this is because the presence of 
LoS between the Tx-Rx improves PSucDec , and consequently, a big-
ger constellation size can be used. The figure also shows that the 
LoS improves PTarDet and that the relaxed NLoS PTarDet in (32) is 
an over estimation of the NLoS PTarDet in (29) because it ignored 
the channel effect on the reflected signal strength. However, the 
relaxed problem can be solved directly using the KKT constraints, 
and consequently it can operate as an upper bound to the system 
performance in the NLoS case.

Figs. 5, 6, and 7 show the optimum size of the sub-carrier 
set, ψ∗ , and the maximum number of successfully transmitted 

9
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Fig. 7. The maximum number of successfully transmitted bits/symbol and the optimum sub-carrier set size versus the density of interfering vehicles per lane (for different 
PTarDet requirement).

bits/symbol, O (ψ∗), versus the density of interfering vehicles per 
lane, ζ , in both LoS and NLoS cases. The values of ψ∗ and 
O (ψ∗) are obtained by solving the optimization problem defined 
in (14), (15), and (16). The figures consider different conditions; 
specifically, Fig. 5 considers different lane widths, L, Fig. 6 consid-

ers roads with different number of lanes, while Fig. 7 considers 
different requirements of the target detection probability, �. The 
figures show that O (ψ∗) decreases with increasing ζ due to the 
increased interference, which lowers the successful decoding prob-
ability and consequently lowers the maximum number of success-
fully transmitted bits/symbol. It is generally observed from the fig-
ures that more bits/symbol can be successfully transmitted in case 
of LoS between the Tx and Rx vehicles due to improved channel 
condition. Another observation is that in most NLoS cases, increas-
ing ζ increases ψ∗ in order to satisfy the constraint on PTarDet

(as higher ψ represents higher diversity for target detection). On 
the other hand, in LoS cases when PTarDet is already higher than 
the required value (i.e., the constraint on PTarDet is already satis-
fied), then increasing ζ decreases ψ∗ in order to improve PSucDec . 
As seen, wider lanes (in Fig. 5) and/or fewer interfering lanes (in 
Fig. 6) allow successful transmission of more bits/symbols due to 
reduced interference from neighbor lanes. Moreover, Fig. 7 shows 
the effect of the constraint PTarDet ≥ � on ψ∗ and O (ψ∗). As seen, 

increasing � requires the use of more sub-carriers (i.e., higher ψ∗) 
in the NLoS case to satisfy the constraint, and consequently, O (ψ∗)
decreases as ψ∗ shifts from the optimum value calculated at � = 0

(i.e., when the problem is unconstrained). The figure also shows 
that the SHC solution of the exact NLoS problem and the KKT so-
lution of the relaxed NLoS problem are the same when � = 0 (i.e., 
when the problem is unconstrained). However, when � = 0.9, the 
maximum successfully transmitted bits/symbol obtained from the 
KKT solution of the relaxed NLoS problem is an over estimation of 
the actual maximum successfully transmitted bits/symbol obtained 
from the solution of the exact NLoS problem. This is because the 
relaxed NLoS PTarDet in (32) is an over estimation of the actual 
NLoS PTarDet in (29) as evident from Fig. 4. On the other hand, in-
creasing � does not affect the results in the LoS case because the 
value of ψ∗ that maximizes the number of successfully transmit-

ted bits/symbol of the unconstrained problem (i.e., when � = 0) 
already yields high PTarDet due to the better channel condition be-
tween the transmit and receive vehicles (compared to the NLoS 
case).

Fig. 8 shows the maximum number of successfully transmit-

ted bits/symbol between the Tx and Rx vehicles versus their 
inter-distance. A longer distance means reduced received sig-

nal strengths and therefore lower bits/symbol. The number of 
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Fig. 8. The maximum number of successfully transmitted bits/symbol vs the Tx-Rx 
distance.

bits/symbol is further reduced when tightening the constraint on 
PTarDet as the transmitter shifts from the optimum constellation 
size in order to increase PTarDet .

As shown in Figs. 5–8, SHC has the same performance as ex-
haustive search, but with much fewer iterations. The average num-

ber of iterations of SHC is found to be 5 with a standard deviation 
of 2 iterations compared to 16 iterations in case of exhaustive 
search.

Finally, Fig. 9 shows the normalized RMSE of the MLE ver-
sus the sub-carrier set size ψ for the LoS/NLoS cases. As shown 
in the figure, the MLE achieves the CRB in the NLoS case while 
in the LoS case, as explained in the analysis in Section 6.2, the 
Gaussian approximation of the received signal becomes more ac-
curate at higher SINR. Therefore, the RMSE of the Gaussian MLE 
approaches the CRB when the Tx vehicle is close to the Rx ve-
hicle and also when the Tx vehicle distributes its transmission 

Fig. 9. The normalized RMSE of the maximum likelihood compared with the nor-
malized squared root of the CRB versus ψ .

power over fewer sub-carriers (i.e., small ψ ) as evident from the 
figure.

8. Conclusion

This paper proposes an optimization framework for dual func-
tion radar and communication in vehicular systems. The frame-

work maximizes the number of successfully transmitted bits be-
tween two vehicles subject to constraints on the radar perfor-
mance for different road, traffic, and channel conditions. Results 
show that rates up to 12 (5) bits/symbol are possible for distances 
up to 20 m in LoS (NLoS) cases. The paper also suggested that the 
receive vehicle uses the received signal strength of the transmit 
vehicle not only to decode the embedded information, but to esti-
mate the inter-vehicle distance as well. The analysis presented in 
this paper can be extended to include errors in range and veloc-
ity estimation as well as inter-carrier interference, and to integrate 
different techniques for mitigating inter-vehicle interference.
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