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ABSTRACT Orthogonal frequency division multiplexing (OFDM) has been widely used as radar, com-
munication, and jamming shared waveform. To improve the power utilization and efficiency of radar,
communication, and jamming integrated system, we propose an adaptive OFDM shared waveform design
method. Considering the problem of jamming path propagation loss and sensitivity of frequency response
error of radar and communication channels, we propose a robust OFDM shared waveform design method.
Firstly, the suppressed jamming entropy model, the detection probability (Pd) of the stationary point target
model, the data information rate (DIR) model with a given bit error rate (BER) are formulated. With
the constraints on total power and BER, the adaptive and the robust OFDM optimization problems are
formulated. Then we derive the Karush-Kuhn-Tucker (KKT) conditions of the two optimization problems
and an improved greedy algorithm is proposed to solve the optimization problems, and the optimal power
and bit allocation schemes for the two problems are obtained. Finally, we present several numerical results
to demonstrate the effectiveness of the proposed method.

INDEX TERMS Orthogonal frequency division multiplexing (OFDM), adaptive OFDM shared waveform
design, robust OFDM shared waveform design, suppressed jamming entropy, detection probability, data
information rate, improved greedy algorithm.

I. INTRODUCTION
With the development of electronic information technology
and the demand for information warfare, the integration
of multi-functional electronic systems is an effective way
to solve the problem of low comprehensive efficiency of
radar, communication, and jamming integrated systems [1].
In recent years, research shows that radar, communica-
tion, and jamming can be integrated through the OFDM
shared waveform [2]–[4]. This kind of OFDM radar,
communication, and jamming shared waveform carries
communication data. The receiver extracts communica-
tion information through demodulation and extracts target
information through radar signal reception processing[5].
Jammingmainly includes suppression jamming and deceptive

The associate editor coordinating the review of this manuscript and

approving it for publication was Barbara Masini .

jamming [6]–[10]. Radar, communication and jamming inte-
grated system can suppress the enemy radar by transmitting
the OFDM shared waveform to reduce the signal to a jam-
ming ratio of the enemy radar, and weaken the detection
performance and tracking performance of the enemy radar.
The optimization design of the adaptive OFDM shared wave-
form can optimize and adjust the parameters according to the
operational demands and channel environment to achieve the
optimal efficiency of the integrated system [11].

In the past ten years, considerable attention has been paid
to waveform optimization methods of radar, communica-
tion, and jamming integration. Liu et al. [12] investigates
a waveform optimization method to maximize conditional
mutual information and channel capacity based on infor-
mation theory. Research in [13] derives the speed and dis-
tance Cramér–Rao Bounds for estimating range and channel
capacity model of OFDM radar and communication shared
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waveform. Shi et al. [14] proposes a waveform optimization
method to reduce the interception probability of OFDM radar
with the conditions of mutual information and DIR. It can
be seen that in the adaptive waveform design of OFDM
shared signal, channel capacity is generally used as the objec-
tive function of communication performance optimization.
However, the channel capacity is only the theoretical upper
bound of DIR. In the actual bit and power allocation, the DIR
is affected by factors such as the scale quantization accu-
racy of the constellation, which cannot achieve the optimal
performance [15]. By adjusting the bit and power of dif-
ferent subcarriers, the DIR of OFDM shared signal can be
improved. Hence an appropriate bit and power allocation
algorithm is needed to improve the DIR performance. In the
aspect of radar performance, research in [16] deals with the
synthesis of optimized radar waveforms ensuring spectral
compatibility with the overlayed licensed electromagnetic
radiators. Chen et al. [17] proposes a novel approach to
optimizing the waveforms of an adaptive distributed MIMO
radar. Research in [18] propose a novel waveform design
procedure based on constrained maximization of the signal-
to-interference ratio and constrained minimization of a suit-
able correlation index. However, the influence of clutter on
target detection performance has not been considered in the
current research. How to combine subcarrier power with
radar detection performance is still a problem. In terms of
the jamming performance, the research on the shared wave-
form optimization for the suppression jamming is very few.
Entropy is a norm to measure the performance of suppressed
jamming, hence we need to associate entropy with the bit
and power allocation of different subcarriers [6]. In practical
application, the jamming path transmission loss and the fre-
quency response of radar and communication channels are
very difficult to estimate [19]. How we can get the optimal
waveform in the worst cases and optimize the configuration
of radar, communication, and jamming integrated waveform
remains a problem.

Aiming at the above problems, this paper proposes an
adaptiveOFDMsharedwaveform optimizationmethod based
on suppression jamming and radar detection performance.
At the transmitter, the entropy of the OFDM sharedwaveform
with the path transmission loss is taken as the suppression
jamming performance criteria. The detection probability of
the point target is taken as the radar performance criteria.
The data information rate with the given error rate is taken
as the communication performance criteria. The adaptive
waveform design model is established based on the three
criteria. However, the feedback of environment information
may not be accurate in practical application. To solve this
problem, we propose a robust OFDM shared signal waveform
optimization method under the worst channel characteris-
tics. Then KKT conditions are given based on the adaptive
and robust OFDM shared waveform. Finally, an improved
greedy algorithm is proposed for power and bit allocation
with the weighted optimal criterion. The simulation results
show that the performance of this method is close to the

theoretically optimal value, and the robust OFDM shared
waveform improves the radar, communication, and jamming
performance in the worst cases.

The rest of this paper is organized as follows. In section II,
the OFDM shared waveform model is established and the
suppressed jamming entropy, Pd, and DIR are formulated.
The adaptive and robust OFDM shared waveform design
methods, and the improved greedy algorithm are proposed in
Section III. In Section IV, several numerical simulations are
presented. Finally, conclusions and future work are given in
Section V.

II. GUIDELINES FOR MANUSCRIPT PREPARATION
A. SIGNAL MODEL
The time-domain OFDM shared waveform s(t) can be
described as [20]:

sm(t) = ej2π fct
Ns∑
n=1

amcm,nej2πm1f (t−nTs)rect
[
t − Ts
Ts

]

s(t) =
Nc∑
m=1

sm(t)

= ej2π fct
Ns∑
n=1

Nc∑
m=1

amcm,nej2πm1f (t−nTs)rect
[
t − Ts
Ts

]
(1)

where sm(t) is the transmission signal model of the m-th sub-
channel, Nc is the number of the subcarriers, fc is the subcar-
riers’ center frequency, am is the m-th subcarrier’s complex
weight, cm,n is the communication information modulated by
the m-th subcarrier, and the n-th OFDM symbol,1f = 1

/
T ,

where T is the duration of each OFDM symbol, Ts is the time
interval of each OFDM symbol, Ts = T + Tg, where Tg is
the duration of each cycle prefix, rect

[
t
/
Ts
]
is a rectangular

function, which is equal to one for 0 < t < Ts, and zero,
otherwise.

B. JAMMING WAVEFORM CRITERION
Radar target detection should be carried out in noise, and the
hypothesis test of whether there is a target in the received sig-
nal is uncertain [21]. Therefore, the best-suppressed jamming
waveform is the waveform with the largest uncertainty. The
measure of uncertainty of random variables is entropy. For
continuous random variables, entropy is defined as

H (x) = −
∫
+∞

−∞

p (x) loga p (x) dx (2)

According to the central limit theorem, the probability
density of the OFDM signal tends to normal distribution [22].
When the probability density function is a normal distribu-
tion, the entropy S can be simplified as follows:

S = ln
√
2πepT

pT =
∑Nc

m=1
pm (3)
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FIGURE 1. Suppression jamming of the OFDM integrated system to
enemy radar.

where pT is transmitting power, pm is the transmitting power
of the m-th subcarrier. In Figure 1, assume that d is the
distance between the enemy radar and the OFDM integrated
system. The OFDM shared waveform is used to impose a
suppressed jamming on the enemy radar. The jamming signal
y(t) can be expressed as follows:

y(t) =
Nc∑
m=1

βmsm(t − τ )

= ej2π fc(t−τ )
Ns∑
n=1

Nc∑
m=1

βmamcm,nej2πm1f (t−τ−nTs)

×rect
[
t − τ − Ts

Ts

]
(4)

where τ is the time delay, β = [β1, β2, . . . , βm] ,m =
1, 2, . . . ,Nc is a response caused by path propagation loss.
Assuming that the modulation data at different positions

of OFDM are independent to each other [12], the following
equation can be obtained:

E
[
ama∗m′cm,nc

∗

m′,n′

]
=

{
|am|2 , m = m′, n = n′

0, else
(5)

When the number of subcarriers is large enough (more than
100), the power of the m-th subcarrier of the jamming wave-
form can be approximately considered as p′m = β2m |am|

2.
Therefore, the entropy model of OFDM shared signal can be
expressed as follows:

S = ln

√
2πe

∑Nc

m=1
p′m

= ln

√
2πe

∑Nc

m=1
β2m

∣∣a2m∣∣ (6)

To improve the ability of suppressed interference of
OFDM shared waveform, with the constraint of total power,
the waveform design problem of maximizing entropy can be

expressed as the problem of maximizing
∑Nc

m=1 p
′
m:

max
Nc∑
m=1

β2m |am|
2

s.t.
Nc∑
m=1

|am|2 = pT (7)

FIGURE 2. Radar received signal model.

The optimization problem in (7) is a linear programming
problem, which can be solved by simplex [23]:

|am|2 =

{
pT m = argmaxβm
0 else

(8)

It can be seen from (8) that the best jamming waveform is
to load all the power on the subcarrier with the best channel
conditions. In practical application, this extreme waveform
design criterion is not adopted, but it is meaningful to take
the result of (8) as the theoretical value.

C. RADAR WAVEFORM CRITERIA
The radar received signal model is shown in Figure 2. The
scattering model is assumed to be a random linear time
invariant (LTI) filter. Where x(t) = c(t)+ n(t), c(t) is clutter
echo of the uninterested targets. The clutter can be expressed
as the convolution of the transmitted signal and the channel
impulse response: c (t) = s (t) ∗ g (t), g(t) is the impulse
response of radar channel, which is a generalized stationary
random process, mainly reflects the influence of clutter. n(t)
is a complex additive white Gaussian noise.

When the false alarm probability is given, the point target
detection probability is used as the criteria of radar perfor-
mance. In the problem of target detection, the observation
signal model under two assumptions is as follows:

H1 = As(t)+ c(t)+ n(t)

H0 = c(t)+ n(t) (9)

Following the guideline in [24], the best detector with the
Neyman-Pearson criterion is given:∣∣∣∣∣

Ns∑
m=1

X (f )S∗(fm)

G(fm) |S(fm)|2 + σ 2
r (fm)

∣∣∣∣∣
2

> γ (10)

When (10) is true, the target is judged to exist. Where γ is
detection threshold,X (f ), S(f ) andG(f ) are Fourier transform
of x(t), s(t) and g(t), σ 2

r (fm) is power spectral density of
n(t), (·)∗ is a complex conjugate trans-formation, and the
detection probability pd and false alarm probability pf have
the following mathematical relations:

pd = p

1
1+σ2Ad

2

fa

d2 =
Ns∑
m=1

|S(fm)|2

G(fm) |S(fm)|2 + σ 2
r (fm)

(11)
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where d2 is the deviation ratio. According to the properties of
fourier transform and (1), |S (f )|2 can be obtained as follows:

|S(f )|2 = T 2
S

Ns−1∑
n=0

Nc−1∑
m=0

Ns−1∑
n′=0

Nc−1∑
m′=0

ama∗m′cm,nc
∗

m′,n′

·e−j2π (f−fc)(n−n
′)Tse−jπ (m−m

′)1fTs

·sa [π (f − fm)Ts] · sa [π (f − fm′ )Ts] (12)

where sa(f ) = sin f
/
f . According to (5), E

[
|S(f )|2

]
can be

simplified as follows:

E
[
|S(f )|2

]
= NsT 2

s

Ns∑
m=1

|am|2s2a[π (f − fm)T ] (13)

When the number of subcarriers is large enough (more than
100), it can be inferred that |S(f )|2 ≈ E[|S(f )|2]. Therefore,

|S(f )|2 ≈ NsT 2
s

Ns∑
m=1

|am|2s2a[π (f − fm)T ] (14)

According to the properties of sa (·), Equation (14) is
reduced to the following equation:

|S(fm)|2 ≈ NsT 2
s |am|

2 (15)

Substituting (15) into (11) yields the expression of d2 and pd :

pd = p

1
1+σ2Ad

2

fa

d2 =
Nc∑
m=1

NsT 2
s |am|

2

NsT 2
s |am|

2 G(fm)+ σ 2
r (fm)

(16)

To improve the performance of radar point target detection,
with the constraint of total power, the problem of maximizing
point target detection probability can be simplified as the
problem of maximizing deviation ratio d2:

max d2 =
Nc∑
m=1

NsT 2
s |am|

2

NsT 2
s |am|

2 G(fm)+ σ 2
r (fm)

s.t.
Nc∑
m=1

|am|2 = pT (17)

The optimization problem in (17) is a convex problem [25],
which can be solved by the Lagrange multiplier method:

|am|2 =
1

NsT 2
s

[√
NsT 2

s σ
2
r (fm)/λm − σ

2
r (fm)

G(fm)

]+
(18)

where [x]+ = max {x, 0}, λm is Lagrange multiplier, which
can be solved by the total power constraint.

D. COMMUNICATION WAVEFORM CRITERIA
In frequency selective fading channel, data information rate
(DIR) is often used to measure the communication perfor-
mance. It is assumed that the communication channel is slow
time-varying and frequency-dependent. The communication

frequency response H (f ) is shown in Figure 3, and its proba-
bility density function follows Rayleigh distribution.

The model of DIR in additive white noise channel is as
follows:

Ct =
Nc∑
m=1

1f log2

(
1+
|am|2 |H (fm)|2

0σ 2
c

)

=

Nc∑
m=1

1f log2

(
1+

pm |H (fm)|2

0σ 2
c

)

0 = −
ln(5× BER)

1.5
(19)

where pm is the transmitting power of the m-th subcarrier,
H (fm) is the frequency response of the m-th subcarrier, σ 2

c is
the noise power in the channel, 0 is SNR loss factor [26].

To improve the reliability and effectiveness of OFDM
shared waveform, the problem of maximizing DIR with the
constraints of power and BER can be expressed as follows:

max c =
Nc∑
m=1

1f log2

(
1+
|am|2 |H (fm)|2

0σ 2
c

)

s.t.
Nc∑
m=1

|am|2 = pT (20)

The optimization problem in (20) is convex problem. The
closed-form solution of the problem can be obtained by the
Lagrange multiplier method [27]:

|am|2 =
[
λm −

0σ 2
c

|H (fm)|2

]+
(21)

where [x]+ = max {x, 0}, λm is Lagrange multiplier, which
can be solved by the total power constraint.

III. OPTIMAL DESIGN OF OFDM SHARED WAVEFORM
A. ADAPTIVE OFDM WAVEFORM DESIGN

maxF =
ω1

F1

Nc∑
m=1

β2m |am|
2

+
ω2

F2

Nc∑
m=1

NsT 2
s |am|

2

NsT 2
s |am|

2 G(fm)+ σ 2
r (fm)

+
ω3

F3

Nc∑
m=1

log2

(
1+
|am|2 |H (fm)|2

0σ 2
c

)

s.t.


Nc∑
m=1
|am|2 = pT

|am|2 > 0
(22)

where F1, F2 and F3 are the maximum of (7), (17), and (20),
ω1, ω2 and ω3 are weighting factors of jamming, radar, and
communication’s objective functions. ω1 + ω2 + ω3 = 1.
The problem in (22) is a convex problem, which can be
solved by the Karush-Kuhn-Tucker (KKT) condition. The
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FIGURE 3. Communication frequency response.

KKT condition can be described as

µ− µm =
ω1

F1
β2m |am|

2

+
ω2

F2

NsT 2
s σ

2
r (fm)[

NsT 2
s |am|

2 G(fm)+ σ 2
r (fm)

]2
+

ω3

F3 ln 2
|H (fm)|2

0σ 2
c + |am|

2
|H (fm)|2

µ

( Nc∑
m=1

|am|2 − pT

)
= 0

µm |am|2 = 0

µ ≥ 0, µm ≥ 0, m = 1, 2, ...Nc (23)

where µ and µm are Lagrange multipliers. The optimal solu-
tion of the integrated target function of the adaptive OFDM
shared waveform can be obtained by solving (23).

B. ROBUST OFDM WAVEFORM DESIGN
In the last section, the design method of the adaptive OFDM
shared waveform is described, but the method needs to know
the propagation loss of the jamming path, frequency response
of radar channel and frequency response of communication
channel, which needs to be obtained by estimation in practical
application. When there is an error between the estimated
value and the real value, the designed waveform performance
is significantly lower than the theoretical performance, and it
is difficult to obtain the prior information such as the propa-
gation loss of the jamming path and the frequency response
of radar and communication channel. To solve this problem,
a robust OFDM shared waveform optimization method is
proposed. It is assumed that the path propagation loss and the
frequency response of radar and communication channels are
in uncertainly class with known upper and lower bounds.

8β =
{
ψβ : 0 < lβ,m ≤ ψβ,m ≤ uβ,m,∀m = 1, 2, . . . ,Nc

}
8g =

{
ψg : 0 < lg,m ≤ ψg(fm) ≤ ug,m,∀m = 1, 2, . . . ,Nc

}
8h =

{
ψh : 0 < lh,m ≤ ψh(fm) ≤ uh,m,∀m = 1, 2, . . . ,Nc

}
(24)

where ψβ,m = βm, ψg(fm) = 1
/
G (fm), ψh(fm) = H (fm),

lβ,m and uβ,m are the lower and upper bounds of ψβ,m, lg,m
and ug,m are the lower and upper bounds of ψg(fm), lh,m and

uh,m are the lower and upper bounds of ψh(fm). Given the
upper and lower bounds, according to the minimax criterion,
the robust waveform design problem of OFDM shared signal
can be described as follows:

max
{
min I

(
p, ψβ , ψg, ψh

)∣∣
1TNcp=pT

}
I
(
p, ψβ , ψg, ψh

)
=
ω1

F1

Nc∑
m=1

ψ2
β,m |am|

2

+
ω2

F2

Nc∑
m=1

NsT 2
s |am|

2

NsT 2
s |am|

2 ψg(fm)+ σ 2
r (fm)

+
ω3

F3

Nc∑
m=1

log2

(
1+
|am|2 |ψh(fm)|2

0σ 2
c

)
(25)

where p = [|a1|2 , |a2|2 , . . . ,
∣∣aNc ∣∣2], I (p, ψβ , ψg, ψh) is

the weighting objective function for robust OFDM shared
waveform. F1, F2 and F3 are the optimal values of (7), (17)
and (20) when path propagation loss and radar and commu-
nication frequency response being their upper bounds.

Since I
(
p, ψβ , ψg, ψh

)
is monotonically increasing

in ψβ,m, ψh(fm), and ψg(fm), the minimum value of
I
(
p, ψβ , ψg, ψh

)
for lβ,m ∈ 8β , lg,m ∈ 8g, and lh,m ∈ 8h is

I
(
p, lβ,m, lg,m, lh,m

)
, i.e.,

max
{
min I

(
p, ψβ , ψg, ψh

)∣∣
1TNcp=pT

}
= max

{
I
(
p, lβ,m, lg,m, lh,m

)∣∣
1TNcp=pT

}
I
(
p, lβ,m, lg,m, lh,m

)
=
ω1

F1

Nc∑
m=1

l2β,m |am|
2

+
ω2

F2

Nc∑
m=1

NsT 2
s |am|

2

NsT 2
s |am|

2/lg,m + σ 2
r (fm)

+
ω3

F3

Nc∑
m=1

log2

(
1+
|am|2

∣∣lh,m∣∣2
0σ 2

c

)
(26)

The problem in (26) is a convex optimization problem,
which can be solved by the KKT condition. The KKT con-
dition can be described as

µ− µm =
ω1

F1
l2β,m |am|

2

+
ω2

F2

NsT 2
s σ

2
r (fm)[

NsT 2
s |am|

2/lg,m + σ 2
r (fm)

]2
+

ω3

F3 ln 2

∣∣lh,m∣∣2
0σ 2

c + |am|
2
∣∣lh,m∣∣2

µ

( Nc∑
m=1

|am|2 − pT

)
= 0

µm |am|2 = 0

µ ≥ 0, µm ≥ 0, m = 1, 2, ...Nc (27)
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where µ and µm are Lagrange multipliers. The optimal solu-
tion of the integrated target function of the robust OFDM
shared waveform can be obtained by solving (27).

C. BIT AND POWER ALLOCATION METHOD BASED ON
IMPROVED GREEDY ALGORITHM
In the practical application of the OFDM integrated system,
we should consider not only channels quality but also the
bit error performance. Therefore, under different modulation
modes, the actual optimal value cannot reach the theoretical
optimal value in (23). The basic idea of the greedy algorithm
is to sort and search all subcarriers that need the least power to
increase one bit, and then add the number of bit allocation of
this subcarrier to one [28]. The power constraint in this paper
is equality constraint, and the objective function is a multi-
objective function, so the greedy algorithm is no longer appli-
cable. Therefore, this paper proposes an improved greedy
algorithm to solve the bit and power allocation problem in
the practical application of the OFDM integrated system. The
idea is to sort out and search out the subcarrier whose target
function increases the maximum by one bit, and then add
one bit to the bit allocation number of this subcarrier. The
algorithm steps are as follows:
STEP 1: Initialize parameters. The initial bit bm, power

pm, target function value Fm and ratio δm allocated by each
subcarrier are set to zero, i.e.,

bm = 0, pm = 0,Fm = 0, δm = 0, m = 1, 2, . . . ,Nc (28)

STEP 2: Calculate the total power
∑Nc

m=1 pm, when∑Nc
m=1 pm > pT , the algorithm is terminated. Then we sub-

tract the overflowing power from the subcarrier which is
allocated power at the last time.
STEP 3: Calculate the increased power p′m, the increased

target function value F ′m, and the ratio δm =
F ′m−Fm
p′m−pm

when
adding one bit to the m-th subcarrier. f (bm) is the power when
sending one bit with MPSK modulation (BER = pe) [29]:

f (bm) =



0 bm = 0
σ 2
c

2

[
Q−1(pe)

]2
bm = 1

σ 2
c

2

[
Q−1

(
1−
√
1− pe

)]2
bm = 2

σ 2
c

2

[
Q−1(pe

/
2)

sin
(
π/2bi

)]2 bm ≥ 3

(29)

p′m =
f (bm + 1)− f (bm)

|H (fm)|2
(30)

F ′m =
ω1

F1
β2mp
′
m

+
ω2

F2

NsT 2
s p
′
m

NsT 2
s p′mG(fm)+ σ 2

r (fm)

+
ω3

F3
log2

(
1+

p′m |H (fm)|2

0σ 2
c

)
(31)

δm =
F ′m − Fm
p′m − pm

(32)

TABLE 1. Time complexity.

TABLE 2. Simulation parameters.

STEP 4: Find the maximum value of all subcarriers and
the corresponding number index_max. Select one randomly
when there are multiple maximum values,.
STEP 5: Allocate 1 bit and corresponding power to the

subcarrier whose number is index_max. Letm = index_max,
bm = bm + 1, pm = p′m, Fm = F ′m. Back to STEP 2.
When QAM modulation is adopted, the received power

f (bm) can be expressed as:

f (bm) =
σ 2
c

3

[
Q−1

(
Pe
/
4
)]2 (

2bi − 1
)

(33)

It can be seen the difference between QAM and MPSK is
that the power allocated to each subcarrier is different when
the number of bits is different. This paper takes MPSK as an
example to verify the effectiveness of the improved greedy
algorithm.

The complexity of greedy algorithm lies in the search
sequence of each iteration. The improved greedy algorithm
uses the bit step to allocate each bit, the number of iterations
is approximately equal to the total number of the allocated
bits B =

∑Nc
m=1 bm. Table 2 gives the time complexity of the

improved greedy algorithm and the optimal algorithm.

IV. SIMULATION AND ANALYSIS
In this section, the effectiveness of the proposed method is
verified by simulation. Table 2 shows the OFDM shared
waveform’s parameters in the simulation, and the noise in the
simulation is additive white Gaussian noise with zero mean.
The computer is configured as CPU i7-8750h, and theMatlab
version is R2016b.

A. BIT AND POWER ALLOCATION
The improved greedy algorithm is used to simulate the
weighting optimal solution (ω1 = ω2 = ω3 = 1/3).
The SNR of the OFDM shared waveform is 20 dB
(SNR = 10 lg pT /σ 2

c ). It can be inferred from the objec-
tive function that with greater path propagation loss β =

[β1, β2, . . . , βm] , (m = 1, 2, . . . ,Nc), the channel gain
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FIGURE 4. Power and bits allocation.

will be greater, and more power would be allocated on
the corresponding subcarrier; with bigger G (f ), the clutter
interference will be worse, and less power would be allo-
cated on the corresponding subcarrier; with bigger |H (f )|2,
the communication channel’s quality will be better, and
more power would be allocated on the corresponding
subcarrier.

From Figure 4, it can be seen that power allocation is the
result of the trade-off among the radar, communication, and
jamming performance under the combined effect of β, G(f ),
and |H (f )|2 . For example, on the 17th subchannel, the path
propagation loss gain is 0, and the corresponding subchannel
does not allocate power and bits; on the 40th to 60th subcar-
riers, the radar channel has large clutter interference, and the
allocation of power and bits is little; on the 124th subcarrier,
the communication channel has deep fading, and the allocated
power and bits are zero, which shows the effectiveness of the
algorithm.

Figure 5 shows the variation of the running time of the
improved greedy algorithm and the optimal algorithm with
the number of subcarriers. It can be seen that the running time
of the two algorithms increases with the number of subcarri-
ers, and the running time of the improved greedy algorithm is
bigger than the optimal algorithm, because the optimal algo-
rithm cannot achieve bit allocation, and the improved greedy
algorithm discards part of the time complexity to achieve bit
allocation. Simulation result shows that the improved greedy
algorithm can achieve bit and power allocation with low time
complexity.

FIGURE 5. The variation of the running time with the number of
subcarriers.

FIGURE 6. The variation of entropy with SNR.

B. PERFORMANCE ANALYSIS OF ADAPTIVE
SHARED WAVEFORM
The frequency fading response of the communication chan-
nel H (f ) obeys Rayleigh distribution, the power spectral
density of radar channel pulse response G(f ) is set as
Gaussian process, and the propagation path loss β =

[β1, β2, . . . , βm] , (m = 1, 2, . . . ,Nc) obeys Gaussian distri-
bution. The optimal suppressed jamming waveform given in
Equation (7) is denoted as OPTS, the optimal radar waveform
given in Equation (17) is denoted as OPTR, the optimal
communication waveform given in Equation (20) is denoted
as OPTC, and the weighting optimal waveform is represented
by the weighting factors.

1) JAMMING PERFORMANCE
Figure 6 shows the variation of entropy with the SNR. Since
the total power of transmission is constant, the jamming
optimal curve obtained by (7) is a horizontal line, which can
be regarded as the upper bound of entropy value. Comparing
with the curves under different weighting factors obtained by
the greedy algorithm, when the jamming weighting factor
is equal to 1, the interference performance approaches the
optimal upper bound. With the decrease of the jamming
weighting factor, the entropy value is gradually reduced,
that is to say, the suppression interference performance is
gradually reduced.
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FIGURE 7. The variation of detection probability with SNR.

FIGURE 8. The variation of DIR with SNR.

2) RADAR PERFORMANCE
Figure 7 shows the variation of detection probability with
SNR. The radar optimal curve obtained by (17) can be
regarded as the upper bound of radar performance, but it
cannot be achieved in practical application. Comparing the
curves under different weighting factors obtained by the
greedy algorithm, it can be seen that when the radar weighting
factor is equal to 1, the radar performance differs by 2%
compared with the optimal upper bound; with the increase
of radar weighting factor, the detection probability gradually
increases, that is, the radar detection performance gradually
improves.

3) COMMUNICATION PERFORMANCE
Figure 8 shows the variation of DIR with SNR. The optimal
communication curve obtained by (20) can be regarded as the
upper bound of radar performance, but it cannot be achieved
in practical application. Comparing the curves under different
weighting factors obtained by the greedy algorithm, it can be
seen that when the communication weighting factor is equal
to 1, and the communication performance is 1% less than
the optimal upper bound. With the increasing of communi-
cation weighting factor, the data information rate increases
gradually, that is, the communication performance improves
gradually.

FIGURE 9. Path propagation loss and frequency response of radar and
communication channel.

C. PERFORMANCE ANALYSIS OF ROBUST
OFDM SHARED WAVEFORM
Fig. 9 shows the path propagation loss and radar and com-
munication frequency response in the simulation. The opti-
mal bit and power allocation scheme of (26) is given by
the greedy algorithm. The waveform obtained by (26) is a
robust waveform (RW), and the waveform obtained by (22)
is non-robust waveform (NRW). When path propagation loss
and frequency response of radar and communication channel
are uncertainty class lower bound (UCLB), the following
figures of the robust waveform and non-robust waveform are
respectively expressed as ‘‘RW, AFR=UCLB ’’ and ‘‘NRW,
AFR = UCLB ’’. When path propagation loss and frequency
response of radar communication channel are uncertainty
class upper bound (UCUB), the following figures of the
robust waveform and non-robust waveform are respectively
expressed as ‘‘RW, AFR = UCUB’’ and ‘‘NRW, AFR =
UCUB ’’. UCLB and UCUB are generated by ‘‘random’’
function in MATLAB.
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FIGURE 10. The variation of entropy with SNR.

1) JAMMING PERFORMANCE
Figure 10 shows the variation of entropy with SNR (ω1 =

ω2 = ω3 = 1
/
3). When the path propagation loss and

frequency response are lower bound of uncertainty class,
the entropy of robust waveform is greater than the non-robust
waveform, since the robust waveform is the best in the worst
case of uncertainty class, and in the worst case, the perfor-
mance of robust waveform is better than the non-robust wave-
form.When the path propagation loss and frequency response
are upper bounds of the uncertainty class, the entropy of the
robust waveform is not always greater than the non-robust
waveform since the robust and non-robust waveforms are not
optimal at this time. Under a certain SNR, the power of a
waveform and the bit fraction formula is closer to the optimal
distribution model. Therefore, the designed robust OFDM
shared waveform improves the jamming performance in the
worst case.

Figure 11 shows the variation of the entropy with the width
of the uncertainty class (ω1 = ω2 = ω3 = 1

/
3, SNR =

10dB). From Figure 11 (a), it can be seen that when the
real path propagation loss, and radar and communication
frequency response are lower bound of the uncertainty class,
the entropy of the robust and non-robust OFDM shared wave-
form is almost unchanged, since the lower bound of the uncer-
tainty class is unchanged, and the performance of the robust
shared waveform is always better than the non-robust OFDM
shared waveform. When the real path transmission loss, and
the radar and communication frequency response are upper
bound of the uncertainty class, the interference entropy of
the robust and non-robust OFDMsharedwaveforms increases
with the increase of the uncertainty class, but at this time both
of them are not optimal, and the entropy of the robust OFDM
shared waveforms is not always larger than that of the non-
robust OFDM shared waveforms.

From Figure 11 (b), it can be seen that when the real
path transmission loss and radar communication frequency
response are upper bound of the uncertainty class, the entropy
of robust and non-robust waveforms is almost unchanged,
since the upper bound of the uncertainty class is unchanged,
and the entropy of the robust OFDM shared waveform is not
always better than the non-robust OFDM shared waveform.

FIGURE 11. The variation of entropy with the width of uncertainty class.

FIGURE 12. The variation of detection probability with SNR.

When the real path transmission loss and radar communica-
tion frequency response are lower bound of uncertainty class,
the entropy of robust and non-robust OFDMsharedwaveform
decreases with the increase of uncertainty class width, and the
entropy of robust OFDM shared waveform is always greater
than that of non-robust OFDM shared waveform.

2) RADAR PERFORMANCE
Figure 12 shows the variation of detection probability with
SNR (ω1 = ω2 = ω3 = 1

/
3). From Figure 12, it can be seen

that the detection probability increases with the increase of
SNR.When the path propagation loss and frequency response
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FIGURE 13. The variation of detection probability with the width of
uncertainty class.

are the lower bound of uncertainty class, the detection proba-
bility of robust waveform is greater than the non-robust wave-
form, since the robust waveform is the optimal waveform in
the worst case of uncertainty class, and in the worst case,
the performance of robust waveform is greater than that of
non-robust waveform. When the path propagation loss and
frequency response are the upper bound of the uncertainty
class, the detection probability of the robust waveform is not
always better than that of the non-robust waveform, since the
robust and non-robust waveform is not optimal at this time.
With a certain SNR, the power and specific distribution of a
waveform are closer to the optimal distribution. Therefore,
the designed robust OFDM shared waveform improves the
radar detection performance in the worst case.

Figure 13 shows the variation of detection probability with
the width of the uncertainty class (ω1 = ω2 = ω3 =

1
/
3, SNR = 10dB). From Figure 13(a), it can be seen

that when the real path propagation loss, and radar and
communication frequency response are lower bound of the
uncertainty class, the detection probability of the robust and
non-robust OFDM shared waveform is almost unchanged,
since the lower bound of the uncertainty set is unchanged,
and the detection probability of the robust shared waveform
is always larger than that of the non-robust OFDM shared
waveform.When the real path transmission loss and the radar
communication frequency response are the upper bound of

FIGURE 14. The variation of DIR with SNR.

the uncertainty class, the detection probability of the robust
and non-robust shared waveform increases with the increase
of the uncertainty class, but both of them are not optimal at
this time.

From Figure 13(b), it can be seen that when the real path
transmission loss, and radar and communication frequency
response are upper bound of uncertainty class, the detection
probability of robust and non-robust waveform is almost
unchanged, since the upper bound of uncertainty set is
unchanged. When the real path transmission loss, and radar
and communication frequency response are lower bound of
uncertainty class, the detection probability of robust and non-
robust OFDM shared waveform decreases with the increase
of uncertainty class width and the detection probability of
robust OFDM shared waveform is always better than that of
non-robust OFDM shared waveform.

3) COMMUNICATION PERFORMANCE
Figure 14 shows the variation of DIR with SNR (ω1 =

ω2 = ω3 = 1
/
3). From Figure 14, it can be seen that

the DIR increases with the increase of SNR. When the path
propagation loss and frequency response are the lower bound
of uncertainty class, the DIR of the robust waveform is better
than the non-robust waveform, since the robust waveform is
the best in the worst case of uncertainty class, and in the worst
case, the performance of robust waveform is better than the
non-robust waveform. When the path propagation loss and
frequency response are upper bound of the uncertainty class,
the DIR of the robust waveform is not always better than
the non-robust waveform, since the robust and non-robust
waveforms are not optimal at this time. Under a certain SNR,
the power and bit allocation of a waveform is closer to the
optimal allocation. Therefore, the designed robust OFDM
shared waveform improves the communication performance
in the worst case.

Figure 15 shows the variation of DIR with the width of
the uncertainty class (ω1 = ω2 = ω3 = 1

/
3, SNR =

10dB). It can be seen from Figure 15(a) when the real
path propagation loss, and radar and communication fre-
quency response are lower bound of the uncertainty class,
the DIR of the robust and non-robust OFDM shared wave-
forms is almost unchanged, because the lower bound of the
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FIGURE 15. The variation of DIR with the width of uncertainty class.

uncertainty class is unchanged, and the DIR of the robust
OFDMsharedwaveforms is always better than the non-robust
OFDM shared waveforms. When the real path transmission
loss, and the radar and communication frequency response
are upper bound of the uncertainty class, the DIR of the robust
and non-robust OFDM shared waveform increases with the
increase of the uncertainty class. At this time, both of them
are not optimal, and the DIR of the robust OFDM shared
waveform is not always better than the non-robust OFDM
shared waveform.

It can be seen from Figure 15(b) when the real path
transmission loss, and radar and communication frequency
response are upper bound of uncertainty class, the DIR
of robust and non-robust waveforms is almost unchanged,
because the upper bound of uncertainty set is unchanged, and
the DIR of robust shared waveforms is not always better than
the non-robust OFDM shared waveforms. When the real path
transmission loss, and radar and communication frequency
response are lower bound of uncertainty class, the DIR of
robust and non-robust shared waveform decreases with the
increase of uncertainty class width, and the DIR of the robust
shared waveform is always better than the non-robust OFDM
shared waveform.

V. CONCLUSION
In this paper, the optimization method of radar, communi-
cation, and jamming shared waveform based on OFDM is

investigated. With the constraints of total power, an adaptive
OFDM shared waveform and a robust OFDM shared wave-
form design method based on the improved greedy algorithm
is given. In practical application, the performance of the
OFDM integrated system can be adjusted by changing the
weighting factor according to the radar detection, infor-
mation transmission, and suppression interference require-
ments. Comparing with the performance of the non-robust
OFDM shared waveform and the robust OFDM shared
waveform, the robust OFDM shared waveform has accept-
able performance in the whole uncertainty class. In the
practical application of the OFDM integrated system, when
the path propagation loss and radar communication frequency
response are known, the non-robust shared waveform can be
used, at this time, the performance of radar, communication,
and jamming is optimal; when the path propagation loss
and radar communication frequency response are unknown,
the robust shared waveform can be used to ensure that the per-
formance of radar, communication, and jamming has accept-
able performance in the whole uncertainty class.
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