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Abstract—This paper investigates non-orthogonal multiple ac-
cess (NOMA) assisted integrated sensing and communication
(ISaC) networks. Compared to the conventional ISaC networks,
where the total bandwidth is used for both the radar detection and
wireless communications, the proposed Semi-ISaC networks allow
that a portion of bandwidth is used for ISaC and the rest of the
bandwidth is only utilized for wireless communications. We first
derive the analytical expressions of the outage probability for the
communication signals, including the signals for the radar target
and the communication transmitter. Additionally, we derive the
analytical expressions of the ergodic radar estimation information
rate (REIR) for the radar echoes. The simulation results show
that 1) NOMA ISaC has better spectrum efficiency than the
conventional ISaC; and 2) The REIR is enhanced when we enlarge
the density of pulses.

I. INTRODUCTION

Thanks to the applications of the fifth generation wireless

systems (5G), the available bandwidth of communications has

been expanded from the conventional radio frequency (RF) to

millimeter waves, which is able to serve a tremendous amount

of devices. However, as radar sensing technologies generally

consider millimeter waves, the bandwidth of both sensing

and wireless communications is gradually overlapped [1]. It

is predicted that in the future communication environments,

radar and wireless communication technologies are likely to

be more and more similar [2], [3]. Hence, for the sixth

generation wireless communications (6G), integrated sensing

and communication (ISaC) is an emergency and promising

technology as the interference between radars and wireless

communication devices is desired to be solved [4].

In practical scenarios, it is difficult to utilize all the spectrum

for the ISaC use as the bandwidth has been occupied by

different applications, including the spectrum of sub-6 GHz

band and millimeter waves [5]. For example, there are some

applications based on radar and sensing: the L-band (1-2 GHz)

for long-range air traffic control and long-range surveillance;

the S-band (2-4 GHz) for terminal air traffic control, moderate-

range surveillance, and long-range weather resolution; the C-

band (4-8 GHz) for long-range tracking, weapon location, and

weather observation; and the millimeter waves for high reso-

lution mapping, satellite altimetry, vehicle radars, and police

radars [5]. Hence, the most practical scenario is that a portion

of the bandwidth is used for ISaC to fit the specific applica-

tions while the total bandwidth can be exploited for wireless

communications. In a word, compared to the conventional

ISaC scenarios, a semi-integrated-sensing-and-communication

(Semi-ISaC) case is more practical and promising for future

6G applications.

To achieve Semi-ISaC, compared to orthogonal multiple

access (OMA), non-orthogonal multiple access (NOMA) is

a good solution as the successive interference cancellation

(SIC) technology fits the ISaC scenarios well [6]. There are

several obvious advantages of utilizing NOMA into the Semi-

ISaC networks. Firstly, with the aid of NOMA, the spectrum

efficiency is enhanced because each resource block is split to

serve more than one user. Additionally, as the study of the

SIC scheme is mature, we have a strong basis for fundamental

analysis to harness NOMA in ISaC networks [7]. Moreover,

for the conventional ISaC networks, the base-station (BS)

may need predicted radar echoes to enhance the accuracy of

computing [8], which is to enlarge the difference of power

levels between communication signals and radar signals (thus

easier to be split by SIC). When we exploit the NOMA

technique with power allocation [7], [9], the transmit powers of

the users (for communication signals) and that of the BS (for

the radar signals) are able to be well-designed, which releases

the accuracy of radar prediction and provides a new degree of

freedom for ISaC networks.

Motivated by the advantages above, we investigate a NOMA-

assisted Semi-ISaC system. The main contributions are summa-

rized as follows: 1) We present the idea of the NOMA-assisted

Semi-ISaC networks; 2) We derive the analytical results of out-

age probability by closed-form expressions for communication

signals for both a radar target and communication transmitter;

and 3) We propose and derive a new performance matric called

ergodic Radar Estimation Information Rate (REIR) as closed-

form expressions to investigate the radar echoes.

II. SYSTEM MODEL

We focus on an uplink NOMA-assisted Semi-ISaC system,

which includes a BS, a communication transmitter, and a radar

target. The total bandwidth is utilized for wireless communi-

cation while a portion of the bandwidth is used for the ISaC

case with the percentage βsemi ∈ [0, 1]. In this paper, a single-

input-single-output (SISO) case is considered. We assume the

radar targets also have communication functions, e.g., vehicles

(cars or unmanned aerial vehicles). More specifically, the radar

echoes reflected from the radar targets and the uplink signals

of the communication transmitter are integrated. Thus, the BS

receives the radar echoes and two categories of communication

signals (from radar targets and communication transmitters)
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Fig. 1. The illustration of the channels in ISaC systems: (a) Conventional
radar channel; (b) Conventional NOMA channels; (c) NOMA-aided Semi-ISaC
channels; and (d) notions.

instantaneously. In the following, we present the channel prop-

agation and the NOMA designs for the NOMA-assisted Semi-

ISaC system

A. Channel Propagation Gain

1) Small-Scale Fading: For both radar and communication

links, the path loss model and small-scale fading model are

defined in this subsection. As the ISaC channels are considered

in mmWave bandwidth, we assume that Nakagami-m fading

channels with the mean as one are modeled for radar and

communication channels [10]. The probability density function

(PDF) can be expressed as f|hi|
2 (x) = mm

Γ(m)x
m−1 exp (−mx)

with m as the Nakagami-m shape parameter. As shown in Fig.

1, we denote i = {(r, d) , (r, u) , r, c} to present different small-

scale channel gains, i.e., |hr,d|2 and |hr,u|2 for the downlink

transmission and uplink echoes of the radar target, |hc|2 for the

communication transmitter’s uplink signals, and |hr|2 for the

radar target’s uplink signals.

2) Large-Scale Fading: The path loss models are split into

two categories. For the NOMA cluster to be evaluated, we

define the distance between the BS and the communication

transmitter as dc. Additionally, the distance between the BS

and the radar target is denoted as dr. For the communication

channels, the path loss function follows the conventional path

loss model, which can be expressed as

Pc (dc) = Cc(dc)
−αc , (1)

where αc is the path loss exponent for the communication links,

Cc =
(

c
4πfc

)2

with the reference distance d0 = 1 m, the speed

of light c = 3× 108 m/s, and the carrier frequency fc.

For the channels of radar echoes, the BS that transmits

pulse repetition intervals is considered. Including the downlink

transmission and uplink echoes, the path loss function of the

radar echoes can be presented as

Pr (dr) = Cr(dr)
−αr , (2)

where αr is the path loss exponent for the radar echoes, e.g.,

αr = 4 for free-space scenarios presented in [10]. The pa-

rameter Cr = σRCSλ2

(4π)3
is the reference-distance-based intercept

with λ as the wavelength of carrier and σRCS = 4πSr

St
as the

target radar cross section, where Sr is the power density that is

intercepted by the target and St is the scattered power density

in the reference range d0 = 1 m [10].

B. NOMA Semi-ISaC case

For the NOMA Semi-ISaC case, the total bandwidth is split

as two parts, i.e., the ISaC bandwidth and the communication-

only bandwidth. With the aid of the SIC technique, we utilize

the power domain to achieve the multiple access instead of the

frequency domain. Under a two-use NOMA Semi-ISaC case, a

communication transmitter is paired with a radar target to form

one NOMA cluster that utilizes the same orthogonal resource

block. With the aid of SIC processes, the received signals,

including the information of both radar and communication

systems, are handled and decoded in sequence based on various

power levels. Compared to the conventional NOMA system, the

NOMA Semi-ISaC system under the ISaC bandwidth needs

one more SIC process than the conventional NOMA system to

obtain the radar signals.

As the deployment of two users influences the SIC orders, we

consider the scenario where a near communication transmitter

is paired with a far radar target. The analysis of the other

scenario, where a far communication transmitter is paired with

a near radar target, can be obtained with the same processes of

the first scenario, which is emitted because of the limitation of

space.

C. SIC Orders

The SIC processes of conventional NOMA systems and

ISaC NOMA systems are different. For conventional NOMA

systems, the BS only receives signals from two different power

levels when the two-user cases are considered. The SIC orders

are noted that near users obtain better channel conditions than

far ones, thus the nearest user is decoded at the first stage of SIC

processes1. For ISaC NOMA systems under the two-user case,

the BS receives three parts of signals, i.e., the communication

signals from the radar target, the communication signals from

the transmitter, and the reflected echoes by the radar target.

We note that pulse repetition intervals are transformed for the

radar echoes, thus they have no modulation and coding process.

Hence, the communication signals from the two paired users

have higher priority than the radar echoes. In conclusion, it is

better to fix the SIC order of radar echoes at the last stage.

For the two communication signals, the near user’s signals are

decoded firstly and the far user’s signals are decoded in the

middle stage.

As we fix the SIC order of radar echoes at last, a drawback

is obtained that when the radar echoes experience strong

channels with large power levels, the ISaC system may face

low performance as the echoes are regarded as interference for

communication signals. To mitigate unnecessary interference

from radar signals, we exploit the predicted target range to

1With fixed power allocation, the path loss have more stable and dominant
effects than small-scale fading as we consider the averaged performance. Thus,
we consider the near users as the strong users



generate a predicted radar return and subtract it from the

integrated signals [8]. By this approach, the performance of

the communication system is improved. By subtracting the

predicted target range, the jointly received signal model v(t) is

expressed as

v (t) =hr,dhr,u
√

PBSPr (dr) [x (t− τ )− x (t− τpre)]
︸ ︷︷ ︸

er

+ hc
√

PcPc (dc)z (t)
︸ ︷︷ ︸

sc

+ hr
√

PrPc (dr)y (t)
︸ ︷︷ ︸

sr

+n (t) ,

(3)

where sc is the received communication signals from the

communication transmitter to the BS, sr is the received com-

munication signals from the radar target to the BS, and er is the

radar echoes from the radar target to the BS. Additionally, The

Pc and Pr are the uplink transmit power of the communication

transmitter and the radar target, respectively. The PBS is the

transmit power from the BS for the radar detection. The

n (t) represents the noise with the strength σ2 = kBTtempB,

where kB is the Boltzmann constant and Ttemp is the absolute

temperature. The τ is the observation time delay of the radar

targets and τpre is the predicted value of τ .

D. Signal Model

We assume that the BS has prior observations to evaluate

the predicted range of radar target positions. Additionally, the

position fluctuation is able to be presented by time delay

fluctuation in radar systems. Hence, the time delay fluctuation

τ is denoted as a Gaussian distribution, with the variance

σ2
τ = E

[

|τ − τpre|2
]

, where E [·] is the expectation. We present

the total bandwidth as B, thus the bandwidth used for the ISaC

case is presented as (βsemiB) with βsemi ∈ [0, 1]. In this case,

the expectation of time delay fluctuation, denoted as ETD , can

be derived as

ETD = E

[

|x(t− τ) − x(t− τpre)|2
]

≈ γ2β2
semiB

2σ2
τ , (4)

where γ2 = (2π)2/12 for a flat spectral shape. This solution is

able to be derived by replacing the time delay as a derivative

and employing Parserval’s theorem with the Fourier transform

[8].

1) Communication Signals: With receiving different power

levels, the BS directly decodes the communication signals of

the communication transmitter by considering the communi-

cation signals and the radar echoes of the radar target as

interference. Hence, the signal-to-interference-and-noise ratio

(SINR) of the communication transmitter is expressed as

γIc =
PcPc (dc) |hc|2

PrPc (dr) |hr|2 + PBSPr (dr) |hr,d|2|hr,u|2ETD + σ2
,

(5)

After removing the signals of the communication transmitter

by the SIC process, the SINR of the communication signals for

the radar target is presented as

γIr=
PrPc (dr) |hr|2

PBSPr (dr) |hr,d|2|hr,u|2ETD + σ2
. (6)

2) Radar Echoes: As we would like to ensure the priority

of communication signals, the radar echoes are fixed at the last

stage of SIC orders. Hence, with the aid of the SIC process to

cancellate all communication signals, the SNR is presented as

γechor =
PBSPr (dr) |hr,d|2|hr,u|2ETD

σ2
. (7)

For radar echoes, the performance of radar estimation is

better when the SNR of the radar echoes is enlarged. In the

following derivations (in Section III and IV), we will consider

a metric called ergodic REIR to estimate the performance of

the radar system. In this metric, the SNR is directly utilized.

III. COMMUNICATION PERFORMANCE EVALUATION

Based on two scenarios with different user deployment, the

outage performance of communication signals from NOMA

users is investigated. We first derive the closed-form expres-

sions with or without considering the random deployment of

users, respectively. Additionally, the asymptotic outage perfor-

mance and the diversity gains of users are evaluated.

When the communication signals are processed, the pulse

intervals reflected by the radar target are considered as inter-

ference. We thus evaluate the averaged interference strength

before analyzing the outage performance of users.

Lemma 1: We denote IR = PBSPr (dr) |hr,d|2|hr,u|2ETD

to simplify the expression of interference (radar echoes). The

expectation of interference is derived as

E [IR] (dr) = PBSPr (dr) γ
2β2

semiB
2σ2

τ , (8)

where E [X ] (x) is the expectation of X with the variable x.

Proof: With the definition of expectation and the dis-

tribution of Nakagami-m fading channels, the expression of

interference is presented as two integrations as

E [IR] (dr) = PBSPr (dr) γ
2β2

semiB
2σ2

τ

(
mm

Γ (m)

)2

×
∫ ∞

0

xm exp (−mx) dx
∫ ∞

0

ym exp (−my) dy, (9)

and with the Eq. [2.3.3.1] in [11], this lemma is proved.

A. Outage Performance for Communication Signals

The BS decodes the communication transmitter’s signals

by considering the signals of the radar target as interference.

To decode the signals of the radar target, the BS has the

SIC technique to eliminate unexpected signals. Thus far, the

expressions of outage probability for the NOMA users is

presented based on the SINR expressions (5) and (6) as

P
I
c = Pr

{
γIc < γth

}
, (10)

P
I
r = 1− Pr

{
γIc > γSIC , γ

I
r > γth

}
, (11)



where γSIC is the threshold of the SIC process and γth is the

threshold of signal transmission.

1) Communication Signals of the Communication Transmit-

ter: In terms of the outage probability the communication

transmitter, we substitute (5) into (10) with an averaged interfer-

ence of radar pulses as Lemma 1. The closed-form expression

of outage probability is then derived via Theorem 1.

Theorem 1: For the communication signals of the NOMA-

assisted Semi-ISaC system, the closed-form expression of out-

age probability for the communication transmitter is derived

as

P
I
c=1− exp

(

−mγth
Pc

(a1+a2)

)m−1∑

p=0

p
∑

r=0

mrγpthC
r
p(Pra3)

p−r

(m− 1)!p!

× (a1+a2)
r

P p
c

Γ (m+p−r)
(
γtha3Pr

Pc

+1

)−(m+p−r)

, (12)

where a1 =
PBSGrCr(dr)

−αrγ2β2
semiB

2σ2
τ

GcCc(dc)
−αc

, a2 = σ2

GcCc(dc)
−αc

,

a3 = (dr)
−αc

(dc)
−αc , and Cm

n = n!/(m!(n −m)!). Additionally, we

note that Γ(x) is the Gamma function.

Proof: See Appendix A.

2) Communication Signals of the Radar Target: Considering

the averaged interference of radar echoes, the outage probability

expressions are obtained by substituting (5) and (6) into (11).

We evaluate the outage performance of the communication

signals of the radar target as Theorem 2.

Theorem 2: For the communication signals of the radar

target, the closed-form expression of the outage probability is

derived as

P
I
r = 1−

m−1∑

p=0

p
∑

r=0

Cr
p

(a1 + a2)
p−r(a3Pr)

r

Γ (m)mrp!

(
mγSIC

Pc

)p

× exp

(

−mγSIC (a1 + a2)

Pc

)(
γSICa3Pr

Pc

+ 1

)−(r+m)

× Γ

(

r+m,
γthm (a4+a5)

Pr

(
γSICa3Pr

Pc

+ 1

))

, (13)

where a4 =
PBSGrCr(dr)

−αrγ2β2
semiB

2σ2
τ

GcCc(dr)
−αc

, a5 = σ2

GcCc(dr)
−αc

,

and Γ (·, ·) is the upper incomplete Gamma function.

Proof: See Appendix B.

IV. RADAR PERFORMANCE EVALUATION

Based on the former section, we have evaluated the com-

munication signals of two NOMA users when considering

the radar echoes as interference. In this section, we will

focus on the performance of the radar echoes. We propose

a new performance matric called ergodic Radar Estimation

Information Rate (REIR), which is the ergodic process of the

RIER to evaluate the averaged performance of the radar echoes.

Considering the entropy of a random parameter and the rate

distortion theory, the former technical research based on [8] has

proposed the RIER, which is analogous to data information rate

for instantaneous performance. This REIR is able to be further

simplified by the Cramér-Rao lower bound, which has a clear

relationship between the REIR and the transmit SNR, which is

presented as

Rest ≤
δ

2T
log2

(
1 + 2TβsemiBγ

echo
r

)
, (14)

where γechor =
PBSPr(dr)|hr,d|

2|hr,u|
2γ2β2

semiB
2σ2

τ

σ2 is the signal

to noise ratio for the radar echoes of the radar target and δ is

the duty factor (duty cycle) of the radar target. Hence, after

the SIC process, we obtain the SNR of the radar echoes and

substitute it into the equation to derive our ergodic REIR in the

following.

A. Equivalent Radar Channels

The radar transmitting channel is considered as two indepen-

dent links, i.e., a downlink transmission and a reflecting link

from the radar target. Thus, the equivalent small scale channel

fading is able to be expressed as |hr,eq|2 = |hr,d|2|hr,u|2. We

first present the equivalent channel distribution of |hr,eq|2 and

then derive the ergodic REIR.

Lemma 2: When we consider the two links are Nakagami-m

fading channels, the PDF and CDF of the equivalent channel

is derived in the following.

f|hr,eq|
2 (z) =

2m2m

(Γ (m))2
zm−1K0

(
2m

√
z
)
, (15)

F|hr,eq|
2 (z) =

G2
1
1
3

(
m2x

∣
∣1
m,m,0

)

(Γ (m))
2 , (16)

Where K0 (·) is the modified Bessel function of the third kind

and Gm
p

n
q

(

·
∣
∣
∣
(ap)

(bq)

)

is the Meijer G function.

Proof: With the aid of Kv (x)=
1
2G

2
0
0
2

(
x2

4

∣
∣
∣
·
v
2

·
−v
2

)

,
∫ x

0
zm−1G2

0
0
2

(
m2z |·0·0

)
dz=xmG2

1
1
3

(
m2y

∣
∣1−m
0,0

·
−m

)
,

zpGm
p

n
q

(

z
∣
∣
∣
(ap)

(bq)

)

=zpGm
p

n
q

(

z
∣
∣
∣
(ap)+p

(bq)+p

)

, and Eq.[2.3.6.7]

in [11], the above PDF and CDF are able to be derived.

B. Ergodic Radar Estimation Information Rate

Based on the equivalent channel distribution, we derive the

ergodic REIR of radar signals in Theorem 3. As the Theorem

3 has no closed-form expression, we release the constraint as

m ∈ Z in Corollary 1 and m = 1 Corollary 2.

Theorem 3: Based on the channel models in Lemma 2, the

expression of the ergodic REIR for the radar target is derived

as

Rest≈
δ

2T ln (2)

∫ ∞

0

1

z+1



1−
G2

1
1
3

(
m2d

αr
t

Ξr,1
z
∣
∣1
m,m,0

)

(Γ (m))
2



dz.

(17)

Proof: With the aid of Lemma 2, the theorem is proved.

Corollary 1: Considering the special case with m ∈ Z ,

Rest≈
m−1∑

k=0

δ
∫∞

0 exp
(

md
αr
t

Ξr,1x

)

Ek+1

(
md

αr
t

Ξr,1x

)

f|hr,u|
2 (x) dx

2T ln (2)
,

(18)



where En (·) is the generalized exponential integral with the

parameter n.

Proof: The corollary is proved by utilizing the relationship

between En (·) and the Meijer G function.

Corollary 2: Under the special case with m = 1, which

means the channels of radar targets are Rayleigh fading

channels, the closed-form expression of the ergodic REIR is

derived as

Rest ≈
δ

2T ln (2)
G3

1
1
3

(
dαr

t Ξ−1
r,1

∣
∣0
0,0,1

)
. (19)

Proof: This corollary is proved by exploiting Eq.[2.3.4.4]

in [11] and the Meijer G function.

To derive the closed-from expressions of the REIR, we

need some approximated expressions for special functions,

i.e., γ (m, t) = (m− 1)! − exp (−t)
m−1∑

k=0

(m−1)!
k! tk, En (z) ≈

(−z)n−1

(n−1)! (ψ (n)− ln (z)) −
∞∑

k=0&k 6=n−1

(−z)k

k!(1−n+k) for n > 1,

and E1 (z) ≈ −Cγ− ln (z)+z, where Cγ is the Euler constant

and ψ (n) is the Psi function. Because of the limitation of space,

the derivations are emitted.

V. NUMERICAL RESULTS

Numerical analysis is presented in this section. Without

specific notions, the value of coefficients are set as: the distance

of the near user as 800 meter and that of the far user as

1300 meter, the bandwidth B = 10 MHz, the noise power

σ2 = kbBTtemp with Ttemp = 724 K, the threshold for

communication γth = 1, the threshold for SIC γSIC = 0.4, the

carrier frequency fc = 109 Hz, the speed of light c = 3 ∗ 108
m/s, the target radar cross section σRCS = 0.1, the pulse

duration T = 1 µs, the path loss exponents αr = 4.5 and

αc = 2.5, the radar duty factor δ = 0.01, and the Nagakami

coefficient m = 3.

We validate the analytical of the outage probability for

NOMA users by Fig. 2. Based on the simulation results,

the analytical results match the simulation results well. One

conclusion is that when we enlarge the near user’s transmit

SNR, the performance of two users will be enhanced while

the far user has the lower limit. The reason is explained in

the following. For the near user, enhancing its transmit SNR

directly increases the strength of signals, resulting in reduced

outage probability. For the far user, enhancing the near user’s

transmit SNR is only able to increase the success rate of SIC.

When the SIC process is perfect, the lower limit comes.

In Fig. 3, the expressions of the ergodic REIR are validated.

The analytical results fit the simulation results well. We con-

clude that the ergodic REIR is enlarged if the pulses are dense.

This is because the total signals transformed by the BS are

increased with dense pulses. In Fig. 4, it represents the diversity

gains of ergodic REIR, defined as S = lim
PBS→∞

Rest(PBS)
log(PBS) .

Firstly, it is indicated that the user with a higher radar duty

factor has a better ergodic rate since increasing the radar duty

factor means to increase the radar pulse duration in the same

period. Additionally, one is concluded that with the same radar

105 110 115 120 125 130 135

10
−4

10
−3

10
−2

10
−1

10
0

Transmit SNR ρc = Pc/σ
2 (dB)

O
u

ta
g

e
 P

ro
b

a
b

ili
ty

 

 

Simulation results
Communcation transmitter with dc = 800 m
Radar target with dr = 1000 m
Communication transmitter with dc = 500 m
Radar target with dr = 800 m
The diversity gains

dc = 500 meters
and dr = 800
meters

dc = 800 meters
and dr = 1000 meters

Fig. 2. Outage probability versus the transmit SNR of the communication
transmitter ρc.

110 115 120 125 130 135 140
2.3

2.4

2.5

2.6

2.7

2.8

2.9

3

3.1
x 10

5

Transmit SNR ρBS = PBS/σ
2 (dB)

E
rg

o
d

ic
 R

E
IR

 (
b

it
/s

)

 

 

Simullation results
Analytical results: The far radar target
Analytical results: The near radar target
Astmptotic expressions: Upper bounds

dr = 1300 m

The distance between the radar
target and the BS dr = 800 m

Fig. 3. The ergodic rate versus the transmit SNR of the BS ρBS with various
distance dr = [800, 1300] meters.

0

1

2x 10
−5

0
0.05

0.1
0.15

0.2

0

5

10

15
x 10

4

Radar duty factor δ
Tpulse

H
ig

h
 S

N
R

 S
lo

p
e

Fig. 4. The ergodic rate varies based on different value of the duty factor δ
and the pulse duration Tpulse.

duty factor, the user with lower pulse duration has a better

ergodic rate. This is because when the radar duty factor is fixed,

reducing the pulse duration is able to reduce the waiting time

between two pulses, thus the density of pulses is enlarged.

VI. CONCLUSION

We have proposed the Semi-ISAC network, where the total

bandwidth is split into two portions, i.e., the communication-

only bandwidth and the ISaC bandwidth. When decoding

the communication signals, we consider the radar echoes as



interference but only the ISaC bandwidth has such interference.

We have defined a new performance metric, i.e., ergodic REIR,

to evaluate the averaged radar estimation rate. We have first

derived the expressions of outage probability for communica-

tion signals. Additionally, for radar echoes, we have derived

the expressions of ergodic REIR. The analysis of this paper

has verified that: 1) dense pulses can enhance the performance

of radar target, while this will enlarge the interference for the

communication signals; 2) The transmit power of the BS can

be adjusted to reduce the interference of radar signals; and 3)

To obtain optimized performance, we can balance the radar and

communication signals by adjusting the transmit power of the

BS and the frequency of pulses together.

APPENDIX A: PROOF OF THEOREM 1

To address the closed-form expressions of outage probability

for the communication transmitter, the probability expression

should be manipulated as P
I
c = Pr

{
γIc < γth

}
. Substituting

the expectation of interference in Lemma 1 and rewriting

the probability equation as integrations, we present the outage

probability expression by exploiting the PDF and CDF of

Nakagami-m fading channels as

P
I
c =

∫ ∞

0

1

Γ (m)
γ (m,mΛ)f|hr |

2 (x) dx, (A.1)

where Λ = γthPrx(dr)
−αc

Pc(dc)
−αc

+ γthE[IR](dr)+γthσ
2

PcGcCc(dc)
−αc

.

As the CDF of Nakagami-m fading channel (in power

domain) is a lower incomplete Gamma function, one accurate

series of the incomplete Gamma function is able to be exploited

to reduce the complexity of derivation, which is expressed as

γ (a, b) = Γ (a)− Γ (a, b)

= Γ (a)−
a−1∑

p=0

(a− 1)!

p!
exp (−b) bp, (A.2)

where Γ (a, b) is the upper incomplete Gamma function.

And by substituting this equation into (A.1) and with the aid

of Binomial theorem, the former expression (A.1) is further

derived as

P
I
c=1− exp

(

−mγth (a1 + a2)

Pc

)m−1∑

p=0

(a1 + a2)
r
(Pra3)

p−r

p!

×
p

∑

r=0

Cr
p(mγth)

p ∫∞

0
exp

(

−mγtha3Pr

Pc
x
)

xp−rf|hr|
2 (x) dx

P p
c

,

(A.3)

and we use Eq. [2.3.3.1] in [11] to obtain the final expression.

APPENDIX B: PROOF OF THEOREM 2

Under the case with the fixed near communication transmitter

and the fixed far radar target, the outage probability for the

radar target is expressed as

P
I
r =1− Pr

{

|hc|2 > γSIC

a3Pr|hr|2 + a1 + a2
Pc

,

|hr|2 >
γth (a4 + a5)

Pr

}

. (B.1)

We substitute the CDF of Nakagami-m distribution to derive

the probability expression as

P
I
r = 1−

∫ ∞

γth(a4+a5)

Pr

f|hr |
2 (x)×

(

1− 1

Γ (m)
γ

(

m,
mγSIC

Pc

(

a3Pr|hr|2 + a1 + a2

)))

dx.

(B.2)

Using the series of the lower incomplete Gamma function,

the outage probability expression is derived as

P
I
r =1−

m−1∑

p=0

1

p!

(
mγSIC

Pc

)p

exp

(

−mγSIC (a1 + a2)

Pc

)

×
∫ ∞

γth(a4+a5)

Pr

exp

(

−mγSICa3Prx

Pc

)

xrf|hr |
2 (x) dx

︸ ︷︷ ︸

I3

×
p

∑

r=0

Cr
p(a1 + a2)

p−r
(a3Pr)

r
. (B.3)

And then, we derive I3 based on Eq. [2.3.6.6] in [11] as

I3 =Γ

(

r +m,
γthm (a4 + a5)

Pr

(
γSICa3Pr

Pc

+ 1

))

× 1

Γ (m)mr

(
γSICa3Pr

Pc

+ 1

)−(r+m)

. (B.4)

Finally, substitute I3 into the outage probability expression,

we can obtain the closed-form expression.
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